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ABSTRACT

Results are presented of a first-principle calculation of the Density Functional Theory (DFT)
ferromagnetic (FM) face-centered cubic (fcc) of Nickel Ni, (100) and (111) surfaces forn=3, 5
and 7 layers. The relaxed and non-relaxed electronic structures of both surfaces are determined
with generalized gradient approximation (GGA) and generalized gradient approximation +
Hubbard (GGA+U). The observed trends can be explained as in earlier studies in terms of the
hybridization between d states of Ni substrate, also some interesting specific behavior of the
magnetization in the fcc Ni (100) and (111) surfaces with different layers has been observed.
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INTRODUCTION

Feed In this research, the results of
the systematic theoretical study of the
magnetic properties of fcc (100) and (111)
surfaces of ferromagnetic metal Ni, are
presented for n = 3, 5, and 7 layers. We have
calculated the magnetic moment through the
interface region including that of the
topmost Ni layer. In our calculations the size
of the magnetic moment and total energies
for several layers of fcc (100) and (111) Ni
surfaces have been considered.

For instance, the results of Pt clusters
on Pt (001) using the embedded atom model
(EAM) method, ™ agreed with the results of
field-ion microscopy (FIM) in predicting

that clusters oscillate between chain and
island-type configurations as the number of
adatoms increases from three to six; [ and
the predictions for the most stable structures
of small Pt clusters on Pt (111) usintlg the VC
EAM agrees with few exceptions. ! While
the geometries observed in FIM studies of Ir
clusters on Ir (111). ¥

We know that the ferromagnetic
properties of transition metals based on an
imbalance between the number of spin-up
and spin-down electrons. This is reflected in
the electronic structure by splitting of their
energy bands, which results in more spin-up
(majority) and  spin-down  (minority)
occupied states. In Ni, for example, this
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gives rise to a net magnetic moment per
atom of 0.591 pB P and of 0.61 uB
consequently, the partly occupied, hence
truly magnetic.

Ordinary photoemission experiments
have detected surface state just below the
Fermi energy Er on Ni (111) ! and Ni
(001), ® leaving the spin character
undetermined. An occupied surface state on
Ni (110) was observed as a double peak
structure and interpreted as spin-split
majority and minority spin states. '°!

Surface magnetism can be ver
different from the one in the bulk, 1%
because the electronic structure of the
surface is often very different. By studying
surface magnetism one can gain insight into
certain aspects of the surface electronic
structure, especially spin polarization, which
is linked to the density of states (DOS) of
majority and minority electrons. lon beams
at keV energies and grazing incidence have
an extreme sensitivity to the surface region.
[ The electron capture spectroscopy (ECS)
used for studying surface magnetism of Fe
(110) and Ni (110), where it was shown that
the surface spin polarization is due to a
higher density of states for the majority
electrons at the Fermi energy. ™ In which
they found that Ni (110) have a much higher
density of states for minority than for
majority electrons at the Fermi energy as
calculations ™ predict, which s
supported by early studies using capture of
electrons into the ground state of deuterium
atoms and subsequent analysis of the
Pl(g]larization via a nuclear scattering reaction.

The enhancement of magnetic
moment at the surfaces of transition metals
is a well established fact. M Development
in experimental techniques along with
extremely accurate first-principles, self-
consistent local spin-density (LSDA) based
calculations have only strengthened this
belief. This enhancement is attributed to the

reduced symmetry and coordination number
at surfaces. This in turn results in band
narrowing and hence enhancement of the
paramagnetic density of state at EF.
Stoner-like arguments then lead to an
enhancement of the local magnetic moment.
Thought in general it is true that band
narrowing leads to enhancement of the
surface magnetization.

In discussing surface enhancement
the role of d-band is often emphasized. The
s and p bands play a significant role,
especially in Ni (100) and hexagonal closed
packed (hcp) Co (100) surfaces, where the
enhancement is feeble. °! Also they found
that the moment enhancement is largest in
Fe bcc (100), where the majority band (in
bulk) is not saturated and less in Ni and Co
where the majority band is almost saturated.
In addition to that, the less saturated
majority band in bulk leads to the more
possibility of enhancement at the surface.
For Ni thin films, almost the whole of the
enhancement at the surface was due to the
dx®-y? orbital, but for this state the majority
band was more saturated than the three tyq
states in the bulk.

From a theoretical point of view,
there have been numerous studies of thin
films and surfaces, both for free standing
thin films, as well as for those on substrates,
using different methods, i.e. (i) Single slab
geometry with boundary matching Green
functions. % (ii) Slabs in a three-
dimensional super cell, well separated by
empty space with charge but no atoms. %!
The assumption is that the slabs separated
by sufficiently wide empty spaces do not
interact with one another. (iii) A green
function technique making use of the two-
dimensional periodicity on flat surfaces and
treating the direction perpendicular to the
surface by a real-space method. %!

The purpose of this paper is to carry
out a detailed orbital resolved study of
magnetic moments and DOS on both Ni
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(100) and (111) surfaces with GGA and
GGA+U.
COMPUTATIONAL METHODS

All calculations have been performed
with VASP (Vienna ab initio Simulation
Package), *>%! a first principles plane-wave
code based on spin-polarized density
functional theory. The interaction between
ions and valence electrons was described by
the prog'ector augmented-wave (PAW)
method. ®% The Kohn-Sham equations were
solved via iterative matrix diagonalization
based on the minimization of the norm of
the residual vector to each eigenstate and
g;lagig]r\ized charge- and spin-mixing routines.

The generalized gradient corrections
added in form of Perdew-Wang functional
PW91 ¥ were chosen for the exchange
correlation function for the GGA. The spin
interpolation of Vosko et al was also used.
351 "To correct the strong electronic
correlation, a simple rotationally invariant
DFT+U version proposed by Dudarev et al
3¢] and implemented in VASP ¥l was used
as GGA+U. In this method, the parameters
U and J did not enter separately, only the
difference U-J was meaningful. Parameters
U and J represented on-site Coulomb
interaction energy and exchange energy
respectively. J was kept to 1 eV, and a value
of U-J=2.4 eV B*! was used in our
calculations. A detailed description of the
DFT+U method can be found in Ref. B!

All results reported in this research
were carried out on a surfaces face-central-
cubic ferromagnetic supercell including Nip
(100) and (111) orientations for n =3, 5, and
7 layers. Convergence tests have been
checked carefully both for plane wave cutoff
energy and k points sample, a plane-wave
set expanded in energy cutoff 270 eV and k-
points sample with a mesh of points 9x9x1
generated by the scheme of Monkhorst and
Pack “J can ensure the total energies
difference is less than 3 meV/atom. For total

energy and DOS calculation, the integration
over the Brillouin zone was performed using
the linear tetrahedron method with blochl
corrections. 43

RESULTS AND DISCUSSION

A number of first-principles
calculations based on slab models were
reported on the electronic and magnetic
properties of Ni surfaces. U4 The
change in the first interlayer spacing Aip,
was also investigated both experimentally
48] and computationally ™*! and was found
to be a few percent. In our calculations, the
surface  relaxations change  magnetic
moments only of the order of 0.1%. Hence
we will show hereafter calculated results for
relaxed and non-relaxed Ni, (100) and (111)
surfaces for n = 3,5 and 7 layers.

In this study we used the lattice
constants of our previous DFT bulk Ni
calculations, ' which  produce a
ferromagnetic solution with lattice constant,
magnetic moment, and bulk modulus of 3.53
A, 0.591 uB and 188.6 GPa for GGA, while
for GGA+U (U-J = 2.4 eV) the obtained
values are 3.51 A, 0.659 uB, and 178.3 GPa
respectively. Tables 1, show us the charge
profile of the relaxed and non-relaxed orbital
in various layers for a seven-layer slab Ni
(100) with GGA and GGA+U respectively.
It shows that the charge-density oscillates
with layers. The GGA+U calculations show
the enhancement of the charge due the
strong correlations. Other crystallographic
orientation is also considered. The charge
profile of the relaxed and non-relaxed orbital
for seven-layer slab Ni (111) with GGA and
GGA+U are given in Tables 2 respectively.
Similar behaviors of slab Ni (100) are
obtained. The magnetic moments of seven-
layers of Ni (100) and (111) slabs are
reflected in Fig. 1, which shows that the
magnetic moments oscillatory decreases
from the surface layer (S) to the central layer
©) toward the bulk value.
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Table 1: The GGA and GGA+U (U-J = 2.4 eV) atomic sphere charge of seven-layer slab Ni (100) with and without relaxation. Surface (S)
atoms. S-1 and S-2 denote the first and second atomic layers below the surface atoms, and C labels to the atom in the Center of the film.

Layer S p d | Total
GGA Non-relaxed | S 0.527 0.403 8.443 9.374
S-1 | 0.559 0.596 8.472 9.627

S-2 | 0.563 0.600 8.480 9.643

C 0.563 0.598 8.473 9.633

Relaxed S 0.539 0.424 8.465 9.428

S-1 | 0.566 0.610 8.473 9.650

S-2 | 0.560 0.591 8.465 9.616

C 0.562 0.596 8.475 9.633

GGA+U Non-relaxed | S 9.428 0.382 8.530 9.430
(U-J=24¢eV) S-1 | 9.650 0.575 8.546 9.674
S-2 | 9.616 0.578 8.540 9.676

C 9.633 0.577 8.542 9.678

Relaxed S 0.529 0.403 8.541 9.473

S-1 | 0.559 0.590 8.550 9.699

S-2 | 0.554 0.569 8.539 9.663

C 0.558 0.577 8.543 9.678

Table 2: The GGA and GGA+U atomic sphere of seven-layer slab Ni (111) with and without relaxation.

Layer S p d | Total
GGA Non-relaxed | S 0.553 0.456 8.448 9.457
S-1 | 0.557 0.596 8.471 9.624

S-2 | 0.565 0.600 8.466 9.630

C 0.563 0.600 8.466 9.629

Relaxed S 0.556 0.463 8.447 9.466

S-1 | 0.560 0.602 8.463 9.634

S-2 | 0.564 0.597 8.466 9.626

C 0.561 0.597 8.478 9.637

GGA+U Non-relaxed | S 0.546 0.439 8.504 9.490
(U-J=2.4¢eV) S-1 | 0.556 0.584 8.524 9.654
S-2 | 0.561 0.583 8.550 9.694

C 0.560 0.585 8.547 9.692

Relaxed S 0.550 0.446 8.520 9.516

S-1 | 0.559 0.592 8.519 9.671

S-2 | 0.560 0.580 8.547 9.687

C 0.558 0.582 8.528 9.668
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Fig. 1: Oscillatory magnetic moments of seven-layers for (a) Ni
(100) (b) Ni (111) slabs. Solid symbols straight lines for relaxed
and open symbols dashed lines for non-relaxed. Square for
GGA and triangle for GGA+U respectively.

Tables 3 and 4, shows us the
magnetic moments for different numbers of

relaxed and non-relaxed layers of Ni (100)
and (111) with GGA and GGA+U
respectively. From these tables we see that
the surface magnetic moment of layer
oscillatory increases with increasing the
number of layers. While the magnetic
moments of the atoms in the center of the
films oscillatory decreases with increasing
the number of layers towards the bulk value.
However, it is the manner in which the
charge redistribution takes place among the
five d orbital, which makes surface
magnetization different from bulk. Our
estimate of the enhancement of the surface
magnetic moment a?rees closely with the
result of Alden. ™ Fig. 2 reflected the
calculation of the total energies for different
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number of layers for Ni (100) and (111)
slabs. The figure shows that the GGA results

are more stable than the GGA+U for relaxed
and non-relaxed cases.

Table 3: The GGA and GGA+U Magnetic moments of fcc Ni, (100) for n =3, 5, and 7 layers with and without relaxation.

n non-relaxed relaxed
C S S-1 S-2 C S S-1 S-2
GGA 3 | 0594 | 0.694 0.559 | 0.673
5 | 0594 | 0.697 | 0.582 0.584 | 0.691 | 0.595
7 | 0563 | 0.708 | 0.595 | 0.581 | 0.562 | 0.694 | 0.601 | 0.588
GGA+U | 3 | 0.660 | 0.732 0.616 | 0.702
5 | 0.665 | 0.748 | 0.629 0.657 | 0.729 | 0.674
7 | 0.608 | 0.687 | 0.619 | 0.617 | 0.610 | 0.678 | 0.618 | 0.615
Table 4: The GGA and GGA+U Magnetic moments of fcc Ni, (111) for n = 3, 5, and 7 layers with and without relaxation.
n non-relaxed relaxed
C S S-1 S-2 C S S-1 S-2
GGA 3| 0.687 | 0.651 0.695 | 0.640
5| 0573 | 0.609 | 0.614 0.574 | 0.608 | 0.615
7 | 0574 | 0.638 | 0.645 | 0.590 | 0.566 | 0.640 | 0.645 | 0.588
GGA+U | 3 | 0.763 | 0.651 0.785 | 0.684
5| 0.615 | 0.609 | 0.721 0.605 | 0.667 | 0.732
7 | 0.657 | 0.638 | 0741 | 0.641 | 0.667 | 0.687 | 0.743 | 0.628

Fig. 3 shows the layer projected local
density of states (LDOS) for a seven-layer
slab Ni (100) for non-relaxed GGA and
GGA+U respectively. The surface layer
shows the characteristic narrowing, while

the central layer resembles that of the bulk.
[5]

GGA+U, the result is reflected in Fig. 4.
Similar behaviors of slab Ni (100) are
obtained. Our measurements of the LDOS
show that in slab Ni (100) and (111) the
minority electrons have a higher density of
states at the Fermi energy than majority
electrons for all cases studied (see Figs. 3
and 4) in a good agreement with Ni (110)
surface works “#**! predicted. An interesting

o Relaxed Ni00) ] S-.  (b) Nonrelaxed Ni (100)
15 T, facet of this study is the steep suppression of
'2° \\ T el the magnetic moment for the atoms below
- ' .o the surface layer (see Fig. 2) Similar
30 4 > - -
S \ , behavior was found and reported in. 9%
(9] ‘o
§ 0 C)Relaxele 111)’ A\_ } @ N}on»relax}edNi (111)
O 15
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Fig. 2: Calculated total energy for different layers of Ni (100) N 0 M EARE e
and (111) slabs. Square for GGA and triangle for GGA+U oy 2 S - '
respectively. Solid and dashed lines for relaxed and non- E 2 g2 S-2
relaxed respectively. Bulk value from ref. % 0 M ; M
©
The values of LDOS are z C e AN
(states/atom.eV). Other crystallographic 8 - T
layer projected LDOS are also considered Tk bulk A
for slab Ni (111) with relaxed GGA and
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Fig. 3: Non-relaxed LDOS of seven-layer Ni (100) for (a) GGA
and (b) GGA+U. (Ey) is Fermi energy. Red solid and blue
dotted lines for spin-up and spin-down respectively.
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