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Structural modifications in Fe ,Co;_,/Cu multilayers induced
by ion irradiation
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The structural evolution of RgCo,o/ Cu multilayers under ion irradiation is investigated in detalil
using x-ray techniques. The samples were irradiated with two different ions, 50 keV*odiridie

600 keV of Kr, at room temperature. No substantial changes were observed aftéradkation;

the He ions promote some disorder in the FeCo layers, an increase of tfid Quexture, and

grain size. After Kf irradiation a structural phase transition from bcc to fcc occurs in the FeCo
layers. Avery pronounced increase of the(Cll) texture and grain size is also observed. According

to the equilibrium phase diagrams such fcc phase is not expected for the FeCo alloy at the
composition of FgCoyq. This fcc phase is imposed by the Cu fcc structure of the adjacent layers,
which induce the regrowth of the FeCo layers structure from bcc to fcc during the relaxation period
of the atomic collision cascades. Also, after the Kradiation a multilayer structure still persists,

as showed by the x-ray reflectivity. @004 American Institute of Physics

[DOI: 10.1063/1.1767288

I. INTRODUCTION The FgCo;_,/Cu multilayer system is of great interest
from both fundamental and applied points of view because
lon irradiation of multilayers has been used for a longthis multilayered system as well as FeCo-Cu granular films
time as a technique to induce structural changes in a varietyan present large values of giant magnetoresistbor’f&dn
of materials. These materials under ion irradiation underggarticular, systems with 5gCo;,/Cu alloy compositions ex-
significant atomic rearrangement. An example of this phehibited one of the largest magnetoresistance amplitude re-
nomenon is the atomic intermixing and alloying that canported so far at 4 K in granular allo;}%’.13 Nowadays,
occur at the interface separating two different materials durFgCo;_, systems are also used in magnetic tunnel junctions
ing ion irradiation® lon-beam mixing can produce modified with spin-valve architecture such as magnetic tunnel transis-
materials, with higher solute concentrations at lower irradiator devices:*
tion doses than can be achieved with conventional high-dose In order to understand the magnetic behavior of the
implantation techniques. It is well known that an energeticFe3Cozo/ Cu multilayers under ion irradiation it is necessary
ion beam may induce alloying as it passes through the intefirst to investigate the structural evolution. We are mainly
face that separates two different materials. Moreover, ion irconcerned with the structural modifications induced by room
radiation of crystalline metallic alloys causes structuraltemperature ion irradiation of the f€0,,/ Cu multilayers.
changes, and crystalline phases can become amorphous Bhe irradiations were performed with two different ions,"He
change to a different crystalline structifré. and Kr". The experiment reported here was developed to
Another application of ion irradiation emerged recently. Study the structural modifications in the @0,/ Cu multi-
It was used as a nanometer scale technique for magnetidyers after ion irradiation by means of x-ray techniques,
media patterning, with possibility of controlling magnetiza- Namely, x-ray diffraction, x-ray reflectivity, and x-ray ab-
tion reversal properties and medium planarity, two funda-SOrption spectroscopy.
mental aspectg, in the new magnetic recording techndlogy.
Chappertet_ al. .useq ion |rrad|at|on to fabricate magnetic |”' EXPERIMENTAL METHODS
patterned films irradiating it through a mask to create local
modifications on the film properties. In this case, localized  The [FeCo;¢(15 A)/Cu(50 A)]y 1o multilayers were
modifications of magnetic coercivity and easy-magnetizatiorprepared by alternate electron-beam evaporation of Cu and
axis, in Co/Pt multilayers, were obtained with 30 keV*He FeyCoy, alloy at 3X 108 mbar on a commercial oxidized
ions. The influence on the magnetic properties of Ni/Fe filmsSi(111) substrate. To avoid any oxidation of the FeCo alloy,
after ion irradiation has also been repoftéds much as a cap layer of 30 A of Cu was deposited over the last layer of
other magnetic systems such as Co/Ag, which were studieBeCo. The evaporation was done at room temperature in a
in detail by structural evolution and magnetic respo%%e. BALZERS UMS-500P system using a 1 A/s deposition rate
monitored by a computer controlled quartz microbalance.
author whom correspondence should be addressed; electronic maill N€ ioN irradiations at room temperature were carried out in
amaral @if.ufrgs.br a 500 keV ion implanter. For our purposes, the samples were
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irradiated with 50 keV of Hé (1x 10 ions/cnf) and
600 keV of Ki* (3 10 ions/cnf) with current densities of 5 1
1 uA/cm? and 0.1uA/cm?, respectively. Energies and
doses were calculated using theim codé”® and chosen in
such a way that the ions had traversed the whole multilayer
thickness and stopped at the substrate, depositing approxi-
mately the same total energy in the multilayer stack for both
irradiations.

The structural characterization of the samples was made
using x-ray reflectivity, x-ray diffractiofXRD), and x-ray
absorption spectroscogXAS). Reflectivity experiment was
performed in a Philips X’Pert MRD diffractometer equipped
with a thin film attachment and a long soller collimator to
achieve a better resolution. X-ray diffraction patterns were
obtained from a Siemens D500 diffractometer with a Bragg-
Brentano geometry. Both reflectivity and diffraction were
performed using a C « radiation source. In the XAS mea-
surements, x-ray absorption near edgANES) and ex-
tended x-ray absorption fine structyiEeEXAFS) spectra were
acquired at the Co, Fe, and @G#+edges using the XAS beam
line facility at the Laboratorio Nacional de Luz Sincrotron
(LNLS).16 The reference spectra of the Cicc), Fe (bco),
and Co(hcp) standard foils were also measured for compari-
son and data analysis purposes. The spectra of the samples
were measured in fluorescence mode using(lai Biletector,
with the x-ray beam polarization vector in the plane of the
samples. The standard foils were measured in transmission
mode. The EXAFS spectra were analyzed by standard pra=c. 1. X-ray diffraction patterns of the as-deposited, irradiated, and postir-
cedures, using the/INXAS software packagg_ The various radiation annealed samples. The x-ray reflectivity curves for the as-
neighboring shells were extracted from the EXAFS Si(‘:]nausfjeposited and irradiated samples are presented in the inset.

x(k), by Fourier transformatiotFT), weighted byk' in the

wave-vector space ranging from 3.0 to 12.0'Ausing @  enhances, characterized by the increase of intensity and de-
standard Hanning windoW. Structural parameters were 0b- crease of FWHM of the a1l peak. At this time, a small
tained from least-squares fitting knspace using experimen- waving appears around 50° corresponding to (2@0) Cu

tal phase shift and amplitude. reflection.

The Kr* irradiation also enhances the crystallinity and
promotes grain growth. The peak corresponding to the
Cu(200 reflection becomes more visible. The shoulder or
peak asymmetry that appeared on the right side dflCl)

In Fig. 1 the x-ray diffraction patterns are shown for the peak after Hé irradiation disappears completely after *Kr
as-deposited, irradiated, and postirradiation annealefifradiation. This may be due to a smearing effect produced
samples. Also, the x-ray reflectivity curves corresponding tdoy the high intensity from the Gli11) peak or represents an
the as-deposited and irradiated samples are shown as an ing&dication of a possible phase transformation of the FeCo
in the figure. For the as-deposited sample the reflection comlloy layers. Another effect that is observed from the diffrac-
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Ill. RESULTS
A. X-ray diffraction

responding to fcc Q1Y) is visible exhibiting a large full
width at half maximum(FWHM), indicating high structural
disorder and a small grain size. At right side of the(Tli)
reflection there is a shoulder due to the bcc FETO) re-

tion patterns is the displacement of the (Cll) peak to-
wards lower values after irradiation. The irradiation triggers
a strain release in the multilayers similarly as observed by
Devoldel? in the Co/Pt system after Hiérradiation. Using a

flection; the arrows indicate the expected peak location. Thigorentz profile functiof to fit this peak we obtained a set of
feature is difficult to observe due to three factors: the highvalues(lattice parametea and interplanar spacing) that

structural disorder in both layers FeCo and [See the large
FWHM of Cu(111) peaK, the proximity of the fcc C(L11)
and bcc FeCd 10 peaks, and the tendency of preferred ori-
entation in thg(111) direction for fcc and110) for bcc dur-
ing the film growth. The(111) fcc planes are more close
packed thar{110) bcc planes. Moreover, the Cu layer thick-
ness is much larger than the FeCo, therefore thelTiy
reflection is much more visible than the FECb0) reflec-
tion. After He" irradiation the grain size and crystallinity

confirm the Cu tensile strain relaxation. The results obtained
from this fitting are presented in Table I.

Figure 1 also shows the x-ray reflectivity curves an
insed for the as-deposited and irradiated samples. In the fig-
ure, the Bragg peaks from the multilayer stdckre marked
with arrows. After Hé irradiation the multilayer structure
remains, which is confirmed by the presence of the Bragg
peak assigned in the figure. This may be explained by the
low mixing efficiency of the H& ions and the positive heat
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TABLE |. Results from the fitting procedure with a Lorentz profile function
of the CY111) peak. The values for a standard bulk*Gample are also
shown for comparison.

As-deposited He Kr* Cu'(111)
20 (deg  43.784+0.01 43.605+0.003 43.427+0.001  43.295
d(A) 2.066 2.074 2.082 2.088
a(A) 3.578 3.592 3.606 3.615

of mixing® (AH ;> 0) of the atomic species involved in the
multilayer. After Kr" irradiation the Bragg peak amplitude
decreases, but the peak persists. This shows that almost no
mixing occurs, i.e., some kind of multilayer structure is pre-
served after the Krirradiation, which is basically an effect
of the positive heat of mixing. The diffraction patterns cor-
responding to the postirradiation annealing, 450°C during
10 min, exhibit clearly the peak from the {g€0,,/Cu alloy.

The annealing induces an enhancement of crystallinity in the
FeCo alloy and Cu. This figure also shows that if any phase
transformation occurs, after Kirradiation, it is metastable
because an annealing with a relatively low temperature of
450°C, during 10 min, destroys this new phase recovering
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the bcc structure of the FeCo alloy.

B. X-ray absorption spectroscopy
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XANES features are fingerprints of the crystallographicFIG. 3. Co(a) and FeK—edges(b) XANES spectra for the as-deposited,
structures. So in order to evidence the phase transformatidﬁadiated, and postirradiation annealed samples. The Co, Cu, and Fe refer-

induced by the K irradiation we have compared the

ence spectra are shown for comparison. For Cdghealue corresponds to
7.709 keV and for Fe to 7.112 keV.

XANES spectra of the different samples with the ones of Cu

(fce), Fe(bco), and Co(hcp) references.

Figure 2 shows the CiK-edge XANES spectra of the one of Cu reference. The spectrum of the as-deposited
as-deposited and irradiated samples in comparison with theample is characteristic of a fcc structure. The smoothing of

Cu K-edge

Absorption (arb. units)

0.00 0.02 0.04 0.06

E - E, (keV)

FIG. 2. CuK-edge XANES spectra for the as-deposited and irradiated.

the oscillations corresponds to a high structural disorder
present in the film in comparison to the Cu foil, due to the
film growth process.

After He" and K irradiation the fcc structure is kept but
with enhancement of crystallinity, the XANES features are
much more defined than in the as-deposited sample. Hence,
the irradiation improves the crystallinity around Cu in the
samples in agreement with the x-ray diffraction patterns.

The XANES spectra at the Co and Reedges are dis-
played in Figs. 8&) and 3b), respectively. For the as-
deposited sample the XANES features at thekKGedge are
characteristic of a bcc structure, as expected for thedeg,
alloy in a multilayer stack®

After He' irradiation the structure of Co remains bcc
with higher structural disorder than the as-deposited sample.
Nevertheless, the irradiation with Kinduces considerable
changes in the XANES features. The Co assumes fcc struc-
ture indicating the occurrence of a phase transition.

When the Kf irradiated sample is annealed at 450°C
during 10 min it recovers the primary bcc structure, demon-
strating that the fcc phase assumed aftet Kradiation is
metastable.

At the FeK-edge[Fig. 3(b)] one observes that Fe as-
sumes the bcc structure in the as-deposited sample. The He

samples. The Cu reference spectrum is also shown for comparisorEThe irradiation induces some structural disorder but the bcc char-

value corresponds to 8.979 keV.

acteristic is still preserved in the alloy. After Kirradiation
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FIG. 4. EXAFS signals for the as-deposited, irradiated, and postirradiatiorllzlG', 5. (_:o_K-edge Fourier transforms for the as—_deposited, irrgdiqted, and
annealed samples at fRe-edge. The Fe and Cu reference signals are alsoPostirradiation annealed samples of the EXAFS signals shown in Fig. 4. The
shown for comparison. Fe and Cu reference spectra are also shown for comparison.

the structure around Fe is fcc. For the 450°C annealed€re not shown because the Cu structural environment was

sample the contribution of a surface oxide is observed lead®Mmost not affected by the irradiations.
ing to some changes in the XANES spectra. The major The Fourier transform magnitudes at the Keedge for
changes are the decrease of intensity of the preedge e as-deposited, irradiated, and postirradiation annealed
0.0 keV, increase of the structure at 0.017 keV, and théamples as well as the standard referervesighted byk')
damping of the other oscillations. are shown in Fig. 5. The FT of the as-deposited sample dis-
From the qualitative analysis of the XANES spectra webplays the bcc pattern with some disorder demonstrated by the
conclude that the Heirradiation only induces structural dis- lower amplitude of the peaks in comparison with the stan-
order. In the case of Krirradiation a phase transformation dard reference. Each peak of the FT is related to neighboring
occurs in the multilayer around the Co and Fe atoms. Théhells, where the amplitude depends on the number of atoms
FeCo alloy structure changes from bcc, in the as-depositeldd the shell and the position of the peak refers to the distance
samples, to fcc after Krirradiation. According to the equi- from the absorbing atom. In the case of a bcc structure, the
librium phase diagram the FeCo at the referred concentratiofirst peak contains the contribution of two distinct shells, the
should have a bec structuf@Such conclusion was also ob- first and the second one. After Heradiation the position of
served in a recent investigation about electrodeposited Fedbe FT does not change significantly, but the effect of disor-
alloys?® This ion-beam-induced fcc phase is not expected séler is more pronounced. After Kirradiation the FT changes
far for this alloy at the present concentratid#e;(Co;). and becomes very similar to the one of Cu reference indicat-
Complementary data that yield quantitative informationing that the Co environment becomes fcc. The FT of the
were obtained from the EXAFS measurements. The EXAFSample annealed at 450°C after*Kiradiation displays the
signals for the as-deposited, irradiated, and postirradiatioRcc pattern showing that the fcc phase is metastable.
annealed samples at the Reedge are displayed in Fig. 4. The same effect observed around (ahase transition
As observed previously with the XANES analysis, the as-after Kr* irradiation is also observed around the Fe environ-
deposited multilayer displays bcc structure with some strucment. The FT for the Cik—edge is not shown because the
tural disorder for the Fe atoms arrangement. Aftef Hea-  irradiations only enhance the crystallinity of the Qliec)
diation the bcc structure is preserved, but after* Kr structure as observed from the XANES spectay. 3).
irradiation the structure around the Fe atoms goes to fcc. The The results of the quantitative analysis of the first peak
EXAFS signals at the Co K—edge show the same trend obef the FT are displayed in Table Il. The fit quality is given by
served in Fig. 4 and are not presented here. The EXAF$? (minimized parameter in the fjtwhich is defined as fol-
signals, at the Co and the Re-edges, also show that the fcc lows, whereN is the number of data pointd, an estimate for
phase formed is metastable, turning back to the bce structutée experimental error, angl,; and yieor the experimental
after the 450°C annealing. The G(tedge measurements and theoretical data points, respectively:
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TABLE II. Parameters obtained from the fitting procediNeandN, values  they traverse the multilayer. Such collision cascades will

correspond to the number of neighbors of the first and second atomic shell&ve”ap and as a consequence, a |arge number of atoms are
R; andR; correspond to the mean distance from the absorbing atom to the ’ ;

respective atomic shells, with each Debye-Waller fa¢tarand o). pL.It.In motion throth_th_e far-from—qulllbrlum |on—peam
mixing process. After this first step, the highly energetic mix-
N, (2) RA)) o2 (R? ture of atoms will relax toward equilibrium in a second step
Sample K-edge 2 A2 & which takes place in a very short period of tinig0°
No(*) R M) 2 (A% -107°s). During this short interval of time the structure of
As-deposited co 8005 2460009 00002 the new for_med phase, Which will be fixed in_thg second
59(1.3) 2.88(0.020  0.0114 step, is avoided to undergo directly to an equilibrium state,
Het Co 6004 248(0.004 00015 i.e., the bcc structure. Instead, during this period the Cu lay-
600.7 272(0.01)  0.0325 ers will impose a fcc structure to the FeCo layers.
Kr* Co 98(0.)  254(0.00p 00015 ., In the case of Heion irradiation, there is no phase trans-
80(06 246(0.004  0.0008 formation because the njixi_ng eff_iciency of these ions_ is very
As-deposited Fe 52(11) 28600018  0.0062 0.7 small. The mass of the |nC|d_ent ion affe_cts the ator_mc colli-
. 80(05 247(0.003 0.0018 sion cascadg development; if the mass is large, asin the case
He Fe 5917 2860028 00187 —° of Kr, the displaced atoms can form a dense continuous re-
. 9.8(0.1) 2.54(0.00)  0.0022 gion of displaced atoms around the ion track; if the ion mass
Kr Fe 2.0 is small, as in the case of He, small isolated regions of dis-
As deposited cy 9301 252000 00002 p!aced atoms are formed along the ion path. Evgn with a
high dose, there is no complete overlap of the collision cas-
He cu 11709 252000y 00001 cades in the case of Hérradiation, avoiding the formation
of a uniformly disordered layer in the whole multilayer to
Kr+ cy 2000 25300003  0.0005 4 jnduce the regrowth of the FeCo structure.
12 2.50
Co reference Co V. CONCLUSIONS
Fe reference Fe 8 248 We have investigated the structural evolution of
6 2.86 Fe;Co;/ Cu multilayers after Heand Kr* ion irradiation.
Cu reference Cu 12 2.55

The H¢ irradiation induces small changes on the crystalline
structure of the multilayer, it produces some structural disor-
N der on the FeCo structure and enhances the Cly texture.
2= iz Vewli) = Vineoi) 2. After Kr* irradiation a phase transition from bcc to fcc is
AZZ TP theo observed in the FeCo alloy layers. A huge increase of
o ) Cu(111) texture as well as grain size is also observed. The
In fitting the EXAFS data, we have always taken into ac-fec phase induced by the Kiirradiation is metastable be-

count the information given by the XANES spectra. So, for 4 se the bec structure is regenerated after an annealing dur-
all the cases that the bcc structure was identified a two—shejhg 10 min at 450°C.

fitting was performed.

e . At last, it is interesting to point out that even after*He
As can be verified from Table II, the Co environment for 5ng k¢ irradiation a multilayer structure persists. Conse-

the as-deposited and Heradiated samples presents the co-q,ently, ion irradiation of multilayer systems appears to be

ordination numbers and distances that correspond 10 a beg, efficient method to induce phase transformations in only
structure. The Heirradiation induces some structural disor- 5a set of layers keeping the multilayer structure intact.

der as demonstrated by the increase of the Debye-Waller
factor values.
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