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This study leads to the investigation of the non-equilibrium electron relaxation in the normal state
of iron pnictides. Here we consider the relaxation of electrons due to their coupling with magnons and
phonons in the metallic state of iron pnictides using the memory function approach. In the present
model, electrons live at a higher temperature than that of the phonon and magnon baths, mimicking
a non-equilibrium steady state situation. Further we analyze theoretically the generalized Drude
scattering rate within the framework of Two Temperature Model and study the full frequency and
temperature behavior for it. In zero frequency regime, the rate of electron-magnon scattering and
electron-phonon scattering shows a linear temperature dependence at higher temperature values
greater than Bloch-Grüneisen temperature. Whereas at lower temperature values, T � ΘBG,
corresponding scattering rates follow the temperature behavior as (1/τe−p ∝ T 3) and (1/τe−m ∝
T 3/2), respectively. In the AC regime, we compute that 1/τ ∝ ω2 for ω � ωBG and for the
values greater than the Bloch-Grüneisen frequency, it is ω-independent. Also, in lower frequency
and zero temperature limit, we have observed the different frequency scale of electron-magnon and
electron-phonon scattering i.e (1/τ ∝ ω3/2) and (1/τ ∝ ω3). These results can be viewed with the
pump-probe experimental setting for the normal state of iron pnictides.

Keywords: Electronic transport in iron pnictide; memory function formalism; Non-equilibrium
electron relaxation, Iron pnictides, scattering by phonon and magnon
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I. INTRODUCTION

Non-equilibrium electron relaxation in metals has been
studied for a long time since the arrival of femtosec-
ond pump-probe spectroscopy[1–6]. In this method, the
photo excitation creates a non-equilibrium distribution
of otherwise Fermi distributed electrons (excited elec-
trons form a non-Fermi distribution for a very short
time scale of the order of tens of femto seconds). These
non-equilibrium electrons relax (among themselves) to
produce a Fermi distribution, but at ELEVATED tem-
peratures. This hot Fermi-Dirac distribution of elec-
trons then further relax via electron-phonon or electron-
magnon scattering, thereby transferring energy from hot
electrons to phonon or magnon bath. This is so called
the Two Temperature Model (TTM)[3–6]. Here Magnons
are bosons like phonon and follows the Bose-Eienstein
statistics[7, 8].

In the current study, we are interested in calculating
the relaxation time scale of hot electrons in single band
of Iron-based superconductors (IBSCs). We apply the
powerful mathematical technique known as the mem-
ory function formalism to analyze the electronic trans-
port in iron-pnictides. Since the last two decades, iron
pnictides have triggered new vistas among the research
community to explore the experimental and theoretical
aspects of these systems due to their potential tech-
nological applications[9–12]. Iron is known for its 3d -
orbital electron originated ferromagnetic material, while
iron pnictides are metallic with the co-existence of anti-
ferromagnetic and superconducting phase, which further
depends on doping level. IBSCs have a semi-metallic
parent compound and show small electronic anisotropy.
Iron-based superconductors possess a two-dimensional
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layered tetragonal crystal structure and their electronic
structure shows a complex behavior due to the presence
of multiband and multi-pockets over the Brillouin zone
in the momentum space[13]. We are familiar with the
multi-orbital nature of these systems. In such systems,
we can observe the intra and inter orbital excitations by
irradiating them optically. Therefore, these hot electrons
relax via electron-phonon and electron-magnon scatter-
ing. The present work forms a basis which can also be
extended to study the hot-electron relaxation in three
orbital model Hamiltonian of iron pnictides.

The imaginary part of the memory function defines
the generalized Drude scattering rate[14–17], inverse of
it will give us a time scale on which hot electrons relax
in IBSCs. The basic idea of the memory function ap-
proach is to study the time dependent correlation func-
tions systematically in the case of many-body correlated
systems. The merit of using Memory function is that
it directly deals with the dynamical behavior of elec-
tronic transport[4, 14–16, 18]. There is good number of
pump-probe experiments reported on iron-pnictides[19–
24]. With our study, we could be able to compare our
computed timescale with that obtained from optical ex-
periments.

In this connection, our findings are as follows: In the
normal metal state of IBSCs with isotropic energy dis-
persion and equilibrium situation (means that both tem-
perature baths are in equal state i.e. Te = Tp and
Te = Tm), the rate of electron-magnon scattering obeys
the power-law temperature dependence 1/τe−m propor-
tional to Tn with the exponent n = 3/2. While the rate
of electron-phonon scattering follows the cubic power-law
temperature dependence (1/τe−p ∝ T 3) in the case of low
phonon temperature over the Bloch-Grüneisen tempera-
ture (ΘBG) and zero frequency regime. However, in both
electron-magnon and electron-phonon study, at higher
temperatures, corresponding scattering rate shows the
linear temperature dependence (1/τe−m or 1/τe−p ∝ T ).
The zero temperature behavior is also studied.

This paper is organized as follows. In section II, we
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discuss the Hamiltonian model with electron-magnon in-
teraction II A and electron-acoustic phonon interaction
II B for the normal state of two dimensional iron based
superconductors and using the memory function formal-
ism to calculate the scattering rate in the presence of two
temperature baths (electron and phonon), and (electron
and magnon), respectively. Further, we explain the re-
sults analytically in different frequency and temperature
regimes over the Bloch-Grüneisen temperature (ΘBG).
In section III, we shows the behavior of scattering rate
due to hot electron relaxation via electron-phonon and
electron-magnon scattering in IBSCs numerically in all
the limiting cases. Finally, we summarize our results and
present our conclusions. To simplify the calculations, it
is customary to pass to the system of units in which the
frequently appearing Boltzmann constant and Planck’s
constant are set to unity i.e. kB = 1 and ~ = 1 through-
out the paper.

II. THEORETICAL FRAMEWORK

A. Electron-Magnon interaction study

To study the electron relaxation in normal state of iron
pnictides, we consider the total Hamiltonian having three
parts such as free electron (He), free magnon (Hm) and
interacting part i.e electron-magnon (Hem):

H = He +Hm +Hem. (1)

Here,

He =
∑
kσ

εkc
†
kσckσ, (2)

Hm =
∑
q

ωq

(
b†qbq +

1

2

)
, (3)

Hem =
∑

k,k′,σ

[
Dm(k− k′)c†kσck′σbk−k′ + H.c.

]
.(4)

Here, c†kσ(ckσ) and b†q(bq) are electron and magnon
creation (annihilation) operators, σ is a spin, k and
q = k− k′ are electron and magnon momentum, respec-
tively. Consider, εk = k2/2m is the isotropic quadratic

energy dispersion term in two dimensional IBSCs. m is
the electronic mass. Dm(k − k′) is the electron-magnon
matrix element. ωq = Cmq

2 is the magnon energy where
Cm is the magnon velocity. H.c is the Hermitian conju-
gate term. In the next section, we consider a steady-state
situation in which magnon temperature stays constant at
Tm, and electron temperature stays constant at Te. This
situation can be experimentally created by a continuous
laser excitation of the normal metallic state of iron pnic-
tides.

1. Expressions

To calculate the magnon scattering rate in isotropic
two dimensional IBSCs case, we use the Götze-Wölfle
formalism [4, 6, 14, 15]. In this formalism, Memory func-
tion is expressed as

M(z, Tm, Te) =
zχ(z)

χ0 − χ(z)
' zχ(z)

χ0

(
1 +

χ(z)

χ0
+ ....

)
' zχ(z)

χ0
, (5)

χ(z) is the Fourier transform of the current-current cor-
relation function:

χ(z) = i

∫ ∞
0

eizt〈[J1, J1]〉dt. (6)

Here, J1 = Σkσ(~k.n̂)c†kσckσ is the current density opera-
tor. n̂ is the unit vector along the direction of current.
Using the equation of motion (EOM) method, the ex-
pression is

M(z, Tm, Te) =
〈〈[J1, H]; [J1, H]〉〉z=0 − 〈〈[J1, H]; [J1, H]〉〉z

zχ0
.

(7)

Evaluating the commutator in equation 7 using Hamil-
tonian:

[J1, H] =
∑
k,k′

[(~k − ~k′).n̂][Dm(k− k′)c†kσck′σbk−k′ −H.c.].(8)

After some lengthy but straightforward calculations, the
memory function expression takes the following form:

M(z, Tm, Te) =
1

χ0

∑
kk′

|Dm(k− k′)|2 [(~k − ~k′).n̂]2 × [f(1− f ′)(1 + n))− f ′(1− f)n]

× 1

(εk − εk′ − ωq)

[
1

(εk − εk′ − ωq + z)
+

1

(εk − εk′ − ωq − z)

]
. (9)

Here, f = f(εk, βe) and f ′ = f(εk′ , βe) are the Fermi-Dirac distribution functions at different energies such as εk and
εk′ and, electron temperature Te = 1/βe. n = n(ωq, βm) is the Bose-Einstein distribution function followed by the
magnon living at a temperature Tm = 1/βm and having magnon energy ωq. Tm is the magnon temperature. z is the
complex frequency. z = ω + iη and η → 0+. M(z, Tm, Te) = M ′(ω, Tm, Te) + iM ′′(ω, Tm, Te). We are interested in
the scattering rate which is the imaginary part of the memory function (i.e.M ′′(ω, Tm, Te) = 1/τ(ω, Tm, Te)). The use
of identity limη→0

1
a∓iη = P( 1

a )± iπδ(a) transforms the expression (9) into delta function form. Thus apply the limit
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we have

1

τ(ω, Tm, Te)
=

1

2m2

π

χ0

∑
kk′

|Dm(k− k′)|2 [(~k − ~k′).n̂]2 × [f(1− f ′)(1 + n))− f ′(1− f)n]

× 1

ω

[
δ(εk − εk′ − ωq + ω)− δ(εk − εk′ − ωq − ω)

]
. (10)

After simplification the above equation, we get the final expression:

1

τ(ω, Tm, Te)
=

1

τ0
e−m

∫ qBG

0

dq × q2√
1− (q/2kf )2

×

{
(1− ωq

ω
) [n(βm, ωq)− n(βe, ωq − ω)] + (terms withω → −ω)...

}
. (11)

Here, 1/τ0
e−m = D2

m0/32π3χ0kF and qBG is the Bloch-Grüneisen momentum i.e. the maximum momentum for the

magnon excitations (i.e. qBG = 2kF ). n(βm, ωq) = 1/(eβmωq − 1) and n(βe, ωq − ω) = 1/(eβe(ωq−ω) − 1). Where,
χ0 represents the static limit of correlation function (i.e. χ0 = Ne/m) and kF is the Fermi momentum. This is the
general result of electron-magnon scattering rate which is valid for all temperatures and frequencies regimes. The
normal state of iron-based pnictides is semi-mettalic and shows small Fermi surface (kF ) as compared to the Debye
surface (kD). Therefore, the critical temperature separating the low-T and high -T behavior of the resistivity known
as Bloch-Grüneisen temperature (ΘBG) is followed. To understand the full behavior in different temperatures and
frequencies regime, we need to perform the integral numerically. However in various limiting cases, analytical results
can be obtained and are discussed as follows.

2. Limiting cases

Case-I: Zero frequency case (DC limit i.e ω → 0)
Within this limit, curly bracket in equation (11) reduces to

2 lim
ω→0

[
n(βm, ωq)−

∞∑
m=0

ω2l

{
∂2l

∂ω2l
q

n(βe, ωq) + ωq
∂2l+1

∂ω2l+1
q

n(βe, ωq)

}]
, (12)

Here we consider only l = 0 i.e.

1

τ(ω, Tm, Te)
=

1

τ0
e−m

∫ qBG

0

dq × q2√
1− (q/2kf )2

(
n(βm, ωq)− n(βe, ωq)− ωqn′(βe, ωq)

)
. (13)

Using relations ωq = Cmq
2 and ωBG ' ΘBG = Cm(2kF )2, defining

ωq
Tm

= x,
ωq
Te

= y, the equation (13) becomes,

1

τ(ω, Tm, Te)
=

1

τ0
e−m

× q2
BG

[(
Tm

ΘBG

)3/2 ∫ ΘBG
Tm

0

dx× 1

ex − 1

√
x√

1−
(
xTm
ΘBG

) +

(
Te

ΘBG

)3/2 ∫ ΘBG
Te

0

dy ×
√
y√

1−
(
yTe
ΘBG

) × ( y − 1

ey − 1
+

y

(ey − 1)2

)]
(14)

The detail study of general DC case is as follows:
Subcase (a): Tm, Te � ΘBG, i.e., when both the magnon temperature and electron temperature are lower than the

Bloch-Grüneisen temperature. Equation (14) gives

1

τ(Tm, Te)
=

1

τ0
e−m

× q2
BG

[√
π

2
ζ

(
3

2

)
×
(
Tm

ΘBG

)3/2

+

(
3
√
π

4
ζ

(
5

2

)
−
√
π

2
ζ

(
3

2

))
×
(

Te
ΘBG

)3/2 ]
=

1

τ0
e−m

× q2
BG

[
A1T

3/2
m +B1T

3/2
e

]
. (15)
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Here A1 =
√
π

2 ζ
(

3
2

)
× Θ

−3/2
BG and B1 =

(
3
√
π

4 ζ
(

5
2

)
−
√
π

2 ζ
(

3
2

))
× Θ

−3/2
BG . The Riemann zeta function is

ζ(n) =
∑∞
u=1 = 1/un for integral numbers n.

Subcase (b) In high temperature regime, Tm, Te � ΘBG, equation (14) reduces to

1

τ(Tm, Te)
=

1

τ0
e−m

× q2
BG

[
8

3

Tm
ΘBG

+
16

15

]
=

1

τ0
e−m

× q2
BG

[
A2Tm +B2

]
(16)

Here A2 = 8
3Θ−1

BG and B2 = 16
15 . It is notable here that the scattering rate is independent of electron temperature,

and it only depends on the magnon temperature.

Subcase (c) Tm � ΘBG, Te � ΘBG. In this regime scattering rate can be written as

1

τ(Tm, Te)
=

1

τ0
e−m

× q2
BG

[
8

3

Tm
ΘBG

+

(
3
√
π

4
ζ

(
5

2

)
−
√
π

2
ζ

(
3

2

))
×
(

Te
ΘBG

)3/2 ]
=

1

τ0
e−m

× q2
BG

[
A3Tm +B3T

3/2
e

]
(17)

Here A3 = 8
3Θ−1

BG and B3 = B1. It is important to note that 1/τ leads to the linear magnon temperature

dependence in high temperature regime and shows the T
3/2
e - dependence below the magnon Bloch-Grüneisen

temperature.

Subcase (d) Tm � ΘBG, Te � ΘBG. In this regime equation (14) gives

1

τ(Tm, Te)
=

1

τ0
e−m

q2
BG

[√
π

2
ζ

(
3

2

)
×
(
Tm

ΘBG

)3/2

+
16

15

]
=

1

τ0
e−m

q2
BG

[
A4T

3/2
m +B4

]
(18)

Here A4 =
√
π

2 ζ
(

3
2

)
Θ
−3/2
BG and B4 = 16

15 . Hence 1/τ(Tm, Te) has T
3/2
m - dependence. Scattering rate is independent

of the electron temperature. These results are tabulated in Table I. For Tm = Te in the equilibrium situation, the
scattering rate due to electron-magnon coupling leads to the famous Bloch- T 3/2 law.
Case-II: Finite frequency regimes

Here, we proceed with equation (11) to study the frequency dependent behaviour of scattering rate in different regimes.
Subcase (1): Consider higher frequency limit i.e. ω >> ωBG, then equation (11) becomes

1

τ(ω, Tm, Te)
=

1

τ0
e−m

∫ qBG

0

dq × q2√
1− (q/2kf )2

{
2n(βm, ωq)− n(βe,−ω)− n(βe, ω)

}
. (19)

This can be simplified by setting
ωq
Tm

= x, ω
Te

= ξ, then expression takes the form:

1

τ(ω, T, Te)
=

1

τ0
e−m

× q2
BG

(
Tm

ΘBG

)3/2 ∫ ΘBG
Tm

0

dx×
√
x√

1−
(
xTm
ΘBG

) × ( 2

ex − 1
− 1

e−ξ − 1
− 1

eξ − 1

)
. (20)

This is the general case of scattering rate when the frequency is higher than the magnon Bloch-Grüneisen frequency
in both higher and lower temperature regimes. The results are summarized in Table I. In the low-temperature limit,

the first term is T
3/2
m -dependent while in the limit of high temperatures, scattering rate is linear Tm-dependent. Note

that for both low and high T-limit, the second term is temperature independent. Therefore, scattering rate is dictated
only by magnon temperature at higher frequency limit(ω >> ωBG).
Subcase (2): Consider ω = ωBG, in this limit equation (11) reduces

1

τ(ω, Tm, Te)
=

2

τ0
e−m

∫ qBG

0

dq × q2√
1− (q/2kf )2

×

{
n(βm, ωq)− n(βe, 2ωq)

}
. (21)
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For simplicity, using the relations
ωq
Tm

= x, and
ωq
Te

= y, then we have

1

τ(ω, Tm, Te)
=

1

τ0
e−m

× q2
BG

[(
Tm

ΘBG

)3/2 ∫ ΘBG
Tm

0

dx× 1

ex − 1

√
x√

1−
(
xTm
ΘBG

) −
(

Te
ΘBG

)3/2 ∫ ΘBG
Te

0

dy ×
√
y√

1−
(
yTe
ΘBG

) 1

e2y − 1

]
. (22)

To further simplify the above equation, below we study the low and high temperature regimes separately. In the low
temperature regime Tm, Te � ΘBG, equation (22) becomes

1

τ(ω, Tm, Te)
=

1

τ0
e−m

× q2
BG

[√
π

2
ζ

(
3

2

)
×
(
Tm

ΘBG

)3/2

−
√

2π

8
ζ

(
3

2

)
×
(

Te
ΘBG

)3/2 ]
=

1

τ0
e−m

× q2
BG

[
A7T

3/2 +B7T
3/2
e

]
(23)

Here, A7 =
√
π

2 ζ
(

3
2

)
(ΘBG)−3/2 and B7 = −

√
2π
8 ζ

(
3
2

)
(ΘBG)−3/2. In the high temperature regime Tm, Te � ΘBG,

equation (22) takes the following form

1

τ(ω, Tm, Te)
=

1

τ0
e−m

× q2
BG

[
4

3

Tm
ΘBG

− 2

3

Te
ΘBG

]
=

1

τ0
e−m

× q2
BG

[
A8Tm +B8Te

]
(24)

Here A6 = 4
3Θ−1

BG and B6 = − 2
3Θ−1

BG. It is also noticeable here that in both the cases (ω � ωBG and ω = ωBG),
1

τ(ω,Tm,Te)
shows the frequency independent behavior.

Subcase (3): At finite but lower frequency ω � ωBG case, with relation ωq = Cmq
2 the equation (11) becomes

1

τ(ω, Tm, Te)
=

1

τ0
e−m

∫ qBG

0

dq × q2√
1− (q/2kf )2

[
1

e
wq
Tm − 1

−
∞∑
l=0

ω2l

(
∂2l

∂ω2l
q

1

e
wq
Te − 1

+ ωq
∂2l+1

∂ω2l+1
q

1

e
wq
Te − 1

)]
(25)

Further simplify by putting the variables
ωq
Tm

= x,
ωq
Te

= y, and for l = 1, we have

1

τ(ω, Tm, Te)
=

1

τ0
e−m

× q2
BG

[(
Tm

ΘBG

)3/2 ∫ ΘBG
Tm

0

dx× 1

ex − 1

√
x√

1−
(
xTm
ΘBG

) −
ω2T−1/2

e

1

Θ
3/2
BG

∫ ΘBG
Te

0

dy ×
√
y√

1−
(
yTe
ΘBG

)
×
(
ny + 3n2

y + 2n3
y − y

(
ny + 7n2

y + 12n3
y + 6n4

y

)) ]
. (26)

Here ny = 1/(ey − 1). This is the general equation of the imaginary part of memory function when frequency is
lower than the Bloch-Grüneisen frequency. After simplification, we can see the subsubcases results in the Table I.
Proceeding as in the zero temperature (Tm, Te → 0) case at all frequencies, the curly bracket of the equation (11)
leads to

(
1− ωq

ω

)
eβωq at ω > ωq, and

(ωq
ω − 1

)
eβω at ω < ωq. Further simplify the integral over qBG, we have

1

τ(ω)
=

1

τ0
e−m

1

C
3/2
m


(

4
15

)
ω3/2, ω � ωBG(

π
2ω

3/2
BG −

3π
8

ω
5/2
BG

ω

)
, ω � ωBG.

(27)

It is notice here that at lower frequency (ω � ωBG) in zero temperature limit, the electron-magnon scattering rate
shows the ω3/2 contribution. At frequency higher than BG-frequency, 1

τ(ω) gets saturation behavior. In the next

section, we continue the analytical calculations by taking account the electron-phonon scattering study in normal
metallic state of iron based pnictides at non-equilibrium situation.
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No Regimes
1

τ

1 ω = 0; Te, Tm � ΘBG A1T
3/2
m +B1T

3/2
e .

ω = 0; Te, Tm � ΘBG A2Tm +B2.

ω = 0; Tm � ΘBG, Te � ΘBG A3Tm +B3T
3/2
e .

ω = 0; Tm � ΘBG, Te � ΘBG A4T
3/2
m +B4.

2 ω � ωBG; Te, Tm � ΘBG A5Tm +B5.

ω � ωBG; Te, Tm � ΘBG A6T
3/2
m +B6.

3 ω = ωBG; Tm, Te � ΘBG A7T
3/2
m +B7T

3/2
e .

ω = ωBG; Tm, Te � ΘBG A8Tm +B8Te.

4 ω � ωBG; Tm, Te � ΘBG A9Tm +B9Te + C9ω
2T

1/2
e .

ω � ωBG; Tm, Te � ΘBG A10T
3/2
m +B10T

3/2
e + C10ω

2T
−1/2
e .

ω � ωBG; Tm � ΘBG, Te � ΘBG A11T
3/2
m +B11Te + C11ω

2T
1/2
e .

ω � ωBG; Tm � ΘBG, Te � ΘBG A12Tm +B12T
3/2
e + C12ω

2T
−1/2
e .

TABLE I. The results of electrical scattering rate due to the electron-magnon interactions in different limiting cases.

B. Electron-Phonon interaction study

In this context, one can write the Hamiltonian for nor-
mal state of iron pnictide within one band scenario in the
following form:

H = He +Hp +Hep. (28)

The different parts of Hamiltonian mentioned in the
above equation are defined as

He =
∑
kσ

εkc
†
kσckσ, (29)

Hp =
∑
q̃

ωq̃

(
b†q̃bq̃ +

1

2

)
, (30)

Hep =
∑

k,k′,σ

[
D(k− k′)c†kσck′σbk−k′ + H.c.

]
.(31)

Here, c†kσ(ckσ) and b†q̃(bq̃) are electron and phonon cre-

ation (annihilation) operators having spin σ and k and
q̃ = k − k′ are electron and phonon momentum respec-
tively. εk = k2/2m is the isotropic quadratic energy dis-
persion term for free electrons in IBSCs. H.c is the Her-
mitian conjugate term. D(k−k′) is the electron-phonon
matrix element. The phonons are considered as acoustic
having a dispersion of the form ωq̃ = cq̃. c is the sound
velocity.

As discussed earlier, the scattering rate can be com-
puted using (7). Thus with the definitions of the cur-
rent density operator into (7) and the model Hamilto-
nian (28), the imaginary part of the memory function or
scattering rate can be expressed as 1,

1 where, the current density operator commutes with the non-
interacting parts of the Hamiltonian, the interacting part i.e

1

τ(ω, Tp, Te)
=

1

2m2

π

χ0

∑
kk′

|D(k− k′)|2 [(~k − ~k′).n̂]2

×[f(1− f ′)(1 + n))− f ′(1− f)n]

× 1

ω

[
δ(εk − εk′ − ωq̃ + ω)

−δ(εk − εk′ − ωq̃ − ω)

]
. (33)

After simplification the above equation, we get the final
expression:

1

τ(ω, Tp, Te)
=

1

τ0
e−p

∫ q̃BG

0

dq̃ × q̃2√
1− (q̃/2kf )2

×

{
(1− ωq̃

ω
) [n(βp, ωq̃)− n(βe, ωq̃ − ω)]

+(terms withω → −ω)..

}
. (34)

Where, 1/τ0
e−p = D2

0/32π3χ0kf and q̃BG is the Bloch-
Grüneisen momentum i.e. the maximum momentum
for the phonon excitations. Here, f = f(εk, βe) and
f ′ = f(εk′ , βe) are the FD- distribution functions at
different energies such as εk and εk′ and, electron tem-
perature Te = 1/βe. n = n(ωq̃, βp) is the Bose-Einstein

electron-phonon gives

[J1, H] =
∑
k,k′

[(~k− ~k′).n̂][D(k−k′)c†kσck′σbk−k′ −H.c.]. (32)
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distribution function obeyed by the phonons living at
a temperature Tp = 1/βp and having energy ωq̃. Tp is
the phonon temperature. This is the final expression of
frequency and temperature dependent electron-phonon
scattering rate.

Further, the above expression in different frequency
and temperature domains can be discussed or analyzed
as follows:

Case-I: The zero frequency limit: ω → 0
Within this limit, curly bracket in equation (34) reduces to

2 lim
ω→0

[
n(βp, ωq̃)−

∞∑
m=0

ω2s

{
∂2s

∂ω2s
q̃

n(βe, ωq̃) + ωq
∂2s+1

∂ω2s+1
q̃

n(βe, ωq̃)

}]
, (35)

Here we consider only s = 0 i.e.

1

τ(ω, Tp, Te)
=

2

τ0
e−p

∫ q̃BG

0

dq̃ × q̃2√
1− (q̃/2kf )2

(
n(βp, ωq̃)− n(βe, ωq̃)− ωq̃n′(βe, ωq̃)

)
. (36)

Using the relation ωq̃ = cq̃ and defining
ωq̃
Tp

= x′,
ωq̃
Te

= y′, the equation (36) becomes,

1

τ(ω, Tp, Te)
=

2

τ0
e−p
× q̃3

BG

[(
Tp

ΘBG

)3 ∫ ΘBG
Tp

0

dx′ × x′2

ex′ − 1

1√
1−

(
x′Tp
ΘBG

)2
+

(
Te

ΘBG

)3 ∫ ΘBG
Te

0

dy′ × y′2√
1−

(
y′Te
ΘBG

)2
×
(
y′ − 1

ey′ − 1
+

y′

(ey′ − 1)2

)]
(37)

The above expression is the final result of electron-phonon scattering rate at zero frequency limit. Thus we get
various limiting expressions which are summarized in Table II.

Case-II: Finite frequency regimes
In the finite frequency regimes, the asymptotic results of the scattering rate in different temperature and the frequency
regimes are shown in Table II. It is important to note here that in zero temperature limit (i.e. Te → 0, Tp → 0) and at
lower frequency (ω � ωBG), the electron-phonon scattering rate shows the ω3 contribution and at higher frequency
(ω � ωBG), 1

τ(ω) ∝ constant. However, at lower frequency and finite temperature, 1
τ(ω,Tp,Te)

follows ω2-dependence

with electron temperature coefficient.

III. NUMERICAL ANALYSIS:

In order to analyze the non-equilibrium relaxation of
hot electrons in the presence of magnons subsystem and
phonons subsystem, we have numerically computed the
general Eqn.11 and Eqn.34 in different frequency and
temperature regimes in single-band scenario for normal
metal state of iron-pnictides.

In Figure 1(a), we depict the magnon temperature de-
pendence of scattering rate 1/τ(Tm, Te) normalized by
1/τ0

e−m at zero frequency and at different electron tem-
peratures. Plots of Fig.1(c) shows the phonon temper-
ature dependence in scattering rate 1/τ(Tp, Te) normal-
ized by 1/τ0

e−p in DC case. From Fig. 1(a) and 1(c),
we observe that at high temperatures (Te, T � ΘBG),

1/τ(T, Te) ∝ T . This can also be seen in the corre-
sponding case (Te, T � ΘBG) in Table I and II. At

very low temperature (Tm, Te � ΘBG), 1/τ ∝ T
3/2
m and

T
3/2
e in electron-magnon scattering study. While, due

to electron-phonon interaction, the scattering rate shows
the cubic power law temperature dependence 1/τ ∝ T 3

p

and T 3
e . Figures.1(b) and 1(d) show the dependence of

e-m scattering and e-ph scattering 1/τ on Te in the DC
limit. It is noticed that 1/τ is independent of Te when
Te � ΘBG in both the cases. Contour plots (Fig.1(e),
(f) and Fig.1(g), (h)) depict the constant value of 1/τ in
Tp- Te and Tm- Te plane.

In Figure1, from the contour plots, we observe that
they are not symmetric around Tm = Te and Tp = Te line.
The reason behind this asymmetry in DC case is that the
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No Regimes
1

τ

1 ω = 0; Te, Tp � ΘBG a1T
3
p + b1T

3
e .

ω = 0; Te, Tp � ΘBG a2Tp + b2.

ω = 0; Tp � ΘBG, Te � ΘBG a3Tp + b3T
3
e .

ω = 0; Tp � ΘBG, Te � ΘBG a4T
3
p + b4.

2 ω � ωBG; Te, Tp � ΘBG a5Tp + b5.

ω � ωBG; Te, Tp � ΘBG a6T
3
p + b6.

3 ω = ωBG; Tp, Te � ΘBG a7T
3
p + b7T

3
e .

ω = ωBG; Tp, Te � ΘBG a8Tp + b8Te.

4 ω � ωBG; Tp, Te � ΘBG a9Tp + b9Te + c9ω
2Te.

ω � ωBG; Tp, Te � ΘBG a10T
3
p + b10T

3
e + c10ω

2Te.

ω � ωBG; Tp � ΘBG, Te � ΘBG a11T
3
p + b11Te + c11ω

2Te.

ω � ωBG; Tp � ΘBG, Te � ΘBG a12Tp + b12T
3
e + c12ω

2Te.

TABLE II. The analytical results of scattering rate due to the electron-phonon interaction in different frequency and temperature
regimes.

scattering rate is differently effected by magnon tempera-
ture, phonon temperature, and electron temperature (the

prefactor A1 of T
3/2
m term is not equal to the prefactor B1

of T
3/2
e terms in electron-magnon interaction study and

the prefactor a1 6= b1 of temperatures in electron-acoustic
phonon coupling study). At very low temperature, T 3 or
T 3/2 scaling behavior is due to Pauli blocking effect. We
see that at high temperature regime (Te, Tm � ΘBG),
1/τ(Tm, Te) is proportional to magnon temperature Tm,
not Te. Similarly, we have noticed the linear phonon tem-
perature dependence on electron-phonon scattering rate
at higher temperature over ΘBG. The reason for this be-
havior is that at high temperatures Boson modes scale as
kBT (< nq >= 1

eβωq−1
∝ kBT ), thus scattering increases

with increasing temperatures linearly. For higher elec-
tron temperature case, the electron distribution can be
explained as Boltzmann distributions because ΘBG ' θF
(Fermi temperature). The temperature effect is exponen-
tially reduced in this case as compared to magnons or
phonons (< nq >∝ T ). Thus at high temperatures, the
scattering rate shows linear temperature dependence T.

Figures 2(a-d) depict the variations of the scattering
rate at finite but lower frequency and different tempera-
ture regimes. From Figs. 2(a) and 2(c), it is observed
that at lower magnon and lower phonon temperature
range, the magnitude of scattering rate increases with
increasing temperature as Tn behavior (i.e. n = 3/2 for
electron-magnon and n = 3 for electron-phonon scatter-
ing). At lower frequency and higher temperature limit,
both scattering rates show T-linear behavior. In Fig-
ures 2(b) and 2(d), the variation of electron temperature
dependence of τ0/τ(ω, Tm, Te), and τ0/τ(ω, Tp, Te) at dif-
ferent magnon and phonon temperatures scaled with cor-
responding Bloch-Grüneisen temperature are shown. On
increasing the magnon and phonon temperatures, corre-

sponding scattering rate shows the saturation at higher
electron temperature regime. The insets of the figures
2(a) and 2(c) are more elaborated in the lower temper-
ature regimes which show the deviations from linearity.
These signatures are in accord with our analytical pre-
dictions Table I and Table II.

We further analyzed the scattering rate at zero tem-
perature limit (at all frequencies) in which electron re-
lax when both magnon subsystem and phonon subsys-
tem are at ultralow temperature. Compare scattering
rate picture with frequency is shown in Figure 3(a). It is
observed that electron-magnon scattering rate is higher
than electron-phonon scattering rate in lower frequency
regime. At higher frequency domain, both e-m and e-p
scattering rates get saturation. In Figure3(b), we depict
the scattering rate due to bosons (magnons or phonons)
interactions in low frequency domain. It is found that the
scattering rate of magnons follows the relation of ω3/2,
while phonons scattering rate shows the more curvature
in trend and seem to possess the analytic scaling ω3.

In Figure 4, we plot the scattering rate 1/τe−m and
1/τe−p, normalized by 1/τ0

e−m and 1/τ0
e−p with frequency

at different temperatures. Figures 4(a) and 4(c) depict
the variations of scattering rate with frequency at differ-
ent electron temperatures and at fixed magnon temper-
ature and phonon temperature, respectively, scaled with
corresponding Bloch-Grüneisen temperature. Scatter-
ing rate increases with increasing electron temperatures.
Fig.4(b) and (d) show the e-m and e-p scattering varia-
tion with frequency, normalized by ωBG, at fixed electron
temperature and different magnon and phonon tempera-
tures, respectively. It is observed that the magnitude of
scattering rate is changed due to the corresponding tem-
perature dependent coefficients. At frequency lower than
Bloch-Grüneisen frequency, it follows ω2-trend. These
temperature and frequency dependent results should be
experimentally tested.

IV. SUMMARY AND CONCLUSIONS

We have presented a theoretical study of non-
equilibrium relaxation of electrons due to their coupling

with magnons and phonons in the normal state of iron
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FIG. 1. (a)-(d) Variations of the temperature dependent scattering rate at zero frequency in electron-magnon interaction
case and electron-phonon interaction case. (a) and (b) electron and magnon temperatures are scaled with the magnon Bloch-
Grüneisen temperature and 1/τ(Tm, Te) is normalized with 1/τ0e−m. Similarly, in (c) and (d), both the electron and phonon
temperatures are scaled with the corresponding Bloch-Grüneisen temperature and 1/τ(Tp, T e) is scaled with 1/τ0e−p for the
case of electron-phonon interaction. Panels (e) and (f) show the contour plots (Tm vs Te and Tp vs Te ) for the scattering
rate at zero frequency and lower temperature domains. (g) and (h) The high temperature regime of Figs. ((e) and (f)) are
elaborated.
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FIG. 2. Variations of the scattering rate at finite but lower frequency and different temperatures regimes for the case of
electron-magnon interaction and electron-phonon interactions. The insets of Figs.(a-d), low temperature regime is elaborated,
respectively. Here frequency is scaled with Bloch-Grüneisen frequency.
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FIG. 3. (a) Variation of the scattering rate at zero temperature in electron-magnon and electron-phonon interaction cases. (b)
The low frequency domain of Fig.(a) is elaborated. Here 1/τ(ω) is scaled with 1/τ0 and frequency is scaled with Bloch-Grüneisen
frequency.
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FIG. 4. Plots of scattering rate with frequency at different temperature regimes in electron-magnon and electron-phonon
interaction cases.

pnictides by using the memory function approach, re-
spectively. In zero frequency (DC) regime, we have
computed scattering rate as follows: at higher temper-
ature (T � ΘBG) phonon and magnon scattering varies
linearly with temperature while at lower temperature
T � ΘBG, we have observed the different temperature
scale of electron-phonon and electron-magnon scattering
i.e. (1/τe−p ∝ T 3) and (1/τe−m ∝ T 3/2).

In simple metal case, we observed that T 5-law of 1/τ
below the Debye temperature while in the normal state
of iron pnictides, dc scattering rate has a T 3 rise be-
low the ΘBG. In the low frequency case (ω � ωD)
and in lower temperature regimes (T, Te � ΘD), the
electron-phonon scattering 1/τe−p in metals has three
terms (a6T

5+b6T
5
e +c6T

5
e ω

2), whereas in the correspond-
ing case of normal state in iron pnictide this dependence
changes to (a10T

3
p + b10T

3
e + c10ω

2Te).
We also predict the Holestein Mechanism[25] for the

case of electron-magnon interaction and electron-phonon
interaction in the normal metallic state of iron-based
pnictides. For the electron-magnon study, in zero tem-
perature limit (Tm, Te → 0) and at lower frequency, we
observe that the scattering rate scales as ω3/2 and at
frequency higher than ΘBG it saturates to a constant
value. For the case of electron-phonon interaction, in

zero temperature behavior and lower frequency regime
(ω � ωBG), it is notice that the scattering rate propor-
tional to ω3 power law in contrast to the simple metal
(scales as ω5)[14] and graphene (scales as ω4)[26].

Also, notice that the DC scattering rate at high tem-
peratures and the AC scattering rate at higher frequen-
cies over BG frequency are independent of the temper-
ature difference between the electrons and the bosons
(magnons or phonons). These results can be viewed in a
pump-probe spectroscopic experiments.

Further, it will be interesting to extend these cal-
culations by taking multi-orbital coupling along with
magonon and phonon baths for better understanding
the transport phenomenon in the normal state and
superconducting state of iron-based pnictides in the
steady state nonequilibrium situation.
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