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In this study of fabricated one-dimensional �1D� monatomic Fe wires on a Au�788� substrate, electronic and
magnetic features are investigated by angle-resolved photoemission spectroscopy �ARPES� and x-ray magnetic
circular dichroism �XMCD�. The ARPES spectra show little dispersion both in the parallel and perpendicular
directions to the wires revealing a strongly localized nature of the Fe 3d electrons. Finite intensity of the
XMCD signals has angular dependence reflecting an anisotropic feature of the localized magnetic moments
with an easy axis perpendicular to the substrate. Temperature and field dependence of the XMCD signals
shows superparamagnetic behavior well described by the 1D Ising model exhibiting large hysteresis below the
blocking temperature, which is ruled by the anisotropy energy. Increase of the average size of the spin blocks
with reduced temperature enhances the dramatic change of the magnetic properties of the 1D spin system from
soft to hard within a narrow temperature range.
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I. INTRODUCTION

Magnetism in a one-dimensional �1D� system is a classi-
cal but still the latest problem in condensed matter physics.
Because of simplicity and fewer parameters of the system,
this problem has been treated in theoretical works early in
the 20th century. It has been proved that ferromagnetism
cannot be caused by localized magnetic moments ordered in
one dimension even in the case that the Ising model, which is
more favorable for a ferromagnetic ground state than the x-y
model or the Heisenberg model, can be applied.1 This is
understandable by intuition if we consider that quantum and
thermal fluctuation effects are enhanced in the 1D system.

On the other hand, itinerant-electron ferromagnetism in
the 1D electron system is prohibited by the Lieb-Mattis theo-
rem, which starts with the general Hamiltonian.2 However,
recent theoretical works have found that ferromagnetic
ground states appear if strict one dimensionality is broken by
orbital degeneracy3 or by quasi-1D geometry like coupled
chains4 or a trestle.5 Furthermore, the possibility of atomic-
scale ferromagnets has been pointed out regarding the adsor-
bate wires in specific atomic arrangements6 since they have a
flatband near the Fermi level �EF�, which has been proved to
cause ferromagnetism in some specific lattices �a bipartite
lattice, the Kagomé lattice, etc.� with specific electron
fillings.7 These results seem to reflect the fact that strong
on-site Coulomb repulsion U and high density of states near
the Fermi level N�EF�, which occur in the 1D systems,
are basically advantageous to fulfill the Stoner criterion �1.8

Recent progress in surface characterization and metal
deposition techniques has made it possible to fabricate arti-
ficial 1D structures in self-organized growth manners.9 Con-
sequently, experimental confirmation about ferromagnetism
in the 1D system has been attempted.10 Extensive studies
have been focused on monolayer stripes, and dipolar super-

ferromagnetism has been discovered on Fe/W�110�,11 while
nonequilibrium superparamagnetism has been observed on
Fe/Cu�111� �Ref. 12� and Fe/Au�111�.13 In the case of these
quasi-1D structures, the ferromagnetic order in each stripe
can be explained within the limit of the two-dimensional
Ising model. Accordingly, further interest is focused on the
strictly 1D system, in which the magnetism of each wire or
chain is the main research subject. Recently, Gambardella
et al. have successfully observed the magnetism of mon-
atomic Co chains constructed on a Pt�997� substrate.14 It has
been found that enhanced magnetic moments showing out-
of-plane anisotropy exhibit a long-range ferromagnetically
ordered state below 15 K, which corresponds to the blocking
temperature in superparamagnetism.

In this study, we investigate the electronic structure and
magnetism of 1D monatomic Fe wires fabricated on Au�788�
by angle-resolved photoemission spectroscopy �ARPES� and
x-ray magnetic circular dichroism �XMCD�. ARPES results
show a strongly localized nature of Fe 3d electrons, while
XMCD measurements reveal out-of-plane anisotropy of the
localized magnetic moments. Field and temperature depen-
dence of the XMCD signal indicates superparamagnetic be-
havior expected in the 1D Ising system. We found that the
increase of the average length of the spin blocks with re-
duced temperature causes overshoot of the spin-relaxation
time resulting in a dramatic change of the magnetic proper-
ties at the blocking temperature.

II. EXPERIMENT

For the substrates, we employed Au�788� crystals, which
exhibit a thermally stable vicinal facet with respective angle
of 3.5° and terrace width of 39 Å. The sample surface was
prepared by extensive sputtering-annealing cycles in the
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ultrahigh-vacuum chamber until low-energy electron diffrac-
tion patterns displayed the characteristic spot splitting. Fe
was deposited with an electron-beam evaporator at room
temperature �RT�. The Fe coverage was controlled by cali-
bration with a quartz-crystal film-thickness monitor and shut-
ter control. Scanning tunneling microscopy �STM� observa-
tions were performed in situ after the depositions to confirm
the actual Fe coverage. ARPES measurements were carried
out with He I� radiation at RT. XMCD experiments were
performed using synchrotron radiation of the soft x-ray
beamline BL25SU at SPring-8 in Harima, Japan. In the
beamline, circular polarized soft x-ray from a twin helical
undulator was monochromatized and focused on the sample
through pinholes of a permanent magnet circuit. Fe 2p
→3d x-ray-absorption spectroscopy �XAS� spectra were
measured by the total electron yield method in which the
sample current is directly measured while scanning the pho-
ton energy.

III. RESULTS AND DISCUSSION

Our previous STM studies have revealed the structural
features and the formation mechanism of the Fe atomic
wires.15 At the initial stage of the step decoration, Fe atoms
substitute for Au at the step edge sites located, with regular
spacing, at the fcc stacking regions of the 22��3 surface
reconstruction structure of Au�111� terraces. As the Fe cov-
erage is increased, these exchange sites act as nucleation
centers and create evenly spaced Fe fragments aligned along
the steps, which are finally connected with each other form-
ing monatomic wires. The second rows start their growth at
the same periodic positions.

At the Fe coverage of 0.08 ML, an array of the first
atomic rows is formed and the second row growth just be-
gins; hence, the wires are composed of monatomic wires and
short segments of double atomic wires arranged alternately
with the same periodicity as the nucleation sites. This secures
the connections between the fragments and one dimension-
ality of the system, and excludes the possibility that long-
range ferromagnetic order was prohibited due to the short
length of the wire pieces. All the experiments in this study
were performed at the same Fe coverage.

The ARPES measurements have been performed in both
parallel and perpendicular directions to the steps and the Fe
wires fabricated along them. As we reported in the previous
papers,15 the spectra measured in the perpendicular direction
show little dispersion owing to the confinement of the Fe 3d
electrons in the 1D wires. Originally, we expected that the
spectra measured in the parallel direction were more disper-
sive than those in the perpendicular direction, reflecting the
interaction between the Fe 3d orbitals. Contrary to our ex-
pectation, the spectra measured in both directions indicate
basically the same behavior. This suggests weak intercou-
pling between the 3d orbitals on the adjacent Fe atoms.

Figures 1�a� and 1�b� demonstrate the band dispersion re-
lations obtained from the ARPES spectra measured in the
parallel direction on clean Au�788� and 0.08 ML
Fe/Au�788�, respectively. The bands showing parabolic dis-
persion are the Au 6s surface state and the bulk states, which

were clearly observed on the clean Au�788�. On the 0.08 ML
Fe/Au�788�, a characteristic flatband is observed just below
EF. Considering the large photoionization cross section of
the Fe 3d orbitals at the present photon energy,16 this repre-
sents the Fe 3d electronic states. Little dispersion observed
even in the parallel direction implies that the Fe 3d electrons
are localized on each atomic site, and the hybridization be-
tween the Fe 4s and the Fe 3d orbitals is negligible. This is
reasonable since the lattice constant of 2.75±0.1 Å on the
22��3 reconstructed Au�111� surface,17 where the Fe wires
grow pseudomorphically, is much larger than 2.25 Å of the
freestanding Fe monatomic wire obtained by an ab initio
study,18 and the 3d orbitals decay faster than the 4s orbital.

This situation for the Fe 3d electrons is probably not very
different from isolated Fe atoms in the sea of the Au 6s elec-
trons, which act as Kondo impurities. Since the Fe/Au is
known as a Kondo system with Kondo temperature �TK� of
�1.5 K,19 the s-d interaction between the Fe 3d and the
Au 6s electrons is weak but not negligible �Jsd�0�. A pos-
sible explanation for our ARPES results is that the Fe 3d
states form virtual bound states.20 Since the s-d coupling is
weak, the density of states of virtual localized level is not so
broadened resulting in spin polarization, and the split peak
corresponding to the spin-polarized states below EF gives
rise to the localized magnetic moment on each Fe atom.21

XMCD measurements have been performed on 0.08 ML
Fe/Au�788� to confirm the spin polarization expected from
the ARPES results. XAS spectra measured at normal inci-
dence with the photon energy swept across the spin-orbit
split Fe L2 and L3 absorption edges are given in Fig. 2�a�. I+
and I− correspond to the absorption intensities with right-
and left-circularly polarized light, respectively, taking the di-
rection of the magnetic field as the quantization axis. In this

FIG. 1. �Color� Band dispersion relations obtained from the
ARPES spectra measured in the parallel direction to the steps on �a�
clean Au�788� and �b� 0.08 ML Fe/Au�788�. The ARPES measure-
ments were performed at RT with He I� radiation at normal inci-
dence. The second derivative of the spectral intensity is plotted.
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study, the XMCD spectrum is defined as �I= I+− I−, as
shown in Fig. 2�b�. The strong dichroism observed in the
spectra directly proves the existence of the magnetic mo-
ments and their alignment in the external field.

It is well known that the local orbital �mL� and spin �mS�
magnetic moments can be deduced by using the magneto-
optical sum rules.22 Although the number of holes in the 3d
band is unknown in the present case of the Fe monatomic
wires, we can obtain the orbital to spin moment ratio by
canceling it,

mL/�mS − 7mT� = 2q/�9p − 6q� , �1�

where mT is the expectation value of the magnetic dipole
operator, and p and q are, respectively, the integrals over L3
and �L3+L2� peaks of the XMCD signal. Using XMCD data
shown in Fig. 2�b�, we obtained mL / �mS−7mT�=0.17. This
value is much larger than 0.043 obtained for the bulk bcc
Fe.23 However, it should be noted that the dipolar contribu-
tion mT, which can be neglected in the case of the bulk Fe, is
sizable because spin-orbit coupling is not negligible in the
low dimensional system. If we use the mT value of �0.05
which Ohresser et al. reported for Fe clusters on Au�111�
with Fe coverage of �0.1 ML,13 the mL /mS value can be
corrected down to 0.11, which is still larger than the bulk Fe.
This enhancement of the orbital moment is considered as
characteristic effect for the low dimensional system due to
the lower coordination than the bulk.

Figure 2�c� depicts angular dependence of the XMCD in-
tensity at the L3 edge, which is proportional to the magneti-
zation. The L3 peak intensity is plotted as a function of the
incidence angle � with respect to the sample normal direc-
tion. Series of measurements were performed in both parallel
and perpendicular planes to the wires. Although the plots are
somewhat scattered because of the small signal intensity at
the Fe coverage of 0.08 ML, it is clear that the intensity has
a maximum value around �=0 indicating an anisotropic fea-
ture with an easy axis in the out-of-plane direction.

Generally, magnetic anisotropy can be categorized in
three phenomena, i.e., magnetostatic shape anisotropy, mag-
netoelastic anisotropy, and magnetocrystalline anisotropy.
The magnetostatic shape anisotropy is caused by magnetic
dipole interaction. In the case of the wire shape, the easy axis

must be parallel to the wire. Hence, it is not the present case.
The magnetoelastic anisotropy is the opposite phenomenon
to magnetostriction. Since the lattice constant of the Au sub-
strate is larger than the freestanding Fe wire, it is natural to
think that the Fe wire is expanded, which must align the
magnetic moment in line, too. Consequently, the only pos-
sible origin of the observed phenomenon is the magnetocrys-
talline anisotropy. The mechanism is probably twofold. The
s-d coupling between the Au 6s and the Fe 3d electrons fixes
the orientation of the Fe 3d orbitals with respect to the sur-
face. The spin-orbit interaction then fixes the spin direction.
As a result, the magnetic moment is fixed to the crystal axis
of the substrate.

These ARPES and XMCD results reveal that this system
basically fulfills the important premises of the 1D Ising
model, in which localized spins arranged in line can take
only two opposite �up and down� directions. This secures the
applicability of the 1D Ising model to this system to a certain
extent if the localized spins are ferromagnetically coupled.
As we mentioned, it has been proved that the 1D Ising sys-
tem cannot have a ferromagnetic ground state.1 Although this
exact solution prohibits long-range ferromagnetic order, the
existence of short-range order is not denied.

Now, we focus on the magnetic behavior of the array of
the Fe monatomic wires. At various temperatures, we mea-
sured the field dependence of the magnetization by plotting
the L3 peak intensity as a function of the external magnetic
field �B�. The incidence of the polarized light and the direc-
tion of the applied magnetic field are both sample normal.
Figures 3�a�–3�d� demonstrate the magnetization curves
measured at T=100, 50, 30, and 18 K, respectively.

The variation of the magnetization curves depending on
the temperature can be well understood if we assume super-
paramagnetism, which is often observed in the assembly of
magnetic particles. Below the Curie temperature �TC�, the
localized spins are ordered ferromagnetically in short range,
and spin blocks of finite length are formed spontaneously.
These blocks yielding giant spins behave paramagnetically
due to the weak mutual coupling but show the low saturation
field resulting in the “Z-shaped” magnetization curve, as
typically shown in Fig. 3�c�. The appearance of the super-
paramagnetic phase is direct indication of the collective spin
behavior in consequence of the ferromagnetic coupling be-

FIG. 2. �Color� XMCD measurements on the
Fe monatomic wires in the external magnetic
field of 1.9 T. �a� XAS spectra measured at nor-
mal incidence with the photon energy swept
across the spin-orbit split Fe L2 and L3 absorption
edges. 	+ and 	− correspond to the absorption
intensities with right- and left-circularly polarized
light, taking the direction of the magnetic field as
the quantization axis. �b� XMCD spectrum de-
fined as �	=	+−	−. The intensity is normalized
by the edge jump at the L3 peak in the XAS spec-
tra. �c� The L3 peak intensity plotted as a function
of the incidence angle � with respect to the
sample normal direction.
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tween the localized moments on adjacent Fe atoms.
On the other hand, the large hysteresis observed in Fig.

3�d� can be caused by the magnetic anisotropy, which is
actually observed in the angular dependence measurements
�Fig. 2�c��. The Néel-Brown model24 gives the decay of the
remanent magnetization as

M�t� = M�0�exp�− t/
� , �2�

where 
 is the relaxation time,

1/
 = f exp�− Ea/kBT� . �3�

f is the frequency factor of �10−9 s−1, Ea is the average
value of anisotropy energy of the spin blocks, and kB is the
Boltzmann constant. When the measurement time is compa-
rable or shorter than 
, a hysteresis loop with finite rema-
nence can be observed. The temperature giving 
 comparable
to the measurement time is defined as the blocking tempera-
ture Tb. We obtained Tb�30 K for the Fe monatomic wires.

To clarify the detailed mechanism, we analyze the data
using the Langevin function including the anisotropy energy,

M = Msat

�
0

2�

d��
0

�

d� sin � cos �e�NmB cos �+Ea�sin �0 sin � cos � + cos �0 cos ��2�/kBT

�
0

2�

d��
0

�

d� sin �e�NmB cos �+Ea�sin �0 sin � cos � + cos �0 cos ��2�/kBT

, �4�

where � and � represent the spherical coordinates of the
moment with respect to the external field, N is the average
number of atoms per spin block, and m and ea �=Ea /N� are
the magnetic moment and anisotropy energy per atom,
respectively.14 Since �0=0 under the measurement condi-
tions, Eq. �4� can be reduced to

M = Msat

�
0

�

d� sin � cos �eN�mB cos �+ea cos2 ��kBT

�
0

�

d� sin �eN�mB cos �+ea cos2 ��kBT

. �5�

Assuming that m and ea are independent of T, we obtained
Nm=248, 160, 142, and 137	B and Ea=1.59, 1.02, 0.91, and
0.88 meV for T=30, 50, 80, and 100 K, respectively, by
fitting the calculated curves to the data.

It is obvious that as T increases, the spin blocks become
shorter, and thus Nm and Ea decrease. This temperature de-
pendence can be considered as the characteristic feature of
the 1D system, which is clearly different from the case of the
assembly of magnetic particles, where both Nm and Ea are
determined and fixed by the size of the particles. Since the
superparamagnetism changes into normal paramagnetism
�N=1� gradually, the transition at TC is indistinct.

This behavior can be understood if we consider a very
simple model as follows �Fig. 4�a��. The Hamiltonian of the
1D Ising system is

H = − J�
i


i
i+1, �6�

where J is the coupling energy between adjacent localized
spins �J�0 for ferromagnetic coupling�, 
i= +1 for up
spins, and 
i=−1 for down spins. Assume the ground state
that all the sites have up spins at T=0 K without an external
field �B=0�. As T increases, the blocks composed of down

spins appear spontaneously. Since ea works as an energy bar-
rier to a spin flip, the formation of a spin block of finite
length cannot take place at once but progresses site by site. If
a thermally activated spin flips to the down direction, it has
antiparallel configuration with both adjacent up spins. Equa-
tion �6� gives an increase in energy of 4J for this event.
Because we treat classical type of spins having relatively
large moment, the system is supposed to follow the Boltz-
mann statistics. Therefore, the probability for the event is
exp�−4J /kBT�, and the reciprocal number of the probability
N0=exp�4J /kBT� gives the number of sites in series, within
which a spin flip is found.25

Once a down spin appears, the flip of the adjacent spins
does not change the number of boundaries with antiparallel
configuration and thus does not increase the coupling energy
at all. Therefore, the adjacent spin can flip if it just exceeds
the energy barrier corresponding to ea. This second spin flip
has much larger probability since ea is much smaller than 4J,
and seems to happen easily during the lifetime of the first
down spin. Once a dimmer of down spins is formed, it starts
to grow until the populations of up spins and down spins
become even in order to get the maximum entropy of mix-
ing, which achieves the lowest Helmholtz’s free energy
�F�.26 Roughly speaking, the blocks of down spins are
evenly spaced with the interval of N0; as a result, the average
number of sites of each block becomes a half of it,

N�T� � N0/2 = exp�4J/kBT�/2. �7�

If the external field B ��0� is applied, the spins antipar-
allel to B begin to flip to get the energy gain of mB, which
can happen only at the boundary sites between the spin
blocks. Since 4J�mB, the spin flip hardly takes place at the
center sites in the blocks. Although the increase of the spins
parallel to B reduces magnetic energy, it increases the en-
tropy term of F. Therefore, not all the spins are aligned to B,
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but the flip stops when both energy changes are balanced.
Although this model is very simple, Eq. �7� probably

gives the correct temperature dependence and order of mag-
nitude, and the discrepancy from Eq. �7� seems to be in-
volved in preexponential factor

N�T� = C exp�4J/kBT� . �8�

In Fig. 4�b�, N�T�m values are shown in an Arrhenius plot.
Based on Eq. �8�, the coupling energy is estimated at J
=0.55 meV. Pratzer et al. have reported J=8.7 meV for Fe
monolayer stripes on W�110�.27 Since Fe/W�110� shows di-
polar superferromagnetism,11 it seems to be natural that the J
value is much larger than our result. On the other hand, Shen
et al. have obtained J values of 1.29–2.58 meV for the Fe
stripes on Cu�111� which show a superparamagnetic
behavior.12 These values can be normalized into J
=0.036–0.19 meV per each atomic wire if divided by the
average numbers of atomic rows for the stripes, which we
obtained from the Fe coverage of 0.3–0.8 ML and the aver-
age terrace width of 100 Å reported in the literature.

Usually, direct exchange interaction is assumed to be the
origin of the ferromagnetic coupling between the localized
spins in the 1D Ising model. Our STM observations have
confirmed that the Fe wires grow pseudomorphically on the
Au�111� terraces. It has been also reported that Fe grows in
the same manner on W�110� �Ref. 28� and on Cu�111�.29

Accordingly, the nearest-neighbor distance d for the Fe wires
and for the monolayer stripes is obtained as dAu
=2.75±0.1 Å,17 dW=2.74 Å, and dCu=2.56 Å, respectively,
on Au�111�, W�110�, and Cu�111�. These values are all larger
than dFe=2.48 Å for the bulk bcc Fe and dFe=2.25 Å for the
freestanding Fe monatomic wire.18 dW is nearly equal to dAu,
although J on W�110� is much larger than the value on

Au�111�. dCu is much smaller regardless of the weak cou-
pling expected from the small J values obtained on Cu�111�.
These facts imply that we cannot discuss the strength of the
ferromagnetic coupling just in terms of d.

One possible explanation is that the Fe 3d orbitals have
different orientations with respect to the surface depending
on the substrate, which changes the orbital overlaps between
the adjacent Fe atoms varying the strength of the direct ex-
change interaction. It is possible that the 3d orbitals of
Fe/W�110� have different orientations from those of
Fe/Au�111� and Fe/Cu�111�, because d-d interaction is
dominant on W�110�, where 85% of the Fermi level density
of states is from W 5d states,30 while the s-d interaction
plays an important role on the noble-metal substrates. This
seems to be consistent with the fact that Fe stripes on W�110�
indicates in-plane anisotropy,11 while both of the Fe wires on
Au�111� �Fig. 2�c�� and the Fe stripes on Cu�111� �Ref. 12�
exhibit out-of-plane anisotropy.

However, even if taking into account the fact that the
orbital overlaps between the adjacent Fe atoms depend on d
and the orbital orientation, it is still not understandable that J
on Cu�111� is comparable or even smaller compared to the
value on Au�111�. If the Fe 3d orbitals have the same orien-
tation both on Cu�111� and on Au�111�, dCu�dAu must have
given the larger J on Cu�111�. It is likely that the magnetic
coupling on the noble-metal substrates is not simply caused
by the direct exchange but has multiple origins. Another pos-
sible mechanism for the coupling is the Ruderman-Kittel-
Kasuya-Yoshida �RKKY� interaction intermediate by the s
electrons of the substrate.31 In this case, the coupling energy
JRKKY is proportional to a function G�2kFr� of the Fermi
wave vector of the s electrons �kF� and the distance between
the localized spins �r�,

FIG. 3. Typical examples of
the magnetization curve measured
at T= �a� 100 K, �b� 50 K, �c�
30 K, and �d� 18 K. The L3 peak
intensity is plotted as a function of
the external magnetic field B.
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JRKKY � 	Jsd	2
2kFr cos�2kFr� − sin�2kFr�

�2kFr�4 = 	Jsd	2G�2kFr� .

�9�

G�2kFr� is the oscillation function with the period corre-
sponding to the half of the Fermi wavelength �F /2 and de-
cays rapidly as r increases. Therefore, the interaction be-
tween the nearest neighbors is dominant, and thus r can be
fixed to dFe which coincides with d of the substrate. Since the
�111� planes of the noble metals have surface states, we have
to consider both effects through the surface-state electrons
and the bulk state electrons.

On Au�111�, r=2.75±0.1 Å,17 the kF values are 0.153 and
0.177 Å−1 for the spin-split surface-state bands32 and
1.21 Å−1 for the bulk state,33 respectively. Using these val-
ues, Eq. �9� gives G�2kFr�=−0.338 for the surface state and
G�2kFr�=0.002 98 for the bulk state, which means that the
surface state causes antiferromagnetic coupling while the
bulk state gives ferromagnetic one. Basically, similar result is
obtained on Cu�111�, G�2kFr�=−0.284 for the surface state

and G�2kFr�=0.002 04 for the bulk state, using r=2.56 Å,
kF=0.205 Å−1 for the surface,34 and kF=1.36 Å−1 for the
bulk.33 Since the interaction at the surface is mainly subject
to the surface-state electrons, it is concluded that antiferro-
magnetic coupling is caused by the RKKY mechanism in
these systems.

As expressed in Eq. �9�, JRKKY is also proportional to
	Jsd	2. The s-d coupling is related to the Kondo temperature
as

kBTK � D exp�− 1/2Jsd�0� , �10�

where D is the bandwidth and �0 is the density of states of
the conduction band of the host metal.35 Since the Kondo
temperature of the Fe/Cu system is �24 K,19 which is much
higher than �1.5 K of the Fe/Au system, Jsd seems to have
the larger value on Cu�111� than on Au�111�. Consequently,
the larger 	Jsd	2 value is considered to bring about the larger
JRKKY on Cu�111�. If we assume that the total magnetic cou-
pling is given as the sum of the direct exchange interaction
and the RKKY interaction, it is likely that the direct ex-
change is weakened by the RKKY, yielding the weak ferro-
magnetic coupling between the Fe atoms on Au�111� and
Cu�111�. Although the small dCu of 2.56 Å gives relatively
strong direct exchange on Cu�111�, it is probably canceled by
the strong RKKY; as a result, the weak ferromagnetic cou-
pling may remain.

It should be noted that the magnetic property obtained at
T�Tb is almost equivalent to ferromagnetism since the re-
laxation time becomes a huge value. Using the relation Ea
=Nea and N�T1� /N�T2�=exp�4J /kBT1� / exp�4J /kBT2� for T1

=18 K and T2=30 K, we obtained Ea of 2.8 meV at 18 K.
Equation �3� thus gives 
�1010 s, i.e., hundreds of years.
The coercive force obtained at 18 K is 2000 times as large as
that of the bulk Fe ��1 Oe� and even larger compared to
some of the permanent magnets such as KS steel, MK steel,
and Alnico 5. In this sense, this system can be considered as
a hard magnetic material at 18 K. On the other hand, the
magnetization curve measured at 30 K shows typical behav-
ior of a soft magnetic material without hysteresis and rema-
nent magnetization. It is interesting that the sharp transition
from hard magnetic to soft magnetic properties takes place
within the narrow temperature range of �12°. This phenom-
enon originates from the fact that N�T� ��exp�4J /kBT�� in-
creases exponentially as T decreases and hence Ea �=Nea�
changes in the same manner, which causes divergent increase
of 
��exp�Ea /kBT�� below Tb.

Finally, our result and the previous report on Co/Pt�997�
�Ref. 14� seem to support the theoretical prediction that the
1D Ising system cannot have the ferromagnetic ground
state.1 However, this does not deny the itinerant-electron fer-
romagnetism of the 1D electron system.3–7 The 1D ferromag-
net may be possible if the itinerancy is given to the d elec-
trons by increasing the overlaps between the d orbitals,
which is possibly achieved by depositing 4d or 5d metals
with the larger orbital radii or employing the different sub-
strates with the shorter lattice constants such as Cu, Ag, or
the different facets of Au.

FIG. 4. �Color online� �a� Schematic diagram of the formation
process of the spin blocks. �b� Temperature dependence of the av-
erage size of the spin blocks obtained by fitting the Langevin func-
tion to the magnetization curves. The error bars come from the
temperature measurement error of ±5° at the sample holder.
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IV. CONCLUSION

We have fabricated 1D Fe monatomic wires on Au�788�
by the step decoration technique and investigated electronic
and magnetic properties by ARPES and XMCD measure-
ments. It has been found that the Fe 3d electrons form virtual
bound states, which yield localized spins on the Fe atomic
sites. The localized magnetic moment has the enhanced or-
bital to spin moment ratio of �0.11 and shows magnetocrys-
talline anisotropy with an out-of-plane easy axis. To be con-
sistent with the theoretical prediction based on the 1D Ising
model, the Fe monatomic wires do not show a ferromagnetic
ordered state but exhibit a superparamagnetic behavior. The
magnetization curve indicates large hysteresis arising from
pinning of the localized spins by the strong anisotropy, which
vanishes at the blocking temperature of �30 K. Based on a
simple model and the data analysis using the Langevin func-
tion, we conclude that the average size of spin blocks de-
creases exponentially with elevated temperature and estimate

the ferromagnetic coupling energy at 0.55 meV. We specu-
late that the ferromagnetic coupling of this system is caused
as a result of the competition between the direct exchange
and the RKKY interactions. The same temperature depen-
dence of the anisotropy energy per spin-block brings about
the colossal change of the spin-relaxation time of the order
of �1010 within the narrow temperature range of �12°,
which enhances the dramatic transition of the magnetic prop-
erties of this 1D spin system.
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