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The electronic structures and magnetocrystalline anisotropy (MA) of ordered hexagonal close-packed (hcp)

Co1_4zNi, alloys are studied using the full-potential linear-augmented-plane-wave (FLAPW) method with general-

ized gradient approximation (GGA). Great changes of magnetocrystalline anisotropy energy (MAE) are gained with

different Ni compositions. Also, in-plane magnetocrystalline anisotropy is obtained for CoisNi in which the Snoek’s

limit is exceeded. It is found that the changes of the symmetry of the crystal field on Ni induce small variations in

band structures around the Fermi level under different compositions, which plays an important role in modulating the

magnetization direction, where the hybridization between Co-3d and Ni-3d orbits is of special importance in deciding

the magnetocrystalline anisotropy of itinerant states. The rigid-band model is inapplicable to explain the evolution of

magnetocrystalline anisotropy energy with Ni composition, and it is also inadequate to predict the magnetocrystalline

anisotropy energy through the anisotropy of the orbital magnetic moment.
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1. Introduction

Transition metals and alloys are widely used mag-
netic materials and their electronic structures remain
a subject of discussion.[!l Several theoretical models
have been proposed, such as the rigid-band model and
the virtual-bound-state model. The former makes no
distinction between the different constituents of the al-
loy and attributes a common band to all electrons, 2
while the later assumes screening of the host electrons
at the site of the impurity.l!) However, neither of these
two limiting models can fully describe the actual sit-
uation. And till now, no mechanism is universal for
understanding the electronic structures of transition-
metal alloys, which activates further research interests
in itinerant states and related properties.

The MA is one of the ground-state properties and

is highly related to the band structures.[34

Nowadays
research interests are focused on modulating the di-
rection and stiffness of the magnetization.[>=7) There
have been many studies on the physical origin of
MA in transition-metal alloys and the modulations
of MA in these materials by doping, alloying and

low-dimensional magnetism.[”="1) To the best of our

knowledge, there are few reports about the electronic
structures of hep Coq—,Ni, (z < 0.25) alloys, though
the face-centered cubic (fce) CoNi alloys have been
extensively investigated.['213] In K. Hara’s report, 4
the MA of hep Co;_.Ni, alloys changes with the
Ni composition and the easy magnetization direction
turns into the basal plane in some composition range.
In this work, the first principles calculations of the
electronic structures and the MAE of ordered hcp
Coy—_,Ni, alloys are systematically studied. Investiga-
tion is focused on the mechanism of spin-reorientation

in hep Cop—,Ni, alloys with changing Ni composition.

2. Computational method

All calculations performed in this work were based
on the density-functional theory (DFT) using the
FLAPW method, while the GGA was employed for
the exchange correlation potential.®l The band states
and the core-level states were treated with scalar-
relativistic effects and fully relativistic effects, respec-
tively. The muffin-tin (MT) radii Ryt were chosen to
be 2.2 a.u. for Co as well as Ni. The potential and
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the charge density in the MT-spheres were expanded
in the spherical harmonics with lpa = 10.315] The
plane-wave cutoff parameter Ryt Kmax was 7.0 and
the magnitude of the largest vector Gax was 12.0.
The hcp Co was built and the ¢ axis was set as
Then the vol-

ume and lattice parameters were optimized. Based

the z axis of Cartesian coordinates.

on the optimized parameters, the model systems of
CosNi, Co7Ni, Coy5Ni and Coz1Ni, corresponding
to x = 0.25, 0.125, 0.0625, 0.03125, respectively,
were founded according to the standard super-cell ap-
proach. There are several possible structures for each
system, from which the one with the lowest energy was
selected. Usually, the structure with optimized energy
also has the highest symmetry. Then, the volume and
lattice parameters of the selected structures were op-
timized and the atomic positions in each system were
fully relaxed until the force on each atom was smaller
than 5.0 mRy/a.u. The optimized lattice parameters
are displayed in Fig. 1(a). As the MAE is crucially
dependent on the details of the Brillouin zone (BZ)

[3.16.17] it is important to insure the con-

integration,
vergence of the MAE with respect to the number of
k-points. We tested the number of k-points for each
model system and found that 24000, 8000, 5000, 800
and 400 k-points are enough for Co, CozNi, Co7Ni,

Co15Ni and Cog1Ni systems, respectively.

Number of 3d electrons
T w31 27.00 27.05 2710 2715 27.20 27.25
3 7291 e
N I e e il : : At
= 1.60] 9 =--a._
= h S e
:: 1.50 4 [t P
= 1.40 4 "o[h}
— LY 2 T T T T T T
g 1200 2
K z PR\
= 600 F \
= 1 ‘ \ S s s e -
=) 04 * % S ]
= ] b- - ()
-

10 15 20 25
Ni/at%

Fig. 1. The equilibrium volume (a), the spin moment
in MT-sphere (b) and the MAE per atom (c) plotted as
the functions of Ni content (bottom scale) or the average
number of 3d electrons per atom (top scale).

There are two well-known approaches to calcu-
late the MAE from first principles calculation.[4:6:10:18]
One is to calculate the difference in total energies be-
tween two different magnetization directions.[®15 The

other is based on the force theorem, from which the

change in total energy upon inclusion of the spin—orbit
(SO) coupling is given by the change in the single-
particle eigenvalues.[¥ According to this theorem, one
can start from the same converged density without
SO coupling, and then perform a one step iterative
including SO coupling for the two different magne-
tization directions ny; and ny. MAE is defined as:
AE; = 39 ei(n1) — 307 ei(n2),l4) where ¢; denotes
the eigenvalue, and the sum runs through all occupied
states. The MAE in Co;5Ni system was calculated us-
ing both methods. The results give the same direction
of the easy axis and the same order of magnitude of
MAE. Therefore the force theorem was employed to
calculate the MAE in this work except for the pure Co
system. Considering that magnetization in the basal-
plane will lower the symmetry of the structure, we
chose the same lowest symmetry group for all calcu-
lations including SO coupling to eliminate systematic

€rrors.

3. Results and discussion

3.1. Magnetic moment

The main results of the present calculations are
listed in Fig. 1, where the equilibrium volume, the
spin moment in MT-sphere and the MAE per atom is
plotted as the functions of composition (bottom scale)
or the average number of 3d electrons per atom (top
scale). Obviously, the variation of the lattice constant
with composition is nonlinear. But the average mag-
netic moment obtained at the theoretical equilibrium
volume does follow a linear variation with composi-
tion. This observation represents the experimental
results in trend,['¥ and also matches the prediction
of Slater-Pauling curve that the moment decreases
linearly with increasing average d occupation for the
latter transition-metal alloys.['”) Thereby, the energy
band-filling effects play a dominate role in deciding
the magnetic moment.

To further understand the electronic structures,
we calculated the total electronic densities of states
(DOS) and the Ni-DOS for all systems.

in Fig. 2, the majority spin states are fully occupied

As shown

and the DOS profiles for all systems are very similar
to each other. For minority spin, the addition of Ni
shifts the states to lower energies compared with pure
Co. This observation explains the decreasing trend

of the moment with band-filling and implies that the
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rigid-band model is adequate in describing the mag-

netic moment of ordered hcp Co;_,Ni, alloys.
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Fig. 2. Total DOSs and Ni-DOSs for hcp Coj_,Ni, al-
loys. The positive direction stands for the majority spin
states, while the negative direction stands for the minority
spin states. The Fermi level is indicated with a vertical
line.

It is found that the profiles of the total DOS
are quite similar to that of the Ni for all systems,
which means strong sharing of electrons by Co and Ni
constituents. The local magnetic moment supports
this suggestion. In the present hecp Co;—,Ni, models,
where sphere sizes for Co and Ni are equal, we find the
local magnetic moment remains about constant for Ni,
whereas it increases for Co. And the moment of Co
seems related to the distance to Ni. For example, the
moments are about 1.69 uB/atom, 1.68 uB/atom and
1.67 puB/atom for the first, second and third neigh-
bours of Ni in Coz;Ni system, respectively.

Compared with the case of pure Co, the DOS pro-

files of minority spin states change slightly, especially
around the Fermi level (F¢) in hep Coq—,Ni, alloys.
What is more, the features of the Ni-DOS well rep-
resent those of the total DOS around the Ff, imply-
ing that the electronic distribution of Ni attributes to
the observation. Actually, the local environment of
Ni changes with different compositions. For example,
the space groups of Co;5Ni and Coz1Ni are Fj,,2 and
Cinem, respectively, quite different from the hexagonal
Psmmm of pure Co. The decreasing in the symmetry
of the local environments of the dopant induces slight
variations of DOS around FE¢, which is found to be
crucial in determining the MA of these systems, as
discussed below.

3.2. MAE

MA is a property close related to the details of
the band structures, especially those near the Fermi
energy.l* In the present paper, MAE is calculated as:
AE; ~ 30 M0 _ smoce J0001] Fip g gystems with
negative AE; have in-plane MA while those with posi-
tive AFE; have uniaxial MA. The MAE for each model
system is shown in Fig. 1(c). Obviously, the com-
position of Ni greatly affects the magnetization di-
rection in hcp Co;_,Ni, alloys. For pure Co, the
calculated MAE 56 peV/atom agrees well with the
experiments.['>2%] When the system diluted doped
with Ni, such as Coz;Ni, it shows much enhanced uni-
axial anisotropy. When the percentage of Ni increased
to 6.25%, the magnetization turns to the basal plane.
With further increasing of the Ni content, the easy
axis turns back to the ¢ axis and the values of MAE
tend to be steady. Both CoszNi and Co;Ni belong to
this situation. The calculated variation trend of MAE
with Ni composition is consistent with the experimen-
tal reports.!14

To see how well the dependence of MAE on Ni
composition fits the prediction of rigid-band model, we
calculated the MAE of each model system as a func-
tion of band filling ¢ (number of valence electrons),
and the results are shown in Fig. 3, where Aq = 0
corresponds to the Fermi level. Clearly, the evolutions
of MAE with Agq are quite different for the four model
systems, indicating that the MAE cannot be expected
by simply shifting the band filling in hcp Coj_,Ni,
alloys. This observation strongly supports that small
variations in the minority spin states induce large vari-
ations in MAE because the MAE is highly sensitive to
the details of the band structures near the Fermi level.
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Fig. 3. Dependence of total MAE on band filling Aq in
hep Coi—.Nig alloys, where the Fermi energy corresponds
to Ag = 0.

In transition metal alloys, the microscopic ori-
gin of MA can be attributed to the SO interaction
of 3d electrons from which the energy gain is propor-
tional to the dot product of spin moment and orbital
moment S - L.12122] Bruno put forward that in the
limit of strong exchange splitting, the MAE is propor-
tional to the anisotropy of the orbital magnetic mo-
ment AM;(= Mypi100) — Mijooo1))-?®) This relationship
is proved to be quite successful in understanding the
origin of MA in alloys with local band structures, such
as 3d-4f compounds.['%17:21] But the predicted MAE
values according to this method disagree with the re-
sults from force theorem for all the present supercells.
We suggest that the anisotropy in the spin moment
and its correlation with the orbital moment should
be taken into account in deciding MAE for materials
with itinerate states. It is found that the hybridiza-
tion between the Co-3d and Ni-3d states is of special
importance in introducing MA in hcp Co;_.Ni, al-
loys. For example, calculations of MAE with the SO
coupling on Ni site switched off yield strongly reduced
MAE in Cos1Ni, great enhanced MAE in Co7Ni, and
nearly zero MAE in Coi5Ni. Same thing happens for
FePt and CoPt alloys. 2]

We then turn to the electronic structures of each
system to understand the origin of MAE in hcp

Coy_,Ni, alloys. As discussed above, each super-
cell has distinct space group hence the symmetry of
the crystal field on Ni is different, which results in
slightly different spatial distributions of Ni-3d states.
We count the electron occupation numbers of 3d orbits
in the Ry radii of Ni and its neighbour Co sites be-
fore SO coupling was included. With increasing com-
position, the occupation numbers of Ni-3d states de-
crease, indicating that Ni-3d states tend to be more
delocalized in space, which benefits the interactions
between neighbour atoms. Compared with dz? and
dz?y? + dzy orbits, the changes in the occupation of
dxz + dyz orbit are more pronounced for both Ni-3d
states and Co-3d states. Further investigations reveal
that the redistributions of the electronic structures are
spatially staggered. Take the situation in CoisNi as
an example. Compared with Cosz;Ni, the occupation
number of Ni-dzz + dyz states increases, while the oc-
cupation number of Col-dzz + dyz (Col, Co2 are the
first and second nearest neighbours of Ni, and so on.)
states decreases. For Co2 site, the dxz+dyz states are
the most occupied. As to sites further away, the influ-
ence from the dopant is weak and the electronic struc-
tures gradually tend to those of the bulk Co. What is
more, the redistribution of electrons is spin-polarized.
For example, the decreasing numbers of the minor-
ity spin states overcome that of the majority states
of Ni-3d electrons. In this manner, the electrons can
minimize the Coulomb energy and further influence
the magnetization.

We then try to clarify the atomic origin of the
MAE. Following Ref. [9], the contribution from atom
i can be approximated as: AE; = El[lloo} - EZ[OOOH7
and E" = ff;o N(¢)de, where N; is the atom pro-
jected number of states and Ef is the average Fermi
energy of the two magnetization directions n. The re-
sults are listed in Table 1. The situation of the CozNi
is quite similar to that of the Co;Ni and not shown
here.

Table 1. The averaged atomic MAE of Ni and its near neighbour Co sites calculated from atomic MAE for

each model system.

MAE/(meV /atom) Col Co2 Co3 Co4 Cob Ni
Coz1Ni 0.739 1.288 0.304 1.479 0.096
Co15Ni -1.343 -0.417 -0.595 1.057 0.691 -3.006
CorNi 1.981 -2.867 4.807 0.672
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The magnetization of Ni is along the ¢ axis ex-
cept that in CoisNi. The individual Co site contri-
butions to the MA are different in the four model
systems. In CoziNi, the average values of MAE are
positive for all neighbour Co sites of Ni hence induce
large uniaxial anisotropy. In CojsNi alloy, the three
nearest neighbour sites show negative values of MAE,
among which the contribution from the Col site is the
most. Though the fourth and the fifth neighbour sites
provide un-neglectable positive MAE values, the total
MAE of the system is negative. In Co7Ni system, the
Col site and Co3 site, which are in the same zy-plane
without Ni, show positive MAE, while the Co2 site,
which is in the plane with Ni, provides negative MAE.
The same thing happens in CozNi system, except that
the average MAE value for each site is slightly differ-

ent.

Fig. 4. The spatial distribution of atomic MAE for
Co31Ni (a), Coi5Ni (b) and Co7Ni (c) model systems.

Based on the above discussion, we display the spa-
tial distributions of atomic MAE, as shown in Fig. 4.
To make it clear, more than one unit cell are depicted.
The larger balls denote the Ni atoms while the smaller
ones are Co atoms. Atoms with positive MAE values
are dark grey, and those with negative MAE values are
light grey. Clearly, the competition between these two
kinds of atoms decides the magnetization direction of
the supercell.

With increasing composition of Ni, the evolu-
tions in the spatial distributions of the atomic MAE
are quite interesting. For small composition, such
as Coz1Ni, one Col atom and one of its first near-
est neighbour of Co2 atom form a cluster with neg-
ative MAE. Since the dopant is far away from each
other, the clusters are isolated and embeded in the Co
matrix. The enhanced uniaxial MAE has also been
found in FeCo and CoPt alloys with small content of
Co.[>1117 From our observation, it seems that the
existence of isolated clusters with negative MAE en-
hances the uniaxal anisotropy of the matrix Co atoms,
hence results in large uniaxial MA in diluted doped
hep Coq_;Ni,, supercell. In Coq5Ni system, the atoms
with negative MAE increase and join together along
the [1100] crystalline direction, for the nearest dis-
tance between the Ni atoms is across this direction.
While the atoms with positive MAE distribute like
connected circles stretched along the [1100] direction.
In Co7Ni, the Ni atoms are so close to each other that
they correlate strongly. Now the atoms with differ-
ent signs of MAE are layer-distributed, that is, the
layers with Ni atom show negative MAE, while those
without Ni atom show positive MAE.

To some extent, the evolutions of spatial distri-
butions of atomic MAE with increasing Ni composi-
tion resemble the nucleation and grow up processes of
first-order phase transitions. The clusters with nega-
tive MAE form around Ni site. With increasing com-
position, the clusters grow up, merge with each other
and finally form layers intersected by the matrix atoms
with positive MAE. Our observation suggests that the
formation and correlation among the atoms with neg-
ative MAE decide the magnetization direction of the
supercells where the hybridization between the Ni-3d
and Co-3d states is dominant.

At the end of this report, we briefly discuss
the possibility of CoisNi as a potential magnetic
material with high permeability at high frequen-
cies. As discussed above, the Coy5Ni system has in-
plane anisotropy. According to the bi-anisotropy pic-
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ture, for a bulk polycrystalline material with in-plane
anisotropy, the static permeability ps and the ferro-

magnetic resonance frequency f, fit the function!?4
’}/ Hal
s— 1) fr= Ms ’
(s =1 fe = 5 i

where M is the saturation magnetization, H,; and
H,5 are the effective anisotropy fields when the mag-
netization deviates from the easy axis in the hard
plane and rotates in the easy plane, respectively.?®!
We then calculated the MAE in the basal plane ac-
cording to AEy ~ > 7 &;([1100]) — >-7° ;([1100]).
The calculated AFEs is 17.98 peV/atom, from which
one obtains \/Hal/Hag = \/AEl/AEQ ~ 4. Obvi-
ously, the value of (us — 1) f; is four times larger than
(v/27)Mj, exceeds the Snoek’s limit.[24:26]

4. Conclusions

This paper presents a first principles study on
the electronic structures and MAE of ordered hcp
Coq_;Ni, alloys by FLAPW method. The DOS shows
that the rigid-band model is adequate in describing

the magnetic moment, but inapplicable to predicate
the MAE of itinerant states in this system. Mean-
while, the MAE cannot be simply ascribed to the
anisotropy of the orbital magnetic moment. Fur-
ther investigations of the electronic structures indi-
cate that, due to the changes of the symmetry of the
crystal field on Ni with different compositions, the re-
distribution of 3d electrons, especially those close to
the Fermi level, and the hybridization between Ni-3d
and Co-3d states are dominant in deciding MA in hcp
Co1_.Ni, alloys. The evolutions of spatial distribu-
tions of atomic MAE with increasing Ni composition
resemble the nucleation and grow up processes of first-
order phase transitions. Yet further research is needed
to determine whether this mechanism is applicable in
other alloys with itinerant d states.
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