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This paper reports the demonstration of microwave-assisted magnetization reversal �MAMR� in large-
damping materials and the observation of a saturation effect for the enhancement in the MAMR process. The
experiments were carried out on Fe70Co30 thin films. A reduction in the switching field was observed in the
presence of microwaves. The level of such a reduction depends on the frequency and power of the microwaves.
With increasing the microwave duration, the switching field decreases first but then approaches a lower limit.
This saturation of the switching field reduction was interpreted in terms of the pumping-damping competition.
The interpretation was supported by the measurements of the switching field as a function of the microwave
duration for different conditions.
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In the presence of microwaves, magnetization reversal in
magnetic materials can be realized with relatively low mag-
netic fields. This effect is called microwave-assisted magne-
tization reversal �MAMR�. The MAMR effect was observed
by Thirion et al. in 2003.1 These authors demonstrated
microwave-assisted switching in a 20-nm-diameter cobalt
particle using superconducting quantum interference device
techniques. Following the work by Thirion et al., the MAMR
effect was observed in a number of different magnetic
elements.2–14 These include �i� single-domain elements, such
as micron- and submicron-sized Permalloy film elements,2,3

Permalloy nano dots,4 submicron cobalt particles,5 and co-
balt nanoparticles with a diameter of only 3 nm,6 and �ii�
multidomain elements, such as cobalt strips,7 Permalloy
wires,8 Permalloy and FeCo thin films,9–11 Permalloy layers
in magnetic tunnel junctions,12,13 and Co/Pd multilayer
structures.14 The experiments on these elements all demon-
strate that the presence of microwaves can remarkably re-
duce the field required for magnetization reversal if the mi-
crowave frequency is close to the natural ferromagnetic
resonance �FMR� frequency of the materials. The underlying
mechanism for this MAMR response is as follows: the mi-
crowaves excite large-angle magnetization precession; and
the large-angle precession lowers the energy barrier for the
rotation reversal in single-domain elements and that for do-
main nucleation or domain-wall motion in multidomain
materials.

The MAMR operation involves the competition between
the microwave pumping and the damping process. In previ-
ous work,1–13 the magnetic elements had relatively small
damping, and one could easily have a pumping process
dominant over the damping process. Likely for this reason,
the effects of the damping have never been touched on. In
large-damping materials, such as perpendicular recording
media, however, one can expect that the pumping-damping
competition plays an extremely critical role in the MAMR
process. Although a clear picture is still missing on the cor-
relation between the pumping-damping competition and the

enhancement in the MAMR process, recent simulations indi-
cate rather clearly that the level of the switching field reduc-
tion decreases with increasing the damping constant.15,16

This paper reports �1� the demonstration of MAMR effect
in large-damping materials and �2� the observation of a satu-
ration effect for the enhancement in the MAMR process. The
experiments were carried out on Fe70Co30 thin films with an
FMR absorption measurement technique.11 A reduction in
the switching field was observed in the presence of micro-
waves. The level of such a reduction was found to be depen-
dent on the power and frequency of the microwave pulses. It
was also observed that, with increasing the microwave dura-
tion, the switching field decreased first and then saturated to
a lower limit. The experiments indicated that this saturation
response was strongly associated with the competition be-
tween the pumping and damping processes.

It is important to emphasize that the Fe70Co30 thin films
used had an effective damping constant as large as that in
realistic perpendicular recording media.17 It is also important
to underline that the Fe70Co30 thin films had multiple do-
mains, and the reversal in these films was realized through
domain-wall motion. In light of these aspects, the results
reported below have far-reaching implications for the future
of microwave-assisted perpendicular recording in exchange
spring media or graded media where the magnetization is
switched also through domain-wall motion.18,19

The measurements were carried out with a ferromagnetic
resonance absorption �FMR-A� technique. Figure 1 shows
the schematic diagram of the experimental setup and field
configuration. A film sample with an in-plane uniaxial aniso-
tropy is positioned on top of a microstrip line, with the film
side down, the substrate side up, and the easy-axis parallel to
the microstrip line. A static magnetic field H is applied par-
allel to the easy axis. The microwave magnetic field h pro-
duced by the microstrip line is to a large degree in the plane
of the film and perpendicular to the easy axis. A vector net-
work analyzer �VNA� is used to measure the FMR response
of the sample. A pulse generator and a microwave source are
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used to provide microwave pulses to assist switching.
The determination of the switching field Hsw of the

sample involves the following VNA measurements and con-
siderations. �1� The reflection coefficient R0 vs frequency f
response of the sample-microstrip line structure is measured
for a high static field �H�Hsw�. This signal R0�f� will be
used as a reference signal for subsequent measurements. �2�
The reflection coefficient vs frequency response, R�f�, is then
measured at a relatively low field. �3� The difference
R0�f�−R�f� shows a peak response which results from the
FMR absorption in the sample. �4� The level of the peak
absorption A is measured for different static fields. �5� The A
vs H profile shows a dip, and the corresponding field is the
switching field. Detailed information about this technique
can be found in Ref. 11.

For the MAMR measurements, one applies microwave
pulses to the microstrip line before each measurement of A.
Note that during the VNA measurements the power level of
the microwave signal from the network analyzer is kept very
low so that the MAMR response is solely due to the high-
power microwave pulses. Note also that the repetition rate of
the microwave pulses is very low in order to eliminate any
heating effects in the sample.

The data presented below were obtained with two
Fe70Co30 film samples: sample I is a 3.9�3.5 mm element,
and sample II is a 3.9�3.8 mm element. The thickness was
about 200 nm for both films. The films were deposited on
glass substrates by dc magnetron sputtering. During the sput-
tering, a static magnetic field of about 250 Oe was applied to
induce an in-plane uniaxial anisotropy in the films. The films
were prepared under the same sputtering conditions except
for the sputtering power density, which was about
15 W /cm2 for sample I and about 5 W /cm2 for sample II.

The films have very similar coercivities but significantly
different damping properties. The easy-axis coercivity for
sample I is 79 Oe, and that for sample II is 83 Oe. These
values were measured with superconducting quantum inter-
ference device �SQUID� techniques and were confirmed by
vibrating sample magnetometer and FMR-A measurements.
The easy-axis and hard-axis FMR responses were measured
with a reflection cavity microwave spectrometer. The half-
power linewidths for samples I and II are about 1.40 and
2.05 kOe, respectively, at 17.3 GHz. These linewidths corre-
spond to effective damping constants of about 0.113 and
0.166, respectively. The difference in linewidth results from
the difference in the sputtering power level. In general, the
FMR linewidths of metallic films consist of contributions

from intrinsic Gilbert damping, two-magnon scattering pro-
cesses, and inhomogeneity line broadening.17,20,21 It is be-
lieved that the sputtering power density has a substantial
influence on the microstructure of the Fe70Co30 films, and the
microstructure properties of the films play a critical role in
both the two-magnon scattering and inhomogeneity line
broadening. The FMR measurements also allowed for the
estimation of effective anisotropy fields of the samples. For
sample I, the static and dynamic components of the aniso-
tropy field were about 20 and 209 Oe, respectively. For
sample II, the static and dynamic components were about 79
and 261 Oe, respectively. The estimation used a saturation
induction of 4�Ms=24 kG and a gyromagnetic ratio of
���=2.8 MHz /Oe. The details on the separation of the static
and dynamic anisotropy can be found in Ref. 22.

Figure 2 shows representative data that demonstrate the
measurement of the switching field with the FMR-A ap-
proach. The data were measured on sample I with the mag-
netic fields along the easy axis. Graph �a� shows the A vs H
profile. Graph �b� shows a magnetization curve and a hyster-
esis loop measured by SQUID techniques. The arrows in �a�
indicate the direction of the change in field. The vertical
dashed line indicates the field position of the dip in �a�.

The A vs H profile in �a� shows a well-defined dip at a
field that perfectly matches the coercivity of the sample. This
clearly demonstrates the feasibility of the use of the FMR-A
approach to measure the switching field Hsw. The low ab-
sorption level around Hsw is mainly due to the broadening of
the overall resonance that results from the demagnetization
or unsaturated state of the sample.11 At the high-field ends,
both positive and negative, the absorption decreases with the
field. This is because the sample is saturated in these field
ranges. It is well known that, in saturated materials, the FMR
linewidth generally increases with field.23,24 In �b�, the mag-
netization curve and the hysteresis loop reach the saturation
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FIG. 1. Schematic diagram of experimental setup and field
configuration.
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FIG. 2. �Color online� �a� A FMR absorption versus static field
profile and �b� a magnetization curve and a hysteresis loop for
sample I.
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in the same field range. This clearly indicates that the coer-
civity of the sample results mainly from the pinning of the
domain walls, rather than the nucleation of the domains.

Figure 3 shows representative data for the MAMR re-
sponses on sample I. Graph �a� shows the switching field as
a function of the microwave frequency for a fixed microwave
power level of P=16.9 dBm. Graph �b� shows the switching
field as a function of the microwave power for a fixed mi-
crowave frequency of f =2.0 GHz. The microwave duration
was set to 50 ns for the data in both �a� and �b�. The hori-
zontal dashed lines indicate the switching field in the absence
of microwaves. Graph �c� gives the switching field as a func-
tion of the microwave duration �. The inset presents the same
data but with the duration shown in a logarithmic scale. The
dashed lines indicate a lower limit of Hsw. Graph �d� shows
the FMR absorption vs field profiles for two different micro-
wave durations, as indicated. Both the data in �c� and �d�
were obtained for f =2.0 GHz and P=30.2 dBm.

Five important results are evident in Fig. 3. �1� The Hsw
vs f profile in �a� shows two different regimes: a clear dip
around 1.0 GHz and a constant response in the frequency
range from 5.0 to 9.0 GHz. These responses indicate that
there exists an optimal frequency foptimal at which the micro-
wave pumping is the most efficient and the switching field is
the lowest. When the frequency is far away from this optimal
frequency, there is no Hsw reduction. �2� The data in �b� show
that the level of the Hsw reduction strongly depends on the
microwave power. In more detail, for P�9 dBm the change
in Hsw is negligible; while for P�10 dBm the switching
field decreases significantly with increasing P. �3� The data
in �b� also show that, in spite of the extremely large damping
of the film, the reduction in Hsw can be substantial in the
presence of high-P microwaves. For P=30.2 dBm, the
maximum power available, the Hsw reduction is about 30%.
�4� The data in �c� show that, with increasing �, the switching

field first decreases but then reaches a lower limit. This re-
sponse indicates that there is a saturation for the Hsw reduc-
tion. �5� One sees a perfect match between the two FMR
absorption vs field profiles in �d�. This match, together with
the flat response in the ��100 ns regime in �c�, clearly in-
dicate that the observed reduction in Hsw is not due to mi-
crowave heating effects. It is important to emphasize that,
although not shown here, similar responses were obtained on
sample II.

The above-presented results demonstrate �1� the
microwave-assisted switching in large-damping films and �2�
the saturation of the Hsw reduction in the MAMR process.
The saturation effect can be interpreted in terms of the com-
petition between the pumping and damping processes. Sev-
eral key points are as follows. �1� One can define Ppumping
=CPmw as the rate for the energy pumping from the micro-
waves to the magnetization precession, where C is the cou-
pling efficiency and Pmw is the microwave power. �2� One
then obtains the rate of the energy dissipation as Pdamping
=CPmw�1−e−2�t�, where � is the decay rate of the precession
and t is time. The details on the estimation of Pdamping can be
found in the Appendix. �3� At the beginning of the process,
the damping rate Pdamping is much lower than the pumping
rate Ppumping, the pumping process is dominant, and the en-
ergy of the precession system increases with time. As a re-
sult, an increase in � leads to an increase in the energy of the
precession system, and the latter results in a reduction in the
barrier for domain-wall motion and a corresponding reduc-
tion in the requisite switching field. �4� After a certain time,
the damping rate Pdamping becomes very close to the pumping
rate Ppumping and one obtains a near balance between the
pumping and damping processes. In this situation, an in-
crease in � cannot lead to further reduction in Hsw. �5� One
can describe the energy of the precession system as

E�t� = �
0

t

�Ppumping − Pdamping�dt =
CPmw

2�
�1 − e−2�t� . �1�

Equation �1� indicates a maximum energy Emax=CPmw /
�2�� for the precession system. It is this maximum energy
that determines the lower limit of Hsw.

The above interpretation may be tested through Hsw vs �
measurements for different conditions. This can be done by
the verification of the following four expectations. �1� One
can expect that the lower limit of Hsw is smaller if the mi-
crowave frequency is closer to foptimal. This is because, when
f � foptimal, the coupling efficiency C is high and, therefore,
the energy Emax is also high. �2� One can also expect that the
higher the microwave power, the smaller the lower limit of
Hsw. This is because the energy Emax increases with the mi-
crowave power Pmw. �3� Since the energy Emax is inversely
proportional to the decay rate �, and the latter is proportional
to the damping constant, one can expect that the energy Emax
is lower and the reduction in Hsw is smaller in materials with
larger damping. �4� Equation �1� indicates that the larger the
decay rate � is, the faster the energy E saturates to Emax. This
means that, with increasing �, the switching field reaches its
lower limit faster in large-damping materials than it does in
low-damping materials.
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FIG. 3. �Color online� Microwave-assisted switching in sample
I. �a� Switching field as a function of microwave frequency. �b�
Switching field as a function of microwave power. �c� Switching
field as a function of microwave duration. The inset shows the same
data with the microwave duration in a logarithmic scale. �d� Two
FMR absorption vs field profiles for different microwave durations,
as indicated. The microwave power �P�, duration ���, and frequency
�f� for the measurements are given in the graphs.
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Figure 4 gives representative Hsw vs � profiles that con-
firm all the expectations discussed above. The data in �a� and
�b� were for samples I and II, respectively. They were ob-
tained with different microwave signals, as indicated. Graph
�c� shows the same data as in the middle profiles in �a� and
�b� but with the switching fields normalized to the corre-
sponding switching fields in the absence of microwaves. The
vertical lines indicate the microwave durations at which the
switching fields reach their lower limits.

The top profile in �a� shows the data obtained for
f =2.0 GHz and P=18.3 dBm. The data clearly indicate a
Hsw lower limit of about 71 Oe. When one kept the micro-
wave power unchanged but reduced the microwave fre-
quency to the optimal frequency for MAMR operation, the
limit was pushed down to about 67 Oe, as shown by the
middle profile. When one kept the microwave frequency
constant but raised the microwave power to 30.2 dBm, the
Hsw lower limit decreased to about 55 Oe, as shown by the
bottom profile.

Similar responses were evident in �b�. In more detail,
when the microwave power was set to 18.3 dBm and the
microwave frequency was reduced from 1.5 to 0.9 GHz, the
lower limit of Hsw decreased from about 74 to about 72 Oe.
When the microwave frequency was kept at 1.5 GHz and the
microwave power was increased from 18.3 to 27.2 dBm, the
lower limit of Hsw decreased to about 67 Oe. Note that, al-
though not shown here, the Hsw vs f profile for sample II also
shows a clear dip response. This dip response indicates an
optimal frequency of 0.9 GHz for sample II.

The results from �a� and �b� are in perfect agreement with
expectations �1� and �2�. Turn now to the data in �c�. The two
profiles in �c� were obtained at optimal frequencies for the
same microwave power. One can see that the Hsw lower limit
of sample I is smaller than that of sample II. One also can see
that the switching fields get to their limits at about �
=55 ns and �=40 ns for samples I and II, respectively. Re-
call that sample II has larger damping than sample I. There-
fore, these results indicate that the switching field has a
larger lower limit and reaches it faster in large-damping ma-
terials than it does in small-damping materials. These results
agree with expectations �3� and �4�.

There are three points to be noted. First, the optimal fre-
quencies for the MAMR processes are substantially lower
than the FMR frequencies estimated at the switching fields,
which are about 5.3 and 7.0 GHz for samples I and II, re-

spectively. This fact, together with the fact that the coercivity
originates mainly from the pinning of domain walls, suggests
the likely mechanism for the observed MAMR response: the
microwaves lower the energy barrier for domain-wall motion
and thereby reduce the switching field. The actual dynamics
in the MAMR process, however, can be rather complicated
and demands micromagnetic simulations. The spin-wave
modes, for example, can be excited in the presence of the
microwaves and assist the switching process.25

Second, the saturation effect in the Hsw vs � response is
surprising since one generally expects that the longer the
microwave duration, the higher the energy of the precession
system and the lower the switching field. In spite of the
overall saturation response, the Hsw-� curves do show a very
small negative slope for long durations. This can be ex-
plained by the exponential dependence in Eq. �1�. It might
also be associated with the effect of thermal activation.26

Finally, in comparison with the work reported in Ref. 11,
in the present work the requisite microwave power for the
onset of the MAMR effect is relatively high and the switch-
ing field reduction for a given microwave power level is
relatively small. The reason for these results is that the films
in this work have much larger damping than the films in Ref.
11.

In summary, this paper demonstrated microwave-assisted
switching in Fe70Co30 films that had effective damping con-
stants comparable to those of perpendicular recording media.
The reduction in Hsw with increasing � showed a clear satu-
ration response. The underlying mechanism for this response
was explained in terms of the pumping-damping competi-
tion. The explanation was supported by the measurements of
Hsw as a function of � for different microwave signals and
materials with different damping properties. The results from
this work have far-reaching implications for microwave-
assisted recording in exchange spring or graded media where
the magnetization is switched also through domain-wall mo-
tion. Future demonstration of MAMR effects on realistic ex-
change spring or graded media is of great interest to mag-
netic recording.

This work was supported in part by the National Science
Foundation, the Information Storage Industry Consortium,
and Seagate Technology.

APPENDIX: ESTIMATION OF DAMPING RATE

Assume that the energy of the magnetization precession
at time t is E�t�. After a very short time interval of
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	t, the energy of the precession system becomes
E�t+	t�=E�t�e−2�	t+CPmw	t, where C is the coupling
efficiency and Pmw is the microwave power. In this equation,
the first term on the right is the decayed initial energy, and
the second represents the energy from the microwave
pumping. As a result, the change in energy over 	t is 	E

=E�t+	t�−E�t�=E�t��e−2�	t−1�+CPmw	t. From this en-
ergy change, one can calculate the power of the precession
system at time t as P�t�=lim	t→0� 	E

	t �=CPmw−2� dP�t�
dt . The

solution of this equation is P�t�=CPmwe−2�t. Since P�t�
= Ppumping�t�− Pdamping�t� and Ppumping�t�=CPmw, one obtains
the damping rate as Pdamping=CPmw�1−e−2�t�.
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