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Magnonic spin-current shot noise in an itinerant Fermi gas
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Spin transport phenomena at strongly correlated interfaces play central roles in fundamental physics
as well as spintronic applications. To anatomize spin-transport carriers, we propose the detection of the
spin-current noise in interacting itinerant fermions. The Fano factor given by the ratio between the spin
current and its noise reflects elementary carriers of spin transport at the interface of spin-polarized Fermi
gases realized in ultracold atoms. The change of the Fano factor microscopically evinces a crossover from
quasiparticle transport to magnon transport in itinerant fermionic systems.
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a. Introduction. Quantum transport phenomena have
significantly advanced modern physics, contributing to
notable discoveries such as superconductivity, superflu-
idity, the Josephson effect, and the quantum Hall effect
[1–3]. Recently, they have been extensively studied in cold
atomic systems due to their high controllability and clean-
liness. By utilizing Feshbach resonances [4], we are able
to scan systems from weakly interacting to strongly inter-
acting regimes in both attractive and repulsive branches,
enabling the study of transport phenomena over a wide
range of interaction strengths [5,6]. State-of-the-art exper-
imental techniques allow us to examine various transport
phenomena, such as multiple Andreev reflections [7] and
the Josephson effect [8–11] in ultracold atomic systems.

Spin transport, among these phenomena, has gar-
nered attention in various systems [12–18]. The spin-
tunneling process at an interface has been investigated in
the field of spintronics through the spin Seebeck effect
[19–23] and microwave-irradiation-caused spin-pumping
effect [12,24–26]. Moreover, spin transport has been stud-
ied in ultracold Fermi gases [27–29], offering a control-
lable interaction strength unlike solid-state systems. The
spin current can be directly induced and measured with a
spin bias that can be tuned through an external magnetic
field [30,31], facilitating the study of spin-tunneling phe-
nomena between Fermi gases with a simple two-terminal
setup [32,33].

On the other hand, a key mechanism of spin transport,
i.e., the spin-flip tunneling process at interfaces, remains
elusive in ultracold Fermi gases. In this regard, tunneling
spin transport has been studied based on the conventional
quasiparticle tunneling process, unlike ferromagnetic or
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antiferromagnetic insulators where quasiparticle tunneling
is absent and the spin-flip tunneling process is definitely
important [22,34]. It is thus much required to distinguish
elementary spin-transport carriers for the identification of
the spin-flip process in ultracold Fermi gases. One notable
feature of spin-flip tunneling is magnon tunneling trans-
port, linked to ferromagnetic phase transitions in repulsive
Fermi gases [35]. Recently, it is reported that the spin-flip
current exhibits a predominantly cubic dependence on the
polarization bias due to the magnon mode [36]. A non-
linear conductance associated with the magnon mode has
also been observed in magnetic tunneling junctions [37–
39]. While the ferromagnetic phase in the so-called excited
branch is metastable and thus exhibits a short lifetime [40],
the spin tunneling transport of the gapped magnon mode
still plays a crucial role even in the normal phase. In par-
ticular, a physical observable characterizing a crossover
from quasiparticle to magnon tunneling transport would
aid in understanding spin transport in itinerant fermionic
systems comprehensively, potentially connecting itinerant
and insulating systems in terms of spin transport.

The shot noise [41] arising from the discrete nature of
current carriers is expected to be crucial for studying this
issue. Proportional to both the effective charge and the
average current, the Fano factor, defined as the noise-to-
current ratio, serves as a powerful tool to probe current car-
riers. It has been used to detect the effective charge through
a normal metal-superconductor junction [42,43] and to
determine the fractional charges in the fractional quantum
Hall regime [44,45]. The Fano factor has also been applied
to assess the effective spin carried by a magnon in the
spin Seebeck effect and spin-pumping-induced spin trans-
port [46]. The spin-current noise has been measured at a
ferromagnet-metal interface in an electric charge channel
via the inverse spin Hall effect [47], while it is recently
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FIG. 1. (a) Schematic view of the two-terminal system consid-
ered in this work. Spin currents are induced through the potential
barrier due to the spin imbalance between two reservoirs. (b)
Rectangular potential barrier with height V0 and width λ applied
to the junction. The blue (red) wavy lines denote the wave func-
tions of particles in the left (right) reservoir. (c) Quasiparticle
tunneling and spin-flip tunneling. At large polarization bias, the
Fano factors for these two processes read 1 and 2, respectively.

proposed that the Fano factor for tunneling in strongly
correlated Fermi gases changes from 1 to 2 as the interac-
tion strengthens, indicating a crossover from quasiparticle
tunneling to pair tunneling dominance [48]. While the
magnon-mediated spin-current shot noise is found to be
small in recent experiments for solid-state systems such as
a ferromagnet-metal junction [49], it can be enhanced by
tuning the interaction strength or the tunneling barrier in
cold atomic systems. These findings motivate us to inves-
tigate the Fano factor for spin tunneling in spin-polarized
Fermi gases.

In this work, to tackle the spin transport at strongly cor-
related interfaces of itinerant systems, we propose a two-
terminal junction inducing the spin tunneling through a
rectangular potential barrier between two polarized Fermi
gases with a repulsive interaction as shown in Figs. 1(a)
and 1(b). Using the Schwinger-Keldysh approach [50,51],
we analyze the spin current and corresponding shot noise.
In the large bias limit, the Fano factor F can be regarded as
a probe of spin carriers at large polarization bias [Fig. 1(c)].
We show the interaction and barrier-shape dependencies
of F , which reveal how the tunneling channel changes
from quasiparticle-dominant to magnon-dominant process.
Once the spin shot noise is measured in itinerant Fermi
gases, the existence of spin-flip tunneling can be clearly
revealed and an analog quantum simulation of spintronics
devices can be feasible in systematic ways.

b. Model. Throughout the paper, we take � = kB = 1 and
the volumes for both reservoirs to be unity. We consider a
two-terminal model for two-component Fermi gases with
a contact-type repulsive interaction. Despite the potential

barrier in the center of the junction, we assume homo-
geneous gases in the reservoirs far from the barrier. The
total Hamiltonian is given by H = HL + HR + Ht, where
the reservoir Hamiltonian reads

Hi=L,R =
∑

p ,σ

εp ,σ ,ic
†
p ,σ ,icp ,σ ,i

+ g
∑

p ,p ′,P
c†

p+ P
2 ,↑,i

c†
−p+ P

2 ,↓,i
c−p ′+ P

2 ,↓,icp ′+ P
2 ,↑,i.

(1)

Here, εp ,σ ,i = εp − μσ ,i = p2/(2m) − μσ ,i is the single-
particle energy in the reservoir i = L, R with reservoir
chemical potential μσ ,i, g is the interaction strength, and
c†

p ,σ ,i (cp ,σ ,i) denotes the single-particle creation (annihila-
tion) operator in the reservoir i. For the tunneling Hamilto-
nian Ht, we propose an effective Hamiltonian where the
pair tunneling is omitted, as we consider zero chemical
bias and thus mass tunneling does not arise. Accordingly,
Ht includes only the quasiparticle and spin-flip tunneling
terms, respectively given by

H1t =
∑

p ,q,σ

T1,p ,q′c†
p ,σ ,Rcq,σ ,L + H.c., (2)

H2t =
∑

p ,q

T2,p ,q
(
S+

p ,LS−
q,R + S+

q,RS−
p ,L

)
, (3)

with the spin ladder operators S+
p ,i = c†

p ,↑,icp ,↓,i and S−
p ,i =

c†
p ,↓,icp ,↑,i. Here, T1,p ,q and T2,p ,q, respectively, represent

the tunneling strengths of one-body and spin-flip tunnel-
ings, which depend on the single-particle transmission
coefficient [52] and hence can be tuned via the potential
barrier.

In this study, we introduce a rectangular barrier with
width λ and height V0: V(z) = 0 for z < 0 and z > λ,
and V(z) = V0 for 0 ≤ z ≤ λ, as shown in Fig. 1(b).
Assuming momentum conservation during the tunnel-
ing process (k − k′ → 0), the tunneling strengths can be
obtained from the derivation of the tunneling Hamilto-
nian [52] as T1,k,k′ ≡ T1,kδkk′ = [Ck,σ εk + V0Bkz ]δkk′ and
T2,k,k′ ≡ T2,kδkk′ = 2g Re[C∗

k,↑Ck,↓]δkk′ , where Ck,σ is the
transmission coefficient for a single particle tunneling
through the barrier with momentum k and spin σ and Bkz
is an overlap integral for wave functions within the poten-
tial barrier (see the Supplemental Material [53]). Notice
that we can apply such a momentum-conservation approx-
imation since the contribution of momentum-unconserved
tunneling to the total current can be much less than the
momentum-conserved one.

With calculations detailed in the Supplemental Material
[53], the momentum dependence of the tunneling strengths
is depicted in Figs. 2(a) and 2(b), where different features
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FIG. 2. Momentum dependence of (a) module squared quasi-
particle tunneling strength and (b) module squared spin-flip
tunneling strength. The ratio γ as a function of (c) the height and
(d) the width of the potential barrier. Here, Ṽ0 = V0/εF , λ̃ = λkF ,
and kz denotes the momentum vector parallel to the axis of the
potential barrier.

of potential barriers are considered. The tunneling of parti-
cles near the Fermi surface with large momentum kz plays
a dominant role in the total tunneling process, making it
reasonable to approximately regard the tunneling strength
as constants T1 ≡ T1,kz=kF and T2 = T2,kz=kF . In addition,
T2,k is shown to be more sensitive than T1,k to the potential
barrier, enabling adjustment of the ratio of the two tun-
neling strengths by barrier tuning. In this case, we can
set |2εF Re[C∗

k,↑Ck,↓]|/|CkεF + V0Bkz | = γ . Figures 2(c)
and 2(d) present how this ratio is affected by the height
and width of the potential barrier, respectively.

c. Spin current and noise. To calculate the tunneling cur-
rents, we apply the mean-field approximation, which yields
a reservoir Hamiltonian as Hi 	 ∑

p ,σ ξσ
p ,ic

†
p ,σ ,icp ,σ ,i −

gn↑,in↓,i, where we introduce ξσ
p ,i = p2/2m − μ′

σ ,i with
an effective chemical potential μ′

σ ,i = μσ ,i − gnσ̄ ,i, while
nσ ,i = ∑

p 〈c†
p ,σ ,icp ,σ ,i〉 denotes the particle number density

for each component.
The spin-current operator is defined as Îs = i[N↑,L, Ht] −

i[N↓,L, Ht], where Nσ ,i = ∑
p c†

p ,σ ,icp ,σ ,i denotes the parti-
cle number of σ -spin component in reservoir i. Assuming
a nonequilibrium steady state where local equilibrium is
permitted in each reservoir, and employing the Schwinger-
Keldysh approach with the lowest-order perturbation of
Ht, the expectation value of spin current is obtained as
Is = I1s + I2s. The one-body tunneling contribution reads

I1s = 4T 2
1

∑

p ,q,σ

∫
dω

2π
βσ

[
Im Gret

q,σ ,L(ω − �μ′
σ )

× Im Gret
p ,σ ,R(ω)

][
f (ω − �μ′

σ ) − f (ω)
]
, (4)

with the factor β↑ = 1, β↓ = −1 and �μ′
σ = μ′

σ ,L − μ′
σ ,R.

Gret
p ,σ ,i(ω) is the retarded single-particle Green’s function in

frequency representation and f (ω) = 1/(eω/T + 1) is the
Fermi distribution function. Introducing a fictitious mag-
netic field hi = μ↑,i − μ↓,i in each reservoir, we obtain the
spin-flip tunneling current as

I2s = 8T 2
2

∑

p ,q

∫
dω

2π
Im χ ret

p ,L(ω) Im χ ret
q,R(ω − 2�h)

× [b(ω − 2�h) − b(ω)], (5)

where the polarization bias reads �h = hL − hR, χ ret
p ,i(ω)

is the dynamical spin-flip susceptibility, and b(ω) =
1/(eω/T − 1) is the Bose distribution function. In lin-
ear response theory, the spin-flip susceptibility is given
as a retarded correlation function: χ ret

p ,i(t, t′) = −iθ(t −
t′)〈[S+

p ,i(t), S−
p ,i(t

′)]〉, where the quantum average 〈· · · 〉
represents the expectation value with respect to the
unperturbed state of the system and [S+

p ,i(t), S−
p ,i(t

′)] =
S+

p ,i(t)S
−
p ,i(t

′) − S−
p ,i(t

′)S+
p ,i(t). By applying the random

phase approximation [54,55], the Fourier transform of
the spin-flip susceptibility is expressed as χ ret

p ,i(ω) =
�p ,i(ω)/(1 + g�p ,i(ω)), where �p ,i(ω) is the Lindhard
function [56].

We are now ready to analyze the spin-current shot noise
S defined as S(t1, t2) = 1

2 〈{Î(t1)Î(t2)}〉 [41,57,58], where
{Î(t1)Î(t2)} = Î(t1)Î(t2) + Î(t2)Î(t1). We apply the direct-
current limit for the shot noise S := S(ω → 0), where
S(ω) is the Fourier transform of S(t1, t2):

S(ω) = 1
τ

∫ τ

0
dt1

∫ τ

0
dt2eiω(t1−t2)S(t1, t2). (6)

We introduce the typical time interval for the noise mea-
surement, τ , which ought to be sufficiently larger than the
transport time scale [59] and can thus be taken as τ → ∞.
Keeping the result up to leading order, we obtain the spin
shot noise as a sum of one-body (quasiparticle) and spin-
flip (magnon) contributions S = S1s + S2s, where each
term reads

S1s = 4T 2
1

∑

p ,q,σ

∫ ∞

−∞

dω

2π
Im Gret

p ,σ ,L(ω − �μ′
σ ) Im Gret

q,σ ,R(ω)

× [
f (ω − �μ′

σ )(1 − f (ω))

+ (1 − f (ω − �μ′
σ ))f (ω)

]
, (7)

S2s = 16T 2
2

∑

p ,q

∫ ∞

−∞

dω

2π
Im χ ret

p ,L(ω) Im χ ret
q,R(ω − 2�h)

× [
b(ω)(1 + b(ω − 2�h))

+ (1 + b(ω))b(ω − 2�h)
]
. (8)

We note that the current shot noise is proportional to the
effective spin charge of the current carrier, and one can
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easily prove that at large polarization bias S1s/I1s = 1
and S2s/I2s = 2. This indicates that the Fano factor F =
(S1s + S2s)/(I1s + I1s) changes from 1 to 2 as the tun-
neling channel changes from quasiparticle-dominated to
magnon-dominated transport as shown in Fig. 1(c).

d. Fano factor for spin transport. To investigate the
spin tunneling current and the Fano factor, we introduce
the dimensionless interaction strength g∗ = gN /εF =
8kFa/3π with the scattering length a, Fermi momentum
kF , Fermi energy εF , and N = k3

F/3π2. Here, kF in both
reservoirs are set to be equal for inducing pure spin cur-
rent. By fixing the left reservoir to be fully polarized and
varying the polarization of the right side, we numerically
analyze the F-�h characteristics as shown in Fig. 3, where
the largest bias (�h/εF = 2) corresponds to the case of
two reservoirs with full but opposite polarization. This F-
�h feature indicates that the large-bias limit is valid when
�h exceeds approximately 1.5εF . In addition, a divergence
is found at �h → 0 due to zero current but finite noise.
Noticing �μ′

↑ = �h and �μ′
↓ = −�h in Eqs. (4) and (7),

as well as the identities f (ω)[1 − f (ω)] = −T∂f (ω)/∂ω,
b(ω)[1 + b(ω)] = −T∂b(ω)/∂ω, one can get the Onsager
relation near �h = 0, which yields F−1 = �h/2T and is
shown in the inset of Fig. 3.

Figure 4 demonstrates how F varies with the interaction,
where the polarization bias is set as �h/εF = 2 to ensure
the large-bias limit. We should note that the repulsive
Fermi gas considered here is intrinsically unstable against
ground-state pair formation [60], leading to particle loss
via three-body recombination. To avoid this, the results in
Fig. 4 are calculated up to g∗ = 1, which is close to the
largest interaction strength reported by experiments [40]
for maintaining stability. At weak coupling (g∗ < 0.2), F
remains close to 1, indicating a dominance of quasiparticle
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FIG. 3. Bias dependence of the Fano factor for spin tunneling
with different interaction strengths. The dimensionless interac-
tion strength is defined as g∗ = 8kF a/3π . The value of γ is set
to be 1 and temperature is taken as T̃ = T/TF = 0.05. The inset
shows the Onsager relation F−1(�h → 0) = �h/2T.
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FIG. 4. Interaction dependence of the Fano factor for spin
tunneling with different values of γ . The Fermi energies of
both sides are set to be equal. The polarization bias is taken
as �h/εF = 2 to maintain the large-bias condition and the
temperature is set to be T̃ = 0.05.

spin tunneling. Beyond that, F increases as the interac-
tion becomes stronger, suggesting an enhanced spin-flip
tunneling. For γ = 1.5, the Fano factor reaches a value
F 	 1.85, signifying magnon-dominated transport for the
tunneling processes. While the pair-dominant regime is
realized in attractively interacting Fermi gases even in the
normal phase due to the preformed pair formation [48],
the dominance of spin-flip tunneling in the present system
originates from the stimulation of magnon modes with the
strong repulsion [61].

While the spin current has been experimentally mea-
sured in cold atomic systems using a quantum point con-
tact [30,31], noise detection experiments have not yet
been conducted. However, a theoretical proposal for mass
current noise measurement exists [62]. In this setup, a
single-sided optical cavity overlaps with one reservoir of
a two-terminal system, and an incident probe beam mon-
itors the atom number in the reservoir. The current noise
can be measured through the phase of the probe. Even
in the presence of particle losses, the current noise con-
tains components proportional to the particle loss rate and
can thus be experimentally measured [63]. We anticipate
that our theoretical study will spark experimental interest,
potentially catalyzing the initiation of noise measurement
experiments.

e. Conclusion. In this work, we theoretically investi-
gate the spin-tunneling current and the associated shot
noise induced by a magnetization bias between two repul-
sively interacting itinerant Fermi gases. We demonstrate
that the noise-to-current ratio, known as the Fano fac-
tor, can serve as a probe of the current carrier in the
spin-tunneling process. The Fano factor increases with
a stronger repulsive interaction or appropriately tuned
potential barrier, indicating a crossover from quasiparticle
tunneling to magnon tunneling in itinerant fermions near
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the ferromagnetic transition. Detecting magnonic transport
through the Fano factor and controlling it via engineered
potential barriers could significantly advance spin trans-
port development. Our results illustrate magnetic proper-
ties in itinerant fermions relevant to repulsive Fermi gases
and metals, emphasizing the importance of noise measure-
ment for understanding multiparticle tunneling at strongly
correlated interfaces.
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