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constrained magnetism in nanostructures at zero temperature:
 ultimate goal
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A B S T R A C T

Recent calculations have shown that the magnetization of nanostructures cannot be safely

described by collinear models based on phenomenological Ising Hamiltonian or electronic

structure approaches. When interactions between spins are screened by electronic clouds,

a Heisenberg Hamiltonian presents a safe approach for ground state calculations as well as

for the determination of temperature dependant magnetization. In metallic systems, due

to strong interactions between spins, semi-empirical models like Extended Hückel, tight-

binding or Periodic Anderson Model (PAM) have been used. Within these oversimplified

approaches, vector magnetization could be tested and, for nanostructures, it generally led

to non-collinear ground states. Ab initio calculations based on Kohn-Sham techniques can

also describe non-collinear ground states but, because these techniques work in k-space,

periodicity is necessary. This is a strong approximation for nanostructures. Therefore, in

the present short review, we essentially focus on non-collinear magnetism of

nanostructures by means of PAM approaches.

� 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Des calculs récents ont montré que le magnétisme des nanostructures ne pouvait être

décrit de manière correcte, ni à partir du modèle phénoménologique d’Ising, ni à partir de

la structure électronique. Quand les interactions entre spins sont écrantées par des

nuages électroniques, le Hamiltonien de Heisenberg est une approche pertinente pour la

détermination de l’état de base, ainsi que pour la dérivation en température. En fait, pour

les agrégats métalliques, à cause de la forte interaction entre les spins, seules des

approches semi-empiriques, telles Extended Hückel, liaisons fortes ou Periodic Anderson

Model, permettent de décrire le magnétisme. Dans ces modèles très simplifiés, le

moment magnétique est considéré comme un vecteur. Les composantes de ce vecteur

sont déterminées de manière auto-cohérente, ce qui conduit, dans le cas des

nanostructures, à des résultats non-colinéaires. Les calculs basés sur l’approche de

Kohn-Sham permettent également d’obtenir des états stables non-colinéaires, mais la

complication provient du fait que cette approche nécessite une périodicité. Cette

périodicité n’est pas présente, en général, dans le cas des nanostructures. Dans le présent

mémoire, nous nous limiterons principalement à des résultats obtenus dans l’approche

d’Anderson périodique.

� 2011 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

The discovery, by Albert Fert and Peter Grünberg, of
the effect of giant magnetoresistance (now used com-
mercially in the hard disk drive industry) is widely
recognized as the starting point of the field of spintronics.
It represents the first example of electric currents
controlled efficiently by spin structures. The complemen-
tary process of so-called spin transfer torques, where
magnetic structures and textures are manipulated by
electric currents, appears to be even more promising [1].
Nanowires are candidates for enabling the exchange of
quantum information between light and matter. The
rapid control of a single electron spin by solely electrical
means brings this possibility closer [2]. Over the past 10
years, the search for compounds combining properties of
semiconductors and Ferro magnets has evolved into an
important field of material science [3,4]. Also, oxide films
and interfaces have become a key ingredient for new
concepts of electronic devices [5]. Often completely
different from those of the corresponding bulk materials,
they bring about novel functionalities to be exploited in
spintronics and electronics architectures. In order to
obtain finite-temperature properties, Sato et al. [4] used
statistical methods in order to solve a classical Heisenberg
Hamiltonian that describes the magnetic ordering of the
system. The simplest solution to this Hamiltonian is to
treat the spins as classical quantities. This is expected to
be a reasonable approximation, able to give a typically
large moment for each substituted magnetic moment.
Moreover, reliable estimates of the Curie temperature in
Dilute Magnetic Semiconductors (DMS) require going
beyond the simple mean field approximation. Indeed, the
often used mean field combined with virtual crystal
approximation led to an overestimated Curie tempera-
ture or overestimated stability of ferromagnetic states.
Sato et al. [4] pointed out that one of the reasons of the
discrepancy between theoretical and experimental
approaches is a bad treatment of thermal fluctuations
within a mean field approximation. Moreover, the
ferromagnetic state strongly competes with a number
of other spin wave states which have almost the same
energy. This indicates that a realistic picture is more
complex than the one following total energy calculations
and assuming a collinear magnetic structure. Thus, one of
the purposes of the present contribution is to mainly
focus on the description of magnetic nanostructures
within a semi-empirical Periodic Anderson Model (PAM)
approach for non-collinear magnetism developed by
Uzdin and Yartseva [6]. In this short review, we discuss
(Section 1) the general problem of calculating non-
collinear magnetism in nanostructures. In Sections 2
and 3, we apply the PAM to two specific situations:
respectively to vacancy effect on Spin Density Waves
(SDW) and to Cr Mono-Layer (ML) magnetic behaviour on
a Fe (110) film. Then (Section 4), we point out M.M.
Rohmer’s work related to similar magnetic problems in
connection to the University of Mascara. Finally (Section
5), we outline a few recent developments in the field of
magnetic nanostructures. Section 6 is devoted to our
conclusion.

2. Non-collinear approach for magnetism in
nanostructures: general considerations

Oda et al. [7] proposed a description of small free-
standing Fe clusters in a fully unconstrained approach to
non-collinear magnetism. They develop a plane-wave
pseudo potential based on a generalized local spin density
theory in which the direction of the magnetization is a
continuous variable of position. They allow atomic and
magnetic structures to relax simultaneously and self-
consistently. This calculation is clearly the first application
of a fully unconstrained scheme for non-collinear magne-
tism. Later, Uzdin et al. [8] presented the very first non-
collinear magnetic structure calculations of supported Cr
and Fe trimers. Within a vector PAM and according to the
ratio between hopping parameters, the trimer ground state
was found to be collinear or non-collinear. Actually, the
dependence of the angles between magnetic moments,
with respect to hopping integrals, was shown to be
different, when going from Cr to Fe, although these angles
are equal to 1208 in the ground state of an equilateral
triangle situation.

Crystallography and Magnetization of bulk Fe strongly
depend on temperature. Fe is bcc with a magnetic moment
of 2 Bohr Magnetons at T = 0 K, and fcc without polarization
above the Curie temperature. Non-collinear magnetic
structures were obtained by Oda et al. [7] for Fe clusters
with a small atom number (3 or 5). Usually, there is a
strong connection between magnetism and dimensionali-
ty for the considered systems. Very interesting from this
point of view is the evolution of Cr magnetic properties
with the size of the sample. Bulk Cr has complex magnetic
structure comprising an uncommensurate antiferromag-
netic SDW [9]. Inspection of the Fermi surface of Cr led to
the conclusion that the nesting condition is fulfilled and
that, consequently, the wave-modulated antiferromagnet-
ic state should have a lower energy than the paramagnetic
state. However the available versions of the Density
Functional Theory (DFT) do not predict the experimentally
observed SDW to be the ground state of bulk Cr. Quite
recently, a so-called ‘‘nodon model’’ was proposed as an
alternative way to reconcile theory and experiment [10]. In
that model, the Cr ground state is truly antiferromagnetic,
whereas SDW appears due to low-lying thermal excita-
tions. Uzdin and Demangeat [10] used a PAM model, while
Vanhoof et al. [11] were able to reproduce these nodons by
ab initio calculations. Furthermore, SDW in epitaxial films
can be manipulated by the choice of magnetic cover,
interfacial roughness or Cr film thickness. Indeed for films
with thickness less than the SDW period, magnetic
structure is determined by the interface region. In Fe/Cr
MLs, thin Cr spacer interface defects, such as steps or
pinholes, are responsible for the non-collinear coupling of
Fe magnetic moments through Cr layers [12]. For thicker Cr
spacer however, SDW takes place. Its total energy is of
course in competition with basic layered antiferromagnet-
ic coupling. More precisely, there is a possibility of
tailoring SDW in Fe/Cr (001) MLs through a selective
inclusion of Sn, V and Mn MLs [13]. This study has been
recently complemented by investigating X/Cr (001) MLs
(X = Sn, V and Mn). Then, without having the polarization
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ct of Fe any more, it is possible to get insight on the
ximity effects of these X elements on the SDW of the Cr
s [14].

ase of vacancy effect on SDW in Fe/Cr

Also recently, within PAM, Parlebas et al. [15] discussed
 effect of vacancies on the SDW onset in Fe/Cr
erlattices. For a Cr spacer made of 36 or 37 layers, in
eral, two solutions were obtained. One solution is a

ered antiferromagnetic structure where magnetic
ments are ferromagnetic in each layer with an
iferromagnetic coupling between two nearest neigh-
ring layers. The second solution (with a total energy
ost equal to the preceding case: quasi degeneracy)
sents in some planes (one or two) a cancellation of the
gnetic moments. Those planes are called ‘‘nodes’’.
ails can be found in the paper by Parlebas et al. [15].
ig. 1, we just report results for a superlattice with an

 number of Cr MLs, containing randomly located 4% of
ancies in the central Cr ML. Fig. 1 displays an increase of

 Cr magnetic moments near the vacancies. This is pretty
sonable because it is well known that the magnetic
ments of a given Cr atom drastically depend on its
rounding. For an even number of Cr MLs, for the same
ancy concentration of 4%, a shift to the right is depicted
the position of the SDW node (Fig. 2).
The role of vacancies is twofold: (1) they tend to
rease Cr magnetic moments at neighbouring sites; and
in the case of an even number of Cr layers, they shift the
e from the central layer, to the right (Fig. 2), or
metrically, to the left (not shown here) of this central

er. Indeed, due to the presence of vacancies in the
tral layer, the node cannot survive because of a strong
rease of magnetic moments on the surrounding Cr
ms. Therefore, two degenerate solutions with respec-
ly one node to the right (respectively to the left) are
ained. Very recently, Soulairol et al. [16] also presented
resting results concerning the effect of vacancies on

 in Fe/Cr superlattices.

4. Case of a Cr monolayer on a Fe (110) film

Most of the calculations concerning Fe/Cr interfaces are
restricted to (001) interface. In this case, a simple collinear
model is sufficient. This is related to the fact that both Fe
and Cr are bcc materials so that, in (001) interfaces, there is
only one non-equivalent atom per plane. Fe being clearly of
ferromagnetic type, all Fe atoms are aligned in a same
given direction. Cr, on the other hand, presents antiferro-
magnetic coupling for small Cr spacer (SDW for bigger
spacer). At Fe/Cr (001) interfaces, the first Cr layer adjacent
to Fe is antiferromagnetically coupled to it [17]. However,
in the case of (011) interfaces, it is difficult to restrict to
collinear magnetism as has been performed recently by
Bose et al. [18]. The reason is as follows. Fe being
ferromagnetic, in all surfaces of low or high Miller indices,
all Fe atoms point in the same direction, although for high
Miller indices, some Fe atoms could be canted due to non-
symmetrical environments. In the case of a (011) Cr ML,
we are concerned with an in-plane antiferromagnetic
configuration, i.e. each Cr atom is surrounded by four Cr
atoms in the opposite direction. From symmetrical
considerations, it can be stated that each Cr atom does
present a same magnetic moment, with nearest neigh-
bouring atoms showing opposite magnetic directions.
Within PAM, we first performed spin-polarized collinear
calculations for one Cr ML on Fe (011), in order to check if
our semi-empirical PAM approach was able to reproduce
Bose et al.’s DFT result. Two values (Cr1 and Cr2) for the Cr
moments were obtained: (i) Cr1 moment which points in
the same direction as the Fe substrate magnetic direction
and presents a smaller modulus than Cr2; (ii) Cr2 moment
which is in opposite direction with respect to the Fe
substrate magnetic direction. Again, this is easy to
understand. It should first be remembered that, at Fe/Cr
interfaces, the Fe and Cr atoms prefer to be antiferro-
magnetically coupled. This is indeed the ground state.
However, for a Cr monolayer adsorbed on Fe (011), the
coupling is much trickier. Uzdin et al. [8] already pointed
out that, for the Cr trimer adsorbed on a noble metal, an
antiferromagnetic coupling between Cr atoms cannot

1. Distribution of magnetic moments in a Fe/Cr (001) superlattice for

dd number of Cr MLs with 4% of vacancies in the middle of the Cr

er.

n from [15].

Fig. 2. Distribution of magnetic moments in a Fe/Cr (001) superlattice for

an even number of Cr MLs with 4% of vacancies in the two middle Cr MLs.

Taken from [15].
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survive. Coupling is frustrated and the considered system
does minimize its total energy only by introducing a non-
collinear polarization. For a Cr monolayer on Fe (011), in
order to minimize its total energy, the Cr1 and Cr2
magnetic moments will present a canting angle with the
Fe-bulk magnetic direction. Due to this canting angle, a
torque is exercised on the Fe (011) surface, so that the Fe1
and Fe2 surface atoms too will be canted (Table 1).
Contrary to the collinear calculation of Bose et al. [18],
where Cr magnetic moments are different, here, the
magnetic moments of Cr1 and Cr2 atoms are almost
equivalent, but there is now a canting angle between Cr1
and Cr2. This canting angle between Cr atoms induces
dissymmetry in Fe subsurface layers. That leads straight-
forwardly to canting angle between Fe1 and Fe2 magnetic
moments in the Fe layer in contact to Cr [19]. Results are
reported in Fig. 3.

One may wonder about the effect of spin-orbit on the
onset of non-collinearity in the present approach. Like in
the paper by Soulairol et al. [20], we ignore it because it is
far beyond the purpose of the present communication. Let
us, however, point out that our calculation is a very first
attempt concerning the onset of non-collinearity for a Cr
monolayer on a Fe (011) surface.

5. Marie-Madeleine Rohmer’s contribution to the
University of Mascara

With Marie-Madeleine Rohmer and Marc Bénard of the
University of Strasbourg (France) and Claude Daul of the
University of Fribourg (Switzerland), a conference was
organized at the University of Mascara (Algeria) [21]. This

meeting was entitled: ‘‘Journées de Simulation Numérique
de Mascara’’ (JSNM’06). Magnetism was one of the main
topics and Marie-Madeleine presented a communication
on ‘‘Linear trimetallic complexes with 24 electrons’’ [22].
The sequence of metal orbitals arising from various linear
triatomic chains of metal atoms was obtained from DFT
and the population of these orbitals was sketched
according to the nature of the transition metal M under
investigation, for M = Cr, Co, Ni and Cu. For example, in the
case of Ni, the high spin state gave rise to an antiferro-
magnetic interaction between the considered Ni atoms. For
more details, see ref. [23]. Furthermore, at this meeting and
after a discussion with local scientific professors, a Master
degree in Physical Chemistry was supposed to be built up
by Mohammed Sahnoun with the help of Marie-Madeleine
Rohmer and Claude Daul. Very unfortunately, this Master
degree was stopped by Marie-Madeleine’s death.

6. Recent news about magnetic nanostructures: state of
the art

Progress in nanoscale physics depends, on one hand, on
the development of a more sophisticated version of the
exchange-correlation term in DFT, and on the other hand,
on versatile devices to measure tiny magnetization. The
Superconducting Quantum Interference Device (SQUID)
magnetometer is one of the most sensitive experimental
techniques to characterize samples with high sensitivity.
However, this technique is not free from possible artefacts
and pitfalls present in commercial SQUIDs [24].

Quite recently, Demangeat and Parlebas [25] reported
on electronic, magnetic and spectroscopic properties of
vanadium, chromium and manganese nanostructures. In
their review paper, and especially in the case of trimers,
they pointed out that collinear magnetization was
definitively a metastable state. The ground state is
obtained when the direction of magnetization is non-
collinear. This situation appears because of frustration on a
triangular lattice. Although, for Ni and Co trimers, a
ferromagnetic configuration could survive, in the case of
basic antiferromagnetic bulk systems, like Cr or Mn,
antiferromagnetism in a trimer cannot survive. Therefore,
in order to diminish the total energy of the considered
system, a non-collinear approach is worthy and necessary.
Carbone et al. [26] reported on recent experimental
approaches to build zero-, one-, and two dimensional
magnetic particle arrays. The investigation of self-assem-
bled sub-nanometer magnetic particles leads to significant
progress in the design of fundamental and functional
aspects. Tung et al. [27] determined the onset of spin-spiral

Table 1

Self-consistent results corresponding to a stable non-collinear solution and concerning a Cr Mono Layer (ML) surface and three successive Fe MLs.

Layer Moment value

on Cr1 atoms

Moment value

on Fe1 atoms

Moment value

on Cr2 atoms

Moment value

on Fe2 atoms

Angle between Cr1

and Cr2 moments

Angle between Fe1

and Fe2 moments

Surface Cr ML 1.86 1.86 157

Interface Fe ML 2.08 2.08 25

Second Fe ML 2.25 2.25 4

Third Fe ML 2.23 2.23 0

Taken from [18].

Fig. 3. Distribution of Cr (green balls) and Fe (blue balls) moments for the

top Cr ML and three successive Fe MLs. Both moments on Cr1 and Cr2

atoms present a mutual angle of 1578. The corresponding Fe1 and Fe2

atoms are also canted to each other by an angle of 258.
Taken from [19].



wa
The
stru
upo
ma
foc
cha
ant
gro
dra
ant
pur
reg
Cal
dep
hyb
the
cha
(11
Mo
rec
a sw

coll
the
ferr
wh
stab
Mn
Mn
per
the
laev
Ni 

7. C

cha
We
nan
net
in f
net
stan
ant
Mo
clas
acc
ato
any
nan
app
er, 

app

C. Demangeat, J.C. Parlebas / C. R. Chimie 15 (2012) 209–213 213
ve in V, Cr and Mn atomic chains on Cu (001) surface.
y display the formation of a non-collinear spin-spiral
cture in Mn linear chains and also in V linear chains
n atop sites on Cu (001) surface, due to frustrated

gnetic interactions in these systems. Schubert et al. [28]
used on non-collinear magnetism in free-standing
ins of Cr-Mn-Fe alloys. For a pure Cr chain, an
iferromagnetic configuration was shown to be the
und state. Increasing the number of ‘‘d-electrons’’
stically modifies the magnetic map, going from a purely
iferromagnetic configuration for a pure Cr chain to a
e ferromagnetic configuration for a Fe chain, through a
ime of non-collinear magnetization for Mn-rich chains.
culations were also performed for Mn linear chains
osited on metallic surfaces. Even weak chain-surface
ridization could be sufficient to dramatically change

 magnetic map of the chain. Deposited on Pd (110), Mn
ins are antiferromagnetic while, for Cu (110) and Ag
0) substrates, a weak non-collinear order survives.
reover, it is worth mentioning Negulyaev et al.’s very
ent work [29], where electric field has been displayed as

itching tool for Mn dimers deposited on metal.
Theoretically, a Mn dimer on Ni can take a non-
inear, a ferrimagnetic or a ferromagnetic configuration,

 non-collinear configuration being the ground state. The
imagnetic state is shown to be a few meV above
ereas the ferromagnetic configuration is the least
le. However, as pointed out by Munoz et al. [30] the

 dimer on Au (111) is unstable as compared to isolated
 atoms adsorbed on this gold-surface. This conclusion is
haps not worthy because Munoz et al. have restricted
ir approach to collinear configuration although Negu-

 et al. pointed out that the non-collinear Mn dimer on
is really the ground state.

onclusion

The present short review paper focuses on Cr and Mn in
ins, free or adsorbed monolayer of Cr in contact with Fe.

 are involved in the description of non-ferromagnetic
omaterials. Particular focus is on non-collinear mag-
ism. This non-collinear magnetism arises intrinsically
ree-standing monoatomic chains. Non-collinear mag-
ism arises also in some triangular clusters, free-
ding or deposited. This is due to the fact that

iferromagnetism cannot survive in this configuration.
re and more calculations do not rely anymore on
sical collinear approaches, but are trying to take full

ount of the non-symmetrical environment of a given
m. Due to this absence of symmetry, one cannot
more determine the magnetic map of a given
ostructure by constraining magnetization. This latter
roach only leads to metastable configurations. Howev-
the difficulties of those non-collinear treatment

roaches are tremendous and, up to now, only very

few calculations have been performed within an uncon-
strained version of the spin-polarized approach.

We are presently investigating a possible minimization
of the interlayer exchange coupling [31] by considering
spin-spiral like configurations for the Cr spacer in Fe/Cr
superlattices. Indeed, we believe that spin-spiral could
remove the frustration present in the metastable solution.
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