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The influence of interfacial intermixing on the picosecond magnetization dynamics of

ferromagnetic/non-magnetic thin-film bilayers was studied. Low-dose focused-ion-beam

irradiation was used to induce intermixing across the interface between a 10 nm Ni81Fe19 layer and

a 2–3 nm capping layer of either Au or Cr. Time-resolved magneto-optical Kerr effect was used to

study magnetization dynamics as a function of ion-beam dose. With an Au cap, the damping of the

un-irradiated bilayer was comparable with native Ni81Fe19 and increased with increasing ion dose.

In contrast, for Ni81Fe19/Cr the damping was higher than that for native Ni81Fe19, but the damping

decreased with increasing dose. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883860]

Picosecond magnetization dynamics are largely con-

trolled by damped precessional processes, and consequently,

magnetic damping has received significant research attention

both for the fundamental physics involved1 and for techno-

logical applications.2 For spin-transfer torque magnetic ran-

dom access memory (STT-MRAM) and magnonic devices,

low damping facilitates a lower writing current and longer

propagation of spin waves; higher damping is desirable for

increasing the reversal rates and the coherent reversal of

magnetic elements, as damping suppresses the precessional

motion of the magnetization vector. In general, the control of

magnetic properties at the micro- and nano-scale is important

for technological applications.

Magnetization dynamics are commonly described phe-

nomenologically by the Landau-Lifshitz-Gilbert equation3

dM

dt
¼ �cM�Hef f þ

a
Ms

M� dM

dt
; (1)

where M is the magnetization, c is the gyromagnetic ratio,

Heff is the effective magnetic field, and a is the dimension-

less Gilbert damping coefficient. The damping coefficient

can be modified by introducing doping elements including

rare earths4–7 or transition metal8,9 elements, with the dopant

introduced by co-deposition, usually co-sputtering. A disad-

vantage of this approach is that the entire material is doped.

An alternative method for doping is direct irradiation

with an ion beam of the desired dopant.10 Dopants including

Cr,10 Tb,11 Gd,11 Ni,12 and Fe13 have been introduced as

implanted ions. This approach can be used to introduce dop-

ants into a localized area via lithography,11,14 with an appro-

priate ion source. High-energy beams are needed to ensure

adequate doping, requiring either a research accelerator or a

commercially available accelerator-based ion implanter.11

High-energy heavy-ion irradiation is not usually compatible

with local patterning.15

Dopants introduced by ion-irradiation can affect the

magnetic properties by introducing specific atomic species

into the material, by altering the microstructure of the mag-

netic material (e.g., recrystallization or amorphization) or

through intermixing in multilayered structures. The saturation

magnetization, magnetic anisotropy, coercivity, and damping

can be modified by direct ion implantation.12,16 Sufficient

dopant can be introduced to produce significant alterations to

the magnetic behavior, for example, irradiation by Crþ ions

can cause paramagnetism in NiFe16 and both Tbþ and Gdþ

ions modify the damping in NiFe. These results are similar to

those obtained from co-sputtering, thus indicating the effects

are intrinsic to the dopants.11 However, in the case of Cr, the

damping varies according to whether the Cr is co-sputtered or

ion-implanted,10 with the biggest increase observed for

implantation. With the exception of recent work on epitaxial

vanadium-doped iron,17 the addition of dopants typically

increases damping.8 Spin-wave waveguides have recently

been fabricated by implanting Cr ions in selective areas of

NiFe by lithographic patterning.14 Ion beam irradiation can

also modify the magnetic behavior through direct modifica-

tion of the structure of the material being irradiated, without

the ions acting as a dopant. Ion bombardment of a solid inter-

face results in thousands of intermixed atoms per single ion

impact.21 Arþ ion irradiation has been shown to cause inter-

mixing in Co/Pt layers, grain growth and increased interfacial

roughening, changing the magnetization from perpendicular

to in-plane,18 while intermixing in antiferromagnetic/

ferromagnetic bilayers has been shown to modify the damp-

ing.19 Also, light ions, such as Heþ, can cause intermixing,

but have been shown to end up buried in the substrate.20

Local ion-beam-induced variations of magnetic properties

have been introduced through resist-based lithographic tech-

niques resulting in purely magnetic patterning.14

a)J. A. King and A. Ganguly contributed equally to this work.
b)Authors to whom correspondence should be addressed. Electronic

addresses: del.atkinson@durham.ac.uk and abarman@bose.res.in

0003-6951/2014/104(24)/242410/5/$30.00 VC 2014 AIP Publishing LLC104, 242410-1

APPLIED PHYSICS LETTERS 104, 242410 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.234.252.65 On: Tue, 09 Sep 2014 09:07:04

http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
http://dx.doi.org/10.1063/1.4883860
mailto:del.atkinson@durham.ac.uk
mailto:abarman@bose.res.in
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4883860&domain=pdf&date_stamp=2014-06-18


In contrast to mask-based ion beam patterning, focused-

ion-beam (FIB) irradiation allows direct nanoscale patterning

without additional lithographic processes. However, although

a range of ion species can be incorporated into FIBs, most

commercial systems are limited to Gaþ ions. Earlier work

suggested that direct implantation of Gaþ at high fluences is

the main mechanism for modifying the magnetic properties22

and that moderate fluences can tune the coercivity, saturation

magnetization and anisotropy field in NiFe/Au bilayers.23

In bilayered or multilayered ferromagnetic/nonmagnetic

(FM/NM) systems, low-dose FIB irradiation could be used to

induce interfacial doping providing a route to locally modify

the magnetic properties without substantial structural

changes or damage.

Here, the magnetic damping behavior of ferromagnetic/

non-magnetic thin-film bilayers was investigated as a func-

tion of systematic intermixing of the bilayer interface

induced by low-dose focused-ion-beam irradiation. The

dynamic magnetization response was measured by time-

resolved magneto-optic Kerr effect (TR-MOKE) micros-

copy. The results indicate that intermixing across the

FM/NM interface, using FIB provides a mechanism for local

control of the damping within the bilayer system that may

open opportunities for magnetic device applications and for

creating magnonic crystal structures.

Measurements were made on FM/NM bilayer micro-

structures where the FM layer was Ni81Fe19 (nominal) with a

thickness of 10 nm and a thin NM cap (2–3 nm) of either Au

or Cr. Arrays of 30 lm diameter circular structures were pat-

terned from the same bilayer, allowing many different FIB

irradiation doses to be applied to the same bilayer. The areas

of the circles were small enough to irradiate relatively

quickly but easy to locate and large enough for measure-

ments of the magnetization using the TR-MOKE, the scale

of structures also suggests any side-wall oxidation can be

ignored.

The bilayers were deposited on to a hydrothermally

oxidized Si/SiO2 substrate by thermal evaporation, with the

deposition of the NiFe, Au, and Cr from a base pressure of

1� 10�7 Torr. Irradiation was performed using a FEI Helios

Nanolab 600 FIB microscope with a 30 keV Gaþ ion beam at

normal incidence. The circles were individually irradiated by

rastering the focused ion beam over a 50 lm square area.

Irradiation doses ranged from 0 to 2.5� 1015Gaþ/cm2

(0–4 pC/lm2), using a beam current of 28 pA. This current

should not result in significant heating and earlier work

showed that the modifications depend on the total dose and

not the specific current.24

The dynamic magnetization behavior of individual

lithographic structures was measured using an all-optical

TR-MOKE system based upon a collinear two-color pump-

probe geometry.25 Magnetization was pumped with femto-

second laser pulses at a wavelength of 400 nm, a pulse width

of 100 fs, and a typical fluence of 10 mJ/cm2 (spot size of

about 1 lm). The magnetization was probed with linearly

polarized 800 nm wavelength pulses, with a 70 fs pulse

width, and a typical fluence of 1.5 mJ/cm2 (spot size

800 nm). A biasing magnetic field was applied at a small

angle (5�–15�) to the sample plane during the measurements,

the in-plane component of which is referred to here as H.

The raw TR-MOKE data can be divided into three tem-

poral regimes. First, an ultrafast demagnetization was

observed within the first 500 fs, this was followed by a rapid

remagnetization within 10 ps and a slower remagnetization

(260 ps for NiFe/Au and 1.2 ns for NiFe/Cr), superimposed

on which was damped oscillatory behavior. This oscillatory

behavior represents the precessional motion of the magnet-

ization. For analysis of the data, a bi-exponential background

was fitted to the decaying signal and subtracted to isolate the

precessional behavior. A fast Fourier transform with a

Welch window function was used to obtain the frequency

spectra. The time-domain data were fitted with an exponen-

tially damped harmonic function to obtain the relaxation

time and from this the damping coefficient a.26

Figure 1 shows examples of the background-corrected

magnetization oscillations measured for the NiFe/Au bilayer

system as a function of low to moderate irradiation dose at

H¼ 1.5 kOe. In all cases, the data show damped single fre-

quency sinusoidal behavior, allowing the evolution of a and

the precessional frequency to be determined as a function of

FIB dose, see Figure 2. For the un-irradiated bilayer a is

approximately 0.01, which is consistent with the typical

values for Ni80Fe20.27 With increasing dose a increases, the

data show some scatter but, to a first approximation, across

the range investigated a increases linearly with dose at a rate

of 0.0035 lm2/pC. In contrast, the precessional frequency

data show less scatter and are characterized by a general

decrease upon which a small peak is imposed between 1.3

and 2.0 pC/lm2.

Figure 3 shows examples of the background-corrected

magnetization oscillations measured for the NiFe/Cr bilayer

system as a function of low dose irradiation at H¼ 1.5 kOe.

Since the mass of Cr is lower than the Au the irradiation

induced intermixing was expected to occur at lower doses,

hence a smaller dose range was investigated. The damping

coefficient a and the precessional frequencies for the

NiFe/Cr bilayers are shown as a function of ion dose in

Figure 4. In contrast to the NiFe/Au, the value of a of the

un-irradiated NiFe/Cr bilayer was significantly higher than

that for the uncapped NiFe, indicating an enhancement of

the damping associated with the Cr layer. With increasing

FIG. 1. Examples of the background-corrected magnetization oscillations

measured using TR-MOKE for NiFe/Au bilayered microstructures as a func-

tion of low-to-moderate Gaþ ion irradiation dose at H¼ 1.5 kOe.

242410-2 King et al. Appl. Phys. Lett. 104, 242410 (2014)
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dose, the damping showed significant variability but, in gen-

eral, fell at a rate of 0.0054 lm2/pC.

Detailed analysis of the structural changes induced by

low-dose FIB irradiation in NiFe/Au bilayers, undertaken

using grazing incidence x-ray reflectivity, x-ray fluorescence,

and Monte Carlo simulations,28 showed that sputtering of

material was very limited at these doses and restricted to the

non-magnetic capping layer. Also, Gaþ implantation was a

very small dopant fraction (up to the order of 1%) over the

relevant dose range. In contrast, intermixing at the FM/NM

interface was significant, leading to a compositionally graded

alloy extending over several nanometers at the interface.28

Furthermore, quasi-static MOKE, SQUID, and x-ray mag-

netic circular dichroism (XMCD) measurements of FIB irra-

diated NiFe/Au bilayers revealed complex changes in the

magnetization as a function of the ion beam dose.24 For a

2.5 nm Au cap, the saturation magnetization falls rapidly in

the low dose regime to a minimum around 1.3–2.0 pC/lm2

and recovers to a small peak before falling further with

increasing irradiation.24

There have been significant developments in the theoret-

ical understanding of the mechanisms for damping in

FIG. 2. (a) The damping coefficient, a, (note: error bars are smaller than

data points) and (b) the precessional frequencies obtained from the TR-

MOKE data of a NiFe/Au bilayer as a function of FIB dose at H¼ 1.5 kOe.

(c) The precessional frequency dependence of the damping determined by

varying H, for irradiation doses of 0.1 (triangle), 1.7 (circle), and 3.2

(square) pC/lm2.

FIG. 3. Examples of the background-corrected magnetization oscillations

measured for NiFe/Cr microstructures as a function of low Gaþ ion irradia-

tion dose at H¼ 1.5 kOe.

FIG. 4. (a) The damping coefficient, a, and (b) the precessional frequencies

obtained from the TR-MOKE data of a NiFe/Cr bilayer as a function of FIB

dose at H¼ 1.5 kOe. (c) The precessional frequency dependence of the

damping determined by varying H, for irradiation doses of 0.13 (triangle),

0.40 (circle), and 1.00 (square) pC/lm2.

242410-3 King et al. Appl. Phys. Lett. 104, 242410 (2014)
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Fe,29–31 Ni,29–31 and Co30,31 and more generally in transition

metal alloys (NiFe),27 which have shown the significance of

the effective field from spin-orbit coupling and of scattering

processes. Spin-pumping across interfaces and two-magnon

mediated processes in FM/NM films have also been identi-

fied as possible mechanisms for enhanced damping.32–35

Following Woltersdorf et al.,35 additional measurements

were undertaken here on selected samples at different mag-

netic fields over range of 1.3–0.8 kOe for NiFe/Au and

1.7–0.9 kOe for NiFe/Cr to vary the precessional frequency

and shed light on the damping mechanism, see Figures 2(c)

and 4(c).

Here, the damping parameter for the un-irradiated Au

capped NiFe was comparable with that of uncapped NiFe,

suggesting insignificant spin-pumping effects. Ion-beam irra-

diation increases the precessional damping, which is associ-

ated with a broadening of the interfacial zone by intermixing

between the NiFe and Au. This compositionally graded

NiFeAu alloy extends over a few nanometers at the interface

and may increase the damping by enhanced scattering and or

modification of the spin-orbit interaction. The field-

dependent damping of the NiFe/Au was observed to decrease

steadily with increasing frequency, indicating an extrinsic

two-magnon type contribution to the damping that may be

associated with increased disorder. This contrasts with the

behavior observed for MBE grown Au on Fe, where the

damping was enhanced by spin-pumping effects.35 Enhanced

scattering is expected to increase the electrical resistivity36

and this was observed for the NiFe/Au bilayer.24 The preces-

sional frequency falls with ion beam dose, but displays a

small peak that is correlated in dose with a feature in the

dose dependent magnetic moment.28 The origin of this

behavior is not currently understood.

Capping NiFe with Cr increased the a value by �50%

compared to uncapped NiFe. With increasing ion dose, the

damping coefficient was reduced, falling to 0.0096 at the

maximum dose, which is comparable with uncapped NiFe.

The enhanced damping compared to uncapped NiFe could

be an intrinsic effect associated with spin pumping across

the interface or d-d hybridization of the Fe and Cr at the

interface that increases the d-band width of the NiFe in con-

tact with the Cr layer, modifying the spin-orbit interaction.

Alternatively, the increased damping could result from ex-

trinsic two-magnon scattering linked to the coupling across

the interface. However, the damping of NiFe/Cr was invari-

ant with increasing precessional frequency for the doses

investigated. This indicates an enhancement of the intrinsic

damping, which contrasts with the effect of Cr on Fe

observed for MBE grown samples35 that identified an extrin-

sic two-magnon scattering contribution to the damping.

Here, the enhancement may be associated with the thickness

of the Cr layer or the interfacial structure. Both are modified

by ion-beam irradiation, with the loss of some Cr from the

surface by sputtering and increased interfacial intermixing,

which could disrupt this spin-pumping or interface hybrid-

ization, respectively, thereby reducing the damping, ulti-

mately towards to a single NiFe layer value. The

precessional frequency of the Cr capped NiFe fell sharply

with the lowest irradiation dose and changed little with fur-

ther irradiation. This may also result from interfacial

hybridization that increases the NiFe moment and hence the

precessional frequency of the un-irradiated sample.

Subsequent irradiation may degrade the moment and the pre-

cessional frequency would fall.

In summary, low-dose focused Gaþ ion beam irradiation

of ferromagnetic/non-magnetic thin-film bilayers has demon-

strated that the precessional magnetization behavior can be

effectively tuned. For NiFe with a Au capping layer, the

damping coefficient of the un-irradiated bilayer was compa-

rable with that of native NiFe, and the damping parameter

increased with increasing ion beam dose. In contrast,

capping NiFe with Cr increased the damping parameter com-

pared to the native NiFe, and the damping parameter then

decreased with increasing ion beam irradiation dose. The

combination of the low doses coupled with the high spatial

resolution of the focused-ion-beam suggests this methodol-

ogy may be applicable for locally modifying the precessional

magnetization behavior of ferromagnetic materials with fea-

ture sizes down to the nanoscale. This methodology may

have application to local control of damping for magnetic

and spintronic device applications.
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