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Chapter 6

Large cone angle magnetization
precession of an individual

nanopatterned ferromagnet with
dc electrical detection

The ferromagnetic resonant state of an individual, nanopatterned permalloy
element has been detected by measuring its anisotropic magnetoresistance.
Here, we demonstrate on-chip resonant driving of large cone-angle magne-
tization precession of an individual nanoscale permalloy element. Strong
driving is realized by locating the element in close proximity to the shorted
end of a coplanar strip waveguide, which generates a microwave magnetic
field. We used a microwave frequency modulation method to accurately
measure resonant changes of the dc anisotropic magnetoresistance. Pre-
cession cone angles up to 9◦ are determined with better than one degree
of resolution. The resonance peak shape is well-described by the Landau-
Lifshitz-Gilbert equation. Dc voltages due to the ac components of the
resistance are also measured due to rectification with induced ac currents
in the sample.

6.1 Introduction
The microwave-frequency magnetization dynamics of nanoscale ferromag-
netic elements is of critical importance to applications in spintronics. Pre-
cessional switching using ferromagnetic resonance of magnetic memory el-
ements [1], and the interaction between spin currents and magnetization
dynamics are examples [2]. To understand the behavior of these small fer-
romagnets, it is necessary to measure the dynamical magnetization param-

The main results of this chapter have been published in Applied Physics Letters.
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eters and particularly the angle of precession. This kind of information can
be obtained by ferromagnetic resonance (FMR) experiments, in which typ-
ically it is the absorption spectra of the applied microwave power that is
measured, which requires a significant amount of absorbing material in order
to obtain reasonable signals. Thus ensembles of identical elements deposited
directly onto a coplanar waveguide have been studied [3]. More common for
spintronics applications is the use of time-resolved Kerr microscopy [4, 5]
to directly image the magnetization dynamics of a ferromagnetic element,
however it is difficult to extend this technique to very small submicron size
scales. For device applications, methods are needed to reliably drive large
angle magnetization precession and to electrically probe the precession angle
in a straightforward way.

Figure 6.1: (a) Schematic diagram of the device. (b) Scanning electron
microscope image of device with four contacts.

In other recent experiments, dc voltages have been measured in nanoscale,
multilayer pillar structures that are related to the resonant precessional
motion of one of the magnetic layers in the pillar [6, 7]. In one case the
dc voltage is generated by rectification between the microwave current ap-
plied through the structure and its time-dependent giant magnetoresistance
(GMR) effect [7]. Similar voltages have been observed for a long Py strip
that intersects the shorted end of a coplanar strip waveguide, which was
related in part to rectification between microwave currents flowing into the
Py strip and the time-dependent AMR [8].

We present here strong on-chip resonant driving of the uniform magneti-
zation precession mode of an individual nanoscale permalloy (Py) strip, see
Fig. 6.1. The precession cone angle is extracted via dc measurement of the
anisotropic magnetoresistance (AMR), with angular resolution as precise as
one degree. An important conclusion from these results is that large preces-
sion cone angles (up to 9◦ in this study [9]) can be achieved and detected,
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which is a key ingredient for research on spin pumping effect [10, 11]. More-
over, measurements with an offset angle between an applied field and the
equilibrium direction of the magnetization show dc voltage signals even in
the absence of applied dc current, due to the rectification between induced
ac currents in the strip and the time-dependent AMR.

In the previous chapter we have demonstrated the detection of FMR in
an individual, nanoscale Py strip, located in close proximity to the shorted
end of a coplanar strip waveguide (CSW), by measuring the induced mi-
crowave voltage across the strip in response to microwave power applied
to the CSW [12]. However, detailed knowledge of the inductive coupling
between the strip and the CSW is required for a full analysis of the FMR
peak shape, and the precession cone angle could not be quantified.

In the AMR effect (see Fig. 6.2(a)), the resistance depends on the
angle θ between the current and the direction of the magnetization as:
R(θ) = R0 − ∆R sin2 θ, where R0 is the resistance of the strip when the
magnetization is parallel to the direction of the current and ∆R is the
difference between the resistance when magnetization is parallel to the cur-
rent (along the axis of the strip) and when it is perpendicular. When the
dc current and the equilibrium magnetization direction are parallel and the
magnetization of the Py undergoes circular, resonant precession about the
equilibrium direction, the dc resistance will decrease by ∆R sin2 θc, where
θc is the cone angle of the precession. Since the shape anisotropy of our
Py strip causes deviation from circular precession, θc is an average angle of
precession.

In chapter 2 the angle was calculated by using the relation sin θc(t) '
θc(t) = 1

ms

√
m2

y + m2
z. We have found that θ2

c can be written as the sum of a
time-independent term and terms with time-dependence at twice the driving

frequency, θ2
c = θ2

dc + θ2
c (2ωt), where θ2

dc = 1
2

(
h1

ms

)2 (
χ′2y + χ′′2y + χ′2z + χ′′2z

)
.

Evaluating this angle gives:

θ2
dc =

1

2

(
h1

2hc + ms

)2 1 +
(

γ
ω

)2
(hc + Nyms)

2

(
γ
ω

)2
(h0 − hc)

2 + α2
. (6.1)

The resonance field hc for the uniform precessional mode is related to ω
by Kittel’s equation [13]

ω2 = γ2µ2
0 (hc + (1−Ny) ms) (hc + Nyms) . (6.2)

The change in dc voltage due to the AMR effect is then V = Idc∆R sin2 θdc '
Idc∆Rθ2

dc. Evaluating θ2
dc gives the result

V = A
1(

γµ0

ω

)2
(h0 − hc)

2 + α2
, (6.3)
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where A = 1
2
Idc∆R( h1

2hc+ms
)2(1 + (γµ0

ω
)2(hc + Nyms)

2). Eq. 6.3 has a simple

functional form A
(
(x− xc)

2 + α2
)−1

. Thus, normalizing the dc magnetic

field to the frequency (x ≡ γh0

ω
) provides a handy way to fit our data [14].

6.2 Experimental results

6.2.1 Device layout
Figure 6.1(a) shows the schematic diagram of the device used in the AMR
experiment. A Py strip is located adjacent to the shorted end of a coplanar
strip waveguide (CSW) and contacted with four in-line Pt leads. The CSW,
Py strip, and Pt leads were fabricated on a Si/SiO2 substrate in separate
steps by conventional e-beam lithography, e-beam deposition, and lift-off
techniques (details of the fabrication techniques can be found in chapter
3). The CSW and most of the contact circuit and bonding pads for the
strip consisted of 150 nm Au on 5 nm Ti adhesion layer. Figure 6.1(b)
shows an SEM image of the 35 nm thick Py strip, with dimensions 3× 0.3
µm2 and the 50 nm thick Pt contacts (the Py surface was cleaned by Ar
ion milling prior to Pt deposition, to insure good metallic contacts). Pt
was chosen so as to avoid picking up voltages due to the spin pumping
effect [10, 11]. In general a microwave power of 9 dBm was applied from a
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Figure 6.2: (a) The AMR of a typical device, as a function of an in-plane
magnetic field h0 applied parallel (top curve) and perpendicular (bottom
curve) to the Py strip. (b) Direct measurements of resonance cone angle
using AMR for given frequencies of the h1 field.

microwave generator and coupled to the CSW (designed to have a nominal
50 Ω impedance) via electrical contact with a microwave probe. This drives
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a microwave-frequency current of order 10 mA through the CSW, achieving
the highest current density in the terminating short and thereby generating
a microwave magnetic field h1 of order 1 mT normal to the surface at the
location of the strip. A dc magnetic field h0 is applied along the axis of the
strip, perpendicular to h1. In this geometry we have previously shown that
we can drive the uniform FMR precessional mode of the Py strip [12]. All
measurements were performed at room temperature.

6.2.2 AMR measurements, no rf applied

Using a standard lock-in technique, a 5 µA ac current at a frequency of
17Hz was sent through the Py strip via the outer contacts, while the voltage
between the inner contacts was measured as a function of the h0 applied
parallel and perpendicular to the long axis of the strip, see Fig. 6.2(a). An
AMR response of ∆R

R0
∼ 1.7% was determined for the strip. This calibration

of the AMR response will allow accurate determination of the precessional
cone angle, as described below.

6.2.3 AMR measurements, with rf applied

Next the measurements are carried out as before, but in addition the mi-
crowave field h1 is applied. Figure 6.2(b) shows traces of the resistance as
a function of the h0 applied long axis of the strip (sweeping from −0.4 to
+0.4 T) at four different driving rf frequencies (rf power) 10 GHz (13 dBm),
12 GHz (12 dBm), 14 GHz (12 dBm) and 16 GHz (11.5 dBm). Clear dips
in the resistance signal are observed at particular values of the static mag-
netic field, which scales with the driving frequency (see further discussion).
These correspond to a cone angle θc ' 6 − 8◦. We find, however, that the
peak shapes are difficult to fit accurately. The current can of course be
increased substantially, but we find the limiting factor to be due more to
the large background resistance R0 that contributes to drift and noise in
the experiment.

In order to achieve good detection sensitivity, and to better isolate sig-
nals due to the resonance state, removing the background resistance signal
due to R0 and dc voltage offsets in the amplifier, the measurements are
done using a microwave frequency modulation method. In this method, the
frequency of the microwave field is alternated between two different values
5 GHz apart, while a dc current is applied through the outer contacts to the
strip. A lock-in amplifier is referenced to the frequency of this alternation
(at 17 Hz), and thus measures the difference in dc voltage across the inner
contacts between the two frequencies, V = V (fhigh)−V (flow). Only the ad-
ditional voltage given by the FMR-enhanced AMR effect will be measured
when one of the microwave frequencies is in resonance. A diagram of this
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Figure 6.3: (a) Dc voltage measured at Idc = 400µA as a function of h0

using the frequency modulation technique, where each curve represents V =
V (fhigh)−V (flow), with flow,high increasing in 1 GHz increments, and fhigh−
flow always 5 GHz. The curves are offset by 700 nV for clarity. (b) The
peak at flow = 10.5 GHz for a number of currents between -300 and 300
µA. (c) The peak height from the data in (b) plotted vs. the current. The
line is a linear fit to the data.

method is shown in the next chapter Fig. 7.2(b).

Figure 6.3(a) shows a series of voltage vs field curves in which both flow

and fhigh are incremented in 1 GHz intervals, at a constant dc current of
400 µA and using 9 dBm rf power. We focus here on the 9 dBm data, since
we can apply this power over the entire 10 to 25 GHz bandwidth [9]. The
curves feature dips and peaks at magnetic field magnitudes corresponding
to the magnetic resonant condition with either fhigh or flow, respectively.
In Fig. 6.3(b) we focus on the peak for f = 10.5 GHz, and show curves
for different currents ranging from -300 to +300 µA. The peak height scales
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linearly with the current as expected for a resistive effect (Fig. 6.3(c)). The
linear dependence shows that there is no obvious heating effect up to 400
µA. From the slope of 1.325 mΩ we obtain an average cone angle θc = 4.35◦

(at 9 dBm) for this frequency.

Interestingly, in Fig. 6.3(b) a small, somewhat off-center dip is observed
even for zero applied current, giving an intercept of −30 nV in Fig. 6.3(c).
We will discuss this in detail in the next section.
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Figure 6.4: (a) Resonant peaks at various frequencies ranging from 10.5 to
21.5 GHz in 1 GHz steps, as a function of the field h0 normalized to the
frequency. Solid lines are the fits of Eq. 6.3 to the data. (b) The frequency
of the peak vs. its center position hc. The line is a fit of Eq. 6.2 to the
data. (c) The field h1 calculated from the fit coefficients to the data in (a)
and (b), as a function of frequency.

Each peak from the data shown in Fig. 6.3(b) has been averaged with
peaks at the same frequency, and replotted in Fig. 6.4(a) as a function of
γ
ω
µ0h0. The solid lines are fits of Eq. 6.3 to the data, in which A and hc are

free fit parameters for each curve, and we have required α to be the same
for all of the peaks, resulting in a best-fit value α = 0.0104. A plot of the
frequency vs the center position of each peak hc is shown in Fig. 6.4(b).
The excellent fit of Eq. 6.2 to the data verifies that this is the uniform
precessional mode, and yields values of µ0ms = 1.06 T and Ny = 0.097 as
fit parameters. In contrast to the results of the previous chapter, finite Ny

is required for a good fit to the data. However, note that Ny is still ten
times smaller than Nz. A rough estimate of Ny is thickness/width, and the
smaller thickness of the Py in the previous chapter made Ny negligible.
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With these values we can extract the driving field h1 from the peak fit
parameter A (Fig. 6.4(c)). In agreement with our initial estimates, the field
is of order 1 mT, but drops off by roughly a factor of two between 10 and
20 GHz, consistent with frequency dependent attenuation of our microwave
cables and probes.

Figure 6.5 shows the dc voltage measured as a function of h0 field for
different values of the driving microwave-frequency current at 15.5 GHz
(right) and 20.5 GHz (left). In the inserts we observe a linear (except
at high values) dependence of peak/dip amplitudes on the square of the
microwave current. This is consistent with θ2

c dependence of the AMR.
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Figure 6.5: The dc voltage measured as a function of h0 field for different
value of the driving microwave-frequency current at 15.5 GHz (right) and
20.5 GHz (left) and using Idc = 400µA. The inserts show the amplitude of
the dc voltage as a function of the square of the microwave current.

6.2.4 AMR rectification effect

Theoretical model of the bulk rectification effect. We now discuss
the possibility to measure dc voltages in the absence of any applied dc
current. It has been recently reported [7] that when a microwave frequency
current is applied through a GMR pillar structure, a dc mixing voltage is
measured due to rectification between the GMR and the current. In our
device, there are microwave currents induced in the strip and detection
circuit due to capacitive and inductive coupling to the CSW structure, and
thus there is the possibility for rectification between the time-dependent
AMR and induced microwave currents. We express the induced current as
Iin = I1 cos ωt + I2 sin ωt, which is true regardless of whether the induced
current is caused by inductive or capacitive coupling with the CSW. To
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Figure 6.6: (a) Schematic representation of the elliptical precession in the
case of an offset angle φ between the h0 and the long axis of the strip. (b)
Schematic diagram of a device with two contacts. Indicating that when the
rf circulating currents enter and leave the strip, they also pass through a
large angle relative to the magnetization. The asymmetry in the entry and
exist paths can lead to a rectification effect at the contacts thus a dc voltage
is created.

investigate if this time-dependent current together with a time-dependent
resistance can result in a voltage that contains a dc component, different
precessional situations in the ferromagnet were considered [15].

First, for a circular precession of ~M around the direction of the current,
the cone angle θ is constant in time such that the resistance in not time-
dependent. Therefore, there will be no rectification term in the voltage in
this situation.

Second, an elliptical precession is investigated. Here during one rotation
of ~M , every angle of the ellipse is met at least twice. The angle of the
precession depends thus on twice the driving frequency such that the change
in resistance of the ferromagnet is time-dependent

R(t) ' −∆R
1

2
(θ2

a + θ2
b − (θ2

a − θ2
b )cos(2ωt)), (6.4)

where θa, θb are the max and the min rotation angles. Multiplication
of the time-dependent term with the induced current yields products in
cos(ωt)cos(2ωt) and sin(ωt)cos(2ωt) which do not result in a dc term. For
rectification to occur, the resistance must also have first harmonic compo-
nents.
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The third case, for an offset angle φ between the applied field and the
long axis of the strip i.e. the direction of the current through the strip, see
Fig. 6.6(a). Now the resistance of the ferromagnet is approximately given
by

R(t) = −∆R sin2

(
φ +

my(t)

ms

)
' −∆R

(
sin2 φ +

my(t)

ms

sin 2φ

)
, (6.5)

where the last relation is obtained by taking a series expansion of (my/ms)
around φ. As discussed in chapter 2, my(t) can be written in terms of
a in-phase and out-of-phase component χ′y(ω)hrf cos ωt + χ′′y(ω)hrf sin ωt.
Multiplying this with the induced current yields terms including cos2(ωt)
and sin2(ωt). This results in a dc voltage term

Vdc = −1

2

h1

ms

∆R(I1χ
′
y + I2χ

′′
y) sin 2φ. (6.6)

Therefore, a dc voltage can be generated by means of an induced ac current
when there is an offset angle.

DC voltage due to rectification effect. To test the prediction of
Eq. 6.6, data were taken without any applied current at different angles
between the h0 field and the strip. Figure 6.7 shows resonance peaks at
f = 17.5 GHz and at f = 12.5 GHz for five different angles. The zero angle
(φ = 0) is with respect to the geometry of our device, however since we
cannot see the submicron strip it is quite likely there is some offset angle
φ0 at this position. For the 17.5 GHz data, rotating the field by −5◦ causes
the peak to practically disappear. At −10◦ the peak reverses sign. This is
in agreement with Eq. 6.6, with an offset angle φ0 = −5◦. However, the
data at f = 12.5 GHz shows almost no peak signal already at φ = 0 even
though there has been no change in the setup. Moreover, in this data we
more clearly see contribution from a dispersive lineshape, corresponding to
the I2χ

′′
y term in Eq. 6.6. For each frequency, we fit Eq. 6.6 to all the curves

simultaneously, where we have used the parameters for the magnetization
extracted earlier and allowed only I1, I2 and an offset angle φ0 to be free
parameters. For the 17.5 GHz data, we obtain φ0 = −6.1◦, I1 = −28 µA,
and I2 = 8 µA. For the 12.5 GHz data, we obtain φ0 = −1.5◦, I1 = 23
µA, and I2 = 11 µA. At both frequencies, the induced current is mostly in
phase with the driving frequency, and roughly one-tenth to one-hundredth
of the current flowing through the CSW short. The large difference in φ0

between 12.5 GHz and 17.5 GHz is likely due to a frequency dependence
of the induced currents and how they flow through the Pt contacts to the
Py. Such a contact effect illustrated in Fig. 6.6(b), and analyzed in the
appendix is also a likely explanation for some features in the data, such
as small peaks and dips occurring to the left (higher field magnitude) of
the primary peaks in Fig. 6.7, that are not easily described by our model.
Similar features can also be observed in Fig. 6.3(a).
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6.3 Conclusions

The method and analysis presented here are valid for any ferromagnet un-
der the conditions that it exhibits AMR and a uniform FMR precession
mode. Additional anisotropy fields in hard ferromagnets will modify the
Kittel equation. Situations in which a uniform precession mode cannot be
obtained, such as when there are multiple domains and/or resonant modes
[16], could also be detected by AMR but will require a more sophisticated
analysis.

For the purposes of this experiment we have used a relatively long strip
geometry with four in-line contacts. However, two contacts are sufficient
and there is no particular limit to how small the ferromagnetic element can
be, as long as it can be electrically contacted and dc current applied along
the equilibrium magnetization direction. In terms of resolution, we estimate
that precessional cone angles as precise as one degree can be resolved. The
rectification effect may be used to detect when the element is in resonance
and can give information about induced microwave currents in the structure
even when a dc current is not applied. The experiments have provide some
important information for the spin-pump experiments that will be describe
in the next chapter.
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6.4 Appendix
This appendix contains additional discussion of the rectification effect at
the contacts.
Current flow in-plane (transverse component).
Considering our device geometry (Fig. 6.1), in principle when the rf cir-
culating currents enter and leave the strip, they also pass through a large
angle relative to the magnetization. An asymmetry in the entry and exist
paths, can exit in the devices with different contact materials, due to dif-
ferent conductivities of the contacts. This asymmetry in combination with
a time dependent AMR, which can contain a component with rf frequency
ω, can lead to a rectification effect at the contacts such that a dc voltage is
created. For simplicity we leave out any offset angle here, but this contri-
bution will be included in Eq. 6.11. Assuming current flow only in the x-y
plane (see Fig. 6.6(b)), we model [14] this in a 1-d picture by integrating
the resistance per unit length:

R = −∆R
my

ms

(
1

L

∫

enter

sin 2β(l)dl +
1

L

∫

exit

sin 2β(l)dl

)
(6.7)

Let’s assume the currents go through perfect circular arcs of equal lengths
δl (thus with radius of curvature r = 2

π
δl) as they enter and leave the strip.

We then assume that the arcs are of different lengths and we get:

R = −∆R
my

ms

(
2

π

δlexit − δlenter

L

)
= −∆R

my

ms

ζy (6.8)

Multiplying with the rf current gives a dc voltage. As can be seen the
problem is reduced only to a single parameter ζy which defines the asym-
metry in the entry and exist paths. The solution to overcome this effect is
to fabricate devices with contacts at the ends of the strip, extending along
the long axis. In this geometry the induced rf current flows through the
contacts predominantly parallel to the magnetization direction. This will
be discussed in chapter 7.
Current flow in/out-of-plane (perpendicular component).
Given the argument discussed above, i.e. different conductivities of the con-
tacts, it is natural to expect also a dc contribution from the current flow
in/out of the plane, along the z axis. For this we must consider the angle
of the current with the magnetization mz:

R = −∆R

L

mz

ms

∫ L

0

sin (2βz(l)) dl (6.9)

As above, the problem is reduced to just the asymmetry in the contacts,
parameterized now with ζz:

R = −∆R
mz

ms

ζz (6.10)
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Including all contributions then, the dc voltage due to rectification ef-
fects, e.g. bulk (offset angle), contacts (current flow in-plane and current
flow in/out-of-plane) is:

Vdc = −1

2

h1

ms

∆R
[
(I1χ

′
y + I2χ

′′
y)(sin 2φ + ζy cos 2φ) + ζz(I1χ

′
z + I2χ

′′
z)

]

(6.11)
In the following we estimate the possible contributions to the measured

signal of the rectification effect at the contacts. Having determined the
induced rf currents, the contribution of the contacts, e.g. current flow in-
plane and current flow in/out-of-plane, can be calculated using Eq. 6.11. By
using the maximum asymmetry in the contacts, ζy = (δlexit − δlenter)/L =
0.3/3 = 0.1 (0.3 µm is the overlap between a contact and the strip, 3 µm is
the length of the strip), the highest rf current contribution I1 = 20 µA, ∆R
= 0.22 Ω, hrf = 1.5 mT, ms = 1 T and χ′y = 100 at 13 GHz, the contribution
due to current flow in-plane is 30 nV. To calculate the contribution due to
the current flowing in/out-of-plane we estimated χz= 0.4 χy, we found for
this contribution 15 nV.




