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Structural, magnetic and electronic properties of Cu-Fe nanoclusters
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ABSTRACT: We present results from density functional thecaiculations referring to the magnetic
properties of 13, 55, 147 and 309 atoms Cu-Fe Immdal nanoclusters. Aiming in finding the
nanocluster with the optimum magnetic mome) (ve explored the various sizes considering several
compositions and atomic conformations. It cametbat configurations with agglomerated Fe atoms
inside the Cu-Fe nanoclusters and pure Cu surfagleae energetically favoured as demonstrated e.g
for the CugFe; with 2.3 compared to 24l of the Fe bcc. The highest magnetic momenyg3Wwas
found in the CwFe case with the Fe atom located at the surfadevdale 3.18i3 was found for the
Cuwgorer, in a similar configuration having Fe atoms surmbesh by Cu that occupy the surface shell's
edges. The magnetic moment is mainly due to Fé&'sigp- down electronic density of states diffeenc
close to the Fermi level @t In particular, the Spin-up Feelectronic density of states are fully occu-
pied yielding wavefunctions with homogeneous chadlig&ibution while the Spin-down is almost un-
occupied exhibiting dangling bonding states clas&t These results could be used for the design of

environmental sustainable smart alloys with superiagnetic properties e.g. by depositing Fe or FeCu



on Cu nanoclusters or including new elements thatige the possibility of keeping the Fe Spin up-

down electronic occupation difference close to E

1. Introduction

Environmentally friendly and sustainable magneanaclusters and coatings are currently under in-
vestigations aiming in answering specific technalalgdemands, like superior magnetic propertiess th
being promising for several applications such agjdielivery, high-density magnetic recording, catal

sis, sensors and for the production of innovatiaeaarobotic platforms [1 - 6].

Extensive studies revealed that alloying the atas$te ferromagnet with non-magnetic elements, like
Cu, provides the possibility of tailoring the matgaeroperties interplaying with the crystallograph
structure, especially in systems with reduced dsi@s like thin films [7-12]. In particular, experi
mental studies demonstrated that Fe thin films a(0Cl) having up to 5 monolayers (ML) exhibit fct
structure resulting in magnetic moment (MM) up téug compared to (2.1-2.1j5) of the Fe bcc [9,
10, 12]. In addition, it came out that above 5 MIFe, the fct structure and the ferromagnetic behav
are altered, while an fct to bcc phase transitiocucs for thicker films, above 10 Fe ML [10, 12héb-
retical studies on Fe/Cu(001) also found that tiM I8l maximum at the topmost Fe surface layer (2.78-
2.85 ug), while it gradually decreases for the layers undath, to reach almost zero MM when the
Cu(001) substrate is reached [11, 12]. FocusingherFe ML on Cu(111), calculations referring to Fe
coverage from 0.25 to 1 ML on Cu(111) yielded ttinet highest MM is 3.18g for the 0.25ML, while
the lowest is 2.7 in the case of 1 Fe ML coating [8,9]. It is wortlentioning that in the case of a free

standing monoatomic Fe wire, the bridge atom ash# 3z [13].



Theoretical studies on keand Fe,Cu nanoclusters reported the icosahedral struetsitbe energeti-
cally favoured and that the local MM on the Fe khaties from 2.8 up to 3.p4 [1, 5]. The pure kg,
Fei47 and Feggyielded for the outermost shell 3.48, 3.07up and 2.98g, respectively, which are much
higher than the MM for the core Fe atom (1180 1.87ug and 1.80ug) [1, 3]. In addition, at Ethe
Fes, F&Cu, and Fes exhibit higher electronic occupation for the smajority than the spin minority,
resulting in a small energy gap, thus classifyimgse clusters as half-metallic, contrary to thgHeo-
sahedral cluster that was found metallic [1, 6].iAlio calculations found that Fe nanoclusters eom
posed by less than 100 atoms are more stable dliké&structures (icosahedral/cuboctahedral), while
larger clusters (up to 561 atoms) prefer bcc-likkeomost shell structures although retaining irirthe
cores the smaller clusters’ fcc-like structure [M).addition, experimental studied reveal that Fed 3
nanocluster most possible has icosahedral struftdtevhile the magnetic moments of Fe clusters-hav
ing from 25 up to 130 atoms was around3atom and decreases towards the bulk valuedg/atom)
for bigger nanoclusters (near 500 atoms) [15]. Kiedess, the icosahedral structure is always faacu
for the clusters of traditional fcc metals like ADy and Ag [16-18] while the experimental produatio

of pure Cu icosahedral nanoclusters with diamets than 3.8nm has been achieved [19].

It turns out, therefore, that the enhandéil in systems with reduced dimensions, like Fe narsacl
ters and Fe thin films (up to 5ML) on Cu surfacamtrary to the intuition that no MM enhancement is
to be expected from the alloying of a magnetic @w®) a nonmagnetic (Cu) element, demonstrates the
importance of the crystalline structure, size amgrfaces in magnetism. In the present work we per-
formed a systematic study on the Cu-Fe nanoclusiersg in finding the optimum configuration and
cluster's size exhibiting the highest MM. Takingpimccount that the Fe ML on Cu(111) has the same
structure with the icosahedral cluster’s faces emald be considered as an infinite cluster’s surféic

will be also provided for comparison reasons.



2. Computational details

We used standard Kohn—-Sham self-consistent DeRasitgtional Theory (DFT) and to the local den-
sity (LDA) and generalised gradient (GGA) approxiimas by means of the SIESTA code. For all ele-
ments the core electrons were replaced by normecoimg pseudopotentials in the fully nonlocal
Kleinman—Bylander [20] form and the basis set wédimear combination of numerical atomic orbitals
(NAOs) constructed from the eigenstates of the atgeeudopotentials [18]. In order to improve the
description of the core valence interactions thelowal partial core exchange correlation correctias
included for Cu [21], while for the Fe case, theeymopotential was evaluated for the cases of
2dimensioned materials and dimmers [22]. We comediseveral configurations for the Cu-Fe icosahe-
dral 13, 55, 147 and 309 atoms' clusters along thhpure element clusters aiming in verifying éme
ergetically favoured and the highest magnetic mdroenfiguration. For the geometry optimization, the
structure is considered fully relaxed when the nitage of forces on the atoms were smaller than 0.05

eV/nm.

3. Resultsand discussion
3.1. Energetics and magnetic moment

Starting with the smallest 13 Gie cluster we considered two cases: a) Fe core abowhich we
found the cluster’s binding energy (Eb) of -3.35\d Fe atom’s partial MM of 1.98g and b) Fe sur-
face atom (F' shell) with Eb=-3.16eV and Fe MM of 3.6Q. (4.00 us when using GGA) Interesting-
ly, while the energetically favoured cluster is tiree with Fe core atom, the Fe at the surface yiakis
the highest MM. It should be noted that the purg Erhibits MM of 2.64 pp for the Fe core atom and
3.40t up for each Fe surface atom, while the; £exhibits a rather small MM of 0.271z and 0.39 s,
respectively. The larger MM at the 1rst shell coregato the core are in line with previous calcalas

on Fe clusters and Gire [1,3,5]. For the case of the 55 atom Fe-Cu eftaswve performed a detailed
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study considering several configurations and Fepmmmions, Fig.1 aiming to understand the behavior
of the magnetic moment. Concerning the;f£& cases, we found that the energetically favoredrsef
to the one having the Fe atom in tfi@ ghell, while the highest MM (3.2615) when the Fe atom is lo-
cated at the edge of th8%Zhell (cluster’s surface), denoted as Edge postiereafter. For the outer-
most Cu shell there are two interesting basic cageBe atoms full-cover the cluster’s resultinghie
CuwgFe; composition and 2) Fe atoms occupy the Edge gitesg the CusFe», composition. To this
end these two main compositions where depictedfddher investigation while the full Fe first
(Cu43Fel2) and outermost (Cul3Fe42) shell caseg alih the Fg; were also considered for compar-
ison reasons. The Gdlires clusters follow this behavior having the highes¥INB.33t ug, 3.391 ug with
GGA) when Fe atoms occupy Edge sites, while thegetieally favoured configuration corresponds to
the agglomerated Fe atoms in thg dhell (-4.08eV). The CgFe; agglomerated Fe atoms’ case on the
2" shell suggests that the Fe atoms occupy the tdaige (Side positions hereafter) of the surfauk a
are energetically more stable (-4.01eV) than threesponding Edge case (-3.97eV) and has lower MM
(3.061 ug). Nevertheless, the Edge and the Side cases porm@go the ‘boundary’ cases in the sense
that any other configuration with Fe surface atevilshave energy and MM values within these limits.
Similar results stand for the Gfer, clusters, while the Ee cluster yields 3.26 us in the 29 shell.
These results reveal the importance of the locatiothe Fe atoms, i.e. in order to increase theid M
they have to be located at the cluster’s Edge ipositand surrounded only by Cu first neighbours. Fo
this reason, we will focus on the surface Edge Sidé (agglomerated) cases of,H&; that also stand
for the Fe composition of 10at%.

For the 147 and 309 Cu-Fe clusters we also focosdte surface Edge and Side Fe atom cases keep-
ing the Fe composition less than 10at%. For thgd£a, Edge cluster we found -4.34eV and 3.25
(3.261 ug with GGA), while for the CusgFey Side cluster -1.53 eV and 273 (2.901 ug with GGA),,

thus being unfavoured. Similar behavior we fountti@ CueF e, Edge cluster with energy of -4.74eV



and MM of 3.18 g, (3.22 pg with GGA), while the CgbsFers Side cluster has -4.73eV and 2144
(2.961 ug with GGA). These results also consolidate theifigdhat in order to increase the MM the Fe

atoms need to be located at Edge positions anau® Gu first neighbours.

3.2. Electronic and magnetic properties

In Fig.2 we present the spin polarized total andigdeelectronic density of states (EDOS) for a) 13
and b) 55 clusters when Fe atoms occupygtigessites as in the first’s column insets. In addition
the second’s column insets the 147 and 309 EdgeSatel EDOSs are presented for comparison rea-
sons. In Fig2c the EDOS of Fe ML on Cu(111) is alsown. The EDOS of the smallest 13 atom cluster
exhibits discrete and localized states, while assike of the cluster increases the peaks becouer wi
approaching the band characteristics of the Cu(Ttig Cu and Fe 3d states are situated betweevi -6 e
and -2eV, while the 4s electrons and Cu 3p sene-ominly exist in the low energy states and close t
Er. From the partial EDOS we can clearly see thaFh®EDOS is mainly responsible for the spin up-
down differences, especially close to the tBus inducing the magnetic moment. In additionmiag-
netism, the CipFe cluster is half-metallic due to the electroroatcibutions at Eonly in the spin ma-
jority EDOS, in line with a previous theoreticalidy on Fes; and FeCuw, [6]. In particular, the spin up
EDOS in occupied at&Emainly due to Cu 3d and Fe 4p electrons (thatparéally filled, 0.3& upon
cluster’s formation), while the Fe 4s contributethie states around -0.2eV. On the contridugy,Cy.Fe
spin minority EDOS has an energy gap of 0.4eV betwhe highest occupied and the lowest unoccu-
pied molecular orbital (named HOMO and LUMO respety) mainly due to Fe 3d and Cu 3d elec-

trons.
The 55 atom CugFes clusters’ spin up EDOS exhibitg,ds of 0.7eV for the Edge case, while in the
spin down EDOS the corresponding Egap is almost (208eV), thus yielding, half-metallic character,

in line with previous ab initio calculations on tRe;s [3]. The spin up EDOS at the-E mainly due to
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Cu and Fe 3d occupation, while in the correspondpig down EDOS the Fe 3d electrons are domi-
nant. The 13 and 55 CuFe clusters’ half-metalliarabter is altered as the size of the cluster az@e.

In the inset of Fig2b’s second column, the total®EDof the 147 atoms @igFe,» (Edge) and CufFeo
(Side) clusters are presented where small diffeaemetween the two cases and spin up-down devia-
tions are depicted mainly close tg. Hhe absence of an energy gap reveals the meidiiares of the
alloys 147 atom clusters, similarly to the pureseluster [3]. Similarly, the 309 GyFe, (Edge) and
CuwodFers (Side) clusters exhibit metallic character, inesgnent with the alloys and pure 147 clusters
and the pure key [3], while visible differences between the two figarations are only depicted close
to E-. Finally, Fig 2c depicts the EDOS of the Fe ML@u(111) that manifests metallic character main-
ly due to both atoms’ 3d occupation. In additidme e 3d electrons are responsible for the spin up-

down EDOS differences and the resulting magnetimard.

Aiming in understanding the electronic hybridizasothat result in the different spin up and spin
down EDOS occupations we plotted the wavefunct{®@B) close to [k focusing on the HOMO states.
In Fig.3a depicts the GgFe cluster’s structure, MM and selective WFs. iines out that the Fe atom
has the highest MM (316uz) from all the understudy cases, Fig.2a, due tathmst fully occupied Fe
3d EDOS and to the partial filling of the Fe 4patiens (0.3§ due to charge transfer from Fe 3d and
Cu atoms. Indeed, in the HOMO spin up at(f0.01 eV), the Fe’ 4p lobes reveal Fe 4p — Cyy30y-
bridization, shown as red or blue lobes, mainlyhviite neighbouring Cu atoms (1 or 2 labelled atpms)
respectively, Fig.3a. In addition, Fe’'s symmetri€al atom (named 3) reveals Cuxgdd- Cu 3bg hy-
bridizations with its 4 - 5 Cu neighbouring ator@ the contrary, the HOMO spin down situated at -
0.2eV at the Egap’s energy boundary reveals twe disngling lobes on the Fegrbital and two hy-
brid lobes with the Cu (1 and 2) neighbouring atoifiee symmetrical 3 Cu atom retains the HOMO
spin up behaviour. The spin up WF at -0.2eV alsmwshdangling bonds on both Fe and the Cu (3) 4s

orbitals and therefore anti bonding features wite heighbouring atoms. Concluding in the,fe



cluster the filling of the Fe 4p electrons in th@MO up is the reason of the metallic features, avtiie

different electron occupation between the spinnghdown WFs is the origin of the magnetic moment.

The CugdFes HOMO spin up WF (-0.1eV) has equivalent.ge@lectron distributions in all Fe and Cu
atoms, while the spin down HOMO WF (-0.03eV) is miyiattributed to the Fe 3glorbital exhibiting
dangling lobes on the Fe @gdorbital, in line with the corresponding Ghe spin down HOMO WF.
This Fe 3dy spin down state plays critical role in the pregeatmagnetic moment since it establishes

one of the major differences between spin up-doe/PEDOS in Fig. 2b.

In the CyssFe, cluster the HOMO up shows mirror symmetry mainig do Fe and Fe 4s electrons,
while the nearby energy states exhibit the same’ YéRtures, although in different Fe-Fe axes. The
CuyzsFe, HOMO spin down WF is similar to the correspond®@g,gFe;'s HOMO spin down revealing
Fe 3dyand Cu 3dy occupations and dangling bonds on the Fe orbf@sboth cases the highest elec-
tron occupation is depicted in the outermost célere the Fe atoms are located revealing theirinole
the presence of magnetic moment. Finally, the wg@eyeFe» cluster exhibits Cu-Cu hybridizations
and enhanced electron contribution in the two ootst cells, while the HOMO spin down WF is main-
ly localized on the Fe 34 orbitals and in the cluster’s centre yielding thiéerences between the spin

up and down WFs.

Concluding, the filling of the Fe 4p orbital in tky,Fe cluster, the Fe 4s contribution close to Fermi
level for the CyssFe,and the homogeneous change distribution of thedFen8 Cu 3d electrons in the
CugFe; and Cug7 e, are responsible for the almost fully electron gations in the spin up EDOS.
On the contrary, the Spin-down EDOSs are almosteuqmed exhibiting dangling bonding wavefunc-
tions close to E These spin up- spin down EDOS and wavefunctiafisrences are the electronic

origin of the MM.

Fig.4 depicts the clusters’ size dependence of M¥Fe atom for the GGA and LDA cases of the Cu-

Fe Edge and Cu-Fe Side clusters as well as thedflayer on Cu (001) and Cu(111) surfaces and
8



available theoretical and experimental resultsdomparison reasons. We observe that the LDA and
GGA provide a bottom and upper limit of the magnetioment. We clearly see that the highest MM
corresponds to the Ggre cluster (independently whether it refers to emlggide Fe locations), while as
the clusters’ size increases the MM drops. The (rdige clusters have bigger MM, saturating around
3.2ug, than the corresponding Side cases, saturatirig7/ag (2.96us with GGA) and pure Fe 2.9
clusters using GGA [3]. In addition, these theaadtresults are in line with the experimental datahe
magnetic moments of Fe clusters which found thanf25 up to 130 atoms the MM is arounaB3
/atom and decreases towards the bulk valugiR/atom) for bigger nanoclusters (close to 500 ajoms
[15]. It is interesting to mention that althougle ttalculations refer to clusters, the outcome X
tended to films and bulk systems. Indeed, we riwdéds the triangle side of the icosahedral claster
creases we see that the CuFe cluster's MM convergee Fe ML on Cu(111). In addition, the Cufe
exhibits slightly smaller MM (353), compared to GyFe and Fg [1,3,5]. In the same figure we also
provide the available [8] and present ab-initioNfe on Cu(111), as well as the Fe fcc [3] and Fe bcc
cases [1] while the results of the Fe ML on Cu(0§Hgws higher MM than the corresponding (111) sur-
face. Finally, an oxygen atom was placed next ttam®dge atom as a first step towards the investiga
tion of the oxidation process (orange line). Weniduhat although that the MM of that Fe atoms de-
creases (e.g. from 2,@8to 3.3 with GGA) it still remains higher than the surfaamed the bulk cases
while the other edge Fe atoms almost retain théial values (3.3yg with GGA). It turns out that in all

cases the nano-clusters exhibit larger MM tharFééhin films and bulk systems.

4. Conclusions

We studied the structural, electronic and magnatperties of the Cu-Fex (x<10% ). We found that

configurations with agglomerated Fe atoms insi@e@l-Fe nanoclusters and pure Cu surface shell are



the energetically favoured while the highest MM peratom was found when the Fe atoms are located

at the Edge sites of the surface shell having St fieighbours.

The CuFe MM is related to the spin up - down ED@i#ferences that are mainly situated close to the
Fermi level. In particular, the Spin-up Belectronic density of states are fully occupieglding wave-
functions with homogeneous change distribution gvkle Spin-down is almost unoccupied exhibiting
dangling bonding states close tp. Ehe 13 and 55 clusters are almost half-metallifuje the 147 and
309 cluster exhbit mainly metallic features, irelwith the Fe clusters [4]. In all cases the ndngters
exhibit larger MM than the Fe thin films and bulkstems while the alloy Side cluster’'s MM was found

to decrease towards the Fe ML on Cu(111) valussdoh a plateau above 120 atoms.

These results could be of use for the design ¢feCulusters and cluster-coating with improved mag-

netic properties.
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Figure 1

-4.01eV -0.97ev

Fig.1. CuFe icosahedral 55 atom clusters along with corresponding magnetic moment and the

binding energy. Green and red spheres stand faCthe&nd Fe atoms.
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Figure 2
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Figure 3
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Figure 4
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(GGA/LDA with solid/dashed red line stand for tresults of present work and [8]), Fe ML on Cu(001)
(GGAJ/LDA with solid/dashed purple line), FeO ateaige side (orange line), (Fe fcc (black dashed line

data from [3]) and Fe bcc (black solid line, datai [1]).
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Highlights:

* Fe aggregate inside the CuFe nanocluster. The Cu surface shell is energetically favored.
* The 13 and 55 clusters are half-metallic while the 147 and 309 clusters are metdlic.

* Fe atoms are mainly responsible for the spin up-down differences close to fermi level.
e Fe dangling bonds in all HOMO spin down states reveals the origin of magnetism .



