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Abstract

®

CrossMark

The influence of Pt thickness on the interface structure (roughness/intermixing) and magnetic
properties has been investigated for (Co/Pt) multilayers sputtered on a Pt or a thin oxide

(MgO or AlO,) buffer layer. When Pt thickness increases from 1.2 nm-2.2 nm, we observe that
the effective anisotropy increases with the Pt thickness, simultaneously with the decrease of
roughness, i.e. the occurrence of sharper interfaces. Perpendicular magnetic anisotropy (PMA)
is still achieved on the oxide buffer layers, but with a lower effective anisotropy correlated to
more perturbed interfaces. The detailed analysis of the saturation magnetization shows that:

(1) M is significantly enhanced in the case of rough/intermixed interfaces, which is attributed
to and discussed in the framework of Pt induced polarization, (ii) the change in volume dipolar
anisotropy is the main factor responsible for the reduction of K. for systems grown on oxides.
Beyond the major role of volume dipolar contribution that reduces PMA, a supplemental
positive contribution promoting PMA can be invoked for rough interfaces and large M; (deposit
on oxide). This contribution is consistent with a dipolar surface anisotropy term and increases
for rough interfaces, in contrast to the Néel surface anisotropy. These opposite variations may
interestingly lead to an enhanced anisotropy in (Co/Pt) stackings grown on oxides compared to

systems deposited on Pt, i.e. with sharper interfaces.

Keywords: perpendicular magnetic anisotropy, structural properties, magnetic properties,

Co/Pt multilayers

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic materials/systems displaying perpendicular magn-
etic anisotropy (PMA) exhibit several key advantages over
those with in-plane magnetization for the media storage
industry, especially for spintronics and memory applications:
higher thermal stability and smaller domain wall widths [1, 2],
lower threshold current for spin-transfer switching [1] and for
current-induced domain wall motion [3].

The common phenomenological approach to the effective
anisotropy K in thin films or multilayers is to consider both
volume K, and surface K; contributions: K¢t = Kt + 2K,
where ¢ is the thickness of the magnetic material. Volume

0953-8984/16/336005+9$33.00

contributions correspond to magneto-crystalline (mc), mag-
neto-elastic (me) and shape anisotropies (—2nM f), while sur-
face/interface contributions are generally attributed to broken
symmetry [4] and/or surface magneto-elastic strains [5, 6].
The shape anisotropy always favors in-plane magnetization
and is often the dominant volume contribution. Achieving a
perpendicular magnetic anisotropy is thus possible when (i)
positive volume mc and me contributions, or when (ii) posi-
tive surface/interface contributions can overcome the shape
anisotropy. The first case (i) is encountered for chemically
ordered L1, alloy (FePt, FePd, CoPt) films that exhibit suit-
able orientation [7] and for materials in which growth-induced
strains can lead to a large enough positive magnetoelastic

© 2016 IOP Publishing Ltd  Printed in the UK
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contribution [8, 9]. However the large majority of systems
exhibiting PMA are magnetic multilayers in which surface/
interface effects are at the origin of PMA. Among these,
Co-based multilayers (Co/Au [10], Co/Cu [11], Co/Pt [12],
Co/Pd [13], Co/Ni [14]) have attracted considerable interest
now for more than two decades, one of the main objectives
being to unravel and identify the mechanisms promoting the
PMA at surfaces/interfaces.

In the Co/Pt system, most studies now agree on the essen-
tial role of the so-called Néel anisotropy, i.e. the PMA contrib-
ution associated with the enhanced anisotropy of the orbital
moment due symmetry breaking at the interfaces [15]. This
contribution is strongly dependent on the crystal orientation,
the (111) texture giving rise to the highest anisotropy con-
stants [16], and to the morphology of the interfaces. This latter
point has been explored by analyzing the role of various key
parameters expected to modify the interface structure (deposi-
tion methods [16], nature and pressure of the sputtering gas
[13, 17, 18], annealing temperature [12], etc) on the effec-
tive anisotropy. However, the precise role of roughness/inter-
mixing remains relatively unclear since enhanced PMA has
been reported for chemically mixed interfaces, likely associ-
ated with the formation of a chemically ordered CoPt alloy
[12, 18], while other studies conclude that there is a clear
reduction of PMA when leaving the ideal sharp interfaces [19].
The theoretical formalism developed by Bruno et al [6, 20,
21] contributes to the debated role of roughness/intermixing.
In treating the interface roughness as a succession of sharp
steps and flat areas, the authors show that roughness may both
(i) reduce PMA in reducing the asymmetric character of the
interfaces and thus the Néel surface anisotropy and (ii) favor
PMA in giving rise to a positive dipolar surface anisotropy
contribution.

A precise determination of film roughness/intermixing
using x-ray and electron diffraction is thus a necessary step
in correlating microstructural disorder with magnetic proper-
ties, as claimed by several authors [22, 23]. But, up to now,
a few exceptions apart [23, 24], most of the studies have
relied on relatively indirect characterization of interfaces, as
for example the measurement of electrical resistivity or an
induced Pt moment [12, 19].

In this paper, the interface structure in (Co/Pt) multi-
layers with thin Co layers (approximately 3ML thick) and
only four bilayer repeats has been directly and carefully
analyzed via x-ray reflectivity and correlated with magnetic
properties, especially PMA and saturation magnetization.
The main objectives here were (i) to focus on the role of
the Pt thickness (1.2 nm-2.2nm range), a parameter that
has been rarely considered [16, 25, 26] or mostly for the
investigation of interlayer coupling [27, 28], and (ii) to
compare the deposition on an usual metallic buffer with the
deposition on an intermediate thin oxide layer. As pointed
out in a few recent studies [24, 29], this latter case is of
interest for the development of perpendicularly magnet-
ized top electrodes in magnetic tunnel junctions (MTIJs)
and for other spintronic devices: spin injection in semi-
conductors or devices where a metallic current-shunting

path should be avoided. The first section of the paper
details the experimental techniques used for the study. The
second part describes the experimental results, i.e. struc-
tural and magnetic analyses, that are discussed to highlight
the correlation between roughness/intermixing and magn-
etic properties in these systems. The variations of effec-
tive anisotropy are presented in a first step. The analysis
of saturation magnetization then permits us to explore the
role of the interface structure on induced Pt moments and
to extract the volume dipolar contribution from anisotropy.
We thus show that if volume dipolar terms largely con-
tribute to the effective anisotropy, supplemental contrib-
utions associated with the rough/intermixed interface, and
consistent with surface dipolar terms, may also enhance the
anisotropy.

2. Experimental details

Several sets of (Co/Pt) multilayers with various buffer and
capping layers (table 1) have been synthetized and investi-
gated. The (Co/Pt) stackings have been sputtered on a silicon
substrate covered by a 100 nm-thick amorphous thermal sil-
icon oxide. After a soft etching of the substrate under pure Ar
plasma, a 5 nm-thick tantalum layer has been first deposited in
order to favor the good adhesion of Pt and promote its (111)
texture with a deposition rate of 1.2 A s!. Then the multilayer
is deposited with a typical flux deposition of 0.6 A s~ for Pt
and 0.09 A s~! for Co. The details of the different series are
given below:

Set A:

Substrate/Ta(5)/Pt(5)/(Co(tc,)/Pt(1.8)] 4/Pt(5)

Sets B and C:

Substrate/Ta(5)/Pt(5)/[Co(0.58)/Pt(tp,) ]3/Co(0.58)/X(2.5)
Sets D and E:

Substrate/ Ta(5)/ Pt(5)/ X(2.5)/[Co(0.58)/Pt(tp,) 14/ Pt(5)

Numbers in parentheses give the nominal thicknesses in
nanometers and X corresponds to MgO (sets B and D) or
AlO, (sets C and E), the thickness of which stands in the usual
(2-3nm) range for the insulating barrier in MTJs. Such stack-
ings are thus similar to the bottom (sets B and C) or top (sets D
and E) electrodes that may constitute MTJs with MgO or AlO,
barriers. The Pt thickness has been varied between 1.2nm
and 2.2nm. Samples from set A have been synthetized prior
to other samples to investigate the magnetic anisotropy as a
function of the Co thickness (in the 0.29 nm-2.23 nm range)
for 1.8 nm-thick Pt layers, and thus to determine the optimal
Co thickness for sets B-E.

The structural analysis of samples from sets B-E has been
performed by x-ray reflectivity using a PanAnalytical X Pert
Pro diffractometer and working with the K, transition of
copper (A = 1.54056 A). The fit of reflectivity data has been
made via the commercial X’pert Reflectivity software based
on the Parratt formalism [30]. Large angle x-ray reflectivity
measurements have also been performed for similar (Co/Pt)
stackings, but with more bilayer repeats and without any thick
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Table 1. Description of the various sets of (Co/Pt) multilayers
investigated in this study.

Buffer (Co/Pt) stacking Capping
Set A Ta(5)/Pt(5) (Co(tco)/Pt(1.8))a Pt(5)
Set B Ta(5)/Pt(5) (Co(0.58)/Pt(tp))3/Co MgO(2.5)
Set C  Ta(5)/Pt(5) (Co(0.58)/Pt(tp))3/Co  AlOy(2.5)
SetD  Ta(5)/Pt(5)/MgO(2.5) (Co(0.58)/Pt(tp))4 Pt(5)
SetE  Ta(5)/Pt(5)/AlO0x(2.5) (Co(0.58)/Pt(tp))4 Pt(5)

Note: Numbers in parentheses give the nominal thicknesses in nanometers.

Pt buffer or cap layers; they confirmed the expected (111)
texture in these growth conditions.

The magnetic properties of (Co/Pt) multilayers have been
investigated at room temperature using a vibrating sample
magnetometer with an available field range of £25 kOe.
Magnetization versus field (M(H)) loops have been recorded
for magnetic fields applied both perpendicular and parallel to
the sample surface. The corresponding effective anisotropy
constants have been determined using the ‘area method’ [31]
which consists in determining the area difference between
the in-plane and perpendicular hysteresis curves in one M(H )
quadrant.

3. Results and discussion

3.1. Structural properties

Figure 1 presents typical examples of x-ray reflectivity data
obtained within each (Co/Pt) set (sets B-E) for a nominal Pt
thickness #p = 1.13nm. Despite the rather high complexity
of these layered systems, an excellent agreement could be
obtained between the experimental reflectivity curves and the
results of the fitting process. Information on the layers thick-
nesses and the interfaces structure can thus be extracted with
a relatively high degree of confidence. One has, however, to
underline here that x-ray reflectometry in specular geometry
is sensitive to the electronic density profile along the normal
to the sample surface. The method is thus highly sensitive to
the quality of interfaces but does not permit us to distinguish
between roughness and intermixing effects at the interfaces.
The ‘roughness’ used in the following is thus a generic term
to characterize the interface quality/sharpness. Other comple-
mentary methods, such as transmission electron microscopy
and nuclear magnetic resonance, would be necessary to go
further into the interface analysis.

The thickness values extracted from the fitting process
show that the Co thickness exhibits very small dispersion in a
given set of samples with an average value of 0.58 nm for set
D and 0.61 nm for sets B, C and E. The Pt thicknesses exhibit
a maximum dispersion of only 6% between the various sets.
The fitted values for Co and Pt thicknesses are used for the
various analyses presented below.

Co and Pt roughnesses obtained from the reflectivity data
(top roughness of each layer) are reported versus the Pt thick-
ness in figures 2(a) and (b) respectively. For set E and for the

1M
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Figure 1. X-ray reflectivity data (black curves) and fit of the
experimental data using X’Pert Reflectivity (red curves) for samples
with nominal thicknesses 7c, = 0.58 nm and fp; = 1.13nm in the
sets B-E.

lowest Pt thickness, it has not been possible to extract a value
for the Co roughness with reasonable error bars because of
the poorer quality of the fits obtained for samples grown on
AlO, compared to the other sets of samples. For the Pt layers
(figure 2(b)), no variation versus the Pt thickness could be
reasonably extracted. However, for the Co layers (figure 2(a)),
the general trend is a clear decrease of the roughness when
the Pt thickness increases. This tendency is observed for each
set despite some scattering of the results, likely related to the
complexity of the fitting process.

Concerning the role of the buffer layer, (Co/Pt) multilayers
sputtered on a Pt buffer (sets B and C) exhibit significantly
smaller roughnesses than those sputtered on MgO (set D)
and AlO; (set E), this latter appearing to particularly damage
the quality of the interfaces. The Co roughness is increased
by nearly 50% in the case of MgO and AlO, buffers. Given
the small thickness of the Co layers, such roughness values
mean that the Co/Pt interfaces are then poorly defined with
a high degree of roughness and/or inter-mixing. The situation
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Figure 2. Variation of the Co (o¢,) and Pt (op;) roughnesses
(respectively in (a) and (b)) extracted from the fit of x-ray
reflectivity data versus the Pt thickness for the sets B-E.

is better for Pt layers, the larger thickness of which probably
helps in smoothing the interface, but a large roughness is still
obtained on the AlO, buffer. This difference between metallic
and oxide buffers is attributed to the difference between the
surface energies of the various buffer layers: a thin contin-
uous metallic layer is more likely obtained when it is depos-
ited on a metallic buffer layer with high surface energy
(~2 x 1072 erg cm~?) than on an insulating buffer layer
with much smaller surface energy (generally close or smaller
than 1 x 1072 erg cm~?2) [32]. The room temperature deposi-
tion on insulators promotes the growth of islands, discontin-
uous layers leading to rough interfaces. In our specific case,
the poorer interface quality observed for deposition on AlO,
is also consistent with the smaller surface energy generally
reported for aluminum oxides (0.6 x 1073 erg cm™2) com-
pared to MgO (1.16 x 1073 erg cm2) [33].

3.2. Magnetic properties of (Co/Pt) stackings

As a first step, the magnetic properties of set A samples (fixed
Pt thickness) have been analyzed versus the Co thickness to
extract the surface (Ks) and volume (Ky) contributions to the
anisotropy constant, defined as K X tco = Kv X fco + 2Ks
(figure 3). Values of Kg = 0.72 erg em 2and Ky = —13 x 10°
erg cm ™ are in reasonable agreement with surface and volume
anisotropy constants reported for (11 1) textured (Co/Pt) mul-
tilayers [31]. Two regimes are distinguished when varying the
Co thickness: (i) in-plane magnetization for #c, > 1.1 nm, where
the demagnetizing field, the main contribution to the volume

-

o

2
Kt _(erg/cm)

0.5 1.0 1.5 2.0 25

on
o

t., (nm)

Figure 3. Room temperature effective anisotropy multiplied by

the Co thickness versus the Co thickness for (Co/Pt) multilayers
sputtered on a Pt buffer (set A). The green point corresponds

to the value for ¢, = 0.58 nm, i.e. the nominal Co thickness of
studied samples, assuming a linear dependence for thickness below
0.75nm (dashed line). The solid line corresponds to the linear fit for
thicknesses above 0.75nm.

anisotropy, dominates the interface effects; (ii) perpendicular
magnetization for fc, < 1.1 nm, where the interface effects are
dominant. A reductionin the effective anisotropy (deviation from
the linear behavior, the continuous red line) is observed at low
Co thickness (less than 0.75 nm), most likely due to the reduc-
tion of surface anisotropy associated with the degradation
of interfaces when decreasing the Co thickness [16, 34, 35].
From this preliminary analysis, a fixed Co nominal thickness
of 0.58nm has been chosen, yielding PMA with an effective
anisotropy constant of 4.6 x 10° erg cm~> (green point in
figure 3, determined from the linear fit for thickness below
0.75nm). In the following, Pt thickness as well as buffer and
capping layers have been changed.

Hysteresis loops measured at room temperature, for an
applied field perpendicular (L) and parallel (/) to the sample
surface, are presented in figure 4 for the various (Co/Pt) mul-
tilayers from sets B—E. The corresponding effective aniso-
tropy constants are reported in figure 5.

The samples sputtered on the Pt buffer (sets B and C)
exhibit perpendicular easy magnetization direction over the
entire investigated Pt thickness range, with equal saturation
magnetization values and fully remanent magnetization,
despite a small in-plane component observed for the smallest
Pt thickness. Their effective anisotropy constants are very
close and both slightly decrease from 5 to 2 x 10 erg cm™?
when decreasing the Pt thickness. It can be noticed that the
range of K is consistent with K values reported for pre-
vious works on (Co/Pt) multilayers [36, 37]. This tendency
for K¢ to decrease with the Pt thickness is also consistent
with results obtained in (Co(0.3nm)/Pt(xnm)) multilayers
(x € (0.2-2) nm) [16]. In this latter study K. is, however,
almost constant down to 1nm and exhibits a larger value
(10 x 10° erg cm™), which could be related to the larger
number of bilayer repeats.

The samples sputtered on oxide buffers (sets D and E)
exhibit a transition from perpendicular to an in-plane easy
magnetization direction when decreasing the Pt thickness.
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Figure 4. M(H) loops for the out-of-plane (left) and in-plane (right) configurations measured at room temperature for (Co/Pt) multilayers
sputtered on various buffers and with different capping layers (Pt, MgO or AlO,).

K. decreases when decreasing the Pt thickness but it is sig-
nificantly reduced compared to samples sputtered on Pt, and
eventually becomes negative for the thinnest Pt layers. The
reduction in effective anisotropy is obviously more impor-
tant for samples sputtered on AlO, (set E) for which the

in-plane easy magnetization also appears for thicker Pt layers
(1.53nm).

The larger effective anisotropy for (Co/Pt) sputtered on Pt
can be first explained by a likely better (11 1) texture which
is known to promote the PMA [13, 38, 39]. This hypothesis is



J. Phys.: Condens. Matter 28 (2016) 336005

M Bersweiler et al

12 T T T T T T
. S "SI
10} k- x Xk ]
% T T -
I el “
G 6} L 1
> w
g 41 i
2z ) :
x
%0 [ ] l SetB
W setC
X -2p .s:w T
-4 N N N N L @ SetE
1.2 1.4 1.6 1.8 2.0 2.2
t,, (nm)

Figure 5. Variations of the effective anisotropy constants with
the Pt thickness for the sets B-E. The star symbols correspond to
effective anisotropy values for sets D (filled stars) and E (empty
stars), calculated for volume dipolar contributions identical to sets
B and C. The solid and dashed lines are guides for the eyes.

strengthened by the larger coercive fields and the more abrupt
magnetization reversal (figure 4) observed for the (Co/Pt)
multilayers grown on Pt. The coercive fields measured for the
samples grown on Pt are close to 200 Oe, i.e. similar to or
slightly smaller than the values reported by other authors for
these Co and Pt thicknesses [27-29, 34]. Some studies have
reported on the non-monotonic/oscillatory variation of H. as
a function of #p;, which has been attributed to the oscillatory
interlayer coupling in (Co/Pt) multilayers [27, 28]. No similar
behavior could be extracted from the current study where the
investigated Pt thickness range is rather limited.

But beyond the effect of texture, the variation of effective
anisotropy constants versus Pt thickness, depending on the
nature of the buffer layer, can be interestingly compared to the
structural characteristics reported in the previous paragraph.

o The analysis of the Co roughness has shown: (i) a signifi-
cant upward shift between sets B—C (grown on Pt) and
sets D-E (grown on MgO and AlO,), (ii) a clear tendency
to decrease by increasing the Pt thickness for sets D-E,
(iii) a slight tendency to decrease for sets B—C.

e The effective anisotropy exhibits opposite variations
with (i) a significant shift downward between sets B—C
and sets D-E, (ii) a clear increase by increasing the Pt
thickness for all sets. It appears that a larger rough-
ness obtained in decreasing the Pt thickness and/or in
using an oxide buffer yield to a decrease in effective
anisotropy.

This observed correlation between the roughness and the
effective anisotropy is consistent with the usual expected
role of roughness/interdiffusion: the increase in roughness/
interdiffusion yields a reduction of the symmetry breaking at
the interfaces and consequently a reduction of the Néel sur-
face anisotropy contribution to the PMA.

In order to go further into the understanding of the effect of
roughness, it is necessary to separate the effect on the volume
magnetostatic contribution from the effect on other volume
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Figure 6. Top: saturation magnetization M, versus the Pt thickness
in (Cog s nm/ Pt(#p;)) multilayers from various sets B-E. The

black horizontal line corresponds to bulk Co (1430 emu cm ™).
The dashed lines are guides for eyes. Bottom: average induced Pt
moment versus the Pt thickness in (Cog sg nm/Pt(#py)) multilayers
from various sets B-E.

and surface contributions to the anisotropy. All these con-
tribute to the effective anisotropy discussed above. For this
purpose, the saturation magnetization (M;) has been carefully
analyzed for all (Co/Pt) stackings. The M, values per Co cm?
extracted from the hysteresis loops are reported in figure 6
(top) as a function of Pt thickness for the various sets B—E,
and compared to bulk Co (1430 emu cm3).

One can first notice that M does not exhibit any signifi-
cant dependence versus the Pt thickness. The K.¢ variation
observed for the samples belonging to a given set is thus
not due to a change in the volume dipolar contribution but,
as mentioned previously, is likely related to a change in the
Néel surface term. For all sample sets, the magnetization is
obviously larger than in bulk cobalt. This enhancement in
magnetization AM appears to depend on the buffer layer:
approximately +24% for (Co/Pt) stackings sputtered on Pt
(sets B and C) and +48% for (Co/Pt) stackings sputtered on
MgO (set D). The values obtained for samples grown on AlO,
(set E) exhibit an intermediate scattered behavior that might
be related to the poorer quality of x-ray reflectivity fits and
thus to a larger uncertainty in the Co thickness determination.
The large magnetization enhancement in samples grown on
oxide layers naturally gives rise to a large enhancement of
the volume dipolar anisotropy term (—27 M 3) that contributes
to reduce the effective anisotropy and the PMA in sets D and
E. In order to explore the effect of interface morphology on
the anisotropy by excluding the effect on this volume dipolar
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part, the K. values in sets D and E are calculated from meas-
ured data by assuming a saturation magnetization equal to
those in sets B and C (approximately 300 emu cm~* smaller
than the measured magnetization). This analysis results in
the values given by the star symbols in figure 5. Excluding
the difference due to volume dipolar contributions in sets
grown on Pt or on oxides thus leads to K.¢ values larger for
samples grown on oxide. This suggests the occurrence of a
supplemental positive contribution that would promote PMA
and overcome the reduction of the Néel surface contrib-
ution. According to Bruno’s model [20], the roughness can
give rise to an effective positive dipolar surface anisotropy
promoting PMA whose order of magnitude depends on the
parameters characterizing the roughness (average devia-
tion from the reference plane and correlation length) and of
course on the magnetization value. The author points out that
this dipolar surface anisotropy may not be negligible and
might even become the main contribution to the anisotropy
when the roughness is very important. In the current case, the
large roughness and magnetization values measured for the
samples grown on oxides most likely yield a large positive
dipolar surface anisotropy. This contribution counterbalances
the reduction of the Néel surface anisotropy and eventually
results in anisotropy constants exceeding those obtained for
(Co/Pt) grown on Pt. One can notice that the anisotropy for
the set grown on AlO, (set E) remains smaller than for the
set grown on MgO (set D), meaning that the reduction of
the Néel surface anisotropy should be larger and/or that the
dipolar surface anisotropy should be smaller for those sam-
ples. More information on the exact nature of the disorder
occurring at the interfaces for those different sets would be
required to go further into this analysis.

Concerning the origin of the observed magnetization
enhancement compared to bulk Co, two main contributions
can be suggested: (i) the enhancement of the Co magnetic
moment itself and (ii) the occurrence of an induced magnetic
moment on Pt atoms. Both phenomena are likely to occur
as reported in previous studies on Co-based and Pt-based
systems, specifically at the Co/Pt interfaces [26, 40, 41].
Element-selective and depth-resolved analysis would thus be
ideally required to draw a precise conclusion on the origin
of this magnetization enhancement. The amplitude of AM
and its dependence on the Pt thickness and buffer layer can
be, however, interestingly discussed in comparison with pre-
vious results and in connection with the structural analysis.
Most investigations of interfacial Co moments have been car-
ried out by x-ray magnetic circular dichroism and reveal an
enhancement of the orbital moment Amgy ~ +0.07 ug/Co
atom, essentially located in a single atomic interface layer
and closely related to the Co3d—Pt5d hybridization [15, 41].
In sputtered systems, those enhancements are determined
to be Amgpineir = +0.1 prg/at. and Amegy, = +0.071p/at. In
our case, the measured enhanced magnetization would cor-
respond to approximately +0.7 pg/Co at. for sets D and E
and +0.35 pg/Co at. for sets B and C, i.e. much too large
to be solely attributed to the increased Co moment. The
occurrence of a Pt moment parallel to the Co one, induced by
the hybridization between the Co3d and the Pt5d orbitals and

by spin—orbit coupling in Pt, is thus strongly suggested, as
previously reported by several authors in (Co/Pt) multilayers
[16, 26, 28, 29, 42, 43]. An average Pt moment decreasing
from 0.15 to 0.03 pg/Pt at. when increasing the Pt thickness
has been measured in (Co(0.4 nm)/Pt(xnm)) (x € (0.9-4) nm)
[42] via spin absorption measurements at the Pt L; edge.
The use of a depth-resolved technique (resonant x-ray reflec-
tometry) for a single Co/Pt interface (roughness of 0.7 nm)
revealed an induced Pt 5d magnetic polarization of 0.21 pg/Pt
at. at the interface, followed by an exponential decay within
Inm [43]. Moreover, Knepper and Yang [28] recently sug-
gested that Pt atoms in thin Pt layers sandwiched between
two Co layers can be polarized by Co atoms located on both
sides of Pt. In CoPt alloys, various studies have determined an
induced Pt moment close to 0.35 /Pt at [40].

In the present case, if one considers that the excess in mag-
netization AM only originates from the induced Pt moment,
the average induced Pt magnetization Mp, the total effective
thickness where Pt atoms are polarized #p, and the number of
cobalt layers n (n = 4) are related by the following expression:

Mpy X tpo = AM x ntco

Given the 1nm value reported for room temperature Pt
polarized thickness at a Co/Pt interface [43], the Pt layers
in our samples are presumably polarized over their entire
thickness. The effective polarized part would thus cor-
respond to the three Pt layers surrounded by Co layers
and to an approximate 1nm thick layer in the first (last)
bottom (top) Pt: tpo) = 3tp,+ 1. This permits us to calcu-
late a rough estimation of the average Pt induced moment
for the various samples (figure 6 bottom). The values of
induced moments are similar [28] or slightly larger than
those generally reported for similar systems. In contrast to
a single Co/Pt interface or to relatively distant interfaces,
the close Co/Pt interfaces in present samples with thin Pt
layers likely promote larger induced moments, since Co
atoms on each side of the Pt layer could contribute to the
Pt polarization [28]. The induced Pt moment might also
be enhanced in the case of CoPt alloying at the interfaces,
a hypothesis that cannot be ruled out, and that should be
further analyzed via other complementary experimental
techniques.

It appears in figure 6 (bottom) that both the Pt thickness
and the nature of the buffer layer affect the average induced
Pt moment. As already mentioned for M, the Pt moment
is larger for (Co/Pt) stackings sputtered on MgO and AlO,
(circle symbols, sets D and E) than for stackings sputtered on
Pt (square symbols, sets B and C). As for the effective aniso-
tropy constant, this difference likely originates from different
interface structures when changing the buffer layer, as attested
by the different Co roughnesses (figure 2). Increased rough-
ness and/or inter-mixing for interfaces obtained on the oxide
buffers increase the quantity of Pt atoms in direct contact with
Co atoms and thus likely increase the average Pt induced
moment, and consequently the magnetization of the (Co/Pt)
multilayers.

The decrease in the average induced Pt moment when
increasing the Pt thickness can be easily explained by: (i) the
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decay of the Pt moment when going further from the Co/Pt
interface and (ii) the increased distance between the consecu-
tive Co/Pt interfaces so that Pt atoms close to one interface
are less polarized by the second further interface. The role of
interface morphology can be invoked as well. As the induced
Pt moment is larger for the sets grown on oxide layers, those
exhibiting rougher interfaces, it increases for small Pt thick-
ness when the roughness also increases. This enhancement
(on oxide buffers and for small Pt thicknesses) is thus likely
correlated with the changes in interface morphology; it is,
however, not possible at this point to discriminate between
the possible effects of roughness, intermixing and alloying.
A more accurate evaluation of these various effects would
require a depth-sensitive analysis of the induced Pt moment.

4. Summary

In conclusion, the link between the magnetic and structural
properties in (Co/Pt) multilayers has been carefully and
directly analyzed via the use of x-ray reflectivity, with spe-
cific attention paid to the influence of the Pt thickness and
to the nature of the buffer layer (metallic/oxide). The com-
parison between the different sets of (Co/Pt) multilayers
highlights the prominent role played by the layer rough-
ness, especially the Co layers roughness in the present case.
Rough interfaces largely contribute to reduce the effective
anisotropy, i.e. the PMA. This is observed for a given buffer
layer where decreasing the Pt thickness tends to increase
the roughness and reduce the PMA. It is also observed for
a given Pt thickness when the growth mode on an interme-
diate thin oxide layer leads to rougher interfaces. One can,
however, underline that PMA can still be achieved in these
systems deposited on oxides, an important point for the
development of spintronic devices.

Simultaneously, rough interfaces result in a strong magneti-
zation enhancement due to the polarization of Pt atoms in direct
contact with Co and to close Co/Pt interfaces. The Pt induced
polarization is particularly large when the growth is achieved on
an oxide layer and increases when decreasing the Pt thickness.
The influence of roughness on the Pt magnetization, i.e. on the
volume dipolar contribution, appears to be the predominant
factor in the reduction of effective anisotropy observed in the
sets grown on oxides compared to those grown on Pt.

Beyond the major role of volume dipolar contribution
that reduces PMA, the results strongly suggest that the large
roughness observed for samples grown on oxide layers gives
rise to a supplemental positive contribution promoting PMA,
consistent with the dipolar surface anisotropy term devel-
oped by Bruno. In cases where the magnetization is strongly
enhanced, this term becomes large enough to overcome
the reduction in Néel surface anisotropy and an anisotropy
exceeding the one obtained for (Co/Pt) deposited on Pt is
achieved. In the long debate on the role of roughness/inter-
mixing on PMA and more generally on anisotropy, these
results bring further evidence that a good knowledge of
interface structure is essential and that, beyond the expected
reduction of Néel surface anisotropy, multiple and possibly

opposite effects of roughness/intermixing have to be taken
into account. Among these, contributions specifically related
to roughness, such as dipolar surface terms, may be interest-
ingly taken advantage of to enhance the PMA in systems
with non-ideally sharp interfaces.
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