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We report on the low frequency (LF) noise measurements in magnetic tunnel junc-
tions (MTJs) below 4 K and at low bias, where the transport is strongly affected by
scattering with magnons emitted by hot tunnelling electrons, as thermal activation
of magnons from the environment is suppressed. For both CoFeB/MgO/CoFeB
and CoFeB/AlO,/CoFeB MTIJs, enhanced LF noise is observed at bias voltage
around magnon emission energy, forming a peak in the bias dependence of noise
power spectra density, independent of magnetic configurations. The noise peak is
much higher and broader for unannealed AlO,-based MTJ, and besides Lorentzian
shape noise spectra in the frequency domain, random telegraph noise (RTN) is
visible in the time traces. During repeated measurements the noise peak reduces
and the RTN becomes difficult to resolve, suggesting defects being annealed. The
Lorentzian shape noise spectra can be fitted with bias-dependent activation of RTN,
with the attempt frequency in the MHz range, consistent with magnon dynamics.
These findings suggest magnon-assisted activation of defects as the origin of the
enhanced LF noise. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4903278]

Magnetic tunnel junctions (MTJs) have useful applications as magnetic sensors and memory
elements. The tunneling barrier used is AlO,, first, and then crystalline MgO since much enhanced
magnetoresistance (MR) is observed due to spin dependent coherent tunneling.! For application
purposes, signal to noise ratio is important, and the low frequency (LF) noise has been intensively
investigated for both AlO, based>* and MgO-based MTJs.>~!? Field independent noise is usually
considered of electrical origin, e.g., due to defect states or charge trapping; field dependent noise is
of magnetic origin, e.g., due to fluctuations of magnetic domains in the ferromagnetic electrodes.
However, in spite of such categorization, the exact microscopic mechanisms are still not clear for
both the 1/f and random telegraph noise (RTN). The influence of phonon emission on LF noise
has been considered for nano point contacts long time ago,'*'# and for spin-valve type nanopillars
magnon emission'>!® was also considered. As the low bias transport of MTJs is strongly affected by
scattering with magnons emitted by hot tunnelling electrons, here we study the possible influence of
magnon emission on LF noise in MTJs.

To characterize the bias regime that magnon emission as well as other inelastic scattering
starts to affect transport properties, second derivative of the current voltage characteristics is often
obtained and it is called inelastic electron tunneling spectroscopy (IETS). In practice, from low
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FIG. 1. IETS in the P state (red line) and the AP state (blue line) at 3.6 K for MgO-based (a) and AlO-based (b) MTJs.
Magnon emission is illustrated by the shaded area around 20-30 mV. As the dip of d?V /d?I corresponds to a peak in
d*1/d*V , itis called ‘M’ peak in the IETS literature.

to high bias, features in IETS are attributed to electron-electron interaction (EEI) near zero bias,
magnon excitation in the interface between MgO and ferromagnetic electrodes around 20 mV, and
phonon excitation of the MgO surface around 80 mV.!” For MT]Js the resistance in the parallel state
(P) doesn’t change much with bias or temperature, but changes a lot in the antiparallel state (AP),
which is caused by enhanced emission of magnons in the AP state by hot tunnel electrons'® as
characterized by a more pronounced magnon (‘M’) peak in IETS.

MgO-based MT]J stacks with the main structure of Ir)Mnyg (10), CogoFe;g (2.5), Ru (0.9),
CoyoFe40Bag (3), MgO (2.5), CogoFesq0Bag (3) (thickness in nanometers) were grown with a high
vacuum Shamrock cluster deposition tool. The stack was then patterned into junctions with the
rectangular shape of 5 x 10 um? using ultraviolet (UV) lithography and Ar ion beam etching, and
annealed in an in-plane field of 8000 Oe at 350 °C for half an hour to define the exchange bias of
the antiferromagnetic IrMn layer and crystallize both the bottom and top CoFeB electrodes. For
AlO,-based MTJs of the same shape, the central layers are CoygFe40B2g (4), AlO, (1), CogoFeq9B2o
(4), and no annealing is conducted.

First and second derivatives are measured with a digital lock-in amplifier with a DC bias circuit.
Note that the dip of d?V/d*I corresponds to a peak in d*I/d*V,' and the so-called magnon ‘M’
peak is clearly visible in Fig. 1 for two MTJs reported here. Magnetoresistance along the easy
axis is shown in Fig. 2(f) and Fig. 3(d), and the vertical dashed lines at -300 Oe and 500 Oe
indicate AP and P states where IETS in Fig. 1 is measured. The sample is cooled in a cryogen-free
dilution refrigerator equipped with a superconducting vector magnet. The voltage fluctuations are
AC coupled to two home-made amplifiers and then digitized with a data acquisition card. A cross
correlation algorithm is used to average out the instrument noise when it is feasible. To measure
the bias dependence of the LF noise, we use a digital voltage source decoupled with a home-made
battery-powered optical decoupler circuit, and with a ballast resistor it is converted to a low noise
current source.”’ For fixed current noise measurements, just battery and ballast resistors are used to
avoid extra noises due to external circuit.

Among three MgO-based MTJs, only one shows a small but clear Lorentzian shape plateau
in the frequency domain, as shown in Fig. 2. For clarity, we present the voltage noise (V) power
spectra density (PSD, in unit of V/ VH?Z) between 10 Hz and 1 kHz. The bias dependence of the
noise PSD is a combination of a few peaks and the shot noise background, with the latter frequency
independent and proportional to Vv (for full shot noise S; = 112\, =2el, Vy = INRac < vV when
Rac ~ Rpc), as denoted by the black lines in Fig. 2(b) and 2(d).

The Lorentzian line shape is usually related to two level fluctuators (TLFs) and is described
by %21

SoTef
1+ Qrfry)?

where §j is the integrated power, 7. the effective time constant, f the measurement frequency. For
convenience we rewrite the equation as

Sv(f) =
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FIG. 2. Noise PSD in the P state for a MgO-based MT]J at different bias voltage values around the magnon peak at 3.6 K (a)
and 0.6 K (c), the noise plateau is visible. The dashed lines in (a) and (c) are the frequencies for which the bias dependence
of PSD are presented in (b) and (d). The black lines in (b) and (d) show calculated full shot noise, and the shaded area marks
the magnon peak. (e) Field independent voltage noise at a fixed bias current of 11 uA at 0.6 K. (f) Magnetoresistance with
field ramping up (blue) and down (red). The vertical dashed lines at -300 Oe and 500 Oe indicate AP and P states where
magnetoresistance and noise are measured. There is a system noise which dominates below 20 Hz in (a) and (c), and absent
when no extra circuit is used in (e).

() = S = ST YT (1)
VI+(fIf? i+ f?
where f. = 1/(2n7,y) is the characteristic frequency. We note that Sy and V; determine the height of
the flat top of the Lorentzian line shape when f < f..
The bias dependence of Vj can be modelled in a simplified equivalent defect temperature
scenario, ' i.e., kgTueecr = €V, and with thermal activation

Tep(V) = 10exp(E/V),  fe(V) = foexp(=E/V), (@)

where E is the field-independent activation energy. This model can also be modified to accom-
modate field dependence.®!> With increasing bias V, f.(V) gets larger, the flat top Vo/+/ f(V) be-
comes lower for f < f.. When f ~ f., since fo(V)>+ f2 > 2f.(V)f in Eq. (1), Vn(V) < Vo/~/2f
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FIG. 3. Noise PSD in the AP state for the AlO,-based MTJ at different bias voltage values around the magnon peak at 3.6 K (a),
and the bias dependence of PSD at different frequencies (b). The black lines in (a) are Lorentzian fits, and for the 12.93 mV
data, there are two Lorentzian plateaus and only one fit is shown here (the overlap of TLFs is demonstrated in Fig. 4). The
dashed lines in (a) denote three frequencies for which the bias dependence of PSD are presented in (b). The shot noise is too
small compared to LF noise so it is not shown in (b), but can be seen at relatively higher frequencies as shown in Fig. 5. (¢) Recon-
structed time traces showing the dominating TLF in (a), with each trace shifted by a few uV for clarity. The voltage difference
between two discrete states AV is about 2.5 uV. (d) Magnetoresistance with field ramping up (blue) and down (red).

and shows a maximum when f = f.(V), as is better illustrated in Fig. 3(b) for the AlO,-based
MT]J with peaks at different bias values for particular f. Here in Fig. 2b and 2d, the noise peaks
for three different frequencies almost overlap together, which suggests a weak bias dependence of
fe according to Eq. (2) and this makes fitting difficult. Similar observation for nano point contact
was ascribed to the electron phonon scattering,'>'* magnon emission may be more relevant here.
Additionally, the PSD peak width also shrinks from about 4 mV at 3.6 K to about 2 mV at 0.6 K
(peak at 18 K is much broader, not shown here), which suggests thermal smearing of the magnon
emission threshold.

As shown in Fig. 2e, there is no field dependence of the noise plateau in the P state, and the
plateau exists also in the AP state (not shown here). In addition, this small noise plateau is observed
only in one direction of the applied bias, which is when the electrons flow from the pinned layer
to the free layer. This may relate to the asymmetry of non-equilibrium magnon distribution as
proposed before for phonons,' i.e., as the defect is in one side of the barrier, only when there is
magnon emission in this side can the fluctuators be activated.

When only a few TLFs dominate the spectra and there is no correlation between them, discrete
levels should be visible in the time trace as it is called RTN. Previously RTN was often observed
at particular field values where the resistance changes abruptly,>® and was ascribed to magnetic
after effect.’* Field dependent RTN was also observed for submicron MTJs,”!*!? and a modified
heating model was assumed to interpret the field dependence. Field independent RTN in MTJ is
observed in Ref. [23] and charge trapping near or in the oxide barrier was suspected, which is most
relevant here. We note that, even for electrical noise, magnon dynamics may still play a role in the
microscopic process, as the magnon dispersion is only determined by the internal field of the FM
electrodes,'”?* which is due to exchange bias larger than the external field.”’



127102-5 Liu et al. AIP Advances 4, 127102 (2014)

For one unannealed AlO,-based MTJ, RTN is much larger and the switching is clearly visible
in the time traces, as shown in Fig. 3(a)-(c). We note that here the raw time trace data were digitized
and Fourier transformed, after a low pass filtering the time trace is reconstructed by performing
inverse Fourier transformation. Shot noise is much smaller than LF noise so it is not plotted in Fig.
3(b). Since in this temperature and bias regime, TLFs are stable and correlations between TLFs are
suppressed, individual TLF can be well identified. The integrated spectra power Sy for individual
TLF is'*?!

4T1 T
(1 + 1)

T

So=21VE = 4V —L = (Avy 3)
TI+T

where 1/7,4 = 1/7 + 1/72, 7| and 7, are the mean times spending in the high and low level states,

which can have their own activation forms similar to Eq. (2), and AV is the voltage difference of the

two discrete levels. The bias dependence of the fitted parameters are presented in Fig. 4 in detail.
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FIG. 4. The bias dependence of f. (a) and height of the flat top Vj/ \/fj (c) are obtained with Lorentzian fits described by
Eq. (1) for AlOx-based MTJ. Three of the four TLFs intercept with the f=30 Hz line and the cross points are indicated by
arrows in (e) and (f). V) can be retrieved from f. and Vj/ \/JT'C, and its bias dependence vs. 1/V and V is shown in (b) and
(d). There is no special feature between 20 to 30 mV as shown in (a) to (c), although Vj does increase about an order of
magnitude for the most visible TLF. (e) The peak eventually shows up when the frequency dependent terms in Eq. (1) are
combined, with f=30 Hz. (f) The reconstructed Vi (f=30 Hz) are shown as the product of two factors in (d) and in (e). The
peaks overlap well with the red line which is the same curve in Fig. 3(b).
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When switching is rare, 71 < 1, according to Eq. (3) Vy = \V2/7VT /mAV <« AV, which also
follows an activation form as exemplified by the green symbols in Fig. 4(b) for the most visible
TLF. In fact the activation energy and attempt frequency for 7; and 7 are 148, 247 mV, 0.33,
7.9 MHz respectively, and 7.5 is mostly dominated by 7, at lower bias and by 7, at higher bias,
which explains the bending of f. in Fig. 4(a). Here although we follow the literature and discuss 75
or f. only, the activation energy and attempt frequency are in the same ballpark for 7; and 7. When
the switching becomes more frequently at higher bias, 7; ~ 75, Vj approaches AV/v2x, which is
shown in Fig. 4(d). AV is close to 2.5 uV as shown in Fig. 3(c). In Fig. 4(b) and 4(d) V; approaches
a 1 uV when bias is higher than 20 mV, which is consistent considering the factor V27 ~ 2.5. In
Fig. 4(f) the 30 Hz PSD is reconstructed with fitted f. and V;, which overlaps very well with the
measured PSD as in Fig. 3(b), again suggest our fitting is consistent.

The fitted activation energy for f. of the most visible TLF is about 166 meV, comparable to
0.3 x 107'° J that was found for nonmagnetic RTN of AlO,-based MTJ head.>* And the activation
energy for the other three TLFs in Fig. 4(a) are 59, 111, and 358 meV respectively. Note that for
another effective temperature model?® used for RTN in Ref. [12], Ticfee: =T + ¢ V2 and the fitted
activation energy there is 1.3 x 102! J, or 8 meV, even lower than the magnon peak. The difference
seems to be whether the energy absorbed by the defect is due to equilibrium thermal energy ( V?),
or inequilibrium hot electron energy (e eV). The good fits with eV dependence as shown in Fig. 4
suggest that inequilibrium hot electron energy is a reasonable assumption here.

For all four TLFs, the attempt frequency fj is around MHz, clearly lower than the typical GHz
frequency for magnons, and THz frequency for phonons and atomic vibrations assumed in RTN of
nanobridges.'%?° The attempt frequency was not explicitly discussed in previous measurements of
RTN in MTJs.!>?3 However, for submicron MTJs it has been shown that the collective dynamics
of many spins, i.e., the time it takes a domain wall segment to diffuse through a characteristic
length, can be about 0.2 us and this is just the microscopic attempt time for magnetization reversal
et al.'>?” We believe that the same magnon dynamics in the FM electrode is responsible here for the
activation of defects.

Two observations need to be emphasized. First, enhanced LF noise is observed around 20 mV
for both MgO and AlO,-based MTJs, as well as for submicron MgO-based MTJ in Ref. [12]. To
check which factor of Vi in Eq. (1) contributes to this enhancement, we plotted the two factors
in Fig. 4(d) and 4(e) with f set to 30 Hz. It is clear that while the peak position is due to the f,.
dependent factor, which is maximized when f. = f as shown in Fig. 4(e), the peak height is due
to Vp in Fig. 4(d). In fact when there is a cross point with f. = 30 Hz in Fig. 4(a), there will be
a peak, but the pronounced peak around 20 mV is due to the large V; for the most visible TLF,
much larger than that of the other three. This can be related to magnon emission around this bias.
Secondly, as shown in Fig. 3(c), AV for this particular TLF is about 2.5 4V and doesn’t change
much from 13 mV to 21 mV, inconsistent with a simple defect picture, where domain rotation or
channel switching leads to fixed resistance change.'*? In fact almost fixed AV can also be extracted
in previous reported cases,'""'>?3 although for measurements at high temperatures TLFs are not
stable and correlated with each other, thus the Lorentzian evolves to 1/f shape and detailed fitting
with the activation model is not possible. How the fixed AV is related to magnon dynamics needs
further investigation.

During repeated measurements the height of the noise peaks as shown in Fig. 3(b) reduces and
their position changes slowly. Eventually shot noise background dominates again, similar to those
in Fig. 2(b), as shown in Fig. 5. This could be due to the fact that the AlO,-based MTJs were
not annealed during preparation and the defects can get annealed during the ramping of voltage
or field, like those irreproducible TLFs reported early.®”:1%26 Also since there is no crystallization
of the CoFeB layer, the magnon emission at the interface may have a broad energy range. For
the MgO-based MTIJ, we have repeated measurements in three cooldowns and the plateau is still
observable, although f. slowly shifted to even lower frequencies in the last run and then it can not
be measured.

We note that for both MgO and AlO,-based MTJs, full shot noise is observed, even when there
is a strong concurrent LF noise for the AlO,-based MTJ (see Fig. 5). This indicates that the magnon
dynamics doesn’t affect the tunneling of electrons, and the tunnel barrier has no pin holes or trapped
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FIG. 5. The bias dependence of PSD at higher frequencies for the AlO-based MTJ in early (a) and later (b) measurements.
A 50 Hz band is used for averaging as it is much smaller than the frequencies here. The black lines show calculated full
shot noise. Note that the same raw data are used to compute the PSD here in (a) and that in Fig. 3(b) while frequencies
concerned are different. Also bias current dependence is presented here while in Fig. 2 and 3 voltage dependence is presented
to emphasize magnon emission regime.

states, since otherwise the Fano factor (the ratio between the measured shot noise and full shot
noise) will be much reduced from 1 when there is inelastic scattering or correlation effect in the
barrier.’®? Recently it was revealed by IETS that defect states may exist in the barrier at energy
higher than 150 mV.*° Although this corroborates with the activation energy found here for the most
visible RTN, but observation of full shot noise here suggests there is no sequential tunneling and no
defect states inside the barrier. For comparison, in the case of gold nanowire break junction the Fano
factor is much reduced to 0.02 and is affected by electron phonon scattering.!

In summary, at low temperatures and low bias where the magnon emission dominates the trans-
port properties of MTJs, low frequency noise peak in the bias dependence of power spectra density
is observed. The noise peak for unannealed AlO,-based MTJ is especially large, and RTN is visible
in the time trace. Detailed analyses of the RTN suggest defect activation by magnons dynamics.
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