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M. Lux-Steiner,2 and P. Böni1
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Incident ion energy to matrix electrons of a material is dissipated within a narrow cylinder surrounding

the swift heavy ion path. The temperature of the lattice exceeds the melting point and upon quenching

causes nanometric modifications. We present here a unique ex situ approach in manipulating the

uncompensated spins in antiferromagnetic layers of ferro-/antiferromagnetic exchange coupled

systems on a nanometric scale. We use the impact of relativistic heavy ion (1–2GeV) irradiation on

such systems. We find an increase in the bias field and a restoration of the reversal via domain

nucleation in the trained state. These are identified as plausible results of ion-induced

antiferromagnetic ordering with little or no effect on the layer structure. This study demonstrates,

therefore, the possibility of nanoscale tailoring of exchange coupled systems that survive even in the

trained state.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729472]

The passage of ions through matter has an interaction time

�10�17 s (e.g., a 5MeV/nucleon ion has a velocity �10% of

the speed of light) and can create atomic point or extended

defects within a hot cylindrical zone (�10 nm radius) of atoms

in quasi-thermal equilibrium.1 The slowing down of ions results

from energy loss in solids. This can be either by inelastic colli-

sions of the ions with electrons or by elastic collisions with the

nuclei of the target atoms. A simple choice of the ion energies

determines if it is in the regime of collision cascades or of elec-

tronic excitation with subsequent electron-phonon coupling. Sn
[keV/nm] is the nuclear stopping power that dominates for the

keV range of ions whereas Se [keV/nm] is the electronic stop-

ping power that dominates for the MeV range of ions.

It has been shown earlier that the coercive field and

magnetic anisotropy of magnetic multilayers (MLs) can be

accurately controlled by low energy irradiation in the elastic2

or by high energy ions in the inelastic3 regime. Particularly,

local manipulations of magnetization in the inelastic regime

are (a) confined to a few nanometers only (b) without signifi-

cant modification of the interface structure, and (c) applica-

ble for ex situ changes. Thus irradiation techniques offer

means of magnetic-tailoring devices in information technol-

ogy such as in exchange biased system.4

We have taken the example of ion irradiation in

exchange bias systems which demands a complete under-

standing5 of various other bias-related phenomena, such as

coercivity enhancement,6,7 asymmetric hysteresis loops,8–10

and last but not the least the training effect.11 An important

issue has been the loss of magnetic memory upon repeated

field cycling in exchange biased spin-valve systems. Direct

manipulation of the antiferromagnetic (AF) spins in

exchange biased systems enables us not only to tune the bias

field but also to have a control over the coupled magnetiza-

tion reversal mechanism.

In the low-energy ion regime, ballistic mixing causes

atomic rearrangements, which subsequently modify the

magnetic properties. It is possible to increase or decrease

exchange bias field Heb and also change its direction by

in-situ irradiation.12–14 The effect is due to orders of magni-

tude more energy as compared to thermal energy deposition

(e.g., field cooling).12,15 High energy heavy ions are liable to

produce amorphization in a perturbed cylinder along the ion

path beyond a threshold of energy transfer.

In this work, we demonstrate a unique way of affecting

the uncompensated AF spins of an archetypical exchange

coupled system as we irradiate it with GeV energy ions. The

irradiations are done after deposition of the films in absence

of any in-situ field. We show here that the irradiated samples

have an increase in their Heb. More interesting is the manipu-

lation of the magnetization reversal mechanism that persists

even in the trained state. Such unique manipulation of rever-

sal mechanism has not been reported thus far.

We have investigated a ML of the composition

SiO2=½Coð11:0 nmÞ=CoOð5:0 nmÞ=Auð22:5 nmÞ�N¼16. The

usual pressure in the magnetron sputtering chamber was

3� 10�3mbar in Ar atmosphere during deposition with a

base pressure of 1� 10�7mbar. We employ an ultra-violet

light assisted oxidation at an O2 pressure of 200mbar at
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50 �C for 1 h.16 Irradiations were performed at GSI Helm-

holtzzentrum für Schwerionenforschung. Four 15� 15mm2

samples were cut from a single homogeneous piece

(30� 30mm2) for the irradiation. Thereby one can rule out

any changes in their characteristics due to deposition condi-

tions. The ion fluences used are 1� 1012, and 1� 1013 ions/

cm2 for 8.4MeV/amu of 197Auþ (1.6GeV) and 238Uþ

(2GeV) ions. Calculations using the transport of ions in mat-

ter (TRIM) code (J. P. Biersack TRIM91) indicate that GeV

ions travel through the entire stack of our specimens.

Conventional in-plane magnetization loops are meas-

ured using a superconducting quantum interference device

(SQUID) MPMS from Quantum design. Depth sensitive vec-

tor magnetometry was done using polarized neutron scatter-

ing at the TREFF reflectometer at FRM-2. We measure

specular and off-specular intensities which contain signifi-

cant information regarding the vertical and the lateral corre-

lations of the layer structure and the magnetic structure. The

neutron wavelength is fixed at k ¼ 4:73 Å. Details on the

technique and a corresponding review can be found else-

where.17 In our experiment four different cross sections can

be distinguished, namely, non spin-flip (NSF) (Rþþ and

R��) and spin-flip (SF) channels (Rþ� and R�þ) measuring

the respective longitudinal and transverse component of

magnetization with respect to the guiding field. We use a

cooling field HFC ¼ þ4:0 kOe down to 10K directed along

an in-plane direction for all specimens. The K-edge Co x-ray

absorption near-edge structure (XANES) measurements

were performed in the fluorescent mode with a 13-

compoment Ge detector at the x-ray absorption spectroscopy

beamline (BL-8) of the Siam Photon Source (electron energy

of 1.2GeV, beam current 80–120mA), Synchrotron Light

Research Institute, Thailand. A double crystal Ge (220)

monochromator was used to scan the synchrotron x-ray with

a photon energy step of 0.30 eV. Additionally, at Berliner

Elektronenspeicherring Gesellschaft für Synchrotronstrah-

lung GmbH (BESSY) in the CISSY end-station at the high-

flux beamline U41-PGM, the photon energy is swept through

the L3 (778 eV) and L2 (798 eV) edges of Co. The absorp-

tion cross-section is measured by collecting the energy selec-

tive fluorescence yield using a commercial XES300

spectrometer with an energy resolution of 0.43 eV. Micro-

structural characterization has been done using cross-

sectional transmission electron microscopy (XTEM).

Figure 1(a) shows the hysteresis loops corresponding to

the room temperature and the field cooled states of the as-
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FIG. 1. SQUID magnetization hysteresis

loops for the [Co/CoO/Au]16 ML of (a) as-

deposited specimen and for different fluen-

ces of (b–c) Au ion irradiation and (d), (e) U

ion irradiation. The measurements are done

at room temperature and at 10K after cool-

ing down at HFC. The differently shaded

arrows (vertical and rotating arrows) indi-

cate the magnetization reversal mechanism

along the respective branches of the loops.

The green circles indicate the fields of neu-

tron measurements shown later. (f) TRIM

simulations on Co-Au target showing the

electronic energy loss as compared to the

nuclear energy loss with respect to the ener-

gies of Au and U ions. The ion energies used

are indicated by lines. (g), (h) Plots of Heb

(squares) and HC (circles) as a function of

irradiation fluence of Au and U ions respec-

tively during the first and second field

cycles.
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deposited specimen. A characteristic negative exchange bias

and an asymmetric reversal: domain wall and nucleation

(nonuniform reversal) in the decreasing (applied field oppo-

site to the cooling field) branch is indicated by vertical

arrows and coherent rotation (uniform reversal) in the

increasing branch indicated by rotating arrows can be seen.

This asymmetry disappears, as usual, during the second field

cycling with a decrease in the bias field. Figures 1(b) and

1(c) and Figures 1(d) and 1(e) show similar hysteresis loops

for the Au irradiated and U irradiated specimens, respec-

tively. For the Au irradiated specimens and for the U

1� 1012 ions irradiated specimen, even though one can see

an increase in the Heb, the magnetization reversal mechanism

remain quite similar to that of the as-deposited specimen.

The most interesting thing happens in the magnetization re-

versal mechanism for the U 1� 1013 ions irradiated speci-

men. The loop is divided into two distinct parts. There are

distinct steps at around 1650 and 1500Oe (during the first

and second field cycles, respectively) which are signatures of

non-uniform reversal. While the upper part is fairly similar

to that of the unirradiated (as-deposited) one, the lower part

has undergone a significant shift. This extra shift leads to a

distinct increase in exchange bias. Note that not only the first

half of the first cycle (decreasing branch) shows the nonuni-

form reversal (indicated by vertical arrows) but also the sec-

ond half of the first field cycle and also the increasing branch

of the second field cycle. Henceforth we concentrate on the

U 1� 1013 ions irradiated specimen as it is most affected by

the irradiation. The Heb and Heb are plotted with irradiation

fluence of the ions in Figure 1(g) and 1(h).

Controlled columnar defects produced by swift heavy

ions in high temperature superconducting materials have

been shown to improve their properties.18 However, in our

system, GeV heavy ions could not produce any latent track

damage visible by electron microscope since Co/Au system

being metallic is not a good track-recording material. Figure

2 shows the XTEM pictures for the as deposited and the sam-

ple irradiated with 1� 1013 ions/cm2 U ions. Interesting,

however, is that the layer structure remain pretty much unaf-

fected after irradiation only the columnar Au grains in the

as-deposited sample appear fractured in the sample irradiated

with U ions.

Figure 3 shows the specular reflectivity data (NSF and

SF) and the off-specular SF intensities corresponding to two

different applied fields (Ha), indicated by circles in Figure

1(e) for the U 1� 1013 ions irradiated ML. We also plot the

spin asymmetry (SA) signals (difference in R�� and Rþþ di-

vided by the sum of the two) as we compare it with the as-

deposited specimen at saturation.19 Relative variation of the

multilayer Bragg peak intensities is quite evident here. Fits

to the reflectivity data revealed a small increase in the AF

layer (�1–2 nm) at the Co-CoO interface. The NSF intensity

map shows vertically correlated multilayer interfaces added

up in phase and forming the Bragg sheets in reciprocal space

at the first Bragg peak position of 15mrad. A small increase

in the SF intensity at Q¼ 0.02 Å, measured during the first

field cycle close to the coercive field (as compared to that in

saturation), is only due to an increased instability induced in

the system as the layers are on the verge of flipping and can-

not be attributed to coherent rotation of the layers (a similar

behavior is observed during the second field cycle as well).

This is further corroborated by an increase in the off-

specular SF intensities near the critical edge around the coer-

cive field, a typical signature of random non-collinear

arrangement of small scale (<1lm) domains just before flip-

ping.19,20 Distorted wave Born approximation (DWBA) has

been applied in simulating the corresponding SF intensity

map.

The observed increase in Heb, can be intuitively

explained by intrinsic defects within the Co-CoxOy layers

due to changes in oxidation atmosphere during the passage

of high energy ions. This obviously can be related to stronger

pinning of the domain walls at the defect sites. Figure 4(a)

shows the measured Co K-edge XANES spectra of the sam-

ples and the reference spectra of CoO, Co3O4, and Co metal.

By considering CoO, Co3O4, and Co metal as the parent

components, the spectra of all the samples are fitted with

varying proportion (indicated within the figure) using linear

combination analysis (LCA) method in ATHENA.21 The cal-

culated spectra using the FEFF 8.2 codes22 based on ab initio

multiple scattering is also compared with the measured data.

A very good agreement with the measured XANES spectra

in both energy positions and shapes lead us to infer that all

the MLs are composed of Co metal and CoO in phase-

separated regions (Co3O4 content remains similar �2%).

We show the L-edge spectra from our U-irradiated MLs

in Figure 4(b). One can see two broad peaks with broadened

bases, a typical signature of localized character of the 3d

states. We do not observe any shift in the absorption energies

as they are separated by 15.3 eV for the MLs and also note

b) Co_1E13U
25 nm

a) as-deposited
25 nm

Au

Co
CoO

25 nm

11 nm

5 nm

Au

CoO

Co

FIG. 2. XTEM micrographs of [Co/CoO/Au]16 ML

for (a) as-deposited and (b) U 1� 1013 ion-

irradiated sample.
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off-specular intensity

simulated
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coercive field

Specular intensity
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SF
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13
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13
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FIG. 3. Specular reflectivity patterns (solid symbols) along

with their fits (open symbols) at two different applied fields,

for the ML irradiated with U 1� 1013 ions. The measurements

were done during the first field cycle at field indicated in Fig.

1(e) after cooling the sample in field down to 10K.
~Q ¼ 2p

k
½sinðaiÞ þ sinðafÞ�, where ai;f are the incident and exit

angles. The SA signal is also plotted in the bottom panel for

comparison with the as-deposited specimen. The right hand

panels show the measured NSF and SF intensity maps along

with DWBA simulated patterns at around the coercive field for

the SF channel.

(b)

as-deposited

13
Co_1x10   U

12
Co_1x10   U

12
Co_1x10   Au

13
Co_1x10   Au 13

Co_1x10   U

12
Co_1x10   U

z

1x10   
13

5x10   
12

(c)

FIG. 4. (a) Comparison of the measured Co K-edge normal-

ized XANES spectra of all the MLs along with their fits and

compared with the calculated spectra. Also included are the

reference spectra of CoO and Co metal. (b) L-edge XAS spec-

tra for the U 1� 1013 ions irradiated samples. (c) The intensity

ratio (L-edge) and the AF-FM ratio (K-edge) for the same ML

with fluence.
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that the peak-to-peak distance of the L2,3 absorption lines

remains unchanged. The amount of core-hole screening by

delocalized valence electrons is therefore negligible.23 To

avoid the lifetime broadening and the experimental broaden-

ing contributions it is helpful to opt for the so called branch-

ing ratio calculated as I(L3)/[I(L2)þ I(L3)]. The peak

intensity ratio is shown in Figure 4(c).24 The ratios are calcu-

lated from the area under the respective peaks using the

IFEFFIT package.25 The changes in the intensity ratio (trans-

fer of the spectral weight between the two edges) is a mea-

sure of the angular part of the spin-orbit operator. It shows a

decreasing trend with fluence of U ions which further corrob-

orates with the increasing Co valency. Therefore, the

increased Heb in our samples can be attributed to the gradual

decrease in the ferromagnet (FM)-AF proportion ratio with

irradiation fluence as shown in Figure 4(c). Note that our AF

thickness is below a typical critical AF thickness of

�10 nm.26

In the electronic slowing-down regime, most of the

energy of the incident ions is transferred to the host elec-

trons, resulting in a high electronic ionization (ionic spike

�10�14 s) and/or a high temperature increase of the elec-

tronic subsystem (thermal spike �10�12 s). Recently it has

turned out that “coulomb explosion”/ion spike produces a

“heat” spike and thus these are early and late aspects of the

same process. According to the thermal-spike model, the

energy locally deposited in matter is quickly shared among

the electron gas by electron-electron interactions and then

transferred to the neighboring atoms by electron-phonon (E-

P) and phonon-phonon interactions.27 The temperature along

the ion path can be of the order of 5� 104K within a cylin-

drical range of 5–10 nm along the ion path which is followed

by rapid quenching (1014K s�1) resulting in latent tracks. Se
induced defects can be created in Ti, Co, and Fe as they ex-

hibit stronger electron-phonon coupling than in Ag, for

example. The calculated threshold of defect creation induced

by Se for Co is about 28–34 keVnm�1 for 5–20MeV/amu

ions.28 Figure 1(f) shows the dominance of electronic energy

loss over nuclear energy loss for 1.6GeV Au and 2GeV U

ions in a Co/Au system calculated by TRIM. For our system,

the Se ¼
dE
dx
je is greater than 73 keVnm�1 and 97 keVnm�1

for Au and U, respectively (! ion atomic number Z2), which

can give the latent track radius of about �2–10 nm.3 The lat-

tice temperature increase is proportional to Se, which renders

the related E-P coupling factor relatively higher for U ions

than that for Au.

Ion-induced magnetic manipulation allows us to

increase Heb and recover untrained magnetization states in

an otherwise trained exchange coupled system. The method

demonstrated here is limited to nanometric scale with little

influence on their interface structure. Such local manipula-

tion holds promise for post production extrinsic treatment of

integrated magnetic memory devices or sensors by choosing

“specific” (energy/nucleon) ion energies.
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