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Based on first-principles calculations we analyze the magnetic order and the exchange interactions in mono-
atomic 3d transition-metal chains of V, Cr, Mn, Fe, and Co. While freestanding Fe and Co chains remain
ferromagnetic in the entire range of interatomic distances, V, Cr, and Mn chains change their magnetic state
from antiferromagnetic �AFM� to ferromagnetic �FM� upon stretching. The corresponding distance-dependent
exchange interaction is in striking resemblance to the Bethe-Slater curve. We demonstrate that in combination
with the symmetry reduction on the �110� surfaces of Cu, Pd, Ag, and NiAl even a weak chain-surface
hybridization is sufficient to dramatically change the magnetic coupling in the chains. In particular, we find a
tendency towards antiferromagnetic coupling. The obtained magnetic state of a specific chain depends sensi-
tively on the chemical composition and the lattice constant of the surface. Surprisingly, Cr and Mn chains show
a transition from ferromagnetic coupling in freestanding chains to antiferromagnetic coupling on the �110�
surfaces of Pd, Ag, and NiAl. For Fe and Co chains on NiAl�110� the FM and AFM states differ by only
2 meV, suggesting the possibility of a more complex, noncollinear magnetic ground state.
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I. INTRODUCTION

Driven by the dream of atomic-scale storage devices and
spin-based computational schemes, magnetism in artificially
created one-dimensional �1D� structures such as metallic
wires is currently a topic of intense interest. While the fab-
rication of such structures is obviously a tremendous experi-
mental challenge, the theoretical understanding is much
more difficult than the simple structure of the systems sug-
gests. Being at the boundary between the physics of itinerant
electrons in bulk and localized electrons in molecules, chains
are a fruitful playground for testing the validity and limita-
tions of models characteristic of both branches. Especially
striking are the consequences of 1D physics for magnetism
in these systems. Electrons, which are confined in two di-
mensions and restricted in their dynamics to the remaining
one, compensate the reduced hopping due to less neighbor-
ing atoms by favoring exchange. This leads to nonzero mag-
netization not only in chains of most transition metals, but
even in sp metals1—for example, Al.2 This strong tendency
towards magnetism not only makes them promising candi-
dates and model systems in the field of nanoscale magnetism
and spintronics, but also stimulates a profound theoretical
quest to revise well-known concepts in magnetism.

In their pioneering experiments3 Gambardella et al. dem-
onstrated ferromagnetic order and enhanced magnetic aniso-
tropy of monoatomic Co chains on a stepped Pt�111� surface.
Numerous theoretical studies followed this experiment, fo-
cusing primarily on the unusual magnetic anisotropy in this
particular system.4–6 Some studies also considered magne-
tism and magnetic order of 4d and 5d transition-metal mono-
atomic chains.7–9 Experimentally, the fabrication of such 1D
structures is extremely difficult since either atom manipula-
tion or self-assembly techniques are involved. For the latter
only a few other examples exist until now. For example,
monoatomic Co chains on Pd�110� �Ref. 10� and biatomic Fe
chains on the reconstructed �100� surface of Ir �Ref. 11� have

been created. While these systems are assumed to couple
ferromagnetically, more recently, there has been increasing
interest in antiferromagnetic order. In a key experiment, Hir-
jibehedin et al.12 suggested antiferromagnetic coupling in
linear chains from two to ten Mn atoms created by atom
manipulation on an insulating CuN/Cu�001� surface. An ex-
cellent description of the magnetic properties based on the
Heisenberg model was possible due to the localized nature of
the magnetic moments. On the other hand, ferromagnetism
in Mn dimers on NiAl�110� has been reported,13 demonstrat-
ing the crucial impact of the surface on the exchange inter-
actions.

Clearly, the surface composition, symmetry, and elec-
tronic properties as well as the interatomic distance in the
chain could be equally important for the magnetic coupling
between the chain atoms. In two-dimensional systems–i.e.,
ultrathin films—the competition of ferromagnetic and anti-
ferromagnetic coupling, which can give rise to complex
magnetic order, has been extensively investigated in the past
but still new surprises are reported �see, e.g., Ref. 14�. Con-
cerning monoatomic wires, few studies exist to date, the first
report focusing on freestanding wires.15 For 3d transition-
metal chains on surfaces, calculations have been performed
only for Fe and Co. While Fe chains always order ferromag-
netically on the Cu�11n� stepped surfaces,8 monoatomic
Fe-Co alloy wires on W�970� �Ref. 9� show a strong ten-
dency toward antiferromagnetism due to hybridization with
the substrate. Relaxations can also affect the magnetic
ground state of 1D systems due to the sensitive influence of
substrate-chain interactions. However, they often have not
been considered due to computational limitations.

Long before the development of first-principles electronic
structure calculations exchange interactions in 3d transition
metals �TM’s� and their compounds have been widely con-
sidered based on the Heitler-London approximation and its
formulation for ferromagnets by Heisenberg,16 known as the
Heisenberg model. A cornerstone of this approximation is the
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evaluation of the exchange integral J, as given by Heitler and
London.17 For the calculation of this integral there are no
analytical models available except for hydrogen.18 Numeri-
cal calculations give unreliable results, with disagreements
not only in the magnitude of J, but even its sign.19,20 It was
pointed out by Herring21 that asymptotically the Heitler-
London approximation predicts a wrong sign of the ex-
change energy. Furthermore, Herring21 and Landau 22 devel-
oped a perturbation method based on the surface integral
evaluation of J, which was successfully applied to scanning
tunneling microscopy23 and further generalized in order to
describe the exchange interactions correctly in the whole
range of the distance between the atoms.24

Despite a strong subsequent critique,25–27 relying on the
Heitler-London expression for the exchange integral J, Bethe
made some correct predictions on the sign and magnitude of
J for 3d TM’s.28 Based on Slater’s estimates for the mean
radii of the 3d TM orbitals,29 Bethe suggested a variation of
J with interatomic spacing d. He concluded that for small d
the exchange integral should be negative and, with increas-
ing d, J approaches zero, becomes positive, reaches a maxi-
mum, and exponentially decays to zero. Bethe gave a rough
sketch of this behavior, known as the Bethe-Slater �BS�
curve,30 which has been applied with some success in the
physics of ferromagnetic alloys.31,32

In this paper we present a systematic investigation of the
nature of the spin coupling in magnetic monoatomic wires by
analyzing the exchange interactions in magnetic metal
chains. We focus on 3d transition elements which in higher
dimensions offer a wide scope of complex magnetic struc-
tures. After introducing the method and computational de-
tails of our calculations �Sec. I�, we first consider the ideal
case of freestanding chains of V, Cr, Mn, Fe, and Co �Sec.
II�. We discuss their magnetic properties and sign of the ex-
change interaction as a function of the interatomic distance.
Surprisingly, we find for V, Cr, and Mn a transition from
antiferromagnetic �AFM� to ferromagnetic �FM� coupling
with increasing interatomic spacing. Co and Fe wires, in con-
trast, are ferromagnetic in the entire regime of interatomic
distances but display large variations in the strength of the
ferromagnetic coupling. The distance-dependent exchange
coupling deduced from our calculations is in striking resem-
blance to the Bethe-Slater curve. Besides a stand-alone inter-
est in the magnetism of these freestanding chains—e.g., in
comparison with predictions from much cruder models such
as the Bethe-Slater curve—such an investigation gives us a
valuable starting point to disentangle the influence of the
substrate for chains deposited on a surface.

For this purpose we have investigated the magnetic order
in chains deposited on the experimentally promising, unre-
constructed �110� surfaces of Cu, Pd, Ag, and NiAl �Sec. III�.
In particular for the noble metals we expect little influence
on the electronic properties of the chain due to weak hybrid-
ization with the filled d bands. However, it turns out that due
to the reduced symmetry and interaction with the 2D elec-
tronic states at the surface, even the weak perturbation of the
chains electronic structure is sufficient to turn the magnetic
order from ferromagnetic for freestanding Cr and Mn chains
to antiferromagnetic for these chains on the surfaces. For V
chains the sensitive competition between the exchange inter-

actions within the chain and with the substrate leads to dif-
ferent ground states depending on substrate and lattice spac-
ing.

Special attention is paid to the NiAl�110� substrate, which
has been used experimentally as a template to create mono-
atomic gold chains of up to 20 atoms, and a negligible influ-
ence on the gold chains electronic properties has been
reported.33 A subsequent theoretical study confirmed the
weak perturbation of the electronic structure also for Mn
chains.34 We demonstrate here that the effect on the magnetic
properties of monoatomic chains can be dramatic. For ex-
ample, Cr and Mn chains show weak antiferromagnetic cou-
pling while for Fe and Co the FM and AFM solution are
degenerate within 2 meV per chain atom, suggesting the pos-
sibility of a more complex, noncollinear ground state due to
higher-order spin interactions. We analyze the influence of
different substrates in terms of the density of states and dis-
cuss the applicability of the generalized Stoner criterion. Fi-
nally, we present conclusions and a summary in Sec. IV.

II. COMPUTATIONAL DETAILS

We have performed ab initio calculations based on den-
sity functional theory �DFT� using the full-potential linear-
ized augmented plane-wave method �FLAPW� in its 1D and
2D formulations as implemented in the FLEUR code.35,36 For
the exchange-correlation potential we used the rev-PBE gen-
eralized gradient approximation to DFT.37

The calculations of freestanding chains have been carried
out with the 1D realization of the FLEUR code,35 which al-
lows efficient calculations of chains in a large regime of
interatomic spacings. We used 16 k points in one-half of the
1D Brillouin zone �BZ� and kmax of 4.0 a .u.−1.

For calculations of the surface-deposited monoatomic
chains we used the film version of the FLEUR code. To simu-
late the semi-infinite crystal a slab of seven and five substrate
layers was used for the fcc �110� and NiAl�110� surfaces,
respectively. We used the experimental lattice constants and
exploited inversion symmetry by depositing chains on both
sides of the substrate slab. Following values for the muffin-
tin radii were used: 2.2 a .u. for Cu atoms, 2.3 a .u. for Pd
and Ag atoms, 1.7 a .u. for Al atoms, 2.1 a .u. for Ni and
chain atoms on NiAl�110�, and 2.2 a .u. for the chain atoms
on the rest of the surfaces. An in-plane separation between
the chains of approximately 15 a .u. �see Fig. 1 for a sketch
of the geometrical setup� proved to give reliable results,
which was also confirmed by other authors.38 We used values
of kmax=3.6–3.8 a .u.−1 depending on the surface, achieving
consistency in the values of the total energy differences and
spin moments. Normally, 24 k points in the irreducible
wedge of the 2D BZ were used. If the total energy difference
between the FM and AFM states was below 10 meV per
chain atom, the reliability of the latter energy difference was
checked with 48 k points.

We restricted structural relaxations almost exclusively to
the ferromagnetic case with two chain atoms �one on each
surface of the slab� in the unit cell, because, as shown later,
the magnetic order affects the structural parameters by less
than 1%. In this case the reliability of the obtained optimized
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atomic positions was carefully checked with respect to the
number of k points, and we used 12, 24, and 48 in the irre-
ducible wedge of the 2D BZ. If the total energy difference
between the FM and AFM states was below 5 meV per chain
atom, the structural relaxations were performed also for the
AFM configuration. Surface and subsurface layers were re-
laxed for fcc substrates, while for NiAl�110� only surface-
layer relaxations were taken into account.

III. FREE STANDING 3d TM CHAINS

We begin our investigation of magnetic exchange interac-
tions in 3d transition-metal wires by considering the ideal-
ized case of freestanding chains. This way we study the in-
trinsic magnetic properties of the chains as a function of the
3d transition-metal and interatomic spacing d. Based on
these calculations we aim at understanding the influence of
the substrate on the chain properties, an issue which we
elaborate in the next section. We focus on straight chains as
our main interest are the properties of chains deposited on
surfaces which dictate the chain structure and do not allow
effects such as dimerization and zigzag creation. Among the
magnetic solutions we consider only the collinear FM and
AFM states, while possible noncollinear solutions are be-
yond the scope of this work.

We find the chains of all considered 3d elements, from V
to Co, to be strongly magnetic when the distance between the
chain atoms is above 4 a .u. and until well beyond 7 a .u. In
contrast to 4d TM chains,39 in the 3d TM chains the atomic
orbitals are much more localized and in the whole range of
interatomic distances the FM solution coexists with the AFM

ordering of the local spin moments. The calculated values of
the spin moments �S are presented in Fig. 2 as a function of
the interatomic distance d. At small interatomic distance, the
magnetic moments are small due to a strong overlap of the
neighboring 3d orbitals and rise rapidly with increasing dis-
tance, when the intra-atomic exchange begins to dominate.
Starting from the interatomic distance in the range of
4–4.5 a .u., depending on the element, the moments reveal a
rather smooth behavior. At large d, deviation of �S from the
atomic value suggests a strong s-d hybridization with signifi-
cant exchange splitting of the corresponding bands. This ef-
fect can be seen, for instance, for V, where the muffin-tin
value of 3�B is close to that of a free V atom, arising pre-
dominantly from localized d electrons, while the remaining
contribution to the total moment of around 1�B can be at-
tributed to the occupation of the exchange-split delocalized
s-d hybridized orbitals.

It is educative, therefore, to compare the spin moment
within the muffin-tin sphere of each atom and the total spin
moment in the unit cell. Their difference serves as a measure
of the spillage of the spin density and, consequently, of the
overlap between wave functions of neighboring atoms. It is
the largest for V and decreases gradually as we move along
the 3d series. This is in accordance with the general trend of
increasing localization of d orbitals within each transition-
metal series. Only for V, Cr, and Mn do we observe that the
difference between the muffin-tin �MT� spin moments of the
FM and AFM state changes its sign at small interatomic
distances within the regime of steeply increasing moments.
For all chains, the local FM spin moment is larger than the
AFM local moment at intermediate values of d, while the
difference between these moments approaches zero with in-
creasing d.

After having established the occurrence of large local
magnetic moments due to reduced hopping of 3d electrons

FIG. 1. �Color online� Geometrical setup for 3d transition-metal
chains deposited on fcc �110� surfaces �top panel� and NiAl�110�
�bottom panel�. Dark �blue� spheres with arrows indicating the spin
moments represent chain atoms. In the upper panel large �gold�
spheres represent substrate atoms. In the lower panel large �red�
spheres of the substrate denote Ni atoms and small �green� spheres
Al atoms.

FIG. 2. �Color online� Spin magnetic moments �S of freestand-
ing 3d transition-metal chains as a function of the interatomic dis-
tance d. In the ferromagnetic state the values are given for the total
moment �shaded symbols� and the moment integrated in the muffin-
tin �MT� spheres �solid symbols�. For the antiferromagnetic case
only the muffin-tin spin moments are shown �open symbols�.
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and large intra-atomic exchange, we now turn to the mag-
netic exchange interaction within the chains. In order to
study the magnetic coupling, we compare the difference of
the total energy of the FM and AFM solutions as a function
of d, shown in Fig. 3. Below we refer to this energy differ-
ence as EFA�d�. For Cr and Mn chains a striking transition
from the AFM to the FM state occurs with increasing inter-
atomic distance. In Fe and Co chains, the FM state is favored
in the entire regime of d while there is a large variation of the
size of the energy difference. V is more complex, showing
two transitions. For all chains, EFA approaches zero for large
chain atom separation as expected due vanishing wave func-
tion overlap.

The occurance of FM order in Fe and Co wires and in V
wires at large d can be understood based on the Stoner cri-
terion because the Fermi energy EF of the nonmagnetic state
is located either in the upper peak �Co, Fe� or the lower peak
�V� of the 3d band, leading to a large density of states
�DOS�. The AFM ground state of Cr and Mn chains at small
interatomic distances has a similar reason as that reported for
Mo and Tc chains.8,39 Within the concept of band magnetism,
it is due to a position of EF in the center of the d bands and
a low DOS at EF in the nonmagnetic case.8,39

In contrast to chains of the late 4d and 5d transition met-
als, where a transition from an AFM to a FM state has not
been observed,8 the change of the magnetic ground state of
Cr and Mn occurs at distances of 5.21 and 4.75 a .u., respec-
tively. This transition, happening in the regime of nearly con-
stant spin moments with a negligible difference between the
local FM and AFM values, can be traced back to a change in
the sign of the exchange interaction. For V, an interplay of

the intra-atomic exchange energy due the steep rise of the
moment with different moments of the FM and AFM con-
figuration, �S

FM�d� and �S
AFM�d�, with a change in the sign of

the exchange interaction, leads to a peculiar behavior of
EFA�d�: with magnetic ground-state transitions happening
twice, at 4.16 a .u. and 4.45 a .u.

Interestingly, we observe that the general form of the total
energy difference EFA�d� in the freestanding 3d TM chains
resembles that predicted by the BS curve for the exchange
integral J�d� �see inset in Fig. 3�. Within the Heisenberg
model restricted to nearest-neighbor coupling, the total en-
ergy difference can be obtained from the exchange integral:

EFA�d� = 4J�d�S�d�2, �1�

where S�d� is the spin moment of each chain atom. Assuming
a constant value of S�d� as a function of d for the moment,
we expect a similar functional form of the energy difference
and the exchange integral. �This is a good approximation in a
wide range of interatomic distances d; cf. Fig. 2. Using the
values obtained for the spin moments as a function of d, we
can explicitly calculate the exchange constant J�d� leading to
the same qualitative conclusions as discussed below.�

Concerning the comparison, we find for V, Cr, Mn, and Fe
chains a maximum of the total energy difference and a drop
to zero at larger d in agreement with the BS curve. For Cr the
decay is outside the regime shown in the graph while for Co
the maximum is at smaller values of d. In addition, Cr and
Mn display the mentioned transition from an AFM to a FM
state which is a key feature of the BS curve. The interatomic
distance d0 of the transition is proportional to the radial ex-
tent of the 3d orbitals in the Bethe-Slater theory. �Note that d
is approximately constant for the given transition metals on
the BS curve.� The calculated transition point shifts to the
left from Cr to Mn to Fe in agreement with a decreasing
radius of the 3d shell. �V is an exceptional case as discussed
above and for Co the transition would occur at a value of d
where the chain is nonmagnetic.�

We can even make a more quantitative comparison. Con-
sidering only Cr, Mn, Fe, and Co chains, we find that up to a
distance of 5.5 a .u., Cr is more antiferromagnetic than Mn
and Co is more ferromagnetic than Fe. Within the nearest-
neighbor Heisenberg model we can translate this into
JCr�d��JMn�d� and JCo�d��JFe�d� since SCr�SMn and SFe

�SCo �cf. Figs. 2 and 3�. This is in accordance with the BS
curve as well, after noticing that the positions of the elements
on the latter curve are given at roughly the same interatomic
distance d of 4.72–4.76 a .u.29

The direct comparison of the exchange integral J�d� and
the total energy difference EFA�d� is only valid within the
nearest-neighbor Heisenberg model, and exchange interac-
tions beyond nearest neighbors as well as interactions be-
yond the Heisenberg model—e.g., biquadratic terms—could
play a role in the chains. The qualitative agreement of our
calculation with the Bethe-Slater curve suggests a dominant
nearest-neighbor exchange interaction. However, we cannot
scale the curves to a single, unique function, which indicates
the presence of other exchange mechanisms depending on
the specific 3d element.

FIG. 3. �Color online� Difference of total energies of the ferro-
magnetic and the antiferromagnetic solutions as a function of the
interatomic distance d for freestanding 3d transition-metal chains of
V, Cr, Mn, Fe, and Co. The inset shows the Bethe-Slater curve
reproduced from Ref. 28—i.e., the exchange integral J as a function
of interatomic distance d over the radius of the 3d orbitals, rd � d

rd

ranges from 2.6 for Cr to 3.64 for Co, where d is nearly constant
and rd decreases across the 3d series�.
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Besides being an interesting observation our confirmation
of the Bethe-Slater-like behavior of the exchange interaction
as a function of interatomic distance in low-dimensional itin-
erant magnetism could be useful. It can serve as an ansatz
and be a benchmark for further analytical and numerical en-
deavors in estimating the exchange integral24 and a starting
point to explore the limits of the Heisenberg model for
chains and clusters of transition metals.12

We speculate that the unexpected behavior of the mag-
netic coupling, in particular the magnetic ground-state tran-
sition at specific interatomic distances, could even be ob-
served in magnetic breakjunctions or by using nanowires or
carbon nanotubes as a template for monoatomic chain
growth.

IV. 3d TM CHAINS ON SURFACES

In the previous section we have revealed a Bethe-Slater-
type behavior of the exchange interaction in monoatomic 3d
transition-metal wires. In the following we investigate how
far the magnetic properties of such ideal freestanding chains
can be conserved after deposition on a surface. Obviously,
interactions between chain and surface atoms come into play
and various hybridization-driven effects such as symmetry
reduction and indirect exchange interactions will affect the
magnetic ground state. Whether we can deduce the magnetic
properties of the composite system from its constituents is
not clear a priori.

A related subject and conceptual starting point for our
study are monolayers of 3d TM’s on surfaces. In this field we
can roughly distinguish two classes of �nonmagnetic� sub-
strates: weakly and strongly hybridizing. The first class, be-
sides insulating materials, includes, for instance, noble met-
als such as Cu and Ag and can be characterized by a small
monolayer-substrate interaction of d electrons. In this case,
the magnetic order is determined by exchange interactions
within the two-dimensional monolayer itself and does not
change from the unsupported monolayers.40 In contrast, 5d
TM’s such as tungsten or iridium with their delocalized 5d
orbitals are typical examples of the second class of materials.
Such surfaces strongly influence the magnetic order of the
overlayer, and the magnetic ground state depends sensitively
on the composite monolayer-substrate system.14,41–43 For a
monoatomic chain, however, the number of nearest neigh-
bors is significantly smaller than for a monolayer, and one
could expect interactions with the substrate to become com-
parable to those within the chain itself, if not dominant, even
for the substrates from the first class. In this section we con-
firm this notion based on our ab initio calculations.

In order to investigate the effect of a substrate on the
magnetic state of the 3d TM chains, we have chosen the
experimentally promising �110� surfaces of fcc Cu, Ag, Pd,
and bcc NiAl. These unreconstructed surfaces provide
trenches for the growth of the chains �see Fig. 1� and thereby
may enable the creation of monoatomic chains by atom ma-
nipulation as well as by self-assembly. In our calculations the
chain atoms are located in the hollow sites of the surface
layer above the subsurface layer atoms as shown in Fig. 1. In
this geometry every chain atom possesses two chain atoms as

well as five surface atoms as nearest neighbors. In a previous
theoretical study34 it has been demonstrated that the elec-
tronic properties of Mn, Ni, Au, and Cu chains are only
weakly perturbed in this configuration on NiAl�110�; how-
ever, the magnetic order was not considered. The interatomic
distance in the chains is dictated by the substrate lattice con-
stant. We keep this constant at its experimental values—i.e.,
4.82 a .u. for Cu, 5.30 a .u. for Pd, 5.59 a .u. for Ag, and
5.50 a .u. for NiAl—relaxing the rest of the structural param-
eters, as described in Sec. II. These values are well suited to
scan the interesting regime of interatomic spacings of the
freestanding chains, in particular to check whether the tran-
sition from AFM to FM can be conserved on a surface.

We initially focus on chains of V, Cr, and Mn because
these show a FM-AFM magnetic order transition with inter-
atomic spacing, and later on we complete our calculations by
considering Fe and Co chains on Cu�110� and NiAl�110�. As
in the previous section we discuss the total energy difference
between the FM and AFM solutions defined as EFA, shown
in Fig. 4. In comparison to the freestanding chains, we ob-
serve a striking shift in the energy difference in favor of
antiferromagnetic order. For Cr and Mn wires this shift is
100–200 meV per atom and leads to an AFM solution on all
considered surfaces. However, the general monotonic in-
crease of EFA as a function of d up to 5.5 a .u. observed for
the freestanding chains is preserved and especially visible for
Cr. Clearly, there is a competition between ferromagnetic
intrachain coupling and antiferromagnetic coupling due to
the substrate. On the �110� surface of NiAl this competition
results in a very weak overall antiferromagnetic coupling.

The magnetic order in V chains is more sensitive to the
specific surface. For a freestanding chain the FM solution is

FIG. 4. �Color online� Difference in total energy between the
FM and the AFM solution �per chain atom� of V, Cr, and Mn chains
deposited on the �110� surfaces of Cu, Pd, Ag, and NiAl �solid
symbols and dashed lines� and, for comparison, the values of Fig. 3
for the freestanding configuration �open symbols and solid lines�.
The interatomic spacing on the Cu, Pd, NiAl, and Ag�110� surface
is indicated by dotted lines.
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favorable by a very large energy; however, the interaction
with the surface shifts the entire curve by about 300 meV per
atom which leads to a transition to an AFM state on Cu�110�.
At a slightly larger interatomic distance on the Pd�110� sur-
face, the FM state is recovered. On NiAl�110� the total en-
ergy difference rises even more in favor of the FM solution.
The sensitive influence of the specific surface electronic
structure on the magnetic coupling is apparent from the case
of Ag�110�. While the freestanding V chain has a strong
tendency towards a FM state the competition with the chain-
surface interaction leads to the peculiar situation of a nearly
degeneracy of the FM and AFM states. In such a situation,
magnetic states beyond these simple collinear states need to
be considered since magnetic interactions beyond nearest
neighbors might play a role.

A more detailed analysis and understanding of the impact
of the substrate on the magnetic coupling in the deposited
chains can be obtained from the DOS. We choose Cr chains
as an example, and Fig. 5 displays the local DOS of the Cr
atoms on the four considered substrates in comparison with
the freestanding geometry at the corresponding interatomic
distance. Starting with the DOS of the nonmagnetic state,
shown in the upper row of Fig. 5, we observe the character-
istic 1D van Hove singularities in the 3d band of the free-
standing chains. For Cr the Fermi energy is between two
singularities approximately in the center of the 3d band.
Within a generalized Stoner picture this position of the Fermi
energy in combination with a relatively wideband DOS leads
to an AFM ground state. As the interatomic spacing is
increased—i.e., from left to right in Fig. 5—the bandwidth
decreases and the DOS rises sharply at the Fermi energy.
While the Fermi energy is still in the center of the 3d band

the enhanced DOS results in an instability towards a FM
solution. This transition from an AFM to a FM state leads to
the observed Bethe-Slater-type behavior discussed in the pre-
vious section.

Next we turn to the nonmagnetic deposited Cr chains.
Due to s-d hybridization of surface and chain states, the DOS
spills out from the 3d band of Cr which slightly increases the
bandwidth. More important, however, is the smearing out of
the sharp features which were present in the DOS of the
freestanding chains. Because of the reduced symmetry at the
surface and interaction with the two-dimensional bath of the
surface electrons, band degeneracies are lifted and the van
Hove singularities at the Fermi energy due to the hybridiza-
tion of dxy and dx2−y2 states in the free chains disappear. This
reduction of the DOS at the Fermi energy causes the transi-
tion to AFM order for Cr chains on the surfaces.

While the Stoner picture suggests a simple explanation of
the magnetic order in these systems one should note that the
magnetic solutions �see middle and bottom rows of Fig. 5�
display additional hybridization effects due to the exchange
splitting of the DOS. These are particularly strong for the
AFM solution. For freestanding chains there is little hybrid-
ization between nearest neighbors due to the antiparallel spin
alignment and the DOS consists of sharp resonance features.
On a surface these peaks broaden into bands. Such hybrid-
ization effects in combination with surface relaxations may
influence the magnetic ground state of a specific chain-
surface system. E.g., for Cr and Mn chains on NiAl�110� the
total energy difference between FM and AFM state is quite
small due to the competition of intrachain and chain-surface
interactions and sensitive to other influences.

In low-dimensional systems structural relaxations can be
crucial due to the reduced coordination number and have

FIG. 5. �Color online� Densities of states �DOS� for Cr chains on the �110� surfaces of Cu, Pd, NiAl, and Ag in the nonmagnetic �top
panel�, ferromagnetic �middle panel�, and antiferromagnetic �bottom panel� states. Arrows indicate the spin-up and spin-down channels. Blue
shaded areas denote the local DOS of the Cr atoms for chains on the surface while black lines correspond to freestanding Cr chains.
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therefore been taken into account for the chains on surfaces.
The results of the relaxations are summarized in Table I. We
observe significant changes of the lateral and vertical posi-
tions of the chain, surface, and subsurface atoms in many
cases. It is useful to focus in particular on the change of the
nearest-neighbor distances �d1 and d2�. On the Cu�110� sur-
face, the V, Cr, and Mn chains relax outward from the Cu

surface and the surface Cu atoms shift slightly away from the
chain axis to reduce the compression of the 4s-electron gas,
and the nearest-neighbor distances increase by up to 4.5%.
Fe and Co chains, with less extended 3d orbitals, on the
other hand, relax considerably inward but the surface Cu
atoms move away from the chain axis and the nearest-
neighbor distances d1 are only slightly changed. The
Ag�110� surface possesses a much larger lattice constant, in
comparison, and consequently also the early 3d TM chains
of V, Cr, and Mn display strong inward relaxations while the
Ag surface atoms shift only by small amounts.

On the Pd�110� surface, in contrast, there is strong hybrid-
ization and bonding of Pd 5d and chain 3d states and all
chains relax inward by large amounts and the bond lengths
are much reduced. This chain-surface interaction is also re-
flected in a large reduction of the chain magnetic moments;
cf. Table II.

The NiAl�110� surface is structurally more complex due
to the interaction with two different chemical species of the
surface. The bond length to the Al atoms changes in a similar
fashion as observed above on the Cu and Ag surfaces. For V,
Cr, and Mn chains the distance changes only slightly while
for Fe and Co chains it decreases by 6%–8%. �Note that
there is only little dependence of the relaxation on the mag-
netic state for Fe and Co chains, supporting our decision to
relax only critical systems in both FM and AFM configura-
tions.� The distance to the Ni atoms increases for V and Cr,
while large reductions are found for Fe and Co. In general,
we find that Co suffers the strongest interactions.

Another indicator of the chain-surface interaction and its
influence on the chain magnetism is the change of the spin
moment given in Table II for the 3d TM chains. Among the
three elements, V is prone to the largest interaction with the
substrate leading to large reductions of the spin moment;
e.g., on the Cu�110� and Pd�110� surface it decreases by
almost half the value of the freestanding chain in the FM
state. On NiAl and Ag, with larger nearest-neighbor dis-
tances, the hybridization between chain and surface is
smaller and the spin moments change much less. For Cr and
Mn the changes of the spin moment are in general much
smaller. The relatively large reduction of the Cr total moment
�in the unit cell� on Pd�110� is due to the antiferromagnetic
coupling to the surface Pd atoms. In contrast, the coupling is
ferromagnetic for Mn chains and the Mn moment is affected
only weakly. For Mn the spin moments remain close to 4�B
on all surfaces and for all magnetic configurations. Fe and
Co spin moments are influenced more strongly than those of
Mn, but still the reduction in their values reaches at most
0.5�B. In conclusion, the size of the magnetic moments is
influenced weakly by the interaction with the surfaces while
the magnetic order in the chains depends sensitively on it.

In order to take a different perspective on the mechanism
responsible for the drastic changes in the ground state of the
supported chains we investigate their magnetism as a func-
tion of the band filling on Cu�110� and NiAl�110�, Fig. 6.
The interaction with the NiAl�110� surface shifts the entire
total energy curve by an almost constant energy towards the
AFM state. The largest influence of the surface is seen for
Co, in agreement with the strongest relaxations; cf. Table I.

TABLE I. Relaxations of the metal chains on �110� surfaces of
Cu, Pd, Ag, and NiAl. For the fcc �110� surfaces the following
parameters are given: �Y, change in distance of the atom of the
surface layer to the chain axis �x axis� along the y axis �perpendicu-
lar to the chain�; �Z1, change in distance along the z axis between
the chain atom and the surface layer; �Z2, change in distance along
the z axis between the chain atom and the closest atom of the
subsurface layer; d1 �d2�, distance between the chain atom and the
closest atom of the surface �subsurface� layer. For the NiAl�110�
surface the following parameters are presented: �YAl, change in
distance of the Al atom of the surface layer to the chain axis along
the y axis; �ZM-Al��ZM-Ni�, change in distance along the z axis
between the chain atom and the Al �Ni� atom of the surface layer;
dM-Al�dM-Ni�, distance between the chain atom and the Al �Ni� atom
of the surface layer. All the values, except when specified differ-
ently, are given in atomic units, “�” �“−”� mean increase �decrease�
in respective distance, as compared to the unrelaxed value. The
unrelaxed values of d1 and d2 are the nearest-neighbor distances of
the corresponding unrelaxed substrates—i.e., 4.824, 5.295, and
5.590 a.u. for Cu, Pd, and Ag, respectively. The unrelaxed values of
dM-Al and dM-Ni for NiAl�110� are 5.502 and 4.765 a .u.,
respectively.

�Y �Z1 �Z2 d1 �%� d2 �%�
Cu�110�

V +0.13 +0.17 +0.18 +3.7 +3.7

Cr +0.12 +0.22 +0.22 +4.0 +4.6

Mn +0.13 +0.04 +0.08 +2.3 +1.7

Fe +0.11 −0.18 −0.08 −0.2 −1.7

Co +0.10 −0.30 −0.21 −1.4 −4.3

Pd�110�

V −0.07 −0.85 −0.62 −7.9 −11.8

Cr −0.00 −0.66 −0.45 −5.6 −8.5

Mn −0.02 −0.65 −0.45 −5.9 −8.5

Ag�110�

V +0.04 −0.25 −0.13 −1.6 −2.3

Cr +0.03 −0.25 −0.15 −1.8 −2.7

Mn +0.03 −0.58 −0.33 −4.4 −5.8

NiAl�110�

�YAl �ZM-Al �ZM-Ni dM-Al �%� dM-Ni �%�
V +0.07 −0.070 +0.17 +0.0 +3.0

Cr +0.10 +0.04 +0.17 +1.3 +3.0

Mn +0.08 −0.10 −0.11 −0.2 −1.8

Fe �FM� +0.10 −0.28 −0.38 −6.4 −6.3

Fe �AFM� +0.08 −0.61 −0.32 −6.4 −5.4

Co �FM� +0.05 −0.80 −0.38 −8.9 −6.4

Co �AFM� +0.05 −0.75 −0.35 −8.4 −5.9
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While V maintains its FM configuration, for Cr and Mn the
interaction causes a transition of the ground state from FM to
AFM. For the prototypical ferromagnets Fe and Co, the in-
teraction with the surface is not sufficient to induce AFM
coupling; however, the FM and AFM states are almost de-
generate. �In our calculation, Fe is slightly AFM while Co is
FM; however, the energy differences amount to only 2 meV
per chain atom.� Note that the chains are still strongly mag-
netic with moments of 2.89�B and 1.81�B for Fe and Co,
respectively. Such a significant weakening of the nearest-
neighbor FM coupling in the chain could lead to a more
complex magnetic ground state such as a spin-spiral state
due to interactions beyond nearest neighbors or higher-order
spin interactions. On Cu�110�, the behavior is different and
resembles the typical behavior of 2D films on surfaces. In

particular, we observe that the early 3d TM’s show AFM
order while the late 3d TM’s are FM with the transition
between Mn and Fe.40

More insight into the chain-surface interaction can be ob-
tained from the densities of states, presented in Fig. 7 for
chains on NiAl�110�. In the nonmagnetic calculation �upper
panels�, we observe that the V and Cr d bands are rather high
in energy and overlap only with the strongly dispersive sp
states of the Al atoms near the Fermi energy. The low DOS
of Al prevents major modifications in the d bands of V and
Cr, and characteristic features and the bandwidths are nearly
preserved. At the end of the 3d series in contrast, the d bands
of Fe and Co are lower in energy due to larger band filling
and reach the energetic position of the high DOS of the sur-
face Ni atoms. The hybridization is consequently strong, and
distinctive peaks of the freestanding chain DOS are smeared
out. For the magnetic solutions, the exchange splitting
pushes the chains d bands down in energy, effectively in-
creasing the overlap with the d states of surface Ni, smooth-
ing out the freestanding chains DOS significantly �this effect
is in particular clear for AFM Co�. Therefore, the simple
Stoner picture, where the DOS of the spin-polarized chain
could be obtained by a simple shift of the nonmagnetic DOS,
cannot provide a full explanation of the magnetic ground
state. In addition, the large exchange splitting of the chains
3d bands causes a large spin polarization at the Fermi energy
for Mn, Fe, and Co chains.

V. CONCLUSIONS

We have performed ab initio calculations to investigate
the magnetic order and exchange interactions of monoatomic

TABLE II. Magnetic spin moments of V, Cr, Mn, Fe, and Co
chains on the �110� surfaces of Cu, Pd, NiAl, and Ag in the ferro-
magnetic �FM�, and antiferromagnetic �AFM� states. In the FM
state the total moment in the unit cell �FM �tot��, the moment within
the muffin-tin sphere around the chain atoms �FM �mt��, and the
muffin-tin moment of the closest surface atom �Surf. �mt�� are
given. In the AFM state only the muffin-tin moment can be given.
Values in brackets correspond to those for the freestanding chains
on the substrate-imposed interatomic distance. All magnetic mo-
ments are given in units of �B.

Cu�110� Pd�110� NiAl�110� Ag�110�
V

FM �tot� 2.38 �4.12� 1.03 �4.11� 3.82 �4.12� 3.62 �4.13�
FM �mt� 1.72 �3.00� 1.64 �2.93� 2.51 �2.94� 2.67 �2.95�
Surf. �mt� 0.02 −0.27 0.28 0.03

AFM �mt� 1.95 �2.56� 1.45 �2.73� 2.36 �2.80� 2.54 �2.83�
Cr

FM �tot� 4.19 �5.09� 2.46 �5.16� 4.83 �5.20� 4.73 �5.22�
FM �mt� 3.43 �3.98� 3.26 �4.04� 3.67 �4.07� 3.87 �4.08�
Surf. �mt� 0.05 −0.30 0.22 0.02

AFM �mt� 3.41 �3.89� 3.22 �4.05� 3.62 �4.09� 3.81 �4.10�
Mn

FM �tot� 4.11 �4.54� 4.60 �4.66� 4.72 �4.72� 4.57 �4.73�
FM �mt� 3.69 �3.97� 4.00 �4.12� 3.93 �4.18� 4.05 �4.20�
Surf. �mt� 0.04 0.13 0.24 0.02

AFM �mt� 3.75 �3.98� 3.96 �4.20� 3.92 �4.27� 4.12 �4.29�
Fe

FM �tot� 3.05 �3.43� 3.28 �3.56�
FM �mt� 2.92 �3.06� 2.89 �3.40�
Surf. �mt� 0.03 0.29

AFM �mt� 2.82 �2.95� 2.88 �3.35�
Co

FM�tot� 1.75 �2.30� 1.98 �2.37�
FM �mt� 1.77 �2.25� 1.81 �2.26�
Surf. �mt� 0.02 0.17

AFM �mt� 1.66 �2.03� 1.82 �2.19�

FIG. 6. �Color online� Difference in total energy between the
FM and AFM solutions for 3d transition-metal chains in the free-
standing configuration and after depositing on the NiAl�110� �top
panel� and the Cu�110� �bottom panel� surfaces. The freestanding
wires have been calculated at the interatomic spacing corresponding
to the respective surface.
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chains of the 3d transition metals V, Cr, Mn, Fe, and Co as a
function of interatomic distance with and without substrates.
As trial substrates for this purpose we have chosen the ex-
perimentally promising �110� surfaces of Cu, Pd, Ag, and
NiAl.

For the freestanding chains we have found the expected
strong tendency towards magnetism—e.g., the occurrence of
large magnetic moments and stable FM and AFM solutions.
We find a transition from antiferromagnetic to ferromagnetic
coupling with interatomic distance for V, Cr, and Mn while
Fe and Co are ferromagnetic within the entire regime. We
deduce the exchange coupling from our calculations and find
that the functional dependence on interatomic spacing
closely resembles the Bethe-Slater curve for all these ele-
ments.

For chains on surfaces a large shift in the exchange cou-
pling towards antiferromagnetism occurs. Even on the
NiAl�110� surface, a favorable template for chain growth
with negligible effect on the chains intrinsic electronic prop-
erties, the reduction in the energy difference between FM
and AFM states is significant. This results in a ground-state
transition from FM to AFM for Mn and Cr. For Fe and Co,
which suffer a stronger interaction with theNiAl surface than

the early 3d TM’s, the nearest-neighbor FM exchange cou-
pling between the neighboring spins is significantly weak-
ened. Under such conditions, higher-order spin interactions
or exchange interactions beyond nearest neighbors may de-
termine the final ground state which could be more complex
than the simple collinear state.

Given the localized nature of the 3d orbitals and the
strong intra-atomic magnetism in 3d TM chains with large
local spin moments, we characterize the magnetism in these
chains as supple—i.e., locally strong with the coupling be-
tween the neighboring spins being easily modified by inter-
actions with the surroundings. The delicacy of the chains
exchange interactions suggests a search for new criteria in
evaluating the influence of the substrate on the magnetism in
chains and opens a quest for new types of surfaces, which do
not significantly affect the magnetic coupling between the
deposited atoms.
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FIG. 7. �Color online� Densities of states �DOS� for 3d TM chains on NiAl�110� in the nonmagnetic �top panel�, ferromagnetic �middle
panel�, and antiferromagnetic �bottom panel� states. Arrows indicate the spin-up and spin-down channels. Shaded areas denote the local DOS
of the chain atoms. For comparison, solid black lines indicate the local DOS of the freestanding chains.
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