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Ab-initio fully relativistic band structure calculations of Fe films on Cu (001) substrate are presented.  The films are modelled 
as 6Cu/nFe/6Vc slabs, where the number of multilayers (ML) is n=1, 2, 4 and 6. Intermixing between Fe atoms of the thin 
film and the Cu atoms of the substrate was found to be energetically favourable for 1ML coverage, causing also a decrease 
of the Fe magnetic moment. The mixing of deposited Fe atoms with the Cu substrate has been studied using the Coherent 
Potential Approximation (CPA). Various ferromagnetic and ferrimagnetic spin configurations with coupling of layer blocks 
have been considered, with the in-plane and out-of-plane direction of magnetization. Total energy calculations have been 
performed and the most stable spin configuration for unrelaxed fcc thin films are shown. While for the 1 and 2 ML 
Fe/Cu(001) a ferromagnetic out-of-plane spin configuration is the most stable, 4 ML and 6 ML cover regimes exhibit a spin 
configuration with blocks of layers ferrimagnetically coupled. Layer-resolved spin and orbital magnetic moments in the 
ground state configuration have also been determined for 1, 2, 4 and 6 ML coverage. 
 
(Received July 18, 2014; accepted May 7, 2015) 

 

Keywords: Magnetic thin films, Magnetic structure, ab-initio band structure calculations 

 

 

 

1. Introduction 
 

Thin films and nanostructures show magnetic and 

electronic properties fundamental different compared with 

the corresponding bulk materials, allowing a large varia-

tion of coercitivity, magnetic anisotropy, magnetic mo-

ment and exchange coupling, magnetoresistance and many 

other properties. In the case of ultra-thin layers, the most 

important from the magnetic point of view is the dimen-

sionality effect, the variation of the magnetic moments at 

surface and interfaces correlated with the magnetic anisot-

ropy arising from low dimensionality due to surfaces and 

interfaces. Fe films epitaxially grown on a Cu (001) sub-

strate is a subject of great interest for more than two dec-

ades. Thin films of Fe on Cu (100) show different types of 

magnetic ordering depending on the layer thickness. Under 

4 ML (multilayer) (region I), the thin films show a ferro-

magnetic ordering having the Curie temperature higher 

than room temperature. Between 5 and 11 ML (reg. II), the 

ferromagnetic order appear just near the surface [1,2]. Alt-

hough the image described before is generally accepted, 

some aspects concerning the magnetic ordering and the 

spin structure of the Fe/Cu(100)  and Fe/Cu(111) films are 

still unclear. Whilst the ferromagnetic ordering has been 

established for Fe/Cu(100) in region I [3,4], the physical 

explanation is still under debate. In the latest studies, the 

ferromagnetism observed in Fe/Cu(100) films with a 

thickness under ML is related to the expanding of the 

atomic volume. The thin films in this region show an en-

hanced atomic volume compared with fcc Cu [5], favour-

ing the appearance of higher magnetic moments compared 

with Fe bulk-ones. The magnetic properties of Fe/Cu(100) 

films in region II can be also be explain using this hypoth-

esis. For these films, a fundamental antiferromagnetic state 

has been accepted by most of the studies [6-8]. Despite of 

that, the details of the antiferromagnetic configuration of 

spins and the Néel temperature are still unclear. H.-T. Jeng 

and D.-S. Wang discovered recently binary alloys of Fe-

Co and Fe-Ni with a single layer, deposited on Cu, where 

a spin reorientation as a function of Fe concentration ap-

pears [9]. Concerning the thin films of Fe/Cu(100) in re-

gion II, their anomaly magnetic behaviour around 200 K 

should be mentioned. This behaviour has been observed 

first by Li et al. [10] in polar MOKE measurements. The 

magnetization saturation oscillates, with a peak separation 

of 2.6 ML in region II. A non-collinear spin structure has 

been excluded in order to explain this behaviour. Similar 

oscillations have been observed by Qian et al. [11]; they 

propose a density of spins with antiferromagnetic configu-

ration to explain this behaviour. The anomaly magnetic 

behaviour has been observed also for others bi-layered 

structures containing layers of bcc Fe in region II (thick-

ness between 5 and 11 ML), around 200K [12-14]. San-

dratskii studied the fcc Fe/Cu(001) films with 6, 7 and 8 

ML coverage and suggested a view on the magnetism of 

the Fe/Cu(001) films consisting  in layers grouped into 

blocks with collinear magnetic structure [15], the coupling 

between blocks being ferrimagnetic. Also, it was demon-

strated that the variation of the relative direction of the 

magnetization of different blocks is not relevant. For three 

surface layers, the magnetic structure has the form  

and further layers form pairs with robust ferrimagnetic 

structure. The formation of an incommensurate SDW in 

the thin films of Fe/Cu(001), suggested by Qian et al. [11] 

has been excluded by the studies of Sandratskii [15] and 

Amemiya et al.[16], proving instead a very strong varia-

tion of the magnetization from layer to layer without in-

commensurate periodicity.  

In the present work, we investigate the magnetic or-

dering of Fe/Cu(001) films by fully relativistic band struc-

ture calculations. We considered Fe/Cu(001) films in fcc 

structure with the structure 6Cu/nFe/6Vc, where n=1, 2, 4, 
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6 is the multilayer (ML) number and Vc stands for the 

vacuum layers. The ground state spin structure is dis-

cussed, based on the total energy calculations. The inter-

mixing of Fe atoms from the surface layer with Cu atoms 

of the substrate has been studied for 1 ML of Fe/Cu(001). 

Also, the variation of the Fe magnetic moments from layer 

to layer for the ground spin state and the influence of Fe-

Cu intermixing on the magnetization are discussed in cor-

relation with the previous investigations. 

 

 

2. Computational details 
 

The correlation between the structure and magnetism 

of the 3d metals thin layers has been investigated using the 

tight-binding-KKR (Korringa-Kohn-Rostoker) band struc-

ture calculation method [17,18]. The electronic structure 

was calculated in a fully relativistic mode, by solving the 

appropriate Dirac equation. We performed the electronic 

band structure calculations using the spin-polarized fully 

relativistic Korringa-Kohn-Rostoker (SPR-TB-KKR) 

method in the atomic spheres approximation (ASA), in 

ferromagnetic and antiferromagnetic spin configurations 

[18]. The local spin density approximation (LSDA) for the 

exchange-correlation energy using the Vosko, Wilk and 

Nusair (VWN) parameterization was used [19]. For the 

integration over the Brillouin zone, the special points 

method has been used [20]. For the surface Brillouin zones 

a regular k-mesh of 44×44x1 points was used which corre-

sponds to 276 k-points in the irreducible part of the Bril-

louin zone. The coherent potential approximation (CPA) 

has been used to deal with Fe/Cu intermixing [21]. The 

energy convergence criterion and the CPA tolerance have 

been set both to the value of 10
−5 

Ry. 

 

 

3. Results and discussions 
 

While face centered cubic (fcc Fe) is a high-

temperature phase, bulk Fe crystallizes in a body-centered 

cubic (bcc) with lattice constant aFe
bcc

=2.87 Å. This lattice 

constant seems to be not compatible with the dimensions 

of face-centered (fcc) Cu substrate lattice (aCu
fcc

=3.61 Å), 

but the experimental studies showed that the Fe layer with 

fcc structure would fit almost without mismatch the 

Cu(001) substrate (aFe
fcc

=3.58 Å). The experimental stud-

ies showed that the face-centered phases of Fe can be sta-

bilized by epitaxial growth on fcc substrate of Cu(001) up 

to about 10ML [7,22]. The fcc-layered system consisting 

of 6 layers of Cu, n layer of Fe and 6 layers of vacuum 

(6Cu/nFe/6Vc) with n =1,2,4 and 6 has been constructed 

in order to perform band structure calculations. The indi-

vidual layer relaxation effects have been neglected. 

 For 1 ML of Fe on Cu(001), the equilibrium lattice 

parameter has been calculated from the total energy plot 

vs. lattice constant represented in Fig. 1. From this figure, 

the equilibrium lattice parameter for the system of 1ML 

Fe/Cu(001) has been established at 3.572 Å, lower than 

the bulk fcc Cu lattice constant (3.61  Å) but comparable 

with fcc Fe (3.58 Å). Considering the ferromagnetic spin 

configuration and using the calculated lattice parameter, 

ab-initio band structure calculations with the in plane and 

out-of-plane magnetization direction have been performed. 

The lowest total energy corresponds to out-of-plane orien-

tation of the magnetization. The magnetic moments of Fe 

in the ground state spin configuration are ms=2.66 B and 

ml = 0.075 B, values which are higher than the corre-

sponding values for bulk bcc-Fe and can be attributed to 

changed bonding numbers due to low dimensionality of 

the studied system.   

 
  

Fig 1. Left: The crystal structure of the layered                      

fcc-6Cu/Fe/6Vc system. Right: The total energy vs. the  

lattice constant for 1ML Fe/Cu(001). 

 

Fe and Cu, which are immiscible in equilibrium at 

room temperature and up to 600 °C [23], can nevertheless 

form mixed layers under sputtering conditions. The alloy-

ing effect has been evidenced by several experimental 

studies using different techniques [24-30]. The mixing of 

Fe and Cu at the interface has influence on the electronic 

and magnetic properties and the amount of mixing could 

change the magnetic moments magnitude due to the 3d-

electron hybridization [31]. 

The mixing of the deposited Fe atoms with the sub-

strate Cu atoms at the interface has been investigated. In 

the calculations, the mixing was limited at the 2 layers 

next to the surface (layers I and II in Fig. 1). To describe 

the mixing, a so-called mixing parameter x has been intro-

duced, representing the percentage of Fe atoms moved into 

the Cu layer at the interface (with opposite movement of 

the Cu atoms).   

The total energy vs. mixing parameter x is represented 

in Fig. 2, for both in-plane and out-of-plane magnetization 
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directions. In both cases, the lowest energy correspond to 

the mixing parameter x = 1, which means that the deposit-

ed Fe atoms on Cu (001) surface have the tendency to bury 

into the Cu interface layer.  

 

 
 

Fig. 2 The total energy vs. mixing parameter x for 1ML 

Fe/Cu(001) for the in-plane and out-of-plane magnetiza-

tion directions. 

 

The evolution of the Fe magnetic moments with mix-

ing parameter is presented in Table 1. As can be seen in 

Table 1, the magnetic moments of the layered system de-

crease by increasing the mixing. As a consequence, by 

minimizing the energy of the system due to this mixing, 

the magnetic moments of the system are also minimized 

(ms = 2.44  μB  and ml= 0.06 μB).   

 
Table 1. The Fe magnetic moments evolution with mixing 

parameter x for the system 1ML Fe/Cu(001). (x is the 

concentration of the Fe atoms in layer II (see Fig. 1)). 

The total spin and orbital magnetic moments are calcu-

lated as weighted averages using the mixing parameter.  

 
X 0 0.25 0.5 0.75 1.0 

 

Fe I 

ms (μB) 2.66 2.68 2.69 2.69  

ml (μB) 0.07 0.09 0.1 0.1  

Fe II ms (μB)  2.29 2.35 2.40 2.42 

ml (μB)  0.06 0.06 0.06 0.05 

Total ms (μB) 2.66 2.61 2.55 2.51 2.44 

ml (μB) 0.07 0.09 0.08 0.07 0.06 

 

 

By increasing the coverage at 2ML of Fe/Cu(001),  

we obtained by optimization of the lattice parameter for 

the fcc-system 6Cu/2Fe/6Vc a lattice constant of a=3.56 

Å, used to determine the ground magnetic state by further 

calculations. The total energy calculations performed con-

sidering the in-plane and out-of-plane magnetization direc-

tions, in ferromagnetic and ferrimagnetic configuration of 

the Fe spins are presented in Table 2. The lowest total en-

ergy is taken as reference. The calculations conclude that 

in the case of ideal structure (without mixing of atoms 

between layers) of 2 ML Fe/Cu(001), the ferromagnetic 

out-of-plane spin configuration is the most stable. The 

result agrees with previous studies [7,22] predicting fer-

romagnetic coupling of Fe layers in the region (I). We 

mention here the use of a fully relativistic calculation 

method, allowing for treatment of the spin polarization and 

spin-orbit coupling on an equal footing [32]. The spin-

orbit coupling contribution at the magnetic anisotropy is 

taken into account and even if the 3d transition metals 

display poor spin-orbit coupling [33], the magnetic ground 

state can be determined with increased accuracy.    

 
Table 2 Total energy difference for 2ML of Fe/Cu(001) in 

different spin state configurations. The lowest total 

energy is taken as reference. 

 

Etot (mRy.) out-of-plane in-plane 

FM 0 +0.3036 

FERRIMAGNETIC +10.5221 +10.7401 

 

 

The magnetic moments of Fe in different spin config-

urations are shown in Table 3. At a coverage of 2ML 

Fe/Cu(001), we note the high spin moments of Fe (2.71 

and 2.45 µB ) of the most stable spin structure, which are 

much higher than the corresponding Fe bulk value (2.2 

µB). Significantly smaller magnetic moments of Fe have 

been obtained for the ferrimagnetic spin structures with 

higher total energies.   

 
Table 3 The magnetic moments of Fe atoms in 2 ML 

Fe/Cu(001) in different spin configurations. The Fe II at-

oms are in the layer next to the Cu (001) interface, whilst  

the Fe I atoms are in the layer next to the vacuum. 

 
 FM FERI 

 in plane 

 

out of plane 

(ground 

state) 

in plane out of plane 

 ms 

(µB) 

ml 

(µB) 

ms 

(µB) 

ml 

(µB) 

ms 

(µB) 

ml 

(µB) 

ms 

(µB) 

ml 

(µB) 

Fe I 2.71 0.09 2.71 0.08 2.16 0.09 2.17 0.08 

Fe 

II 

2.45 0.065 2.45 0.07 2.08 0.06 2.08 0.06 

total 5.16 0.16 5.23 0.16 0.08 0.03 0.09 0.02 

 

 

Total energy calculations for 4ML of Fe/Cu(001)  

have been performed in several ferromagnetic and ferri-

magnetic spin configurations. Several collinear spin con-

figurations have been considered, denoted by the follow-

ing sequence of arrows:, ,  and . 

Arrows are showing the spin orientation, from the layers 

next to substrate to the vacuum interface. The spin struc-

tures choice is based on the work of Sandratskii [15], 

where it was showed that the Fe layers are coupled into 

blocks with robust collinear structure. Also, Yavorsky et 

al. [34] showed that for 6Fe/8Cu/6Fe system built along 

[001] crystallographic direction, a collinear double layered 

antiferromagnetic structure is energetically favored. Sev-

eral literature studies [10, 11, 35-37] prove that the upper 

two Fe layers are ferromagnetically coupled for the 

Fe/Cu(001) thin layer system, in the region I and II as de-

fined by Meyerheim et al. [1]. The total energy variations 

with respect to the systems with lowest energy are shown 
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in Table 4 (for 4ML Fe) and Table 5 (for 6ML Fe), respec-

tively. 

 
Table 4 Total energy calculations for 4ML Fe/Cu(001) 

system in different spin configurations. Total energy var-

iation is expressed in mRy. 

 

Etot (mRy.) out-of-plane in-plane 

FM  9.487 9.882 

FERRIMAGNETIC 

 

9.125 15.146 

FERRIMAGNETIC 

 

0.115 0.487 

FERRIMAGNETIC 

 

12.15 10.586 

FERRIMAGNETIC 

 

0 0.309 

  
Table 5 Total energy calculations for 6ML Fe/Cu(001) 

system in different spin configurations. Total energy 

variations are expressed in mRy. 

 

Etot (mRy.) out-of-plane in-plane 

FM  13.968 9.115 

FERRIMAGNETIC 

 

10.091 15.54 

FERRIMAGNETIC 

 

0 0.292 

FERRIMAGNETIC 

 

7.593 9.105 

FERRIMAGNETIC 

 

7.954 0.655 

 

 

In agreement with the previous studies [10,11,15,33], 

the most stable spin configuration for the 4ML of 

Fe/Cu(001) is an ferrimagnetic double layered structure, 

denoted as , where the Fe layers next to the vacuum 

are ferromagnetic coupled. It should be noted that the sec-

ond spin configuration having the last two layers ferro-

magnetically coupled, denoted as  is energetically 

very close (at 0.115 mRy.) and can be easily compete with 

the ground state in the case of non-zero temperature. The 

same trend is followed by the system with higher Fe cov-

erage, where blocks of Fe layers with ferrimagnetic cou-

pling are the most stable.   

In the case of the system with 6ML of Fe/Cu(001), the 

calculations show that the most stable is an out-of-plane 

configuration of spins denoted as  . This ground 

state spin configuration can be written as [][], 

evidencing the blocks of antiferromagnetically coupled 

layers, in agreement with the results of Sandratskii for 

6ML system [15].  We should note that very close in ener-

gy is the in-plane configuration with the same sequence of 

spins.  

We summarize our investigations by showing in Fig. 

3 the  Fe magnetic moments profiles in ground spin con-

figurations for all 6Cu/nFe/6Vc system with n=1, 2, 4 and 

6. As can be seen in Fig. 3, the spin magnetic moments of 

Fe are higher for the upper layer and for the layer next to 

Cu substrate, the intermediate layers having lower values 

of spin moments (even lower than bulk-Fe). The orbital 

magnetic moments follow the same trend as the spin mo-

ments, with the highest values next to the interfaces. One 

has to note also that the orbital magnetic moment is higher 

than the bulk value for each layer, in connection with dis-

torted environment as compared with bulk.  

 

 
 

Fig 3. The magnetic profile of the fcc Fe/Cu (001) films 

with 1, 2, 4 and 6 ML coverage, obtained by SPR-KKR 

band structure calculations. The upper Fe layer is next to 

the Fe-vacuum interface. The values of spin (black) and  

orbital (red) magnetic moments are expressed in μB. 

 

The study on the magnetic spin structure of 

Fe/Cu(001) with  up to 6 ML of Fe presented here is in 

agreement with the theoretical and experimental studies, 

showing that the top layers are ferromagnetically coupled, 

while the deeper layers are characterized by nonferromag-

netic ordering [6,10,11,36]. The previous studies of Mey-

erheim et al [38] using soft-x-ray resonant magnetic re-

flexivity (XRMR) experiments combined with first princi-

ple calculations, showed that the spin structure for 6 ML 

thick films can be written as [][][], from the top 

layer to the bottom (at the Fe/Cu interface). Our calcula-

tions indicate a similar spin structure, expressed as 

[][][]. Both calculations are using the same slab 

geometry, but different lattice parameters. Whilst the stud-

ies of Meyerheim et al. [38] use the lattice constant of an 

isotropic fcc-Fe film equal with the bulk Cu lattice con-

stant, we determined an equilibrium lattice constant in our 

calculations. As the orientation of the spins of different 

blocks can vary easily [39] and the interblock interactions 

are relatively weak, small perturbations of crystal lattice or 

electronic structure can trigger transitions to different 

magnetic structures. At the origin of such dependence on 

the local coordination is the exchange-coupling interaction 

of Fe, which shows a strong dependence on the distance 

between neighbors. Further theoretical investigations for 

extended layer thickness, including all possible relaxations 

are needed to clarify the magnetic behavior of Fe/Cu(001)  

thin layers. 
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4. Conclusions 
 

We presented fully relativistic band structure calcula-

tions of the total energies and magnetic moments for sev-

eral types of collinear ferromagnetic and antiferromagnetic 

spin structures of ultrathin fcc Fe films grown on Cu(001) 

substrate. The systems were modelled as 6Cu/nFe/6Vc 

slabs (n = 1, 2, 4 and 6 ML). For 1 and 2 Fe ML, the pre-

ferred spin structure is ferromagnetic with out-of-plane 

magnetization. Among the considered magnetic structures, 

the ferrimagnetic coupling of layer blocks is energetically 

preferred for 4 and 6 Fe ML. The intermixing of Fe with 

Cu atoms of the substrate is favoured. The spin magnetic 

moments of Fe are higher (around 2.7 μB) for the upper 

layer close to vacuum and for the layer next to Cu sub-

strate, whilst the spin moments of Fe from the intermediate 

layers are lower than bulk-Fe. The orbital magnetic mo-

ments of Fe are much higher than the bulk-ones, with the 

highest values next to the interfaces (about 0.08-0.09 μB 

near the vacuum interface). 
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