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Nonepitaxially grown nanopatterned Co—Pt alloys with out-of-plane
magnetic anisotropy
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M. Maret,® and M. Albrecht!
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2Department of Physics, University of Konstanz, D-78457 Konstanz, Germany
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A study on the structural and magnetic properties of 5-nm-thick Co-Pt alloy films grown on thermally oxidized SiO, /Si(100)
substrates as well as on self-assemblies of spherical SiO, particles with sizes down to 10 nm is presented. An out-of-plane
easy axis of magnetization was stabilized at deposition temperatures as low as 250 °C in a broad composition range between
40 and 70 at. %of Pt. Owing to the low deposition temperatures, no chemical long-range order is found. Thus, the strong out-
of-plane magnetic anisotropy is expected to be caused by anisotropic short-range order effects. The magnetic behavior of
CoPt alloys with an equiatomic composition grown on arrays of SiO, particles was found to be similar to those on planar
substrates. Structural investigations using high-resolution transmission electron microscopy revealed that a continuous CoPt
layer has been formed, covering the particle tops and connecting them. The magnetic CoPt caps exhibit an out-of-plane easy
axis for all particle sizes; however, no pronounced difference in coercive field with particle size was observed, which is

associated with the specific morphology of the film structure.

I. INTRODUCTION

For further increase in the storage density in magnetic
hard disk drives, materials with high uniaxial out-of-plane
magnetic anisotropy such as (001) textured FePt or CoPt
alloys are required to provide sufficient thermal stability for
the written bits of information. However, high annealing
temperatures are required to form an L1, chemical order in
initially fcc-disordered alloys.” Therefore, many studies are
directed to lower the ordering temperature, for instance, by
growing the alloys on appropriate buffer layers, such as
MgO, Ag, Cr, and CrRu,”™ or by utilizing surfactants to
guide the formation of anisotropic local ordering during
deposition.e‘8

Recently, a reduction in ordering temperature was re-
ported for CoPt;(111) thin films grown on a low energy sur-
face of WSe,(0001).”™ In this case, a strong out-of-plane
magnetic anisotropy is induced by a short-range anisotropic
chemical order driven by Se segregation even for films
grown at room temperature.8 Note that out-of-plane aniso-
tropy direction is not expected neither in the disordered fcc
structure nor in the L1,-ordered CoPt;(111) phase. A similar
behavior was also observed in thin CoPt3(111) films grown
on Pt(111) and Ru(0001) at elevated deposition temperatures
of about 400 °C just before long-range L1,-type chemical
ordering sets in.** In addition, the presence of out-of-plane
anisotropy was found in fcc-disordered CoPt films with an
equiatomic composition grown on fused SiO, substrates.*
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The physical origin of the short-range ordering resulting
in the out-of-plane magnetic anisotropy is not yet clear. In
this regard, Maranville et al."® performed kinetic Monte
Carlo (MC) simulations on continuous CoPt; films relating
the out-of-plane magnetic anisotropy to the short-range order
induced by clustering of Co due to its step-edge segregation
during the deposition process. This Co step-edge segregation
does not depend on a particular growth direction. Therefore,
the magnetic anisotropy orientation is expected to be inde-
pendent of the growth direction, in agreement with experi-
mental results reported by Shapiro et al.'® In contrast, MC
simulations by Heinrichs et al.*"*® considered Pt segregation
at the surface as a mechanism responsible for the short-range
order effect in CoPt; alloy nanostructures.

In this article, a detailed study on the magnetic and
structural properties of 5-nm-thick Co-Pt films grown on
thermally oxidized Si(100) substrates is presented, including
a careful investigation of the dependence on the growth tem-
perature and composition of Co—Pt alloys. Furthermore, the
combination of a template consisting of self-assembled nano-
particles with magnetic film deposition provides an elegant
way of creating ordered arrays of nanostructures with well-
defined magnetic properties.">** Therefore, it was investi-
gated how these film properties will be altered by depositing
5-nm-thick CoPt alloys with an equiatomic composition onto
self-assemblies of spherical SiO, particles with various par-
ticle sizes down to 10 nm.

II. EXPERIMENTAL DETAILS

The deposition of metal films was performed on planar
thermally oxidized 100-nm-thick SiO,/Si(100) substrates as
well as on monolayers of self-assembled SiO, particles. Par-
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ticle self-assemblies were prepared by using the convention
routine proposed by Micheletto et al.,?” where a droplet of a
particle/water mixture is deposited onto a thermally oxidized
silicon wafer. The samples were introduced into a molecular
beam epitaxy chamber operating at a base pressure of 2
X 107 mbar. Metal deposition was carried out utilizing two
electron beam sources. The composition of the codeposited
Co-Pt alloy was controlled by a mass spectrometer adjusting
the ratio between the individual Co and Pt fluxes. The depo-
sition temperature, T, Was varied between room tempera-
ture and 415 °C. The total thickness of the Co-Pt alloys was
chosen to be 5 nm. An additional 1-nm-thick Pt capping
layer was deposited at room temperature to protect the
samples from oxidation.

The structural characterization has been carried out by
x-ray diffraction (XRD) using a four-circle Huber diffracto-
meter equipped with a CuKa rotating anode (A
=1.5406 A) and by scanning electron microscopy (SEM)
and by high-resolution transmission electron microscopy
(HRTEM) employing a 200 kV Philips CM 20 FEG trans-
mission electron microscope. The magnetic properties of the
samples were investigated by a polar magneto-optical Kerr
effect (P-MOKE) magnetometer using a focused laser beam
with a wavelength of 670 nm and by a superconducting
quantum interference device magnetometer in both in-plane
and out-of-plane geometries. Magnetic force microscopy
(MFM) was utilized to image the magnetic domain configu-
rations of the samples at room temperature.

Ill. RESULTS AND DISCUSSION

A. CoPt alloys grown on planar SiO, substrates:
Temperature dependence

5-nm-thick CoPt alloy films with an equiatomic compo-
sition were grown on amorphous SiO,/Si(100) substrates at
various growth temperatures between room temperature and
415 °C. The topography of the films was studied using
atomic force microscopy (AFM), SEM, and transmission
electron microscopy (TEM), revealing a grainy film mor-
phology with a root mean square roughness of about 0.7 nm
as well as a grain size of (20+5) nm, which varies only
slightly with deposition temperature up to 415 °C. An ex-
ample is given in Fig. 1(a) showing a cross-sectional bright
field TEM image performed on a film grown at 415 °C.

In addition, XRD measurements reveal a [111] preferred
orientation of grains along the surface normal (Fig. 2). The
main structural properties deduced from the x-ray patterns
are summarized in Table I. The spacing of the fcc 111 planes
is found to be very close to that in the bulk CoPt alloy
(dy1,=2.18 A). The perpendicular coherence length, L perps
deduced from the full width at half maximum (FWHM) of
the 111 peaks increases with increasing deposition tempera-
ture, indicating an improvement of the (111) texture. The
FWHM of the rocking curve measured at the 111 reflection
for the sample grown at 415 °C is equal to 10° characteriz-
ing the poor degree of 111 grain orientation, in agreement
with the HRTEM micrograph [Fig. 1(b)]. For the other
samples grown at lower temperatures, the rocking curves are
nearly flat, confirming the random orientation of 111 grains.

FIG. 1. (a) Cross-sectional bright field TEM study performed on a CoPt film
grown at 415 °C revealing CoPt grains with a width of about 20 nm. (b)
HRTEM micrograph shows randomly oriented CoPt grains.

The magnetic characterization performed on the sample
grown at RT reveals an in-plane magnetic anisotropy domi-
nated by the shape anisotropy of the magnetic film. An an-
isotropy field of Hy=7.1 kOe is extracted from the hard-axis
loop (measurement in the out-of-plane geometry) [Fig. 3(a)].
Taking into account the saturation magnetization of the film
(Ms=589 emu/cm?®), an effective anisotropy constant of
Kei=HaMg/2=-2.1X10° ergs/cm?® was estimated. The lat-
ter nearly matches the value of the shape anisotropy, Kgpape
=2mM3=-2.2x 10° ergs/cm®. Note that the saturation mag-
netization is found to be substantially smaller than the value
reported for bulk CoPt alloys, which is in the range of
800 emu/cm3.2% Although a lowering of the saturation
magnetization is reported for nanostructured FePt films,* the
reason for the reduction of Mg in CoPt alloys grown on SiO,
substrates is not clear. The formation of dead magnetic layers
at the interface between CoPt and SiO, might be one of the
possible explanations.

Intensity (a.u.)

38 40 42 44 46 48 50
20 (deq)
FIG. 2. (Color online) XRD 6-26 diffraction patterns of 5-nm-thick CoPt
alloy films grown on SiO,/Si(100) substrates at various temperatures. The

positions of the fundamental 111 and 200 peaks for the bulk CoPt alloy are
marked with dashed lines.



TABLE |. Summary of the structural properties of 5-nm-thick CoPt alloy
films grown on SiO,/Si(100) substrates at various temperatures. The XRD
study was performed using Cu K« radiation (\=1.5406 A). The position of
the 111 peak, 26, the FWHM of the peak, A(26), the perpendicular coher-
ence length, L, and the spacing of the fcc 111 planes, d;,, extracted from
the peak position are listed.

Tuep=20 °C 250 °C 350 °C 415 °C
26, deg 41.24 41.43 41.42 41.24
A(26), deg 2.14 1.90 1.85 1.81
Lperps MM 4.4 5.0 5.1 5.2

dyg, A 2.19 2.18 2.18 2.19

The increase in the deposition temperature above
160 °C results in the appearance of a uniaxial magnetic an-
isotropy, leading to the stabilization of an out-of-plane easy
axis of magnetization (Fig. 3). A maximum effective aniso-
tropy value of about 2.6 X 10° ergs/cm® was obtained for
the sample deposited at 415 °C [Fig. 4(a)]. The increase in
anisotropy is accompanied with an enhancement of the out-
of-plane coercive field, He [Fig. 4(b)]. In addition, an en-
hancement of the normalized out-of-plane remanence mag-
netization, Mg/Msg, was observed, as summarized in Fig.
4(c).

The presence of a strong out-of-plane magnetic aniso-
tropy was also confirmed by analyzing the local magnetic
domain configuration of the CoPt alloy in the demagnetized
state using MFM imaging. A clear dark and bright contrast
was observed, as shown in Fig. 5, where the increase in the
deposition temperature from 250 to 415 °C leads to a slight
decrease in the average domain size from (150+30) to
(120+30) nm.

Owing to the structural isotropy and the absence of the
L1, chemical order, the presence of neither out-of-plane easy
axis of magnetization nor strong magnetic anisotropy is ex-
pected. The presence of an out-of-plane magnetic anisotropy
in fcc CoPt; films has already been reported™**?"? and has
been explained based on x-ray absorption fine structure mea-
surements in terms of anisotropic chemical short-range order
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FIG. 3. Hysteresis loops measured in out-of-plane and in-plane geometries
of the applied magnetic field for 5-nm-thick CoPt alloy films grown on
Si0,/Si(100) substrates at various temperatures.
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FIG. 4. The evolution of (a) the effective anisotropy constant, (b) out-of-
plane coercive field, and (c) remanence magnetization with increasing depo-
sition temperature.

due to the excess of Co—Co nearest neighbors in the film
plane driven by Pt segregation during codeposition.29 This
effect leads to a strong anisotropy of the 3d orbital moment
of Co as well as to a weak anisotropy of the Pt orbital mo-
ment as deduced from angle-dependent x-ray magnetic cir-
However, other mecha-
growth-induced

cular dichroism measurements.”®

nisms, such as heterogeneity™®  or

FIG. 5. (Color online) (a) AFM and [(b)—(d)] MFM images of 5-nm-thick
CoPt films grown on SiO,/Si(100) substrates at various temperatures. The
MFM images were taken at room temperature after demagnetizing the
samples.
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FIG. 6. (Color online) XRD 6-26 diffraction patterns of 5-nm-thick Co-Pt
films with various compositions. The positions of the 111 peak for the CoPt;
and CosPt alloys are marked with dashed lines. All samples were grown at
415 °C on amorphous SiO,/Si(100) substrates.

magnetically induced phase separation,* have to be consid-
ered as well. Moreover, the composition modulation in CoPt
thin films grown on MgO(111) single crystalline substrates
might result in a formation of a chemically ordered L1,
phase with strong out-of-plane anisotropy.>>** In this case,
the appearance of an additional superstructure peak at 26
~21° is expected. However, the texture quality of the inves-
tigated CoPt films is too poor to draw any conclusion sup-
porting the possibility of the L1, phase formation.

B. Co—Pt alloys grown on planar SiO, substrates:
Composition dependence

The stabilization of the out-of-plane easy axis is found to
be strongly dependent on the composition of the Co-Pt
alloys.™ Therefore, the structural and magnetic properties of
Co-Pt alloy films with various compositions covering the
range between Cogp,sPty 75 (CoPt;) and Coq 5Pty 05 (CosPt)
were investigated. For all these alloy films, the deposition
temperature was chosen to be 415 °C. XRD 6-24 diffraction
patterns are shown in Fig. 6. Similar to the XRD study pre-
sented above (Fig. 2), a (111) texture is observed. The posi-
tion of the 111 peak shifts to higher 26 values with decreas-
ing Pt content, which corresponds to a reduction of the
distance between 111 closest-packed planes. The extracted
structural parameters from the XRD diffraction patterns are
summarized in Table II.

The hysteresis loops of these samples are presented in
Fig. 7. The sample with the lowest Pt content has an easy
axis of magnetization in the film plane [Fig. 7(a)]. With in-

TABLE II. Summary of the structural properties of Co—Pt alloys with vari-
ous Pt contents grown at 415 °C. The XRD study was performed using
Cu Ka radiation (A=1.5406 A). The position of the 111 peak, 26, the
FWHM of the peak, A(26), the perpendicular coherence length, L, and
the spacing of the fcc 111 planes, d,;,, extracted from the peak position are
listed.

27 at. % of Pt 53 at. % of Pt 61 at. % of Pt 70 at. % of Pt

26, deg 42.47 41.24 40.85 40.56
A(26), deg 1.76 1.81 1.66 1.46
Lperp, M 5.4 5.2 5.7 6.4

dig, A 2.12 2.18 221 2.22
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FIG. 7. Hysteresis loops measured in out-of-plane and in-plane geometries
of the applied magnetic field for 5-nm-thick Co-Pt alloy films grown at
415 °C.

creasing Pt content above 50 at. %, a strong out-of-plane
magnetic anisotropy was observed [Figs. 7(b)-7(d)]. The
corresponding effective magnetic anisotropy values are plot-
ted in Fig. 8(a). Note that in this composition range, the
maximum value of effective anisotropy constant is found for
the alloy with 53 at. % of Pt. The increase of the Pt content
in the alloy results in the gradual decrease of the K. caused
by the substantial reduction of the saturation magnetization

[Fig. 8(b)].

C. CoPt films grown on self-assembled arrays of SiO,
nanoparticles

CoPt films with an equiatomic composition were depos-
ited at 415 °C on self-assembled SiO, particle arrays with
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FIG. 8. The evolution of (a) the effective anisotropy constant and (b) the

saturation magnetization with Pt content of 5-nm-thick Co-Pt alloy films
grown at 415 °C.



FIG. 9. CoPt alloy grown on an array of SiO, particles with a diameter of
160 nm. (a) Corresponding SEM image and (b) bright field cross-sectional
TEM image. (c) The high-resolution TEM image revealing a polycrystalline
structure of an individual CoPt grain. The white solid lines in (c) indicate the
different orientations of the dense plane packing. The selected area electron
diffraction pattern is presented as an inset in (c).

various particle diameters ranging from 10 to 900 nm. An
example of a densely packed array consisting of 160 nm
particles is presented in Fig. 9(a). Note that owing to the
particle size distribution, the pattern reveals some structural
defects. The high-resolution TEM image in Fig. 9(c) shows
that the cap consists of individual grains of typically
(8=5) nm in lateral size with different orientations of the
dense plane packing [marked with white lines in Fig. 9(c)].
The selected area electron diffraction image shown as an
inset in Fig. 9(c) proves the polycrystalline nature of the
CoPt film on the SiO, particles. A bright field cross-sectional
TEM image taken on this sample is shown in Figs. 9(b) and
9(c), revealing that neighboring film caps are clearly inter-
connected, resulting in direct magnetic exchange coupling in
the magnetic cap array.

The magnetic properties of the films deposited on the
particle arrays were investigated using P-MOKE magnetom-
etry and MFM imaging. A series of P-MOKE hysteresis
loops is shown in Fig. 10(a). The coercive field is found to be
almost independent of the particle size. In this respect, the
behavior of CoPt alloys differs substantially from the one
observed on Co/Pd(Pt) multilayers grown on arrays of poly-
styrene nanoparticles, where a scaling dependence of the co-
ercive field on the particle size was found.?*** This behavior
is most likely due to the difference in film morphology,
which gives rise to exchange coupling in the CoPt cap ar-
rays. To get a better understanding of the magnetization re-
versal in the system, the angular dependence of the out-of-
plane switching field was additionally investigated [Fig.
10(b)]. This has been done by measuring remanence curves
using P-MOKE and by plotting the Kerr rotation signal at
zero field after applying a reverse field under an angle to the
initially saturated sample. The normalized switching field,
Hs/Hg (0°), where Hg (0°) is the switching field measured at
0° (out-of-plane), is plotted in Fig. 10(b) versus the angle
between the applied magnetic field and the direction normal
to the sample plane. Surprisingly, the reversal behavior mea-
sured on particle arrays and on the planar substrate is found
to be rather similar. However, the observed behavior differs
from the one predicted according to the available theoretical
models describing the magnetization reversal via a coherent
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FIG. 10. (Color online) (a) MOKE hysteresis loops measured on the
samples with various particle sizes. (b) Angular dependence of the switching
field extracted from the remanence curves measured on the samples with 10
and 100 nm particles. The curve measured on the sample grown on a planar
SiO, substrate is also shown for comparison. The calculated curves for
reversal mechanisms via domain wall motion and coherent rotation are also
presented.

rotation of magnetization (Stoner-Wohlfarth model32) or via
domain wall nucIeation/propagation.33 A pronounced disper-
sion in magnetic easy axis orientation might be responsible
for the weak angular dependence of the switching field [Fig.
10(b)]. In this case, the reversal is governed by many nucle-
ation sites and limited domain wall propagation, as expected
on the particle array. However, in order to make a final con-
clusion, a detailed micromagnetic modeling of the magneti-
zation reversal is required.

MFM imaging is a powerful tool to locally visualize the
magnetic domain configuration of the CoPt caps and to in-
vestigate the magnetic coupling in the particle arrays. A se-
ries of MFM images taken at remanence after ac-
demagnetizing the samples is presented in Fig. 11.
Multidomain configurations are observed on SiO, particles
with sizes larger than 160 nm [Figs. 11(b)-11(d)], which is
expected from the average domain size of about 120 nm
measured on a CoPt film grown on a planar SiO,/Si(100)
substrate [Fig. 11(a)]. With decreasing particle size down to
100 nm, caps preferentially in a single-domain state are
found [Fig. 11(e)]. This situation changes again for the de-
posit on the smallest particles of 10 nm. In this case, the
observed domain pattern appears to be rather similar to the
one obtained on the planar SiO,/Si(100) substrate [compare
Figs. 11(a) and 11(f)]. Therefore, it is suggested that a strong
exchange coupling between neighboring caps is present and
that magnetic domains can easily spread over the particle
array.

In order to follow the magnetization reversal process in
the magnetic cap arrays, MFM images had been taken at
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FIG. 11. (Color online) Series of MFM images taken at remanence on the
samples with different particle sizes after ac demagnetizing: (b) 900 nm, (c)
330 nm, (d) 160 nm, (e) 100 nm, and (f) 10 nm particles. The position of the
underlying particle template is marked for clarity. The dotted circles indicate
several caps in a multidomain magnetic state. The domain pattern taken on
a sample grown on a planar SiO,/Si(100) substrate is shown for comparison
in (a).

remanence after exposing samples to different reverse mag-
netic fields Hg. Note that an out-of-plane reverse field was
applied to the initially saturated samples. A series of selected
MFM images for the 100 nm particle array is shown in Fig.
12(a). In agreement with the P-MOKE hysteresis loop re-
vealing a full remanence, the magnetization direction of the
nanocaps after saturation remains unchanged at remanence.
With the increase in the reverse field to —1.5 kOe, several
switching events, which are randomly distributed, occur.
This shows the presence of various nucleation sites; how-
ever, at larger reverse fields, it appears that domain wall
propagation sets in as well. The reversal of the 330 nm par-
ticle array shows the formation of multidomain states on the
particle caps. From this comparison, in addition to the angle
dependence of the switching field, it is suggested that rather
exchange-coupled caps are present, leading to a reversal pro-
cess that is dominated by nucleation which is widely spread
accompanied by domain wall propagation across the particle
arrays.

Furthermore, the particle template can also provide ef-
fective pinning sides for domain walls where effective do-
main wall pinning occurs when the magnetic domain wall
width is comparable with the size of the pinning sites.** " In
our films, the thickness of the Bloch domain wall is esti-
mated to be about 18 nm, which is of similar size compared
to the areas where the caps are interconnected. A similar
behavior was recently reported for CoPt alloys grown on
arrays of SiO, particles using 10-nm-thick MgO seed
Iayers.38 However, an alternative explanation of the presence
of single-domain caps in the exchange-coupled media could

(a) Particles: @ = 100nm (b) Particles: @ = 330nm
MFM: H,= 0 Oe

FIG. 12. (Color online) Series of MFM images taken on (a) 100 nm and (b)
330 nm particles at remanence after exposing them to a reverse magnetic
field, Hg, perpendicular to the substrate. Note that the images were taken at
different locations on the sample.

be related to the formation of the bubble domains with a
domain wall at the rim of a particle. Indeed, the magnetic
parameters of the CoPt films used in the study fulfill the
stability requirements for bubble domain formation.**=*?

IV. CONCLUSIONS

A study on the structural and magnetic properties of non-
epitaxial Co—Pt alloy films grown on amorphous SiO, sub-
strates was presented. It turns out that hard magnetic Co—Pt
thin films with out-of-plane anisotropy can be formed at
deposition temperatures as low as 250 °C in a broad com-
position range between 40 and 70 at. % of Pt. The structural
origin of this out-of-plane magnetic anisotropy in textured
films is attributed to the anisotropic short-range order effect;
however, this needs to be further investigated.

A CoPt alloy with an equiatomic composition was then
deposited on arrays of SiO, particles of various sizes. The
magnetic properties appear to be independent of particle size
and similar to those found for films grown on planar sub-
strates concerning Mg/Mg, coercive field Hc, and angle-
dependent switching. This behavior is related to the specific
morphology of the cap structures where domain wall pinning
at the rim of the cap might play an important role in the
magnetization reversal process.
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