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The frequency noise spectrum of a magnetic tunnel junction based spin torque oscillator is
examined where multiple modes and mode-hopping events are observed. The frequency noise spec-
trum is found to consist of both white noise andftéquency noise. We bnd a systematic and simi-

lar dependence of both white noise anfl ftéquency noise on bias current and the relative angle
between the reference and free layers, which changes the effective damping and hence the mode-
hopping behavior in this system. The frequency at which tliéréfuency noise changes to white

noise increases as the free layer is aligned away from the anti-parallel orientation w.r.t the reference
layer. These results indicate that the origin dffiéquency noise is related to mode-hopping, which
produces both white noise as well as 1/f frequency noise similar to the case of ring Ya2&&4

AIP Publishing LLC [http://dx.doi.org/10.1063/1.4896634

Spin transfer torque allows manipulation of magnetiza-applied Peld. We perform simultaneous frequency and
tion dynamics using spin polarized currents instead of magtime-domain measurements to study frequency noise and its
netic pelds:? The spin transfer torque can counteract theimpact on spectrum analyzer linewidth as a function of
natural damping of the system and, above a threshold cuibias current and the angle between the free and bxed
rent, leads to the precession of the magnetization. The prdayers. We show that the increase of white andfriequency
cession can be potentially used for applications in so-calledhoise as the free layer is aligned away from the anti-parallel
spin torque oscillator (STO). Typically, a STO is composedorientation w.r.t the reference layer (RL) is related to mode-
of a bxed magnetic layer, a non-magnetic spacer, and a fre@pping.
magnetic layer. The magnetization of the free layer (FL) is  The MTJ based STG3%® consist of IrMn (5)/CoFe
excited into steady state oscillations, which can be detecte(2.1)/Ru (0.81)/CoFe (1)/CoFeB (1.5)/MgO (1)/CoFeB (3.5)
as a high frequency voltage by virtue of either the giant mag{thicknesses in nm), where the bottom CoFe layer is the
netoresistance (GMR) or tunneling magnetoresistanc@inned layer (PL), the composite CoFe/CoFeB represents the
(TMR) effects. STOs are becoming important for communi-RL, and the top CoFeB layer is the FL. The device haga
cation applications due to advantages such as large fresular cross section with an approximate diameter of 240 nm,
quency tuning rang&® high speed modulatioff® sub- and a resistance-area product 05X | m% The measured
micron footprints’ and straightforward integration with tunneling magnetoresistance of the investigated device is
semiconductor technology using the same processes as magh%. The RL magnetization equilibrium direction is taken to
netoresistive random access memtty: However, the large  beu %0 of the applied beld. We use the convention that a
linewidth of these oscillators is a limitation for applications. positive current corresponds to electrons Rowing from the
Minimizing this linewidth requires a detailed understanding RL to the FL. The experimental setup is shown in Fi¢a).
of the underlying mechanisms. Existing theories of singleThe signal generated from the device is bPrst amplibed using
mode STO consider purely white frequency noise that arisea low noise 118 GHz, 38 dB ampliber. The signal is then di-
due to thermal phase noi$&*’ However, recent experi- vided into two parts using a power divider. One part of the
ments have shown the presence of an unexpecteftel/ signal is measured using the spectrum analyzer (frequency
quency noise in both GMR pseudo spin vak#$ and domain), while the other part is measured using a digitizer
magnetic tunnel junction (MT3j based STOs. The fifre-  (time-domain) after mixing down and further amplibcation
quency noise causes linewidth broadening as measuremefitkHzB500 MHz, gain 33dB). The local oscillator (LO) fre-
time increases® The origin of the 1f frequency noise is yet quency is adjusted during each measurement to obtain a
to be explained. More recently, a theory of multi-mode mixed down signal of 250 MHz. The digitizer samples the
STO$?? was developed, motivated by several experimentsvaveform at a sampling rate of 2 GS/s. Example measure-
showing mode-hoppirtd as well as mode-coexistent&. ments before and after mixing down are shown in Figs)
However, it is yet to be explored if such a multi-mode theoryand 1(c), respectively. Figuréd.(b) shows the spectrum ana-
is able to explain the presence of frequency noise. lyzer measurement dt/a7 mA, H%400 Oe, andi ¥4196 .

Here, we experimentally explore the possible origin of A selected segment of the corresponding mixed down time
1/f frequency noise in a system where mode-hopping can b&race is shown in Figl(c). The total length of each time
systematically controlled by bias current and the angle oftrace was 50s. The inset shows the fast Fourier transform
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FIG. 1. (a) Schematic of the setup used
for frequency noise measurement. (b)
Example of spectra measured in spec-
trum analyzer at l4c%7mA and

u %196 . (c) The corresponding time
trace measured in the digitizer. The
inset shows FFT of the time trace.

(FFT) of the time trace conbrming the frequency to beobtain qualitatively similar results for blter widths of 200 to
250 MHz. 500 MHz. The presented results are for a Pblter width of
All measurements are done at a bxed magnetic bPeld d00 MHz around the mean frequency. Then, we calculate the
H¥4400 Oe by varying the in-plane beld angle in the rangepower spectral density (PSD) of the phase deviatpdf b
u ¥ 140 220, for which the free layer rotates coherently using half-overlapping segments, each multiplied by a Hann
with the applied beld. Hence, the applied beld angle is equakindow. Finally, the frequency nois8 &b was obtained
to the angle between free and bxed |a}@he device shows from the phase noise by using the relatigrf b ¥2S &k
multiple modes in frequency domain. The amplitudes of theFigure2 shows a comparison between the frequency noise at
modes vary with both current and the angle between the frea ¥2196 andu %220 for (a) | ¥a7 mA and (b)l %43 mA,
and bxed layef® The best signal is obtained at¥4196, respectively. Here] %3 mA is below threshold (for both
which is near antiparallel alignment between the free andangles) and corresponds to the minimum current, at which
bxed layer. Frequency doubling limits the measured signal ahe signal was above noise level in the digitizer. From Bjg.
u Y2180, the exact antiparallel alignment between the freeit is observed that the white noise is higher at the lowest cur-
and bxed layet. At u ¥ 196 , the threshold currentis 6.5mA rent ( %3mA) and the highest anglai (/4220 ). Detailed
though thermally excited signals can be observed already atiavestigation at other currents and angles show that the fre-
current of 1 mA. Atu %196 andl %7 mA the measured sig- quency noise is a combination of white noise at higher fre-
nal [Fig. 1(b)] is primarily a single mode with linewidth of quencies and colored noise at lower frequencies, similar to
about 31 MHz. However, as many as bve modes can bprevious studies®?° White noise, S, is frequency inde-
detected as the angle is varied in the rangi 140 220 pendent whereas colored noise depends approximately on
at 17 mA [see Fig. 1(b) in Ref23. We analyze the mixed the inverse of the frequency €L/As pointed out previously,
down signal from the strongest mode, which is a bulk modehe case ou ¥ 196 andl|¥.7 mA is close to single mode

and corresponds to moade of Ref.23. excitation. At this condition, the device exhibits lower white
In order to calculate frequency noise, we used the zeraoise as well as 1frequency noise.
crossing method discussed in R@f. First, a numerical We determine the contribution of white noisg,, to the

bandpass blter was applied to the raw time trace to removspectrum analyzer linewidthf , usingDf,,n, ¥4 pSun.*® Figure
unwanted noise signals from the waveform due to oscillo-3 shows a comparison between the linewidth calculated from
scope, preampliber noise, and other noise variations. Wthe white noiseDf,, and the measured spectrum analyzer
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NE 10° fit FIG. 3. Comparison of linewidth calculated from white noise with the meas-
E ured spectrum analyzer linewidth (a) as a function of anglé/at mA, and
- 107 (b) as a function of current at ¥ 220 .
= | £~0.28 MHz
92 10° 1£~0.44 MHz increases spectrum analyzer linewidbf. However, no

10° 10° 6 7 10° direct and systematic behavior bf with 1/f frequency noise

was reported. In fact, their data did not show any systematic
variation of 1f frequency noise with bias current and mag-
FIG. 2. Comparison of frequency noise w4196 andu %2220 for ()  netic Peld. The conclusion was based on an indirect mea-
Y27 mA and (b)l Y23 mA. The black lines are bts as described in the main surement oDf with measurement time. In our devices, we
text are able to systematically controlflffequency noise and
show a direct proof thabf is increased with f/frequency
linewidth, Df, as a function of (a) angle &7 mA and (b) noise. We believe the behavior fifand hence Tfrequency
current atu ¥220. There is a qualitative agreement noise with angle and current is directly linked to a changing
betweerDf,, andDf . However, there is also a clear quantita- mode-hopping in the device. As the angle is increased, the
tive disagreement af is larger tharDfy,. In fact, Df=Dfy,,  rate of mode-hopping increaségFig. 4(a)], and hence, an
was found to be around 1.1D1.5. Thus, white noise alone isicrease inf; is observed. Similarly at lower current, is
not able to fully account for the spectrum analyzer linewidth. higher [Fig.4(b)], since mode-hopping is also higher at cur-
In order to determine the contribution off ffequency rents below threshold.
noise to linewidth broadening, we Prst determine the time  Now we discuss possible origins of thef ffequency
scale of 1f frequency noise. We debne the transformationnoise. Our results show that thef ffequency noise varies
frequencyf;, where the white noise transforms into thé 1/ rather systematically with angle and current unlike Ri.
frequency noise. The angle and current dependendgisf  This implies that the origin of f/frequency noise is not
shown in Fig.4. The transformation frequendyis found to  related to the experimental setup components such as ampli-
vary in the range of 140 kHzbB500 kHz, indicating thdtfld-  bers and mixer. Since we see a signibcant variation fof 1/
guency noise becomes signibcant at time scales larger thdrequency noise in a single device by varying current and the
21 s, which is signipcantly lower than the spectrum analyzerangle between free and bxed layer, it is unlikely thétfrs-
measurement time scale (order of several seconds). Thiguency noise originates from specibc device imperfections
shows that the spectrum analyzer linewidth may includesuch as barrier quality or defects in the magnetic layer of the
additional linewidth broadening due tof Ifequency noise. tunnel junction. Our results show that both white noise and
With varying the angle away from the antiparallel orien- 1/f frequency noise are higher at low current and high angle
tation, f; increases or equivalently the extent of thé fté- (i.e., away from antiparallel alignment between free and
quency noise increases. Similarly with lowering currefat, bxed layer). In a previous study,we found a similar de-
increases. We found a clear increase of the r@ieDf,,  pendence of mode-hopping with angle and current. The
with f; as shown in Fig4(c). The bgure shows that the agree- mechanism for mode-hopping stems from an effective linear
ment betweerDf andDf,, becomes worse with the increase coupling between low-lying modes mediated by a thermal
of f, or the 1f frequency noise. In fact, the spectrum analyzerbath of magnoné'**® Since we observed a similar depend-
linewidth Df is higher for higher X/frequency noise. In Ref. ence of the F/frequency noise, we believe mode-hopping on
18, Keller et al, have reported that flfrequency noise a large time scale leads to thef ffequency noise in these
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