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We make measurements of power spectral density of the microwave voltage emitted by a spin-torque-nano-
oscillator �STNO� consisting of a Ni86Fe14 nanowire free layer and a Co50Fe50 nanomagnet fixed layer and
compare our experimental results to predictions of an analytical theory of a single-mode STNO dynamics
�Tiberkevich et al., Phys. Rev. B 78, 092401 �2008��. We find that a complete set of the oscillator spectral
properties—power, frequency, spectral linewidth, and line shape as functions of current—is self-consistently
described by the analytical theory for moderate amplitudes of oscillations ��70°� of the free-layer
magnetization.
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Spin-polarized electric current injected into a metallic fer-
romagnet exerts a torque on its magnetization.1–3 This spin-
transfer torque �STT� can act as negative magnetic damping
and thereby excite persistent precession of magnetization.4

Current-driven auto-oscillatory dynamics are usually ob-
served in nanoscale spin valves5–12 and nanocontacts to mag-
netic multilayers.13–16 In these nanostructures, magnetization
precession induced by a direct current gives rise to a micro-
wave voltage signal. The power spectrum of this signal car-
ries information on the spin-torque-nano-oscillator �STNO�
dynamics such as the oscillation frequency, amplitude, and
phase coherence.17,18 Voltage-controlled microwave oscilla-
tor devices based on STNO demand high output power and
narrow spectral linewidth, and understanding of the factors
determining the spectral properties of the STNO signal is
crucial for applications.19

In this Rapid Communication, we report on measurements
of the power spectral density �PSD� of a STNO based on a
nanocontact to a ferromagnetic nanowire. Our measurements
reveal that the spectral line shape of this STNO is non-
Lorentzian, and that the dependence of the STNO linewidth
on current is surprisingly weak. To understand these findings,
we compare our experimental results to predictions of a re-
cently developed analytical theory of STNO.20 We make a
comparison of the complete set of the experimentally deter-
mined STNO spectral properties: power, frequency, line-
width, and line shape as functions of current to predictions of
the analytical theory. We find that within the range of its
applicability, the analytical theory20 self-consistently de-
scribes the dependence of all these spectral properties on
current.

The free layer of the STNO studied in this Rapid Com-
munication is a 6-nm-thick, 50-nm-wide Permalloy
�Py�Ni86Fe14� nanowire on a Cu/Ta multilayer serving as
the bottom electric lead. Spin-polarized current is injected
into the nanowire through a 50�50 nm2 Co50Fe50
�15 nm�/Cu�8 nm� bilayer patterned on top of the Py nano-
wire as shown in Figs. 1�a� and 1�b�. The top Au/Ta lead is
connected to the Co50Fe50 nanomagnet. This device is made
in a multistep nanofabrication process from a Ta�5� /
Cu�30� /Ta�3� /Cu�30� /Ta�5� /Cu�3� /Py�6� /Cu�8� /Co50Fe50
�15� /Cu�10� /Ru�5� /Ta�2.5� multilayer deposited by magne-
tron sputtering �thicknesses in parentheses are in nanom-

eters�. Saturation magnetization of the Py film �MS

=580 emu /cm3� was measured by vibrating sample magne-
tometry. This reduced value of MS is consistent with 0.5-nm-
thick “magnetically dead” layers at each Py/Cu interface.
Figure 1�c� shows the resistance of the sample as a function
of magnetic field applied parallel to the nanowire axis. Mi-
cromagnetic simulations21 of magnetoresistance for this de-
vice are in good agreement with the data in Fig. 1�c�.

Spin-torque dynamics in the Py nanowire are excited by
applying a direct current Idc between the top and bottom
leads of the device with electrons moving from Py to
Co50Fe50. Microwave voltage generated by the device is am-
plified and measured using a microwave spectrum
analyzer.4,13 For Idc�1.95 mA, peaks at the first and second
harmonics of the free-layer precession frequency appear
above the background noise in the microwave spectrum gen-
erated by the sample. We align the direction of the in-plane
500 Oe magnetic field with the nanowire axis by minimizing
the integrated power in the first harmonic, Pf, relative to the
power in the second harmonic, P2f. From the Pf / P2f ratio,
we estimate the misalignment angle between the magnetic
field and the nanowire axis to be �1°.4 We studied eight
STNO devices and observed similar PSD for all of them. All
spectra reported in this Rapid Communication are measured
at a bath temperature of 4.2 K, have zero-current background
subtracted, and are corrected for frequency-dependent at-
tenuation and amplification in the microwave circuit used in
the measurements.

Figure 2�a� shows a typical PSD of the signal emitted by
the device and Fig. 2�b� summarizes the power spectra in the
1.8–3.5 mA current range. A single mode of oscillations is
excited in the current intervals from 1.9 to 2.7 mA �mode 1�
and from 3.0 to 3.4 mA �mode 2�. In the current range from
2.7 to 3.0 mA both modes are present in the spectrum.22,23

Micromagnetic simulations21 show that magnetization pre-
cession in the Py nanowire is localized under the nanocontact
due to the strong dipolar field from the Co50Fe50 nanomag-
net. At Idc�3.4 mA, no microwave signal is emitted by the
sample. Magnetoresistance measurements show that a re-
verse domain is formed in the Py nanowire under the
Co50Fe50 nanomagnet for Idc�3.4 mA.

To compare our data to an analytical theory of STNO,20
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we convert the experimentally measured integrated power
into a dimensionless power p,

p = sin2��max

2
� , �1�

where �max is the amplitude of in-plane oscillations of the
free-layer magnetization ���t�=�max cos��t��. To obtain p
from the experimental PSD, we assume a dependence of re-
sistance on the angle between magnetizations of the Py and
Co50Fe50 layers, �, given by

R = R0 + �Rmax
sin2��/2�

1 + � cos2��/2�
, �2�

where �Rmax=0.105 	 and � is a magnetoresistance asym-
metry parameter.23–25 We have numerically verified that for
�max
90°, p is well described by

p 	
1 + �

� +
Idc�Rmax

4
2RsP2f

, �3�

where P2f is the integrated power delivered to an impedance-
matched load and Rs=46.55 	 is resistance of the sample.
The value of �=1.0�0.1 is determined from fitting the data
of resistance versus magnetic field applied perpendicular to
the sample plane. Figure 3�a� shows p as a function of cur-
rent calculated from Eq. �3� using experimentally measured
P2f and �=1. The values of p in Fig. 3�a� indicate that mag-
netization precession with very large amplitude is excited.
The minimum detectable precession amplitude is �max	40°
at Idc=1.95 mA while the maximum amplitude of �max
=88° is achieved at Idc=3.375 mA.

In the analytical theory of STNO,20 a stable precessional
mode is achieved at p for which negative damping due to
STT, �−�p�, is balanced by positive magnetic damping,
�+�p�. We assume a Slonczewski form of STT as follows:26

�−�p� = Idc
�2�1 − p�

�2 + �1 − �2�p
. �4�

The nonlinear positive damping expanded to first order in p
is20

�+�p� 	 �G�1 + Qp� , �5�

where =
��B

e�� , �=
MSV0

� , �G=
�G�M

2 , �M =�4�MS, �G is the
Gilbert damping parameter, V0=1.5�10−17 cm3 is the vol-

��� ��

����	


�

���

����	

���

���
���

�	�

�����	
� �
���

���

FIG. 1. �Color online� �a� Scanning electron microscopy image
of the nanowire �horizontal strip, faint due to a layer of alumina on
top� and top lead �vertical strip�. �b� Schematic of the device, which
consists of a Py nanowire, a Cu spacer, and a Co50Fe50 nanopillar
with Au/Ta top lead. �c� Resistance versus magnetic field applied
parallel to the Py nanowire, showing the Co50Fe50 nanomagnet
switching at �1.75 kOe and Py reversal in a �350 Oe field range.

2 3 4 5 6
0.0

0.2

0.4

0.6

5.14 5.18 5.22
0.0

0.3

0.6

2.0 2.5 3.0 3.5
2

3

4

5

6

7
Log ————

Pmax

P

Current (mA)

F
re

q
u

en
cy

(G
H

z)

-3.7
-2.7
-1.7
-0.7
0

(b)

H = 500 Oe
(a)

P
o

w
er

(p
W

/M
H

z)

Frequency (GHz)

I = 3.3 mA

FIG. 2. �Color online� �a� Power spectrum of STNO at Idc

=3.3 mA and H=500 Oe. Inset is a blowup of the second har-
monic. �b� Power spectrum at H=500 Oe over the entire range of
currents used in the measurements. The power abruptly disappears
above 3.4 mA due to a reverse domain forming in the Py nanowire.
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ume of the Py nanowire under the Co50Fe50 nanomagnet, �B
is the Bohr magneton, e is the electron charge, � is the elec-
tron gyromagnetic ratio, ��1 is the degree of current spin
polarization, Q characterizes nonlinear damping,27 and �
=
�+1. Our analysis of the data with Q�0 gives
Q=−0.02, and since Qp�1 we make a simplifying approxi-
mation Q=0. With this approximation, the stationary value
of p derived from the condition �+�p�=�−�p� is

p = �1 +
1

�� − 1��2�−1

, �6�

where �=
Idc

I0
is the dimensionless current and I0=

�G

 is the
critical current for excitation of persistent oscillations. We fit
Eq. �6� to the experimental data of p��� in Fig. 3�a� with a
single fitting parameter I0 and obtain I0=1.9 mA. The fit is
good for �
1.3 �p
0.36 and �max
73°� and deviates from
the experimental data at higher �. In Fig. 3�b� we plot the
angular frequency of the excited mode versus p and find a
linear relation between frequency and power ��p�=�0+Np
with N=−4.8 rad /ns for p
0.36.

Figure 3 demonstrates that the analytical theory of a
single-mode STNO of Ref. 20 gives a good quantitative de-
scription of power and frequency as functions of current for
moderate oscillation amplitudes ��max
73°�. This theory
also makes a prediction for the line shape and linewidth of
the oscillator PSD, S���, using the same set of parameters
that describe p��� and ��p�. Therefore, a comparison of the

experimentally measured linewidth and line shape to the
theory’s predictions can provide a comprehensive test of the
theory. Specifically, the theory gives an expression for the
oscillator autocorrelation function K�t�—the Fourier trans-
form of the PSD, S���=�K�t�exp�i�t�dt with

K�t� = p exp�i��t��exp�− ��0�1 + �Np

�p
�2�t

− �Np

�p
�21 − exp�− 2�pt�

2�p
�� , �7�

where 2��0=�+�p�
kBT

���p�p is the “linear” �N=0� oscillator
linewidth, kB is the Boltzmann constant, T is the STNO tem-
perature, ��t� is the oscillator phase, and �p�p� is the relax-
ation rate of the oscillator toward its stationary power,

�p�p� = p
�

�p�
��+�p�� − �−�p����p. �8�

Equation �7� is valid for p�2��f / �N�, where �f �2�f� is
the full width at half maximum of the first �second� harmonic
of the PSD.

The autocorrelation function given by Eq. �7� has a clear
physical meaning. For t�1 /�p, the STNO dephasing rate is
��0 - that of a linear oscillator �N=0� - while for t�1 /�p,
the dephasing rate increases to ��0�1+ � Np

�p
�2�. Therefore, �

=1 /�p is the delay time after which strong dephasing due to
the STNO nonlinearity becomes dominant. We note that the
characteristic dephasing time �1 /�f of the STNO studied in
this Rapid Communication is similar to �. This means that
neither of the two limits described above can be applied for
a quantitative description of the STNO dephasing, and a full
analysis based on Eq. �7� is required.

We obtain the experimentally determined autocorrelation
function K�t� in Fig. 4�a� by a fast Fourier transform of
Sex�2��, where Sex��� is the measured PSD. This procedure
is valid for STNO with P2f � Pf. For a quantitative analysis
of the linewidth, we use T	CIdc.

23 We fit the function
K�t�+const, with K�t� given by Eq. �7� and the constant due
to residual white noise, to the experimentally determined au-
tocorrelation function with �GC and �p as fitting parameters.
In the fitting procedure, we assume that �GC is p indepen-
dent while �p�p� varies with p. We find that the fit of K�t� is
good for all current values up to the mode hopping regime
�Idc
2.7 mA�. The solid curve in Fig. 4�a� shows the best
fit envelope function of K�t� for Idc=2.4 mA. This fitting
procedure gives �GC=12.4 K / �mA ns� and �p�p� shown in
Fig. 4�c�. The inverse Fourier transform of the best fit func-
tion K�t� is shown in Fig. 4�b� along with the experimental
spectrum. The line shape given by Fourier transform of Eq.
�7� is non-Lorentzian and describes the experimental data
well.

The expected STNO relaxation rate �p�p� �Ref. 20� is
given by Eq. �8� and thus can be calculated using Eqs. �4�
and �6�,

FIG. 3. �Color online� �a� Power versus applied current, show-
ing the experimental data �symbols� and the best fit according to Eq.
�6� �line� that gives the critical current I0=1.9 mA. �b� Frequency
versus power with a linear fit to p
0.36 data.
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�p�p� = �G
�1 − p��2 + p

�1 − p���2 + �1 − �2�p�2 p . �9�

The solid line in Fig. 4�c� shows the fit of Eq. �9� to the
experimentally determined �p�p� with �G=

�G�M

2 as a single
fitting parameter. The value of �G=0.008 obtained from this
fit is similar to the Gilbert damping of Py films ��G
=0.008� �Ref. 28� and Py nanomagnets ��G=0.01�.29 This
value of �G corresponds to C=25 K /mA similar to C
	15 K /mA determined from the measurements of resis-
tance versus current and temperature.23 Using the theoretical
expressions of Eqs. �7� and �9� and the experimental values
of p shown in Fig. 3�a�, we calculate 2�f and plot it in Fig.
4�d� as a function of current along with the measured 2�f .

The measured and the theoretically predicted �p�p� and 2�f
are in a good agreement for p
0.36 ��
1.3�. The nonlinear
theory predicts a decrease in the linewidth �f by a factor of
1.3 in the dimensionless power range of 0.14–0.36 while the
linewidth of a linear auto-oscillator is expected to decrease
by factor of 2.6 ����1 / p�.18 Therefore, the nonlinear
theory of STNO successfully describes the weak variation of
the linewidth with power and current observed in our experi-
ment. Figure 4�d� explicitly shows that the nonlinear theory
of STNO �Ref. 20� makes quantitative predictions of a
single-mode STNO linewidth as a function of current given
the experimental dependence of power on current. In the
1.3
�
1.5 current range, deviations of p��� and �f���
from Eqs. �6� and �9� are observed. According to Eq. �8�, the
experimentally observed sharp rise of �p�p� at p=0.36 is
consistent with the quasiplateau in the p��� at this power
�Fig. 3�a��. Within the single-mode theory20 the rise in �p�p�,
the quasiplateau in p���, and the decrease in �f �Fig. 4�d��
may be all explained by a deviation of the angular depen-
dence of STT from that of Eq. �4�.25,30 For ��1.5, the oscil-
lator enters a mode hopping regime and the single-mode
theory is not applicable.

In conclusion, we compare the complete set of experi-
mentally determined spectral properties of a STNO—power,
frequency, spectral linewidth, and line shape as functions of
current—to predictions of the analytical theory of STNO
dynamics.20 We find good agreement between the experi-
mental data and the theory for the oscillator precession am-
plitudes below 70°. The analytical theory20 successfully ex-
plains the weak dependence of the STNO linewidth on
current and the non-Lorentzian spectral line shape. Our re-
sults suggest that measurements of the spectral shape of a
STNO may serve as a tool for studies of the angular depen-
dence of damping and spin-transfer torque.
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FIG. 4. �Color online� �a� Autocorrelation function K�t� of the
STNO PSD with an envelope fit according to Eq. �7�. Inset is a
blowup of K�t� in the 0
 t
1 ns interval. �b� The second-
harmonic spectral peak with Eq. �7� fit. �c� �p�p� obtained from
K�t� fitting �symbols� and given by Eq. �9� �line�. �d� Full widths at
half maximum of the PSD second harmonic, 2�f , obtained from the
experimental spectra �symbols� and given by theory according to
Eqs. �7� and �9� �line�.
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