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Light ion irradiation of Co ÕPt systems: Structural origin of the decrease in magnetic anisotropy

T. Devolder*
Institut d’Electronique Fondamentale, UMR CNRS 8622, Universite´ Paris Sud, 91405 Orsay cedex, France

~Received 16 November 1999!

We study the structural properties of Pt/Co/Pt systems submitted to He1 ion irradiation, in order to under-
stand why the magnetic anisotropy can be decreased in a controlled way. It is shown by grazing x-ray
reflectometry that the irradiation-induced Pt and Co atom displacements can be largely accounted for by a
simple ballistic recoil mechanism model. Our results indicate that even in these nm-thick films, irradiation may
affect the upper and lower interfaces differently. Specifically, the upper Co interface undergoes short-range
mixing, resulting in roughness, whereas the lower Co interface mostly evolves by longer-range mixing, leading
to alloy formation. Irradiation also releases strain in these Co-Pt systems, but has no chemical ordering effect.
Together with slow asymmetric interface roughening, the cobalt tensile strain relaxation at low fluences
accounts for the magnetic anisotropy decrease. The type of analysis we propose could be useful to understand
why other magnetic properties, such as interlayer exchange coupling, can be controlled by light ion irradiation.
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I. INTRODUCTION

As magnetic anisotropy is due to the spin-orbit couplin1

it is directly related to the asymmetry of the atomic enviro
ment. The source of asymmetry may be of magnetocrys
line ~lattice space group!, magnetoelastic~uniaxial strain!, or
interfacial ~symmetry breaking at interfaces! origin. Playing
with these contributions has allowed the design of numer
perpendicular magnetic anisotropy~PMA! systems, a prop-
erty of major interest for ultrahigh-density magne
recording.2,3 Among these PMA systems, Co-Pt structur
have attracted considerable interest, because of a huge
netooptical Kerr effect~MOKE! in the blue/UV spectrum.4

In Co/Pt multilayers with small Co thickness, interface e
fects are strong enough to overcome the macroscopic s
anisotropy and to induce a perpendicular easy axis of m
netization.

It has recently been shown5 that the use of controlled6

intermixing of Co/Pt ultrathin layers via low-energy~30
keV! light ion (He1) irradiation provides excellent control o
the magnetic properties. A prerequisite for the precise tun
of magnetic properties is to use sufficiently light ions. Th
the sample atoms undergo very few short-range displa
ments while the ions are implanted deep into the substr
For instance, in a Pt/Co~5 Å!/Pt sample~sputtered on glass!
the coercivity (Hc) can be varied in a controlled way from
250 Oe to less than 10 Oe by adjusting the irradiation
ence, while the corresponding hysteresis loops rem
square. For such an ultrathin single-layer film, irradiati
also results in a Curie temperature (Tc) strong reduction,
down to below room temperature at high fluence;Tc remains
very precisely defined, indicating that the effects of irrad
tion are quite homogeneous.7 In Co/Pt multilayers, similar
fluences can also trigger a reorientation of the easy axi
magnetization from perpendicular to in plane.5

It has been also demonstrated that irradiation throug
mask allowed sub-50-nm planar, optical-contrast-free, e
bedded magnetic nanostructures8–10 to be produced. Such
planar magnetically patterned films are excellent candid
PRB 620163-1829/2000/62~9!/5794~9!/$15.00
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for improved magnetic storage media,11 where planarity is of
paramount importance. Moreover, as anisotropy can be
ied without major changes in other properties, such cont
lable samples are a unique model system to study the rela
between structure and PMA in Pt/Co systems. Until no
however, a precise understanding of the microscopic or
of the phenomena—Tc and anisotropy decrease—is st
lacking.

Here we investigate the influence of light ion irradiatio
on the structure of a Pt/Co~13 Å!/Pt sandwich so as to un
derstand the tuning of its magnetic anisotropy. The cob
thickness was chosen as the best compromise between
perpendicular anisotropy~low Co thickness! and maximum
number of Co atoms in a pure Co environment. Because
characteristic ranges involved in the irradiation-induced m
ing process are smaller than the cobalt layer thickness~13
Å!, the precise knowledge of its structural modifications w
allow to predict the behavior of any Co/Pt layered system

Structural characterizations are performed by graz
x-ray reflectometry~GXR!, a technique which is very sens
tive to surface and interface roughness, layer densities,
thicknesses. Specific features were checked by atomic f
microscopy~AFM! and x-ray diffraction~XRD!. Magnetic
characterizations rely on the polar magnetooptical Kerr
fect ~PMOKE! and alternative gradient field magnetometr
By comparing experiments to Monte Carlo collisional io
stopping simulations~TRIM code12!, we show that the uppe
Co interfaces undergo short-range mixing, resulting
roughness increase, whereas the lower Co interface mo
evolves by longer-range mixing, leading to alloy formatio
Irradiation simultaneously triggers strain release without a
chemical ordering effect. Both interface roughening and t
sile stress relaxation result in a lowering of the magne
anisotropy. The analysis presented here also bears on
discussion of irradiation-induced modifications of interlay
exchange coupling.13

II. EXPERIMENTAL

Sample fabrication was performed through rad
frequency~rf! sputtering, using a commercial Alcatel A61
5794 ©2000 The American Physical Society
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machine. The Al2O3~0001! single-crystal substrate is firs
heated up to 610 °C. A 37-Å-thick Pt buffer layer is the
epitaxially grown at 0.25 nm/s using dc magnetron sputter
at an argon pressure of 531023 mbar. This gives a flat film
with nearly perfect~111! texture and small~;30–40 nm!
grain size. The temperature is then decreased toTsub
5300 °C. Here rf magnetron, rf diode, and again rf mag
tron, respectively, are used for deposition of the 5-Å Pt
derlayer and 13-Å Co and 23-Å Pt cap layers at around 0
nm/s. The structure of cobalt on such substrates is hexag
compact ~hcp! with ~0001! orientation.14 The irradiations
were performed using an ion implanter15 equipped with a
universal medium-current ion source, providing a typical i
beam angular spread below 0.15° for the conditions use
our experiments. The ion current used here was 0.5mA/cm2

in order to limit sample heating below 1 K. We had prev
ously studied the coercivity (Hc) versus ion fluence of com
parable samples,5,7 and now use these calibration values
irradiate the samples with 30-keV He1 ions at appropriate
fluences up to 331016 ions/cm2. The different fluences were
applied with a moving shutter blanking the ion flux, onto
310 mm2 adjacent areas of the same initial sample, with
breaking the vacuum or changing the implantation settin
Such stringent experimental conditions—identical~synchro-
nous! sputtering conditions, equal areas—were found cru
to make very precise comparisons. The differences foun
the sample structures can thus unambiguously be ascribe
the irradiation effects.

The glancing incidence reflectivity measurements w
performed with a Philips X-Pert diffractometer using CuKa
radiation16 (l51.54 Å) with incident angular divergence o
1/8° and a receiving slit of acceptance 0.1 mm. All spec
were recorded from 2u51° – 13°, in 3-s steps of 0.01°
Alignment of the sample with respect to x-rays was ma
only once for the four different studied areas. The sam
was just translated to study selectively each area. Suc
procedure guarantied reproducibility of apparatus tran
function. Otherwise, some discrepancies would appear
2u<3°, due to an nonreproducible, improper elimination
the direct beam near grazing incidence and/or parasite re
tions.

Magnetometry experiments were made with a homema
standard MOKE magnetometer using He-Ne laser radia
(l5633 nm) in the polar geometry~PMOKE!. Identical
field sweeping rates were used for the different studied ar
Spectroscopic MOKE measurements were performed wi
commercial setup.17

III. RESULTS

A. Grazing x-ray reflectrometry spectra

Typical GXR spectra are shown in Fig. 1 for the a
deposited area and the highly irradiated area of the sandw
They exhibit the classical Kiessig18 fringes, with angular po-
sitions in close agreement with the total metallic thickne
The fringe frequency slightly decreases, while increasing
ion fluence, indicating that the metallic thickness~78 Å! has
been reduced by 1.0 Å after 331016 ions/cm2. This feature is
clear when looking at the minimum of reflectivity just belo
5°. As opposed to Ref. 19, in which Terriset al. observed a
substrate thickness reduction of several ten nm a
g
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1016N1/cm2 ~700 keV! nitrogen irradiation, our atomic force
microscopy measurements indicated no shape change o
substrate. The amplitude of this difference is not understo

The Pt ~111! plane distance (d111) in the sandwich was
determined byu/2u XRD scans~not shown!. It is 2.241 Å
before irradiation and decreases to 2.237 Å after the high
fluence. Such a20.2% decrease is not sufficient to accou
for the sample thickness 1 Å reduction. Helium irradiation is
thus likely to have a densification effect on the metallic la
ers. Applying the usual Sherrer formula20 the XRD Pt~111!
peak width in theu/2u scans indicates that whatever the fl
ence, the crystallographic coherence length along Pt@111# is
the full sandwich thickness.

The reflectivity mean decay between 1° and 13° follo
R}1/un for as-deposited (n54.8) and highly irradiated area
(n54.9), indicating negligible surface roughness (n54 is
expected from Fresnel equations applied to a perfectly
surface!. Damping of the Kiessig fringes is very slow: th
different sandwich interfaces are well defined. The osci
tion damping is slightly more pronounced in the highe
fluence case. This last point is related to a roughness incr
at the Co/Pt interfaces, as will be shown below. The exp
mental spectra exhibit no detectable long-wavelength bea
that could be associated with a surface contamination. M
precisely, if there was any, its index of refraction would
very close to that of the Pt cap layer, a very unlikely cas

B. GXR simulation procedure and sample structure

More quantitative information—layer refractive inde
layer thicknesses, and roughnesses—can be extracted
the data using the standard model,21 which calculates the
reflectivity curves using a recurrence based on the Fre
equations. The parameters are the layer thicknesses and
refractive indicesn512dn2 ibn . The bulk refractive indi-
ces of Co and Pt aredCo525831027 anddPt555031027.
They follow d;rZ, wherer is the atomic density andZ the
charge number. There is littleb contrast (1.431026) be-
tween Co and Pt, so that reasonable variation of these te
does not change the computed reflectivity spectra. Fina
the root mean square~rms! roughness of a given interface o
surface can be taken into account by introducing a Deb

FIG. 1. Experimental and simulated GXR spectra of the
grown area~two upper curves! andF5331016 ions/cm2 irradiated
area~two lower curves! of a Pt/Co~13 Å! /Pt sandwich. The curves
are, respectively, multiplied by a factor of 1000, 100, 10, and 1
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5796 PRB 62T. DEVOLDER
Waller-type factor correction of the reflected amplitude
each interface.22 The roughness is considered as a local fl
tuation of thickness. This model holds for a Gaussian dis
bution of local height, if the macroscopic shape fluctuatio
~low-momentum Fourier component of the roughness sp
trum! of the sample are used as the local altitude base li

Since the GXR spectra for different fluences are v
similar ~see Fig. 1!, the convergence of the fit must be mu
better than the~small! irradiation-induced differences in th
spectra. The fits are compared to the experimental dat
Fig. 1. Fitting parameters are displayed in Figs. 2 and
Combined variations within ranges of 1% for the indices a
5% for the roughnesses did not alter significantly t
experiment-fit agreement, which was excellent for all are

Our fitting procedure is the following.
~i! In a first step, the sandwich is divided into its nomin

structure, i.e., Al2O3/Pt buffer ~;41 Å!/Co~;13 Å!/Pt cap
~;22 Å!. The indices are first taken equal to that of bulk C
and Pt. Then we let the layer thicknesses vary in alterna
with their refractive indices. When maximum convergence
attained, we vary independently each layer roughness. T
are displayed in Fig. 2.

The sample surface remains very flat, with a roughn
increase from 2.1 to 2.4 Å. This nearly constant flatness
also checked by AFM.23 Before irradiation, the Co layer is
very symmetric: the roughness of its upper and lower in
faces is 3.2 and 3.4 Å, respectively. One of our major res
is that irradiation breaks this symmetry: theupperCo inter-
face roughness increases at a much higher rate than th
the lower interface.24

To illustrate this point, we have performed a compleme
tary set of fits. There were made by exchanging the rou
nesses of upper and lower interfaces, taking the data of
2. Indices were then refitted until maximum agreement w
obtained. Only weak variations~less than 1.5%! of the indi-
ces occurred. The convergence criteria of the two strati
configurations are compared in Table I. They are good
both cases,25 but are significantly better when the great

FIG. 2. Roughness of the different interfaces of a Pt/Co~13 Å!
/Pt sandwich: Pt buffer/Co interface~squares!, Co/Pt cap interface
~circles!, and Pt surface~triangles!, as a function of the ion fluence
Determined from the reflectivity measurements of Fig. 1. The in
displays the value of the first-order magnetocrystalline anisotr
parameter~erg/cm3!. The correlation between roughness and m
netic anisotropy is only weak.
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roughness is given to the upper interface. This indicates
the roughness asymmetry is a real effect but that the rou
ness amplitudes should only be considered as indicative

This asymmetry is of utmost importance to understand
magnetic properties. Indeed, it has been previou
assumed5,7,19 that the irradiation-induced decrease of ma
netic anisotropy could besolelyattributed to interface rough
ening. The weak correlation between roughness and m
netic anisotropy variations, as sketched in Fig. 2, indica
that this statement needs to be revised. This point will
further addressed in the discussion.

Modeling of an unknown concentration gradient can
performed in two complementary ways: introducing roug
ness or inserting an alloy layer. In general, none is fu
satisfactory. The roughness found for the upper Co/Pt in
face is huge~7 Å! for the highest fluence and is no long
negligible compared to the Co layer thickness. It does
allow us to perfectly simulate the experimental data. W
were consequently led to try and implement ‘‘alloy’’ laye
in the simulated sandwich sample, so as to estimate the m
ing phenomena that cannot be modeled by a simple rou
ness.

~ii ! In a second step, we have thus simulated the Al2O3/Pt
buffer ~;36 Å!/Pt underlayer~;5 Å!/Co~;13 Å!/Pt over-
layer ~;5 Å!/Pt cap~;17 Å! structure. We have divided th
Pt buffer into two parts because the dc and the 5-Å
sputtered Pt havea priori different densities and thus non
equal indices. We also divided the cap layer in two parts26

Such a division of the Pt layers in Co-adjacent an
nonadjacent layers enables us to distinguish between s
range and long-range effects during mixing. All layer thic
nesses except the cap were kept equal to the as-depo
value, so that all the relevant information is reported in t
refractive indexd. Such a fitting mode allowed us to furthe
improve the experiment-fit accuracy, whose indices are
ported in Fig. 3. The convergence was mainly limited
experimental noise at highu. Before irradiation, the Pt buffe
exhibits a gradient of refractive index: the dc and 5-Å
sputtered layers have different densities. As is common
sputtered layers, the dc-grown buffer layer is more de
than the~rf-grown! cap layers. Conversely, the cap layer
highly homogeneous; its division into two layers is pure
artificial. Irradiation triggers a regular increase of the C
layer index and a decrease of the Pt underlayer, while
other layer indices increase smoothly. After the highest
ence, the Pt buffer and the Pt overlayer index variations b
and decrease. For the same fluence, the evolution of th
cap layer also slows down.

t
y
-

TABLE I. Comparison of fit convergence with the sandwic
parameters of Fig. 2~left column! and after exchange of roughnes
between upper and lower Co/Pt interface~right column!.

Fluence
(He1/cm2)

Weightedx2

roughnesses of
Fig. 2

Weightedx2

exchanged
roughnesses

F50 6.7 8.7
F5631015 8.3 9

F51016 5.6 8.7
F5331016 6.8 8.4
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The average index of the metallic layers increases fr
d542031027 to d543131027: the irradiation triggers a
global densification.

In summary, irradiation progressively roughens the up
Co/Pt interface. The lower Pt/Co interface undergoes m
less roughening but an adjacent Pt-rich layer with its o
refractive index is created. At a distance greater than 5
apart a cobalt layer, the Pt indices indicate an irradiati
induced densification.

C. Magnetic properties

Kerr magnetooptical hysteresis loops in the perpendic
geometry are displayed in Fig. 4 in the sandwich case. I
diation triggers an increase of the saturation Kerr rotat
uK

max from 0.141° to 0.175°. Note that measuring the Ke
effects does not give insight into the saturation magnet
tion MS because the permittivity tensor is strongly functi
of the Co-Pt alloy concentration17 and thus changes whil
irradiating. Not shown here are alternative gradient fi
magnetometer measurements proving indeed that the sa

FIG. 3. Refractive indices of the different layers of a Pt/Co~13
Å! /Pt sandwich as a function of the ion fluence, determined fr
the reflectivity measurements of Fig. 1. Pt buffer layer~diamonds!,
5-Å-thick Pt underlayer~squares! under the Co layer~circles!, 5-Å
Pt overlayer~down triangles!, and Pt cap layer~up triangles!. Ver-
tical error bars are 1% wide.

FIG. 4. PMOKE hysteresis loops of Pt/Co~13 Å! /Pt sandwich
for zero fluence, 631015 and 331016He1ions/cm2.
r
h
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tion magnetizationMS is constant, equal~within 650
emu/cm3! to that of bulk cobalt~1422 emu/cm3!.

The as-deposited area exhibits PMA: the easy axis
magnetization is perpendicular to the layers and the loo
perfectly square. The saturation field in the hard axis lo
~not shown! is ;2 kOe. Irradiated areas have their magne
zation easy axis tilted towards the in-plane orientation,
that their perpendicular remnant ratios are lower than
Saturation of the magnetization along the perpendicular a
requires applying greater fields when increasing the ion
ence. This accounts for an irradiation-induced decrease
the magnetic anisotropy. It can be modeled by writing t
total anisotropy energy as

Etot5~22pMs
21K1

v!sin2 u1K2
vsin4 u, ~1!

whereu is the angle between the magnetization vector a
the normal to the sample surface.22pMs

2 is the macro-
scopic shape anisotropy term, whereasK1

v and K2
v are the

first-and second-order magnetocrystalline anisotropy par
eters, including the interfacial and magnetoelastic terms.

These anisotropy parameters can be computed from
axis hysteresis loops,27 provided the value ofMs is known.
When the magnetic field is perpendicular to the sample,
energy minimization leads to

2bK1
v22pMS

2c
MS

1
4K2

v

MS
sin2 u5

2H

cosu
. ~2!

Using Xi52(12cos2 u) and Yi52HMS/2 cosu, Eq. ~2!
transforms into

Yi5 bK1
v22pMS

2c1K2
vXi . ~3!

In the reversible parts of the hysteresis loops,u does not vary
from one point to another in the sample and follows cou
5uK /uK

max. HereXi and Yi can thus be computed from ex
perimental points. A linear fit on$Xi ,Yi% provides the an-
isotropy parameters. When the easy axis is perpendicula
the film, a similar procedure can be applied with the field
the plane of the sample.

The anisotropy valuesK1
v are collected in Fig. 2. The

decrease ofK1
v is fast until F5631015 ions/cm2 and then

goes on at a slower rate. In all areas, the second-order
isotropy parameterK2

v is non zero:K2
v is 0.83106 erg/cm3

before irradiation. The first fluence (631015He1/cm2) de-
creasesK2

v to 0.63106 erg/cm3. It is no longer affected by
further irradiation.K2

v being nonzero, reducingK1
v below the

shape anisotropy energy 2pMs
2, does notmake the easy axis

fall abruptly in the plane of the sample. The easy cone
magnetization rather opens progressively, making an an
u5arcsin@(2pMS

22K1
v)/2K2# with the normal of the surface

This is the case for the three irradiated areas.
The spectroscopic dependence of the Kerr signals~not

shown! exhibits no feature characteristic of local chemic
ordering.28 The Kerr rotation increases slightly in the far U
spectrum and significantly for wavelengthl.310– 340 nm.
The Kerr ellipticity increases at all wavelengths. Such
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5798 PRB 62T. DEVOLDER
evolution is similar to that observed in disordered Co-Pt
loys when increasing both the Pt composition and the t
magnetic alloy thickness.29

IV. DISCUSSION

We shall first compare our experimental trends to pur
collisional mixing simulations and see whether the m
structural evolutions—the nonsymmetric roughness, the m
ing ranges, and rates—are compatible with this sim
model. Keeping in mind that GXR is not sensitive to gra
size, order/disorder effects, and crystalline structure, we s
then address the correlation between magnetic and struc
properties and, in particular, discuss the magnetic anisotr
decrease.

A. Ballistic recoil mechanism of mixing

We have performedTRIM ~Ref. 12! simulations on a per-
fect sandwich Pt~41 Å!/Co~13 Å!/Pt~22 Å!, with initially
pure layers in order to simulate30 the first stages of ion beam
mixing. Figure 5 shows the distribution of foreign atom
i.e., Co atoms knocked in the Pt buffer or in the Pt cap lay
or Pt atoms kicked inside the Co layer. Note that there
40% more Pt atoms knocked into the Co layer than Co ato
knocked into the Pt layers. This implies that immediate
after irradiation~before any diffusion or recombination pro
cess! the atomic density of the different layers has chang
When multiplying the simulated implantation rate by a fl
ence of 1016 ions/cm2, the resulting maximum foreign atom
local concentration is 38%. The probability for a given ato

FIG. 5. Distribution of foreign atoms in an irradiated Pt/Co~13
Å!/Pt structure, i.e., cobat atoms~squares! in the buffer and capping
layers and platinum atoms~triangles! in the nominal Co layer.TRIM

simulation after 83105 incoming ions.
l-
al

y

x-
e

all
ral
py

,
rs
re
s

.

to undergo two He1 collisions is thus everywhere lower tha
0.382514% atF51016 ions/cm2. As a result, the two lower
fluences belong to the quasilinear mixing regime where
likelihood for a given atom to undergo two collisions wit
He ions is still low. Conversely, the highest fluence belon
to the cumulative mixing regime, so that the calculated c
centration shall only be considered as indicative.

The calculated foreign atom distribution gives three ma
pieces of information: ~i! the characteristic lengths of th
problem,~ii ! the mixing rates, and~iii ! an insight into sand-
wich roughness asymmetry.

1. Characteristic dimensions

The characteristic lengths of the mixing process are su
marized in Table II.

In Fig. 5, the distributions of Co atoms under or over t
Co layer fall off exponentially away from the initial inter
faces with characteristic decay ranges of, respectively,
and 1.5 Å. The Pt distribution is smoother: the typical d
cay lengths are;4.5 Å on both cap and buffer side, so th
the Pt concentration is nonzero in the center of the Co la
These numbers integrate all events weighted by their res
tive probability. They are related to the most probable ran
of a given atom after a 30-keV He1 ion collision. The mean
transferred energy in a He-Co~respectively, He-Pt! collision
is 85 eV~respectively, 68 eV!. The corresponding path of 8
eV Co in a Pt layer is 3 Å, whereas that of 68 eV Pt in a C
layer is 5 Å.12 In summary, Pt atoms penetrate deeper in
Co layer than Co atoms do in the Pt layers; as a result, th
concentration gradient inside the Co layer is less abrupt t
that of Co in Pt.

Thanks to the momentum conservation during collisio
Co atoms are mainly driven inwards the buffer, whereas
cap atoms are driven into the upper part of the cobalt lay
Secondary collisions may occur: an already knocked a
can collide one of its neighbors. Sometimes, it makes
atom travel towards the surface~backwards the ion direc
tion!. Such a secondary process in the backward directio
rare and of low energy, so that there is a high asymme
between Co concentration decay rates over and under
cobalt layer.

The ranges of Table II are consistent with a rapid decre
of the 5-Å Pt underlayer index and a slower decreasing
for the Pt overlayer. In addition, because the calculated p
etration of Co in Pt is small, the index of the two Pt laye
that are far away from the Co layer should be stable, at le
in the quasilinear mixing regime.

2. Mixing rates

The mean calculated foreign atom concentrations
given in Table III between square brackets. In order to co
TABLE II. Characteristic lengths of the irradiation-induced mixing process.

Most probable range~Å!
Characteristic extension of the concentration

gradient projected on Pt@111# ~Å!

Pt atom in Co
matrix

Co atom
inwards in Pt

underlayer

Co backwards
in Pt

overlayer

Pt atom in Co
matrix

Co atom
inwards in Pt

underlayer

Co backwards
in Pt

overlayer
5 Å 3 Å Secondary

collision only
4.5 Å 2.7 Å 1.5 Å
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TABLE III. Comparison between the experimental foreign atoms concentrations determined by GX
by mixing simulations for a Pt/Pt~5 Å!/Co~13 Å!/Pt~5 Å!/Pt sandwich. The simulation data are given betwe
square brackets. Experimental determination of mixing rate in the Pt overlayer is prevented by its comp
with strain release.

Fluence: 631015 ions/cm2 1016 ions/cm2 331016 ions/cm2

Co in Pt
underlayer

3.6% @6.4%# 4.4% @10.8%# 12.4% @,32%#

Pt atoms in
Co layer

3.5% @7%# 7% @11%# 19% @,34%#

Co in Pt
overlayer

Stress
release
regime

@3.8%# Stress
release
regime

@6.3%# .1.5% @,18.8%#
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pare them with the GXR data, we estimated the experime
foreign atom concentration@x# using a simple Vegard as
sumption,

dexp5@x#dCo1~12@x# !dPt, ~4!

and our experimental Co and Pt indices found for zero
ence. This is crude estimate since it neglects any poss
change of atomic density and assumes flat interfaces.

The data collected in Table III indicate that the order
magnitude of Pt implantation into Co is correct. Simulati
seems to overestimate all the implantation rates by;80%. In
view of the approximations made above, this agreement m
be regarded as satisfactory.

Experiments and calculations agree that the Pt underl
and the Pt buffer behave differently: the incorporation
Co into Pt has a range smaller than 5 Å. The character
lengths displayed in Table II are thus relevant quantities

Finally, the asymmetry in alloy concentrations over a
under the central layer is also concluded from the two me
ods. This provides a strong indication that the mixing eff
is largely driven by a collisional mechanism.

The evolution of the index of the Pt overlayer, which fir
increases and then decreases, and the increase of Pt b
and cap refractive indices could be due to the increase
atomic density due to a decrease of the lattice unit cell v
ume. Large modifications of interatomic distances were
served for 60-keV He1 irradiation of Cu/W superlattices.31

In our case, the strain change would occur similarly in all
layers, but its observation would be hindered in the Pt
derlayer because of the high Co implantation rate. As s
from Fig. 3, the Pt layer densification slows down for t
highest fluences~see, for instance, the variation of the refra
tion index of the Pt cap layer, a layer which is out of reach
the knocked Co atoms!.

Since the coherence length along Pt@111# is the full sand-
wich thickness, the unit cell volume reduction should a
occur inside the Co layer. Preliminary extended x-ray
sorption fine spectroscopy~EXAFS! analysis32 at the Co
edge confirms a 6% reduction of the unit cell volume arou
a cobalt atoms. The change of the in-plane paramete
23.3%.

Adding this effect in Eq.~4! would lower the GXR-
estimated incorporation rate of Pt into cobalt and would
crease the GXR-estimated incorporation rate of Co into
Pt underlayer. A better agreement between collisional m
ing and GXR data would be attained for incorporation rate
al

-
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ay
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-
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ffer
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l-
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t
-
n

f

o
-

d
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Co into the Pt underlayer. A worse agreement between
lisional mixing and GXR data would be attained for inco
poration rate of Pt cap atoms into the Co layer.

3. Sandwich roughness asymmetry

The number of foreign atoms is maximum near the int
faces: this will affect interface roughness. rms roughness
unfortunately not be computed within our model. To discu
the alloying effect, we have estimated the number of fore
atoms in each entire layer. To discuss the roughness va
we shall now calculate the proportion of foreign atoms
cated closer than 3 Å apart from a given interface.33 From
Fig. 5, this proportion of foreign atoms near the lower C
interface is 36% for a fluence of 1016 ions/cm2 and is 1.4
times more near the upper Co interface. Qualitatively, the
atoms knocked towards the substrate side travel far eno
so that alloy formation may be assumed, whereas the
atoms knocked towards the surface side through secon
collisions travel at lower distances and stay in direct cont
with the Co layer, so that a roughness increase is triggere
schematic of this scenario is displayed on Fig. 6.

However, the ballistic recoil mechanism cannot acco
exactly for the experimental asymmetry between upper
lower Co/Pt interface’s roughness, between which there
factor of 2 instead of 1.4. Just as it was the case for
mixing rate, it now seems that Co atoms enter in Pt as ea
as predicted by purely collisional mixing, whereas Pt ato
do not manage to enter the Co layer as easily as they sho
This could be due to a nonsymmetrical chemical poten

FIG. 6. Qualitative schematic of a sandwich structure before
after irradiation. Co~Pt, respectively! atoms are in black~respec-
tively, gray!. Ions move towards the bottom of the figure. Co ato
moving in the ion direction travel more than one interatomic d
tance and become isolated~Co-Pt alloying!, whereas Co atom mov
ing in the opposite direction travel typically only one interatom
distance and contribute to roughness~local thickness fluctuations!.
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gradient, the role of thermodynamics being to stabilize34 the
Co atoms transported in the Pt fcc matrix~alloy formation!
rather than35 the Pt atoms inside the Co hcp layer~segrega-
tion resulting in roughness!. This illustrates why ion-induced
modifications are rather stable versus annealing at 20
~Ref. 7! in our miscible systems. This is not the case w
strongly immiscible systems such as Fe/Ag multilaye
where annealing allows recovery of abrupt interfaces.36 This
specificity of hcp-Co/fcc-Pt chemistry can enhance the as
metry between upper and lower Co interface struct
sketched in Fig. 6.

In summary, a purely ballistic model can semiquanti
tively account for the different mixing rates, their range in
and Co, and the roughness asymmetry of the Co layer.
further supports the conclusions drawn by the structural s
ies of Sec. III A. Thermodynamical effects should be tak
into account for a more precise description of the mixin
Finally, to explain the mean refractive index global increa
we conjecture a reduction of the crystal lattice unit cell v
ume in the whole metallic thickness.

B. Correlation between structure and magnetic anisotropy

The evolution of magnetic anisotropy can either st
from volume effects or interface effects.1

The anisotropy contributions proportional to the magne
volume are shape anisotropy, magnetocrystalline anisotr
and magnetoelastic anisotropy.

~i! Shape anisotropy is constant because saturation m
netizationMS is.

~ii ! While randomly incorporating Pt into bulk Co, th
magnetocrystalline contribution can decrease from
3106 erg/cm3 ~pure hcp Co! to ;0 ~random fcc Co-Pt alloy!.
If the Pt incorporation was performed together with a lo
chemical ordering, the magnetocrystalline anisotropy wo
drastically increase.28 It has been shown recently that 13
keV He1 irradiation at higher temperature~280 °C! can in-
duced partial chemical ordering of FePt.37 Here spectro-
scopic PMOKE measurements do not exhibit the spec
signatures28 of chemical ordering when irradiating Co/Pt
room temperature, so that magnetocrystalline anisotr
should decrease with the Pt concentration inside the
layer.

~iii ! Thanks to the lattice mismatch between Pt and C
the as-deposited Co layer is in tensile stress. We have sh
that the Pt layer densification could be interpreted in term
strain relaxation. We have conjectured a decrease of the
tice unit cell volume in both Pt and Co layers. Our GX
experiments can unfortunately not distinguish between Pt
riching of the Co layer and strain relaxation within it. W
have shown in the previous section that both are very lik
to happen. EXAFS measurements are in progress32 to further
characterize these two rates. However, the magnetoel
anisotropy of Co is negative. Thus, if the Co layer tens
stress is reduced, PMA is lowered. Note that the strain
lease rate is the only structural parameter that does not
linearly with the fluence.

In the absence of interface anisotropy, the easy axis
magnetization would be in plane for all layer thicknesses
irradiation fluences. The more abrupt the interfaces are,
higher the~interface! anisotropy.38 Hence irradiation should
C
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lower the interface anisotropy. Such a decrease should s
with the roughness evolution, which is linear with regards
the fluence~Fig. 2!. Note, however, that only the upper in
terface roughness is affected by irradiation, so that the c
tribution of each interface should not be altered the sa
way; the interface contribution to the total magnetic anis
ropy cannot be reduced by more than a factor of 2.

In the case of thinner~5 Å of Co! Ref. 7 sandwiches or
multilayers,5,19 it has been reported that the irradiatio
induced decrease of anisotropy is linear. These ultrathin
layers comprise only Co atoms located at an interface, so
the decrease of anisotropy could almost exclusively be
cribed to the roughening of the interfaces. In addition, o
low fluences were considered.

A high fluences, the decrease of anisotropy is not linea
starts abruptly and then slows down, because several s
tural phenomena are involved. We have shown that the st
relaxation is the main phenomenon at intermediate and
fluences while mixing process becomes dominant at mo
ate and high fluences, when the strain relaxation rate sl
down. This explains the evolution of the Co sandwich anis
ropy.

K1
v decreases first because of combined strain relaxa

in the Co layer and upper interface roughening. Then, w
stress is relaxed, only the roughening of the upper Co
interface decreases the magnetic anisotropy. SinceK2

v is a
purely volume contribution, it is mainly affected in the stra
relaxation regime, e.g., at low fluences.

V. CONCLUSION

Finally, light ion irradiation is a powerful tool to tune
magnetic properties without affecting planarity.5 This tech-
nology is compatible with mass production standards,19 and
has proven sub-50-nm resolution.8,9

Purely ballistic recoil processes can rather accurately
plain most of the mixing characteristics of 30-keV He1 irra-
diation of Pt/Co/Pt sandwiches. Simulation confirm t
structural trends determined by GXR: even in these nm-th
sandwiches, irradiation does not affect in the same way
upper and lower interfaces. More precisely, the upper in
face is mainly affected by short-range atomic motions g
erating roughness~Co thickness local fluctuations!, whereas
atoms near the lower interface undergo higher-range
tions, resulting in alloy formation. Grazing x-ray reflectom
etry also indicates an irradiation-induced densification of
metallic layers. To account for this, we conjecture that ir
diation helps to release strain. Although no chemical ord
ing is involved during irradiation, full understanding of th
irradiation-induced structural changes would require imp
mentation of thermodynamics of binary CoxPt12x alloy sys-
tems into the structural model.

Our magnetic results indicate that the decrease of m
netic anisotropy may be related to two phenomena. At re
tively low fluences (F<1016He1/cm2) irradiation triggers
cobalt strain release and thus reduces the magnetoelastic
tribution to magnetic anisotropy. At the same time, the up
interface roughness increase linearly with the irradiation
ence. This linearly lowers the interfacial contribution to pe
pendicular magnetic anisotropy. This scenario—strain rel
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ation and asymmetric mixing—can be generalized to a
Co/Pt system; for very thin Co layers, only the interfa
roughness anisotropy term should vary. Our analysis b
on previous reports7,10 concerning the variation of the mag
netic anisotropy with the irradiation fluence and opens
route to understand light ion modification of other magne
properties, such as interlayer exchange coupling.13
y
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