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Spin-flip noise due to nonequilibrium spin accumulation
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When current flows through a magnetic tunnel junction (MTJ), there is spin accumulation at the electrode-
barrier interfaces if the magnetic moments of the two ferromagnetic electrodes are not aligned. Here we report

that such nonequilibrium spin accumulation generates its own characteristic low frequency noise (LFN). Past
work viewed the LFN in MTJs as an equilibrium effect arising from resistance fluctuations (Sg) which a passively
applied current (I) converts to measurable voltage fluctuations (Sy = I*>Sg). We treat the LFN associated with
spin accumulation as a nonequilibrium effect, and find that the noise power can be fitted in terms of the
spin-polarized current by S; f = al coth (11;) — ab, resembling the form of the shot noise for a tunnel junction,
but with current now taking the role of the bias voltage, and spin-flip probability taking the role of tunneling

probability.
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Low frequency noise (LFN), often appearing as 1/f noise,
is known to exist in both AlO,-based [1,2] and MgO-based
magnetic tunnel junctions (MTJs) [3,4]. So far it has been
believed to be an equilibrium noise such as that observed in var-
ious semiconductor devices and disordered metal films [5-7].
With the assumption of equilibrium conductance or resistance
fluctuations, mobility and carrier number fluctuations are the
two apparent reasons while the microscopic origin varies
in different cases. However, a recent experimental investi-
gation [8] of excess shot noise induced by nonequilibrium
spin accumulation, which is proportional to the spin current,
inspired us to reconsider the general perception that the LFN in
magnetic materials is an essentially equilibrium phenomenon
that has no explicit connection to the spin-polarized current.
Indeed, in the following, we show this general perception
should be modified and the LFN in MTJs is driven by the
spin-polarized current, although the mechanism is totally
different from that in Ref. [8].

It was through LFN measurements that Hardner et al. [9]
first demonstrated the fluctuation-dissipation relation (FDR) in
a magnetic system, metallic giant magnetoresistance (GMR)
multilayers where the LFN peaks at magnetic fields maximiz-
ing the GMR derivative. The connection of the FDR to the LFN
was later extended to MTJs [1] by assuming that magnetic
fluctuations in the ferromagnetic (FM) electrodes cause the
fluctuations of resistance [10]. For this reason such field-
sensitive LFN is also called magnetoresistive noise, sometimes
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simply called magnetic noise, which can be enhanced by
annealing [11]. There is also a field-insensitive LFN ascribed
to defect motion or charge trapping in the barrier and/or at the
interface between the barrier and electrodes, sometimes called
electronic noise, which decreases after annealing [12]. This
electronic noise is also called barrier resistance noise, which
is again an equilibrium effect.

However, we find that MTJs driven far away from equilib-
rium can have a characteristic LFN distinct from that described
by the FDR. Instead, in the presence of nonequilibrium spin
accumulation, the noise power spectral density (PSD) of the
LEN exhibits shot-noise-like dependence on the total current
(for an introduction to shot noise, the reader can refer to
Ref. [13]),

1
S[fy = al coth (E) —ab, (1)

where S§; is the current noise PSD, a and b are fitting
parameters that depend on temperature and magnetic field, and
the power law exponent y is close to 1 (and will be considered
to be 1 unless otherwise mentioned). This dependence on [
cannot be trivially converted to a dependence on bias voltage
V because the I-V characteristic (IVC) is highly nonlinear.
In contrast, when the 1/f noise in MTJs is treated as an
equilibrium resistive noise, its PSD can be described as [5—7]

Sg/R*=Sy/V* =a/Af7, 2)

where A is the junction area (sometimes the volume of the
FM electrode is used depending on whether the source of
the noise is at the interface [4] or inside the electrode [2,3]),
o is an empirical parameter [14], and again the power law
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FIG. 1. (a) A simple schematic of the MTJ stack. (b) Magne-
toresistance (MR) with field ramping up (blue) and down (red) at a
fixed bias current of 6.5 uA at 296 K for sample M8. The vertical
dashed lines denote different fields (ramping down) where noise
measurements are shown in Fig. 2. P, AP, and P’ denote parallel,
antiparallel, and another parallel state, respectively. The inset shows
four continuous runs near the free layer reversal field (ramping down)
for sample M9. Three fields (—62, —64, and —67 Oe) are chosen for
noise measurements shown in Fig. S2. (c) Schematic of the spin
accumulation in the antiparallel state. With the assumption of ideal
symmetry filtering of the MgO barrier, the down-spin A, electrons
from the left side dominate the tunnel process at large bias. In
the right side there are no available down-spin A, states, so these
electrons undergo spin-flip scattering and become the up-spin A,
states. The nonequilibrium spin accumulation is characterized by
chemical potential difference Au between up- and down-spin A,
states. The density of state (DOS) energy diagram follows that of the
calculated band dispersions [19,20] but not to the scale.

exponent y is close to 1. In conventional LFN theory, ohmic
devices with linear /-V characteristics (IVCs) are considered
and the applied current (/) is merely used to convert the
resistance fluctuations (Sg) to measurable voltage fluctuations,
ie., Sy = V2Sg/R* = I’Sk. In other words, current itself
does not introduce any noise beyond serving as a probe for
the equilibrium resistance noise, in contrast to Eq. (1) where
current explicitly affects LFN owing to nonequilibrium spin
accumulation.

The nonequilibrium spin accumulation is illustrated
schematically in Fig. 1(c), and Fig. 1(a) shows a simple
schematic of a MTJ stack with the free layer, barrier, reference
layer, and exchange bias layers. With ideal symmetry filtering
of the MgO barrier at large bias, majority A; electrons
dominate the tunnel process [15,16], while As electrons are
blocked by the MgO barrier [17]. In the high-resistance
antiparallel (AP) state [indicated in Fig. 1(b)], since there
are no available minority A; states on the right side, to have
a finite current, the A, electrons from the left side need to
be spin flipped into the majority A; states on the right side.
This spin-flip process generates current (Ispin-ip = lwunnel in the
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ideal case) as well as current noise, and could contribute to the
reduction of tunnel magnetoresistance ratio with increasing
bias as more spin-flip processes can be activated. A finite
chemical potential difference Au between up- and down-spin
Ay states can be assumed to describe the nonequilibrium
spin accumulation at the interface, which is current dependent
instead of voltage dependent [18].

This unusual result of spin-flip noise following Eq. (1)
also sheds light on the unsatisfactory FDR interpretation of
previous magnetic noise measurements [3,4,21,22]. Initially,
the quasiequilibrium assumption was introduced for MTJs
with low magnetoresistance (MR) and small nonlinearity of
the IVC [1], based solely on the observation of 1/f noise, as
1/f noise is usually found in equilibrium systems. However,
the quadratic bias dependence for equilibrium resistive noise
suggested by Eq. (2), Sy o< V2, was rarely verified except
for the electronic noise at low bias [23,24]. Nevertheless,
o estimated at some arbitrarily chosen bias was used to
characterize the magnetoresistive noise. Then, following FDR,
one expects a linear relation between o and the derivative
of MR [(1/R)dR/dH] [1,24], or the magnetoresistance-
sensitivity product MSP [E(AR/R2)(dR/dH)] [3,4,21,22].
This expected linear relation exists only within a limited field
range, which is unsatisfactory and puzzling. Compared to «,
Eq. (1) gives a more accurate description of the noise power
over the entire bias range, and the fitting parameter a (see
Fig. 4) may replace « to some extent in the FDR.

The magnetic noise should be understood in the context
of the magnetoresistance, which for our CoFeB/MgO/CoFeB
MT]J sample is shown in Fig. 1(b). Measured with a small
excitation current, the resistance changes more than 200%
from the P to AP states (P and AP denote parallel and antipar-
allel states, respectively). The reference layer is pinned by
the synthetic antiferromagnetic (SAF) layer, and its hysteresis
loop is exchange biased to around —800 Oe, above which
the magnetization of the reference layer also aligns with the
applied field and another parallel state P’ is resulted. The
hysteresis loop near zero field is due to the free layer. Details
related to sample fabrication and noise measurements can be
found in Refs. [25,26], and data presented here are for similar
devices M8 and M9 on the same substrate.

Previous noise measurements and FDR analyses focused on
the range of the magnetic field where reference layer reversal
occurs [from AP to P’ as shown in Figs. 1(b) and 4(d)]. The
derivative of the MR within this range is not as large as near the
free layer reversal regime, allowing a quasiequilibrium state
to be assumed and then the conventional Eq. (2) was applied
to find «. The results of such conventional analyses for our
samples are shown in Figs. 2(a) and 2(b). We see first an
increase and then saturation of /Sy f above roughly 0.4 V in
Fig. 2(a). Indeed, the extracted parameter = ASy f/ V?isnot
a constant as required by the conventional theory, but shows a
strong dependence on the voltage as seen in Fig. 2(b) (note the
semilog scale), indicating deviation from the resistive noise
picture. A similar suppression of o with bias was observed
in previous works but no modification of the conventional
analyses was made [22,27-29]. Even for the P (200 Oe) and
P’ (—1500 Oe) states, where electronic noise is supposed to
dominate, we can still see a strong deviation from a constant
« in Fig. 2(b).
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FIG. 2. Bias dependence of normalized power spectrum density
(a) /Sy f and (b) o = ASy f/V? at different magnetic field points
and at 296 K. The current noise S;f in (c) and (d) are derived
by /Sy f in (a) and dV/dI in (e), which shows an almost linear
dependence on the bias current without saturation. The y scale in (c)
is larger than that in (d). In (e), nonlinearity around 0.4 V can be
seen for dV /d 1. (f) Bias dependence of S; f in double-log scale. The
slope approaches one at high bias except for the P (200 Oe) and P’
states (—1500 Oe). The solid lines are fits following Eq. (1).

Rather than relying on the differences between the magnetic
and electronic noises to explain the data, we find that Eq. (1)
fits equally well for all cases at different fields without the
need to make a distinction between different types, as shown
in Figs. 2(c) and 2(d) (note the different y scales). Here we
have taken into account quantitatively the nonlinear IVC [as
demonstrated by dV/dI in Fig. 2(e)] and plot the current
noise S;f = Sy f/(dV/dI)*. The striking feature is that
saturation no longer exists, suggesting that S; f, rather than
Sy f,represents the intrinsic noise. This current noise increases
linearly with I above a threshold value, corresponding to
the fitting parameter b for each case, e.g., about 25 nA for
—800 Oe. In Fig. 2(f), S;f vs I is replotted in double-log
scale, such that all data points can be presented and the power
exponent of / can be identified. We can see at high bias the
slope approaches 1, except for the 200 Oe (P) and —1500 Oe
(P") data, for which the noise is smaller and the slope is
close to 2. These two limiting cases can be described well by
Eq. (1) since for 1/b < 1, coth(I/b) = (I/b)’1 + (1/b)/3,
then S; f ~ al?/3b, and for 1/b > 1, coth(I/b) ~ 1, then
S;f ~a(l —b). In fact, even for the 200 Oe (P) data,
Sy f oc I? fits better than the conventional Sy f oc V? at large
bias (see Fig. S1 in the Supplemental Material [18]).
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The similarity between the observed S; f scaling and the
shot noise formula for a tunnel junction is striking. The latter
is of the form [4,13,30]

= CO - )
1= avydl ¢ 2%pT ) dvydl

where F is the Fano factor, and kg is the Boltzmann constant.
However, there are fundamental differences between the
observed S; and electronic shot noise, the most important
ones being that the noise power in Eq. (3) is independent of the
frequency and its scaling with the voltage across the junction.
In sharp contrast, in Eq. (1) the noise power scales with 1/f
and depends only on the current, excluding a possible tunneling
origin. There is no thermal noise term in Eq. (1) while it is the
first term in Eq. (3) and is always there even if the shot noise
is absent (when F' = 0, the second term disappears). A simple
model is described in the Supplemental Material where Eq. (1)
is derived from the consideration of spin accumulation and
resulted spin-flip current in the AP state, as already illustrated
in Fig. 1(c). This model differs from past theoretical proposals
where, via spin-transfer torque, spin-current noise can cause
enhanced magnetization fluctuations at high current density
which are reflected by enhanced resistance noise [31,32]. Here
in our model the assumption of continuous distribution of
spin-flip scattering rates and individual particle nature (the
angular moment is quantized) of the spin-flip events lead to
the 1/f dependence [5-7] and the shot-noise-like features
respectively.

We observe a similar bias dependence of S;f near the
free layer reversal regime, where the derivative of MR
is large and stationary noise measurement was previously
considered very difficult [11]. Indeed, as shown in the inset of
Fig. 1(b), there are discontinuous resistance jumps likely due
to domain wall jumps instead of reversible domain rotations.
However, we find that when the field is precisely controlled
with an electromagnet, the resistance can be stable for a
sufficiently long time for noise measurements (see Fig. S2
in the Supplemental Material).

If FDR were strictly followed, the PSD of equilibrium
noise should scale linearly with the thermal fluctuation energy
kpT [3,4,21,22]. This linear dependence of o on temperature
was not observed, instead, thermal activation at high temper-
ature and saturation at low temperature were observed for
P and AP states [2,27], and the saturation is suspected to
be due to quantum tunneling [2]. In general [5-7], LFN is
not expected to scale linearly with temperature because the
usual microscopic origins of the 1/f noise, such as activation
of scattering due to defects or impurities, do not have linear
temperature dependence.

LFN at four different temperatures, 296, 78, 50, and 17 K,
are presented for four characteristic magnetic states, Hy, P,
AP, and P, in Fig. 3. H, is the field where LFN shows a broad
peak, which is close to the exchange bias field Hy (also called
the pinning field) of the reference layer, and changes with
temperature. For clarity, data at other fields are not presented
in Fig. 3 but all fitted parameters are summarized in Fig. 4.
From 296 to 78 K, for all three fields except that for the P’ state,
one can clearly see the decrease of the noise. The decrease of
LFN is especially clear for the H, state, which moves from
around —700 to —900 Oe, as can be inferred in Fig. 4(a) (the
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FIG. 3. Bias dependence of normalized power spectrum density
S; f at different temperatures: (a) 296, (b) 78, (c) 50, and (d) 17 K.
The solid lines are fits following Eq. (1). The 400 Oe data at 17 K are
not shown because the 1/f noise is too small to be reliably extracted
from the background noise.

fitting parameter a indicates the amplitude of the LEN). The
typical AP state also moves from —300 to —400 and then to
—500 Oe with decreasing temperature [see MR in Fig. 4(d)].
In fact, the increase of LFN at —2000 Oe (P’ state) from 296
to 78 K should be explained by the change of magnetic state.

With our model, the decrease of LFN with temperature
implies that the spin-flip rate is reduced and the total tunnel
current is reduced as well. This is qualitatively consistent with
the reduction of S; f with temperature [Figs. 3(a) and 3(b),
as well as Fig. 4(a)] and with the resistance increase in the
AP state [Fig. 4(d)]. Below 78 K, the noise decreases slowly
and the the AP state resistance increases slowly as well. The
noise decrease is clearer for the H, state, where the activation
energy for spin flip is minimized [1,33-35]. Below 17 K
the y parameter started increasing from 1 (see Fig. S3 in
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FIG. 4. Field dependence of the fitting parameters (a) a and (b) b
following Eq. (1) at different temperatures. Note that H,, the position
of the broad peak, moves when temperature decreases from 296 to
78 K. (d) The MR measured with small bias and (c) field derivative
of MR at different temperatures.
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the Supplemental Material), thus S; f is no longer good to
characterize LFN and this requires further study.

Clear field dependence of LFN, indicated by the fitting
parameters a and b as shown in Fig. 4, excludes any influence
of interband scattering [29] which is field independent and bias
dependent. In addition, the observation of a full electronic
shot noise at higher frequencies excludes any influence by
localized states within the barrier which would lead to a
reduction of the Fano factor. Compared with the electronic
shot noise, the fitting parameter a represents the particlelike
feature of spin-flip noise, resembling charge e and to some
extent plays the role of the empirical parameter «. There is
indeed some correlation between a and the field derivative of
MR (dR/dH), as can be seen from the similarity between
Figs. 4(a) and 4(c), although their temperature dependence is
not the same. Note that a is determined within a wide current
range while dR/dH is measured at the zero bias limit. The
parameter b resembles kg T in the expression of electronic shot
noise. It indicates the threshold current above which a linear
dependence of [ is prominent, i.e., the nonequilibrium noise
due to spin accumulation dominates. In Fig. 4(b), b is higher
in P and P’ states since when A majority electrons can tunnel
to A; majority available states, there is no spin accumulation
and Ipin-fiip cannot dominate Iyynner. There is little temperature
dependence for b until 17 K where two small local minima
appear near the reversal fields, which can be explained by that
the activation energy barrier for spin-flip process is minimized
near the reversal fields.

In conclusion, we find that the 1/f noise in MTJs is better
described by the current noise S; f with a bias dependence
similar to the shot noise, rather than by the conventional
resistance noise (Sy = I%2Sg). The origin of this noise is
traced to spin accumulation at the interface and the subsequent
spin-flip current due to the highly spin-polarized tunneling
current. The particle nature of individual spin-flip events and
the time-scale distribution of such events combine to generate
a spin-flip shot noise that is distinct from the shot noise of
a tunnel junction and has the 1/f frequency scaling. Our
result may shed light on spin injection, spin detection, and
other spin-dependent devices involving spin accumulation, as
well as for pseudospin devices. Finally, we would also like
to mention the differences between our LFN model and the
shot noise model in Ref. [8]: They assumed no spin flip, and
here we require spin flip to generate noise; they assumed that
current noise (charge) and spin-induced excess current noise
(spin) can be separated and there should be a finite current
noise at zero bias, and here spin accumulation is related to
charge current and in the ideal case Ispin-fip = Jtunnel, SO NO
noise is expected at zero bias.

Work at Peking University was supported by National Basic
Research Program of China (973 Program) through Grants
No. 2011CBA00106 and No. 2012CB927400, as well as
National Natural Science Foundation of China (NSFC, Grant
No. 11474008). Work at IOP, CAS was supported by the 863
Plan Project of Ministry of Science and Technology (MOST,
No. 2014AA032904), and NSFC, Grants No. 11434014,
No. 51229101, and No. 51401236. Work at Trinity College
Dublin was supported by SFI Contract No. 10/IN1.13006.
X.G.Z. acknowledges support in part by NSF Grant No.

180401-4



SPIN-FLIP NOISE DUE TO NONEQUILIBRIUM SPIN ...

ECCS-1508898. J.W. would like to acknowledge discussions
about magnetic excitations with Fa Wang, Ryuichi Shindou,

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 180401(R) (2016)

Wei Han, and also acknowledge Jiang Xiao for critical reading
of the manuscript and discussions about the model.

[1] S. Ingvarsson, G. Xiao, S. S. P. Parkin, W. J. Gallagher, G.

Grinstein, and R. H. Koch, Low-Frequency Magnetic Noise in

Micron-Scale Magnetic Tunnel Junctions, Phys. Rev. Lett. 85,

3289 (2000).

L. Jiang, E. R. Nowak, P. E. Scott, J. Johnson, J. M. Slaughter, J.

J. Sun, and R. W. Dave, Low-frequency magnetic and resistance

noise in magnetic tunnel junctions, Phys. Rev. B 69, 054407

(2004).

[3] R. Stearrett, W. G. Wang, X. Kou, J. F. Feng, J. M. D. Coey,
J. Q. Xiao, and E. R. Nowak, Influence of exchange bias on
magnetic losses in CoFeB/MgO/CoFeB tunnel junctions, Phys.
Rev. B 86, 014415 (2012).

[4] T. Arakawa, T. Tanaka, K. Chida, S. Matsuo, Y. Nishihara, D.
Chiba, K. Kobayashi, T. Ono, A. Fukushima, and S. Yuasa, Low-
frequency and shot noises in CoFeB/MgO/CoFeB magnetic
tunneling junctions, Phys. Rev. B 86, 224423 (2012).

[5] P. Dutta and P. M. Horn, Low-frequency fluctuations in solids:
1/f noise, Rev. Mod. Phys. 53, 497 (1981).

[6] M. B. Weissman, 1/f noise and other slow, nonexponen-
tial kinetics in condensed matter. Rev. Mod. Phys. 60, 537
(1988).

[7] D. M. Fleetwood, 1/f noise and defects in microelectronic
materials and devices, IEEE Trans. Nucl. Sci. 62, 1462 (2015).

[8] T. Arakawa, J. Shiogai, M. Ciorga, M. Utz, D. Schuh, M. Kohda,
J. Nitta, D. Bougeard, D. Weiss, T. Ono, and K. Kobayashi, Shot
Noise Induced by Nonequilibrium Spin Accumulation, Phys.
Rev. Lett. 114, 016601 (2015).

[9] H. T. Hardner, M. B. Weissman, M. B. Salamon, and S. S. P.
Parkin, Fluctuation-dissipation relation for giant magnetoresis-
tive 1/f noise, Phys. Rev. B 48, 16156(R) (1993).

[10] Note that there is no simple analytical dependence of R(M) as
in the GMR case, although in previous works a linear R(M) is
often assumed to apply FDR.

[11] R. Stearrett, W. G. Wang, L. R. Shah, J. Q. Xiao, and E. R.
Nowak, Magnetic noise evolution in CoFeB/MgO/CoFeB tunnel
junctions during annealing, Appl. Phys. Lett. 97, 243502
(2010).

[12] R. Stearrett, W. G. Wang, L. R. Shah, A. Gokce, J. Q. Xiao,
and E. R. Nowak, Evolution of barrier-resistance noise in
CoFeB/MgO/CoFeB tunnel junctions during annealing, J. Appl.
Phys. 107, 064502 (2010).

[13] Y. M. Blanter and M. Buttiker, Shot noise in mesoscopic
conductors, Phys. Rep. 336, 2 (2000).

[14] F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme,
Experimental studies on 1/f noise, Rep. Prog. Phys. 44, 479
(1981).

[15] W. H. Butler, X.-G. Zhang, T. C. Schulthess, and J. M. Ma-
cLaren, Spin-dependent tunneling conductance of Fe/MgO/Fe
sandwiches, Phys. Rev. B 63, 054416 (2001).

[16] X.-G. Zhang and W. H. Butler, Large magnetoresistance in bcc
Co/MgO/Co and FeCo/MgO/FeCo tunnel junctions, Phys. Rev.
B 70, 172407 (2004).

[17] At the same bias for the P and AP states, the LFN is much
different, while the possible contribution from As electrons is

[2

—

similar, thus it is clear that there is negligible contribution to
the spin-flip noise from the As electrons, and this justifies using
the simple model involving only A, electrons to analyze the
spin-flip noise. Due to a similar argument, the interband mixing
effect is also not considered.

[18] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.93.180401 for the derivation of current-
dependent noise, discussion of the magnetic aftereffect, the
comparison of the Sy and S, in the P state, and the change
of y at 3.7 K.

[19] D. Bagayoko, A. Ziegler, and J. Callaway, Band structure of bcc
cobalt, Phys. Rev. B 27, 7046 (1983).

[20] S. Yuasa and D. D. Djayaprawira, Giant tunnel magnetoresis-
tance in magnetic tunnel junctions with a crystalline MgO(0 0
1) barrier, J. Phys. D: Appl. Phys. 40, R337 (2007).

[21] A. Ozbay, A. Gokce, T. Flanagan, R. A. Stearrett, E. R. Nowak,
and C. Nordman, Low frequency magnetoresistive noise in spin-
valve structures, Appl. Phys. Lett. 94, 202506 (2009).

[22] J. Feng, Z. Diao, H. Kurt, R. Stearrett, A. Singh, E. R. Nowak,
and J. M. D. Coey, Influence of growth and annealing conditions
on low-frequency magnetic 1/f noise in MgO magnetic tunnel
junctions, J. Appl. Phys. 112, 093913 (2012).

[23] E. R. Nowak, M. B. Weissman, and S. S. P. Parkin, Electrical
noise in hysteretic ferromagnet/insulator/ferromagnet tunnel
junctions, Appl. Phys. Lett. 74, 600 (1999).

[24] C. Ren, X. Liu, B. D. Schrag, and G. Xiao, Low-frequency
magnetic noise in magnetic tunnel junctions, Phys. Rev. B 69,
104405 (2004).

[25] L.Liu,J.-S. Niu, Li Xiang, J. Wei, D.-L. Li, J.-F. Feng, X.-F. Han,
X.-G. Zhang, and J. M. D. Coey, Symmetry-dependent electron-
electron interaction in coherent tunnel junctions resolved by
measurements of zero-bias anomaly, Phys. Rev. B 90, 195132
(2014).

[26] L. Liu, L. Xiang, H.-Q. Guo, J. Wei, D.-L. Li, Z.-H. Yuan, J.-F.
Feng, X.-F. Han, and J. M. D. Coey, Low frequency noise peak
near magnon emission energy in magnetic tunnel junctions, AIP
Adv. 4, 127102 (2014).

[27] A. Gokce, E. R. Nowak, S. H. Yang, and S. S. P. Parkin, 1/f
noise in magnetic tunnel junctions with MgO tunnel barriers,
J. Appl. Phys. 99, 08A906 (2006).

[28] J. M. Almeida, P. Wisniowski, and P. P. Freitas, Low-frequency
noise in MgO magnetic tunnel junctions: Hooge’s parameter
dependence on bias voltage, IEEE Trans. Magn. 44,2569 (2008).

[29] E. G. Aliev, J. P. Cascales, A. Hallal, M. Chshiev, and S. Andrieu,
Band-Edge Noise Spectroscopy of a Magnetic Tunnel Junction,
Phys. Rev. Lett. 112, 216801 (2014).

[30] T. Arakawa, K. Sekiguchi, S. Nakamura, K. Chida, Y. Nishihara,
D. Chiba, K. Kobayashi, A. Fukushima, S. Yuasa, and T.
Ono, Sub-Poissonian shot noise in CoFeB/MgO/CoFeB-based
magnetic tunneling junctions, Appl. Phys. Lett. 98, 202103
(2011).

[31] J. Foros, A. Brataas, Y. Tserkovnyak, and G. E. W. Bauer, Mag-
netization Noise in Magnetoelectronic Nanostructures, Phys.
Rev. Lett. 95, 016601 (2005).

180401-5


http://dx.doi.org/10.1103/PhysRevLett.85.3289
http://dx.doi.org/10.1103/PhysRevLett.85.3289
http://dx.doi.org/10.1103/PhysRevLett.85.3289
http://dx.doi.org/10.1103/PhysRevLett.85.3289
http://dx.doi.org/10.1103/PhysRevB.69.054407
http://dx.doi.org/10.1103/PhysRevB.69.054407
http://dx.doi.org/10.1103/PhysRevB.69.054407
http://dx.doi.org/10.1103/PhysRevB.69.054407
http://dx.doi.org/10.1103/PhysRevB.86.014415
http://dx.doi.org/10.1103/PhysRevB.86.014415
http://dx.doi.org/10.1103/PhysRevB.86.014415
http://dx.doi.org/10.1103/PhysRevB.86.014415
http://dx.doi.org/10.1103/PhysRevB.86.224423
http://dx.doi.org/10.1103/PhysRevB.86.224423
http://dx.doi.org/10.1103/PhysRevB.86.224423
http://dx.doi.org/10.1103/PhysRevB.86.224423
http://dx.doi.org/10.1103/RevModPhys.53.497
http://dx.doi.org/10.1103/RevModPhys.53.497
http://dx.doi.org/10.1103/RevModPhys.53.497
http://dx.doi.org/10.1103/RevModPhys.53.497
http://dx.doi.org/10.1103/RevModPhys.60.537
http://dx.doi.org/10.1103/RevModPhys.60.537
http://dx.doi.org/10.1103/RevModPhys.60.537
http://dx.doi.org/10.1103/RevModPhys.60.537
http://dx.doi.org/10.1109/TNS.2015.2405852
http://dx.doi.org/10.1109/TNS.2015.2405852
http://dx.doi.org/10.1109/TNS.2015.2405852
http://dx.doi.org/10.1109/TNS.2015.2405852
http://dx.doi.org/10.1103/PhysRevLett.114.016601
http://dx.doi.org/10.1103/PhysRevLett.114.016601
http://dx.doi.org/10.1103/PhysRevLett.114.016601
http://dx.doi.org/10.1103/PhysRevLett.114.016601
http://dx.doi.org/10.1103/PhysRevB.48.16156
http://dx.doi.org/10.1103/PhysRevB.48.16156
http://dx.doi.org/10.1103/PhysRevB.48.16156
http://dx.doi.org/10.1103/PhysRevB.48.16156
http://dx.doi.org/10.1063/1.3526721
http://dx.doi.org/10.1063/1.3526721
http://dx.doi.org/10.1063/1.3526721
http://dx.doi.org/10.1063/1.3526721
http://dx.doi.org/10.1063/1.3327440
http://dx.doi.org/10.1063/1.3327440
http://dx.doi.org/10.1063/1.3327440
http://dx.doi.org/10.1063/1.3327440
http://dx.doi.org/10.1016/S0370-1573(99)00123-4
http://dx.doi.org/10.1016/S0370-1573(99)00123-4
http://dx.doi.org/10.1016/S0370-1573(99)00123-4
http://dx.doi.org/10.1016/S0370-1573(99)00123-4
http://dx.doi.org/10.1088/0034-4885/44/5/001
http://dx.doi.org/10.1088/0034-4885/44/5/001
http://dx.doi.org/10.1088/0034-4885/44/5/001
http://dx.doi.org/10.1088/0034-4885/44/5/001
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1103/PhysRevB.70.172407
http://dx.doi.org/10.1103/PhysRevB.70.172407
http://dx.doi.org/10.1103/PhysRevB.70.172407
http://dx.doi.org/10.1103/PhysRevB.70.172407
http://link.aps.org/supplemental/10.1103/PhysRevB.93.180401
http://dx.doi.org/10.1103/PhysRevB.27.7046
http://dx.doi.org/10.1103/PhysRevB.27.7046
http://dx.doi.org/10.1103/PhysRevB.27.7046
http://dx.doi.org/10.1103/PhysRevB.27.7046
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1088/0022-3727/40/21/R01
http://dx.doi.org/10.1063/1.3139067
http://dx.doi.org/10.1063/1.3139067
http://dx.doi.org/10.1063/1.3139067
http://dx.doi.org/10.1063/1.3139067
http://dx.doi.org/10.1063/1.4764314
http://dx.doi.org/10.1063/1.4764314
http://dx.doi.org/10.1063/1.4764314
http://dx.doi.org/10.1063/1.4764314
http://dx.doi.org/10.1063/1.123158
http://dx.doi.org/10.1063/1.123158
http://dx.doi.org/10.1063/1.123158
http://dx.doi.org/10.1063/1.123158
http://dx.doi.org/10.1103/PhysRevB.69.104405
http://dx.doi.org/10.1103/PhysRevB.69.104405
http://dx.doi.org/10.1103/PhysRevB.69.104405
http://dx.doi.org/10.1103/PhysRevB.69.104405
http://dx.doi.org/10.1103/PhysRevB.90.195132
http://dx.doi.org/10.1103/PhysRevB.90.195132
http://dx.doi.org/10.1103/PhysRevB.90.195132
http://dx.doi.org/10.1103/PhysRevB.90.195132
http://dx.doi.org/10.1063/1.4903278
http://dx.doi.org/10.1063/1.4903278
http://dx.doi.org/10.1063/1.4903278
http://dx.doi.org/10.1063/1.4903278
http://dx.doi.org/10.1063/1.2169591
http://dx.doi.org/10.1063/1.2169591
http://dx.doi.org/10.1063/1.2169591
http://dx.doi.org/10.1063/1.2169591
http://dx.doi.org/10.1109/TMAG.2008.2002604
http://dx.doi.org/10.1109/TMAG.2008.2002604
http://dx.doi.org/10.1109/TMAG.2008.2002604
http://dx.doi.org/10.1109/TMAG.2008.2002604
http://dx.doi.org/10.1103/PhysRevLett.112.216801
http://dx.doi.org/10.1103/PhysRevLett.112.216801
http://dx.doi.org/10.1103/PhysRevLett.112.216801
http://dx.doi.org/10.1103/PhysRevLett.112.216801
http://dx.doi.org/10.1063/1.3590921
http://dx.doi.org/10.1063/1.3590921
http://dx.doi.org/10.1063/1.3590921
http://dx.doi.org/10.1063/1.3590921
http://dx.doi.org/10.1103/PhysRevLett.95.016601
http://dx.doi.org/10.1103/PhysRevLett.95.016601
http://dx.doi.org/10.1103/PhysRevLett.95.016601
http://dx.doi.org/10.1103/PhysRevLett.95.016601

RAPID COMMUNICATIONS

LIU, NIU, GUO, WEI, LI, FENG, HAN, COEY, AND ZHANG PHYSICAL REVIEW B 93, 180401(R) (2016)

[32] J. Foros, A. Brataas, G. E. W. Bauer, and Y. Tserkovnyak, Noise [34] B. Zhong, Y. Chen, S. Garzon, T. M. Crawford, and R.

and dissipation in magnetoelectronic nanostructures, Phys. Rev. A. Webb, Low frequency noise characteristics of submi-

B 79, 214407 (2009). cron magnetic tunnel junctions, J. Appl. Phys. 109, 07C725
[33] R. H. Koch, G. Grinstein, G. A. Keefe, Yu Lu, P. L. Trouilloud, (2011).

W. J. Gallagher, and S. S. P. Parkin, Thermally Assisted [35] D. E. Endean, C. T. Weigelt, R. H. Victora, and E. D. Dahlberg,

Magnetization Reversal in Submicron-Sized Magnetic Thin Tunable random telegraph noise in individual square permalloy

Films, Phys. Rev. Lett. 84, 5419 (2000). dots, Appl. Phys. Lett. 104, 252408 (2014).

180401-6


http://dx.doi.org/10.1103/PhysRevB.79.214407
http://dx.doi.org/10.1103/PhysRevB.79.214407
http://dx.doi.org/10.1103/PhysRevB.79.214407
http://dx.doi.org/10.1103/PhysRevB.79.214407
http://dx.doi.org/10.1103/PhysRevLett.84.5419
http://dx.doi.org/10.1103/PhysRevLett.84.5419
http://dx.doi.org/10.1103/PhysRevLett.84.5419
http://dx.doi.org/10.1103/PhysRevLett.84.5419
http://dx.doi.org/10.1063/1.3562039
http://dx.doi.org/10.1063/1.3562039
http://dx.doi.org/10.1063/1.3562039
http://dx.doi.org/10.1063/1.3562039
http://dx.doi.org/10.1063/1.4884818
http://dx.doi.org/10.1063/1.4884818
http://dx.doi.org/10.1063/1.4884818
http://dx.doi.org/10.1063/1.4884818



