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Spatial manipulation of magnetic damping in ferromagnetic-antiferromagnetic
films by ion irradiation
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The spatial manipulation of the effective magnetic damping parameter in ferromagnetic-antiferromagnetic-
ferromagnetic film systems is shown. By applying ultrathin antiferromagnetic layers in Nig; Fe;o/IrMn/Nig; Fe 9
sandwich structures in combination with low fluence Ni-ion irradiation, a lateral control of the effective magnetic
damping parameter is achieved. With irradiation, an interfacial intermixing and roughening is introduced, by
which the interfacial coupling mechanisms and the magnetic state of the interlayer are altered. We find an
exponential decay of all relevant magnetic property parameters with irradiation. Local irradiation is then applied
to generate a magnetic layer with spatially distributed regions of different values of damping. The resulting overall
relaxation time of the mixed property film is a direct superposition of the individual relaxation contributions.
Thereby, the ratio of the phases with individual damping parameter determines the resulting overall damping.
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I. INTRODUCTION

The control of static and especially dynamic magnetic
response of ferromagnetic (F) thin films is one of the biggest
challenges in applied magnetism. Therefore, the adjustment of
magnetic anisotropy and the connected resonance frequency,
as well as the magnetic damping parameter, are of fundamental
importance to ensure functionality in existing and envisioned
spintronic applications.' One possibility to influence the
magnetic properties of thin films is the modification of the bulk
material’s properties, such as changing the composition of the
material.* Recently, it has been shown that by introducing rare-
earth or transition metals, the magnetic damping parameter in
F films can be altered in the ferromagnetic parent material >~
Interfacial contributions in magnetic multilayers facilitate an-
other path of spin engineering of magnetic thin-film properties.
The most prominent example is the introduction of out-of-
plane perpendicular anisotropy in magnetic multilayers.® For
such systems, it has been shown that the magnetic anisotropy
can be converted from out-of-plane to in-plane in character
by ion-irradiation-induced interfacial mixing, hence creating a
magnetic property patterning.'® Moreover, a transition from
antiferromagnetic to ferromagnetic coupling by local ion
irradiation has been achieved in exchange-coupled sandwich
structures.'! Another relevant area of interface magnetism is
the creation of a unidirectional anisotropy or exchange bias
with the use of antiferromagnetic (AF) materials in thin-
film multilayers,'>"'> by which also a congruent increase of
precessional frequency and magnetic damping is initiated. 6~
The origin of the AF layer-induced enhancement of damping is
due to a combination of two-magnon scattering and additional
interfacial magnetic dispersion effects.'®?? For very thin AF
layer thickness, below or around the onset of exchange bias,
a local spin fluctuation based contribution to damping from
quasi-superparamagnetic AF grains is discussed.’’ In this
paper, we demonstrate the spatial and exclusive tailoring of
magnetic damping effects in F-AF-F sandwich structures by
ion irradiation. The modification is achieved with a minimal
influence on other magnetic properties.
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II. SAMPLE PREPARATION

A series of Sl-SlOz-Ta(4 l’lm)-NiglFelg (15 nm)-Ir23Mn77-
Nig;Fej9 (15 nm) sandwich structures with varying AF layer
thickness fin = 0-2.50 nm were prepared by dc-magnetron
sputtering in a multitarget ultrahigh-vacuum sputter system
with a base pressure below 23 x 10~ Torr at an Ar pressure
of 53 x 1073 Torr. To induce a uniaxial magnetic anisotropy,
a magnetic field Hgp, = 100 Oe was applied during film
deposition. No protection layers were used to avoid secondary
intermixing effects during ion irradiation. Therefore, for the
given sandwich structure, only Nig; Fe 9 to IrMn interfaces are
relevant. No post-annealing steps, which potentially would
induce additional mixing at the interface, were performed.

III. EXPERIMENTS AND DISCUSSION

The quasistatic reversal characteristics were deduced from
inductive magnetometry. The exchange-bias field H., was
obtained from the magnetization loop shift along the mag-
netically easy axis parallel to Hyep. The variation of coercivity
H, and field Hy, with fiyy, is displayed in Fig. 1. For f, <
2.50 nm, no exchange bias is observed, only H, increases
sharply around iy, = 2.25 nm. Below that thickness, only a
minor increase of H. with i, is found (see also the inset of
Fig. 1). This behavior is in agreement with the results obtained
from regular bilayer F/AF systems.!”?? Effects from different
coupling strengths?? from the top (F/AF) or bottom (AF/F) AF
interface are not observed below the onset of exchange bias.

The corresponding dynamic magnetic properties of the
films were characterized by pulsed inductive microwave
magnetometry (PIMM),?* whereby the precessional frequency
fres and the effective magnetic damping parameter o.g and
relaxation time t, respectively, were derived from analysis
of the damped oscillation of the measurement signal.> All
measurements were performed with an applied magnetic field
Hy;ss to ensure a single magnetic domain state. Exemplary
measurement data for different #;\, are shown in Fig. 2(a).
Comparing Fig. 1(d) to Fig. 2(d), the AF-induced increase of
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FIG. 1. (Color online) (a)-(c) Magnetization loops obtained
from Nig, Fe9 (15 nm)-IrMn (#;mn)-Nigi Fejg (15 nm) trilayers with
different AF layer thickness tpy, = 1.25,1.50, and 1.75 nm. The
respective coercive fields H, are indicated. (d) Change of H, and
exchange bias field He, with #,m,. The principal structure of the layer
stack is indicated.

Jres starts at fi, = 1.75 nm, which is well below the appear-
ance of exchange bias. Moreover, o.g sets in at even lower
values of AF thickness, almost doubling at typ, = 1.50 nm
and then drastically increasing up to a value of aer = 0.055
for fymn = 1.75 nm. Overall, a major change of static and
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FIG. 2. (Color online) (a)-(c) Dynamic magnetic response
dm/dt to a rf-magnetic pulse field** in Nig;Fe;o (15 nm)-IrMn-
Nig Fej9 (15 nm) structures for tip, = 1.25,1.50, and 1.75 nm. A
magnetic bias field Hpi,s = 30 Oe is applied during the measurements.
The values of zero-field precessional frequency f.s and effective
magnetic damping parameter . are indicated. (d) Variation of fies
and a.g with AF layer thickness #imy-
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dynamic magnetic properties is achieved by varying fmn
by only 1.0 nm. However, within this small range of AF
layer thickness, the onset of magnetic property change is
different for the individual magnetic property parameters. As
will be shown next, the incremental onset of magnetic property
alteration facilitates the almost exclusive adjustment of cef.
For that reason, a sandwich with #p, = 1.5 nm was
irradiated with Ni ions of different fluence. Ni as an element
was chosen, as it is the main component of the F film in the
sandwich structure and therefore only minor compositional
changes in the F material are obtained with ion irradiation.
The irradiation of the sandwich has two main effects: It
introduces roughness at the F-AF interface and it also changes
in the material composition around and within the AF layer.
To distinguish between both effects, the process of ion
irradiation was simulated using the TRIM code of the SRIM
package.’® The calculated depth distributions of damage,
i.e., the number of target displacements, being the sum of
generated vacancies and replacement collisions, of layer atoms
per incoming ion is displayed in Fig. 3(a). An irradiation
energy of 40 keV was chosen to ensure that the ion-induced
damage distribution would be situated within the magnetic
layers and would not reach the bottom F-substrate interface.
From these results, the mean damage at the AF layer can be
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FIG. 3. (Color online) (a) TRIM simulation results of the ion-
irradiation impact events per ion with Ni-ion irradiation at 40 keV
in Nig;Fe9 (15 nm)/IrMn (1.50 nm)/Nig;Fe 9 (15 nm). The structure
of the layer stack is indicated. (b)—(d) TRIDYN calculation results
on interfacial mixing and alloying effects with different amounts of
Ni-ion irradiation. The atomic concentrations are shown across the
layer boundaries. The individual Ni-ion fluences are indicated.
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estimated to approximately four displacements per target atom
per 10 cm? incident Ni* ions. The compositional changes
with increasing irradiation fluence were derived from Monte-
Carlo-based binary collision computer simulations (TRIDYN?’)
using the same parameters as for the SRIM modeling. The
profiles of the atomic species distributions in the center of the
Nig; Fe9-Ir,3Mny;-Nig Feyg stack for different Ni-ion fluences
are displayed in Figs. 3(b)-3(d). For low fluences, mainly the
interface structure is altered due to interfacial intermixing. The
interfaces become more rough. At larger fluences, alloying of
the initially AF layer takes place, and a complete compositional
alteration of the original IrMn composition is derived from the
simulations. Even for the large Ni* fluence of 10'> cm?, the
maximum calculated percentage change of Ni concentration
in the original Nig;Fe 9 film due to Ni implantation is 0.6%,
and thereby no relevant modifications of magnetic properties
other than from the intermixing effects are presumed to occur
in the layer stack.

The effect of irradiation-induced intermixing at the F-AF
interfaces on the static and dynamic magnetic properties is
displayed in Fig. 4. The samples were irradiated at room
temperature with Ni* ions with different fluences f(Ni™).
An almost immediate decay of coercivity and damping with
fluence is found. This indicates a strong connection between
the initial interfacial modifications and the change in magnetic
properties. The results are in accordance with irradiation-
induced interfacial changes obtained in exchange-bias samples
with much thicker AF layers?® as well as with exchange-
coupled multilayer films.>® In contrast, ion-induced changes
of characteristic magnetic bulk properties occur linearly with
irradiation fluence.’*3! As expected, no exchange-bias effect
is initialized with irradiation. As demonstrated in Fig. 4(b), the
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FIG. 4. (Color online) (a) Change of coercivity H, and ex-
change bias field H,, with fluence of Ni-ion irradiation in Nig; Fe9
(15 nm)/IrMn (1.50 nm)/Nig; Fe (15 nm). (b) Corresponding change
of precessional frequency f., and effective magnetic damping
parameter o.;. Both graphs are plotted on a semilogarithmic
scale.
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original precession frequency f.s in the sandwich structures
increases only by a small amount, A f.s ~ 100 MHz, with
irradiation. Yet a strong decrease in o With increasing fluence
is found, approaching a value close to the bulk Nig Fejg
damping parameter. For the given example, o, reduces from
0.024 down to 0.011. The change of magnetic properties
follows nearly an exponential decay law. The exact origin
of this dependency is not clear, but an irradiation-induced
increase of interfacial intermixing or roughness is expected
to result in a strong and exponential decrease of exchange
coupling between the FM and AF layers.?®3? The lines in Fig. 4
are ﬁts to the exponential dependency (Fig. (1). Exemplarily,
for a; we obtain

JONIT)
ozeﬂ =ag—Ce 7H €))

where o is the saturation value of the damping parameter for
strongly intermixed layers. The exponential decay rate f; for
all magnetic parameters is in the order of fo ~ 5 x 10'3 cm?.
The sharp reduction of damping with irradiation also indicates
an interfacial origin of increased damping in the F-AF-F
structures. Above f(Nit) = 10'% cm?, the saturation value
of magnetic damping o is nearly obtained.

The irradiation-induced change of damping now offers the
opportunity to laterally change the effective damping parame-
ter, as will be shown in the following. This is achieved by mask-
ing the film with a photolithographic mask and then selectively
irradiating the magnetic layers, as sketched in Fig. 5(a). For
the presented results, the film was masked with a wavelength
of 10 um. By laterally varying the duty cycle of the square
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FIG. 5. (Color online) (a) Process of local irradiation through a
stripelike photoresist mask. (b) Sample design for obtaining a sample
with a gradient in the masked area. (c) Measured change of magnetic
damping parameter o and precessional frequency f.s in dependence
on the fraction xj, of the lower damped irradiated lateral phase.
The calculated dependences of . and 7, are shown. The linear
dependence of the relaxation time is shown in the inset of (c).
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irradiation pattern, a linear change from O to 1 of irradiated
fraction x;;, is obtained on a single sample [Fig. 5(b)]. Thereby,
sample-to-sample variations are excluded. The dependency of
oerr and 7, with material fraction after Ni irradiation with a
fluence of 2 x 10'* is plotted in Fig. 5(c). In addition, the data
are also compared to macrospin simulations of the magnetic
response to a pulsed magnetic-field excitation, as in the exper-
iments, by solving the Landau-Lifschitz-Gilbert equation.®
The calculated results, assuming a superposition of both mate-
rial fractions and analyzed analog to the experimental data, are
added to Fig. 5(c). 7, changes the fraction of the irradiated area
linearly with x;j,;. The overall value o, thereby varies with
1 1 1 ! 5

agff = aéffxm + a:fofmn-( Xirr) (2
from the initial damping parameter value o f""™ to o/} with Xip;.
In accordance with the results presented before (compare to
Fig. 4), the precessional frequency increases slightly with x;y,.

IV. CONCLUSION

In conclusion, we demonstrate the use of ultrathin layers of
AF materials to laterally manipulate and adjust the effective
dynamic magnetic properties of F thin films over a wide
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range. The controlled local modification is achieved by ion
irradiation, due to ion-induced alterations of coupling across
the F-AF interface structure. In the resulting mixed property
film, the magnetic damping parameter is a result from a direct
superposition of the individual relaxation-time contributions.
Elementary dependencies to describe the effect of irradiation
fluence and the hybrid magnetic properties are established.
Due to the interfacial origin of the effect, the magnetic
parameter changes will scale inversely proportional to the
ferromagnetic thin-film thickness. Preparing layered F-AF
films with mixed multiphase effective properties provides
an alternative route for the tailoring of dynamic magnetic
properties in soft-magnetic thin films. It should be extendable
to other magnetic multilayer samples, exhibiting enhanced
interfacial spin scattering.
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