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Conductance of atomic size contacts of Ag and Au at high magnetic fields
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Electronic conduction at the atomic scale can be described by Landauer’s formalism. In single-atom point
contacts of noble metals like Au and Ag, there is just one channel open between both electrodes and the
conductance is very close to the quantum of conductance G =~ Gy = zhiz, with the factor of two coming from spin
degeneracy. The magnetoconductivity of atomic size contacts has been studied for numerous systems, unveiling
local Kondo screening, magnetic order, and spin-polarized currents. However, these have been mostly performed
in elements with multiple open conduction channels where G differs from G,. The realization of a magnetically
active conductor with a single-open channel remains difficult to achieve. Here, we present measurements of the
electronic conductance of single-channel Au and Ag atomic size contacts in magnetic fields up to 20 T. We ob-
serve a decrease in G which goes up to about 15% in many Au contacts at 20 T. We perform calculations and find
that pure Ag and Au do not present a strong field dependence of G, in agreement with previous results at smaller
magnetic fields. We also find, however, that residual O, molecules attached close to the contact produce an in-
duced spin-polarized current, which leads to a decrease in G. We discuss the role of the magnetic response of the
electrodes in the jump-to-contact. Our results suggest that single channel atomic size conductors with a sizable
response to a magnetic field can be built by combining noble metals and magnetically active molecular systems.

DOI: 10.1103/cmh2-frmf

I. INTRODUCTION

Atomic size contacts created between two sharp electrodes
provide insight into atomic bonding and electronic conduc-
tion properties at the nanometric scale [1-8]. At this scale,
the conductance is described by Landauer’s formula, G =
Gy Zf’: , T;, where Gy = 2hi2 is the quantum of conductance,
i denotes the conduction channel number, N is the number
of opened channels, and 0 < 7; < 1 the transparency of each
channel [9,10]. N is related to the valence of the contacting
atom [11] and the coefficients 7; serve as a “pin code” char-
acterizing the properties of the nanoscale conductor [11]. For
instance, atomic size contacts of monovalent Au and Ag ex-
hibit a conductance plateau at 1G >~ Gy (N = 1 and 7} = 1),
which is nearly independent of the geometry and shape of the
nanocontact [11-17]. The influence of a magnetic field on the
conductance of atomic size contacts has been considered in
Refs. [18-30].
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In nanocontacts of magnetic materials such as Fe and Co,
spin-dependent transport due to ferromagnetic interactions
results in strong variations of the conductance G under ap-
plied magnetic fields [16,19,29-39]. However, most atomic
size contacts that exhibit features associated with the appli-
cation of a magnetic field are composed by elements with a
valence different from one. Consequently, these contacts pos-
sess several conduction channels, N > 1, each being partially
open, 0 < T; < 1. The “pin code” and overall conductance
through these atomic size contacts are highly sensitive to the
atomic arrangement close to the contact [14,17]. Here, we
measure the magnetic-field dependence of the conductance of
monovalent Au and Ag atomic size contacts up to 20 T. We
also perform calculations showing that O, molecules, which
exhibit high spin-orbit coupling, located sufficiently close to
the contact yield spin-dependent conduction under magnetic
fields [Fig. 1(a)]. Furthermore, we also discuss the influence
of the magnetic field in the contact formation [Fig. 1(b)].

II. METHODS
A. Experimental

We employed a cryogenic scanning tunneling micro-
scope (STM) integrated with a 20T fully superconducting
magnet from Oxford Instruments [40]. The details of the STM

Published by the American Physical Society
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FIG. 1. (a) Schematic representation of the variation of the single atom-point-contact conductance G, normalized to the quantum of
conductance Gy as a function of the magnetic field in Au (dashed line and green and orange points). We show in the upper right inset a
molecular junction consisting of O, (red) attached to atomic Au electrodes (depicted in yellow). (b) Schematic representation of the binding
energy as a function of the distance z in Ag (green and orange lines) for zero magnetic field and for 20 T. The gray disks in the upper
right inset represent Ag atoms, and the equilibrium distance z, is indicated by arrows. (c)—(f) We show as colored lines some representative
measurements of the conductance G (normalized to the quantum of conductance Gy) vs distance d in Ag and Au. Here, d = 0 is defined as
the point of contact formation; for d > 0, the characteristic exponential dependence of the tunneling regime is observed. Curves are obtained
by moving the z position of the tip from the tunneling into the contact regime (from right to left in the figure). The arrows indicate the final
conductance value in the tunneling regime, G,, and the conductance of the single-atom contact, G,. Data are presented for zero magnetic field
[panels (a) and (c)] and under a magnetic field of 20 T [panels (b) and (d)].

hardware and software are provided in Ref. [41]. To achieve
clean and reproducible nanocontacts, the tip and sample were
repeatedly indented at 4.2 K. This process mechanically an-
neals the contact region, as described in Refs. [42—46], and
facilitates the formation of well-defined atomic size con-
tacts. Repeated indentation resets completely the contact area
through the formation of different connecting necks at each
contact and does not allow to follow a single contact as
a function of the magnetic field; as made in Refs. [19,32,
36-39]. However, it provides access to atomic size contacts
connected to the bulk through necks of many different shapes.
This approach also eliminates magnetostriction effects on the
junction, as the experiment is reset at each magnetic field.
Furthermore, by implementing the in sifu positioning device
described in Ref. [43], multiple locations were probed. We
used a 10° current-to-voltage amplifier with a tip-sample bias
voltage of 50 mV. All measurements were performed under
a constant magnetic field with the superconducting coil in
persistent mode [40]. The Au and Ag tips and samples were
prepared from wires with a purity of 99.99%. Inductively
coupled plasma mass spectrometry revealed the following
amounts of impurities: Si (24 ppm), Fe (17 ppm), Cu (5 ppm),
Zn (33 ppm), Ag (100 ppm), Pd (5 ppm), Pt (12 ppm), and Co,
Ni (<1 ppm) in our Au sample; in Ag, we find Au (20 ppm),

Hg (6ppm), Pb (2ppm), Se (19ppm), Zn (183 ppm), Cu
(31 ppm), Fe (25ppm), Al (51 ppm), along with traces of
alkali elements. These impurity concentrations are sufficiently
low to be considered negligible for the purposes of this study.
At each magnetic field, tens of thousands of conductance
versus distance curves were acquired, from which the con-
ductance histograms presented below were constructed. In
Figs. 1(c)-1(f), zero distance (d = 0) is defined as the jump-
to-contact, identified by an increase in conductance of more
than 0.3Gy within 1 pm.

B. Modeling the atomic structure of nanocontacts

We generate the Au nanocontact structures discussed be-
low through classical molecular dynamics (CMD) simulations
of the pull-push process on a nanowire oriented along the
(001) crystallographic direction, initially featuring a nar-
rowed middle section. The simulations were performed with
the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS) [47] employing an embedded-atom-model
(EAM) potential [48,49]. In our pull-push process, opposite
velocities of £0.04 A/ps were applied to the upper and lower
layers of the electrode, with steps of 1 ps. The pulling process
was conducted over 250ns, and the pushing process over
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254 ns, ensuring the formation and rupture of the junction
in the majority of the 30 pull-push cycles simulated. The
system’s temperature was maintained at 4.2K in an NVT
canonical ensemble with a Nosé-Hoover thermostat.

From a snapshot of the CMD simulation in which a dimer
configuration was observed, the central 76 atoms were ex-
tracted. Here, a dimer is defined as a contact consisting of
two pyramidlike electrodes connected by two atoms, whereas
a monomer is characterized by a single-atom contact. To
prepare the structure for the conductance calculations (dis-
cussed below and shown in Fig. 4), the atoms in the outermost
layers were repositioned to form an ideal (001) lattice. The
remaining atoms, onto which an O, molecule was randomly
added, were relaxed using density functional theory (DFT) as
implemented in Gaussian16 [50] within the unrestricted local
spin density approximation (LSDA). For the central Au and
oxygen atoms, a LANL2DZ basis set [51,52] was employed,
while the outermost layers of Au were modeled using the
minimal CRENBS basis set [53] according to the crystalline
structure implemented.

C. Universal binding curve for Au and Ag nanocontacts

To calculate the interaction energy between two atoms
bounded to electrodes, we constructed tetrahedral-shaped
clusters resembling the nanocontact for Au and Ag (more
details in Appendix A, Fig. 5). The energy E as a func-
tion of the intercluster distance z was determined using
DFT at the generalized gradient approximation level with the
Perdew-Burke-Ernzerhof (PBE) [54] functional and the D3
version of Grimme’s dispersion with Becke-Johnson damp-
ing (GD3BJ) [55] implementation in Gaussianl6 [50]. An
all-electron basis set, x2c-TZVPall [56], was used for both
Au and Ag, and scalar relativistic effects were introduced via
second-order Douglas-Kroll-Hess (DKH) scalar relativistic
calculation [57-60]. To perform the calculation, we first opti-
mized the edge length of the regular cluster and then increased
the distance between the tips of the two relaxed clusters.

D. Transport calculations

Non-Equilibrium Green’s Functions (NEGF) calculations
were performed to estimate the conductance across the junc-
tions described above. These calculations were run using our
ANT.Gaussian code [27,61-64]. In this work, we employed
an implementation that enables the inclusion of a magnetic
field in the z direction in a self-consistent manner.

III. RESULTS

In Figs. 1(c)-1(f), we present representative conductance
versus distance curves for Au and Ag few-atom point contacts
at 0 and 20 T. We define G, as the conductance immediately
prior to the jump-to-contact (i.e., the last conductance value
recorded in the tunneling regime), and G, as the conductance
value at the first contact (i.e., the first value recorded immedi-
ately after the tunneling regime, as indicated by the arrows
in Figs. 1(c)-1(f) [8,65-69]. In Au, G, decreases with the
application of a magnetic field. In Ag, we observe a similar
phenomenon, but less pronounced. In addition, G, increases
with the magnetic field. We can see the same effects by look-

ing on large amounts of data from multiple contacts, shown in
histograms in Fig. 2. The histograms exhibit a weak tail for G,
values below Gy, which is best visible at high magnetic fields
and in Au (as indicated by the green arrow in Fig. 2(e); see
also more data in Appendix D and Fig. 8). We also observe
that the maximum conductance value before contact, G, max
increases with the magnetic field, particularly for Ag [orange
arrow in Fig. 2(j)].

In Fig. 3(a), we show the magnetic-field dependence of
the histogram of G, for contacts with G, = Gy. We find an
enhancement of G, with increasing magnetic field, particu-
larly for Ag. In Fig. 3(b), we plot the fraction of atomic size
contacts with G, below 0.85Gy relative to the total number
of contacts at each magnetic field. In Au, the proportion of
contacts exhibiting conductance values that are 15% lower
than Gy increases with the magnetic field.

A. Magnetoresistance in Au nanocontacts

Thus, particularly for Au, our results show that the conduc-
tance Gy, for single-atom contacts is reduced below Gy under
high magnetic fields, while G, remains essentially invariant
with respect to magnetic field.

The value of G, is the only parameter that produces a
plateau in the conductance versus distance curves [Figs. 1(c)—
1(f)], resulting in a well-defined peak at G, ~ Gy in the
histograms (Fig. 2). Sometimes, multiatom contacts are
formed in the jump-to-contact process. These produce his-
togram counts at G, well above Gy [66,67]. However, the
contributions to the histogram for G, < Gy are nearly absent
[see green arrow in Fig. 2(a)]. The abrupt nature of the contact
formation causes a sudden increase in conductance, as shown
in Figs. 1(c)-1(f). At high magnetic fields [green arrow in
Fig. 2(e)], we observe that the histogram extends into the
region where G, < Gy.

B. Magnetic-field-induced modifications
in bonding of Ag nanocontacts

At zero magnetic field, it was found previously that G,
is generally larger in Ag than in Au [67,70-72]. As we can
see in Figs. 1(c) and 1(e), when the two electrodes approach
each other, the conductance initially increases exponentially
with decreasing distance. The interplay between the elastic
interaction of the contacting atoms with the atom at the apex
and atomic binding between the two atoms at both apexes
leads to an abrupt jump-to-contact. As G, & Gy, G, quantifies
the separation between the electrodes where the contact forms.
At zero field, G, is significantly smaller in Au than in Ag,
because the formation of a two-atom bond between the atoms
at the apexes occurs at larger separation distances in Au than
in Ag [67,70-72]. This is due to the larger binding energy
in Au, arising from differences in the interatomic potential
(discussed with more detail in Appendix A and in Refs. [8,
65—69]). In the histogram shown in Figs. 2(a) and 2(f), we
see that the peak of the histogram on the x axis occurs for a
smaller G, value in Au than in Ag.

When we apply a magnetic field, we find that the peak
in the histogram in G, occurs generally for higher values of
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FIG. 2. We show two-dimensional histograms of G,/Gy vs log(G,/Gy) for various values of the magnetic field, indicated in each panel.
The upper row displays the results for Au (a)—(e) and the bottom row (f)—(j) the results for Ag. The color scale shows occurrence of a certain
conductance value from red (high) to blue (none) (cuts of the histogram and more details provided in Appendix D). Vertical and horizontal
gray lines are visual guides. For the conductance of the single atom-point contact, G,, we mostly find G, = Gy. In Au, we observe that G,
decreases below G, under applied magnetic fields, as highlighted by the green arrow. In Ag, the conductance value immediately prior to the
jump-to-contact event G, increases with the magnetic field, as highlighted by the orange arrow.

(@ 20 (b)  0.10 . . . .
— ® Au
%16 o Ag
© L
iI12 0.08 @
2 o
° 8
2 2
= ©
S 4 o 0.06 .
M [
Q2
20 (O]
— £ ®
=16 3 0.04 - .
k=) 2
212 = L
ic
S o J o
S 8 0.02 - .
° .
4 I l
i P e © ° ¢
0 0.00 T F—
-2 0 0 5 15 20

-1 10
log(G,/G,) B (T)
FIG. 3. (a) Color scale histograms of the conductance just before the jump-to-contact, G,, for contacts with G, = 1, plotted as a function
of the magnetic field for Au (top panel) and for Ag (bottom panel). White lines serve as visual guides. Red color represents frequent occurrence
and the dark blue no occurrence. (b) The number of single atom-point contacts with G, < 0.85G,, as extracted from the histograms in Fig. 2,
is displayed as a function of the magnetic field (blue points for Au and red points for Ag).
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G,. Particularly for Ag, there is a clear shift at the highest
magnetic fields [orange arrow in Fig. 2(j)].

The magnetic-field-induced changes in G, are weaker for
single-atom contacts of Ag than those for Au. In contrast,
the conductance just before the jump-to-contact, G, increases
more strongly with the magnetic field in Ag.

IV. DISCUSSION

A. Spin-dependent transport at high magnetic fields
in atomic size contacts of gold

Let us first consider the magnetic-field-induced decrease
of G, below Gy. As detailed in Appendix A, neither Au
nor Ag exhibits intrinsic magnetic properties sufficiently
strong to elicit a magnetic response in the conductance of
atomic size contacts (G). In noble metal surfaces, there are
Shockley-type surface states, which are spin degenerate due
to spin-orbit interaction and absence of inversion symmetry at
the surface [73,74]. This requires a perfect atomically flat and
ordered surface, often prepared in situ by repeated sputtering
and annealing. The atomically flat surface required for such
surface states is not present in the environment of our single
atom-point contacts. Furthermore, the spin splitting is only
significant in presence of heavy atoms to enhance the spin-
orbit coupling [75,76]. In addition, previous calculations of
the conductance of gold nanostructures show that spin-related
transport is not present in the geometries and bias-voltage
range we are considering in our work [77]. Thus, we can
exclude spin phenomena in the conductance of these nanocon-
tacts.

The experiments were conducted under cryogenic vacuum
conditions, ensuring that no extraneous elements or large gas-
phase molecules can contaminate the contact area. However,
residual air (primarily N, O,, and water) can condense on
the sample surface, interacting with the contact. Since N, and
water are nonmagnetic, O, remains the only magnetically ac-
tive molecule, which can be held responsible for the observed
effects. As we discuss now, O, molecules could reach the
contact region, thereby modifying the electronic conduction
through the atomic size contact under high magnetic fields.

In Ag, O, is chemisorbed and this fixes the molecules
on their adsorption place at the surface. Then, O, molecules
might have a tendency to stick, and the repeated indentation
process does not scramble their positions. In contrast, O, is
predominantly physisorbed on Au [78]. When an O, molecule
approaches the contact region in Au, the reactivity increases
due to the decreased coordination number of Au atoms at the
contact [79-82]. Under these conditions, the O, molecule has
a stronger tendency to stick and could be incorporated into the
contact, thereby contributing to the conduction behavior in the
single atom-point-contact regime.

We calculated the electronic conduction through atomic
size Au structures incorporating an O, molecule positioned
at various locations near a single atom-point contact. We
employed a molecular dynamics to model the formation of
the nanocontacts. From this simulation, we selected a geome-
try exhibiting a single-atom contact. The single-atom contact
consists of a so-called dimer configuration in which two atoms
join at the apex of a contacting structure, as shown in the

-1.5-1.0-0.5 0.0 05 10 15 -1.5-1.0-0.5 0.0 0.5 1.0 15
E—-EfineV E—-EfineV

FIG. 4. (a)-(d) Calculated conductance G normalized to the
quantum of conductance Gy as a function of energy (relative to the
Fermi energy) for atomic size Au point contacts. The solid lines
represent spin-resolved conductance: red for spin-up and blue for
spin-down channels. The black dashed line corresponds to the con-
ductance of a bare single-atom Au contact at zero magnetic field,
while the gray dashed line shows the same configuration under an ap-
plied magnetic field of 20 T. The green and yellow dashed lines show
the conductance for single-atom Au contacts with an O, molecule
adsorbed near the contact region, at zero field and 20 T, respectively.
The specific atomic arrangements of the O, molecule (red disks)
considered in each panel are shown in the top-left insets of panels
(a)—(d). The presence and position of the O, molecule leads a notable
spin-dependent conductance reduction near the Fermi level when the
O, molecule is directly attached to the contacting atoms.

insets of Fig. 4. We then added an O, molecule at different
locations in its vicinity, and relaxed each configuration using
DFT (see insets of Fig. 4). Finally, we computed the conduc-
tance of the relaxed geometries as a function of the energy.
These calculations were performed both in the absence of an
external magnetic field and with a 20 T applied magnetic field
along the z direction. The resulting conductance versus energy
curves are presented in Fig. 4.

In atomic size contacts of Au, prior to the incorporation
of Oy, the conductance at the Fermi level (Ef) is approxi-
mately equal to Gy, with no significant dependence on the
applied magnetic field, as shown by the black dashed lines
in Figs. 4(a)—4(d) for zero field and by the gray dashed lines
for 20 T. When adding the O, molecule, different features
appear in the conductance versus energy at approximately
0.5eV above Er and 1eV below Efr. These features are due
to the LUMO and HOMO levels of the O, molecule [peaks on
the green and yellow dashed lines in Figs. 4(a)-4(d)]. These
features are shifted in energy by a magnetic field. However,
these shifts occur very far from the Fermi level Er and do
not significantly influence the conductance measured in the
experiment.

The conductance at the Fermi level Ef is strongly sensitive
to the position of the O, molecule. When O, is bonded directly
to the two contacting atoms [Fig. 4(b)], we find a significant
reduction of the conductance value below Gy. This decrease is
attributed to a reduced spin-up current [red line in Fig. 4(b)],
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resulting in an overall conductance of G ~ 0.8G,. When lo-
cated at this position, the O, molecule presents a magnetic
moment of 1.74 u,. Furthermore, G displays a sizable spin
asymmetry. For other positions of the O, molecule, the con-
ductance at the Fermi level remains close to G ~ Gy and does
not decrease much more than a few percentage, evidencing
that the molecule’s effect on the electronic transport is highly
dependent on its bonding configuration. The calculated spin
magnetic moments are 1.21ug in Fig. 4(c) and 1.3 u; in
Fig. 4(d) (see Appendix B for more details).

The decreased conductance of G =~ 0.8G, observed in
Fig. 4(b) aligns to the experimental findings: A reduction
of G, by 15% under 20T. These calculations demonstrate
that the presence of O, can induce spin-dependent transport,
leading to conductance values well below Gy in certain atomic
size contacts. However, it is important to note that the green
(zero field) and yellow (20T) curves in Fig. 4(b) are re-
markably similar, indicating that the conductance reduction
itself is not directly altered by the magnetic field once the O,
molecule is in place. This observation prompts the question
of why contacts incorporating O, appear more frequently
under high magnetic fields. The answer may lie in the role of
magnetic-field-induced spin alignment of O, adsorption pro-
cess. Previous studies on reactive metal surfaces have shown
that the orientation of the O, molecules relative to the surface
significantly affects the overlap of molecular orbitals with
the substrate [83—89] (see also Appendix B). Our experiment
suggests that the magnetic field induces the adsorption, or
“sticking” of the O, molecule, thereby increasing the prob-
ability of forming contacts where the O, molecule is directly
incorporated in the junction.

To analyze this point, we estimated the magnetic
anisotropy energy (MAE) of the O, molecule using a model
described in Appendix C. We find that the spin-orbit coupling
(SOC) of Au is transferred to the O, molecule, resulting in
a significant MAE of 6.5 x 10™* eV, when the molecule is
aligned with the direction of the current flow (i.e., parallel
to the contact axis). By contrast, the MAE is much smaller,
of 8 x 107> eV, when the molecule is oriented perpendicular
to the contact. This corresponds to a transverse easy axis of
magnetization. This value of MAE, along with the favored ori-
entation of the magnetic moment, changes with the position of
the molecule. Since the direction of the applied magnetic field
remains constant in the experiment, it produces a tendency to
favor atomic arrangements where the magnetic moment of O,
aligns with the magnetic field direction—most notably when
0, is attached vertically between the two contacting atoms; as
in Fig. 4(b). This eventually promotes atomic arrangements
with partially spin-polarized transport and a conductance of
atomic size contacts below Gy.

B. Contact formation at high magnetic fields

In this section, we address the magnetic-field-induced in-
crease observed in G, max, Which is most pronounced for Ag
contacts. The conductance value G, depends on the condi-
tions under which the two apex atoms form a bond. The
interatomic bonding process can be described by the total
energy E(z) of the two-atom system as a function of their
separation distance z, and we can write E(z) = Eypc(z) +

Egjastic(2) + EMagnetic- The position of the atoms at the apex is
determined by the minimum in E (z). Eypc(2) is the so-called
universal binding curve, which describes the short-range at-
tractive interaction between atoms, and is given by Eypc(z) =
a(z — z0)e PE=) [70-72]. Here, zy is the equilibrium bond-
ing distance in the absence of external influences, and o
and B are parameters determined from DFT calculations
(see Appendix A). From these parameters we find that the
binding energy (Ey), defined as the minimum of Eygc(2), is
approximately 0.8 eV larger for Au than for Ag. Thus, the con-
tributions form the elastic (Egiasic (z)) and magnetic (Enagnetic)
terms, are more influential in Ag than in Au.

The elastic contribution, Egjugic(z) = %(D — z)?, accounts
for the nanometric metallic constrictions holding the apex
atoms [90]. Here, k is the spring constant and D is the exter-
nally controlled electrode separation that resembles the spring
length (see Appendix A) [15,90]. The observed variability
in G, arises from differences in atomic configurations across
contacts, leading to a distribution of values of k [90].

At zero magnetic field, G, max is higher for Ag than for
Au. The minimum of E(z) = Eypc(z) + Eglasic(z) occurs at
larger atomic separations for Ag. This shift is also related to
the lower binding energy in Ag compared to Au [42,67].

When we apply a magnetic field we observe an increase in
G, max, particularly for Ag, exceeding the spread in G, for
a fixed magnetic field. From the field-induced variation in
G, max We can estimate the decrease in electrode separation
induced by the magnetic field and we find approximately
0.3A in Ag (using the conductance versus distance curves
in the tunneling regime) under a field of 20T. The ob-
served change in G, max suggests that Engneic varies with
the magnetic field. With Enpagneic on the order of hundreds
of meV the bonding process is sizably modified in Ag,
while leaving Au mostly unaffected. The observed behav-
ior suggests an enhanced anisotropic magnetic susceptibility
close to the contact region in nanosize constrictions. The
anisotropy in the magnetization response for fields applied
parallel versus perpendicular to the junction, denoted §M,
leads to a magnetic-field-dependent torque T = M x B [91],
which produces a (rotational) magnetic force and contributes
0 EMagnetic as follows: Enagnetic ~ XanisVﬁ—zsin(Q), with 6
the angle between the magnetization and the magnetic field,
Xanis = X|| — X1, Where xj and x, are the susceptibilities
parallel and perpendicular to the magnetic field and V the
volume over which the torque is acting. Using bulk values (see
Appendix A), we find Enagneic Of the order of peV. It was
shown in Ref. [92] that the anisotropy of the susceptibility
Xanis Of small rods of Au is significantly enhanced with respect
to the bulk value due to mesoscopic circular currents induced
by the magnetic field. The enhancement was found to be of
at least three order of magnitude, depending on the shape
and size of the rods. Similar effects have been found in both
Au and Ag nanoparticles [93]. Furthermore, currents through
surface states on rodlike structures were shown to provide
an anisotropic susceptibility about an order of magnitude
larger than the bulk [92-94]. The shape of the contacting
areas surrounding the atom can be related to pyramidal or
coniclike atomic size arrangements [95-97]. Our results sug-
gest that torques arising from anisotropic surface currents
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near the contact region contribute to Eyfagnetic and modify the
zero-field energy balance. These torques result in a magnetic-
field-induced decrease in the position of equilibrium for Ag,
thereby increasing G4 max.

We finally note that there are features in the conductance
histogram (Fig. 2), which depend on the magnetic field and
remain difficult to address at present. There are sizable modi-
fications of the histograms for G;,/ Gy around 2. The number of
atomic size contacts with values significantly above G, seems
to be more pronounced in some runs. It is unclear if this can
be related to a certain shape of the contacting electrodes, or
to features which depend on the magnetic field. Generally,
the spread of conductance values with G,/Gy well above one
seems to increase with the magnetic field in Ag. Atomic size
contacts with G, well above Gy are formed by groups of
atoms, instead of dimers [66,67]. More detailed studies of the
behavior of such multiple atom contacts under magnetic field
could shed light in better understanding these features.

V. SUMMARY AND CONCLUSIONS

In summary, we have studied the conductance properties
of Au and Ag atomic size contacts under magnetic fields up
to 20 T. Our results show that high magnetic fields modify
the conduction properties and the atomic environment near
the contact region. We observe a conductance reduction under
high magnetic fields, which goes up to approximately 15% in
Au contacts, and which we associate to the presence of O,
molecules attached to the contacting atoms. We also observe
a magnetic-field-induced modification of the jump-to-contact
process, which we attribute to a magnetic response of the
nanosized areas close to the contact. Our findings show that
the interplay between magnetic fields, surface chemistry, and
electronic transport at the atomic scale in monovalent metals
can lead to spin-dependent transport at atomic scale.

ACKNOWLEDGMENTS

We acknowledge discussions with C. Untiedt and
N. Agrait. This work was supported by the Spanish
Research State Agency (PID2020-114071RB-100, PID2023-
1501480B-100, PDC2021-121086-100, TED2021-
130546BI00, TED2021-131323B-100, PID2022-141712NB-
C21, and CEX2023001316-M), by the Comunidad de
Madrid through program Mag4TIC-CM (Program No.
TEC-2024/TEC-380), Generalitat Valenciana through
CIDEXG/2022/45 and PROMETEO/2021/017, the EU
through Grant Agreement No 871106 and by the European
Research Council PNICTEYES through grant agreements
Pnicteyes 679080 and VectorFieldImaging 101069239. The
QUASUREF project (ref. SI14/PJ1/2024-00199) funded by the
Comunidad de Madrid through the agreement to promote
and encourage research and technology transfer at the
Universidad Auténoma de Madrid is also acknowledged.
This work forms part of the Advanced Materials program
and was supported by MCIN with funding from European
Union NextGenerationEU (PRTR-C17.11) and by Generalitat
Valenciana (MFA/2022/045). We acknowledge collaborations
through EU program Cost CA21144 (superqumap). We
acknowledge SEGAINVEX for design and construction

0..
y 4
3 -1t
£
w 21
— Au
-31 | —_ Ag
2 3 4

zinA
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the calculation, and solid line fits to the universal binding curve (we
used the parameters given in Table I).
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APPENDIX A: UNIVERSAL BINDING CURVE AND OTHER
CONTRIBUTIONS TO THE ENERGY

We show in Fig. 5, the calculated binding energy for the
nanocontact depicted in the inset as yellow disks. Results for
Au and Ag are shown by red and blue filled circles, respec-
tively. The overall shape of the energy versus distance curve
is similar for both metals. The equilibrium bonding distances,
i.e., the position of the energy minima [z in Fig. 1(b)], are
comparable for both elements. However, the absolute value of
the energy at the minimum is significantly smaller in Au than
in Ag (see also Table I).

The points obtained by the calculation can be fitted using
the universal binding curve [70-72]. From the fitted parame-
ters, we extract the equilibrium bond distance d = zg + 1/8,
the binding energy Ey = —o«//Be, and the breaking force Fy =
a/e* (or the slope at the inflection point of Eygc(z)). These
values are summarized in Table I and are consistent with
previous works [67,71,90,99]. Again, we note that the equi-
librium bond distance d is similar for both elements, but the
breaking force Fy and the binding energy at the minimum Ej

TABLE I. Parameters of the universal binding curve obtained by
fitting the model described in Fig. 5.

Element d =2+ 1/8 (A) Ey=—a/Be (eV) Fy=a/e* (nN)

Au 2.534+0.02
Ag 2.640.02

—3.1£0.2
—233£0.2

224+02
1.49+£0.2
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2 and v the Poisson’s ratio [90]. The Young’s modulus is given

by the elastic constant Ey = Cj;. There are sizable differ-

11 ences in Cj; and Cj, among Ag and Au [100,101]. These
differences affect derived mechanical properties such as the

S Cauchy pressure, C;; — Cyq, and other quantities resulting
o0t from combinations of elastic constants. Poisson’s ratio de-
£ pends on both the crystallographic direction and the direction
I-IJ_1 1 of deformation and is determined a combination of all three
elastic constants Cyy, Cj2, and Cyq [102]. The differences in

Ci1 and Cy, lead to a maximal v for Ag and Au of 0.81

-2t and 0.882, respectively [102]. The minimum values of v vary

' ' more drastically, reaching —0.091 for Ag and —0.029 for Au

zinA 6 8

FIG. 6. Energy Eypc + Egusic as a function of the atomic separa-
tion z obtained for different values of the distance between electrodes
D, for atomic contacts formed between Ag electrodes. The electrodes
far apart in the magenta curve (weak interaction). The blue curve cor-
responds to electrodes approaching contact. The gray curve depicts
a well-formed contact. The universal binding curve for Ag is shown
by dashed red line.

2 4

differ significantly, being substantially smaller for Ag than
for Au.

As discussed above, the total energy in the experimental
setup must include the contribution from the metallic leads,
which can be modeled by an elastic term Egjastic = %(D —2)%,
with k being a spring constant and D the position of the
nanoscale leads attached to the contact [15,90]. Such an addi-
tional quadratic potential leads to a considerable modification
of the energy landscape when added to E(z). This is shown
in Fig. 6. The minimum of the total energy varies when
modifying D. For large D, the elastic term dominates, and
the energy minimum aligns with the minimum of D (magenta
curve in Fig. 6). When D decreases, the contribution from
the universal binding curve becomes increasingly relevant. At
intermediate values of D, the combined energy profile can
eventually exhibit two minima. This explains the hysteretic
behavior of the contact formation, with one minimum for
decreasing D (contact formation) and another minimum for
increasing D (rupture of the contact). The jump-to-contact
occurs at a critical value Dy, and the conductance immediately
before this transition defines G, max (blue and black curves in
Fig. 6) [90].

When considering many different contacts, values for D
and k are similar for Au and Ag. However, G, max differs no-
tably between the two metals at zero magnetic field. As shown
in the conductance histograms in the left panels of Fig. 2 in the
main text, the value measured for G, nax is higher for Ag than
for Au. This observation is consistent with Ref. [67] and can
be primarily attributed to the difference in the binding energy
Ey for the two elements (Fig. 5). A relevant consequence for
the present study is that the mechanical response of nanocon-
tacts is more strongly influenced by the elastic term in Ag
than in Au. This is because the absolute value of the binding
energy |Ep| is approximately 0.8 eV lower in Ag, so that the
elastic contribution is more relevant in the contact formation
for Ag than for Au.

We note that the spring constant & is related to the elastic

constants via k & lEfj‘z, where Ey is the Young’s modulus

under uniaxial stress along the [110] direction. The negative
values indicate auxetic behavior in both Au and Ag, where
lateral expansion occurs during longitudinal stretching along
[110], as a consequence of many-body contributions to the
binding energy [102]. Despite these variations, changes in v
have a limited effect on changes in k related to the element.
Moreover, the spring constant k is highly sensitive to the local
atomic configuration near the contact. Factors such as crys-
tallographic orientation, defects, and angular alignment of the
contact with respect to a high-symmetry direction, contribute
to a distribution of different k& values, and thereby to spread
measured values of G, [15,72,90]. Although there are slight
differences in the spread of G, depending on the experimental
run, as previously discussed in Ref. [67], the observed differ-
ence in G, max for Ag and Au is significantly larger than this
spread. This difference directly reflects the distinct universal
binding curves for the two elements, with Au exhibiting a
stiffer bonding character compared to Ag. Thus, the magnetic
energy exerts a stronger influence on G, max in Ag compared
to Au.

To estimate the magnetic contribution, we considered
the susceptibility of bulk Au, where the dominant term is
diamagnetic, with a value of xa, = —3.4 x 107> compara-
ble to that of Ag [92,103]. Taking into account the shape
anisotropy of a cylinder, the anisotropic susceptibility is given
by Xanis = X|| — X1 & 10719 [104]. As described in the main
text, the magnetic energy contribution can be estimated using
the expression: Emagnetic ~ XanisV ﬁ—zsin(é). Assuming that the
magnetically active volume can be approximated by a sphere
of radius 100 nm, and that 6 on the order of a few tens of
degrees, we obtain Ep,, 2 6 X 107 eV. This value can be ne-
glected as compared to other contributions in E(z), indicating
that the intrinsic magnetism of Au or Ag does not significantly
affect the energies of the nanocontact. However, the repeated
indentation process used to form atomic scale contacts leads
to the formation of nanometric wirelike structures of several
tens of nanometers in length around the single-atom contact
region [96]. As discussed in the main text, macroscopic cir-
culating currents within these anisotropic structures can result
in much larger contributions to Ep,e, consequently playing a
significant role in modifying the energy landscape and contact
formation under high magnetic fields.

APPENDIX B: STICKING AND MAGNETISM

OF O, AT SURFACES

Studies of gold-oxygen chains have demonstrated that the
strongest bonding arises from the formation of hybrid orbitals
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between Au and O, [79,81]. In this context, the magnetic
properties of O, are significantly influenced by the nature of
the adsorption. While chemisorbed O, typically loses its mag-
netic moment, resulting in either a residual moment of 1y
or complete quenching, physisorbed O, retains a magnetic
moment of 2u, [78,105]. In the physisorbed configuration,
the spin-up and spin-down states of the m, orbitals, which
are the O, states closest to the Fermi level, remain spin-split,
with an energy gap exceeding 1 eV between the spin-polarized
bands [106]. In gold-oxygen structures, hybridized orbitals
form, constituted primarily by Au s electrons and minor con-
tribution from O p orbitals. These give rise to conduction
bands with a small spin-splitted gap [79]. However, there is
no conclusive evidence for a significant influence of exter-
nal magnetic fields on the conductance of the Auand O,
chains.

For gold, a magnetic moment of 1.3 x 10~* u, per atom
under an applied magnetic field of 10T has been ob-
served [103]. In addition, the paramagnetic susceptibility
associated with the 5d orbital is on the order of 8.9 x
107%, and is known to exhibit a strong orbital contribu-
tion [103,107]. These values are relatively small and therefore
exclude the possibility of any significant intrinsic magnetic-
field effect on the electronic conduction through a single-atom
Au point contact.

The force required to manipulate individual metal atoms on
surfaces is highly dependent on the strength of their bonding
to the substrate and can be on the order of pico Newtons
(pN), even for strongly bonded metals. For example, a force
of 17 pN has been reported for Co atoms on Cu surfaces [108].
During the push-pull process associated with conductance
versus distance measurements under applied magnetic fields,
this force is sufficient to induce significant mobility in O,
molecules. In the vicinity of the atomic contact, O, molecules
benefit from the reduced coordination environment of the Au
atoms, which enhances their ability to stick onto the contact
region.

We estimate that the residual amount of O, in our experi-
mental chamber to be of at least 10~ mol, or approximately
a partial pressure of O, of 10~ mbar. For context, previous
studies of O, contacts at zero magnetic field were conducted
with an O, concentration of 10~> mol [81,82]. This leads to
time scales for the formation of a monolayer of O,, which
can be very large, of many hours. We note that most of
the O, is adsorbed on the cold surfaces around the sample.
But the O, adsorbed close to the contact area should be af-
fected by the repeated indentation procedure discussed above
and in Refs. [81,82]. This procedure leads to a considerable
rearrangement of the contact area on a large spatial range,
eventually favoring rearrangements of adsorbed atoms. Fur-
thermore, with the bias voltage applied here, large contacts
formed a few times in between indentations may lead to
currents in the mA range, giving very high current densities
and a power dissipation of the order of fractions of a mW.
This might lead to local heating effects eventually activating
molecular motion. The combination of strong atomic rear-
rangement and heating seems helpful in enhancing molecular
transport close to the contact area. Nevertheless, the exact
mechanism by which additional molecules as O, come to the
contact area requires further studies.

\% H
Yy X
FIG. 7. Schematic representation of the toy model used to esti-
mate the MAE.

APPENDIX C: MAGNETIC ANISOTROPY ENERGY

The MAE was estimated using a simplified model consist-
ing of two gold pyramids oriented along the crystalline (001)
direction, with atomic layers composed of 1-4-9 Au atoms.
An O, molecule was positioned along the z axis between the
pyramids as illustrated in Fig. 7. Calculations were carried
out using the build-in ANT.Gaussian module for fully self-
consistent SOC. A modified basis set, Au_pob_TZPV_rev2
[109,110], was employed to consider SOC effects specifically
in the central gold atoms of the toy model. Single-point energy
calculations were performed with a convergence threshold of
3 x 1078 eV, with the spin axis fixed along the x, y, and z
directions, both in the presence and absence of SOC.

For model V (vertical arrangement of O,, see Fig. 7), the
energy difference between spin orientations in the absence
of SOC is approximately 3 x 1077 eV, which is within the
numerical accuracy of the calculations. It is negligible when
compared to the difference in energy between the z direction,
which has the lowest energy (estimated to be 6.5 x 107 eV),
and the x/y direction, once the spin-orbit coupling is consid-
ered. In model H (horizontal arrangement of O,, also shown
in Fig. 7), the energy difference without SOC is slightly
larger, 6 x 1079 eV. When SOC is included, the x direction
becomes the most energetically favorable, with differences
of 8 x 107 eV relative to the y and z directions. These re-
sults demonstrate the presence of an easy and hard axis in
the system, induced on the molecule by the strong SOC of
the Au atoms. Furthermore, these calculations also show that
the magnitude and orientation of the MAE depend sensitively
on the specific binding geometry of the O, molecule.

APPENDIX D: CONDUCTANCE HISTOGRAMS

We provide one-dimensional plots of the conductance his-
tograms as curves in Fig. 8. In Figs. 8(a) and 8(b), we provide
the conductance histograms for G, at the peak in the two-
dimensional plot shown in Fig. 2. We mark in green the
area G, < Gy, to highlight the increase in the number of data
points showing G, < Gy at high magnetic fields. We see that
the shape of the histogram is strongly asymmetric at zero field,
as expected from the fact that the first contact has a well-
defined conductance at Gy, and becomes more symmetric at
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FIG. 8. We show as colored lines the conductance histograms for fixed values of G, (a), (b) and G, (c), (d). Curves are shifted for clarity
along the y axis. The magnetic field is provided for each curve. In panels (a) and (c), we show Au contacts and in panels (b) and (d) Ag
contacts. The histograms are normalized to one at the peak. In panels (a) and (b), we show the histogram as a function of G, for the value of
G, at the peak of counts in Fig. 2. In panels (c) and (d), we show the histogram as a function of G, for G, = 1. Note that the histograms here
are just cuts for constant G, and G,, as compared to Fig. 2. The number of counts is between 100 and 200 at the peak in Au [panels (a) and
(c)] and between 100 and 500 at the peak in Ag [panels (c) and (d)]. The total number of conductance vs distance curves (each one with 2048
points) used to build the histograms are of about 10° in Au and about 4 x 10° in Ag at each magnetic field.

high fields, particularly for Au [Fig. 8(a)]. This is also seen in
Fig. 3(b), where we plot the ratio of contacts with conductance
below 0.85Gy as a function of the magnetic field. In Ag, the
effect is much weaker.

Note that we observe a histogram with more features at 4 T
in Ag. We have no clear explanation for this. It could be due
to a peculiar situation close to the contact. Other curves do not
show such features.

In Figs. 8(c) and 8(d), we provide the conductance his-
tograms for G, = 1, similar to the plot of Fig. 3(a). We plot
as black lines the lines shown in gray in Fig. 3(a). We see

that there is an ample set of occurrences of G,. This is due
to the varied atomic configurations surrounding the single
atom-point contact, each with different elastic properties, as
discussed above. The histogram remains with the same shape
in Au when increasing the magnetic field. For Ag, we observe
that the maximum shifts clearly to higher values with the
magnetic field. We also observe that the histogram at zero field
is slightly skewed, and that the skewness becomes more im-
portant at high magnetic fields. We have no clear explanation
of this behavior. Possibly, it can be related to the influence of
magnetic effects in the interaction potential (Fig. 6).
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