
PHYSICAL REVIEW B 108, 144420 (2023)
Editors’ Suggestion

Electrical detectability of magnon-mediated spin current shot noise
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A magnonic spin current crossing a ferromagnet-metal interface is accompanied by spin current shot noise
arising from the discrete quanta of spin carried by magnons. In thin films, for example, the spin of so-called
squeezed magnons has been shown to deviate from the common value h̄, with corresponding changes in the spin
noise. In experiments, spin currents are typically converted to charge currents via the inverse spin Hall effect.
We here analyze the magnitude of the spin current shot noise in the charge channel for a typical electrically
detected spin pumping experiment and find that the voltage noise originating from the spin current shot noise is
much smaller than the inevitable Johnson-Nyquist noise. Furthermore, we find that due to the local nature of the
spin-charge conversion, the ratio of spin current shot noise and Johnson-Nyquist noise cannot be systematically
enhanced by tuning the sample geometry, in contrast to the linear increase in dc spin pumping voltage with
sample length. Instead, the ratio depends sensitively on material-specific transport properties. Our analysis thus
provides guidance for the experimental detection of squeezed magnons through spin pumping shot noise.
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The power spectral density of charge current fluctuations
contains fundamental information about the underlying trans-
port and dynamics [1]. For example, the discrete nature of
electric charge results in shot noise [2]. Conversely, shot
noise experiments allow us to quantify the quantum of charge
relevant for transport. In diodes and related structures, the
existence of shot noise shows that the electrical current is car-
ried by elementary charges, while in fractional quantum Hall
systems, composite fermions with fractional charge are the
relevant electrical transport quanta [3–5]. In superconducting
contacts, multiple charge quanta have been predicted [6–9]
and observed [10–12]. On the other hand, thermal fluctuations
of charge carriers inside an electrical conductor at equilibrium
lead to Johnson-Nyquist noise [13,14].

In recent years, pure spin transport has attracted con-
siderable interest. In particular, spin pumping has emerged
as a powerful method for the generation of pure spin cur-
rents in ferromagnetic/normal metal (FM/N) heterostructures
[15–22]. There, a magnon mode in the ferromagnet is popu-
lated using a coherent microwave drive, i.e., in ferromagnetic
resonance (FMR). The resulting nonequilibrium magnonic
spin is partially absorbed by the electrons in N causing a
pure spin current flow across the FM/N interface. Taking
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advantage of the (inverse) spin Hall effect which interconverts
pure spin and charge currents in a metal with strong spin-orbit
coupling [23–25], such spin currents can be detected in N as
an electrical current or voltage signal.

Thermal fluctuations of a pure spin current have been
detected experimentally in an yttrium iron garnet/platinum
bilayer employing a magnetic field orientation-dependent
measurement of the voltage noise power spectral density
[26]. The observed thermal spin current noise was theoreti-
cally shown to be related to the spin Hall magnetoresistance
(SMR) effect via the fluctuation-dissipation theorem [26].
The SMR effect is governed by spin current flow across a
magnetic insulator/metal interface [27–31]. More precisely,
the resistance of the metal layer changes as a function of the
magnetization orientation due to spin current flow across the
interface. However, while serving as a proof-of-concept for
spin current noise measurements [26], the observed thermal
voltage noise in platinum did not provide deeper insights into
the microscopic mechanisms of spin transport.

The situation is different for fluctuations of a nonequilib-
rium current [32,33], such as spin shot noise arising from
a pure spin current Is flowing across the FM/N interface
[34,35] and nonequilibrium spin accumulations [36]. In anal-
ogy to electrical shot noise, this spin current shot noise can be
used to experimentally detect and quantify the spin transport
quantum [34,35]. For spin transport arising from a coherently
driven magnon mode, as is the case in a typical ferromagnetic
resonance scenario, the noninteger character of the magnon
spin transport quantum, e.g., due to squeezing effects, could
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become experimentally accessible. The same information is
harder to infer from a thermally driven spin current shot noise,
for example, via the spin Seebeck effect [37], as it involves
multiple magnon modes with different effective spins.

However, previous theoretical works [34,35] on spin cur-
rent shot noise restricted themselves to examining spin
currents, with only a preliminary discussion of spin to charge
current noise conversion [37–39]. Moreover, to assess the
experimental detectability, the additional noise contributions
arising from charge fluctuations in the normal metal must be
taken into account. Here, we calculate the magnitude of the
spin current shot noise power spectral density upon conver-
sion to the charge channel and consider how the spin to charge
conversion impacts the detectability of spin current shot noise.
A key prerequisite for this consideration is that the spatial
correlations in the electronic spin current injected into N are
short range, comparable to the electronic wavelengths. This
implies that the conversion factor for spin to charge dc cur-
rents, widely used in spin Hall effect based studies, does not
provide a complete picture for the conversion of the interfacial
spin current to the electrically measured voltage fluctuations.
As a consequence, we find that the voltage noise resulting
from the spin current shot noise is substantially smaller than
the purely charge based Johnson-Nyquist (JN) noise in the
normal metal.

We consider the shot noise associated with the spin pump-
ing current in a system at a finite temperature T , driven by
a coherent microwave magnetic field at driving frequency
ω [35], which corresponds to the ferromagnetic resonance
frequency. The ensuing power spectral density in the spin
channel for a total spin current Is traversing the FM/N in-
terface is given by SIsIs = 2h̄∗Is

2kBT
h̄ω

[35], where kB is the
Boltzmann constant, h̄ is the reduced Planck constant, and
h̄∗ is the effective spin. Interestingly, spin shot noise thus re-
flects magnon squeezing effects since the quantum of angular
momentum relevant for the noise is no longer h̄, but h̄∗ =
h̄(1 + δ) [34], where δ is a material- and sample-geometry-
dependent factor. These results suggest that spin current shot
noise can be used to experimentally detect and quantify
magnon squeezing by the effective spin h̄∗ via spin pumping
experiments.

Now, we consider the experimental detection scheme to
measure spin current shot noise electrically via the inverse
spin Hall effect (ISHE) in the N layer. Within the FM layer the
magnetization M is coherently driven out of its equilibrium
position by FMR [40–42]. Thus, a pure spin current Is = jswl
propagating along the z direction is pumped over an interface
of width w and length l into the metal layer, as depicted in
Fig. 1. Note that for this expression of the total spin pumping
current, we have assumed a spatially uniform spin pumping
current density js, which is valid for a dc current or the
expectation value of an ac current. Since direct experimen-
tal detection of spin is difficult, the spin current density is
converted into charge current density jc = 2e

h̄ θSH js × s via
the inverse spin Hall effect in N [19,23,25,43], as sketched
in Fig. 1. Here, e is the elementary charge, and θSH is the spin
Hall angle. In most experiments, open circuit electrical bound-
ary conditions are implemented, such that an open-circuit dc
voltage V is detected instead of the charge current.

FIG. 1. Schematic of a typical spin pumping experiment with
electrical detection via the inverse spin Hall effect. The resonantly
driven coherent precession of the magnetization M in the ferromag-
netic layer (FM) drives a pure spin current density js propagating in
the z direction across the interface into the normal metal (N) layer. In
the latter, it is converted into a charge current density jc owing to the
ISHE. For open-circuit electrical boundary conditions, a dc voltage
V proportional to js arises.

Applying such an ISHE-based electrical detection scheme
to spin current shot noise, one obtains a voltage noise power
spectral density SVV ∝ SIsIs in the charge channel inside the
normal metal. Generally, the spin shot noise can be detected
as an electrical voltage noise power spectral density SVV or
current noise power spectral density SII . Since the current
and voltage power spectral densities can be transformed into
each other by ( SVV

V 2 )I=const = ( SII
I2 )U=const [44], we here focus

on SVV .
The typical theoretical analysis [45] exploits the spatial

homogeneity of the spin pumping current density js over the
FM/N interface to relate js to the experimentally measurable
quantity, i.e., the total charge current I (or voltage V ) through
the normal metal. This, in turn, is a consequence of the spatial
invariance of the coherent microwave drive causing FMR and
thus the magnetization precession in the FM layer. On the
other hand, the spin pumping current noise or fluctuations
are expected to have short-range correlations determined by
the wavelength of the electrons that absorb and carry the
spin current in N. Thus, we need to go beyond the typical
relation for dc currents [37,45], as discussed below, to relate
the power spectral density of the total spin pumping current
noise SIsIs [34,35] to the total charge current I through the
normal metal. The spin current shot noise SIsIs scales with the
system temperature and is largest under the condition of fer-
romagnetic resonance ω = ω0 [35]. We thus exploit the result
from Ref. [35] in the high-temperature limit kBT � h̄ω for
sufficiently low driving frequencies ω, as it is the experimen-
tally relevant limit. The low-temperature limit kBT � h̄ω is
briefly discussed below. Assuming a y-polarized spin current
density js, we obtain the spatially and temporally resolved
spin pumping current density correlator

〈 js(t, ρ) js(t
′, ρ′)〉 = 2h̄∗ js

2kBT

h̄ω0
δ(t − t ′)δ(ρ − ρ′) (1)
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local in time t and space, where ρ is the two-dimensional
position vector in the interfacial plane. Equation (1) captures
the low-frequency and frequency-independent parts of the
spin current noise power spectral density. It has been derived
starting from the correlator of the total spin current across the
interface [35] and considering a coherent region. Assuming
additionally that the coherence length is much smaller than the
sample dimensions, a δ function in space is obtained. Taking
this spatiotemporal correlation for the interfacial spin current
density and following an analysis similar to that in Ref. [26],
we evaluate the voltage noise power spectral density Sshot

VV of
the spin pumping current shot noise in the charge channel:

Sshot
VV = 16

θ2
SHλ2

sdρ
2
Nl

wt2
N

jse
2 h̄∗

h̄2

2kBT

h̄ω0
tanh2

(
tN

2λsd

)
. (2)

Here, ω0 is the FMR frequency, and λsd, ρN, and tN are the
spin diffusion length, the resistivity, and the thickness of the
metal layer N, respectively.

We now interpret the shot noise enhancement with temper-
ature [35]. We begin by recognizing that the dc spin current
expression contains an integral of the form ∼ ∫

dε[ f (ε) −
f (ε + h̄ω)], where ε denotes the energy, ω is the magnon (mi-
crowave drive) frequency, and f (ε) is the Fermi function [35].
The physical content is that the rate of spin transfer is deter-
mined by the difference between available electrons and holes
(unoccupied electronic states) within h̄ω. This is reasonable
since a magnon is absorbed by raising an electron from an oc-
cupied to an unoccupied state or by creating a pair of electron
and hole excitations. On the other hand, the expression for the
shot noise contains an integral ∼ ∫

dε f (ε)[1 − f (ε + h̄ω)],
which shows that the coherently driven and populated magnon
mode is causing correlations between existing electron and
hole excitations [35]. At zero temperature, since there are no
preexisting excitations, the only way to create a correlation
is by exciting electrons and holes at the same time via the
absorption of a magnon. However, at finite temperatures, the
macroscopically occupied magnon mode may induce correla-
tions in the thermally excited electron-hole pairs, resulting in
stronger correlations that are still proportional to the number
and spin of magnons. In mathematical terms, at zero tem-
perature, the integrands in both the integrals above are unity
and nonzero only over a h̄ω-wide energy window, resulting in
their proportionality. While finite temperatures do not affect
the integral for the dc current, they significantly enhance the
window over which electron and hole excitations coexist, and
the integrand is nonzero. The shot noise induced correlations
are thus enhanced with temperature. To conclude, the simple
picture that shot noise results solely from the quantized nature
of transport is valid only at zero temperature.

In addition to the voltage noise, Eq. (2), arising from
the spin pumping current traversing the FM/N interface,
the normal metal harbors a thermal charge fluctuation based
Johnson-Nyquist (JN) noise with a power density

SJN
VV = 4kBT R. (3)

Here, R = ρNl/(tNw) is the resistance of N. Note that the
noise represented by Eq. (3) is different from the contribution
of the thermal magnonic spin current fluctuations [35,37],
which can be considered a magnonic spin transport analog of

FIG. 2. The combination of material parameters θ2
SHλsdρN rele-

vant for Eq. (4) for different normal metals. The data were taken from
Sinova et al. [25] (blue), Hong et al. [47] (gray), Ma et al. [48] (dark
green), Isasa et al. [49] (light green), Sagasta et al. [50] (purple),
and Weiler et al. [31] (yellow). The symbols correspond to different
materials.

the JN noise. As the thermal magnonic spin current fluctu-
ations were theoretically shown to be smaller than the shot
noise in a wide range of parameters [35,37], we disregard
this magnonic contribution in our analysis here. The voltage
noise in N thus will have (at least) two contributions, SVV =
Sshot

VV + SJN
VV . Since both are frequency independent (white)

at low frequencies, we consider and compare their absolute
magnitudes. The ratio

Sshot
VV

SJN
VV

= 8
θ2

SHλ2
sdρN

tN
js

h̄∗e2

h̄3ω0
tanh2

(
tN

2λsd

)
(4)

should be maximized for the detection of spin current shot
noise. Since δ is on the order of 1 in thin ferromagnetic films,
we use h̄∗ = 2h̄ to estimate the ratio [34]. Therefore, the
adjustable parameters for maximizing the spin noise voltage
signal are the magnitude of the spin current density js, the
FMR frequency ω0, and the thickness tN of the metal layer
together with its material-specific properties θSH, λsd, and
ρN. Similar conclusions were drawn by Luo et al. regarding
the magnitude of magnon shot noise in spin Seebeck effect
measurements [46].

In finding the optimal sample design for electrical spin
current shot noise experiments, we first note that only the ratio
of the spin diffusion length λsd and metal layer thickness tN
enters in Eq. (4). Since tN can be straightforwardly chosen
with an appropriate sample design, we numerically optimize
the expression

p = λsd

tN
tanh2

(
tN

2λsd

)
(5)

from Eq. (4). Using Newton’s method, we find numerically
that Eq. (5) has a global maximum at p ≈ 0.29 for tN ≈
2.18λsd.

Next, we consider the material properties of the normal
metal in the combination θ2

SHλsdρN in Eq. (4). Figure 2 shows
a compilation of values from the literature for a set of different
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FIG. 3. False-color plot showing the voltage noise power density
due to spin current shot noise in relation to the Johnson-Nyquist volt-
age noise density, Sshot

VV /SJN
VV , as given by Eq. (4) for a FMR frequency

ω0/2π = 10 GHz and h̄∗ = 2h̄. The semitransparent rectangle high-
lights the accessible range of Sshot

VV /SJN
VV values considering literature

values [25,31,47–51] for the spin current density js achievable in spin
pumping experiments and the combination of spin Hall angle θSH,
spin diffusion length λsd, and resistivity ρN for different spin Hall
active normal metals of thickness tN (see text). The yellow symbols
correspond to the experimental data taken from Weiler et al. [31].

spin Hall active metals [25,31,47–50]. The symbols indicate
different materials, and the colors indicate the references from
which the values were taken. As evident from Fig. 2, the
values of θ2

SHλsdρN span 5 orders of magnitude. This large
variation reflects the broad scatter in spin Hall angles and
spin diffusion lengths reported even for the same material
[25,31,47–50].

Finally, we turn to the magnitude of the spin current density
js. In spin pumping experiments, values of 1.4 × 10−11 <

js < 8.8 × 10−9 J/m2 have been reported [31,51]. Note that
Weiler et al. found that the spin Seebeck effect allows gen-
erating js larger than those obtained from spin pumping [31],
presumably due to the contribution of magnons with a broad
range of wave vectors and frequencies. However, the noninte-
ger effective spin h̄∗ of the squeezed magnon is largest for the
k = 0 eigenmode (Kittel mode), and h̄∗ → h̄ with increasing
k [52]. Therefore, experiments based on the spin Seebeck
effect appear less suitable for investigating the basic mech-
anisms behind spin current shot noise and magnon squeezing
effects. We therefore here focus on pure spin currents gener-
ated via spin pumping.

Taking together the previous results, we can extract the
ratio of the spin current shot noise and Johnson-Nyquist noise
for different parameter combinations. Figure 3 shows this
ratio in the voltage channel, Sshot

VV /SJN
VV , as given by Eq. (4).

We assumed a FMR frequency of ω0/2π = 10 GHz, which is
typical for measurements with an X-band microwave cavity,
and h̄∗ = 2h̄, as mentioned above. Based on the parameter
values discussed in the preceding paragraphs, the range of
experimentally achievable noise power ratios is indicated as a
semitransparent rectangle. Notably, even for the best possible

combination of material parameters and spin current densities
reported in the literature the ratio Sshot

VV /SJN
VV is smaller than

10−4. This upper experimental boundary is marked by the
black line in Fig. 3. In previous experiments addressing the
voltage noise due to thermal spin current fluctuations, changes
in the noise magnitude of ≈1 × 10−3 for the Johnson-Nyquist
noise [26] could be resolved. We furthermore include data
from Weiler et al. (yellow symbols) [31] in Fig. 3 as a
typical example for electrically detected spin pumping data
recorded using yttrium iron garnet/Pt thin film bilayers and
an X-band microwave cavity. In these experiments, the ratio
of the spin current shot noise and Johnson-Nyquist noise is
smaller than 10−6. Note that, while in cavity-based FMR a
frequency of 10 GHz is widely used, it would be beneficial for
spin current shot noise experiments to reduce the microwave
frequency as much as possible to increase the shot noise.
In the low-temperature limit where kBT � h̄ω, the Johnson-
Nyquist voltage noise power spectral density is suppressed
exponentially [53,54]. However, in this regime other noise
sources, e.g., ones originating from quantum fluctuations,
might dominate [55,56]. This warrants a quantitative analy-
sis of fluctuations associated with quantum effects, which is
beyond the scope of this work.

Our analysis thus indicates that for the detection of the spin
current shot noise in an electrical experiment, both the sample
properties and the spin current drive need to be carefully
optimized. Furthermore, to resolve the effective spin h̄∗ of
the magnon from spin pumping driven experiments [34], even
higher experimental precision will be required.

In summary, we derived the correlator of the spin pumping
current density, including its time and spatial dependence.
Considering the spin-to-charge conversion process typically
used in electrically detected spin current experiments, we
find that in the voltage channel, the spin current shot noise
is small compared to the ubiquitous Johnson-Nyquist noise.
More precisely, the ratio of the spin current shot noise to
Johnson-Nyquist noise is estimated to be at most 10−3 us-
ing parameters from the literature and assuming a driving
frequency of 1 GHz. We thus conclude that a careful choice
of materials is of key importance for the measurement of
the spin pumping current shot noise and thus the effective
spin of squeezed magnons. Hence, our work offers important
guidance regarding sample design and optimization for the
experimental detection of spin current shot noise.

We acknowledge financial support from the Deutsche
Forschungsgemeinschaft (DFG; German Research Founda-
tion) via SFB 1432 (Project No. 425217212). H.H. ac-
knowledges financial support from the Deutsche Forschungs-
gemeinschaft (DFG) under Germany’s Excellence Strategy
EXC-2111-390814868. A.K. acknowledges financial sup-
port from the Spanish Ministry for Science and Inno-
vation AEI Grant No. CEX2018-000805-M (through the
Maria de Maeztu Programme for Units of Excellence
in R&D) and Grant No. RYC2021-031063-I funded by
MCIN/AEI/10.13039/501100011033 and European Union
Next Generation EU/PRTR.

144420-4



ELECTRICAL DETECTABILITY OF MAGNON-MEDIATED … PHYSICAL REVIEW B 108, 144420 (2023)

[1] Y. Blanter and M. Büttiker, Phys. Rep. 336, 1 (2000).
[2] W. Schottky, Ann. Phys. (Berlin, Ger.) 362, 541 (1918).
[3] R. de-Picciotto, M. Reznikov, M. Heiblum, V. Umansky, G.

Bunin, and D. Mahalu, Phys. B (Amsterdam, Neth.) 249–251,
395 (1998).

[4] L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne, Phys. Rev.
Lett. 79, 2526 (1997).

[5] M. Ferrier, T. Arakawa, T. Hata, R. Fujiwara, R. Delagrange, R.
Weil, R. Deblock, R. Sakano, A. Oguri, and K. Kobayashi, Nat.
Phys. 12, 230 (2016).

[6] V. A. Khlus, J. Exp. Theor. Phys. 93, 2179 (1987), http://jetp.
ras.ru/cgi-bin/dn/e_066_06_1243.pdf.

[7] J. C. Cuevas, A. Martín-Rodero, and A. Levy Yeyati, Phys. Rev.
Lett. 82, 4086 (1999).

[8] Y. Naveh and D. V. Averin, Phys. Rev. Lett. 82, 4090 (1999).
[9] J. C. Cuevas and W. Belzig, Phys. Rev. Lett. 91, 187001 (2003).

[10] X. Jehl, M. Sanquer, R. Calemczuk, and D. Mailly, Nature
(London) 405, 50 (2000).

[11] A. A. Kozhevnikov, R. J. Schoelkopf, and D. E. Prober, Phys.
Rev. Lett. 84, 3398 (2000).

[12] R. Cron, M. F. Goffman, D. Esteve, and C. Urbina, Phys. Rev.
Lett. 86, 4104 (2001).

[13] J. B. Johnson, Phys. Rev. 32, 97 (1928).
[14] H. Nyquist, Phys. Rev. 32, 110 (1928).
[15] R. Urban, G. Woltersdorf, and B. Heinrich, Phys. Rev. Lett. 87,

217204 (2001).
[16] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. Rev.

Lett. 88, 117601 (2002).
[17] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. Rev. B

66, 224403 (2002).
[18] A. Azevedo, L. H. Vilela Leão, R. L. Rodriguez-Suarez, A. B.

Oliveira, and S. M. Rezende, J. Appl. Phys. 97, 10C715 (2005).
[19] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Appl. Phys.

Lett. 88, 182509 (2006).
[20] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M.

Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K. Takanashi,
S. Maekawa, and E. Saitoh, Nature (London) 464, 262 (2010).

[21] H. Wang, C. Du, P. C. Hammel, and F. Yang, Appl. Phys. Lett.
104, 202405 (2014).

[22] L. Liu, Y. Li, Y. Liu, T. Feng, J. Xu, X. R. Wang, D. Wu, P. Gao,
and J. Li, Phys. Rev. B 102, 014411 (2020).

[23] J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).
[24] S. Zhang, Phys. Rev. Lett. 85, 393 (2000).
[25] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T.

Jungwirth, Rev. Mod. Phys. 87, 1213 (2015).
[26] A. Kamra, F. P. Witek, S. Meyer, H. Huebl, S. Geprägs, R.

Gross, G. E. W. Bauer, and S. T. B. Goennenwein, Phys. Rev. B
90, 214419 (2014).

[27] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T. B.
Goennenwein, E. Saitoh, and G. E. W. Bauer, Phys. Rev. B 87,
144411 (2013).

[28] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y.
Kajiwara, D. Kikuchi, T. Ohtani, S. Geprägs, M. Opel,
S. Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goennenwein,
and E. Saitoh, Phys. Rev. Lett. 110, 206601 (2013).

[29] N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and J. Ben
Youssef, Phys. Rev. B 87, 184421 (2013).

[30] M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S.
Altmannshofer, M. Weiler, H. Huebl, S. Geprägs, M. Opel, R.
Gross, D. Meier, C. Klewe, T. Kuschel, J.-M. Schmalhorst, G.
Reiss, L. Shen, A. Gupta, Y.-T. Chen, G. E. W. Bauer, E. Saitoh,
and S. T. B. Goennenwein, Phys. Rev. B 87, 224401 (2013).

[31] M. Weiler, M. Althammer, M. Schreier, J. Lotze, M.
Pernpeintner, S. Meyer, H. Huebl, R. Gross, A. Kamra, J.
Xiao, Y.-T. Chen, H. J. Jiao, G. E. W. Bauer, and S. T. B.
Goennenwein, Phys. Rev. Lett. 111, 176601 (2013).

[32] A. Brataas, Y. V. Nazarov, and G. E. W. Bauer, Phys. Rev. Lett.
84, 2481 (2000).

[33] W. Belzig and M. Zareyan, Phys. Rev. B 69, 140407(R) (2004).
[34] A. Kamra and W. Belzig, Phys. Rev. Lett. 116, 146601 (2016).
[35] A. Kamra and W. Belzig, Phys. Rev. B 94, 014419 (2016).
[36] J. Meair, P. Stano, and P. Jacquod, Phys. Rev. B 84, 073302

(2011).
[37] M. Matsuo, Y. Ohnuma, T. Kato, and S. Maekawa, Phys. Rev.

Lett. 120, 037201 (2018).
[38] D. G. Joshi, A. P. Schnyder, and S. Takei, Phys. Rev. B 98,

064401 (2018).
[39] J. Aftergood and S. Takei, Phys. Rev. Res. 2, 033439 (2020).
[40] J. H. E. Griffiths, Nature (London) 158, 670 (1946).
[41] C. Kittel, Phys. Rev. 71, 270 (1947).
[42] C. Kittel, Phys. Rev. 73, 155 (1948).
[43] A. Hoffmann, IEEE Trans. Magn. 49, 5172 (2013).
[44] S. Kogan, Electronic Noise and Fluctuations in Solids (Cam-

bridge University Press, Cambridge, 1996).
[45] O. Mosendz, V. Vlaminck, J. E. Pearson, F. Y. Fradin, G. E. W.

Bauer, S. D. Bader, and A. Hoffmann, Phys. Rev. B 82, 214403
(2010).

[46] R. Luo, X. Zhao, T. J. Legvold, L. Chen, C. Liu, D. Hong, A.
Bhattacharya, and D. Natelson, arXiv:2307.11218.

[47] C. Hong, L. Jin, H. Zhang, M. Li, Y. Rao, B. Ma, J. Li, Z. Zhong,
and Q. Yang, Adv. Electron. Mater. 4, 1700632 (2018).

[48] L. Ma, L. Lang, J. Kim, Z. Yuan, R. Wu, S. Zhou, and X. Qiu,
Phys. Rev. B 98, 224424 (2018).

[49] M. Isasa, E. Villamor, L. E. Hueso, M. Gradhand, and F.
Casanova, Phys. Rev. B 91, 024402 (2015).

[50] E. Sagasta, Y. Omori, M. Isasa, M. Gradhand, L. E. Hueso,
Y. Niimi, Y. C. Otani, and F. Casanova, Phys. Rev. B 94,
060412(R) (2016).

[51] H. Nakayama, K. Ando, K. Harii, T. Yoshino, R. Takahashi, Y.
Kajiwara, K. Uchida, Y. Fujikawa, and E. Saitoh, Phys. Rev. B
85, 144408 (2012).

[52] A. Kamra, W. Belzig, and A. Brataas, Appl. Phys. Lett. 117,
090501 (2020).

[53] H. B. Callen and T. A. Welton, Phys. Rev. 83, 34 (1951).
[54] R. Kubo, Rep. Prog. Phys. 29, 255 (1966).
[55] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and

R. J. Schoelkopf, Rev. Mod. Phys. 82, 1155 (2010).
[56] M. Mariantoni, E. P. Menzel, F. Deppe, M. Á. Araque

Caballero, A. Baust, T. Niemczyk, E. Hoffmann, E. Solano, A.
Marx, and R. Gross, Phys. Rev. Lett. 105, 133601 (2010).

144420-5

https://doi.org/10.1016/S0370-1573(99)00123-4
https://doi.org/10.1002/andp.19183622304
https://doi.org/10.1016/S0921-4526(98)00139-2
https://doi.org/10.1103/PhysRevLett.79.2526
https://doi.org/10.1038/nphys3556
http://jetp.ras.ru/cgi-bin/dn/e_066_06_1243.pdf
https://doi.org/10.1103/PhysRevLett.82.4086
https://doi.org/10.1103/PhysRevLett.82.4090
https://doi.org/10.1103/PhysRevLett.91.187001
https://doi.org/10.1038/35011012
https://doi.org/10.1103/PhysRevLett.84.3398
https://doi.org/10.1103/PhysRevLett.86.4104
https://doi.org/10.1103/PhysRev.32.97
https://doi.org/10.1103/PhysRev.32.110
https://doi.org/10.1103/PhysRevLett.87.217204
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/PhysRevB.66.224403
https://doi.org/10.1063/1.1855251
https://doi.org/10.1063/1.2199473
https://doi.org/10.1038/nature08876
https://doi.org/10.1063/1.4878540
https://doi.org/10.1103/PhysRevB.102.014411
https://doi.org/10.1103/PhysRevLett.83.1834
https://doi.org/10.1103/PhysRevLett.85.393
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1103/PhysRevB.90.214419
https://doi.org/10.1103/PhysRevB.87.144411
https://doi.org/10.1103/PhysRevLett.110.206601
https://doi.org/10.1103/PhysRevB.87.184421
https://doi.org/10.1103/PhysRevB.87.224401
https://doi.org/10.1103/PhysRevLett.111.176601
https://doi.org/10.1103/PhysRevLett.84.2481
https://doi.org/10.1103/PhysRevB.69.140407
https://doi.org/10.1103/PhysRevLett.116.146601
https://doi.org/10.1103/PhysRevB.94.014419
https://doi.org/10.1103/PhysRevB.84.073302
https://doi.org/10.1103/PhysRevLett.120.037201
https://doi.org/10.1103/PhysRevB.98.064401
https://doi.org/10.1103/PhysRevResearch.2.033439
https://doi.org/10.1038/158670a0
https://doi.org/10.1103/PhysRev.71.270.2
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1109/TMAG.2013.2262947
https://doi.org/10.1103/PhysRevB.82.214403
http://arxiv.org/abs/arXiv:2307.11218
https://doi.org/10.1002/aelm.201700632
https://doi.org/10.1103/PhysRevB.98.224424
https://doi.org/10.1103/PhysRevB.91.024402
https://doi.org/10.1103/PhysRevB.94.060412
https://doi.org/10.1103/PhysRevB.85.144408
https://doi.org/10.1063/5.0021099
https://doi.org/10.1103/PhysRev.83.34
https://doi.org/10.1088/0034-4885/29/1/306
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1103/PhysRevLett.105.133601

