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Suppression of shot noise in a dirty marginal Fermi liquid
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We study shot noise in a two-dimensional, disordered marginal Fermi liquid (MFL) driven out of equilibrium.
We consider electrons with Planckian dissipation on the Fermi surface coupled to quantum-critical bosons in
the presence of disorder. In the noninteracting and strong electron-boson drag limits, MFL effects disappear and
our theory reproduces known results. For the case where the bosons remain in equilibrium, inelastic scattering
strongly suppresses the noise by dissipating the injected energy. Interestingly, we find that MFL effects do play a
role in this regime, and give a weak enhancement on top of the otherwise strong suppression. Our results suggest
that shot noise can be strongly suppressed in quantum-critical systems, and this scenario may be relevant to
recent measurements in a heavy-fermion strange metal.
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Introduction. Shot noise in electronic transport measures
the correlation of current fluctuations

Sshot =
∫

dt〈δÎ (t )δÎ (0) + δÎ (0)δÎ (t )〉, (1)

when the system is driven out of equilibrium by a voltage V
[1,2], where δÎ (t ) = Î (t ) − 〈I〉 is the current fluctuation and
t is time. The associated Fano factor F = Sshot/(2 e I ) (e is
the electric charge, and I = 〈I〉 is the electric current) offers a
unique way to probe the effective charge of carriers in meso-
scopic systems, such as superconductor tunneling junctions
[3], fractional quantum Hall devices [4,5], and quantum-dot
Kondo systems [6,7].

Shot noise in a diffusive wire has been widely stud-
ied [1,2,8–16]. In the noninteracting limit, F = 1/3 due to
the Dorokhov statistics [1,10,11,14,15]. In the presence of
electron-electron interactions, F acquires a nonuniversal en-
hancement at weak coupling [14] and becomes universal F =√

3/4 at T = 0 (T is temperature) in the strongly interacting
hydrodynamic limit [13,14]. Meanwhile, inelastic electron-
phonon scattering suppresses F in a nonuniversal manner
[10,16].

In a recent experiment, shot noise measurements on a
heavy-fermion strange metal YbRh2Si2 reveal a strongly sup-
pressed Fano factor F [17]. Experimental determination of
the electron-phonon coupling seemingly rules out electron-
phonon scattering as the mechanism [10,16]. This intriguing
result calls for a new theoretical description of shot noise in
quantum-critical systems without well-defined quasiparticles.

In this Letter, we investigate the shot noise in a two-
dimensional (2D), disordered marginal Fermi liquid (MFL)
[18,19]. In this model, electrons are strongly coupled to
quantum-relaxational bosons in the presence of quenched dis-
order, leading to electronic Planckian dissipation. Our main
physical result is that the adjusted Fano factor

Fadj(T,V ) ≡ (Sshot − SJN)/(2σDeV ), (2)

which characterizes the excess noise, is strongly suppressed
when the quantum-critical bosons remain in equilibrium.
Here, SJN = 4T σD denotes the equilibrium Johnson-Nyquist
noise and σD is the Drude conductivity. Throughout this Let-
ter, we adopt the units kB = h̄ = 1.

A regime wherein bosons remain in equilibrium can arise
when interactions among critical fluctuations dominate the
boson kinetics, instead of boson-fermion scattering. The
corresponding Fadj as a function of eV/T is illustrated in
Figs. 1(a) and 1(b) for different values of the dimensionless
squared boson-fermion coupling ḡ2 = g2/(4π2γel ). Here, γel

is the impurity scattering rate. Excess noise is determined
by the critical interaction through the electron temperature Te

[Eq. (3), below] and the MFL correction to the shot noise.
The former is suppressed by the rate of inelastic electron-
boson scattering [10,16], while the latter slightly enhances the
Fano factor due to nonequilibrium effects. We quantify the
MFL correction through the ratio R illustrated in Figs. 1(c)
and 1(d). The parameter a ≡ α/αm labeling these plots is
inversely proportional to the thermal mass m2

b of the bosons
[see Eq. (6)]. Overall, a lighter thermal mass (larger a) screens
the quantum-critical interaction less and thus boosts the sup-
pression. Notably, we find that Fadj can fall well below 1/3.

In the crossover regime where eV � T , Fadj decreases as T
increases [Figs. 1(a) and 1(b)], in agreement with the recent
experimental observation [17]. We find an effective electron
temperature that is spatially homogeneous except near the
contacts (see Fig. 4), given by

Te � [θḡ D(eE )2 + T 3]1/3, (3)

where θ−1
ḡ ≡ 2πζ (3)ḡ2, D is the diffusion constant, and E is

the applied electric field. As the interaction strength ḡ2 in-
creases, energy is transferred more rapidly from the electrons
to the bosons, which serve as a heat sink, resulting in a more
suppressed Te. Equation (3) holds for a � 1. For a � 1, a
weaker (roughly 1/4) power-law is instead obtained,

Te(a � 1) ∼ [(c/aḡ2)T D(eE )2 + T 4]1/4, (4)

2469-9950/2024/110(8)/L081102(6) L081102-1 ©2024 American Physical Society

https://orcid.org/0000-0002-6074-6934
https://ror.org/008zs3103
https://ror.org/008zs3103
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.L081102&domain=pdf&date_stamp=2024-08-01
https://doi.org/10.1103/PhysRevB.110.L081102


TSZ CHUN WU AND MATTHEW S. FOSTER PHYSICAL REVIEW B 110, L081102 (2024)

FIG. 1. (a), (b) Plot of the adjusted Fano factor Fadj [Eq. (2)]
and (c), (d) the marginal-Fermi-liquid (MFL) correction factor R
[Eq. (25)]. The latter arises due to the combination of Planckian
dissipation (the MFL self-energy) and the Maki-Thompson diagram
shown in Fig. 3(b). All results are plotted as a function of eV/T ,
where V is the voltage and T is the boson temperature, based
on Eqs. (24) and (25) in the equilibrium boson regime. Here, the
parameter a ≡ α/αm is inversely proportional to the bosonic ther-
mal mass m2

b = αmT [see Eq. (6)]; ḡ2 denotes the reduced squared
Yukawa coupling. Fadj is suppressed as the interaction strength ḡ2

increases (black to yellow). The parameters are γel = 10, T = 0.05,
and ETh = 2 × 10−3. Our plotted results for Fadj artificially approach√

3/4 for ḡ2 = 0 and eV 	 T because of the assumed Fermi-Dirac
distribution, Eq. (17). For ḡ2 > 0, the device length L is always
taken to be much longer than the electron-boson scattering length
at the wire center. (c) and (d) indicate that the lack of well-defined
quasiparticles gives a weak enhancement of the noise, on top of the
main effect of dissipative suppression by the boson bath.

where c is a constant (see Fig. 2). Our results in Eqs. (3) and
(4) are reminiscent of a holographic prediction [20]. The field
appears through the combination (eV )2ETh in Eqs. (3) and

FIG. 2. Power-law dependence of Te/T on b ≡
(eV )2ETh/(8T 3ḡ2) for different a [see Eqs. (3) and (4)].

(4), relevant in the diffusive regime; here, ETh = D/L2 is the
Thouless energy and L is the device length. The power law in
Eq. (4) is consistent with the experimental data in Ref. [17],
although we do not expect our 2D theory to apply directly to
a bulk heavy-fermion material (see the Supplemental Mate-
rial [21] for a more detailed analysis). The power in Eq. (3)
differs from the electron-phonon result [14] because the latter
depends upon the Debye energy; for the 2D MFL, only the
dimensionless ḡ2 enters.

When the bosons and leads reside at T = 0, we find

Fadj(T = 0) = F � 2Teff

eV
J0

(
ḡ2π Teff

γel

)
, (5)

where J0(y) = (1 + y)/(1 + y ln 2) and the effective elec-
tronic temperature Teff = Te(T = 0) in Eq. (3).

We focus here on the dirty MFL because recent theoretical
studies suggest that disorder is crucial for strange metallicity
observed in many quantum materials [18,22–24]. The inter-
play of disorder, Planckian dissipation, and quantum effects
results in interesting consequences for transport [18,22–24]
and superconductivity [19,25]. Due to disorder smearing, the
critical bosonic propagator acquires a quantum relaxational
form, with the retarded component being [18,23,24,26]

DR
ω,q = −[

2
(
q2 − i α ω + m2

b

)]−1
. (6)

Here, q is momentum, ω is frequency, m2
b = αm T is the

thermal mass arising due to quartic self-interactions among
the bosons [18,23,24,27], while α and αm are model-specific
parameters. The quantum relaxational bosons give arise to a
MFL self-energy [18,22–24,28] for electrons at equilibrium.
The fermionic and bosonic propagators are in sharp contrast
with their counterparts in the clean limit [29–31], and of-
fer possible sources for the linear-T resistivity observed in
strange metals [18,22–24].

We investigate the shot noise using the Keldysh formalism
[1,32]. We evaluate the interaction corrections via the bubble
[Fig. 3(a)] and Maki-Thompson diagrams (MT) [Fig. 3(b)]
using the nonequilibrium electron distribution function. The
latter is governed by the kinetic equation derived from
the MFL-Finkel’stein nonlinear sigma model (MFL-FNLsM)
[1,18]. For bosons staying in equilibrium, we will show that
the excess noise is strongly suppressed by the dissipation. On
the other hand, in the limit of strong electron-boson drag, con-
tributions from the MFL self-energy and MT diagram cancel
and we recover F = √

3/4 at T = 0 [13,14].
Model. We consider a 2D system with N flavors of

spinless, disordered electrons at finite density coupled to
SU(N ) matrix quantum-critical bosons with a Yukawa cou-
pling strength g [18,19,31,33] (formally in the unitary class
[34,35]). We restrict our attention to onsite impurity poten-
tial disorder and ignore the Sachdev-Ye-Kitaev (SYK)-type
randomness in g [36].

We focus on a wire geometry with a potential difference V
applied across the sample along x̂. We evaluate the shot noise
in Eq. (1) by computing the the Keldysh component of the
current-current correlator, which describes the correlation of
the stochastic fluctuations of the electric current [1].
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FIG. 3. Feynman diagrams for the Keldysh current-current cor-
relation function: (a) the bubble diagram [Eq. (8)] and (b) the
Maki-Thompson (MT) diagram [Eq. (10)]. Here, the black line is
the fermion Green’s function incorporating the MFL self-energy and
disorder scattering, while the red wavy line represents the quantum
relaxational bosonic propagator.

At the semiclassical level, we focus on the contribution due
to the bubble [Fig. 3(a)] and MT diagrams [Fig. 3(b)]:

Sshot = SB + SMT. (7)

The bold lines in the diagrams represent the fermionic Green’s
function at the saddle-point level [18], encoding the elastic
scattering rate due to disorder and the MFL self-energy. We
ignore the weak localization [1,37] and the Altshuler-Aronov
quantum corrections [18,38] arising from the interplay be-
tween the diffusive collective modes and the quantum-critical
bosons.

The shot noise due to the bubble diagram is

SB = σD

∫ L

0

dx

L

∫
dω

1 − Im 
R
ω(x)/γel

[
1 − F 2

ω (x)
]
, (8)

where σD = Ne2ν0D is the Drude conductivity, ν0 is the den-
sity of states, L is the length of the wire, and the imaginary
part of the nonequilibrium fermionic self-energy is [18]

Im 
R
ω(x) = ḡ2

2

∫ ∞

−∞
dν tan−1

(
αν

m2
b

)
[Fω+ν (x) − FB,ν (x)],

(9)

where Fε(x) and FB,ε(x) are respectively the generalized
fermionic and bosonic distribution functions, which are
governed by the kinetic equation discussed below. The center-
of-mass position x dependence arises from the potential
gradient applied across the wire. In the diffusive limit, the mo-
mentum dependence of the distribution functions is very weak
and can be ignored. The corresponding equilibrium versions
are F eq

ε = tanh(ε/2T ) and F eq
B,ε = coth(ε/2T ) [1,18,32,37]. In

this case, Eq. (9) reduces to the MFL form [18].
On the other hand, the contribution from the MT diagram

is [21]

SMT = i N e2

2d

∫ L

0

dx

L
IMT(x), (10)

where d = 2 is the dimension, and

IMT(x) � 2i g2 v2
F

∫
k,q,ω,ν

2 Im DR
−ν,−q

× GR
ω,kGA

ω,kGR
ω+ν,k+qGA

ω+ν,k+q F (ω, ν), (11)

the thermal factor

F (ω, ν) = FB,−ν

(
FωFω+ν − F 2

ω+ν + 1 − F 2
ω

)
+ FωFω+ν (Fω+ν − Fω ), (12)

and GR/A
ω,k is the retarded/advanced fermionic propagator. In

the above expression, we have dropped terms that vanish by
causality and ignored finite angle scattering terms. We explic-
itly check that SB and SMT reduce to the Johnson-Nyquist
noise at equilibrium [21], as expected by the fluctuation-
dissipation theorem [1,2].

It now remains to determine the distribution functions in
order to compute the interaction corrections to the shot noise.
The kinetic equation governing Fω in the diffusive regime can
be derived based on the saddle point of the MFL-FNLsM
[1,18,21]. The result is

−D ∇2
x Fω(x) = Steb[F ], (13)

where D = v2
F /4γel is the diffusion constant and the electron-

boson collision integral is given by

Steb[F ] = 4g2
∫


,q
Im GR

ω+
,p+q Im DR

,q

× {FB,
(x)[Fω+
(x) − Fω(x)]

− [1 − Fω+
(x)Fω(x)]}. (14)

In equilibrium, Steb[F ] = 0. Fω(x) satisfies the boundary
conditions

Fω(0) = tanh

(
ω

2T

)
, Fω(L) = tanh

(
ω − eV

2T

)
. (15)

Results. In the absence of interactions, Steb[F ] =
Im 
R

ω(x) = 0 and Eq. (13) has the standard solution

F NI
ω (x) = (1 − x̄) tanh

( ω

2T

)
+ x̄ tanh

(
ω − eV

2T

)
, (16)

where x̄ = x/L. Plugging Eq. (16) into Eq. (8) yields the Fano
factor F = 1/3.

With interactions, we focus on the kinetic regime lel �
leb � L, where lel (leb) is the elastic (inelastic) scattering
length due to impurities (electron-boson collisions). In this
“hydrodynamic” limit, both the fermion and boson distri-
bution functions are expected to reflect local equilibration
throughout the bulk of the wire, although deviations can occur
near the contacts. Even with this constraint, however, different
limits are possible, depending upon the relationship between
the local electron and boson temperatures.

If electron-boson collisions occur much more frequently
than boson-boson scattering, then the bosons are driven away
from equilibrium with the electrons and share a common local
temperature (electron-boson drag regime). The distribution
function Fω acquires a local Fermi-Dirac form,

F hydro
ω (x) = tanh

[
ω − eV x̄

2Te(x̄)

]
, (17)

and FB,
 acquires a local Bose form,

F hydro
B,ω (x) = coth

[
ω

2Te(x̄)

]
, (18)

nullifying the collision integral in Eq. (14). The local temper-
ature profile Te(x̄) can be determined using Eq. (13) subjected
to the boundary conditions Te(0) = Te(1) = T [14]. In this
limit, the self-energy term 
R

ω(x) in SB [Eq. (8)] is canceled
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FIG. 4. Plot of the electron temperature profile Te(x̄) obtained by
solving Eq. (19). As the interaction coupling strength ḡ2 increases, Te

decreases, which suppresses the shot noise as a result. With a larger
bosonic thermal mass (smaller a), the suppression to Te is weakened
due to thermal screening. In the long wire limit with a finite ḡ2, Te

is essentially a constant except in proximity to the contacts. Here,
γel = 10, T = 0.05, ETh = 2 × 10−3, and V = 1.

by SMT [Eq. (10)] [21], as also occurs in the dc conductivity
calculation [18,23,24]. As a result, F = √

3/4 for T → 0 [14].
The physics is more interesting if we assume that

the fermions acquire a hydrodynamic distribution function
[Eq. (17)] while the bosons remain at equilibrium, i.e.,
FB,ω = F eq

B,ω, which can happen due to the boson-boson self-
interactions, boson-impurity collisions, and other sources of
scattering. In this regime, we can integrate both sides of
Eq. (13) to obtain a diffusion equation for the electron tem-
perature profile Te [14],

π2

6
∇2

x̄ T 2
e (x̄) = −(eV )2 + 1

2ETh

∫ ∞

−∞
dω ωSteb[F ], (19)

where ETh = D/L2 is the Thouless energy. We numerically
solve for Te using Eq. (19) and the results are shown in
Fig. 4. In the long-wire limit (L → ∞), the Laplacian term
in Eq. (19) can be dismissed and Te remains constant except
in proximity to the contacts. At low T , Te can be solved
approximately to give Eq. (3) [21], which is consistent with
the numerics.

Evaluating the shot noise using Eqs. (7), (8), (10), and (17),
we have

Sshot = 4 σD

∫ 1

0
dx̄ Te(x̄)J (x̄, ḡ2, T ), (20)

where

J (x̄, ḡ2, T ) = 1

2

∫ ∞

−∞
dω̄

IB(x̄, ω̄) + IMT(x̄, ω̄)

1 − Im 
R
2Teω̄

(x̄)/γel
, (21)

IB(x̄, ω̄) = 1 − tanh2 (ω̄ − eV x̄/2Te ), (22)

and

IMT(x̄, ω̄) = − ḡ2Te

γel

∫ ∞

−∞
d ν̄ tan−1

(
2a Teν̄

T

)
F (2Teω̄, 2Teν̄).

(23)

Here, the parameter a = α/αm and the position dependence on
Te is implicit. The corresponding formal Fano factor (defined
here for general eV/T ) is

F = 2

eV

∫ 1

0
dx̄ Te(x̄)J (x̄, ḡ2, T ). (24)

In the integrand, Te(x̄) arises from the solution to the kinetic
equation, as occurs for electron-phonon scattering [16], while
J (x̄, ḡ2, T ) [Eq. (21)] encodes MFL corrections that slightly
enhance F. Despite its complicated form, Sshot can be evalu-
ated analytically at T = 0, resulting in Eq. (5) [21]. Numerical
results for T > 0 are shown in Figs. 1(a) and 1(b).

We quantify the effects of the MFL self-energy and the
Maki-Thompson (MT) diagram through the ratio

R(ḡ, T ) =
∫ 1

0
dx̄ Te(x̄)J (x̄, T, ḡ2)

[∫ 1

0
dx̄ Te(x̄)

]−1

, (25)

which is illustrated in Figs. 1(c) and 1(d). Since the bosons
and fermions do not share the same temperature, i.e., T 
=
Te(0 < x̄ < 1), the contribution from 
R

ω(x) is not canceled,
in contrast with the boson-fermion drag and linear response
regimes. Similar to the phonon suppression mechanism, Fadj

decreases as the wire length L and the coupling strength ḡ2

increase. The MFL effects encoded in J and R(ḡ, T ) produce
a weak enhancement to the noise.

Conclusion. We have developed a theory for the suppres-
sion of shot noise in a 2D disordered MFL at the semiclassical
level using the Keldysh framework. Our theory reproduces
known results in the noninteracting and electron-boson drag
limits. If the quantum-relaxational bosons remain in equilib-
rium, shot noise is strongly suppressed in the nonuniversal
manner described by Eq. (24). This scenario may be relevant
to the recent experiment [17,21].

Our theory features a power-law temperature dependence
in the shot noise [Eqs. (3) and (4)], with an exponent that can
differentiate noise suppression mechanisms due to quantum-
critical bosons versus phonons [14,16]. Our results imply that
the suppression of shot noise does not necessarily correlate
to the absence of quasiparticles [17]. In fact, we find that
the nonequilibrium MFL self-energy and vertex correction
instead weakly boost the shot noise on top of the dissipative
suppression due to the bosons [Figs. 1(c) and 1(d)].

Our results contrast with a recent theory proposed in
Ref. [42], where a universal Fano factor of 1/6 is obtained
in the large-interaction variance limit g′2 → ∞ using the
SYK-type model with spatially random Yukawa couplings at
T = 0. The differences arise from the form of the electron
distribution function used; both calculations consider bosons
in equilibrium. We focus on the kinetic regime where lel �
leb � L, which generically admits electron and boson distri-
bution functions of local equilibrium form [16]. Moreover, for
a fixed voltage V , the Fano factor in Ref. [42] is independent
of L whereas our result vanishes as L → ∞ (for either fixed
voltage V or electric field strength V/L). Physically, as the
length of the nanowire increases, we expect the shot noise to
be further suppressed due to additional dissipation, consistent
with the case of electron-phonon interactions [16].

There are numerous intriguing avenues that merit fur-
ther investigations. From a theoretical perspective, it would
be interesting to explore the weak localization [1,37] and
Altshuler-Aronov [18,38] quantum corrections to shot noise.
It would also be valuable to explore the effects of other im-
purity distributions and the consequences a nonequilibrium
bosonic temperature by solving a separate kinetic equation for
the bosons. On the experimental front, it would be captivating
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to measure the shot noise in other quantum-critical systems
to determine the universality of the results and to test the pre-
dicted power-law temperature dependence. On the other hand,
it is worthwhile to explore the local temperature profile of the
nanowire, which can offer valuable insights into unveiling the
physical distribution function.
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