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ABSTRACT

We have compared the magnetic properties of well-controlled ultra-short (!50 nm) atomic iron (Fe) chains embedded in Fe-phthalocyanine
films with those in Fe–hydrogen (H2) phthalocyanine superlattices. Surprisingly, we found that the coercivity of the atomic chains with free
boundary conditions is independent of the chain length, whereas the one subject to hybridization of the chain ends exhibits an unexpected
length dependence. These findings suggest that ferromagnetism in the free-boundary condition system is caused by an intrinsic indirect
exchange. On the other hand, controlled boundary conditions produce a helical spin structure due to an extrinsic indirect exchange, which
arises from the interaction between iron atoms at the ends of the chain and the hydrogen in the H2 phthalocyanine spacer. As a consequence,
during magnetic reversal, ultra-short iron chains subject to boundary clamping develop a helical spin structure, leading to increased coerciv-
ity. These findings suggest unique insights and ideas for the design of atomic-scale ultra-dense magnetic storage nanodevices.
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As the size of a magnetic structure is reduced, the effect of ther-
mal fluctuations becomes more disruptive, preventing magnetic order-
ing.1 Nevertheless, extra sources of magnetic anisotropy that quench
fluctuations may stabilize low-dimensional magnetic order. In one-
dimensional (1D) magnetic systems, long-range ferromagnetic order
can be achieved by the interaction between the magnetic atoms and
their supporting frames, such as substrates or inert (non-magnetic)
crystal lattices, in which the system is embedded.2–4 These interactions
produce magnetic anisotropy barriers that, in combination with slow
magnetic relaxation, stabilize magnetic order. This discovery and the
physical realization of 1D systems with magnetic interactions have
become essential to address pressing problems such as quantum criti-
cality,5–8 many-body physics,7,9–11 spin transport,12–17 and the emer-
gence of new (topological) magnetic phases18,19 such as the ones
predicted by Haldane.20,21

We have investigated the magnetism of one-dimensional atomic
chain between 7 and 150 atoms using well-controlled metallo-phthalo-
cyanine films. For this, we compared 1D iron phthalocyanine (FePc)
chains with either free boundary conditions or FePc/metal-free

phthalocyanine (H2Pc) superlattices (SLs) with hybridized end atoms.
Both display magnetic order below 30nm. Although structurally iden-
tical, free boundary condition 1D FePc displays length independent
coercivity, whereas for FePc/H2Pc superlattices, the coercivity
increases as a function of length.

The magnetism of these atomic chain magnets is due to indirect
exchange interactions between the delocalized p electrons of aromatic
rings and localized unpaired d-shell electron spin of Fe atoms.22–26 As
a result, super-exchange interaction through Fe–N–Fe ions leads to
ferromagnetism in chains with free ends. An anisotropic
Dzyaloshinskii–Moriya interaction (DMI) arises from the inclusion of
spin–orbit interaction in chains with hybridized ends. This leads to the
formation of very unusual helical spin structures as well as interface
symmetry breaking in chains with hybridized ends. This explains the
experimental differences in the coercivity observed in the two systems.

Metallo-phthalocyanines are planar molecules with a metal atom
located at the center of the molecule surrounded by an organic sup-
port.7,22,27–31 Many atoms (including Fe) and also two H (H2Pc) can
be incorporated as central atoms, as shown in Fig. 1(a). These
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molecules stack face-to-face, parallel to the substrate,27,32,33 when
grown by organic molecular beam epitaxy (OMBE) on Au-coated sap-
phire. A schematic illustration of the 1D Fe chain based on FePc/H2Pc
SLs is presented in Fig. 1(b). The thickness of the FePc (tFePc) controls
the Fe chain length, and the intercalated H2Pc layers (tH2Pc¼ 5nm)
provide controlled boundary conditions, as seen below. The lateral
separation between the chains is 1.3 nm, and it is determined by the
organization of the molecules on the substrate as shown in Fig. 1(b).
The physical structure of the chains is determined quantitatively using
high resolution h# 2h x-ray diffraction (XRD). The molecule axes
organize at $60% with respect to the sample surface.27,34,35

Experimentally, much progress has been made in the fabrication of 1D
systems.36–40 However, the control of the size, orientation, and compo-
sition of the chains is limited, which prevents the experimental deter-
mination of the extent and persistence of short- and long-range
magnetic interactions and how these interactions are affected by mag-
netic or electronic boundary conditions induced at the end of the
chains. Here, we used a state-of-the-art fabrication method of macro-
scopic arrays of 1D iron chains that utilizes iron phthalocyanine
(FePc) thin films and FePc/metal-free phthalocyanine (H2Pc) superlat-
tices (SLs). This method allows the precise control of the chain length
and orientation and bonding environments for the iron (Fe) atoms at
the end of the chains.

FePc/H2Pc SLs and single FePc films were simultaneously grown
on Au-coated ð0001Þ sapphire substrates and ð0001Þ sapphire sub-
strates as reference samples. Figure 2 shows the h# 2h x-ray diffrac-
tion (XRD) peak corresponding to the ð400Þ peak of reference
samples for different FePc thicknesses. The XRD spectrum of the SLs
is characterized by the appearance of clear cut satellite peaks, which
confirms the layered structure of the SLs, preserving the stacking
arrangement. Quantitative information was obtained using the
SUPREX refinement technique.41,42 This refinement yields the average
number and standard deviation of H2Pc (FePc) monolayers within
each H2Pc (FePc) layer and the average d-spacing (monolayer-to-
monolayer distance) perpendicular to the substrate surface for both,
H2Pc and FePc, molecular layers. The 1.5–2.8 nm variance in the

thickness of the layers corresponds to a roughness of 1–2 monolayers
when the molecules are oriented perpendicular to the sapphire sub-
strate. Since the SLs and single FePc films on sapphire and Au-coated
substrates were simultaneously deposited, the growth conditions are
similar. This roughness provides an error bar in the determination of
the chain lengths.

The electronic hybridization and local bonding environment of
the FePc films and SLs were determined from X-ray Absorption
Spectroscopy (XAS). The Fe L-edge XAS results are presented in
Fig. 3, which show the angular dependence of the absorption at the Fe
L2,3 edges, measured in total electron-yield mode at 300K. Data have
been corrected for fluctuations in incident light intensity using I0 mea-
sured on a gold grid immediately upstream of the measurement cham-
ber. A linear background has been subtracted and the pre-edge to
post-edge step scaled to 1 to allow comparisons between samples. The
XAS of 20 nm FePc layers in a film and a SL [Fig. 3, showing grazing
(a) and normal (b) incidence] show a similar spectral shape but reveal
a modification in line shape, particularly at normal incidence. The SL
displays a fully resolved peak at 705 eV (related to a1g and eg orbitals,
the latter that are hybridized with the p-ligands of the phthalocya-
nine), and sharply decreased spectral weight at 706:7 eV (attributed to
in-plane b1g orbitals, associated with antibonding states).

28,43

Angle-dependent XAS measurements confirm that the molecules
stack with their planes parallel to the substrate. The bonding environ-
ment found in the C, N XAS is not modified, suggesting that the elec-
tronic character of the organic framework around the 1D magnetic
chains is not significantly altered by its incorporation into the SL

FIG. 1. Schematic representation of FePc chain SLs. Magnetic moments of the Fe
atoms (red circles) lie in a plane parallel to the Au-substrate. The Fe end atoms, at
the FePc/H2Pc interface, are subject to a weak local anisotropy induced by the Fe/
H2 electronic hybridization. The thicknesses of H2Pc and FePc layers are repre-
sented by tH2Pc and tFePc, respectively.

FIG. 2. X-ray diffraction and SUPREX simulation of SLs grown on ð0001Þ sapphire.
The XRD ð400Þ peaks corresponding to (top) SL10: (FePc 10 nm/H2Pc 5 nm)x2,
(middle) SL5: (FePc 5 nm/H2Pc 5 nm)x4, and (bottom) SL3: (FePc 3 nm/H2Pc
5 nm)x8 are displayed. Blue arrows indicate the superlattice satellite peak position.
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structure. The use of SLs provides two advantages over simple FePc
films: it increases the magnetic volume of the sample by increasing the
number of repetitions (e.g., the number of FePc layers) and it provides
an extra source of anisotropy for the Fe atoms at the interfaces with
H2Pc due to Fe–H hybridization. In this way, the magnetic signal of
ultra-short (as little as seven atoms long) Fe chains can be measured
by a conventional vibrating sample magnetometer (VSM), and the
electronic states of the Fe atoms at the end of the chains can be modi-
fied in a controlled manner.

Magnetic hysteresis loops at low temperatures and up to a field of
10 kOe were performed in a VSM of a Quantum Design DynaCool
system [see Fig. 4(a)]. During field scans, the temperature stability was
better than 1%, and the field sweep rate was 20Oe/s. In all measure-
ments, the field was applied parallel to the substrate surface. The
dependence of the saturation magnetic moment at 1.8K as a function
of the FePc layer thickness for both SLs and films grown on Au is

shown in Fig. 4(b). As expected, the total magnetic moment of films
and SLs (divided by the number of periods) scales linearly with the
total amount of FePc deposited in each sample.

The coercivities were extracted from low temperature magnetic
(VSM) hysteresis loops for films and SLs grown on Au-coated sub-
strates. Figure 4 shows the coercivity dependence as a function of
chain length. Surprisingly, the coercivity of the films is independent of
chain length [Fig. 4(c)], whereas SLs show a definite coercivity increase
as a function of length, well beyond any possible experimental error
[Fig. 4(d)]. This linear dependence holds even for the shortest chains
(tFePc¼ 3nm and 5nm), which could only be measured in SLs.
Remarkably, there is a significant difference between the coercivity
evolution with the FePc thickness between films and the SLs for the
same total chain length. Experimentally, the only difference between
these two is the boundary condition at the end of the chain. The
element-selective XAS measurements discussed above show that the
Fe 3d orbitals of the FePc, in proximity to the H2Pc layers, are strongly
modified. This gives rise to an additional magnetic anisotropy at the
end of the chains, which can be incorporated into a model to explain
the experimental observations quantitatively.

Although experimental evidence indicates that the spin–orbit
coupling takes place in these spin chains,33,44–46 the role of
Dzyaloshinskii–Moriya interaction (DMI) is generally neglected, pos-
sibly because its contribution to large chains is unimportant. As the
number of spins in the chain decreases, the effect of the DMI on the
energy barrier is enhanced. In SLs, the DMI is due to the spin–orbit
interaction; it splits the 3d Fe orbitals with a planar D4h symmetry,47

while the inversion symmetry breaking at the FePc/H2Pc interface,
which accounts for the spin canting at the ends of the chains, is
induced by electronic hybridization. As a result, chiral states induced
at the ends of the chains dominate the reversal mode, which naturally
displays a size-dependent behavior due to the wavelength of the emer-
gent helical spin structure.48–50 At the atomic scale, thermal fluctua-
tions overcome the direct exchange, and dipolar interactions do not
affect intrachain behavior. Therefore, the inclusion of an effective
DMI, which accounts for spin canting, is crucial to describe the size-
dependent magnetic behavior of the FePc superlattices and provides
physical parameters in agreement with experimental results. As a con-
sequence, the spin–orbit interaction stabilizes a helical spin structure,
which leads to the unusual change observed in the coercivity. To pro-
vide a physical mechanism for the above results, we have developed a
semi-classical analytical model. The energy of a 1D chain, oriented
along the z-axis, is

E ¼ #
X

i

J~si (~siþ1 þ ~Di;iþ1 ( ~si *~siþ1ð Þ þ K ~si ( ê ið Þ
h i

; (1)

where J is the exchange coupling between neighboring Fe atoms and
~Di;iþ1 ¼ ð#1ÞiDẑ is the antisymmetric Dzyaloshinskii–Moriya tensor.
êi 6¼ 0 for the chain end atom and zero otherwise. The DMI, induced
by localized electrons, is oriented perpendicular to the substrate. To
obtain the coercivity and the hysteresis loop, we minimize the energy,
Eq. (1). Locally, a parallel spin configuration is energetically preferred
by the ferromagnetic exchange interaction, while a canted spin config-
uration is favored by the DMI. The competition between these two
interactions gives rise to two oppositely handed helical spin structures,
where the handedness depends on the sign of DMI. The interaction
between two Fe ions, nearest to the H2Pc/FePc interface, through the

FIG. 3. Comparison between XAS measurements of films (black lines) and SLs
(red lines) for (a) h ¼ 30% and (b) h ¼ 90%. The small peak at 705 eV observed at
h ¼ 90% in the SL is an indication of the hybridization with the p-ligands of
FePc with H2Pc. The significant loss of the spectral weight between h ¼ 30% and
h ¼ 90% at 706:7 eV is associated with in-plane b1g orbitals. A schematic represen-
tation of the measurement setup is given as the inset in (a).
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FIG. 4. Magnetic characterization of SLs and thin films. (a) Magnetic hysteresis loops at 1.8 K for 1D iron chains embedded in the FePc(10 nm) film (black) and
SL10¼ FePc(10 nm)/H2Pc(5 nm)]x4 superlattice (red). (b) Lineal dependence of the saturation magnetic moment vs total FePc thickness for films (black circles) and SLs (red
circles). The magnetic moment of each SL is divided by its number of periods. The blue line is a linear fit to the data. The low VSM signal region indicates that FePc films
below 10 nm do not have enough magnetic signal to be measured by the VSM. SLs with ultra-thin FePc layers of 1.5 and 3 nm thicknesses can be measured because the
number of repetitions (8 and 4, respectively) increases the magnetic volume of the samples. Coercivity dependence on the chain length for (c) FePc thin films and (d) FePc/
H2Pc SLs. As the FePc thickness increases, the coercivity remains constant in thin films (c), whereas it increases linearly in the SLs (d). The comparison between experimental
results (full circles) and the theoretical prediction (continuous lines) is in excellent agreement. In SLs, the thickness error bars were estimated by the SUPREX refinement soft-
ware.41,42 For films, the error bars are smaller than the filled dots. (e) Coherent reversal mode in the single free Fe spin chain. (f) Magnetization reversal mode induced by the
chiral symmetry breaking in a Fe spin chain with boundary conditions.
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H2 breaks the symmetry of the chain. Due to the misalignment at
H2Pc/FePc, the interaction at the interfaces gives rise to an effective
anisotropy at the chain ends. When DMI has opposite directions at
the ends of the chain, which means that the weak anisotropies are also
aligned in opposite directions, the boundary condition produces left-
and right-handed reversal modes. This chiral symmetry breaking pro-
duces two states with opposite chirality. The competition between
them generates a local anisotropy on the central magnetic moments of
the chain, which depends on the size of the helicoidal arrangement.
This additional spatial periodicity causes the magnetic reversal mode
to depend on the chain length.

This model yields a coherent rotation of the Fe chain magnetic
moments subject to free boundary conditions ðK ¼ 0Þ, as in films,
and a magnetization reversal process governed by an asymmetric chi-
ral rotation for the weakly end-pinned spins in the SLs ðK 6¼ 0Þ. The
same length Fe chains in films and SLs display different magnetic
responses due to differing boundary conditions. For films, the coher-
ent rotation of the magnetic moments of the Fe chains is independent
of the chain length and results in the absence of coercivity changes, see
Fig. 4(e). However, in the SLs, the small hybridization at the chain
ends breaks this symmetry, causing a helical chiral spin state that pro-
duces a length dependent coercivity, see Fig. 4(f).

At large enough magnetic fields, the magnetic moments of the
chain are fully saturated along the applied magnetic field direction.
During magnetization reversal, at intermediate magnetic fields, mag-
netic moments located at both ends of the chain experience an addi-
tional torque due to the boundary conditions, tilting away from the
rest of the magnetic moments of the chain in opposite directions.

The formation of the helical state with magnetization rotation
in opposite directions arises from the competition between the
magnetic interactions and the symmetry breaking. This in turn pro-
duces two helical spin waves of opposite chirality that propagate
from the two chain ends. At the center of the chain, the balance
between these two states induces an effective anisotropy as the
applied field is increased sufficiently to suddenly reverse and align
the magnetic moments in the central region. This becomes appar-
ent in the energy increase required to complete the magnetic rever-
sal, which in turn increases the coercivity. Therefore, due to the
propagation of helical states from the chain ends, the coercivity is
strongly dependent on the chain length.

There is excellent agreement between the experimental results
and the theoretical model, as shown in Fig. 4. Notice that there are
only three adjustable parameters in the model: the exchange interac-
tion J=kB ¼ 4:5K, the Dzyaloshinskii–Moriya coupling strength
D ¼ 10#2 J, and the magnetic anisotropy K ¼ 10#4 J. Moreover, it is
quite remarkable that the DMI, due to the Fe–H coupling at the end of
the Fe chains, provides sufficient interaction energy that creates addi-
tional anisotropy to stabilize the 1D magnetization. This may be the
first case in which an additional anisotropy in a one-dimensional sys-
tem is due to a boundary condition acting on the end atoms and does
not extend over the whole length of the magnetic chain.

In conclusion, we have discovered an unexpected coercivity
increase as a function of length in 1D FM chains with hybridized
boundary conditions. This effect was obtained by comparing OMBE
synthesized arrays of well-controlled, ultra-short Fe chains, using FePc
films and FePc/H2Pc superlattices. Our method provides a technique
to amplify the magnetic signal of ultra-short 1D FM chains, composed

of as few as seven atoms. High-resolution quantitative XRD shows
control at the atomic level over the whole length 1D Fe chains.

In SLs, element-selective XAS measurements show that the Fe
orbitals of the FePc boundaries experience local bonding changes
when in proximity to the H2Pc layers. These electronic changes at the
end of the chains produce noticeable effects on their magnetic proper-
ties. The coercive field of the chains grown as SLs (i.e., subject to
hybridization) increases with length, whereas the coercive field of
chains grown as films (i.e., not subject to hybridization) remains
constant.

An analytical model, which yields asymmetric helical order due
to a small anisotropy at the chains ends, explains the results quantita-
tively. This is an example of an exotic type of one-dimensional helical
magnetic order produced by DMI, which could encourage further
development of the technological research based on the helical-
magnetic ordering of a few atoms.
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