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Ab initio study of Co and Ni under uniaxial and biaxial loading and in epitaxial overlayers
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A detailed theoretical study of structural and magnetic behaviors of cubic cobalt and nickel along the bee-fee
(Bain) transformation paths as well as of hcp cobalt and nickel loaded uniaxially along the [0001] direction at
various atomic volumes is presented. The total energies are calculated by spin-polarized full-potential linear-
ized augmented plane-wave method within the generalized gradient approximation and are displayed in con-
tour plots as functions of tetragonal or hcp c/a ratio and atomic volume; the borderlines between the ferro-
magnetic and nonmagnetic phases are shown. Stability of possible ferromagnetic phases of bcc nickel is
analyzed. The calculated contour plots are used to explain and predict the lattice parameters and magnetic
states of tetragonal and hcp cobalt and nickel overlayers on various (001) or (111) substrates, respectively. In
case of tetragonally deformed structures, the stresses needed to keep the thin films coherent with the substrates
are also determined and all Co and Ni overlayers on (001) cubic substrates are predicted to be ferromagnetic.
The agreement of available experimental data for Co and Ni overlayers with the results of bulk calculations is
remarkable and suggests that the geometrical effect of the substrate, i.e., imposing the lattice dimensions of the
substrate in the plane of the film to the film material, is one of the most important factors determining the
structure and properties of the film. In this way, the lattice parameters of Co and Ni overlayers may be very

well understood in terms of properties of appropriately deformed bulk Co and Ni.
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I. INTRODUCTION

In contrast to iron, cobalt and nickel do not exhibit a
variety of magnetic phases neither in the bulk nor in thin
films. Bulk Co may be found in two ferromagnetic (FM)
thermodynamically stable phases: hcp a-Co and fcc B-Co,
where the a-Co is stable at ambient conditions. The marten-
sitic hep-fee transition appears in the pressure range of 105—
150 GPa.! Bulk Ni exists in one ferromagnetic thermody-
namically stable phase with the fcc structure.

Recently, however, an increasing interest in bcc Ni can be
observed in literature. Tang et al.” and Tian et al.® prepared
overlayers of bce Ni on a GaAs(001) surface. It turns out that
these overlayers are ferromagnetic with a magnetic moment
not very different from the fcc bulk material. Although the
bulk bcc Ni is not stable with respect to tetragonal
deformation,* it is the interaction with the GaAs(001) sub-
strate which stabilizes the bcc Ni modification. On the same
substrate the bce Co thin film was prepared® and a Co film
with tetragonally distorted bce structure was reported on Pd
and Pt substrates.”® At present, great attention is paid to
magnetoelastic’ and magneto-optical properties'®'? of these
metals. For an extensive review of magnetic and other prop-
erties of 3d metal thin films, see Ref. 13 and references
therein.

It was demonstrated in the past that the properties of thin
films are very closely connected with the behavior of bulk
material at high shape deformations. For example, Alippi et
al.'* studied tetragonally deformed vanadium, cobalt, and
copper and related the structure of deformed bulk cobalt and
copper to the configuration of cobalt and copper overlayers
on (001) metallic substrates. An investigation of total energy
of iron as a function of volume and tetragonal deformation
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allowed for quantitative understanding of lattice parameters
and magnetic state of iron thin films on various (001)
substrates;'> a recent study on growth of iron on the
Ir(100)-1 X 1 surface'® revealed that the structure of iron thin
films retrieved quantitatively by low-energy electron diffrac-
tion (LEED) fits also rather well to the outcome of that pa-
per. A theoretical study of epitaxially grown Co and Ni thin
films on (111) metallic substrates based on the properties of
trigonally deformed bulk material of the film was recently
performed in Ref. 17.

In growing thin films, the stress acting in plane parallel to
the film plays an important role and has a strong impact on
magnetoelastic properties of epitaxial overlayers.'® This
stress may also be calculated from first principles!® and is
obtained experimentally by cantilever techniques.?*-22

Several theoretical studies about magnetism and stability
of Co and Ni under various loading conditions have already
been published, employing the ab initio approach?*-*7 or
other techniques.?® Also the hcp phase of Co was studied
from first principles in a very large interval of atomic volume
and deformation.?° However, none of these studies was ap-
plied to overlayers. Further, a long-term attention is paid to
searching of transition between nonmagnetic (NM) and fer-
romagnetic states of Fe, Co, and Ni at higher pressure,’*-’
but the results obtained up to now are not always conclusive.

The purpose of this paper is to present a detailed and
comprehensive analysis of the total energy and magnetic be-
havior of cubic cobalt and nickel along the tetragonal bce-fec
transformation paths as well as of hcp cobalt and nickel
loaded uniaxially along the [0001] direction at various
atomic volumes. Here we identify the stable and metastable
phases of these metals and find the phase boundaries be-
tween ferromagnetic and nonmagnetic cobalt and nickel
modifications. Similarly as in Refs. 15 and 17, the calculated
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total energies are used to predict lattice parameters and the
type of magnetic ordering of tetragonal or hcp cobalt and
nickel overlayers at various (001) or (111) substrates, respec-
tively. We also evaluate the stresses acting in the plane par-
allel to the film, which are needed to keep the film coherent
with the substrate. Our results agree remarkably well with
the available experimental data for Co and Ni overlayers
which suggests that a lot of structural properties of overlay-
ers may be understood in terms of properties of appropriately
deformed bulk material of the film.

II. COMPUTATIONAL DETAILS

Bcece and fec structures are related by means of tetragonal
(Bain) transformation path (see, e.g., Ref. 4). We may start
with the bce structure and consider it as a tetragonal one with
the ¢/a ratio equal to 1. Here ¢ is measured along the [001]
direction and a along a perpendicular direction. Subse-
quently, if we perform a uniaxial deformation along the [001]
axis (a tetragonal deformation), the structure becomes tetrag-
onal. However, at ¢/ a=\s“§, we arrive at the fcc structure,
which has again a cubic symmetry. The points c/a=1 and
cla=\2 correspond to the only high-symmetry structures en-
countered along the tetragonal deformation path. It turns out
that the derivative of the total energy with respect to the
parameter describing the path is zero at these points, and the
total energy exhibits the so-called symmetry-dictated
extrema.* Of course, other energy extrema may occur that
are not dictated by symmetry; they reflect properties of the
specific material. Similarly, we can deform the hcp structure
uniaxially along the [0001] axis. However, there are no struc-
tures with higher symmetry along this path.

Here we calculate the total energy of NM, FM, and
both single-layer (AFMI1-7]1]...) and double-layer
(AFMD-111]]...) antiferromagnetic (AFM) cobalt and
nickel along the tetragonal deformation paths keeping the
atomic volume constant; the region of atomic volumes stud-
ied extends from V/V,;=0.70 to V/V,=1.10 (V, is the
experimental atomic volume). Also we calculate the total en-
ergy of hcp Co and Ni as a function of the uniaxial deforma-
tion performed along the [0001] direction; the region of
atomic volumes studied extends from V/V,,=0.88 to
VIVep=1.25.

For application of bulk calculations to the structure and
properties of thin films, a notion of the epitaxial Bain
path'#38 is very useful. This path also connects the bcc and
fce structures. It is obtained by applying isotropic stress or
strain in the (001) plane of bee or fee structures and relaxing
the dimensions of the crystal in the direction perpendicular to
the (001) plane so that the stress perpendicular to this plane
vanishes. This mimics the situation in epitaxially grown cu-
bic or tetragonal thin films, where the material of the film
adopts the lattice dimensions of the substrate in the (001)
plane of the substrate and relaxes the interlayer distance
along the direction perpendicular to the plane of the sub-
strate. In this way, we can determine, in the first approxima-
tion, the structure of a thin film on a particular (001) sub-
strate. (Similarly, we may apply some uniaxial deformation
along the [001] direction and relax the dimensions of the
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crystal in the perpendicular directions, simulating thus the
Poisson contraction during a tensile test.3*~#!) If the dimen-
sions of the crystal under study are relaxed, then the atomic
volume is not conserved anymore—the parameters of the
structure of the film are obtained from the stress relaxation.
From the epitaxial Bain path, we also may determine the
stress o°P! acting in the plane of the film which is needed to
keep the film coherent with the substrate. This stress is ob-
tained from the relation

i N E

" 2ac da’

(1)

where a and c¢ are lattice constants of the film, N is the
number of atoms in the tetragonal cell (N=2 for body-
centered tetragonal and N=4 for face-centered-tetragonal
structure), and E is total energy per atom along the epitaxial
Bain path.

For the total-energy calculations, we utilize the full-
potential linearized augmented plane-wave (FLAPW)
method implemented in the WIEN2K code.*” The calculations
are performed using the generalized gradient approximation
by Perdew, Burke and Ernzerhof** (GGA-PBE). The muffin-
tin radius of atoms of 2.0 a.u. is kept constant for all calcu-
lations, the number of k points in the irreducible Brillouin
zone is equal to 2500, the product of the muffin-tin radius
and the maximum reciprocal space vector, Ryirkmay 18 equal
to 9, and the maximum value of / for the waves inside the
atomic spheres, [, is set to 11 for cobalt and to 9 for
nickel. The largest reciprocal vector G in the charge Fourier
expansion, G, is set to 16. For a correct treatment of 3p
semicore states, the augmented plane wave plus local-orbital
extension** is used. The energy convergence criterion is
1 X107 Ry/atom, and on the basis of the convergence tests
with respect to the number of the k points, the error in
calculated total energies may be estimated to be less than
5% 107> Ry/atom.

III. RESULTS AND DISCUSSION
A. Bain transformation paths at constant volume

Figures 1(a) and 1(b) display the variation in total energy
and magnetic moment of cobalt along the tetragonal defor-
mation path at the experimental lattice volume of the FM fcc
cobalt of 74.49 a.u.3, corresponding to the lattice parameter
of 6.68 a.u.¥ (our equilibrium lattice parameter of FM fcc
Co is 6.65 a.u.). The FM states have the lowest energy in the
whole interval of c¢/a studied. The NM and FM states exhibit
energy extrema at ¢/a=1 and c¢/a=\2 corresponding to
higher-symmetry structures (a maximum for the bec and a
minimum for the fcc structure). The energy maximum at
c/a=1 for the FM states is very flat, and the total-energy
profile of the FM states is very similar to that for Cu.*® The
second minimum on the FM curve, not dictated by symme-
try, is located at ¢/a=0.92 and corresponds to a tetragonal
structure. The AFM1 cobalt keeps its cubic symmetry only
for c/a=1, i.e., for the bcc structure. At ¢/a=2, the atoms
occupy the fcc lattice positions, but as the atoms with spins
up and down are not equivalent, the resulting symmetry is
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FIG. 1. [(a) and (c)] Total energy and [(b) and (d)] magnetic moment of [(a) and (b)] cobalt and [(c) and (d)] nickel as a function of c/a
along the tetragonal deformation path at the experimental atomic volume of FM fcc cobalt and FM fcc nickel, respectively; the energies are
given with respect to energies of the equilibrium ground states (FM hcp Co and FM fcc Ni).

tetragonal and no higher-symmetry structure occurs here.
Therefore, no symmetry-dictated extremum of total energy at
c/a=\2 is to be expected. Nevertheless, in the interval
1.25<c/a<1.48, the AFM1 state degenerates to the NM
state, as the total energy following from the AFM1 calcula-
tions is the same as that of the NM states and the correspond-
ing magnetic moment is zero within the error limits [see
Figs. 1(a) and 1(b)]. The symmetry of AFMD states is never
cubic and no symmetry-dictated extrema occur along the te-
tragonal deformation path; the energy maximum appears at
¢/a=0.95 and the minima occur at ¢/a=0.88 and 1.44 (the
lowest energy minimum for the AFMD states at the experi-
mental atomic volume). Also the NM and AFMI1 states ex-
hibit minima, not dictated by symmetry, at ¢/a=0.84 and
c/a=0.86, respectively.

The magnetic moments of the FM and AFMD states are
nearly constant along the whole path, whereas the AFM1
state exhibits a jump to zero values at ¢/a=1.25 and stays at
zero up to c/a=1.48. We would like to mention that the
lowest energy minimum in Fig. 1(a) corresponds to FM Co
with fcc structure, which is not the ground state of cobalt.
The ground state of cobalt exhibits the hcp structure with FM
ordering and its energy is by 1.2 mRy/atom lower than that
of the equilibrium fcc FM state.

Figures 1(c) and 1(d) display the behavior of the same
quantities for nickel at the experimental lattice volume of the
FM fcc structure of 73.58 a.u.® (the corresponding lattice
parameter is a=6.65 a.u.,*’ our equilibrium value for FM
fec nickel is 6.66 a.u.). Here again the FM states have the
lowest energy in the whole interval of c¢/a studied. It may be

seen that the total energies of various nickel modifications
differ much less that those of cobalt. For 1.25<c/a<1.48,
the total energy of the NM states is slightly higher than the
energy of both AFM states. Further, the energy of the AFM1
states is somewhat higher than the energy of AFMD states.
Again, the fcc FM and NM states exhibit symmetry-dictated
energy extrema at c¢/a=1 and c/a=\2, but the energy
minima of AFM1 and AFMD states are not dictated by
symmetry; in the neighborhood of the fcc structure, they
are found at c/a=1.41 and c/a=1.40, respectively. The
energy difference between NM and both antiferro-
magnetic states is very small at these points and cor-
responds to AE=0.08 mRy/atom for AFMI state and
AE=0.30 mRy/atom for AFMD state. The FM curve also
exhibits a second minimum at ¢/a=0.87, which is not dic-
tated by symmetry. For NM, AFM1, and AFMD curves this
minimum is shifted to ¢/a=0.91.

From Fig. 1(d) we may see that the magnetic moment of
the FM nickel does not change too much along the whole
deformation path with the exception of a small decrease in
the neighborhood of the bec structure (¢/a=1). On the other
hand, the magnetic moment of the AFM1 and AFMD nickel
exhibits nonzero values only in the neighborhood of the fcc
structure (c/a= \2) these values are considerably lower than
those for the FM states. For ¢/a<1.20, including the neigh-
borhood of the bee structure (c/a=1), the magnetic moment
of both AFM phases is nearly zero and they cannot be dis-
tinguished from the NM phase.

Finally, let us note that bcc modifications of cobalt and
nickel are unstable with respect to tetragonal deformation
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FIG. 2. Total energy of (a) cobalt and (b) nickel as a function of ¢/a and volume along the tetragonal deformation path relative to the
equilibrium ground-state energy. Only states with the minimum energy are shown. The contour interval is 0.001 Ry/atom. Thick lines show
the FM/NM phase boundaries. The crosses mark the epitaxial Bain path. The straight lines correspond to constant lateral lattice parameters
of various (001) substrates, as described in Sec. IIl C. The diamonds at those straight lines represent structures of Co and Ni films on the
corresponding substrates found experimentally; full circles exhibit theoretical results found in this work. The open circles shown in Fig. 2(b)

represent the results of other calculations.

(the total-energy profiles exhibit either maxima or a nonzero
slope at c/a=1).

B. Transition from the FM to NM state

Figure 2 displays total energy of cobalt and nickel as a
function of ¢/a and atomic volume relative to the energy of
the FM hep (Co) and FM fec (Ni) equilibrium ground state.
Thick line shows the FM/NM phase boundary. In cobalt [Fig.
2(a)], the NM state has the lowest energy for atomic volumes
lower than about V/V,,,=0.78 in the neighborhood of the
fcc structure and in the neighborhood of the point
(VI Vexprc/a)=(0.70,0.80). These results are in good agree-
ment with previously published data.”’ In nickel [Fig. 2(b)],
the NM state has the lowest total energy for atomic volumes
lower than about V/V,,,=0.85 in the neighborhood of the
bee structure. The AFM1 and AFMD states have a higher
energy than the FM or NM states in the whole region stud-
ied, both in Co and Ni.
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The border between the FM and NM regions corresponds
to dropping of both energy difference between the FM and
NM states and of magnetic moment to zero; this happens
when the atomic volume is decreased. Figure 3 shows these
two quantities for fcc Co and bee Ni. Let us note that these
transition points were looked after in many previous papers
with different results. One of the first studies of bec Ni, em-
ploying the local-density approximation (LDA),*° found the
FM-NM transition at a volume higher than the equilibrium
volumes of both the bcc and fcc phases. However, in the
following paper from the same authors?! this transition was
found at a much lower volume. Table I contains the ratio of
the atomic volume V,,,, corresponding to the transition from
the FM to the NM state for FM fcc Co and FM bce Ni to the
experimental atomic volume V,,, of FM fcc Co and FM fcc
Ni calculated with the help of various computational meth-
ods; the equilibrium lattice parameters a, and magnetic mo-
ments u are also given. The results obtained from the LDA
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FIG. 3. The difference between total energy of NM and FM states (circles, left axis) and magnetic moment (triangles, right axis) as a

function of volume for (a) fcc Co and (b) bee Ni.
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TABLE 1. Values of equilibrium lattice parameters a, and mag-
netic moments u for FM fcc Co and FM bec Ni and the atomic
volume Vs corresponding to the transition from FM to NM states
(in terms of experimental volume Vexp for FM fee Co and FM fce
Ni, respectively) calculated by various computational methods. The
tilde means that the value was taken approximately from a figure in
a corresponding reference. PBE means that the GGA according to
Ref. 43 and PW according to Ref. 48, respectively, were used.

ap (a.u.) M (IU'B) Virans/ Vexp
fce Co
This work (FLAPW-GGA-PBE) 6.65 1.64 0.78
ASW-LDA? 6.60 1.53 0.88
LMTO-LDAP 6.68 1.64 0.86
USPP-LDA® 6.50 1.52 ~0.78
USPP-GGA-PW°® 6.65 1.60 ~0.74
FLAPW-GGA-PBEY 6.67 1.64 <0.82
FLAPW-GGA-PBE® 6.66 1.65 ~0.75
Experiment 6.68" 1.61#8
bee Ni

This work (FLAPW-GGA-PBE) 5.29 0.55 0.85
ASW-LDA? 5.25 0.00 1.01
ASW-LDAP 5.28 0.10 0.94
USPP-LDA® 517  ~047 ~0.76
USPP-GGA-PW¢® ~528 ~0.54 ~0.75
FLAPW-GGA-PBE? 5.29 0.53 <0.91
PAW-GGA-PW! 5.29 0.55 0.89
FLAPW-GGA-PW! 5.29 0.55 0.91
Experiment* 5.33 0.52

2Augmented spherical waves (ASW) (Ref. 30).
"Linear muffin-tin orbitals (LMTO) (Ref. 49).
Ultrasoft pseudopotentials (USPP) (Ref. 50).
dReference 5.

“Reference 34.

fReference 45.

gReference 51.

hReference 31.

iProjector-augmented wave (PAW) (Ref. 52).
JReference 53.

kReference 3.

calculations for fcc Co exhibit higher values of V¢ than the
results from both variants of GGA.*** This is due to the
underestimation of magnetism in 3d metals by the LDA. Let
us note that the LDA combined with USPP (Ref. 50) pro-
vides a similar value of V,,, as GGA results, but here the
equilibrium lattice constant is strongly underestimated. The
USPP-LDA calculations exhibit a similar underestimation of
the lattice constant and V,,, also for the bcc Ni. Even when
the USPP method is used in combination with the gradient-
corrected exchange and correlation functional of Perdew and
Wang*® (GGA-PW), V. for bee Ni is also underestimated.
It follows from this analysis that the USPP approach is not
very suitable for treating transition metals in this region, con-
trary to the PAW method, which exhibits similar results as
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FIG. 4. Total energy of bcc Ni as a function of magnetic
moment (fixed-spin moment calculation) for ap,.=5.22 a.u.
(V1 Vexp=0.97) calculated with two variants of GGA: PBE (Ref. 43)
and PW (Ref. 48). The energies are given with respect to the energy
of the NM state. The arrow indicates a shallow minimum, which is
seen only if the GGA-PW is used.

our FLAPW calculation.’? Some differences between our re-
sults and those of other calculations where the same ap-
proach (i.e., FLAPW-GGA-PBE) was used>** may consist in
the fact that those calculations were not focused on searching
the FM-NM transition. To get it accurately, it is necessary to
use proper values of input parameters (e.g., a higher number
of k points).

In a particular place among the studies of the FM-NM
transition in bee Ni is the paper of Khmelevskyi and Mohn.>
These authors found that this phase transition may be accom-
panied by the existence of some other metastable magnetic
states with a lower magnetic moment, which can be detected
by fixed-spin moment calculation, and called these states
very weak itinerant ferromagnetic states. When we perform
such calculation for bcc Ni, we also detect occurrence of
shallow minima with energy of 0.01-0.05 mRy/atom below
the NM state and with magnetic moment of 0.05-0.20up.
However, these minima appear rather randomly and their po-
sition strongly depends on the approximation of exchange-
correlation energy used. For example, for the lattice constant
Apee=5.22 a.u. (V/Ve,,=0.97) also discussed in Ref. 53, we
get three minima at 0.05up, 0.10up, and 0.15up from the
GGA-PW (Ref. 48) calculations, whereas the GGA-PBE
(Ref. 43) approach yields two minima at 0.10ug and
0.15up—see Fig. 4. Also these minima are found nearly
within the error limits of the calculations. Therefore, we con-
clude that the existence of such low-spin states is rather
questionable. If they existed and we could prepare the bce Ni
in those states, then they had to be kept at very low tempera-
tures, otherwise thermal fluctuations would immediately
destroy them (the depth of the energy minima of about
0.01-0.02 mRy/atom corresponds to the temperature of
1.6-3.2 K).

C. Application of bulk results to Co and Ni thin films on
fce(001) substrates

Our contour plots (Fig. 2) enable us to predict easily the
lattice parameters and magnetic states of cobalt and nickel
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TABLE II. The experimental ¢/a ratios of cobalt overlayers on
(001) substrates in comparison with our calculated values, the
stresses in the (001) plane ¢°P', and the magnetic moments u per
atom.

PHYSICAL REVIEW B 78, 224105 (2008)

TABLE III. The experimental and calculated ¢/a ratios of nickel
overlayers on (001) substrates in comparison with our calculated
values, the stresses in the (001) plane 0Pl and the magnetic mo-
ments w per atom.

This work This work

g Expt. oV ) Agup Expt. o s
Substrate (a.u.) cla cla (GPa) (up) Substrate (a.u.) cla cla (GPa) (mp)
Au 7.69 0.942 0.93 -0.63 1.73 Au (calc.) 7.69 0.942 0.92 431 0.55
GaAs 10.67 1.00° 0.98 -0.95 1.74 GaAs 10.67 1.00P 0.98 ~-1.34 0.54
Pt 7.40 1.07¢ 1.04 1.66 1.74 Pd 7.34 1.11¢ 1.08 5.73 0.56
Pd 7.23 1.18¢ 1.13 5.62 1.70 CuzAu 7.08 1.234 1.22 9.15 0.61
Rh 7.18 1.19¢ 1.15 6.62 1.69 Cu 6.82 1.34¢ 1.35 5.22 0.63
Cu 6.82 1.33f 1.34 4.47 1.65 Cu (calc.) 6.82 1.27¢ 1.35 5.22 0.63
Ni 6.64 1.45¢ 141 1.24 1.64

dReference 54.
PReference 6.

‘Reference 7.

dReference 55.
“Reference 56.
fReference 57.
gReference 58.

overlayers at various (001) substrates. Similarly as in
Ref. 15, let us suppose that the pseudomorphic cobalt and
nickel overlayers adopt the lattice dimensions of the sub-
strate in the (001) plane and relax the interlayer distance
(characterized by c/a). If the lattice constant of a fcc
substrate is equal to ag,,, then in the coordinates x=c/a,
y=V/Vep, and z=E-E,, the surfaces corresponding to a
fixed ag, in the (001) planes are the planes y=kx (straight
lines in Fig. 2), where k=(v2/8)(a’,/ Vexp)-'® The configu-
ration and magnetic state of cobalt and nickel overlayers on
a (001) substrate correspond to the energy minimum con-
strained to this plane provided that the effect of the substrate/
overlayer interface consists primarily in fixing the lattice di-
mensions of the cobalt and nickel overlayers in the (001)
plane to ag.'> For the GaAs substrate with zinc-blende
structure, we have k=(1/16)(a§ub/Vexp). Using a different
proportionality constant is necessary because the positions of
atoms in the first monolayer in the cobalt or nickel film on
GaAs correspond to a film on the equivalent fcc substrate
with as, which can be obtained as ag,, of GaAs (10.67 a.u.)
divided by \2/2. Comparison with experimental data and
with other calculations performed in Fig. 2 is summarized in
Tables II and III. It may be seen that the calculated lattice
parameters of Co(001) and Ni(001) thin films on various
metallic substrates (represented by full circles in Fig. 2)
agree in most cases quite well with the experimental values
(diamonds).

The calculated bound minima lie at the epitaxial Bain
path, which is marked by crosses in Fig. 2. We may see that
all points representing the atomic configurations of Co and
Ni overlayers belong to the ferromagnetic region, so that our
calculations predict that the Co and Ni overlayers on the
(001) cubic substrate will always be ferromagnetic. This is
also confirmed by most experimental papers quoted in this
work.

#Reference 59.
PReference 2.

“Reference 60.
dReference 61.
“Reference 62.
fReference 63.

In the last columns of Tables II and III we also show the
calculated magnetic moments of Co and Ni overlayers at the
(001) substrates. However, as our treatment is based on bulk
calculations and it is known that the magnetic moment in-
creases with decreasing coordination, the true values of the
magnetic moments in surface layers of Co and Ni thin films
may be expected to be somewhat higher—for comparison of
our bulk results with existing surface and interface calcula-
tions, see Tables 13, 15, and 16 in Ref. 13. Nevertheless,
available experimental data indicate that the bulk calcula-
tions do reproduce also the measured magnetic moments of
overlayers quite satisfactorily. Namely, our calculated mag-
netic moment for Ni overlayers on the GaAs(001) substrate
(u=0.54up) agrees surprisingly well with the experimental
value (u=0.52+0.08u5).> A relatively good agreement is
obtained for Co overlayers on the same substrate [the experi-
mental value of 1.50u; (Refs. 6 and 64) is not too much
different from our calculated value of 1.74uy (see Table II)
and is even a little bit lower]. Experimental results for Co
and Ni overlayers on Cu(001) substrate, 1.80=*=0.30up
(Ref. 65) and 0.53 + 0.03 u,°° respectively, compare also fa-
vorably with our calculated values of 1.65up and 0.63up
(see Tables II and III). Regrettably, these are the only experi-
mental data on magnetic moments of Co and Ni overlayers
which we could find in the literature. Nevertheless, it may be
concluded that in these cases bulk results agree with the mea-
sured magnetic moments reasonably well.

Let us note here that, in principle, the situation need not
be so straightforward in some systems. For example, inter-
action between the film and the substrate may have a sub-
stantial effect on magnetic properties of the film. Recent the-
oretical studies of monolayers®’ or small clusters with atoms
in bee positions®® on bce W(001) substrate predict the anti-
ferromagnetic ordering of Co atoms. Experimentally pre-
pared Co overlayers on bcc W(001) substrate have a very
complicated structure which is formed by first two monolay-
ers with atoms in bcce positions, which are nonmagnetic, and
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FIG. 5. [(a) and (c)] Total energy and [(b) and (d)] epitaxial stress in (001) plane of [(a) and (b)] FM cobalt and [(c) and (d)] FM nickel
as a function of the lattice parameter of an fcc substrate ag,, along the epitaxial Bain path. The energies are given relative to the equilibrium
ground-state energy (FM hcp Co and FM fce Ni). The vertical dashed lines correspond to the bee and fec structures exhibiting a higher
symmetry than the other structures encountered along the path. The horizontal axes are oriented from the right to the left to facilitate a better
comparison with the total-energy profile along the Bain transformation path at constant volume presented in Figs. 1(a) and 1(c).

atoms in next monolayers occupy positions belonging to the

hep structure which has the (1120) plane oriented parallel
with the plane of the substrate.%%7 Although our bulk calcu-
lations reproduce quite well the experimental lattice param-
eters (and apparently, also the magnetic moments) of the Co
and Ni overlayers on fcc substrates, a similar type of agree-
ment cannot be a priori expected for films with a more com-
plicated structures such as Co overlayers on the bcc W(001)
substrate. The present calculations and previous studies'>!”
indicate that bulk calculations can be applied to understand-
ing of the structure and properties of thin films of iron, co-
balt, and nickel on fcc or fcc-like substrates for film thick-
nesses that are neither too thin nor too thick (between 3 and
12 monolayers.)

Figure 5 shows the profile of the total energy along the
epitaxial Bain path as a function of ag,, for (a) FM Co and
(c) FM Ni. Total energies have similar profiles as those of
FM states along the tetragonal transformation path at a con-
stant atomic volume Vi, [see Figs. 1(a) and 1(c)]. They
exhibit a symmetry-dictated minimum for the fcc structure
and symmetry-dictated maximum for the bcc structure as
well as one minimum not dictated by symmetry [for Co, this
minimum is found at ay;,~7.71 a.u., which corresponds to
¢/a=0.92; for Ni, it occurs at ay,,~7.82 a.u. (c/a=0.85)].
If we adopt the Maxwell construction (drawing a common
tangent connecting both minimum regions),”! we may con-

clude that the structures belonging to pseudomorphic thin
films are thermodynamically unstable in the bulk. However,
they may be stabilized in overlayers due to external stresses
0P which are needed to keep the film coherent with the
substrate. Differentiating the profiles from Figs. 5(a) and 5(c)
according to Eq. (1), we obtain the values of stresses oP'
acting in the (001) plane of the film. They are shown in
Fig. 5(b) for FM Co and in Fig. 5(d) for FM Ni. Zero values
of P! correspond to extrema on the total-energy profile,
i.e., for the fcc and bcece structures and for the minima not
dictated by symmetry. The maximum stress acting in plane
of the film can be found for ay,~7.08 a.u. (c/a=1.21) and
agp=7.11 a.u. (c/a=1.25) for Co and Ni overlayers, re-
spectively, which corresponds to an inflection point on the
total-energy profile between the bcc and fcc structures.

We can compare our calculated stresses with experimental
results obtained from cantilever stress measurements of
Co monolayers on Cu(001).”>7® Sander et al”® found
0%?'=3.37 GPa, which is in a quite good agreement with
our result 0°P'=4.47 GPa. The epitaxial stress can also
be calculated from continuum elasticity, which gives
0?'=3.93 GPa for lattice mismatch €=2.1% and biaxial
modulus Y=190 GPa.””> However, this approach may be
used only in a close neighborhood of the fcc structure, where
it may be supposed that the linear elasticity is valid. Cer-
tainly, it is not applicable for deformations larger than about
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FIG. 6. Total energy of hcp (a) cobalt and (b) nickel as a function of ¢/a and volume relative to the equilibrium ground-state energy (FM
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—

=4(8/3). In Fig. 6(a), the full circle and the diamond show the calculated and experimental values of ¢/a for hcp Co overlayer on Cu(111)

substrate. The contour interval is 0.002 Ry/atom.

4%, where we can see considerable deviations from the lin-
ear behavior.

D. Uniaxial deformation of Co and Ni in hcp structure and
application of bulk results to thin films on fee(111)
substrates

Because the ground state of cobalt is the FM hcp struc-
ture, we also performed total-energy calculations of cobalt
and nickel in this modification. Nickel in hep structure is
unstable, but it may be stabilized under certain special
conditions.”* Figure 6 displays the total energy of hcp Co and
Ni as a function of ¢/a and volume. Here the c/a stands for
the usual ¢/a ratio employed in the description of the hcp
structures, the ideal value of which is V(8/3) (it is marked
by a vertical dashed line in Fig. 6). In cobalt, the FM
state dominates the whole studied region. The minimum of
total energy was obtained for V/V,,=0.98 and c/a=1.62
(Vexp=74.81 a.u.?),*” which corresponds to a=4.71 a.u.
and ¢=7.63 a.u. Experimentally obtained values are
a=4.74 au. and ¢=7.69 au. (Ref. 47). The second
(metastable) minimum was found for V/V,=1.18 and
c/a=0.73, which is in good agreement with previously pub-
lished data.?® For nickel, we can observe a distinct FM/NM
boundary for values of c¢/a between 0.80 and 1.20 and
VIVep<<1.19. We found a minimum of total energy for
VIVep=101 and c¢/a=1.65 (here V., is the experimental
atomic volume of FM fcc Ni). The total energy of this hcp
state is about 2.0 mRy/atom above the ground-state energy of
the FM fcc state. The second (metastable) minimum was
found for V/V.,=1.19 and ¢/a=0.72, nearly at the same
position as in the case of Co. For both metals antiferromag-
netic states were also studied, but their energies were not
lower than those of FM or NM states, and therefore, they do
not appear in Fig. 6.

Again, these contour plots may be used for prediction of
the lattice parameters of hcp cobalt and nickel overlayers at

(111) fec or (0001) hep substrates, similarly as we used the
contour plots for tetragonal deformation. The equation of
straight lines representing the (111) fcc substrates in the con-
tour plots in Fig. 6 are y=kx with k=(\s“'6/16)(a§ub/\/exp),
where ag,, is the lattice constant of the fcc substrate.
For a (0001) hcp substrate we have y=kx with
k=(\3/4)(al,/ Vexp) and agy, is now the lattice parameter a
of the hcp substrate. However, the epitaxial growth of thin
films on these substrates is more complicated because here
there are two possible stackings of the layers in the film:
ABABAB.. ., which gives the hcp structure, and ABCABC...,
which provides the trigonally distorted fcc structure. On that
ground the contour plots in Fig. 6 cannot be used for predic-
tion for structure of thin film on cubic (111) or hep (0001)
substrates directly but films with verified hcp structure may
be introduced here. In this paper, we focus only on films with
the hcp structure because the description of Co and Ni over-
layers on (111) fcc substrates has already been given
elsewhere.!”

We have found only one experimental paper reporting co-
herent hep overlayers of cobalt on an (111) substrate dealing
with Co on Cu(111).”> As we can see from Fig. 6(a), the
experimental ¢/a ratio of 1.58 from that paper agrees very
well with our calculated value of 1.56. For this film we pre-
dict the magnetic moment to be u=1.62up. For nickel we
have not found any paper regarding Ni coherent overlayers
with the hep structure. All experimentally prepared Ni layers
on (111) substrates have the trigonally distorted fcc structure
(see Ref. 17 and references therein). That is why there are no
straight lines in Fig. 6(b). To the best of our knowledge,
except for the paper,” no other experimental papers reported
coherent hcp Co and Ni overlayers.

E. Different coherence of films on fce(001) and fee(111)
substrates

As we have seen in our recent paper on Co and Ni thin
films on fcc(111) substrates,'” only some substrates are suit-
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able for preparation of stable coherent thin films and films
prepared on other substrates are incoherent with a structure
similar to the ground state. As a criterion of stability for
coherent films we used the curvature of the total-energy pro-
file along the epitaxial Bain path and the limit of stability
was set by the maximum possible stress o°P' acting in the
plane of the film, corresponding to the inflection point on the
total-energy profile. If we apply the same approach to the
films on (001) substrates, we may conclude that films on the
substrates with a,, corresponding to the neighborhood of the
bee structure should also be incoherent as the curvature of
the total-energy profile is negative in this region. This situa-
tion takes place for the cobalt films on Rh, Pd, Pt, and GaAs
[see Fig. 5(a)] and for the nickel films on Pd and GaAs [see
Fig. 5(c)]. However, all experimentally prepared films on
these substrates are coherent. Why is it like that? We may
look at it from different points of view, which are, neverthe-
less, closely related to each other. (i) Stresses in the films on
the (111) plane are typically much larger than in the films on
the (001) plane. Whereas the inflection points at the total-
energy profiles for the (111) Co and Ni thin films correspond
to stresses of about 20 GPa and strains of about 12% [see
Figs. 2(b) and 3(b) of Ref. 17], the inflection points for the
(001) Co and Ni films exhibit the values of the maximum
stress of about 8 and 10 GPa, respectively, and the corre-
sponding strain is only about 7% (see Fig. 5). (ii) Elastic
deformation in close-packed planes [such as (111) or (0001)]
is, accordingly, more difficult than in a more open plane. (iii)
Stability of coherent films is related to the energy of dislo-
cation network.’® This energy will be lower for the (111)
plane because formation and motion of dislocations is easier
along the fcc(111) plane than along the fcc(001) plane. (iv)
The (111) plane may be considered to be rather “smooth”
and the (001) plane rather “rough.” For these reasons, the
stability of coherent epitaxially constrained thin films is
higher on the fcc(001) substrates than on the fcc(111) sub-
strates and the (001) substrates are usually more capable to
stabilize these deformed structures. Let us note that the
stresses acting in the (001) plane to keep the film coherent
with the substrate range only from —1.5 to 6.6 GPa for Co
films on Au, GaAs, Pt, Pd, and Rh, and from —4.5 to 9.2 GPa
for Ni films on Au, GaAs, Pd, and CuzAu [Figs. 5(b) and
5(d), Tables II and IIT]. Co films on Au and GaAs substrates
and Ni films on GaAs substrate exhibit especially low values
of the epitaxial stresses and the (001) face of GaAs admits
nearly perfect bcc Co and Ni films. Similarly as shown in the
previous papers,'>!7 Figs. 2 and 5 may be employed for a
prediction of the lattice dimensions of cobalt and nickel films
on various (001) substrates.

PHYSICAL REVIEW B 78, 224105 (2008)
IV. CONCLUSIONS

In summary, we have calculated total energies of cubic
cobalt and nickel as a function of atomic volume and tetrag-
onal deformation for various magnetic phases and found the
phase boundaries between the FM/NM modifications at
smaller volumes. We have also determined an FM/NM phase
boundary in hcp nickel loaded uniaxially along the [0001]
direction.

The calculated contour plots of total energies were used
for understanding and prediction of lattice parameters and
magnetic states of cobalt and nickel overlayers at various
(001) substrates. In agreement with available experimental
data, we predict that all Co and Ni thin films on (001) fcc
substrates will be ferromagnetic (see Fig. 2). Stresses acting
in the (001) plane of the films were also determined; the
calculated values agree well with existing experimental find-
ings.

The present study shows that the structure and magnetic
moments in Co and Ni overlayers on various substrates may
be very well understood in terms of properties of appropri-
ately deformed bulk Co and Ni. The agreement of available
experimental data for overlayers with the results of bulk cal-
culations is remarkable and suggests that the geometrical ef-
fect of the substrate, i.e., imposing the lattice dimensions of
the substrate in the plane of the film to the film material, is
one of the most important factors determining the structure
and properties of the film. Therefore, similar to the case of
iron,'>1% we may expect that the energy contour plots pre-
sented in this work will be used for prediction of the struc-
ture of Co and Ni overlayers on other (001) substrates.
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