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The nano-scale spin torque oscillator (STO) is a compelling device for on-chip, highly tunable
microwave frequency signal generation. Currently, one of the most important challenges for the STO
is to increase its longer-time frequency stability by decreasing the 1/f frequency noise, but its high
level makes even its measurement impossible using the phase noise mode of spectrum analyzers.
Here, we present a custom made time-domain measurement system with 150 MHz measurement
bandwidth making possible the investigation of the variation of the 1/f as well as the white frequency
noise in a STO over a large set of operating points covering 18–25 GHz. The 1/f level is found to be
highly dependent on the oscillation amplitude-frequency non-linearity and the vicinity of unexcited
oscillation modes. These findings elucidate the need for a quantitative theoretical treatment of the
low-frequency, colored frequency noise in STOs. Based on the results, we suggest that the 1/f
frequency noise possibly can be decreased by improving the microstructural quality of the metallic
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867257]
thin films. V
The spin torque oscillator1–3 (STO) is a nano-scale device utilizing spin polarization of an electrical dc current to
drive a steady-state magnetization precession, resulting in an
oscillating voltage with a frequency in the high microwave
range4 governed by the ferromagnetic resonance (FMR) frequency. Possible applications include wide-band high-frequency communication, hard disk drive bit pattern sensing,5
and generation of large-amplitude propagating spin waves6,7
for magnonic devices.8
For any oscillator, a key parameter is its stability in terms
of frequency or, equivalently, phase noise.9 Previous
work10,11 has shown the existence of two different types of
STO frequency noise, namely, 1/f and white, and that the
frequency-domain spectrum both changes its shape and
increases its linewidth as the colored, 1/f frequency noise
becomes dominating on longer timescales.10 The presence of
white frequency noise originates from random-walk processes for the phase and has been the subject of theoretical
analysis12,13 showing that it is governed by the nontrivial
amplitude-frequency relation generally seen in STOs. On the
other hand, the current knowledge about the 1/f frequency
noise is limited to the experimental determination of its existence and order of magnitude.10 Extensive work on the STO
frequency noise spectrum is hindered primarily by the inability of commercially available instruments, such as spectrum
analyzers (SAs) equipped with a phase noise measurement
mode, to lock on the comparatively unstable STOs. This
inability in itself indicates the significance, not the least for
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applications, of understanding and decreasing the longertimescale, strong 1/f frequency fluctuations.
In this Letter, we present a discussion of the nature of
the 1/f frequency noise in STOs, based on measurements of
its variation with the operating point (defined by the electric
current and magnetic field). The investigation is made possible by the development of a custom time-domain measurement circuit providing a 150 MHz measurement bandwidth
(approximately four times higher than previously
achieved10), allowing characterization of complete sets of
adjacent operating points without being limited to only the
points of highest frequency stability. The detailed current
dependence of the frequency noise is presented for a number
of magnetic field strengths, giving rise to diverse STO frequency generation in two nominally identical samples with
fundamentally different characteristics; sample A has one
single oscillation mode, while sample B has two competing
modes.
The samples investigated are nano-contact STOs14 with
a nominally 100 nm contact diameter, fabricated similarly to
those in Refs. 15–17 and showing microwave oscillations for
current densities in the order of 108 A/cm2. The pseudo-spin
valve stack consists of a Pd(8)/Cu(15) buffer layer, a
Co(8)/Cu(6)/Ni80Fe20(4.5) giant magnetoresistance (GMR)
trilayer, and a Cu(3)/Pd(3) capping layer, where all thicknesses are given in nanometers. All thin films were deposited
by either rf or dc sputtering in an Ar sputtering pressure of
2.5 mTorr. The metallic layers were etched into 16  8 lm
mesas using an Ar plasma sputter etch and were then insulated with 30 nm PECVD deposited SiO2. The 100 nm diameter nano-contacts were defined using e-beam lithography
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and metallized by Cu. Optical lithography and lift-off were
used to deposit a 2.1 lm thick Cu top contact layer with a coplanar waveguide, leading to ground-signal-ground (GSG)
connection pads. The final devices had a GMR of around
1%, and the saturation magnetization 4pMs for the two ferromagnetic layers was determined through FMR measurements
of the patterned sample to be 8.8 kG for the NiFe free layer
and 18.0 kG for the Co fixed layer.
The measurements on active STOs were performed at
room temperature, with magnetic field strengths H in the
order of 10 kOe applied at an out-of-plane angle of 70 to
excite the propagating oscillation mode18 and maximize its
power while keeping the linewidth low.19 The devices were
contacted with a 40 GHz GSG microwave probe. The dc bias
current Idc (sourced from a Keithley 6221) was supplied
through a bias-T and the resulting ac component was fed to a
45 dB gain, 0.1–26.5 GHz low noise amplifier (LNA) with a
3.5 dB noise figure. A Rohde and Schwarz FSU 67 SA was
used to determine the spectral density as a function of current for the various field strengths. The SA was swept in the
0.1–30 GHz range (15–30 GHz for sample B) utilizing a resolution bandwidth of 2 MHz, video bandwidth 10 kHz and
averaging over 5 consecutive sweeps, resulting in a total acquisition time of 9.5 s for each spectrum.
Time-domain measurements of the oscillating signal
were made by connecting the LNA to a microwave mixer
with 5.5 dB conversion loss. Downmixing was performed to
a center intermediate frequency (IF) of 75 MHz followed by
amplification in a 34 dB gain, 0–500 MHz amplifier after
which 128 ms long timetraces were recorded on a real-time
oscilloscope with a 200 MHz bandwidth limiter and a sampling rate of 1 GS/s. A 150 MHz low-pass software filter was
used to reduce high-frequency noise. This 150 MHz observation bandwidth was manually centered around the STO peak
by adjusting the LO input reference frequency on the mixer.
The timetraces were processed similar to the procedure
in Ref. 10. From the zero-crossing times, a nominal frequency (close to the nominal IF) was calculated and used to
retrieve the phase deviation (i.e., phase noise) /ðtÞ at each
zero-crossing. To reduce the effect of electric background
measurement noise from the amplifiers (which occasionally
produces false zero-crossing values), a correction algorithm
was implemented to delete fast zero-crossings occurring inbetween the nominal 75 MHz crossings (a zero-crossing
pair was removed whenever its frequency exceeded 220% of
the IF—thus being well above the bandwidth of 150 MHz).
The phase noise spectral density S/ ðf Þ (where f is the fluctuation frequency) was calculated over Hann windowed, halfoverlapping segments of 40 and 20 ms in length. Since a
linearly changing phase deviation results in an oscillation
when windowed with a bell shape such as the Hann window,
the lowest frequency points do not represent fluctuations in
the signal; therefore, the 40 ms curves were used only to
determine the valid range for the 20 ms curves (the seven
lowest frequency points had to be omitted). Through the
Fourier identity of the derivative, the frequency noise spectral density S ðf Þ was calculated as S ðf Þ ¼ f 2 S/ ðf Þ where
ðtÞ ¼

1 d/ðtÞ
;
2p dt

(1)

FIG. 1. Frequency noise spectral density for sample A at H ¼ 10.5 kOe and
Idc ¼ 30 mA.

is the instantaneous frequency deviation of the STO and f is
the fluctuation frequency for ðtÞ. An example of a time segment averaged S ðf Þ is shown in Figure 1, fitted with the
function
S;fit ðf Þ ¼ S;1=f =f þ S;white :

(2)

The white frequency noise level S;white was extracted as the
average value of S ðf Þ over f ¼ 0.1–1 MHz, and this level was
then used to fit an adjoining 1/f part to the complete range of
f. The positive slope visible above 20 MHz in Figure 1 has the
same level for all operating points and represents the white
phase noise measurement floor of the setup. The plots of
S;1=f and S;white in Figures 2 and 3 display the mean and
standard deviation for fits made for each individual 20 ms segment. Data points are displayed for the current regions where
the signal-to-noise ratio (SNR) was good and the S ðf Þ spectrum uncompromised; for worse SNR, S;white tended to go up
(significantly above the maximum pS;white level indicated by
the SA linewidth) as also verified numerically and experimentally using a commercial signal generator connected to the
LNA. The same inability to extract correct zero-crossings in
too low SNR at the same time resulted in decreased S;1=f
levels.
Figure 2 shows the power spectral density, SA Lorentzian
fitted linewidth Df (full width at half maximum, FWHM), and
pS;white and S;1=f of sample A as a function of Idc for three
magnetic field strengths. In the absence of other frequency
noise types, S;white would produce a frequency-domain
Lorentzian with a linewidth of pS;white ,10 allowing a direct
comparison (in the same units) with the SA linewidth Df . As
can be seen in Figures 2(d)–2(f), the STO linewidth as measured with the SA is generally well explained by the white frequency noise alone.
The qualitative and quantitative correspondence further
strengthens the previous observations12,20,21 of the correlation between the linewidth (i.e., pS;white ) and the nonlinear
amplification factor (coincidently also denoted ) of the general nonlinear auto-oscillator theory22 of the STO, calculated
by the means of Ref. 21. We noted that both the nonlinear
amplification factor and ðdf =dIdc Þ2 (as suggested in Ref. 23
to have impact on the frequency noise) look very similar and
agree qualitatively with the shape of the linewidth and
pS;white versus Idc curves. An exhaustive investigation of
this topic is, however, outside the scope of this Letter.
Noise in the dc current source as an origin for the frequency noise was ruled out in an additional measurement in a
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FIG. 2. (a)–(c) Power spectral density and (d)–(i) frequency noise for sample A in (a), (d), and (g) H ¼ 9.5 kOe; (b), (e), and (h) H ¼ 10.5 kOe; and (c), (f), and
(i) H ¼ 11.5 kOe.

sample with lower threshold current (increased current density
by using a thicker bottom Cu layer to decrease current spreading within the GMR films), where the range setting of the dc
current source could be changed from 100 mA to 20 mA.
Although this operation decreases the noise in Idc by 5–10 dB,
no change in the STO frequency stability was observed.
Noise in the magnetic field, generated by our electromagnet, could also be ruled out; the experimentally determined
ðdf =dHÞ2 did not convincingly correspond qualitatively to the
peaks and valleys of the frequency noise (as a function of current), and a measurement performed with a 9.37 kOe permanent Halbach array magnet showed neither a qualitative
difference nor an order-of-magnitude change in any of the frequency noise quantities.
Regarding the 1/f frequency noise in Figures 2(g)–2(i), it
is not a monotonic function of Idc . Moreover, it changes as a
function of the magnetic field strength in a way similar to the
SA linewidth and pS;white . Nor is it a function of the oscillation frequency, as for example can be seen by comparing
the Idc ranges of minimum S;1=f . This nearly identical minimum value (S;1=f  0:5  1011 Hz2/Hz) is obtained within

19.5–20.0, 21.0–21.7, and 22.7–23.4 GHz for the respective
field strengths. In conclusion, the 1/f noise behavior for
single-mode oscillation can best be described as a function of
the frequency-Idc nonlinearity—which also governs the white
frequency noise.
The multi-mode sample B (Figure 3) shows qualitatively
different frequency noise behavior for Idc  34.0 mA. For
Idc < 34.0 mA in both field strengths 10.5 and 11.5 kOe, the
SA linewidth, pS;white and S;1=f (Figures 3(c)–3(f)), show
trends similar to those of sample A (with the exception of a
lower peak value for S;1=f and an uncorrelated rise towards
34.0 mA in Figure 3(e)). However, for Idc  34:0 mA, 10.5
kOe in Figure 3(a) we see an onset of a higher-frequency
mode, approximately 1 GHz above the original mode. While
this new mode had too weak oscillation amplitude to be
observed in the time-domain, our measurements of the original mode (Figures 3(g)–3(i), also marked in Figure 3(a)) show
a stochastic ON/OFF-switching within the 150 MHz measurement bandwidth. The noncontinuous waveform prevents a
meaningful extraction of the frequency noise spectrum; however, we observe increasing ON/OFF-switching rates as a

FIG. 3. (a) and (b) Power spectral density and (c)–(f) frequency noise for sample B in (a), (c), and (e) H ¼ 10.5 kOe and (b), (d), and (f) H ¼ 11.5 kOe.
Recorded timetraces at H ¼ 10.5 kOe for the lower-frequency, dominating mode (blue) and background at Idc ¼ 0 mA (black) for (g) 34.0 mA, (h) 37.0 mA,
and (i) 40.0 mA. The higher-frequency mode is outside the 150 MHz bandwidth.
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function of bias current, in agreement with the increase of
thermal spin-wave coupling channels recently suggested analytically.24,25 The involved timescale ranges from hundreds of
ls for Figure 3(g) to sub-ls for Figure 3(i). Although the
higher-frequency mode voltage amplitude was too weak to be
observed in the time-domain for sample B, in Ref. 26, a similar behavior was found in similar operating conditions for a
similar device and it was unambiguously observed that the
STO was constantly jumping between the involved frequencies. As the magnetic field strength is increased, the higherfrequency mode disappears from the spectrum and at 11.5
kOe (Figure 3(b)) the time-domain waveform of the main
mode is once again continuous. However, in the high-current
region of the non-excited second mode, the 1/f noise shows an
elevated level (highlighted section of Figure 3(f)), both compared to the previous values and to the behavior of pS;white in
Figure 3(d).
Although the observed 1/f frequency noise slope in all
our measurements might in theory represent the highfrequency tail of longer correlations, we found no such indication down to our lower measurement limit of 100 Hz.
Therefore, in the following three paragraphs, we will discuss
the potential origin of the observed pure 1/f noise.
As seen in both sample A and the single-mode region of
sample B, the 1/f frequency noise for single-mode oscillation
appears to be correlated to the same nonlinear amplification
factor between amplitude noise and frequency noise as has
been analytically identified for white frequency noise,12 or to
ðdf =dIdc Þ2 . The origin of this possible 1/f noise in the oscillation amplitude is not as clear as in the case of the white, thermally generated noise. We suggest that it may come from
long-term weakly chaotic27 magnetization trajectories; the
oscillation trajectory may not necessarily be a perfect limit
cycle. In this case, the 1/f noise is inherent to the precession
dynamics and not easily improved. Another possibility concerns 1/f magnetoresistive noise in the sputtered magnetic
thin films of GMR spin valves;28 it is natural to envisage
how 1/f magnetoresistive noise can give rise to 1/f noise in
the spin torque and thereby in the magnetization oscillation
amplitude. In Ref. 28, this magnetoresistive noise is found to
be “associated with fluctuations in the magnetic microstructure having a length scale set by the disorder formed during
the deposition and processing of the materials stack”—e.g.,
metallic grains originally formed in the sputtering process.
This suggests that the 1/f amplitude noise and thereby the 1/f
frequency noise could potentially be decreased by improving
the microstructural quality of the deposited films.
The behavior of S;1=f at high currents for sample B suggests that the second, higher-frequency mode continues to
influence the magnetization precession also at operating
points where it is no longer properly excited. In this sense, the
“background” mode can induce longer correlations due its
vanishing yet finite energy,25 leading to increased white and
1/f noise. With this interpretation, the gradual increase in
S;1=f in Figure 3(e) for 31.0 mA < Idc  34.0 mA before the
time-domain observed onset of the higher-frequency mode
(an increase which does not occur for pS;white ) is a fully natural observation as the higher-frequency mode approaches
excitability along the Idc instead of the H dimension in the parameter space.
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The “background” mode effect could potentially be
depleted by controlling the number of available modes to a
single one. Two recent studies29,30 have shown that the generated frequency is highly dependent on the in-plane angle and
even polarity of the applied magnetic field, leading to reasoning about spatial microstructural film inhomogeneity as the
cause. It is not unlikely that the presence of several frequencies in sample B is related to different areas of the films
underneath the nano-contact alternately dominating the magnetization precession. Therefore, we expect that increased
film deposition quality would decrease the number of modes
and therefore also decrease the influence of “background”
modes on the 1/f frequency noise.
In conclusion, by using a 150 MHz wide microwave
down-mixing, time-domain technique, we have found that
the colored, 1/f frequency noise in GMR nano-contact spin
torque oscillators is closely related to the Idc -frequency nonlinearity in a way similar to that of the white frequency noise
and the spectrum FWHM linewidth. We have also observed
that the nearby (in parameter space) existence of an unexcited alternative precession mode can act to increase the 1/f
level. Based on these results, we propose that improvement
of the sputtered film quality may have a significant positive
effect on the 1/f frequency noise.
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