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Note: Electrical detection and quantification of spin rectification effect
enabled by shorted microstrip transmission line technique
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We describe a shorted microstrip method for the sensitive quantification of Spin Rectification Effect
(SRE). SRE for a Permalloy (Ni80Fe20) thin film strip sputtered onto SiO2 substrate is demonstrated.
Our method obviates the need for simultaneous lithographic patterning of the sample and transmission
line, therefore greatly simplifying the SRE measurement process. Such a shorted microstrip method
can allow different contributions to SRE (anisotropic magnetoresistance, Hall effect, and anomalous
Hall effect) to be simultaneously determined. Furthermore, SRE signals from unpatterned 50 nm thick
Permalloy films of area dimensions 5 mm × 10 mm can even be detected. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4865122]

The Spin Rectification Effect1–6 (SRE) refers to the gen-
eration of DC voltages through the nonlinear couplings be-
tween the microwave excitation fields, spins precession, and
induced oscillating charge currents. In a ferromagnet with
conductivity σ and equilibrium magnetization �M , the time-
averaged current produced due to a microwave field with dy-
namic component �h is given by

�IDC = −σ�ρ

M2
[〈 �j × �m〉 × �M + 〈�j · �m〉 �M]

+σRHE〈 �j × �h〉 + σRAHE〈 �j × �m〉, (1)

where �ρ is the change in resistance due to Anisotropic Mag-
netoresistance (AMR), RHE and RAHE are the ordinary and
anomalous Hall coefficients, respectively, and �j and �m are
the AC current and magnetization, respectively. Due to its
great sensitivity, SRE has become a powerful tool to study
spin dynamics, such as ferromagnetic resonance (FMR),7–13

spin waves,14–18 and domain wall resonances.16, 19, 20 A de-
tailed understanding of SRE is also required for experiments
involving the electrical detection of spin current phenomena
such as Spin Hall effect,21–29 spin torque transfer,30–32 and
spin pumping,25, 33–35 where it is often required to unambigu-
ously distinguish SRE signals from the signal of interest. One
interesting study enabled by high sensitivity SRE is the non-
linear FMR in the high microwave power regime,15, 19, 20, 36

where foldover effects are directly observed and studied. Such
studies would be important for the understanding of non-
linear magnetization dynamics such as microwave-assisted
switching.37–40 Furthermore, SRE is highly sensitive to the
relative phase between the microwave field and responding
spin precession (FMR phase φ) as well as the relative phase
� between the dynamic electric and magnetic components
of the microwave, a fundamental property which still eludes
a complete understanding thus far. Following a Spintronic
Michelson Interferometry experiment41 which allowed direct
� probing and imaging, subsequent recent experiments42, 43

have demonstrated the potential of this powerful phase resolv-
ing ability of SRE.

Depending on sample-microwave coupling geometry,
AMR, anomalous Hall effect (AHE), and Hall effect (HE)
can contribute to the measured voltage, as dictated by (1).
Two specific configurations are first proposed and discussed
in Refs. 2 and 19 for a coplanar waveguide (CPW). Utiliz-
ing such a CPW structure offers several advantages, such as a
frequency sweep analysis as well as being compact. However,
this method requires films to be grown either on the CPW sub-
strate or the signal line, thus films which are grown on com-
plex substrates may not be suitable in such a structure. Further
considerations include proper design dimensions order to en-
sure impedance matching to minimize power reflection. This
is quite crucial since the detected DC voltage is proportional
to the microwave power. Other than a CPW structure, a recent
study5 has measured the SRE in a microstrip-like structure
with transverse electrical contacts.

In this note, we describe a shorted microstrip transmis-
sion line technique to detect rectified DC voltages from SRE.
We demonstrate the viability and sensitivity of our method by
measuring SRE in a 50 nm thick Py strip of around 1 mm
width and 10 mm length, deposited onto 0.5 mm thick SiO2

substrate of 10 mm length and 5 mm width. Our method is
non-destructive to the thin film sample as it does not require
the sample to be physically integrated into the microstrip
transmission line for sample-microwave coupling. The sam-
ple orientation could be freely changed to allow various SRE
contributions to be measured. It allows the sample to be grown
on any desired substrates without worrying about any result-
ing significant microwave power reflection due to impedance
mismatches between the microwave source and microstrip
line. Based on S11 measurements with a network analyzer,
we find that the insertion of an unpatterned Py sample only
changes the power reflection coefficient by 2% at 2 GHz. Our
technique also obviates the need for precise and troublesome
lithographic patterning of the sample and transmission line to
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ensure strong sample-microwave coupling. Furthermore, this
method allows a comparative study between transmission line
and electrical methods to detect FMR, since it is based on our
earlier method for AC permeability measurements.44

As discussed in Ref. 44, our 50-� microstrip fixture con-
sists of a brass casing connected to ground, with one end of
the microstrip shorted to casing. The sample can be placed
in the air gap between the line and ground, at any position
along the fixture length. Based on simulations using Ansoft
HFSS, a microwave source into the fixture will generate �h
predominantly in-plane (�h‖) and along the width of the mi-
crostrip line, which is used as the primary excitation field for
SRE. The AC microwave current �j lies mainly along the mi-
crostrip length. The sample is inserted into the fixture and an
in-plane external bias field �H is applied using a Helmholtz
coil. The field configurations for the sample are as shown in
Fig. 1. A SMB100A Rohde & Schwarz analogue signal gen-
erator is used as our microwave source into the fixture via
the SMA connector. With power fixed at 18 dBm, a Stanford
SR830 lock-in amplifier is used to detect the SRE voltages
after amplitude modulation at 10 kHz provided by a Stanford
DS335 function generator. For our field configurations, the
SRE voltage VDC can be found by Eq. (1) to be

VDC = 1

2
| �j ||�h‖| sin φH

{
�ρ

M0
Axx cos 2φH [D cos �−L sin �]

−REHAxy[L cos � + D sin �]

}
, (2)

where Axx and Axy are components of the AC susceptibility
[χ ] defined by [χ ] = (D + iL)[A], D = 2�H(H − Hr)/[4(H
− Hr)2 + �H2] and L = �H2/[4(H − Hr)2 + �H2] repre-
sent the dispersive and lorentzian lineshapes, respectively. Hr

and �H are the FMR field and FMR linewidth, respectively.
Therefore, our SRE voltage consists of contributions from
both AMR and AHE, each with different φH dependences.
In our measurement, we fix φH at 45◦ so only the AHE con-
tribution is non-zero, that is,

VDC,45◦ = −
√

2

4
REH | �j ||�h|Axy[L cos � + D sin �]. (3)

Our measured VDC,45◦ will be a combination of L and
D lineshapes at FMR, whose relative contributions depend
strongly on the relative phase �. For a Py strip of 1 mm width,
Fig. 2 shows the measured voltage as a function of H for var-
ious frequencies. Clear peak shifts with lineshape transitions
between lorentzian and dispersive are observed. These line-
shape transitions with frequency, which have been commonly
observed,3, 5, 6, 12, 13, 18, 25, 45 have been attributed to changes in
� with frequency which depends strongly on material losses
as well as transmission line characteristics. A detailed calcu-
lation that takes into account the sample properties and mi-
crowave propagation in the fixture will be needed to under-
stand how � varies with frequency, which is beyond our cur-
rent scope.

Fig. 3 shows a quantitative fit of the peak shifts with
frequency. FMR occurs at the lorentzian peak positions and
the dispersive positions of greatest gradient, which can be
well fitted with Kittel’s formula, where FMR frequency46

fFMR = γ

2π

√
(H + Hk)(H + Hk + 4πMs) with γ being the

FIG. 1. Configuration for SRE measurement.

FIG. 2. SRE voltages measured at φH = 45◦, for various frequencies as a
function of H. Voltages are offset for clarity.

FIG. 3. 2D contour mapping of measured voltages for field sweeps at various
frequencies. The solid line represents a fit to Kittel’s equation.
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gyromagnetic ratio, Hk is the anisotropy field, and Ms the sat-
uration magnetization. With Hk = 0 for negligible anisotropy,
Ms is fitted to be 7700 Oe. Finally, we note that even if the
50 nm thick Py film is directly deposited without patterning
on SiO2 substrate, SRE can also be detected for the same field
configurations.
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