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Abstract

The electronic structures and magnetocrystalline anisotropy (MCA) energies of Fe–Co–Ni binary alloy monolayers on Cu(0 0 1)

substrate under structural optimization have been investigated using the generalized gradient approximation. Isolated Fe–Co–Ni alloy

monolayers are also studied for comparison. It is found that there exists a Slater–Pauling curve for the averaged magnetic moment of

these alloying monolayers, whereas no such curve was found for the MCA energies. In addition to the perpendicular magnetization

obtained for pure Fe and in-plane magnetization obtained for pure Co and Ni monolayers, a spin-reorientation transition upon a

variation of the Fe concentration is observed in Fe–Co and Fe–Ni systems.

r 2007 Elsevier B.V. All rights reserved.

PACS: 75.30.Gw; 75.30.Pd; 75.70.Ak
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1. Introduction

Magnetocrystalline anisotropy (MCA), originally pro-
posed by van Vleck [1] to be a consequence of spin–orbit
coupling more than 60 years ago, remains to be one of the
most interesting and challenging research areas of ferro-
magnetic materials both experimentally and theoretically.
Because of the continuous improvement in growing
magnetic thin films as well as in theoretical treatment on
magnetic anisotropy of multilayers, the effects of reduced
dimensionality on magnetic properties of thin films have
attracted much more attention in recent years. Experiments
have revealed that many overlayer and superlattice systems
show perpendicular magnetizations. Moreover, there exists
spin-reorientation transitions from perpendicular to in-
plane magnetization or vice versa [2–7] with respect to
certain conditions such as composed species, layer thick-
- see front matter r 2007 Elsevier B.V. All rights reserved.
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ness, temperature, alloy concentration, and even the
supporting substrates. These phenomena are not only of
great scientific interests but also fairly potential for indus-
trial applications such as high-density magneto-optical
storage media. It is therefore interesting to investigate the
fundamental physics of the magnetic anisotropy and the
underlying mechanism of the magnetization reorientation
in thin films.
The pioneering theoretical work on the MCA of free-

standing monolayers at the Ag lattice constant was done by
Gay and Richter [8,9]. They found that the easy direction
of magnetization is perpendicular to the plane of the
monolayer for Fe and V, but in the plane for Ni and Co.
Determination of the strain effect on the MCA energy of a
free-standing Fe monolayer with lattice constant of Cu,
Ag, and W [10] shows that along with increasing lattice
parameter, the magnetic moment is enhanced, whereas the
anisotropy constant decreases with the out-of-plane
anisotropy remaining unchanged. Similar trend that the
sign of MCA energy is insensitive to the lattice stain has
also been found in the in-plane magnetization of Co
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monolayer [11,12]. Recent works on the MCA energy have
been extended to systems of lower dimensionality such as
step edges [13] and monoatomic wires [14].

Although there have been many theoretical works
investigating the MCA energy of Fe-, Co-, and Ni-related
overlayer, interlayer, multilayer, and so on [11,15–19], to
our knowledge, there is no published result for an
Fe–Co–Ni alloying monolayer of certain composition on
a nonmagnetic supporting substrate. Since the switching
behavior of the spin-reorientation transition could be
manipulated by varying the alloy compositions experimen-
tally, therefore this phenomenon could be of great
industrial importance, and a theoretical investigation on
the underlying physics is necessary. In this work, we
investigate the effects of different alloy compositions on
electronic and magnetic properties as well as on the MCA
energies of the Fe–Co–Ni alloy monolayers on Cu(0 0 1)
substrate under structural optimization using the VASP
package [20]. The pure Fe, Co, and Ni monolayers on
Cu(0 0 1) and also the isolated alloy monolayers are studied
for comparison. The computational details are summarized
in the following section. The calculated results are presen-
ted and discussed in detail in Section 3. The conclusions are
given in Section 4.

2. Computational details

The self-consistent electronic structure calculations were
performed using the highly accurate frozen-core full-
potential projector augmented wave method [21], as
implemented in the VASP package [20], based on the
generalized gradient approximation (GGA) [22]. Both the
Fe–Co–Ni alloy monolayers on Cu(0 0 1) substrate under
structure optimization and the isolate Fe–Co–Ni alloy
monolayers are calculated for comparison. For the latter
case, we approximate a monolayer supported on a
nonmagnetic substrate using a free-standing monolayer
with lattice constant matching the ideal FCC Cu(0 0 1)
surface. For the former case, we used a three-layer
Cu(0 0 1) slab to model the substrate with both sides of
the Cu slab covered by Fe–Co–Ni alloy monolayers at the
FCC-site. We firstly optimize the lattice structure on 78
k-points over the irreducible two-dimensional Brillouin zone.
Then we calculate the MCA energy (E½1 0 0� � E½0 0 1�,
where E is the total energy) by incorporating the spin–orbit
coupling in the self-consistent calculations on 300 k-points
over the irreducible two-dimensional Brillouin zone with
the magnetization orientation along perpendicular ([0 0 1])
and in-plane ([1 0 0]) directions separately. To ensure
the calculations be sufficiently accurate, 46 060 plane
waves with the cut-off energy of 273 eV were used in the
calculations.

3. Results and discussions

The general trend of the lattice optimization reveal that
the interlayer spacing between the overlayer (Fe–Co–Ni
binary alloying monolayer) and the first subsurface layer
(outermost Cu layer) is smaller than the bulk value, while
the interlayer distance between the first and second
subsurface layers is larger than the bulk value. This is in
agreement with the general trend of surface relaxation [23].
To illustrate the evolution of density of states (DOS) from
high concentration towards low concentration in Fe–Ni
alloy monolayers, we present in Fig. 1 the DOS of Fe (left
panels, (a)–(d)) and Ni (right panels, (e)–(h)) in Fe–Ni
monolayer on Cu(0 0 1) substrate with 100%, 75%, 50%,
25%, and 0% Fe concentrations, respectively, under lattice
relaxation. Along with decreasing Fe concentrations, the
bandwidth of Fe-3d is narrowed down because of
increasing Ni neighbors, whereas the Ni bandwidth is
enhanced and the band energy is raised, especially in the
spin down channel. Meanwhile, the exchange splitting of
Fe is enhanced and the spin down states are less occupied,
indicating an increment of magnetic moment of Fe.
Whereas Ni-3d is affected in the opposite way that the
spin down unoccupied states are decreased, giving rise to
suppressed magnetic moments. The above phenomena
reveal that the charge transfer from low-Z Fe to high-Z
Ni atoms plays an important role in the magnetic behavior
of alloying monolayers. Note that DOS of Fe never
approaches that of Ni at any low Fe concentrations
considered in this work ((d) and (h)), and the influence of
Ni on DOS of Fe saturates as the Fe concentration is lower
than 25% since all the first and second nearest neighbors of
Fe are already Ni. As a result, the charge– and spin–density
distributions are closer to the localized electron picture in
an alloying monolayer system. Further, the neutrality
condition is more or less reserved, and each component
maintains to some extent its own character, indicating that
the simple rigid-band filling model or the convenient virtual
crystal approximation may not be adequate for describing
such alloying system. Similar trends have also been found
in Fe–Co and Co–Ni alloying monolayers which are not
shown here.
Table 1 lists calculated charge in 3d orbitals, total

valence charge, magnetic moment, and also MCA energy
of pure Fe, Co, and Ni in bulk states, free-standing
monolayers, and monolayers on Cu(0 0 1) substrates under
lattice relaxation. In comparison with the bulk systems, the
relative charge transfers in the free-standing monolayer
systems are from the 3d # to the 3d " orbitals as well as to
the interstitial and vacuum regions, therefore leading to
reduced valence charges and enhanced magnetic moments.
The spin up 3d states are nearly filled with the number of
electrons about the same, whereas in the spin down 3d
orbitals, the occupancies are different from each other by
about one electron, resulting in total magnetic moments
of 2.97, 2.07, and 0:98mB=atom for Fe, Co, and Ni,
respectively. They are significantly larger than the bulk
values (Table 1), and are consistent with published results
[8–10,24]. In the Cu supported cases, the valence charges
are increased because of the reduced vacuum regions, while
the magnetic moments are suppressed to 2.78, 1.83, and
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Fig. 1. Spin decomposed DOS of Fe-3d (left panels) and Ni-3d (right-panels) in Fe–Ni alloying monolayer over Cu(0 0 1) substrate under lattice

optimization with Fe concentrations of 100% (a), 75% (b, f), 50% (c, g), 25% (d, h), and 0% (e). The Fermi level is at zero energy.
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0:44mB=atom, respectively, due to the nonmagnetic Cu
atoms. The reduced magnetic moments of Fe/Cu and Co/
Cu are still 0.51 and 0:19mB=atom larger than the
corresponding bulk values, respectively. Nevertheless, the
resultant moment of Ni/Cu is 0:19mB/atom less than that of
bulk Ni. The opposite trend in Ni is closely related to the
competition between the charge transfer directions and the
exchange splitting suppressions induced by Cu substrates.

On the other hand, the calculatedMCA energies ðE½1 0 0��
E½0 0 1�Þ of pure Fe, Co, and Ni free-standing mono-
layers are, respectively, 0:63, �1:26, and �1:43meV=atom
(Table 1). The supporting nonmagnetic Cu(0 0 1) substrate to
some extent suppresses the magnitude of MCA energies to
0:29,�0:23, and�1:24meV=atom (Table 1) with the signs of
the MCA energies remaining unchanged. Consequently the
Fe monolayer exhibits the perpendicular magnetization,
whereas Ni and Co monolayers prefer the in-plane magne-
tization. Dittschar et al. [3] have measured the spin–orbit
coupling caused anisotropy energy Esoc as a function of film
thickness from two to four monolayers [3, Fig. 3]. If one
extrapolates the line fitted to Esoc [3, Fig. 3] to monolayer
thickness, the Esoc is 0:63mJ=m2, which corresponds to
0.26meV/atom as listed in Table 1. This extrapolated Esoc in
fact compares very well with our MCA energy of 0.29meV/
atom for pure Fe monolayer on Cu(0 0 1). Further, as listed
in Table 1, all the calculated MCA energies and directions of
easy axes using the VASP package are consistent with
previous experimental [2–5] and theoretical [8–11,25] results.
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Table 1

3d Charge ðeÞ, total valence charge ðeÞ, magnetic moment ðmBÞ, and MCA energy (meV/atom) of Fe, Co, and Ni bulk systems, free-standing monolayers

(ML), and monolayers at FCC site upon three layers of Cu(0 0 1) substrates under structure relaxation (ML/Cu) using the VASP package. The charge and

moment are integrated within atomic radius of 1:22 Å (2.31 Bohr radius). The Pauli electron negativity with þ2 ionicity and other theoretical MCA

energies are listed for comparison

3d " charge 3d # charge Valence charge Magnetic moment MCA energy MCA energy Electron negativitya

Fe (BCC) 4.14 1.83 6.59 2.27 – – 1.83

Co (HCP) 4.37 2.69 7.74 1.64 – – 1.88

Ni (FCC) 4.39 3.74 8.83 0.63 – – 1.91

Fe (ML) 4.44 1.49 6.36 2.97 0.63 0.42b –

Co (ML) 4.53 2.47 7.44 2.07 �1:26 �1:35c –

Ni (ML) 4.55 3.57 8.56 0.98 �1:43 – –

Fe (ML/Cu) 4.36 1.60 6.44 2.78 0.29 0.26d –

Co (ML/Cu) 4.44 2.61 7.56 1.83 �0:23 – –

Ni (ML/Cu) 4.31 3.87 8.70 0.44 �1:24 �0:69e –

aRef. [26].
bRef. [10].
cRef. [11].
dRef. [3].
eRef. [25].
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Fig. 2. Relative valence charge (a) and magnetic moment (b) in free-

standing Fe–Co–Ni binary alloy monolayers (empty symbols) and in

monolayers over Cu(0 0 1) substrate (solid symbols) under lattice

relaxation. Results of pure Fe, Co, and Ni monolayers have been shifted

to zero. The lines are a guide to the eye only.
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Fig. 2 demonstrates the valence charge (a) and magnetic
moment (b) with respect to the effective atomic number ðZÞ
in Fe–Co–Ni alloy monolayers. We have shifted the results
of pure Fe, Co, and Ni monolayers (Table 1) to zero in
order that the charge and moment transfer among different
species could be seen clearly. Take free-standing Fe–Ni
system for example, the valence charge (Fig. 2(a)) of Fe is
suppressed due to the increasing Ni neighbors, whereas
that of Ni grows with increasing Fe neighbors, indicating
the charge transfer from Fe of fewer valence electrons to Ni
of more valence electrons. Although the direction of charge
transfer is in some sense opposite to initial guess, this is,
however, consistent with experimental experiences that Fe
(Co) is easier to lose electrons than Co (Ni) due to the
increasing Pauli electron negativity for larger Z species [26]
as listed in Table 1. This is because of the stronger
Coulomb attraction of a heavier nucleus and therefore the
stronger binding and the smaller size of 3d orbitals. It can
also be seen in the figure that the Cu substrate to some
extent suppresses the charge transfer with the transfer
directions remaining unchanged.

On the other hand, as shown in Fig. 2(b), magnetic
moment of Fe in the free-standing Fe–Ni monolayer
increases significantly with increasing Z, while moment of
Ni decreases with decreasing Z, revealing the magnetic
moment transfer from Ni to Fe. The opposite directions of
transfer between charge and moment result from the fact
that the charge transfer from Fe to Ni is dominated by the
process from Fe�3d # orbital to Ni�3d # orbital. Mean-
while in the Cu supported Fe–Ni monolayers, the magnetic
moment transfers in Fe are about the same as those in the
free-standing cases, whereas the magnetic moment of Ni
decreases with increasing Z. This opposite trend results
from the competing suppressed exchange splitting induced
by the nonmagnetic Cu substrates against the charge
transfer process from Fe�3d # to Ni�3d # orbital observed
in the free-standing cases. Similar trend can also be found
in Co–Ni monolayers. Note that the above mentioned
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phenomenon is not found in the Fe-Co monolayers
because of the relatively strong exchange splittings in Fe
and Co atoms. The above discussions reveal in general that
in Fe–Co–Ni alloy monolayers, charge transfers from low
Z to high Z species, whereas the magnetic moment
transfers are much more complicated, especially when the
nonmagnetic Cu substrates are involved. Nevertheless,
the magnitude of charge and moment transfers in all the
considered cases are limited respectively within 0:10 e and
0:30mB (Fig. 2), indicating that the neutrality condition is
approximately preserved.

It is well known that there exists in 3d alloy bulk systems
both experimentally and theoretically a Slater–Pauling
curve that in spite of different compositions of the system,
the averaged magnetic moment depends linearly on the
effective atomic number ðZÞ only. In Fig. 3(a), we present
the averaged magnetic moment of Fe–Co–Ni alloy mono-
layer systems with or without Cu(0 0 1) substrate with
respect to effective Z. Although the charge and magnetic
moment transfers between different species (Fig. 2) are
somewhat complicated, remarkably, the averaged magnetic
moments of monolayer systems with different constituents
well agree with each other, and simply fall in almost the
same straight line. It can be seen in Fig. 3(a) that a
Slater–Pauling curve for the averaged magnetic moment
exists also in Fe–Co–Ni alloy monolayer systems no matter
the Cu substrates exist or not. The nonmagnetic Cu(0 0 1)
substrate affects the Slater–Pauling curve only quantita-
tively by a 0:220:5mB reduction per atom in the averaged
magnetic moment. This nonmagnetic substrate induced
magnetic moment reduction is consistent with previous
works [27]. The major difference between the Slater–Pauling
curve of bulk crystal moment and the monolayer moment
is that the bulk Fe–Co alloy show a moment maximum at
about Co(30%)–Fe(70%), whereas this moment maximum
does not exist in the Fe–Co alloy monolayers in both the
free-standing and the Cu supported cases. From the results
of this work, one could now predict the magnetic moment
of a given monolayer, or design a monolayer with given
magnetic moment. Note that such linear dependence could
be explained fortuitously by the rigid-band filling model,
since magnetic moments of individual atoms are similar to
the pure monolayer cases and are therefore averaged
linearly. However, as shown previously, the alloying
systems are indeed closer to the localized electron picture,
and the bandwidth and dispersion have been perturbed
significantly. As a result, the simple rigid-band filling model
would not be adequate for explaining the MCA energies as
discussed below.
In Fig. 3(b), we summarize the calculated MCA energies

of free-standing Fe–Co–Ni alloy monolayers as well as the
corresponding monolayers on Cu(0 0 1) substrate with
respect to effective Z. Interestingly, in both cases, the
dependence of the MCA energy of Fe–Co, Co–Ni, and
Fe–Ni on Z deviates from each other significantly. There
exists no Slater–Pauling-like curve in the MCA energy as
that in averaged magnetic moment (Fig. 3(a)). Take free-
standing Fe–Ni alloying systems for example (Fig. 3(b)),
the positive MCA energies (out-of-plane anisotropy) at
high Fe concentrations decrease to negative values (in-
plane anisotropy) at Z ffi 26:8. Whereas in free-standing
Fe–Co systems, the MCA energies also vary from positive
to negative with respect to increasing Z at a much higher
rate. The perpendicular magnetization exists only at a low
Co concentration ðo25%Þ. As a result, the free-standing
Fe–Co and Fe–Ni monolayers exhibit spin-reorientation
transitions from in-plane to the plane normal with respect
to decreasing Z at Fe concentrations of �75% and �60%,
respectively. On the other hand, the nonmagnetic Cu
substrate suppresses the magnitude of MCA energy of the
alloying monolayers significantly. Moreover, the Cu sub-
strate also brings the MCA energy toward more positive
(out-of-plane) as shown in the figure. Consequently the
spin-reorientation transitions in Fe–Co/Cu and Fe–Ni/Cu
systems from in-plane to the plane normal with respect to
decreasing Z take place at lower Fe concentrations of
�60% and �25%, respectively. This effect has also been
found in the Co–Cu interface and has been demonstrated
to be a consequence of the strong interaction between the
out-of-plane Co bonding z2, xz, and yz states and the Cu
states, and therefore the suppressed negative contribution
of the MCA energies [28]. Since Fe tends to reorient the in-
plane anisotropy of Co and Ni into the out-of-plane
anisotropy, one could thus manipulate the perpendicular
and in-plane magnetizations experimentally by varying the
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Fe concentrations in Fe–Co and Fe–Ni alloying mono-
layers. As for the Co–Ni monolayers, no such transition
could be found because of the in-plane anisotropy of both
the pure Co and Ni monolayers.

Fig. 3(b) also unravels that the simple rigid-band filling
model is inadequate for describing the much more
sophisticated MCA energies in all the considered cases.
Within the rigid-band filling model, an Fe–Ni system at a
certain Ni concentration is expected to have the same
MCA energy as an Fe–Co system at a Co concentration
twice larger than that of Ni in the Fe–Ni system. Thus the
MCA energy of Fe–Ni system would fall along that line of
Fe–Co system with twice higher the changing rate with
respect to Z. Nevertheless, this is not the case as shown in
Fig. 3(b). For example at Z ¼ 27, the MCA energy of pure
free-standing Co monolayer is far below that of
Fe(50%)–Ni(50%) monolayer. Meanwhile in the case with
Cu substrate, the MCA energies of pure Co and
Fe(50%)–Ni(50%) monolayers are different even in sign
because of the more-positive MCA energies induced by the
Cu substrate. The former prefers the in-plane magnetiza-
tion while the latter favors the perpendicular magnetiza-
tion. This is because the MCA energy is closely related not
only to the electron filling but also to the band dispersion,
charge and moment transfer, as well as to the orbital
character of the highest occupied states and the lowest
empty states of Fe–Co–Ni alloy monolayers.

Another significant issue is whether or not the in-plane
shape anisotropy would damage the obtained out-of-plane
anisotropy. To clarify this issue, we calculated the shape
anisotropy according to 2pM2, where M is the magnetiza-
tion density, with our calculated mean magnetic density.
Since the averaged magnetic moment decreases monotoni-
cally from 2:83mB=Fe to 1:80mB=Co, the magnitude of the
shape anisotropy also decreases monotonically from
0:23meV=Fe to 0:09meV=Co. The obtained in-plane shape
anisotropy energies are smaller than the calculated out-of-
plane anisotropy energies of 0.29 and 0.15meV/atom of the
pure Fe monolayer and Fe(50%)–Ni(50%) alloy mono-
layer, respectively. As a result, the calculated out-of-plane
anisotropy of the high Fe concentration alloy monolayers
remain unchanged. On the other hand, if only the surface
term exists, it would become in-plane magnetization when
the pure Fe film is thicker than 0:29=0:23 ¼ 1:3 monolayer.
However, as shown in Ref. [3, Fig. 3], the Esoc term has a
bulk contribution and also increases with the thickness of
the Fe films on Cu(0 0 1), keeping the out-of-plane aniso-
tropy of thicker films.

4. Conclusions

We have systematically investigated the electronic struc-
tures and the MCA energies of free-standing as well as
Cu(0 0 1) slab supported Fe–Co–Ni binary alloy mono-
layers. The DOS of each constitution is affected signifi-
cantly by the other component in alloying systems. The
charge transfers from low to high Z species, whereas the
magnetic moment transfer is much more complicated,
especially when the nonmagnetic Cu substrate is involved.
It is found that there exists a Slater–Pauling curve for the
averaged magnetic moment, whereas no such curve exists
for the MCA energy in these monolayer systems. The
nonmagnetic Cu substrate systematically suppresses the
averaged magnetic moments of the alloy monolayers.
Meanwhile it also leads the MCA energies of the alloying
monolayer systems toward more positive. The spin-re-
orientation transition is found in both the free-standing
and the Cu supported Fe–Co and Fe–Ni monolayers with
the transition at lower Fe concentrations in the supported
case. Although the simple rigid-band filling model success-
fully explains the averaged magnetic moment, it is, how-
ever, not adequate for describing the much more involved
MCA energy of alloying monolayer systems.
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