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Magnetization hysteresis curves have been measured on Co granular multilayers, (Al;03/Co/Pt)y (N =1 and
25), with the applied magnetic field parallel and perpendicular to the substrate plane. In all samples perpendicu-

lar magnetic anisotropy was observed. For Co particles with average diameter 3 nm, the coercive field at low
temperature is LoHc = 0.5 T. H¢ decreases for increasing temperature and disappears at =200 K. A soft magnetic

component is also present in all samples up to the freezing temperature 7y= 365 K. Co and Pt XMCD measure-
ments at the L, 3 edges were performed, yielding to the orbital m;, and spin mg contributions to the total magnetic

moment of the system. These results, in addition to XANES ones, indicate the presence of Co,Pt;_, alloy. Parti-
cles conformed of CoPt alloy, embedded in Pt and coupled magnetically by dipolar or RKKY interaction, may

explain the phenomenology observed in these systems.

PACS: 75.30.—m Intrinsic properties of magnetically ordered materials;

75.70.—i

Magnetic properties of thin films, surfaces, and interfaces.

Keywords: magnetic thin films, magnetic multilayers, perpendicular magnetic anisotropy, platinum alloys,

granular materials.
1. Introduction

Granular Co thin film multilayers constitute a family of
nanoparticle systems which have been very useful for un-
derstanding size effects in magnetism. The reason is that
Co clusters of nearly spherical shape can be produced by
sputtering of Co on amorphous alumina, previously depos-
ited on a Si substrate. Capping with a noble metal enables
to modify the matrix that surrounds the particle, thus also
modifying its magnetic properties. When capping with Cu,
Ag or Au the particles behave as superparamagnetic with

anisotropy constants that depend on the metal used [1-3].
Instead, capping with Pt has a completely different effect.
In this case Co particles are strongly coupled via the polar-
ized Pt [4]. Besides, in a recent work [5] a small increase
in anisotropy was detected on Co particles capped with Pt,
which was related to the formation of CoPt; clusters. In
this paper we show that the Co—Pt granular multilayers
present strong perpendicular magnetic anisotropy (PMA)
to the substrate plane.

PMA has been observed in Co/Pt thin film multilayers,
when the Co thickness is below a threshold Co thickness of
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11 ML, and has been assigned to a strong increase in the
surface magnetocrystalline anisotropy [6]. On the other
hand, Co1_,Pt, alloy films have also shown PMA [7]. In
the case of (111) CoPt3 thin films, the PMA was estab-
lished by means of x-ray magnetic circular dichroism
(XMCD) measurements at both the Co and the Pt L3 3 edg-
es. They could correlate to the existence of anisotropic
structural effects induced during the codeposition process
[8]. So, the origin of PMA may be associated to interface
or alloying effects, or both. In the present work we show
that in the case of Co nanoparticles capped with Pt, alloy-
ing plays the dominant role.

2. Experimental

2.1. Sample preparation and morphology

The samples measured in this work were prepared by
sequential sputtering on a Si substrate at room temperature.
The multilayers are formed by a number N of
(Al,03/Co/Pt) trilayers, each formed by a buffer layer of
alumina, another layer of Co, and a third of Pt. The Co
coalesces into clusters such that the mean particle diameter
is proportional to the nominal thickness, #co, of the depos-
ited Co. In this work we present results on samples with
tco = 0.7 nm, which produces Co particles of 3 nm average
diameter when deposited on amorphous alumina. Two se-
ries of multilayers, with N =1 and 25 have been measured
[1]. The capping Pt film has #p; = 1.5 nm depth and the
separation between layers was #51,0, = 3 nm (see Fig. 1 for
N =25). The capping metal tends to alloy with the Co par-
ticle and fills the interparticle spaces with the excess Pt, as
can be observed in the Fig. 1 and inset.

2.2. Magnetic measurements

Magnetization measurements were performed with a
SQUID magnetometer equipped with the high resolution

Fig. 1. TEM cross-section of a granular multilayer with N = 25,
tco = 0.7 nm, fp = 1.5 nm, and tA1,0; =3 nm (intermediate stripes
of light grey). Inset: Fourier transform showing Pt crystalline
morphology in the selected area. The circle indicates a Co—Pt
particulate morphology.
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Fig. 2. Magnetization as a function of temperature measured for a
trilayer of (Al,O3/Co/Pt) N = 25, t-, = 0.7 nm and #p, = 1.5 nm,
with a bias field of poHy.= 0.02 T. (A,A) H perpendicular to the
substrate, (l,L]) H parallel to the substrate.

option. For fco = 0.7 nm the M(T), measured with a bias
field woHy . = 0.02 T in the direction parallel to the sub-
strate plane, shows a maximum at the freezing temperature
Ty=365 K (see also Fig. 2). The M(H) were measured with
the field applied parallel and perpendicular to the substrate
plane at several temperatures. In Fig. 3 we show the data
for tco = 0.7 nm and N = 1 measured at 7= 5 K. Above Ty
the curves have the characteristic superparamagnetic be-
havior, which can be fitted to a Langevin curve of the
nominal Co particle average diameter [4]. At low tempera-
tures the hysteresis curves measured in the perpendicular
direction have a characteristic step near H = 0, and a se-
cond step when the switching to the reverse orientation
takes place (Fig. 3). The former step indicates that there is
a magnetically soft component present in the sample, while
the latter shows the presence of a ferromagnetic hard com-
ponent with a rather high coercive field poHc = 0.5 T at
T=5 K. Hc decreases with temperature till it disappears at
about 200 K (Fig. 4). On the other hand, in the direction

Fig. 3. Hysteresis loops at 7= 5 K for a trilayer of (Al,03/Co/Pt)
N=1,tc,=0.7nm and tp = 1.5 nm. (A) H perpendicular to the
substrate, (W) H parallel to the substrate.
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Fig. 4. Coercive field of the hard magnetic component in sample
(A1,03/Co/Pt) N=1 and 25, t-, = 0.7 nm and #p, = 1.5 nm.

parallel to the substrate plane there is no coercive field.
The ferromagnetic behavior implies that the Co—Pt parti-
cles are strongly coupled. Besides, the spontaneous direc-
tion of the anisotropy is perpendicular to the plane. There-
fore, it is proven unambiguously that just one layer of
granular Co capped with Pt has a strong PMA below
200 K.

From 200 till 300 K the ferromagnetic soft component
subsists till its disappearance at Ty. It is interesting to note
that upon annealing the sample up to 800 K the hard mag-
netic component transforms into the soft component, so
that the coercivity is strongly reduced (down to 0.055 T)
when remeasured at low temperatures.

The multilayer (sample with N = 25) shows the same
overall behavior as the sample with N = 1 regarding the
PMA (see Fig.5) and coercivity decay with temperature
(see Fig. 4). However the soft magnetic component is not
as evident as it is in the sample with N= 1.
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Fig. 5. Hysteresis loops at 7 = 5 K for a multilayer of
(ALL,O3/Co/Pt) N =25, tc, = 0.7 nm and #p; = 1.5 nm. (A) H per-
pendicular to the substrate, (m) H parallel to the substrate.
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2.3. XMCD measurements

The XMCD results provide evidence of hybridization
between the Co at the particle surface and the capping
metal in the cases of Cu and Au-capping [1]. Similarly, the
presence of hybridization between Co and Pt was reported
earlier [4]. In this work the Co and Pt Ly 3 edges XMCD
results are presented. The Co XMCD measurements were
performed at the ESRF IDO0S8 instrument in total electron
yield detection, and the Pt ones at the ID12 with fluores-
cence detection.

From an XMCD experiment at the L, 3 edges of Co or Pt
one obtains, through the sum rules [9], the spin mg and or-
bital m;, moments averaged over the whole sample, provided
one knows by calculation or estimation the number of holes,
np, existing involved in the 2p — nd excitations (n = 3 and
5, for Co and Pt, respectively). For Co we have taken the n,
values proposed in the case of CoPt3 thin films [8], and for
Pt we have derived ny, from the white line difference with a
Pt foil at the L, 3 edges XANES (see Table 1).

Table 1. The Co and Pt orbital and spin moments for sample
with N=25

Parameter Co Ly 3 edge Pt L, 3 edge
n, 2.25° 1.80(2)
m;/mg 0.11(1) 0.19(1)
my, Uy 0.21(1) 0.027(1)
ZTI 1.98(2) 0.14(1)
m, Uy 2.20(2) 0.16(1)

) ;- umber of holes taken from Ref. 8.

XMCD experiments at the Co Ly 3 edges as a function
of incident angle (0° and 60°) were performed at 7 =5 K
and poH = 1 T, looking for anisotropy of the orbital mo-
ment. However, the results did not show clear angle de-
pendence, which was unexpected. In Fig. 6 the XMCD
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Fig. 6. XMCD spectra at the Co Ly 3 edge of the sample at 7= 5K
and H =1 T, at normal incidence for a multilayer (Al,O3/Co/Pt)
N =25, tc, = 0.7 nm and #p; = 1,5 nm. Dashed line is the inte-
grated area of the spectra.
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spectrum for normal incidence is shown. These spectra
have been normalized to the x-ray absorption spectra
(XAS) in high-energy limit, after background subtraction.
The value of the Co orbital moment obtained my = 0.21 up
(see Table 1) resembles that found for CoPt3 films deposit-
ed on a substrates at 800 K, which also showed absence of
anisotropy [8], and that of annealed Cog sPty.s NPs with
diameters of about 2.6 nm deposited on amorphous carbon
matrices [10]. The spin moment mg=1.98 pp has been
obtained considering that the dipole term is small with re-
spect to the total mg. The value found is larger than that
found in CoPt3 films (mg = 1.44 up) but close to that of the
annealed Cog sPtg.s NPs (mg=1.91 wp).

In a recent work, XMCD measurements at the Co L33
edges on Co and Co-Pt particles have been reported
[11,12]. They find systematically larger ratios of mj/mg
for comparable particle sizes. The orbital to spin ratio
mr/mg of Co atoms in our Co—Pt NPs is 0.11, which is
close to the value found for particles of 2.0 nm with com-
position close to CozPt [12].

The XMCD spectra measured at the Pt L 3 edges are
shown in Fig. 7 and the data extracted from them are in-
cluded in Table 1. The non-zero values measured reflect
the polarization of the Pt by the magnetic Co. The values
found are in reasonable agreement with those found for
CoPt3, again [8]. The induced moment on Pt is one order
of magnitude larger than the moments induced on the Cu,
Ag or Au capping cases [2]. Obviously, the reason for this
difference is the proximity of Pt, with the 5d9 band, to
fulfill the Slater criterion for ferromagnetism, instead of
the nearly filled noble metal nd"® bands (n=3,4and 5 for
Cu, Ag or Au).

Conclusion

The presence of PMA has been detected in all
(Al,03/Co/Pt)y multilayers, independently of being N = 1
or 25. For the tco = 0.7 nm samples the switching field of
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Fig. 7. XMCD spectra at the Pt L3 edges for a trilayer of
(A1,O3/Co/Pt) N =25, and t-, = 0.7 nm, tp = 1.5 nm measured at
7Kand1T.
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one layer is HpHg = 0.5 T and the maximum coercive field
measured at low temperatures is WoHc = 0.52 T.

The Pt capping by sputtering on the Co particles pre-
formed on AlpO3 gives rise to a quite different behavior
than when the same particles are capped with noble metals.
The magnetic behavior is that of ferromagnetic thin films
below T¢c =365 K (when #co = 0.7 nm), instead of blocked
superparamagnetic behavior. There is evidence that there
are two different contributions, a soft and a hard magnetic
component, the latter with a Curie temperature of circa
200 K. From Co K-edge XAS measurements it was proven
that there has been Co—Pt alloying in the capping process
[3], since the XANES spectra differ markedly from the
metallic Co one, and are very similar to that of Co,Pt_«
[13].

Thus, Co,Pt;_, alloys are present in all the samples
studied. These alloys are known to have a variety of mag-
netic properties depending on their composition and
crystallinity [14,15]. For example, the crystallographically
ordered alloy CoPt3; has a Curie temperature of T¢ =
=290 K. A departure from the exact composition or lack
of perfect crystallinity would reduce it to T¢c~200K,
which is the temperature of disappearance of coercivity in
our samples. Therefore, one may identify the PMA appear-
ing on this material as due to the formation of Co,Pt;_,
alloy with short range ordering in the L1 structure. When
annealed, the induced disorder destroys these crystallites
and the coercivity disappears. The XMCD data also point
towards the same explanation, by comparison to measure-
ments on different Co—Pt systems. Thus, a Co,Pt;_ alloy
is probably surrounding the Co rich core, in view of the
particulate morphology of the Co—Pt layers observed by
TEM. The Co rich core of the sample would be responsible
for the soft magnetic component in the magnetic hyste-
resis.

The peak observed in the M(T) curve at Ty = 365 K
(Fig. 2) could be related to the magnetic coupling of the
particles which form in each layer a bidimensional array of
ferromagnetic particles. As it was described earlier, Ty de-
pends on the average particle size, and above Ty the mag-
netic behavior is superparamagnetic. Therefore, the overall
picture describing the collective behavior of these multi-
layers is that of Co,Pt;_y alloyed particles, embedded in
the non-reacted Pt, strongly coupled via the polarized Pt,
via dipolar or RKKY interaction. Then, the short range
order within the grains would create the anisotropy in the
Co,Pt;_y alloy which would give rise to the PMA.

Moreover, the sample preparation may play an im-
portant role, as demonstrated from comparison with results
of Co—Pt NPs systems prepared by different chemical and
physical methods [10-12].

It can also be concluded from this work that the search
for Co—Pt hybridization surface effects that was the leit
motif of this work, might be present but are overcome by
the CoyPt)_ alloying in the magnetic properties.
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