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Localized electron states and spin polarization in Co/Ni(111) overlayers
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We used a surface-dedicated first-principles method to calculate the electronic structure in Co/Ni(111)
overlayers with a Co thickness varying between 1 and 5 monolayers. We describe the majority and minority spin
surface states, resonances, and quantum-well states and their dispersion, the energy and the number of these states
depending on the Co-layer thickness. The difference between the total density of states and spin polarization of the
different overlayers is found to be more important above the Fermi level. These results could be useful to analyze
the surface-state spectra (spin-resolved direct and inverse photoemission, scanning tunneling spectroscopy)
recorded in situ during the growth of Ni/Co multilayers for spintronic and nanomagnetism applications.
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I. INTRODUCTION

The advances made during the last decades in the fields
of ultrahigh-vacuum techniques and crystal growth have
allowed the production of new epitaxial nanostructures, with
unexpected physical properties due to the symmetry breaking
of the electron states at the surfaces or at the interfaces. More
precisely, the modification of the electronic and magnetic
properties in multilayers can be explained in terms of the
localized electron states with specific spin orientation and
symmetry, which appear in the vicinity of the interfaces, or
in terms of the interface-induced degeneracy lifting between
states which would have the same energy in bulk materials.
This has important consequences on the magnetic moments,
the magnetic anisotropy, and the spin polarization, which
can be analyzed using spectroscopic methods, magnetometry,
or first-principles calculations. Several in situ spectroscopic
techniques used to measure electron states during the growth
of ultrathin layers being surface sensitive,'? the calculations
which are performed to analyze these experiments must not
neglect the presence of the surface.

Co/Ni(111) superlattices with perpendicular magnetic
anisotropy have in particular recently attracted attention
because of their potential applications in magnetic memories
switched by a relatively small spin transfer torque.** For this
reason, studying the electron states in Co/Ni(111) multilayers
by spectroscopic methods and first-principles calculations
represents a challenge. Co/Ni systems have been investigated
by several techniques in the recent years. The clean Ni(111)
surface has first been studied by direct’® and inverse® photoe-
mission spectroscopy and by scanning tunneling spectroscopy
(STS),'" and surface states have been measured in an energy
range between —0.25 and 0.1 eV at the center of the surface
Brillouin zone (I"). The local density of states (DOS) has been
calculated for this surface using a Ni slab, but DOS peaks
related to surface states are not easy to identify because the slab
used for this calculation is rather thin.!" More sophisticated
methods have further been used to study the surface-state
energy dispersions of Ni(111).!> The spin magnetic moment
is generally found higher at the Ni(111) surface or in the
subsurface layer than in bulk Ni.!"!*!4 The hexagonal compact
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(hcp) Co(0001) surface has been studied by direct®'>~!7 and
inverse'® photoemission, and by STS:' Surface states have
been observed between —0.43 and 0.9 eV. Calculations have
shown that a surface state exists near —0.5 eV.!%?’ An
enhancement of the spin magnetic moment has also been
calculated for this surface.'*?' The face centered cubic (fcc)
Co(111) surface has only been studied theoretically'*** and
shows a similar behavior to the hcp Co(0001) surface. Electron
states in Co/Ni(111) superlattices have been investigated by
first-principles calculations, but available results describe the
total DOS and not the Bloch vector-resolved DOS.?> Co
overlayers deposited on a Ni substrate have been studied
by inverse photoemission for a (001) but not for a (111)
stacking.”> An interface state has been reported for this
system, but quantum-well (QW) states localized in the Co
overlayers have not been observed. Magnetic moments have
also been measured and calculated for Ni-terminated Ni/Co
overlayers.?+26

In this paper, we describe the local DOS calculated near
the surface of Co/Ni(111) overlayers with a Co thickness
varying between 1 monolayer (ML) and 5 MLs. We in-
vestigated the different electron states which can exist in
such nanostructures—QW states, surface states, and surface
resonances—and we study their dispersion and orbital char-
acter. We also describe the surface spin polarization and spin
magnetic moments. The DOS curves which we represent can
be used to analyze photoemission and scanning tunneling
spectra. Beyond the interpretation of electron spectra, our
results could also be useful to understand the physical
properties of Co/Ni(111) superlattices.

II. QUANTUM-WELL, RESONANCE, AND SURFACE
STATES IN Co/Ni(111) OVERLAYERS AT T

We  calculated the  electronic  structure  of
Co(nMLs)/Ni(111) overlayers with the multiple scattering
code Layer Korringa Kohn Rostoker (layer-KKR)?>"?® which
is based on the density functional theory (DFT) and uses
the local spin density approximation (LSDA). This code is
particularly well adapted for studying nanostructures which
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only possess a two-dimensional periodicity such as surfaces
and interfaces, the presence of a semi-infinite substrate being
explicitly taken into account in the calculation. The lattice
parameter which has been used for the overlayers is that
of the bulk nickel substrate (0.352 nm) and we neglected
atomic-layer relaxation or reconstruction in the vicinity of the
surface. This is justified because the lattice parameter of fcc Ni
is very close to that of fcc Co and to the interatomic distance in
the (0001) atomic layers of hcp cobalt. We studied overlayers
with a fcc stacking, which is reasonable for Co thicknesses
up to 5 MLs,?® using an atomic-sphere radius of 0.137 nm
for all the atoms, a maximum angular momentum /p,,,x = 3,
and a mesh of 45 Bloch vectors to perform integrations over
the irreducible wedge of the two-dimensional first Brillouin
zone. We used 5 layers of empty spheres on the vacuum side
and 8 monolayers of nickel atoms between the Ni substrate
and the Co overlayer, in which the electron density is free to
change during the successive iterations of the self-consistent
calculation, the Fermi level being that of bulk nickel.

The electron Bloch states which can exist in the vicinity
of the (111) overlayers are the Ni substrate bulklike states,
the Ni/Co interface states, the Co QW states, and the surface
states. All these states depend on the two-dimensional Bloch
vector k||, and in the following we will first describe states
at T (k;; =0, I'L direction of the Ni substrate). The orbital
character of these states will be discussed using x, y, and z axes
respectively parallel to the [110], [112], and [111] directions of
the Ni substrate. The point group of the I" point being C3, both
for the fcc substrate®® and for the (111) surface,?'? electron
states at the center of the two-dimensional Brillouin zone will
only have the A; (linear combination of s, p., and d,> atomic
orbitals) or the E (px, py, dyz, dy;, dyy, and d,2_2) symmetry.*
Along the I'L direction, the bulk Ni band structure consists
in 4 valence bands for each spin direction,>** with the A,
symmetry for the two lowest bands and the £ symmetry for
the other two flat bands. The band structure of fcc Ni and fcc
Co is represented in Fig. 1.

Localized surface states with the A; or the E symmetry
can only be found in the energy gaps of the Ni substrate of
the same symmetry. At the T point and for the A; symmetry,
these energy gaps are found: below —9.17 eV, between —4.8
and —2.7 eV, and above —0.58 eV for majority spin, and below
—9.13 eV, between —4.39 and —2.14 eV, and above —0.56 eV
for minority spin. At " and for the E symmetry, the Ni band
gaps are found: below —2.41 eV, between —2.14and —1.36 ¢V,
and above —0.58 eV for majority spin, and below —1.78 eV,
between —1.48 and —0.67 eV, and above 0.16 eV for minority
spin.

Co quantum-well states can also be found in the Ni band
gaps, but at energies where bulk Co bands exist. At the I" point
and for the A; symmetry, the energy intervals where Co QW
states can be found are as follows: between —3 and —2.7 eV
for majority spin and between —4.39 eV and —4.14 eV and
between —0.56 and —0.42 eV for minority spin; at I" and for
the E symmetry, Co QW states can be found between —2.6
and —2.41 eV and between —1.5 and —1.36 eV for majority
spin and between —1.13 and —0.78 eV and between 0.19 and
1.18 eV for minority spin.

Figure 2 shows the majority spin (dark curves) and minority
spin (red curves) local DOS with A; symmetry integrated over
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FIG. 1. (Color online) Band structure of bulk fcc Ni (left side) and
fce Co (right side) for wave vector along I'L (k;; = 0 and k, # 0).
Majority and minority spin bands are respectively shown with dark
and red lines.

a Co atomic sphere of the surface layer, as a function of the
Co overlayer thickness. Several peaks, which correspond to
localized states, can be observed in the energy gaps of the
substrate. The energy ranges where Co QW states are expected
are indicated by gray (majority spin) and red (minority spin)
shaded areas. For each of the Co(nMLs)/Ni overlayers, we have
compared the results presented in Fig. 2 with those calculated
for Ni/Co(nMLs)/Ni stacking® to determine whether the
localized states are surface or quantum-well states (surface
states do not exist in the case of a buried cobalt quantum
well). We found a majority spin unoccupied surface state
near 0.43 eV, independently of the overlayer thickness. The
corresponding minority spin surface state has an energy of
0.7 eV for Co(IML)/Ni; this state is shifted by 0.07 eV
toward higher energy when the Co overlayer is thicker than
1 ML. Table I describes the charge density distribution of
this minority spin surface state. It is mostly located in the
surface Co atomic layer and in the first empty sphere layer,
independently of the Co layer thickness, which explains that
the surface state energy is not very sensitive to the nature
of the subsurface atoms. Similar conclusions are obtained for
the majority spin surface state. The number and the energy
of the QW states depend on the number of cobalt MLs. The
lowest energy majority spin QW state shifts from —2.75 eV
for Co(1ML)/Ni to —2.88 eV for Co(SMLs)/Ni. A second QW
state appears from 4 Co MLs; this state is stuck to the former
one for a cobalt thickness of 5 MLs. For thicker overlayers,
all the QW states gather in an energy range between —3 and
—2.7 eV where the DOS is high for bulk fcc Co and for the
corresponding (111) Co surface. A minority spin occupied
quantum-well state can be observed near —4.3 eV when the
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FIG. 2. (Color online) Majority spin (dark lines) and minority
spin (red lines) partial DOS with A; symmetry and k;, = 0, for a
surface Co atom of the Co(nMLs)/Ni(111) overlayers. From the top
to the bottom, the different panels correspond to overlayers with
n =1to5, and to the (111) fcc Co surface. The gray and red shaded
areas respectively correspond to the energy ranges where majority
and minority spin Co QW states can exist.

overlayer thickness is greater than 3 MLs. Peaks are also
observed for minority spin between —1.55 and —1.10 eV.
They correspond to resonance states and not to genuine QW
states, because they are located inside an energy band of
nickel with the same symmetry. The number of resonance
states increases with the Co thickness from 1 state for
Co(IML)/Ni and Co(2MLs)/Ni, to 2 states for Co(3MLs)/Ni
and Co(4MLs)/Ni, and 3 states for Co(SMLs)/Ni. When the
overlayer becomes thicker, the energy of the resonance states
gathers between —1.63 and —1.01 eV, the energy range where
the (s + p, + d,2) DOS is high in bulk fcc Co and at the
Co(111) surface; see Fig. 2.

Figure 3 shows the majority and minority spin local DOS
with E symmetry for a surface Co atom of the Co(nMLs)/Ni

TABLE 1. Charge density distribution of the minority spin
unoccupied surface state with an energy of 0.75 eV at I, for
the overlayers Co(1ML)/Ni, Co(2MLs)/Ni, and Co(3MLs)/Ni. The
arbitrary unit numbers in this table correspond to the height of the
surface state peak for a Co atom of the surface layer (S), for atoms of
the successive sublayers (S — 1, S — 2, and S — 3), and for the empty
sphere layers above the surface (S + 1 and S + 2).

S—-3 S-2 S-1 S S+1 S+2
Co(1ML)/Ni 4 10 28 100 72 2
Co(2MLs)/Ni 3 9 30 100 72 2
Co(3MLs)/Ni 3 10 31 100 74 2
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FIG. 3. (Color online) Same as in Fig. 2, but for localized states
with E symmetry.

stacking, as a function of the Co-layer thickness. The compar-
ison with DOS curves calculated for buried quantum wells®
shows that the minority spin intense peak near —0.75 eV,
which appears from a thickness of 2 MLs, is a surface state
[a similar conclusion could be drawn by comparison with the
DOS calculated for the (111) fcc Co surface]. DOS peaks
can be observed in the energy ranges where QW states are
expected (shaded areas in the figure). For minority spin,
the number of quantum-well states increases with the Co
thickness. These QW states are shifted toward lower energies
below —0.67 eV and toward higher energies above 0.16 eV,
when the Co thickness increases. They respectively have a
strong (dyy + d,2.,2) and (d.; + d,) character. The majority
spin intense peak at —2.37 eV is a resonance state because
it is located in a continuum of the nickel substrate; it would
correspond to a surface state for the pure fcc Co(111) surface.

II1. DISPERSION OF THE LOCALIZED ELECTRON
STATES ALONG THE I'M AND 'K DIRECTIONS

We have calculated the dispersion of the surface and QW
states in the high-symmetry directions of the two-dimensional
Brillouin zone. The results obtained for Co(1ML)/Ni(111) and
for k;; along I'M ([112] direction) are shown in Fig. 4. The
curves represented in this figure describe the energy of the
localized electron states as a function of the wave vector k||,
until these states cross a continuum of bulklike states. The
localized states which have the strongest parabolic dispersion
toward higher energies are the unoccupied surface states (SS).
The dispersion is lower for the QW states, which split along
"M except when the energy range available for these states is
too small. We found nearly the same energies for the dispersion
along TK ([110] direction); small differences between the
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FIG. 4. Dispersion of the majority spin (left side) and minority
spin (right side) surface states (SS) and quantum-well states (QW1,
QWI', QW2, QW2', and QW3) along the T'M direction, for the
Co(1ML)/Ni(111) overlayer. The ends of the lines correspond to the
point where localized states cross a bulk state continuum and vanish;
for the minority spin quantum-well state QW1’, an intense DOS peak
persists when the state crosses the bulk continuum (dashed line in the
figure).

dispersion along 'K and T'M only appear for wave vectors
greater than 3 nm~!.

The orbital character of the localized states represented
in Fig. 4 can be understood from a group theory analysis.
The point group of k), along the £ (I'M) direction is C;
with the yz-mirror plane, and the corresponding irreducible
representations are A" (linear combination of s, p,, p., d.2,
dy, dy>.» atomic orbitals) and A” (py, dx;, dx,).”" Identity
being the only symmetry operation for k;; along the T (I'K)
direction, all the electron states in this case belong to the A

TABLE II. Symmetry and main orbital character of the majority
and minority spin surface and QW states for k| along ['M. The
labeling of the states is the same as in Fig. 4.

Name Spin Symmetry Main Contributions
SS Minority A’ Dz, dy;
SS Majority A D-
QW1 Minority A’ dy,
QWI’ Minority A dy,
QW1 Majority A+ A" dy;, dy;
QW2 Minority A” dyy
QW2 Minority A doy
QW2 Majority A" dyy
QW2 Majority A do
QW3 Majority A dp,d,,
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TABLE III. Same as in Table II, but for k;; along T'K.

Name Spin Symmetry Main Contributions
SS Minority A Pz, dy;
SS Majority A D:
QW1 Minority A dy,
Qw1 Minority A dy,
QW1 Majority A dy;, dy,
QW2 Minority A dy2.y2
Qw2 Minority A dyy
QW2 Majority A do.y2
QW2 Majority A dyy
QW3 Majority A dp

representation (linear combination of the s and all the p and
d atomic orbitals).*® Our numerical results are in agreement
with this orbital description. Tables II and III summarize the
symmetry of the electron states when k| is along ' M and T'K .
Most of the time, one or several terms dominate in the linear
combination of atomic orbitals which describes the electron
states: These main contributions are indicated in the tables.
Note that states with the E symmetry at [ usually split in
states with A’ and A” symmetry, while states with the A
symmetry at I" belong to the A’ symmetry for k), along T'M.

The conclusions which have been obtained for
Co(IML)/Ni(111) can be generalized for thicker Co
overlayers. The dispersion curves are however much more
complicated because of the high number of QW states which
exist in this case.

IV. TOTAL DENSITY OF STATES AND SPIN
POLARIZATION AT THE OVERLAYER SURFACE
We have calculated the total DOS for all the overlayers. Re-
sults for energies below the Fermi level can be used to analyze
the photoemission spectra recorded at the Co(nMLs)/Ni(111)
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FIG. 5. (Color online) Majority spin (dark line) and minority spin
(red line) total DOS for a surface Co atom of the Co(1IML)/Ni(111)
overlayer (top part of the figure) and corresponding spin polarization
(bottom part of the figure).
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FIG. 6. (Color online) Same as in Fig. 5, but for the

Co(5MLs)/Ni(111) overlayer.

surfaces. Some of the results are displayed in Figs. 5 and 6. The
majority spin d bands are fully occupied for all the overlayers
and the main differences between the DOS of the different
systems can be observed on the minority spin d states which
cross the Fermi level. When the overlayer consists of a single
Co atomic plane, the density of unoccupied minority spin states
integrated over a Co surface atom possesses a strong peak near
0.47 eV while the DOS shows a more broadened structure for
occupied states between —1.6 and —0.8 eV; see Fig. 5. The
majority spin DOS is not strongly different for a surface Co
atom of the Co(SMLs)/Ni overlayer, as shown in Fig. 6. The
minority spin DOS differs in this case, in particular just before
the Fermi level where the DOS curve passes by a minimum,
and above Er where the DOS is more broadened than for
Co(1ML)/Ni.
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The spin polarizations for a Co atom of the Co(1ML)/Ni
and Co(5MLs)/Ni overlayers only differ above the Fermi level.
This means that the differences between the spin polarizations
measured in photoemission experiments for different Co/Ni
overlayers will not originate from the topmost atomic layer but
from the second (and to a less extent from the third) monolayers
which will be formed by Ni atoms in the case of Co(1ML)/Ni
and by Co atoms for thicker Co layers. For unoccupied states,
the spin polarization for a surface Co atom of the Co(SMLs)/Ni
is nearly identical to that of a clean (111) fcc Co surface.

The total DOS curves can also be used to calculate the
spin magnetic moments of the different atoms. We found
that the magnetic moment of a surface Co atom is slightly
enhanced at the surface (between 2.7% and 4.5% depending
of the overlayer thickness) while it is identical to the bulk fcc
Co value for the interface Co atom. The spin magnetic moment
of the interface Ni atom is also higher (up to 3%) at the Ni/Co
interface than in bulk Ni.

V. SUMMARY

We used the first-principles code layer-KKR to calculate
the electronic structure in Co(nMLs)/Ni(111) overlayers as
a function of the Co thickness. Peaks in the DOS curves
show that localized electron states can exist in these sys-
tems. We identified their nature, QW or surface states, by
comparing the results with those calculated for analogous
Ni/Co(nMLS)/Ni(111) buried QWs. We found that the energy
of the surface states is the same for all the overlayers thicker
than 2 Co MLs, while the number of QW states increases with
the Co thickness. We described the dispersion and the orbital
character of these states along the I'M and I' K directions. For
the surface atomic layer, the total density of occupied states
poorly depends on the number of Co MLs deposited on the
substrate, which means that the spin polarization differences
measured for the different systems are essentially due to the
nature (Co or Ni) of the subsurface layer. These results could
help to interpret surface-sensitive spectra recorded in situ
during the growth of Co/Ni(111) multilayers.
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