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We use “edge mode” ferromagnetic resonance (FMR) to probe the magnetic properties of oxi-
dized Ni80Fe20 (Py) nanostripe edges. The oxidation is carried out using either oxygen plasma or
thermal annealing in an oxygen ambient. We find that for both treatments the edge saturation field
decreases systematically with increasing oxidation due to reduced magnetization near the edges.
However, the change of effective out-of-plane anisotropy field shows opposite trends for these two
oxidation methods. Micromagnetic simulations suggest that thermally annealed samples may have
an additional reduction in the bulk magnetization, possibly due to a compositional change in Py
stripes. The two distinct oxidation profiles also result in different changes in resonance linewidth
from which we find little damping change for plasma treatment but an enhanced effective damping
for thermal annealing.

I. INTRODUCTION

As the dimensions of magnetic storage devices scale
down to the sub-micron level, the properties of thin film
edges start to play an essential role in the magnetic be-
haviors of patterned devices1–3. Studies have shown that
a sidewall oxide layer adversely affects the thermal sta-
bility of spin-torque nanomagnet devices4, while edge ox-
idation in magnetic tunnel junctions was found to reduce
the switching field distributions5. In modern nanofab-
rication processes, oxygen plasma etching/cleaning and
thermal annealing are some inevitable steps in fabricat-
ing magnetic recording read head6 and magnetic random
access memory7. These steps may involve unintentional
oxidation of the film edges. However, the effect of edge
oxidation on magnetic properties of film edges is yet to
be determined.

Previous studies of edge mode dynamics in Ni80Fe20
(Py) stripes have shown that the “trapped spin wave”8,9

detected by ferromagnetic resonance (FMR) is a power-
ful way to probe the magnetic properties of Py thin film
edges10,11. In this paper, we use this edge mode FMR
technique to probe the magnetic properties of Py nanos-
tripe edges that have been subjected to oxygen plasma
or thermal oxidation processes.

II. EXPERIMENT

Py nanostripes with a structure of 3 nm Ta/ 20 nm
Py/ 5 nm Al2O3 were fabricated by interference lithog-
raphy, e-beam evaporation, and lift-off, using a trilayer
resist stack mask (Fig. 1a). The trilayer stack was com-
prised of 90 nm antireflective coating (ARC), 30 nm SiO2

and 400 nm photoresist, which were sequentially spun on
or sputtered on a Si substrate12. The photoresist was
exposed using laser interference lithography at a wave-
length of 405 nm, and developed to form a grating pat-
tern in the resist. Then reactive ion etching of SiO2 was
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FIG. 1: (Color online) (a) Scanning Electron Microscopy
(SEM) image of the nanostripes. The SEM image in the in-
set shows the cross-section of the stripes before the trilayer
stack mask was removed. The cartoon in the inset illustrates
the stripe structure. (b) Illustration showing the experiment
setup and measurement configuration. H0 is the quasi-static
field and hmod is an ac modulation field at 71 Hz.

used to transfer the stripe pattern to the SiO2 layer. Oxy-
gen plasma etching followed to partially remove the ARC
layer, forming a T-shaped mask to facilitate lift-off. Fi-
nally, a uniform array of stripes with a width of ≈ 380
nm and a pitch of ≈ 610 nm was obtained by evaporation
and lifting-off the stack mask.

A number of sample pieces were cut from one wafer
and oxidized using either oxygen plasma or thermal an-
nealing. Four pieces were subjected to oxygen plasma
with a pressure of 26.7 Pa (200 mTorr) and an oxygen
flow of 6.7×10−7 m3/s (40 standard cubic centimeters
per minute (sccm)). These parameters are typical for
oxygen plasma etching/descumming process. The radio-
frequency (RF) power was fixed at 400 W and the ox-
idation time was varied from 1 min to 10 min. The
Al2O3 capping layer can effectively protect the Py top
surface from plasma oxidation13, and as a result, we ex-
pect that only the edges are exposed to the oxygen ions.
Three other pieces were thermally oxidized at tempera-
tures from 100 ◦C to 300 ◦C for 15 min, in an oxygen
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FIG. 2: (Color online) FMR spectra map for (a) as-grown
sample and (b) the sample treated with 4 mins oxygen plasma.
The FMR spectra at 10 GHz are shown as thick lines overlay-
ing on the map. Edge and bulk mode frequency as a function
of field for (c) samples with different plasma oxidation time
and (d) samples with different annealing temperatures.

flow of 1.67×10−5 m3/s (1000 sccm).
The dynamic properties of the stripe edges were mea-

sured by placing the nanostripes face down on a coplanar
waveguide (CPW) with a quasi-static field H0 applied
perpendicular to the stripes (Fig. 1b). At each selected
microwave excitation frequency f of the CPW, the FMR
modes were detected as a reduction of transmitted energy
of the CPW when sweeping the field H0. A modulation
field hmod with lock-in detection was also used to improve
the signal to noise ratio14.

III. RESULTS AND DISCUSSION

Fig. 2 and Fig. 3 summarize the measurement results
for both plasma oxidation and thermal oxidation. Figs.
2a and 2b show an example of the FMR intensity maps
for the as-grown nanostripes and the stripes subjected
to 4 min of oxygen plasma respectively. The overlayed
curves show the FMR spectra at 10 GHz, where two res-
onance modes are clearly seen. The resonance at lower
and higher field for a fixed frequency are identified as
the bulk mode and the edge mode respectively14. Com-
pared to the bulk modes, the edge modes are shifted to
higher field as a result of a reduction of internal field
near the edges that is sensitive to edge profile and edge
magnetization dilution11. The most striking change be-
tween Fig. 2a and Fig. 2b is that the edge mode for
the oxidized sample moves to lower field while the bulk
mode resonance barely shifts. A subtler change is that
the linewidth of the edge mode resonance is also affected
by oxidation. In the following, we describe analysis of
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FIG. 3: (Color online) (a) µ0Hsat and µ0H2 vs plasma ox-
idation time. Dashed line is the µ0H2 value for as-grown
bulk modes. (b) µ0Hsat and µ0H2 vs annealing tempera-
ture. The error bars in (a) and (b) are less than the symbol
size. The model calculations of an ideal 20 nm thick, 500
nm wide stripe are also shown as star symbols. (c) Edge
mode linewidth vs resonance frequency for plasma oxidation.
Dashed lines correspond to a damping parameter of 0.006.
(d) Edge mode linewidth vs resonance frequency for thermal
oxidation. Dashed lines are linear fits.

the edge mode resonance and linewidth for different oxi-
dation conditions.

For both oxidation treatments, the edge mode consis-
tently shifts to lower field with increasing degree of ox-
idation as shown in Fig. 2c and 2d. To quantitatively
characterize the mode behavior, we fit the field depen-
dent edge mode frequency to a modified Kittel’s FMR
formula11:

f =
γ

2π
µ0[(H0 −Hsat)(H0 +H2)]1/2, (1)

where γ/2π is the gyromagnetic ratio which we fix at
29.3 GHz/T, the fitting parameter Hsat represents the
field at which the edge magnetization is saturated per-
pendicular to the edges, and H2 is an effective out-of-
plane anisotropy field. The black line in Fig. 2c shows
an example of such a fit for the as-grown stripes. All the
reported uncertainties were obtained from the standard
errors in the fitting. The uncertainties in µ0Hsat and
µ0H2 are generally less than 5 mT.

For plasma oxidized samples, we plot the obtained
µ0Hsat and µ0H2 (µ0 is the permeability of free space)
in Fig. 3a as a function of oxidation time. A decrease
of edge saturation field by more than a factor of two
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is found as plasma oxidation time increases, while H2

consistently increases. However, the thermally annealed
samples show a different behavior in that both µ0Hsat

and µ0H2 decrease with annealing temperature (Fig. 3b).
Changes in the bulk mode resonances indicate the ef-

fects of the oxidation treatments on the material away
from the edges. The bulk mode of the plasma-oxidized
samples shows negligible change (Fig. 2c), while the ther-
mally annealed samples do show changes in their bulk
modes (Fig. 2d). When applying the same fitting pro-
cedure to the bulk mode, we found little change of H2

for plasma treated samples but over 20 % change in H2

for thermally annealed ones, implying a different effect
on bulk properties in these two treatments.

WhileHsat describes the ideality of the edge profile and
edge magnetization, the linewidth of the edge resonance
reflects the uniformity of the stripe edges. We measure
the linewidth of the edge mode by slowly scanning the
field around the resonance peak at different frequencies.
For samples exposed to oxygen plasma, surprisingly, the
linewidth of the edge resonance decreases with moderate
edge oxidation as shown in Fig. 3c. The sample with 4
min plasma oxidation shows the minimal linewidth be-
fore the linewidth increases again for 10 min oxidation.
The linewidth is often modeled as the sum of a term
proportional to the damping parameter α and an inho-
mogeneous broadening term ∆H0:

µ0∆H = µ0∆H0 +
1

γ

4πα√
3
f. (2)

Since the change in linewidth merely shows a constant
shift rather than a change in slope, Eq. 2 suggests a
slight improvement of homogeneity upon oxidation. The
SEM image of the stripes reveals a significant amount of
short range edge roughness, which has an average am-
plitude of ≈ 10 nm. We speculate that moderate edge
oxidation passivates the rough edges, and as a result,
reduces the inhomogeneous broadening. The slope ob-
tained from fitting to Eq. 2 corresponds to a damping
parameter of α = 0.006 ± 0.0002. We also find that the
bulk mode linewidth shows little (less than 1 mT) change
for samples treated with plasma for up to 4 min.

In contrast, thermally annealed samples show signif-
icant linewidth broadening (Fig. 3d). Except for the
sample annealed at 100 ◦C, the linewidths of samples an-
nealed at higher temperatures show an increase of slope
that corresponds to increased damping in the model de-
fined by Eq. 2. The effective damping parameter in-
creases by a factor of 2.2 and 3.7 for 200 ◦C and 300 ◦C
annealing respectively. The zero frequency offset ∆H0

displays a large increase for the 300 ◦C annealing, pos-
sibly indicating nonuniformity of edge oxidation from
stripe to stripe in the most oxidized sample. Measure-
ment of the bulk mode linewidth reveals a similar, but
smaller change of damping parameter. The bulk mode
damping increases from α = 0.006 ± 0.0004 for as-grown
to 0.008 ± 0.0003 and 0.011 ± 0.0003 for 200 ◦C and 300
◦C annealing (data not shown). Unlike the edge mode,

∆H0 of the bulk modes was unchanged within the fitting
uncertainty.

The oxidation of Py thin films under different oxidation
conditions has been investigated by other authors using
various methods15–18. Both plasma18 and thermal15,16

oxidation have been found to result in surface segrega-
tion of Fe and formation of iron oxide (Fe2O3 or FeO)
near the surface. The resultant oxides are either anti-
ferromagnetic or weakly ferromagnetic with little mag-
netization. However, thermal annealing at temperatures
above 200 ◦C was found to enhance the diffusion of Fe
towards the exposed area and lead to a uniform Ni en-
richment in the unoxidized bulk material15,16. Moreover,
annealing at elevated temperatures may also give rise to
significant grain growth that facilitates the diffusion of
metal species and changes Py structure16,19.

In the case of edge oxidation, the formed oxides re-
duce the magnetization near the edges. As a result, the
reduction of internal field at the edges due to demagne-
tization is suppressed, moving the edge mode towards its
bulk counterpart. However, for thermally annealed sam-
ples, the reduction of magnetization likely extends into
the bulk material. The change of bulk mangetization
can be seen from the decrease of H2 for both edge and
bulk modes. In addition, the increase of damping at both
edges and the bulk film suggests a compositional change
in Py stripes upon thermal treatment. We speculate that
unlike moderate plasma oxidation in which only the edge
magnetization is reduced, thermal annealing above 200
◦C has a profound impact on both edge and bulk mag-
netization due to the promotion of Fe diffusion.

IV. MICROMAGNETIC MODELS

Based on the assumption that plasma and thermal ox-
idation result in different oxidation profiles, we develop
two computational models of oxidation, one where the
magnetization is reduced only at the edges, and one
where the magnetization is reduced across the stripe.

The details of the micromagnetic calculations20 include
500 nm by 20 nm overall stripe cross sections and a
baseline magnetization Ms = 800 kA/m. The exchange
length value lex = 5.69 nm is held constant in both cases.
Keeping either the exchange length or the exchange stiff-
ness constant gives similar results in the simulation. We
use a ground-pulse-ring and Fourier transform method to
determine the edge mode frequencies for a range of ap-
plied fields21,22, and we determine model values of Hsat

and H2 by fitting to Eq. 1. A correction of 13 mT is
included in the model results to account for static field
differences between single stripe and a stripe array.

To model oxidation of the edge surfaces, we create a
gradient in Ms such that it decreases linearly over a dis-
tance D from its bulk value of 800 kA/m to zero at the
physical edges. The results of this model are shown in
Fig. 4, where the upper set of model points shows a
decrease in Hsat and an increase in H2 as the dilution
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FIG. 4: (Color online) µ0H2 vs µ0Hsat. Hollow symbols are
experimental data and solid symbols are micromagnetic sim-
ulations.

length is varied from D = 6 nm to D = 40 nm, following
the trend found in the plasma oxidized samples.

We separately model the effects of oxidation on the
interior of the film by fixing the edge dilution distance
at D = 6 nm and varying Ms so that the magnetization
values in the interior of the stripe and in the edge region
are reduced proportionally. We justify the reduction of
Ms in our model by noting that H2 of the bulk mode
drops by 20% under thermal oxidation, and attributing
this effect to reduction of Ms in the bulk due to prefer-
ential oxidation of high-moment Fe atoms, as indicated
by refs.15,16. Further, we note that the edge surface is
not protected by the alumina capping layer, so we ex-
pect stronger oxidation effects at the edge. While the
measurements indicate a possible 20% reduction of Ms

in the bulk, for the purposes of modeling the edge mode
behavior, we model up to a 50% reduction in Ms. The
lower set of model points in Fig. 4 shows the effect of
decreasing Ms from 800 kA/m to 400 kA/m, which cre-
ates a decrease in both Hsat and H2, loosely following
the trend observed in the thermally annealed samples.

The reduction of Hsat for both oxidation models is ex-
pected from the fact that Hsat is primarily a magneto-
static effect. Since both methods reduce the magnetiza-
tion at edges, they also therefore reduce the magneto-
static fields at the film edges11. The reduction of H2 due
to uniform reduction of Ms in the second model is also
expected for similar reasons. Contrary to these trends,
however, H2 increases when only the edge magnetization
is diluted as seen in the first model.

Some insight into the increases in H2 with edge mag-
netization dilution can be gained by looking at the pro-
files of the edge modes. Fig. 5 compares the edge mode
precession profiles calculated for an ideal edge with uni-
form Ms = 800 kA/m and representative examples of
our two edge oxidation models, an edge oxidation model
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FIG. 5: (Color online) Edge mode profiles calculated in stripes
with different models of edge oxidation. The dotted curve is
the edge mode profile for an ideal edge placed at 20 nm. The
points give the mode profile for a stripe with Ms reduced by
half, also with the edge placed at 20 nm. The top curve is the
edge mode profile when the magnetization increases linearly
from zero at 0 nm to full value at D = 20 nm. This edge
dilution causes the edge mode to be less strongly localized.

with dilution depth D = 20 nm and full magnetization
Ms = 800 kA/m away from the edges, and a bulk oxida-
tion model with uniform Ms = 400 kA/m and no edge
dilution (D = 0 nm). The striking result of this compar-
ison is that the uniform reduction of Ms has very little
effect on the mode profile, while dilution of the magne-
tization near the edge results in a less strongly localized
mode.

The broader mode profile of the edge mode in the films
with diluted edges is consistent with higher values of H2.
As the mode profile extends deeper into the film, the ef-
fective out-of-plane demagnetization fields would be ex-
pected to increase. Indeed, in the limit of a very broad,
delocalized mode, we expect that values of H2 would ap-
proach the value seen in the bulk modes, and this is just
the behavior observed experimentally for H2 values in
the plasma oxidized films (Fig. 3a).

Although the simulations show a larger Hsat than the
experimental values, the predicted changes of Hsat and
H2 qualitatively agree with the experimental data. It is
reasonable to believe that the bulk magnetization in ther-
mally annealed samples has been compromised to some
extent. This change in magnetization is possibly due to
thermally activated diffusion of Fe atoms or structural
modifications in Py stripes at elevated temperatures.

V. SUMMARY

In summary, we measured the magnetic properties of
Ni80Fe20 stripe edges subjected to two oxidation pro-
cesses. In both cases, the edge saturation field de-
creases with increasing oxidation, indicating a reduction
of edge magnetization. For some technological applica-
tions, smaller demagnetization field near the edges is
desirable since it makes magnetization rotation in the
structure nearly uniform and reduces the switching field
distribution5. In these cases, oxidation is helpful in re-
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ducing the edge magnetization. However, excessive oxi-
dation is undesirable, especially if the oxidation changes
the damping parameter. In this sense, oxygen plasma
treatment has the advantages of reducing edge magneti-
zation while keeping damping properties and bulk com-
position intact. By careful control of plasma treatment
time, even homogeneity could be improved by passivat-
ing rough edges. On the other hand, to achieve a similar
reduction of Hsat, thermal oxidation at elevated temper-
ature shows detrimental effects possibly due to altered
Py composition throughout the stripes.
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