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Co�Pt films with composition around Pt 25 at% grown by
evaporation or sputtering exhibit a larger magnetocrystalline

anisotropy (MCA) than that reported for bulk Co�Pt alloys in
the same composition range.1�3 The high anisotropy has been
ascribed to the formation of a metastable phase with Pmm2
orthorhombic symmetry consisting of a hexagonal stacking of
alternating atomic layers of pure Co and equiatomic Co�Pt,
respectively. This phase is stabilized at intermediate growth
temperatures (between 200 and 450 �C) by a balance between
the surface diffusion of adsorbed atoms and the growth process
due to the incoming flux of atoms. Enhanced diffusion favors the
achievement of an equilibrium configuration, which involves Pt
enrichment at the surface,4 and thus facilitates the formation of
Co/Pt bilayers; a high growth rate on the contrary favors kinetic
trapping and the formation of random atomicmixtures.5 To form
the metastable phase, the growth temperature should be suffi-
ciently high to enable a fraction of the Pt to be at the surface
during growth, but not so high for diffusion processes to smear
the atomic layering.

The magnetic anisotropy of these films has been observed to
be along the vertical c-axis and to increase linearly with the
volume fraction of ordered Pmm2 phase, extrapolating to Ku∼3
MJ/m3 for the completely ordered phase.3,6,7 Such phase and the
corresponding synthesis conditions are therefore of extreme

interest in the pursuit of magnetic media with high anisotropy
and/or permanent magnet materials obtained by thin films
processes.8 Particularly useful is the possibility to synthesize such
phase by electrochemical deposition. Due to its selective growth
onto electrically conductive surfaces this technique is in fact
capable to precisely reproduce deep sub-μmand high aspect ratio
lithographic templates through a purely additive process, avoid-
ing shadowing effects and etching defects usually seen with
vacuum deposition techniques.9

In this Letter, we report on the observation of an unusually
high MCA in electrodeposited Co-rich Co�Pt alloys. Compar-
ison of experimental X-ray photoelectron spectra with electronic
structure calculations based on density functional theory sup-
ports the hypothesis of formation of a Pmm2 phase in electro-
deposited films.

Co-rich Co�Pt films were grown onto Au underlayers with a
(111) preferred orientation, obtained by sputtering a bilayer
Au(100 nm)/Cr(10 nm) on the native oxide of Si wafers or on
glass. The Co�Pt films (Co∼72�76 at %; P 3 at %; O∼3 at%; Pt
balance, as measured by X-ray photoelectron spectroscopy10)
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ABSTRACT:Co-rich Co�Pt films grown by electrodeposition
from an amino-nitrite/citrate/glycine electrolyte onto Au(111)
substrates apparently grow with a hexagonal structure, with its
c-axis directed perpendicular to the surface. The films exhibit a
perpendicular magnetic anisotropy (MCA) of the same order of
magnitude as the shape anisotropy. Experimental estimates of
the MCA result in a higher anisotropy than that reported for
bulk materials of the same composition, but similar to values
measured in films grown by vacuum methods at relatively high
temperature, which partly consist of a high anisotropy, meta-
stable orthorhombic Pmm2 phase. Comparison of valence band X-ray photoelectron spectroscopy measurements on electro-
deposited films with density functional theory simulations of the electronic structure of the various reported Co3Pt structures
support the notion that the films may consist of a mixture of the hexagonal and the Pmm2 structure.
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were electrodeposited at a current density (CD) of 10�50mA/cm2

from an amino-nitrite/citrate/glycine electrolyte containing
10 mM Pt2þ and 0.1 MCo2þ, at a temperature of 75 �C, without
solution stirring.10,11

Figure 1 shows the X-ray diffraction (XRD) patterns of 500 nm
thickCo�Pt films electrodeposited onto Au substrates. The films
are highly oriented according to a high-density plane that we
identify as the hexagonal (00.2) plane.12 The quality of the
orientation is enhanced by increasing the current density, and the
peak shifts to lower angles, indicating a slight increase in the Pt
fraction (see Supporting Information for a discussion of these
results). Figure 2 shows the magnetic hysteresis loops in the
perpendicular direction for these films. The magnetic response
suggests perpendicular anisotropy, with the loops being sheared
because of a shape anisotropy contribution of the same order of
magnitude as theMCA. Coercivity increases with current density
and Pt content, and is probably related to the smaller grain size
and magnetic decoupling at grain boundaries.12 In-plane hyster-
esis loops (see Figure 2 in Supporting Information) evidence a
linear response and a practically closed loop up to saturation. The
almost ideal perpendicular response allows using the in-plane

susceptibility to indirectly estimate the anisotropy of the films.
In this method, for an oriented hexagonal film with the c-axis
perpendicular to the surface, in-plane magnetization occurs
against the MCA, and saturation ideally occurs at the field:

Hsat ¼ 2Keff=Msat ð1Þ
where Keff is the effective anisotropy and Msat the saturation
magnetization. Keff represents a lower bound estimate of the real
anisotropy Ku due to the thin film demagnetizing effect.

The maximum possible shape anisotropy, when the film is
uniformly magnetized in the perpendicular direction, is Kshape =
1/2 Msat

2 . An upper bound estimate for the anisotropy is there-
fore:

K0 ¼ Keff þ 1=2M2
sat ð2Þ

Keff was experimentally determined by linear extrapolation of the
in-plane susceptibility observed at low fields to the saturation
magnetization, andMsat was determined experimentally from the
measured film moment and volume. The corresponding lower
and upper bounds forKu obtained from eqs 1 and 2, respectively,
are reported in Table 1; these values should be compared with
the anisotropy values measured for bulk Co�Pt (Pt 20 at %)
samples, estimated at 0.9�1 MJ/m3.3,13

The intrinsic anisotropy Ku expected in electrodeposited films
should therefore be higher than the bulk value,3,13 suggesting that
a certain volume fraction of a high anisotropy phase might be
present in electrodeposited films. Possible phases being formed
in Co-rich Co�Pt include the disordered face-centered cubic,
the ordered L12, the hexagonal close-packed DO19, and the
orthorhombic Pmm2 discussed above.Willoughby et al.14 discuss
the relative stability of the L12, DO19 and Pmm2 phases, finding
that the L12 phase is the most stable; however, the energy of the
other two phases is only slightly higher (28�34 meV/at).
Additionally, these differences in energy among the various
phases decrease further if the structures are stretched. At the
Au(111)/Co�Pt(00.2) interface the lattice mismatch is 12%,
suggesting the possibility that epitaxy at such interface might
decrease these energy differences.

There is no clear evidence of an ordered phase in our films.
Extensive TEM investigations in this direction12 were unsuccess-
ful, and X-ray diffraction patterns (Figure 1) do not show any
superlattice (00.1) peaks, which should be observed in case the
Pmm2 phase were present in a significant amount. This, however,
does not rule out the presence of such a phase, because a slight
misalignment or a very small grain size of the ordered phase
would fail to provide any significant X-ray signal.

To achieve a better insight into the crystal structure of
electrodeposited films, we performed valence band X-ray photo-
electron spectroscopy (XPS) measurements and we interpreted
them by band structure calculations of the Pmm2, DO19, and L12
phases.

Figure 1. XRD patterns for 500 nm thick electrodeposited Co�Pt films
grown on Au underlayers.

Figure 2. Perpendicular hysteresis loops of Co�Pt (Pt∼20 at%) films,
500 nm thick.

Table 1. Keff and K0 (see text) for Electrodeposited Co-rich
Co�Pt Films. Keff is Determined by In-plane Susceptibility
Measurements and K0 is estimated from Keff and the Shape
Anisotropy

CD (mA/cm2) Keff (MJ/m3) K0 (MJ/m3)

10 0.88 1.51

50 0.99 1.62
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Valence band and core level spectra of the Co�Pt alloys were
investigated by XPS, using a PHI 5600 ESCA System, equipped
with a hemispherical electron energy analyzer and an Al KR
monochromatic source (1486.6 eV).

All spectra were acquired at a takeoff angle of 45� with a pass
energy of 2.95 eV and a resolution of 0.025 eV/step. The C1s
core line (284.5 eV) was taken as the reference peak after Ar ion
sputtering of the adventitious carbon surface layer. Sputtering of
a 30 nm thick layer (SiO2/Si calibration) was achieved using a
4 KeV beam voltage, 15 mA emission current, over a 4� 4 mm2

rastering area.
The electronic density of states (DOS) of Co3Pt alloys in the

three phases were calculated within the density functional theory
(DFT) by including self-consistently the spin�orbit interaction.
We employed ultrasoft pseudopotentials,15 a plane wave expan-
sion of Kohn�Sham orbitals and the Perdew�Becke�Ernzerhof16

approximation for the exchange and correlation energy as imple-
mented in the Quantum ESPRESSO suite of programs.17 Further
details on the computational framework and on the resulting
electronic properties are given in the Supporting Information.

The theoretical DOS of the Pmm2 phase together with other
Co3Pt phases are reported in Figure 3a. By projecting the DOS on
atomic pseudowave functions we estimated an electron transfer of
0.06�0.07e� from Pt to Co for all phases. This finding is in
agreementwith the interpretation of XANES spectra of pureCo, Pt
andCo�Pt alloys by Lee et al.18 who also reported Pt 4f7/2 and Co
2p3/2 core levels shifts for Co�Pt alloys similar (about 0.25 eV and
�0.1 eV) to those we measured for the electrodeposited films at
similar compositions. In our films the Pt 4f7/2 and Co 2p3/2 core
levels are shifted with respect to the puremetals at higher (0.42 eV)
and lower (� 0.075 eV) binding energies, respectively. As opposed
to the interpretation of the core level shift in Co�Pt alloys given by
Wakisaka et al.,19 the sign of the charge transfer emerged from the
ab initio calculation suggests that the positive shift of the Pt 4f7/2
level should be due to a lower screening at the Pt site in the alloys
with respect to the pure phase. On the other hand the electron
transfer from Pt to Co results in a positive shift (higher binding
energy) of the valence bands projected on Co (cfr. Figure 5 in the
Supporting Information) with respect to pure Co. The measured
(small) negative shift of the Co 2p3/2 core level might thus be a
result of electronic relaxation in the final state.

In Figure 3b, the experimental valence band photoemission
spectrum of a Co�Pt film is compared with the theoretical
spectra of the Pmm2 phase with and without the Shirley back-
ground correction. The theoretical photoemission spectra are
obtained from the projections of the DOS on the two atomic
species which were then weighed by the sensitivity factor SPt/SCo =
2.877 to account for the difference in the photoemission cross
section of the two atomic species. To compare with experimental
data, we convoluted the theoretical spectra with a Gaussian
(variance 1 eV). Calculations of the photoemission spectra of
pure metals show a good agreement with experiments in
the position of the peaks with sizable misfit in the relative inten-
sity presumably due to approximated transition matrix elements
(cfr. Figure 6 in the Supporting Information). Comparison with
experiments for the Pmm2 alloy is similarly good for peak
positions and less satisfactory for intensities. The disagreement
is, however, worse for the pure L12 and DO19 phases or a mixture
of the two. The photoemission spectra of the Co3Pt phases
are also very different from the weighed superposition of the
spectra of the two pure metals (cfr. Figure 7 in the Supporting
Information).

A better agreement with the experimental spectrum of the
alloy is achieved by assuming a hypothetical mixture of the Pmm2
and the DO19 phases, or to a lesser extent of the Pmm2 and the
cubic L12 phases (Figure 3b, see the Supporting Information for
further details). This outcome supports the notion that the
electrodeposited films might indeed consist of a fraction of the
Pmm2 phasemixed with one or both of the other two phases. The
hypothesized structure would also explain the high anisotropy
values observed.

In summary, electrodeposited Co-rich Co�Pt films exhibit a
magnetocrystalline anisotropy larger than the corresponding
bulk value and similar to that of films deposited by evaporation

Figure 3. (a) Theoretical electronic density of states of the Pmm2,
DO19, and L12 phases. (b) Experimental photoemission spectrum (as
recorded and with the background correction according to Shirley)
compared with the theoretical spectra of the Pmm2 and of a mixture
(50%�50%) of Pmm2 and DO19 phases or of Pmm2 and L12 phases.
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or sputtering. A comparison of valence band XPS data with DFT
predictions support the hypothesis that a certain volume fraction
of the alloy may consist of the highly anisotropic Pmm2 phase,
directly observed by others in films sputtered at relatively high
temperatures.
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