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field produced by the CPW is about 3 orders of magnitude
larger than its in-plane component, one is tempted to simply
neglect the terms arising form the in-plane field. This
approach is justified as long as only a single layer is studied.
However, as soon as a FM-NM bilayer with a highly
conductive NM is used, the inductively or capacitively
coupled microwave current largely flows in the NM and
therefore generates an in-plane Oersted field of the same
frequency and phase and with an amplitude comparable to the
rf field generated by the CPW. Hence the rf current distribu-
tion in the bilayer has a significant effect on the magnetization
dynamics in the FM layer and can even be the dominating
source of dc voltage generation by the AMR (Obstbaum et al.,
2014). Using standard electromagnetic wave simulation
codes, the rf magnetic-field contribution can be calculated
rather accurately.
When performing angular-dependent measurements, the

symmetric and antisymmetric contributions due to the ISHE
and the AMR can be traced [see Figs. 34(a) and 3(b)]. While
for in-plane excitation the signal shows the same angular

dependence, for the out-of-plane excitation case the antisym-
metric contribution can be suppressed completely at an angle
of φH ¼ 0 [see Fig. 34(d)]. The voltage contribution at this
angle is thought to arise from ISHE exclusively and allows
quantitative determination of the spin Hall angle. Note that in
these measurements both symmetric and antisymmetric con-
tributions can be observed in a bare FM layer when the angle
is set to φH ¼ 45° [see Fig. 34(c)].

2. Spin Hall effect modulation of magnetization damping

A MOD experiment that is the inverse of the FMR-SP was
proposed by Ando et al. (2008). In the MOD described in
Fig. 35, a FM-NM bilayer (in this case Py/Pt) is placed in a
microwave cavity (frequency 9.4 GHz) and subjected to an rf
driving field. By adjusting the external field, the bilayer can be
brought into FMR. A typical FMR trace dIðHÞ=dH is shown
in Fig. 35(b). The direction of the external magnetic field
encloses an angle θ with the direction of current flow. Since
the mm-sized sample consists of 10 nm NiFe and 10 nm Pt,
the effect of SP which contributes to the relaxation of the
precessing magnetization can be observed as a linewidth
broadening when comparing to the data obtained for a plain
NiFe film. Figure 35(c) illustrates the effect of a dc current
sent through the bilayer sample due to the combined action of
the SHE and STT. Because of the SHE a spin current is
generated in the Pt layer and enters the NiFe film. Its flow
direction is perpendicular to the interface and its polarization
direction σ depends on the direction of the current flow. The

FIG. 34 (color online). Symmetric (dots) and antisymmetric
(open squares) voltage signals amplitudes at FMR (at 12 GHz)
for a Py/Pt bilayer as a function of angle φH . In (a) the magnetic
excitation field is in-plane placing a Py/NM bilayer on top of the
signal line of a CPW. Both symmetric and antisymmetric
amplitudes obey a sinðφHÞ sinð2φHÞ behavior. (b) The magnetic
excitation field generated by the CPW is out-of-plane with respect
to the Py/Pt layers. The amplitudes of the antisymmetric part
follow a ½a sinðφHÞ þ b& sinð2φHÞ behavior. The symmetric part
obeys ½c sinðφHÞ þ d& sinð2φHÞ þ e cosðφHÞ, which reflects the
fact that the symmetric part is due to AMR and ISHE. (c) Voltage
at FMR for φH ¼ 45°, and (d) φH ¼ 0° for a single Py layer and a
Py/Pt bilayer. From Obstbaum et al., 2014.

FIG. 35 (color online). (a) A schematic illustration of the MOD
experiment to determine the spin Hall angle. H is the external
magnetic field, and Jc represents the applied electric current
density. (b) Magnetic-field dependence of the FMR signal for a
NiFe/Pt bilayer film and a pure NiFe film. Note the linewidth
broadening for NiFe/Pt due to SP. (c) Schematic illustration of the
spin Hall and the spin torque effects. M, Js, and σ denote the
magnetization, the flow direction of the spin-current density, and
the spin-polarization vector of the spin current, respectively. From
Ando et al., 2008.
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reaction, however, it is the spin polarization that generates an
electrical current (voltage) in the SGE. Inversely, an electrical
current generates the spin polarization in the ISGE.
Following theoretical predictions of the phenomena

(Ivchenko and Pikus, 1978; Aronov and Lyanda-Geller,
1989; Ivchenko, Lyanda-Geller, and Pikus, 1989; Edelstein,
1990; Malâshukov and Chao, 2002; Inoue, Bauer, and
Molenkamp, 2003), it was the SGE that was initially observed
in an asymmetrically confined two-dimensional electron gas
(2DEG) in a GaAs quantum well (Ganichev et al., 2002). The
key signature of the SGE is the electrical current-induced by a
nonequilibrium, but uniform, polarization of electron spins.
The microscopic origin of the effect is illustrated in Fig. 5. In
the nonequilibrium steady state, the spin-up and spin-down
subbands have different populations, induced in the Ganichev
et al. (2002) experiment by a circularly polarized light
excitation. Simultaneously, the two subbands for spin-up
and spin-down electrons are shifted in momentum space
due to the inversion asymmetry of the semiconductor struc-
ture, which leads to an inherent asymmetry in the spin-flip
scattering events between the two subbands. This results in the
flow of the electrical current.
A microscopic picture of the ISGE is illustrated in Fig. 6.

The uniform nonequilibrium spin density occurs as a conse-
quence of an electric-field and scattering induced redistribution
of carriers on the Fermi surface whose texture of spin expect-
ation values has a broken inversion symmetry. For the Rashba
spin-orbit coupling, illustrated in Fig. 6 for one chirality, the
uniform in-plane spin polarization is perpendicular to the
applied electrical current.

Initial observations of the ISGE were made in parallel with
the initial SHE experiments, in both cases employing the Kerr-
Faraday magneto-optical detection methods or circularly
polarized luminescence (Ganichev et al., 2004; Kato et al.,
2004a, 2004b; Silov et al., 2004; Wunderlich et al., 2004,
2005; Belkov and Ganichev, 2008; Ivchenko and Ganichev,
2008). Kato et al. (2004a, 2004b) observed the SHE and ISGE
in the same strained bulk n-InGaAs sample and Wunderlich
et al. (2004, 2005) detected the two effects in the same
asymmetrically confined 2D hole gas (2DHG) in a AlGaAs/
GaAs heterostructure.
Subsequently, it was predicted (Bernevig and Vafek, 2005)

and experimentally verified (Chernyshov et al., 2009) that the
ISGE can generate relativistic SOTs in a ferromagnetic semi-
conductor (Ga,Mn)As with broken inversion symmetry in the
strained crystal structure of a thin film sample. The reciprocal
relativistic effect converting magnetization dynamics into a
charge signal has also been observed in this inversion-
asymmetric (Ga,Mn)As material (Ciccarelli et al., 2014).
In the NM-FM bilayers with broken structural inversion

symmetry, both the SHE- and ISGE-based mechanisms have
been found to contribute to the relativistic spin torques
(Manchon et al., 2008; Miron et al., 2010; Pi et al., 2010;
Miron, Garello et al., 2011; Suzuki et al., 2011; Garello et al.,
2013; Kim et al., 2013; Pai et al., 2014). Similarly to the bulk
inversion-asymmetric materials, in the structurally asymmet-
ric NM-FM bilayers the reciprocal effects converting mag-
netization dynamics into charge signals have been observed
and attributed to the ISHE and SGE (Saitoh et al., 2006;
Rojas-Sánchez, Vila et al., 2013).
As mentioned, the SHE and the Mott scattering of free

electron beams can have the same extrinsic skew-scattering
origin (captured by the second-order Born approximation).
Moreover, in condensed matter systems, the SHE can arise
from the spin-dependent transverse deflection induced by the
intrinsic spin-orbit coupling in a perfect crystal with no
impurities. We also mentioned that this intrinsic SHE has
its direct counterpart in systems with broken time-reversal
symmetry in the intrinsic AHE.

E

k0 kk xx x- +

+1/2 y-1/2 y

FIG. 5. Microscopic origin of the spin galvanic current in the
presence of k-linear terms in the electron Hamiltonian. The σykx
term in the Hamiltonian splits the conduction band into two
parabolas with the spin !1=2 in the y direction. If one spin
subband is preferentially occupied, for example, by spin injection
(the j − 1=2iy states shown in the figure) asymmetric spin-flip
scattering results in a current in the x direction. The rate of spin-
flip scattering depends on the value of the initial and final k
vectors. There are four distinct spin-flip scattering events pos-
sible, indicated by the arrows. The transitions sketched by dashed
arrows yield an asymmetric occupation of both subbands and
hence a current flow. If, instead of the spin-down subband, the
spin-up subband is preferentially occupied the current direction is
reversed. From Ganichev et al., 2002.
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FIG. 6 (color online). Left panel: Rashba spin texture for one of
the chiral states in equilibrium with zero net spin density. Right
panel: nonequilibrium redistribution of eigenstates in an applied
electric field resulting in a nonzero spin density due to broken
inversion symmetry of the spin texture. The opposite chirality
spin texture with lower Fermi wave vector is not drawn for clarity.
This reversed chirality will give and opposite but lower con-
tribution to the one shown, hence not changing the basic physics
illustrated here.
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Mokrousov, 2010; Miao et al., 2013; Azevedo et al., 2014;
Mendes et al., 2014) or antiferromagnet (Zhang et al., 2014).
In FMR-SP, a spin current is injected from the FM into the

NM. The injected spin current is a pure ac spin current which
is not accompanied by a charge current but which nevertheless
can be detected electrically since it is converted into a charge
current by means of the ISHE in the NM (Saitoh et al., 2006).
The efficiency of the conversion process can be quantified by
the spin Hall angle. Since in the process of spin injection
angular momentum is lost in the FM, the FMR-SP leads to a
broadening of the FMR line (Mizukami, Ando, and Miyazaki,
2001; Urban, Woltersdorf, and Heinrich, 2001; Heinrich et al.,
2003), whereas the backflow of spin current into the ferro-
magnet generates a dc voltage that can also be used to detect
SP (Wang et al., 2006) as was experimentally demonstrated by
Costache, Watts, Sladko, van der Wal (2006) and Miao et al.
(2013). Note that an additional contribution that might
have to be taken into account in special cases arises from
the SGE as has recently been demonstrated for the Ag/Bi
interface (Rojas-Sánchez, Vila et al., 2013; Zhang et al., 2015)
and in FM-topological insulator surface state system (Fan
et al., 2014; Mellnik et al., 2014).
In MOD experiments, the direct SHE induced in the NM by

a dc electrical current is used to modify the damping in the FM
which is concomitantly driven into FMR by the application of
an rf magnetic field. In this approach, the dc spin current
generated by the SHE and injected across the NM-FM
interface leads to a damping or anti-damping-like torque
acting on the precessing magnetization of the FM.
Modulation of the damping is observed as a function of the
applied dc charge current and a detailed line-width analysis
allows extraction of the spin Hall angle (Saitoh and Ando,
2012). Note that the pure dc spin current is generated in the
bulk of the NM and that in order to quantitatively determine
the spin Hall angle it is important to know the transmissibility
of the NM-FM interface for the pure spin current.

In the SHE-STT, a spin current is used to transfer spin
angular momentum and thus to exert a torque on the magnetic
moments. In these experiments an ac current sent along the
NM-FM interface can create an rf excitation of the magneti-
zation of the FM via the SHE-STT. In conventional STT
junctions, an electrical current is sent perpendicular to a stack
with two FM electrodes to transfer angular momentum from
one FM to the other FM (Ralph and Stiles, 2008). SHE-STT
experiments, on the other hand, exploit the use of a
perpendicular pure spin current generated by an in-plane
electrical current in the attached NM via the SHE.
In both the MOD experiments and the SHE-STT, the

torques in the FM that are generated by the SHE in the
NM would be in addition to the ISGE-related SOTs present at
the inversion asymmetric FM-NM interface (Garello et al.,
2013; Freimuth, Blügel, and Mokrousov, 2014; Kurebayashi
et al., 2014). Hence, in these experiments the spin Hall angle
is in reality a parametrization of the total torques generated by
the currents and therefore it should be considered instead as
the effective spin Hall angle for the specific bilayer system. As
mentioned above, similarly spin pumping and detection of the
spin Hall angle via the ISHE may be affected by the SGE
arising from the specific bilayer interface.
In the rest of the section we expand on the details and recent

results of each of these FMR-based techniques. FMR-SP is the
more widely used technique to measure the effective spin Hall
angle thus we detail this technique more extensively.

1. Ferromagnetic resonance spin pumping

As described in the theory section (Sec. III.D),
Tserkovnyak, Brataas, and Bauer (2002a) and Tserkovnyak,
Brataas, and Halperin (2005) showed that the precessing
magnetization in a FM generates a spin current strictly at the
FM-NM interface, as sketched in Fig. 31. The spin current
generated at the interface propagates into the NM and
consequently decays on a length scale connected to the
effective spin-diffusion length λsd of the NM. As mentioned
in the theory section, we note that the term effective is used

 α:

yy
z

x, Je

α
H

 β:
z

H β
y

x, Je

 γ :
z

Hγ
y

x, Je

 α, β , γ
-90° 0° 90° 180° 270°

-1
0
1

-1
0
1

exp. SMR calc.
AMR calc.

(j)

(i) MRxx (γ)

MRxx (β)

-1
1

(g) MRxx (α) [sample 2]

 α, β , γ

(a)

(c)

(b)

FIG. 30 (color online). Magnetoresistance curves as a function of
the angles (a) α, (b) γ, and (c) β, illustrated in the right panel. The
key contrast to conventional AMR is the trace in (b), where no
dependence is observed, while conventional AMR would give the
sinusoidal form illustrated in the dashed line. From Nakayama
et al. (2013).

FIG. 31 (color online). A spin current is generated by SP at the
FM-NM interface (gray arrows). The time-dependent spin polari-
zation of this current (indicated as a dark gray arrow) rotates
almost entirely in the y-z plane. The small time-averaged dc
component (small upward arrow) appears along the x axis. Both
components lead to charge currents in NM and can be converted
into ac and dc voltages by placing probes along the x and the y
direction, respectively. From Wei et al., 2014.
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two-terminal spin transport through insulators
• nonlocal current drag mediated by diffusing magnons in a magnetic insulator 

Y. Kajiwara  et al., Nature 464, 262 (2010) 
L. Cornelissen et al., Nature Phys. 11, 1022 (2015) 

S. B. Gönnenwein et al., App. Phys. Lett. 107, 172405 (2015)  
B. L. Giles et al., Phys. Rev. B 92, 224415 (2015) 

J. Li et al., Nature Comm. 7, 10858 (2016)

• e.g., yttrium iron garnet-platinum heterostructure (Pt|YIG|Pt)
- YIG: Curie temperature 560K, very low magnetic damping (magnon spin diffusion length ~ 

9μm @ room temperature — ~ 47 - 73μm @ 23K)
- Pt: strong spin-orbit coupling facilitates spin-to-charge interconversion

jc jc

js js

spin current carried by collective spin excitations 
(e.g., magnons in ferro- and antiferromagnets)

direct spin Hall effect converts  
charge current into  

transverse spin current

inverse spin Hall effect converts  
ejected spin current into  

transverse charge current

jsV I

metal 
(e.g., Pt)

magnetic insulator (e.g., YIG)metal 
(e.g., Pt)

what can we learn from the noise in the spin current?



spin current noise
• spin-dependent charge current noise:

E. G. Mishchenko, Phys. Rev. B 68, 100409 (2003)  
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J. Meair et al., Phys. Rev. B 84, 073302 (2011) 
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• noise in spin current pumped by a ferromagnetic (ferrimagnetic) insulator:
A. Kamra and W. Belzig, Phys. Rev. Lett. 116, 146601 (2016) 
A. Kamra and W. Belzig, arXiv:1706.07118. Akash’s talk

Focus: spin current and its noise in 1d quantum magnets
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Shot noise in a diffusive F-N-F spin valve

E. G. Mishchenko1

1Lyman Laboratory, Department of Physics, Harvard University, MA 02138

Fluctuations of electric current in a spin valve consisting of a diffusive conductor connected to
ferromagnetic leads and operated in the giant magnetoresistance regime are studied. It is shown
that a new source of fluctuations due to spin-flip scattering enhances strongly shot noise up to a
point where the Fano factor approaches the full Poissonian value.

PACS numbers: 72.70.+m, 72.25.-b, 75.47.De

Transport in various spintronic devices [1] contain-
ing ferromagnet-paramagnet interfaces is attracting a lot
of attention. Considerable experimental and theoreti-
cal efforts have been directed towards the understanding
of magnetoresistance, spin injection, spin accumulation,
spin-orbit interaction, current-induced torque and other
fascinating and challenging effects (the vast and quickly
expanding bibliography is far beyond the scope of this
Letter). Advances in technology and sample fabrication
resulting in devices of nanoscale dimensions led the meth-
ods and notions of spintronics to be the natural outgrows
and further developments of the exciting and successful
ideas of mesoscopics.

One of the issues outstanding in mesoscopic physics has
been the phenomenon of the shot noise, i.e. current fluc-
tuations in nonequilibrium conductors [2]. In particular,
an experimental confirmation [3] of the theoretically pre-
dicted 1/3-suppression (compared to the Poissonan value
characteristic for the transmission of independent parti-
cles) of the noise signal in diffusive conductors [4, 5] is one
of the milestones in the field. Shot noise in ferromagnet-
normal metal constrictions is also evolving into a subject
of much interest. Current fluctuations in a F-quantum
dot-F system in the Coulomb blockade regime were con-
sidered in Refs. [6, 7, 8, 9], noise in a quantum dot in
the Kondo regime analyzed in Ref. [10], ballistic beam
splitter with spin-orbit interaction discussed in Ref. [11].
Dependence of the shot noise in a diffusive conductor at-
tached to ferromagnetic reservoirs on the relative angle
between the magnetizations of reservoirs has been stud-
ied in Ref. [12] with the help of the circuit theory [13].
However, effects of a spin-flip scattering on the fluctua-
tions of electric current in diffusive conductors have been
disregarded so far. In the present Letter we show them
to make a profound effect on the shot noise power.

The universal 1/3-shot noise in a conventional diffusive
conductor is due to the interplay of the random impurity
scattering and restrictions imposed by the Fermi statis-
tics. In the presence of ferromagnetic contacts, however,
the spin degeneracy is lifted with spin-up and spin-down
electrons representing two different subsystems. The
number of particles in each subsystem is not conserved
(due to spin-flip scattering) leading therefore to a new
class of fluctuations. The situation here resembles closely

the fluctuations of radiation in random optical media [14].
The absence of particle conservation in a gas of photons
results in the enhancement of photon flux noise above the
Poissonian value (also the result of bunching typical for
bosons). With the notable difference in statistics (Fermi
instead of Bose) the framework of stochastic diffusion
equations [15, 16] can be formulated for the fluctuations
in disordered spintronic devices as well.

F F

R

N

R

0−L/2 L/2 x

FIG. 1: Spin valve consisting of a paramagnetic diffusive con-
ductor (N) connected to ferromagnetic leads (F) through tun-
nel contacts. Conduction bands in the leads are assumed to
be completely spin-polarized. For small amount of spin-flip
scattering the resistance to electric current is large when the
magnetizations are antiparallel (’off’-state of the valve), com-
pared to the usual metallic resistance for the parallel config-
uration (’on’-state).

To demonstrate this we discuss the most characteristic
example of a spin valve in the giant magnetoresistance
regime, when the transport across the valve is extremely
sensitive to the intensity of a spin-flip scattering. Namely,
we consider a diffusive paramagnetic conductor (N) sand-
wiched between two ideal ferromagnetic (F) leads, Fig. 1.
’Ideal’ means that electron distributions inside the leads
are not affected by the presence of the normal region (a
typical mesoscopic setup assuming the conduction and
screening in the leads to be more efficient than in the
conductor). In addition, we assume that conduction elec-
trons are completely polarized inside the ferromagnets,
i.e. the population of carriers with a spin direction op-
posite to that of a magnet is fully depleted (half-metallic
ferromagnets). Therefore, when the polarizations of the
leads are antiparallel, a conduction electron cannot be
transferred across the valve without changing its spin
direction. As a result the resistance of a spin-filter is
very large unless there is a substantial amount of spin-

barrier in the presence of spin accumulation. By using a
ferromagnetic detector electrode, we have successfully
extracted the relation between the spin current and the
corresponding excess shot noise, and we have found that
the estimated Fano factor directly shows that the spin
degree of freedom is preserved in the tunneling process.
Given the importance of shot noise in various fields,
especially in device technology [12] and mesoscopic
physics [13–15], excess shot noise due to spin accumu-
lation could not only serve as a unique probe to explore the
spin-dependent nonequilibrium transport process but also
to shed new light on the recently emerging field of spin
noise spectroscopy [16–19].
A spin accumulation can be generated, e.g., by electrical

spin injection [20,21]. To this end, we prepared a lateral
all-semiconductor spin-valve device, which was fabricated
from a single epitaxial wafer grown by molecular beam
epitaxy on a (001) GaAs substrate, consisting of, in the
growth order, a GaAs buffer, an AlGaAs/GaAs superlattice,
a 1 μm n-GaAs channel, a 15 nm GaAs with linearly
graded doping n → nþ (n ¼ 2 × 1016 cm−3 and nþ ¼
5 × 1018 cm−3), an 8 nm nþ-GaAs, a 2.2 nm AlGaAs,
and a 50 nm (Ga0.945Mn0.055) As. Because of the high nþ-
doped GaAs region adjacent to the degenerately p-doped
(Ga,Mn)As layer, a tunneling Esaki diode structure is
formed at the junction, enabling efficient generation and
detection of spin accumulation in n-GaAs. The wafer
was patterned into 50 μm—wide mesas along the [110]
direction by standard photolithography and wet chemical
etching. Then six ferromagnetic (Ga,Mn)As electrodes
(E1 to E6) are defined by electron beam lithography and
by wet chemical etching down to the lightly doped n-GaAs
channel, as schematically shown in Fig. 2(a) [22–24]. Each
ferromagnetic electrode serves a specific purpose: one is
used as an injection electrode (E2), three as detection
electrodes (E3, E4, and E5), and two as reference electro-
des (E1 and E6). Only the E1 electrode is grounded.
By applying a constant current Iinj to E2 [see Fig. 2(a)],

we inject spin polarized electrons into the n-GaAs channel.
As a consequence, spin accumulation—i.e., splitting of
the chemical potentials (Δμ ¼ μ↑ − μ↓) for spin-up and
spin-down electrons (μ↑ and μ↓, respectively)—occurs
underneath the injection contact and diffuses to both sides.
Figure 2(b) shows a typical spin accumulation signal
obtained by measuring the nonlocal dc voltage difference
between contacts E3 and E6 as a function of the in-plane
magnetic field B [see Fig. 2(a)]. All of the measurements
were carried out at 1.6 K in a variable temperature insert.
The abrupt voltage changes, displayed in Fig. 1(b), corre-
spond to magnetization switching of E2 or E3. Different
coercive fields were adjusted by different widths of the
respective contacts. The voltage change ΔV between
parallel (P) and antiparallel (AP) magnetization configu-
rations, being 0.30 mV here, is proportional to Δμ and

given by ΔV ¼ γΔμ=e [25,26]. For our device we extract
γ ¼ 0.82# 0.03 in the small Iinj limit [22,24].

To measure S through the tunneling barrier formed by
the Esaki diode at the p-(Ga,Mn)As/n-GaAs interface at
the corresponding contact, we use an additional circuit, as
shown in Fig. 2(a). Three passive components are placed
at 1.6 K: two surface mounted metal-film resistors
(R1 ¼ 1 MΩ, R2 ¼ 1 kΩ) and a laminated ceramic capaci-
tor (C ¼ 1 μF). S is converted to voltage noise by R2,
while R1 prevents the current noise from leaking to the
voltage source. The two sets of voltage noise signals are
independently amplified by two amplifiers (NF LI-75A)
at room temperature and are recorded at a two-channel
digitizer. Cross-correlation spectra were obtained in the
frequency range between 16 kHz and 160 kHz (9001
points) [27,28]. To extract S across the tunneling barrier, we
carefully calibrated the measurement system and elimi-
nated thermal noise from R2 and the channel resistance
[24]. We experimentally confirmed that the contribution of
frequency-dependent noise, such as 1=f noise, does not
affect S for the parameter range examined.
The measurement procedure is as follows [24]: together

with the constant spin injection current Iinj, which
determines the manitude of the spin accumulation, we
inject a small current I to one of the detection electrodes

1.6 K

A
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FIG. 2 (color online). (a) Schematic diagram of the sample and
measurement system. Six (Ga,Mn)As electrodes (E1 to E6) are
placed on the n-GaAs channel, where E2 (4 μm × 50 μm size) is
an injection electrode, while either E3, E4, or E5 (0.5 μm×
50 μm size) is a detection electrode. The center-to-center spacing
between the neighboring electrodes is 5 μm. Schematic spatial
dependence of each chemical potential in the n-GaAs channel is
illustrated. (b) Typical nonlocal voltage signal for Iinj ¼ −23 μA.
A peak observed around the zero magnetic field is induced by
dynamic nuclear spin polarization (DNP) [23]. This effect is
irrelevant to the present result, as the noise measurement was
performed outside of the DNP region. (c) Schematic energy
diagram at the detection electrode in the presence of eV and Δμ.
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FIG. 1. (a) Schematic of the voltage power spectral den-
sity measurements. The sample (grey) is connected to a pre-
amplifier and a FFT spectrum analyzer. The symbols + and
� define the sign convention for the voltage measurements.
The setup and the amplification stage are shielded by a metal
box (red thick lines). The applied magnetic field (blue arrow)
makes an angle ↵ with the voltage measurement direction. (b)
A typical noise spectrum captured using the setup described
in (a). The individual data points shown in Fig. 2 (c) are
averaged over the frequency window between 20 and 45 kHz.
The dashed line depicts the white noise level expected from
the fluctuation-dissipation theorem.

fast Fourier transform spectrum analyzer (SR760) af-
ter amplification using a Stanford Research pre-amplifier
(SR560). We refer to the square of the Fourier transform
of a single finite duration time trace of the voltage sig-
nal as a ‘spectrum’. A ‘PSD sweep’ [as in Fig. 1 (b)]
is obtained by averaging 15000 such spectra. A single
average value of the white noise level is then obtained by
averaging the PSD sweep data in the frequency range 20
- 45 kHz. The frequency window is so chosen in order to
minimize the e↵ects of the 1/f noise and external elec-
tromagnetic disturbances. The average of 19 such data
points lead to the precision of 0.01 % su�cient to resolve
the spin Hall noise [Eq. (15)].27

The measurement configuration is depicted in Fig. 2
(a). A 60 mT magnetic field applied in the xz-plane
at an angle ↵ with the +z-direction saturates the YIG
magnetization along its direction. The voltage noise PSD
S
V,long

of the ‘longitudinal’ voltage V
long

[Fig. 2 (a)] av-
eraged over 19 ↵ sweeps is shown as white open squares

FIG. 2. Sample and wire bonding assembly for measuring
(a) voltage power spectral density S

V,long

and (b) resistance
R

long

. The applied magnetic field (blue arrow) makes an an-
gle ↵ with the voltage measurement direction (zzz). (c) S

V,long

(squares) and R
long

(triangles) measured as a function of ↵.
Both S

V,long

and R
long

exhibit a cos2 ↵ dependence and are
related by S

V,long

= 4kBTRlong

with T = 291.5K, in con-
sistence with the fluctuation-dissipation theorem. The ↵ de-
pendent contributions to R

long

and S
V,long are attributed to

spin Hall e↵ect generated spin currents and spin Hall noise,
respectively.

in Fig. 2 (c). We also carried out conventional SMR
measurement15 of the longitudinal resistance R

long

along
the Hall bar (zzz) direction [Fig. 2 (b)] as a function
of ↵ for a charge current Iq = 40.5µA along the Hall
bar. R

long

, shown as red triangles in Fig. 2 (c), ex-
hibits the cos2 ↵ dependence characteristic of the SMR
e↵ect.16 We find that S

V,long

and R
long

are related by
S
V,long

= 4kBTRlong

, with T = 291.5 K (room tem-
perature), as expected from the fluctuation-dissipation
theorem. Since the ↵-dependence of R

long

is attributed
to SHE generated spin currents,16 the anisotropic PSD
must be caused by the spin Hall noise.

III. THEORY

To substantiate this claim, in the following we present
a statistical linear response theory for the ↵ dependent
noise that elucidates the role of the spin currents. We
restrict the analysis to frequencies far below the ferro-
magnetic resonance (FMR) frequency f

0

. We consider a
bilayer of a normal metal (N) with spin Hall angle ✓SH

deposited on a ferromagnetic insulator (FI) with its equi-
librium magnetization pointing along ẑzz as shown in Fig.

3

FI

N

FIG. 3. Schematic of the normal metal (N) and magnetic
insulator (FI) bilayers analyzed in the text. The blue dashed
arrow indicates the equilibrium magnetization direction. The
coordinate system is depicted in red. The black arrows define
our sign convention for spin currents across the interface.

3. The magnetization dynamics in the FI is described by
the Landau-Lifshitz-Gilbert (LLG) equation:

ṁmm = �� [mmm⇥ µ
0

(HHH
e↵

+ hhh
0

)] + ↵
0

(mmm⇥ ṁmm), (1)

wheremmm ⌘mmm(rrr, t) is the unit vector along the magnetiza-
tion direction at position rrr, �(> 0) denotes the gyromag-
netic ratio, hhh

0

and ↵
0

the internal Langevin stochastic
field28 and Gilbert damping constant, respectively. The
e↵ective magnetic field, written in terms of the magnetic
free energy density Fm:

µ
0

HHH
e↵

= �@Fm

@MMM
= µ

0

HHH
0

+
2A

Ms
r2mmm, (2)

includes Zeeman and anisotropy contributions in HHH
0

,
while the second term represents the exchange field in
terms of the exchange constant A29 and the saturation

magnetization Ms. The N layer is incorporated by im-
posing continuity of spin current density across the FI|N
interface.30 On the FI side, the spin current density, car-
ried by collective magnetization dynamics, is given by
�A(mmm ⇥ @ymmm). On the N side, the spin current den-
sity consists of (i) spin pumping (JJJ

sp

) by the thermal
fluctuations of the magnetization in the ferromagnet,31

and (ii) spin transfer torque (STT) (JJJ
stt

) generated by
absorption of the thermal electronic spin current inci-
dent on the FI. The conserved net spin current density
JJJ s(= JJJ

sp

� JJJ
stt

) from the FI to the N is then given by:

JJJ s(%%%, t) =�A(mmm⇥ @ymmm), (3)

=
~g̃r
4⇡

(mmm⇥ ṁmm)�Ms(mmm⇥ µ
0

hhh0), (4)

where %%% ⌘ (x, z) is the in-plane position vector, g̃r is the
real part of the spin mixing conductance per unit area
corrected for the finite thickness and/or spin relaxation
length in N leading to a backflow spin current into FI.32

We disregard the typically small33 imaginary part of the
mixing conductance for simplicity. hhh0 represents the ran-
dom STT with the correlation function:8,11,30

⌦
µ
0

h0
i(%%%, t)µ0

h0
j(%%%

0, t0)
↵
= ⌃0�ij�(t� t0)�(%%%� %%%0), (5)

where h i denotes statistical averaging, ⌃0 =
~g̃rkBT/2⇡M2

s , (i, j) = (x, y), kB is the Boltzmann con-
stant, and T is the temperature of the system.

Since the spin current flows across the interface along
the out-of-plane (y) direction (see Fig. 3), its y polar-
ized component does not contribute to the ISHE signal,34

while the z polarized component vanishes. Hence, we fo-
cus on the x component [Eq. (4)]:

J s

x = �~g̃r
4⇡

ṁy +Msµ0

h0
y, (6)

with correlation function:

hJ s

x(%%%, t)J
s

x(%%%
0, t0)i = M2

s

⌦
µ
0

h0
y(%%%, t)µ0

h0
y(%%%

0, t0)
↵
+

✓
~g̃r
4⇡

◆
2

hṁy(%%%, t)ṁy(%%%
0, t0)i

�~g̃rMsµ0

4⇡
(hṁy(%%%, t)h

0
y(%%%

0, t0)i+ hṁy(%%%
0, t0)h0

y(%%%, t)i). (7)

Only the first term on the rhs of the equation above is
appreciable35 because the ac susceptibility and therefore
ṁy are negligibly small at frequencies under considera-
tion (f ⌧ f

0

). With Eq. (5):

hJ s

x(%%%, t)J
s

x(%%%
0, t0)i = ~g̃r

2⇡
kBT �(t� t0)�(%%%� %%%0). (8)

In this low frequency limit, all parameters of the fer-
romagnet, except for the interface spin mixing conduc-
tance, conveniently drop out.

For frequencies much smaller than the inverse spin re-
laxation time in N, the spatially resolved spin-current
density is governed by the time-independent di↵usion
equation @2µµµ

s

/@y2 = µµµs/�
2

sd for the spin chemical poten-
tial µµµs with the boundary conditions JJJ s(= �D@µµµs/@y) =
J s

x(%%%, t)x̂xx at y = 0 and JJJ s = 0 at y = tN :34

J s

x(rrr, t) = J s

x(%%%, t)
sinh [(tN � y)/�sd]

sinh(tN/�sd)
. (9)

�sd is the spin di↵usion length, D is the di↵usion constant
in N, and the spin current flows along the y direction.



resistor. Of course, the current has a time-averaged
value hI i but it also shows a finite fluctuation, or
equivalently noise, and usually /I 2 I ! hI i º 0. The
noise spectral density S is defined through the mean
square of /I for the band width "f,

S ¼
hð!IÞ2i
!f

: ½7%

The unit of this value S is [A2/Hz] as is easily seen
from this definition. To examine physical units is
instructive. As the current has the unit of [A] F
[C/s], it corresponds to the number of electrons that
pass through the system for a finite time. On the
other hand, as [A2/Hz] F [C2/s], the current noise
amplitude stands for the variance of the number
of electrons that pass through the system for the
corresponding time.

When V F 0, the system is in the equilibrium
and hI i F 0. This, however, does not necessarily mean
that there is no noise. Actually, at finite temperature,
there arises finite noise, so-called “thermal noise” or
Johnson-Nyquist noise, which is expressed as

Sth ¼ 4kBTG; ½8%

where G, T, and kB are the conductance of the
resistor, its temperature, and the Boltzmann con-
stant, respectively.35),36) G represents a kind of
response of the resistor, as this value quantifies the
current that flows through the resistor when the bias
voltage V is applied (I F GV). Therefore, Eq. [8] is
a typical example of the FD relation telling us that
the fluctuation tells the response. This analogy can be
seen when we compare Eq. [5] and Eq. [8].

In 1928, Nyquist elegantly deduced Eq. [8] based
on the second law of thermodynamics36) to explain
the experimental observation of Johnson.35) He also
pointed out the relation between this formula and
the black-body radiation. These facts clearly indicate
that fundamental physics underlies noise.

For the case of V º 0, namely in the nonequi-
librium case, the situation totally changes. For
simplicity, consider a device that is a thin potential
barrier sandwiched by two metallic leads, such as
realized in metal/insulator/metal junctions or pn
junctions. The electrons can be either transmitted
or reflected at the barrier. Due to such stochastic
processes, the current passing through the device
fluctuates inevitably. This noise, which is called
“shot” noise, directly reflects the granularity of
electrons that carry current. In 1918, Schottky gave
the expression of the shot noise as46)

Sshot ¼ 2ehIi: ½9%

The reason for this formula can be explained in the
following way. The current is expressed as hI i F
ehQ i/=, where hQ i/= is the number of electrons that
pass through the device (Q) averaged over for a finite
time =.We assume that there is no correlation between
each tunneling event passing through the barrier,
namely that the tunneling process obeys Poisson
distribution. Then according to the basic property
of this distribution, the variance of the number of
the electrons that pass through the barrier equals
to the average number of them; h(/Q)2i 2 h(Q !
hQ i)2i F hQ i. Therefore, the current noise should
satisfy h(/I )2i F e2h(/Q)2i/= F e2hQ i/= F ehI i, which
is nothing but Eq. [9] (note that the factor 2 is
customarily put in Eq. [9] without serious reason).

The functional forms of the equilibrium noise
(Eq. [8]) and the nonequilibrium noise (Eq. [9]) are
different between each other. This vividly reflects
that the nonequilibrium properties of the system are
different from its equilibrium ones in a nontrivial
way. Especially, we emphasize that the elementary
charge e does not appear in the equilibrium but
does in the nonequilibrium as seen in Eq. [9]. As
a historical remark, the nonequilibrium noise,46)

namely the shot noise was discovered 10 years earlier
than the equilibrium noise,35),36) which might signal
that our daily life is essentially nonequilibrium.

In the above discussion, we have implicitly
assumed the noise in the low frequency limit, where
both Sth and Sshot are frequency-independent and
thus called “white” noises. In this article, we focus
on these two kinds of noise. In the applied physics
research fields, other noises such as the 1/f noise and
the telegraph noise are also important as these affect
the properties of electronic devices.47) These noises,
however, are highly dependent on the frequency
range and are device-dependent and therefore are
difficult to treat quantitatively.

Fig. 3. Measurement scheme of the current and the current
noise. A constant bias voltage V is applied to a resistor and the
electric current I that flows through it is precisely monitored as a
function of time by an ammeter. The current usually has a finite
noise h(/I )2i around its averaged value hI i.

What can we learn from noise?No. 7] 207
(charge) current noise in mesoscopic systems

• a resistor biased by voltage and ammeter measuring current:

M. J. M. de Jong and C. W. J. Beenakker, "Mesoscopic Electron Transport" (Kluwer Academic Publishers, Dordrecht, 1997), pp. 225-258 
Ya. M. Blanter and M. Büttiker, Phys. Rep. 336, 1 (2000) 

K. Kobayashi, Proc. Jpn. Acad. B 92, 204 (2016)

- time-averaged value: hIi
- noise (fluctuations about the mean  

value):

�I(t) = I(t)� hIi
- noise spectral density:

S(!) =

Z 1

�1
dth�I(t)�I(0)ie�i!t

• first measured in an electrical conductor by Johnson in 1928 and theoretical explained by 
Nyquist in the same year.

• consider zero voltage case: V = 0

- time-averaged value: hIi = 0

- noise spectral density at finite temperature:
- G quantifies response of the resistor to external voltage: I = GV

Sth(!) = 2kBTG

Equilibrium noise is a manifestation of fluctuation-dissipation theorem that 
dictates a relationship between the fluctuations and the response of a system.

J. B. Johnson, Phys. Rev. 32, 97 (1928) 
H. Nyquist, Phys. Rev. 32, 110 (1928)



(nonequilibrium) shot noise
• a metal-insulator-metal trilayer under a finite voltage: V 6= 0

metal metal
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• stochastic tunneling of electrons gives rise to noise in the transmitted current (due to 
Schottky in 1918):

S
shot

= e hIi

current

assume tunneling events are uncorrelated so that the 
tunneling process obeys the Poissonian distribution

noise

W. Schottky, Ann. Phys. 362, 541 (1918)

hIi = e hNi
⌧

⌦
(�N)2

↵
= hNi

⌦
(�I)2

↵
=

e2
⌦
(�N)2

↵

⌧
=

e2 hNi
⌧

= e hIi



fermionic statistics
• incorporate fermionic statistics (ignore interactions)

- conductance: G =
2e2

h

X

n

Tn “Landauer formula”

- noise spectral density for low-frequencies:

S = 2kBTG+ e hIiF
h
coth

⇣
eV

2kBT

⌘
� 2kBT

eV

i

- Fano factor:

F =

P
n Tn(1� Tn)P

n Tn

S. Datta, “Electronic Transport in Mesoscopic Systems” (Cambridge University Press, New York, 1997) 
Ya. M. Blanter and M. Büttiker, Phys. Rep. 336, 1 (2000) 

Y. Imry, “Introduction to Mesoscopic Physics” (Oxford University Press, New York, 2002) 

eV

kBT
⌧ 1

eV

kBT
� 1

S ! Sth = 2kBTG

thermal noise recovered

S ! FS
shot

= Fe hIi
low transmission limit (shot result recovered)F ! 1 :

• consider with mesoscopic conductor with n conducting channels:



revealing particle statistics
• Pauli principle reduces the shot noise from Schottky result for high transmission:

2

II. EXPERIMENTS

A. Conductance measurement

We investigated two QPC devices (QPC 1 and QPC
2) fabricated on the same GaAs/AlGaAs heterostruc-
ture wafer with a 2DEG located 160 nm beneath the
surface32,33. Each QPC is independently defined by ap-
plying voltage Vg to each gate electrode. The distance
between the gates to define the QPC is 500 nm and 200
nm for QPC 1 and 2, respectively32. The mobility and
electron density of the 2DEG are µ = 1000-2000 m2/Vs
and ns = 3.5× 1015 /m2, respectively. The Fermi wave-
length of the 2DEG is 42 nm32. After bias-cooling with
Vg=+1 V, the experiments were carried out in a dilution
refrigerator whose base temperature is 15 mK. The dif-
ferential conductance G = dI/dVsd is measured by stan-
dard lock-in technique as a function of the source-drain
bias voltage (Vsd). The lead and the contact resistances
in series with the sample were deduced by measuring the
conductance with no gate voltage applied at every ap-
plied magnetic field and was subtracted accordingly.
Figure 1 shows the differential conductance of QPC

1 and QPC 2 at 30 mK as a function of Vg. The con-
ductance steps up to the 20th (8th) are well resolved in

15 mK 2 K

Vdc

Vg
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Amp20 nF

Vg
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b) c)
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FIG. 1. (a) Schematic diagram of the current noise mea-
surement setup. The QPC is formed by negative voltage Vg

applied on two opposing electrostatic gates. (b) and (c) Con-
ductance of QPC 1 and 2 measured at 30 mK as a function
of gate voltage.

QPC 1 (QPC 2). The conductance at the n-th plateau
precisely agrees with 2e2/h×n (n = 1, 2, 3, ...) within the
precision of ±2 %. This validates the above treatment
for the lead and contact resistances. Based on this ob-
servation, we safely eliminate the possibility of channel
mixing since it would result in non-integer conductance
step. We also checked the temperature dependence of
the conductance from T=15 mK to 4.2 K and found that
the step structure does not depend on temperature be-
low 550 mK. We observed an indication of the shoulder
structure at 0.7× 2e2/h (0.7 anomaly) at 2 K and it be-
comes prominent above 4 K. However, the 0.7 anomaly
is beyond the scope of the present work.

B. Current noise measurement

In addition to the conductance measurement, we per-
formed current noise measurements as follows31,34. The
voltage fluctuation at 2.8 MHz defined by the resonant
circuit is extracted as an output signal of the homemade
cryogenic amplifier34. The time-domain voltage noise sig-
nal is then captured by a digitizer and converted by fast-
Fourier-transform (FFT). The spectral density of current
fluctuation SI is obtained by fitting the resonance peak
P0,

P0 = A

!

XV +

"

Z +R

ZR

#2

(SI +XI)

$

(1)

where R is the measured differential resistance, A is the
gain of the cold and room temperature amplifiers, Z is
the impedance of the measurement circuit, and XI(XV )
is current (voltage) noise due to the amplifier, respec-
tively. The typical values are Z = 3.2 × 104, A =
1.4 × 106, XV = 1.5 × 10−19, and XI = 7.1 × 10−27.
The precise determination of these parameters enables
us to measure the current noise and the corresponding
Fano factor within 1 % error.
Usually, the variation of the current fluctuation with

the source-drain voltage Vsd are analyzed with the
formula18

SI(Vsd) = 2FG

%

eVsd coth

"

eVsd
2kBTe

#

− 2kBTe

&

+4kBTeG,

(2)
where Te is electron temperature which is precisely deter-
mined by the thermal noise measurement. This formula
takes the crossover between the thermal noise and the
shot noise (|eVsd| ∼ 2kBTe) into account. However, this
method could overestimate the Fano factor when the cur-
rent noise is affected by the 1/f noise in addition to the
shot noise. In such a situation, the current noise is em-
pirically known to be proportional to V α

sd (α ∼ 2) in

the range eV ≫ 2kBT . The data where a 1/f noise con-
tribution was dominant are not taken into account in our
analysis. xFor the remaining data we evaluated the Fano
factor by fitting

SI(Vsd) = 2e|I|F (3)
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FIG. 4. (a) Vg dependence of Fano factor (triangle) and
conductance (solid line) for the quantum Hall regime. The
dashed curve shows the theoretical Fano factor deduced from
the measured conductance. (b) Current noise (triangle) and
conductance (solid line) as a function of Vsd at the conduc-
tance plateau (Vg = −1.35 V).

of a high quality QPC with many conductance plateaus
and a precise noise measurement setup. Actually, the
result shown in Fig. 5(a) nicely exemplifies the valid-
ity of the Landauer-Büttiker formalism extending to the
shot noise. Now we look carefully at the Fano factor at
the plateaus. Here, the Fano factor averaged over the
conductance plateau at each plateau region is summa-
rized, which confirmed finite value in the range of 95 %
confidence interval [see Figs. 5(b) and 5(c)]. The Fano
factor, which should be zero theoretically, becomes larger
at higher conductance.

C. Electron heating model

So far, we have experimentally established that the
Fano factor is finite at the conductance plateau and is
reduced by applied perpendicular magnetic field. Previ-
ous research already observed this phenomenon and ex-
plained it by electron heating28. As we show below, also
in our case, the electron heating model seems to work
quantitatively. Now we show a systematic analysis of
our observations based on this model and discuss its im-
plication.
As the energy dissipation does not occur exactly at

QPC in the ballistic transport, it is not trivial how the
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FIG. 5. a) The Fano factor versus conductance of QPC 1 at
zero magnetic field. The dashed curve shows the theoretical
Fano factor deduced from the measured conductance. (b)
and (c) The average value of Fano factor at each conductance
plateau for QPC 1 (left figure) and QPC 2 (right figure).

electron heating affects the shot noise. For mesoscopic
systems, the energy dissipation of electrons occurs due
to electron-electron scattering and acoustic phonon emis-
sion by the injected electrons35,36. Since the latter is
negligible at very low temperature, electron thermaliza-
tion mainly takes place via thermal conduction in the
reservoirs. More specifically, the hot electrons injected
into the QPC give rise to thermal dissipation only at the
connection with 2DEG lead where a large number of con-
duction channels exist. Hence, there may exist nontrivial
thermal noise generated by an increased temperature of
electrons in the vicinity of the QPC.
Because both charge and heat are transported by con-

ducting electrons, we can relate the heat conductivity κ
to G by Wiedemann-Franz law. Assuming one dimen-
sional heat diffusion, Kumar et al.28 showed that the for-
mula to express the effective electron temperature T JH

e ,
which the electrons feel in the lead is expressed by the
relation,

!

T JH
e

Te

"2

= 1 +
24

π2

G

Gm

!

1 +
2G

Gm

"!

eVsd
2kBTe

"2

(4)

where Gm is the conductance of the 2DEG leads. If
we can neglect the electron heating effect, we can take

F =

P
n Tn(1� Tn)P

n Tn

T. Muro et al., Phys.  Rev. B 93, 195411 (2016)



revealing charge unit of charge carriers
• for low transmission: Tn ⌧ 1
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Since Millikan’s famous oil-drop experiments1, it has been well
known that electrical charge is quantized in units of the charge of
an electron, e. For this reason, the theoretical prediction2,3 by
Laughlin of the existence of fractionally charged ‘quasiparti-
cles’—proposed as an explanation for the fractional quantum
Hall (FQH) effect—is very counterintuitive. The FQH effect is a
phenomenon observed in the conduction properties of a two-
dimensional electron gas subjected to a strong perpendicular
magnetic field. This effect results from the strong interaction
between electrons, brought about by the magnetic field, giving
rise to the aforementioned fractionally charged quasiparticles
which carry the current. Here we report the direct observation of
these counterintuitive entities by using measurements of quantum
shot noise. Quantum shot noise results from the discreteness of
the current-carrying charges and so is proportional to both the
charge of the quasiparticles and the average current. Our
measurements of quantum shot noise show unambiguously that
current in a two-dimensional electron gas in the FQH regime is
carried by fractional charges—e/3 in the present case—in agree-
ment with Laughlin’s prediction.

The energy spectrum of a two-dimensional electron gas (2DEG)
subjected to a strong perpendicular magnetic field, B, consists of
highly degenerate Landau levels with a degeneracy per unit area
p ¼ B=f0, with f0 ¼ h=e the flux quantum (h being Plank’s con-
stant). Whenever the magnetic field is such that an integer number n
(the filling factor) of Landau levels are occupied, that is n ¼ ns=p
equals an integer (ns being the 2DEG areal density), the longitudinal
conductivity of the 2DEG vanishes whereas the Hall conductivity
equals ne2/h with very high accuracy. This phenomenon is known as
the integer quantum Hall (IQH) effect4. A similar phenomenon
occurs at fractional filling factors, namely when the filling factor
equals a rational fraction with an odd denominator q and is known
as the fractional quantum Hall (FQH) effect5. In contrast to the IQH
effect, which is well understood in terms of non-interacting elec-
trons, the FQH effect cannot be explained in such terms and is
believed to result from interactions between the electrons, brought
about by the strong magnetic field.

Laughlin2,3 had argued that the conduction properties, observed
in the FQH effect, could be explained in terms of quasiparticles with
a fractional charge, Q ¼ e=q. Several experiments attempted to
observe the fractional charge directly; the early Aharonov-Bohm
measurements6 were proved to be in principle inadequate to reveal
the fractional charge7,8. More recently, in an experiment based on
resonant tunnelling, Goldman and Su9 claimed to have measured
the fractional charge. However, in a similar experiment, Franklin
et al.10 interpreted the results differently. The difficulty in such
experiments is that the results do not provide the charge of
individual particles unless Coulomb blockade arguments are
invoked. Quantum shot noise, on the other hand, probes the
temporal behaviour of the current and thus offers a direct way to
measure the charge. Indeed, in 1987 Tsui11 suggested that the
quasiparticle’s charge could in principle be determined by measur-
ing quantum shot noise in the FQH regime. However, no theory was
available until Wen12 recognized that transport in the FQH regime
could be treated within a framework of one-dimensional interacting
electrons, propagating along the edge of the two-dimensional plane,
making use of the so-called Luttinger liquid model. Based on this
model, subsequent theoretical works13–15 predicted that quantum
shot noise, Si, generated by weak backscattering of the current, at
fractional filling factors n ¼ 1=q and at zero temperature, should be

Figure 1 The total current noise inferred to the input of the preamplifier as a

function of the input conductance at equilibrium (circles). The measured noise is

a sumof thermal noise, 4KBTG (leading to a straight line) and the constant noise of

the amplifier. This measurement allows the determination of both the tempera-

ture of the 2DEG as 57mK and the amplifier’s current noise as SiðG ¼ 0Þ ¼
1:1 3 102 28 A2 H2 1

3 . Inset, the QPC embedded in the two-dimensional electron gas

is shown to be connected to an LCR circuit at the input of a cryogenic preamplifier.
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proportional to the quasiparticle’s charge Q ¼ e=q and to the back-
scattered current IB:

Si ¼ 2QIB ð1Þ

To realize such a measurement we utilized a quantum point contact
(QPC)—a constriction in the plane of a 2DEG—that partly reflects
the current. The high-quality 2DEG, embedded in a GaAs–AlGaAs
heterostructure, ,100 nm beneath the surface, has a carrier density,
ns, of 1011 cm−2 and a mobility, m, of 4:2 3 106 cm2 V 2 1 s 2 1 at 1.5 K
in the dark. The QPC is formed by two metallic gates evaporated on
the surface of the structure, separated by an opening of ,300 nm
that is a few Fermi wavelengths wide (see inset to Fig. 1). By applying
negative voltage to the gates with respect to the 2DEG, thus
imposing a local repulsive potential in the plane of the 2DEG, one
can controllably reflect the incoming current. The sample was
inserted into a dilution refrigerator with a base temperature of
,50 mK. Noise measurements were made by employing an extre-
mely low-noise home-made preamplifier, placed in a 4.2 K reservoir.
The preamplifier was manufactured from GaAs transistors, grown
in our molecular beam epitaxy system. The preamplifier has a
voltage noise as low as 2:5 3 10 2 19 V2 Hz 2 1 and a current noise of
1:1 3 10 2 28 A2 Hz 2 1 at 4 MHz.

Current fluctuations, generated in the QPC, were fed into an
inductance–capacitance–resistance (LCR) resonant circuit, with
most of the capacitance contributed by the coaxial cable which
connects the sample at 50 mK to the preamplifier at 4.2 K. Outside
the cryostat the amplified signal was fed into an additional amplifier
and from there to a spectrum analyser which measured the current
fluctuations within a band of ,100 kHz about a central frequency of
,4 MHz. As the absolute magnitude of the noise signal is of utmost
importance, a careful calibration of the total gain from the QPC to
the spectrum analyser was done by utilizing a calibrated current
noise source. This allows the translation of the spectrum analyser
output into a spectral density of current fluctuations (current
noise). Although our amplifier has excellent characteristics it still
introduces current fluctuations into the circuit. This unwanted
current noise must be subtracted from the total measured noise
to extract the noise associated solely with the QPC. By measuring
the total current noise while varying the conductance, G, of
the unbiased sample (see Fig. 1), we deduce both the electron

temperature, T ¼ ðdSi=dGÞ=4kB (where kB is the Boltzmann con-
stant), and the contribution of our amplifier to the total noise
(extracted from the extrapolated total noise to zero conductance).
Note that the temperature we find, 57 mK, is very close to that of the
sample holder.

As the temperature, T, and the applied voltage, V, across the QPC
during our measurement are both finite, the results must be
compared with a more elaborate theory than that leading to
equation (1). Such general calculations were indeed performed
numerically16. An analytical general expression for the zero-
frequency spectral density of the current fluctuations is available for
a non-interacting single one-dimensional channel and is given by17–19:

Si ¼ 2g0tð1 2 tÞ QVcoth
QV

2kBT
2 2kBT þ 4kBTg0t ð2Þ

where the transmission of the QPC, t, is given by the ratio between
the conductance, G, and the quantum conductance, g0 ¼ e2=h. This
dependence was verified experimentally20,21 in the absence of a
magnetic field where electron–electron interactions are believed
to be non-crucial, with Q ¼ e. The same expression, with Q ¼ e=3
and g0 ¼ e2=3h, also does not deviate significantly from the numerical
calculations16 in the limit of weak backscattering of quasiparticles in
the FQH regime at n ¼ 1

3
and in addition reduces to equation (1) in

the zero-temperature limit ðVg0tð1 2 tÞ ¼ IBt < IBÞ. Comparing
our data with equation (2) will thus suffice to deduce the quasi-
particles’ charge.

Quantum shot noise measurements as a function of the current
through a partly pinched QPC were performed first in the absence
of a magnetic field. The results, after calibration and subtraction of
amplifier noise, are shown in Fig. 2. The transmission of the lower-
lying quasi-one-dimensional channel in the QPC is simply deduced
from the measured conductance normalized by 2e2/h (the factor 2
accounts for spin degeneracy). Our data fit almost perfectly the
expected noise of equation (2) using the measured electron tem-
perature without any fitting parameters.

The magnetic field was then swept from zero to 14 tesla. The
two-terminal conductance exhibits Hall plateaux, expected in the
IQH and in the FQH regimes (n ¼ 2

5,
3
5,

2
3 and 1

3 are clearly visible
with a plateau width of ,1 tesla around n ¼ 1

3
). At n ¼ 1

3
and full

Figure 2 Quantum shot noise as a function of direct current, I, through the QPC

without an applied magnetic field (circles). The solid line is equation (2) with the

temperature (57mK) deduced from Fig.1. The transmission, t, is 0.37.

Figure 3 Quantum shot noise as a function of the backscattered current, IB, in the

FQH regime at n ¼ 1
3
for two different transmission coefficients through the QPC

(circles and squares). The solid lines correspond to equation (2) with a charge

Q ¼ e=3 and the appropriate t. For comparison the expected behaviour of the

noise for Q ¼ e and t ¼ 0:82 is shown by the broken line.
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R. de-Picciotto et al,, Nature 389, 162 (1997)

F =

P
n Tn(1� Tn)P

n Tn
! 1 S = e hIi eV

kBT
� 1



spin current noise
• noise in spin current tunneling between two weakly coupled quantum magnets (i.e., low 

transmission limit):

weak exchange coupling  
(i.e., weak transmission of spin-1 excitations)

noiseless spin current noisy spin current

• consider two quantum magnets coupled weakly via exchange interaction
What are the consequences of quantized spin transmission on the spin current 

noise: spin Fano factor?

what are the consequences of this crossover from boson-like to fermion-like 
spin injection physics as s approaches the quantum limit?

• consider tunneling spin excitations with different statistics:
- large-s magnon system: multiple spin-1 excitations can be injected simultaneously into a 

single site ➜ theoretical description of the injection process in terms of tunneling bosonic 
quasiparticles, i.e., magnon (the “Holstein-Primakoff paradigm”).

- s=1/2 quantum magnet: cannot inject two or more spin-1 excitations into a single site at a 
time ➜ theoretical description of the injection process in terms of tunneling fermions ➜ 
injection process subject to Pauli blockade



s=1/2 one-dimensional quantum magnet
• xxz quantum antiferromagnet chain:

• amenable to rigorous theoretical analysis: Bethe ansatz, bosonization, DMRG, exact 
diagonalization, QMC, etc. A. Klümper, Quantum Magnetism, (Springer Berlin Heidelberg, Berlin, Heidelberg, 2004), pp. 349–379. 

H.-J. Mikeska and A. K. Kolezhuk, Quantum Magnetism,(Springer Berlin Heidelberg, Berlin, Heidelberg, 2004), pp. 1– 83. 

• relevance to experiments:

D. Hirobe et al., Nature Pays. 13, 30 (2016) 
H. Kühne et al., Phys. Rev. B 83, 100407(R) (2011)
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Figure 2 | Observation of negative spin Seebeck e�ect in Pt/Sr2CuO3. a, T dependence of eV/B measured in Pt/Sr2CuO3. The data for Pt/MgO are also
presented (see also Fig. 1f). The error bars represent the 68% confidence level (±s.d.). The lower and upper insets show sign reversal at about 180 K and
5 K, respectively. b, Experimental set-ups. In Pt/MgO (upper panel), the electric field ENNE arises via the normal Nernst e�ect in Pt. In Pt/Sr2CuO3 (lower
panel), the electric field ESHE also arises via the inverse spin Hall e�ect in Pt. c,d, B dependence of eV measured in Pt/Sr2CuO3 at various temperatures. The
lines are fits to the data points. The inset to d shows the data taken up to 9 T at 15 K. e–g, Dependence of V on 1T at 260 K (e), 15 K (f) and 3 K (g) at 1 T. In
all of these cases, V is proportional to 1T.

to Fig. 3e). The result shows that the spin-current injection from
Sr2CuO3 takes place only when heat current is applied along the
spin chain; the spin angular momentum flowing along the spin
chains of Sr2CuO3 dominates the spin-current injection observed
in the present study. The small negative signal of eV/B for the
rT ? b axis (Fig. 3e) might be attributed to an inevitable slight
misalignment in the rT direction from the b axis (6�). We also
note that the thermal conductivity and magnetic susceptibility of
Sr2CuO3 are almost isotropic along the a and b axes18, and therefore,
the voltage suppression cannot be attributed to a reduction in the
magnitude of either rT or the field-induced magnetic moment.
The negative and anisotropic LSSE is evidence that spin current
is generated and conveyed by spinons through the spin chains
of Sr2CuO3. Although seemingly similar results were reported for
several three-dimensional materials, or Gd3Fe5O12 and DyScO3,
the origins are completely di�erent from that of the spinon LSSE.
The negative sign of LSSE observed in the ferrimagnet Gd3Fe5O12
is attributed to competition in the spin injection between the
di�erent ordered magnetic ions27; in contrast, the magnetic ions
of Sr2CuO3 are Cu2+ alone along with spin fluctuation down to
⇠5K. Additionally, the anisotropic LSSE in a paramagnetic state of

the antiferromagnet DyScO3 is due simply to the strong anisotropy
of the magnetic susceptibility while an origin of the negative sign
remains to be elucidated22.

Finally, we turn to a theoretical formulation of the spinon LSSE in
the present system. On the basis of a microscopic theory for LSSE28

(see Supplementary Sections A and B), the spin current Is injected
from a magnet to a metal is given by

Is =� A
T 2

Z 1

�1
d!Im��+(!)ImX�+(!)

�T
sinh2(!/(2T ))

(1)

where ! is the angular frequency, �T is the temperature di�er-
ence between the magnet and the metal, T is the mean value
of the two temperatures, and A is a material-dependent factor
(see Supplementary Section B). X�+ and ��+ denote dynamical
spin susceptibilities of the magnet and the metal, respectively. This
formula can be applied to various magnetic phases (either mag-
netically ordered or disordered). We note that phenomenological
transport theories for LSSE9 have also been developed and applied
to ordered magnets, and in the formula (1), spinon coherent dy-
namics with a long mean free path is taken into account via the

32
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Sr2CuO3 and a Pt film. A temperature gradient, rT, is generated along the spin chains (b axis) by applying a temperature di�erence, 1T. B denotes an
external magnetic field and T the system temperature. c, Configuration of quantum spin chains in the experimental set-up. A Cu–O chain is set along rT.
d, Schematic illustration of the inverse spin Hall e�ect. An electric field, ESHE, arises in the direction of Is ⇥� in Pt. Here Is and � are the spatial direction and
the spin-polarization direction of spin current, respectively. e, B dependence of eV =V/1T, the voltage V divided by the temperature di�erence 1T, in a Pt
film put on a single-crystalline MgO. The dashed lines are fits to the data points. f, T dependence of eV/B measured in Pt/MgO. The error bars represent the
68% confidence level (±s.d.).

generation and transmission in Sr2CuO3, a typical paramagnetic
insulator in which the spinon picture has well been established1.

Figure 1b is a schematic illustration of the experimental set-
up used in this study. The sample consists of a single crystal
of Sr2CuO3 and a Pt thin film. The Pt film is used as a spin-
current detector based on ISHE, in which spin current is converted
into an electromotive force, ESHE (Fig. 1d). The spin chains in
Sr2CuO3 are set normal to the Pt film plane (Fig. 1c). A temperature
gradient, rT , was generated along the spin chains by applying the
temperature di�erence 1T between the top of the Pt film and the
bottom of Sr2CuO3 (see also Fig. 1b). The voltage di�erence V is
measured between the ends of the Pt filmwhile applying an in-plane
field, B.

First, we measured the 1T -induced voltage in a Pt film without
Sr2CuO3. In this simple film, the voltage is produced via the normal
Nernst e�ect of Pt alone22. In Fig. 1e, we show the magnetic field
B dependence of the voltage at several temperatures. The voltage
eV =V/1T (the voltage V divided by the temperature di�erence
1T ) was found to be proportional to B. In Fig. 1f, we show the
temperature T dependence of the slope eV/B (that is, the Nernst
coe�cient of Pt). The sign of eV/B is positive for the entire range of
T , showing that the sign of the normal Nernst e�ect of Pt is positive
in the whole temperature range in the present set-up.

The temperature dependence of eV/B for Pt changes dramatically
when Sr2CuO3 is attached to Pt. Figure 2a shows the T dependence
of eV/B for Pt/Sr2CuO3. The sign of eV/B is positive around room
temperature, the same sign as the normal Nernst e�ect in the
simple Pt film. With decreasing T , surprisingly, the sign of eV/B
reverses around 180K and is negative below this temperature (see
also Fig. 2c,d). In addition, another sign reversal takes place with
decreasing T further and eV/B changes to positive below about 5K,
which is comparable to the Néel temperature of Sr2CuO3 (ref. 16).
These sign reversals show that the negative eV/B component appears

by attaching the insulator Sr2CuO3 and that it dominates at low
temperatures, but disappears following the Néel ordering. The
negative sign of eV/B cannot be explained by the normal Nernst
e�ect of Pt, but it is the very feature of the aforementioned
spinon LSSE. On the other hand, the sign of the LSSE voltage
for Pt/conventional ferromagnets, ferrimagnets or antiferromagnets
is the same as that of the normal Nernst e�ect of Pt in the
present set-up7,8,23. The sign reversal around 180K is attributed to
a competition between such a negative eV/B component and the
positive component due to the normal Nernst e�ect of Pt.

The sign reversal of eV/B was found to be related to spin-current
injection from Sr2CuO3 as follows. In Fig. 3a, eV/B measured for
W/Sr2CuO3 is plotted as a function of T (red data points), where
W exhibits negative ISHE; the sign of ISHE of W is opposite to
that of Pt (ref. 24). In W/Sr2CuO3, eV/B is always positive and does
not exhibit any sign reversal (see also Fig. 3c,d), and remarkably, a
V/1T peak with positive sign appears around 20K (pink arrow
in Fig. 3a): the opposite peak sign to that of Pt/Sr2CuO3 (blue
arrow in Fig. 3a). The sign change between W and Pt shows that
the low-temperature V/1T signal is attributed mainly to ISHE
due to spin current injected from Sr2CuO3. We note that the peak
temperature ⇠20K is not the same as the temperature at which
the spin thermal conductivity reaches its maximum (⇠50K for
a high-purity Sr2CuO3; ref. 25); similar results were reported for
conventional spin waves in ferrimagnet Y3Fe5O12 (refs 10,26).

In Fig. 3e, eV/B was compared between the rT kb-axis and the
rT ?b-axis configurations. The b axis is the spin-chain direction of
Sr2CuO3, and thus in the rT kb-axis (rT ?b-axis) configuration,
the heat current flows parallel (normal) to the spin chains. Clearly,
the negative eV/B peak observed in Pt/Sr2CuO3 is suppressed when
rT ?b axis: the amplitude of eV/B at 20K is one order ofmagnitude
less than that in the rT kb-axis configuration (see also Fig. 3g,h).
The suppression was confirmed also in W/Sr2CuO3 (see the inset
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relaxation rate and showing excellent agreement with field 
theoretical methods
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states. In the conformal field theory, we replace !M →
(!M − nimp), !D → (!D − dimp), where !M and !D are
integers, determining the finite-size spectra of the chain,8

and nimp = ±(
√

K − 1) and dimp = −(1/2
√

K)nimp are the
parameters of high-energy states of the AFHC model. Thus, in
Eq. (1) we have to replace γ ′ → (1/2) − (

√
K/2) + (K/4) for

a high-energy hole, and γ ′ → (1/2) + (1/K) − (1/2
√

K) +
(K/4) − (

√
K/2) for a high-energy excitation. In Eq. (2)

we need to replace the exponent γ → (9K/16) − (1/2) −
(3

√
K/4) for a high-energy hole, and γ → (1/K) + K −

(1/2) + (
√

K/2) − (1/2
√

K) for a high-energy excitation.
The behavior of the longitudinal homogeneous component of
the DSF, Eq. (3), is, obviously, not renormalized. In Eq. (4)
we have to replace the exponent K → (1/2) − (1/2

√
K) +

(1/4K) + (9K/16) − (3
√

K/4) for a high-energy hole and
K → (1/2) − (1/2

√
K) + (1/4K) + (K/4) − (

√
K/2) for a

high-energy excitation. The T and B dependencies of the
components of the DSF, obtained within that conjecture, do
not agree with our experimentally observed data. It can be
explained as follows. A small interval of quasimomenta of
spinons near ω = 0 mostly contributes to T −1

1 . In that interval,
one expects the “traditional” LL exponent near the Fermi point,
and renormalized exponents close to the edges of the interval,
with a smooth crossover. The calculation of that crossover is a
subtle point, not yet performed. Our NMR experiments suggest
that the main contribution to T −1

1 comes from the region where
the traditional exponent is applicable.

The NMR measurements were performed in two different
standard NMR setups, each with a superconducting magnet,
a 4He temperature insert, and a commercial/homebuild spec-
trometer. An inversion-recovery pulse sequence was used to
measure the 13C nuclear relaxation rate T −1

1 . To ensure well-
defined comparability with the theory for Sxx , the hyperfine
form factor Fz, which scales the contribution of Szz to T −1

1 ,
was minimized. This was done via an orientation-dependent
study of the NMR frequency shift and T −1

1 , determining the
angle ̸ (B,b) = 50◦ in the b-c plane.5 In this orientation the
critical field is Bs = (2J/h̄γe) = 14.6 T, adjusted according to
the anisotropic g factor from recently published ESR results.15

In this case we have

T −1
1 = F

′x
s (q)Sxx

s + F
′x
h (q)Sxx

h , (5)

leaving only the two form factors and the cutoff α as free
parameters to fit our calculations to the experimental data.16

The results of this fit procedure are shown in Figs. 2 and 3.
The B dependence of T1

−1, shown in Fig. 2, is reproduced by
considering only Sxx

s . For fields larger than Bs , a spin excitation
gap opens linear with B − Bs , leading to an exponential decay
of the relaxation rate. We find an excellent agreement between
our calculations and the NMR experiment for the whole region
of fields, in particular near the QPT.

The temperature dependence of T −1
1 at different fields

is shown in Fig. 3. The values of F
′x
s (q) and α, obtained

from the fit of the field dependence, were kept constant for
the scaling of Sxx

s at all B and T . At B close to Bs , the
experimental and theoretical NMR relaxation rates show a
diverging behavior as T → 0. This singularity occurs when
B, acting as the chemical potential for spinons, crosses the
boundary of the dispersion relation (at this QPT, v goes to

FIG. 2. (Color online) B dependence of T1
−1 at kBT /J = 0.15

(error bars are within symbol size). The effective field theory results
for the AFHC model are given by the solid (black) line for fields up to
Bs . Above Bs , an exponential function was fitted to the data [dashed
(blue) line]. The relaxation rates resulting from the model with
fermion-fermion interactions taken in the mean-field approximation,
given by the dotted (orange) line, diverge at B = Bs at all T .

zero); cf. Eq. (1). Again, the critical regime, i.e., T −1
1 (T )

at 12.8 T and 13.8 T, is fully described by F
′x
s (q)Sxx

s .
Note that one expects the accuracy of the field-theoretical
calculations to significantly decrease for T > J/kB . The
agreement with experiment is, nevertheless, surprisingly good
for the whole region of temperatures measured, with T −1

1
becoming almost T independent at high temperatures. At low
fields, the experimental rates show an approximately linear
T dependence up to T ∼ 2J/kB (cf. inset of Fig. 3). In this
field regime, Sxx

s is almost T independent and Sxx
h , linear in T ,

becomes relevant. To avoid the unphysical divergence of Sxx
h

at very low fields, in the fit of 1/T1 at 2 T and 6 T according
to Eq. (5) for T < J/h̄γe, we used, as discussed above, Szz

h

FIG. 3. (Color online) Comparison of temperature-dependent
experimental (symbols) and theoretical (lines) T1

−1 rates at different
external fields. At low fields (see inset), an additional contribution
from the homogeneous DSF is included in the theoretical rates (see
text).
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quantum spin limit (fermionic)
• two weakly coupled semi-infinite s = 1/2 xxz antiferromagnet chains

• axial symmetry about z axis: spin current = z polarized spin current

- spin current driven into the injection chain by spin Hall effect and magnetic field bias.
- temperature T1 of injection chain elevated above temperature T2 of measurement chain.

• two types of biases (chemical bias and thermal bias):

• focus on tunneling spin current between chains, its dc noise and spin Fano factor

F =
S

I

injection chain measurement chain

T1 T2spin source spin detector

⊗
jc

B
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)
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model
• two semi-infinite spin chains (injection chain: ν = 1; measurement chain: ν = 2):

• coupling @ j = 0:
Ĥc = JcŜ1,j=0 · Ŝ2,j=0

• magnetic-field bias Hamiltonian:

Ĥ
b

= ~�B
Z �x0

�1
dx Ŝz

1 (x) =
µ
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Z �x0

�1
dx @

x
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chemical bias
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• semi-infinite boundary conditions:

• long-wavelength description (gapless regime: Δ < 1):

['̂⌫,R(x), '̂⌫0,R(x
0)] = �['̂⌫,L(x), '̂⌫0,L(x

0)] = i⇡K�⌫⌫0 sgn(x� x

0)

- chiral mode speed:

- Luttinger parameter:

u = ⇡vF
p

1��

2/2 cos�1
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K = [2� (2/⇡) cos�1
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�1
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theory and results
• tunneling spin current (outflow of spin current from injection chain):

Î(t) = �~@t
X

j

Ŝz
1,j(t)

• Keldysh calculation for weak-coupling:

I = hÎ(0)i = �i

~

Z
dt0✓(�t0)h[Î(0), Ĥc(t

0)]i0 S =

Z
dt hÎ(0)Î(t)i0

- thermal averages in chain 1 with respect to
- thermal averages in chain 2 with respect to Ĥ2, T2

Ĥ1 + Ĥb, T1

• spin current and dc noise:
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weak exchange coupling  
(i.e., weak transmission of magnons)

classical (large-S) limit
• magnon flow across two weakly coupled magnon baths:

B

- magnon dispersion:

• two large-s Heisenberg ferromagnets in a uniform magnetic field (e.g., YIG can be 
modeled with s = 14, a = 12Å):

• interface coupling:

Ĥm
⌫ = �J

2

X

j,�

Ŝ⌫,j · Ŝ⌫,j+� + ~�B
X
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Ŝz
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k

"kb̂
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Jckpb
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theory and results
• spin current (outflow of spin current from bath 1):

Sm =

Z 1

�B
d! g(!)[n1(!) + 2n1(!)n2(!) + n2(!)]
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- magnon tunneling density of states

magnon spectral function
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• Keldysh calculation for weak coupling:
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spin Fano factor — magnon case
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spin Fano factor — quantum chain case
• nonzero chemical bias, equal temperature

µ � kBT2

Bunched Poissonian tunneling of spin-1 excitations

• zero chemical bias, unequal temperature
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chemical bias effects

• in the low-energy long-wavelength limit in which spin chain is well-described by the 
(gaussian) Tomonaga-Luttinger model, spin current vanishes for any T1 and T2 if chemical 
bias is zero.

thermal effects

• noise does not vanish for zero chemical bias ➜ Fano factor diverges.

chemical bias effects thermal effects
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Irrelevant terms (e.g., umklapp term, band curvature, etc.) may give rise to a finite current. 
How does the Fano factor change in that case?

spin Fano factor — quantum chain case



Pauli blockade in noise — quantum chain case
• manifestation of Pauli statistics of spin-1/2 operators in the dc spin current noise:
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Pauli blockade in noise — quantum chain case
• exchange coupling is hopping of fermionic quasiparticles:

Ĥc = JcŜ1,j=0 · Ŝ2,j=0 ⇠ ĉ†1,j=0ĉ2,j=0 + h.c.

Jordan-Wigner fermions
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experimental extraction of noise

noise generated by bias

• spin current noise in the detector metal: if no additional noise is generated when 
impinging spin current flows into the detector metal:

injection chain measurement chain

T1 T2spin source detector

⊗
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equilibrium noise

• excess spin current noise:

• excess charge current noise generated via inverse spin Hall effect:
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experimental extraction of spin Fano factor
• charge current generated by injected spin current:

injection chain measurement chain

T1 T2spin source detector

⊗
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Ie = ⇥I

• charge Fano factor:
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• obtain the unknown pre-factor first in the limit of strong chemical bias: µ � kBT2
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summary and outlook
• spin current noise can reveal underlying quantum statistics of tunneling spin excitations: 

crossover from bosonic tunneling physics to fermion tunneling physics as spin quantum 
number approaches quantum limit.

• spin Fano factor reveals the spin unit of tunneling spin excitations
• additional noise generated during measurement process? A quantitative theory of 

conversion between spin current noise and measured charge current noise is necessary.
• effects of irrelevant operators?


