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Noncollinear magnetism of thin Cr films deposited on a stepped F€01) surface
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A theoretical study of the noncollinear magnetic moments distribution of Cr films with thicknesses between
one and two monolayers deposited on a semi-infinit®@h substrate with terraces of monoatomic height is
reported. The spin-polarized electronic structure is calculated with a self-consistent readbiégiet-binding
model, parametrized tab initio tight binding linear muffin tin orbital results in which we have implemented
the possibility that the orientation of the spin-quantization axis changes from site to site, thus allowing
noncollinear magnetic calculations in complex systems with a large number of inequivalent sites without
symmetry requirements while preserving a high degree of accuracy. The calculated magnetic moment distri-
butions are discussed in connection with the magnetic frustrations associated with structural defects.
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[. INTRODUCTION deal with noncollinear magnetism in both density functional
theory(DFT) and semiempirical tight-bindingl'B) methods.
One of the main challenges for the scientific community ~ Within the DFT formalism the magnetic noncollinear de-
is the understanding of phenomena at the atomic scale, ngree of freedom has been implemented in the all-eleétfon
only for the fundamental knowledge, but also for technologi-and pseudopotentiahpproaches. These methods provide a
cal purposes. For instance, magnetic memory bit sizes apletailed description of the phenomena, being able to deal
proach the superparamagnetic limit with sub-10 nanometeeven with intra-atomic noncollinear magneti€owever, a
characteristic lengths. The increasing interest in nanostrudiigh computational cost has to be paid and therefore, these
tures makes this aspect particularly interesting and useful fozalculations are limited at present to systems with very few
the potential design of new materials. Important advancesonequivalent sites, such as small free-standing transition
have taken place in the field of structural characterizationmetal (TM) clusters>’ The calculation of extended systems
The STM stands as one of the prototypical tools in this conwith broken symmetries is a formidable task within these
text. However, other fields such as magnetic characterizatiomethods, which usually take advantage of a transformation
have been up to now mainly based on average measur@t the reciprocal space, so a three dimensional periodicity is
ments. Recently, a new experimental setup spin-polarizetequired. Moreover, in these kind of systems, even having
scanning tunneling microscop{SP-STM'~ has demon- such periodicity from the structural point of view, the con-
strated its potential to unravel complex magnetic superstrucsideration of noncollinear magnetic configuration can impose
tures with atomic resolution. For instance, magnetic hystermuch larger periodémagnetic periodicity, as we will see in
esis on a nanometer scale has been studied on an array of the present work. Therefore the unit cell to be considered is
nanowires of two atomic layers thick grown on a steppedeven larger.
(110) tungsten substrate. The semiempirical real-space TB method has been widely
From the theoretical side, quantum mechanical spinused so far in the collinear framework with successful results
polarized calculations in low-dimensional systems are posfor the study of complex TM nanostructures such as clusters,
sible at present, but they have generally been confined to surfaces, and interfaces. In the noncollinear context, Stoeffler
global quantization axis. This approximation has providedand Corned'® have performed TB calculations for TM mul-
and provides successful results since many materials exhihtilayers for studying interlayer magnetic couplings. However,
collinear magnetic order, particularly those composed otheir work was focused on extended periodic systémith-
strong ferromagnetic elements or adopting ideal structurabut surfaces where the bulk magnetic orders are only
configurations that prevent magnetic frustrations. Howeverslightly altered by interfacial interactions even when interfa-
there exist a variety of systems where the collinear magneticial imperfections are taken into account.
arrangement cannot be the ground state due to the particular The aim of the present work is to present a semiempirical
morphology of the system or where the collinear solutionself-consistent real-space TB method in the noncollinear
does not provide a satisfactory agreement with the experiframework without symmetry restrictions and providing at
ments. Typical examples are frustrated systems having conthe same time a good degree of accuracy, thus able to deal
peting ferromagnetic and antiferromagnetic interactions bewith three-dimensional complex nanostructures, as those
tween neighbor magnetic moments. Other candidates toharacterized experimentally. The Hamiltonian is param-
noncollinear ground-state configurations are clusters of traretrized to DFT results and the recursion method is used for
sition metal elements from the middle of the series, such adetermining self-consistently the electronic structure.
Cr and Mn. Consequently, in recent years much interest has Fe/Cr systems have attracted the attention of the scientific
been directed toward the implementation of codes able taommunity in the last decade and still today many related
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works are appearing since many aspects are far from beinghose direction is given by the angle®,(#;). In the
completely understood. Apart from the interest of this inter-present formalism, this direction is not restricted to a global
face itself in many respects, such as interlayer exchange codpin-quantization axis. Therefore, the self-consistent proce-
pling and magnetoresistance, it stands as a prototype for testure is more complicated than for purely collinear calcula-
ing new approaches, since both elements have been largefyns since the convergence in the angles has to be required
investigated so far. The importance of noncollinear spin conin addition to the convergence of the modulus.

figurations in Cr has been recently reported in a review by The |ocal densities of states are calculated using the re-
Fishman' We present results for Cr ultrathin layers depos-csion method in real space. This method provides the par-
ited on a stepped F@01) substrate, that is a typical nano- s densities of states projected on an arbitrary local quanti-
structure with competing ferromagnetic and antﬁerromag-zation axis(instead of a global onehrough a rotation of the

netic interactions, and thus a clear candidate for having,ia| recursion vector in the spin space. Once the local den-
noncollinear ground states. This system was studied te@ijjes of states are determined, we calculate the local elec-

years ago by Vegat al'? using a simple collinead-band TB . . A .

method, and a high degree of magnetic frustration togethetrron'c c_)ccupa_tlon$nj§> and local magnetic moments,, at
with the existence of multiple collinear arrangements Wereeach site by mtegratmg_them up to the Fermi Iev_el with the
found. Experimentally, it is observed that in the first stages Oglobal charge neutrality 'condltlon. Self-consistency IS
the Cr growth on Fe at room temperature, interdifussion is éeacneg when rl]\ﬁ perdpenqlllculfarhoutput c_omlponen:j remains
probable mechanism that is strongly reduced as increasi [ all the sites. ?é,?lg etails of the numerical procedure can
the Cr coverage. It is not our aim to provide a complete e found elsewhere:

analysis of those mechanisms as well as possible roughness

at the interface, since our model is valid at low temperature

(T—0) and no structural optimization is performed, taking IIl. PARAMETRIZATION

into account that both elements have a bcc structure in their \yhen ysing a parametrized model such as ours one may

respective bulks, with a very similar lattice parameter. pursue two different strategies: one may seek a broadly
transferable parametrization, which is pertinent when one is
Il. SELF-CONSISTENT NONCOLLINEAR TB MODEL interested in comparing a variety of systems with different

The magnetic moment distribution within the system is!ocal environments, or one may seek the parametrization that

determined by solving self-consistently spd TB Hamil- Is best adapted to a family pf. systems with rathgr similar
) o e local environments thus providing better accuracy in the re-
tonian. The Hamiltonian can be split into a band te,q .
oM . sults. In this work we have opted for the second approach.
and an exchangeél ., term which in the orthogondii a)

basis of atomic sité and orbitale and with the usual nota- Based on the fact that our systems are characterized by a
tion are @ Cr/Fe interface and surface, and with the aim of incorporat-

ing into the parametrization the related Cr-Fe hybridization
H=H H 1 effects as well as the reduced coordination effects, instead of
band+ exchy ( ) fitti .
itting our parameters to the respective bulks as usual, we
R have determined the homonuclear hopping integrals and the
Hband:Z [(eioa+ Uia,ig(Njp) +ZiQi,) 6ij Sup exchange integrals of Cr and Fe from a fitab initio TB-
ag LMTO results for an ideal Cr monolayer deposited on
Fe(001). In order to perform the fit, the procedure described
1 } @) by Anderseret al* for the bulk has been extended to other
0o 1/ environments. This procedure has been used in our previous
works on embedded clustefs!® The d-electron exchange
cosé; e~ %isin gi} integrals of Fe and Cr are determined to yield the magnetic

+t3P (1= 8 lia)(j Bl

moment distribution of a single Cr overlayer deposited on

Hewr S ( = )|' il
exch™ 4 ~ SYiaMi [Ita) ]| g B '
e 2 erising cos6i the stepped substrate. Exchange integrals involgmglec-

®) trons as well as interatomic Coulomb integrals are, as usual,
The band HamiltoniarH .4 contains both the nondiago- neglected. For the direct Coulomb integrals, our choice is the

. . 17
nal matrix elementshopping integrals® between orbitals S&M€ @S In & previous work of Vegaal"" for Fe clusters
« and B of different sitesi and], which are assumed to be embedded on a Cr matrix, and we refer the reader to this

spin independentand the spin-independent part of the diag_reference for more de_ta|Is. The crystal field paramefiys

. 0 ~ . are element and orbital dependent, and have to be deter-
onal mgtrlx elememgeia:Ui_{l~iﬁ<nib>+ziﬂia’, being th? mined with the requirement of being valid for Fe and Cr
sum of (i) the local levele;, , (ii) the electrostatic level shift systems with different local coordinations. Thus, we have
Ui, jp(njp) accounting for the charge variations param-performed a series of TB-LMTO calculations of Fe and Cr
etrized by the Coulomb integré&l;, ;5, and(iii) the crystal  systems with different coordinations and the crystal field pa-
field potentialz;Q);,, whereZ; is the local atomic coordina- rameters have been elected in order to obtain a good agree-
tion of sitei]. The exchange HamiltoniaH ..., describes the ment for all these systems.
magnetic part, through the exchange paramétgrmulti- Although our aim was to obtain a parametrization adapted
plied by the magnitude of the local magnetic momgni  to our Cr/Fe systems, we have tested it for ideal Fe and
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d stable collinear solution illustrated in Fig. 1, where only the
moment of the Cr atoms at the edge of the step is ferromag-
5 netically coupled to the moments of their nearest neighbor Fe
@ atoms. Other collinear solutions of higher energy differ from
o) this one in the degree of frustration, that in all cases is asso-
ciated to the step at the interface.
& It is expected that the lifting of the collinear restriction
will allow the system to find a more stable magnetic moment
@;; - configuration. That's what we have obtained, as seen in Fig.
2(a). The periodicity of the system in th@10 direction is
reflected in the fact that only th@ angles are needed in the
& calculation. Let us point out that for the calculation of the
noncollinear configurations a double cell has been used, i.e.,
b we have taken explicitly into account in the calculations all
A the atoms in two adjacent steps of the terrace. This is neces-
sary to obtain the most stable configuration of the noncol-
A 474 linear system, and also because when the Cr coverage is
increased, the system tends to a layer by layer antiferromag-
FIG. 1. Most stable collinear solution obtained by means of thepetjc configuration, which can be only described within such
TBLMTO method(upper pangland ourab initio parametrized TB 3 double cell calculation. Let us remark that no additional
model (lower panel. Circle in gray line represent Cr atoms while go|ytions have been found for the collinear case considering
circles !n black !lne represent Fe ones. The sizes .of the arrqws arg qouble cell. By comparing the noncollinear magnetic solu-
proportional to its modulus. The dotted lines define the unit celliq \yith the most stable collinear one, one notices that the
considered in the calculation. magnetic frustration of those Cr atoms at the edge of the step
and their nearest neigbor Fe atoms is, as expected, partially
Cr(001) surface. The results have been compared to those @gjaxed in the noncollinear solution: they are no longer fer-
the TB-LMTO method and they are satisfactory. romagnetically coupled and the moments are tilted to form a
relative angle of about 90°. This change in the moment di-
rection of the atoms in the neighborhood of the structural
defect(step leads to a final solution that minimizes the mag-
In order to check our parameterization, we have first calnetic frustration since the natural magnetic coupling among
culated the collinear magnetic solutiorithere is not an the involved nearest neighbors is approached as much as
unique solution for the Cr monolayer deposited on the possible. One can further notice that the Cr-Cr and Fe-Fe
stepped F€001) substrate using both the parametrized TBmagnetic interactions in this system dominate the Cr-Fe one
model and theab initio all-electron TB-LMTO. They are (the relative moment orientations between nearest neighbor
interesting not only for the sake of comparison between botlCr-Cr and Fe-Fe atoms are close to 180° and 0°, respec-
theoretical methods, but also in order to get insight into thdively, whereas, as we have already pointed out, for Cr-Fe
frustration mechanism driving the noncollinear configura-nearest neighbors some are close to 90°) contrary to what is
tion. The collinear solutions are expected to be metastablebtained in multilayers® This is due to the large enhance-
relative to the noncollinear ones. We will come back to thisment of the Cr moment at the surface as compared to the
point. Figure 1 illustrates the most stable collinear arrangeFe/Cr interface, and illustrate the strong influence of the lo-
ment that we have obtained by means of the TB-LMTOcal environment on the magnetic coupling. The resulting
method and with our parametrized TB approach. The goodoncollinear configuration is 122 meV more stable than the
gualitative agreement obtained give us confidence in oumost stable of the collinear solutions. This is the total energy
model. In addition, the absolute values of the magnetic modlifference for the whole unit cell, that is considering all the
ments obtained with both methods are simitaith differ-  atoms within the dotted lines in Fig. 2. In order to evaluate
ences smaller than 1P&xcept at some interfacial Fe atoms, this energy difference, we calculate for both magnetic con-
for which in average we overestimate the magnetic momerfigurations the band energy corrected by the double counting
in about 17%. Both calculations confirm the existence ofterms arising in our mean field approximation. Since the
magnetic frustration associated to the structural defect imtomic positions are considered to be the same for the differ-
these Fe-Cr systems and the resulting competing ferroma@nt magnetic solutions, the contribution of the ionic repul-
netic and antiferromagnetic interactions: it is not possiblesion to the total energy difference is cancelled. Let us point
within the collinear restriction, to have at the same time allout that the main part of this energy difference is located near
Fe-Fe nearest neighbors moments coupled ferromagneticaltiie step. It is important to remark that without the collinear
and all Cr-Cr and Fe-Cr ones coupled antiferromagneticallyrestriction, even a small perturbation of the collinear solution
which is the natural coupling of Fe-Cr systems. There ardeads to a noncollinear one, revealing the former as unstable.
necessarily some nearest neighbors moments that are not A further check of our model concerns the stability of the
coupled with their natural relative orientation. The systemnoncollinear solution under a slight variation of the exchange
minimizes the magnetic frustration by leading to the mostparameter. We have performed a series of calculations chang-

IV. RESULTS AND DISCUSSION
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FIG. 2. Ground state magnetic configurations of our noncollinear TB model calculated considering different Cr coverages, f@m one
to two (e) full monolayers. The values for the angles and the local magnetic moments in the neighborhood of the step are shown in the right

panel. The dotted lines define the unit cell considered in the calculation.
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ing the exchange parameter for Cr between 0.70 and 0.90 eVv® o M - o oA 270
(our fitted value is 0.80 eV The variation of the relative 4T & o o o Sl g

) ) . ; X ) ATATAN  Brosm o) B: 2.16p,
orientation of the magnetic moments is nearly imperceptible. AN 474
We have also tested the stability of the solution when in-

. H H (b) A y C Y

creasing the number of inequivalent Fe layédrslow the Cr s Q A * o) ALy, df dﬂ‘wb L A200m,
overlayej on which the local moments are free to rotate. We , © § A QB@ Yoomoam, 474 AN o,
have seen that a smaller number of layers below the Cr over-© © A4 474

layer are not sufficient for determining the direction of the

local magnetic moments although their modulus is already @ e Lo & . 150, p BY;- b . 200,

converged. The increase within the calculation of the number b 1O 1P 9 B, 45 Pogie N QR Bivom,

of Fe underlayers different from the collinear bulk leads to © © 41 © 4 & © © OAO Iy

slight but noticeable rearrangement of the moments direc- ©©

tion. Therefore, the noncollinear calculation of extended sys- " A . - X 155

tems requires one to take explicitly into account a larger |, ¢, * & & B:O.SSp: Q, & g d B:O.Sh,:

environment than that typically needed in collinear calcula- 1 © i & &, 0 \ b N b A d‘dﬂ

tions of the same system. This fact further limits the use of © & © & © e 8 & © &

ab initio methods for quantitative noncollinear calculations

in such systems. (o (e L Ao, o 0  AtlLsn,
A question arises at this point that is of special relevance @ 6COB"* O O B0oa, Y G 5:03,3 & - T B0g9m,

in understanding the relation between the local environment 4 =~ A A 5&" & oo, Lol . 5”’45’“ C: 204,

and the magnetic behavior. How the noncollinearity evolves o O o O

as increasing gradually the Cr coverage in the first stages of _ ) o )
the growth. Variations in the relative orientation of the mo-_ G- 3. Magnetic configurations in the neighborhood of the step
ments at the interface are expected as the local environmelff the collinear(left pane) and the noncollineafright panej so-
changes. In order to answer this question, we have performefd.0"S: The modulus of the local magnetic moments is shown for
calculations for Cr coverage between one and two full monoy, ose atolm_s nOtNha.V'ng rt]he'.r natural n}aghnet'c %Ol:p“ngf'nhth? C°||'
layers on the same stepped substrate. The resulting nonccrz'LIear solution. Nofice the increase of the modulus of the loca
. . . . . . oment when the collinear restriction is lifted.
linear solutions are plotted in Fig. 2. As increasing the Cr
coverage, the Cr atoms at the interface gradually lose their
surface charactefwhen the full second monolayer is depos- Without the need of reducing the modulus of the magnetic
ited, every Cr atom at the interface has its complete nearesfroment.
neighbor coordination Therefore, a strong decrease of the
magnetic moment of the interfacial Cr atoms takes place,
leading to a reduction in the Cr-Fe magnetic coupling V. CONCLUSIONS AND PERSPECTIVES
strength at the interface. As a consequence, as can be seenin ) _ o
Fig. 2, now the Fe-Fe interactions and surface Cr-Cr interac- USing a self-consistent real space tight binding model pa-
tions dominate increasing|y as the Cr coverage increase@metrized to DFT calculations and without collinear restric-
Nevertheless, despite the local ferromagnetic coupling in Fetion for the spin direction we have studied the magnetic mo-
a noticeable tilt of the Fe moments at the interface relative tanent distribution of a Cr film varying gradually from one to
those at the bulk exist, indicating a long-range order effectwo monolayers deposited on a semi-infinite(@84) sub-
associated to the structural defect. strate with terraces of monoatomic height. We have seen that
In all the considered cases, the noncollinear solutions alin the noncollinear ground state solution, the magnetic frus-
ways lead to lower average magnetic moments than the cotration associated to the structural defe@teps is relaxed
linear ones. However, it is important to notice that the localas compared with the collinear one. The natural magnetic
magnetic moments in the noncollinear solution are, in geneoupling among the nearest neighbors is approached as much
eral, higher than in the collinear one, particularly in thoseas possible when the collinear restriction is not imposed. The
atoms where the magnetic frustration is relaxed. This is pamoncollinear calculation of extended systems requires, for a
ticularly evident in the Cr atoms. It is interesting to notice quantitative description, to have explicitly taken into account
also that the magnetic moment of the nonfrustrated Cr atoma larger environment than that typically used in collinear
is considerably enhanced compared to their bulk value o€alculations of the same system and that the noncollinearity
0.8ug for a commensurate spin density waVewhereas imposes a magnetic periodicity over the structural one. We
frustrated Cr atoms display a lower moment than in the bulkalso expect that the potential of the recently developed SP-
despite the fact of having a low coordination. In Fig. 3 weSTM technique for the magnetic characterization at the
illustrate this situation for different Cr coverages. When us-atomic scale will allow to confirm our predictions in the near
ing a global spin quantization axes, the only way for thefuture. Our theoretical approach allow the noncollinear study
system to reduce the magnetic frustration is lowering theof complex magnetic nanostructures like supported or em-
modulus of the magnetic moment, whereas when allowindedded clusters, surfaces and interfaces with defects for
the noncollinear situation, additional degrees of freedom argvhich a lot of experimental work is currently in progress.
present and the system can relax the magnetic frustratiowork in this line will be reported in the near future.
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