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We report on the combined experimental and theoretical analysis of the microwave-frequency electromagnetic
response of BaFe2As2 single crystals with different substitutions: K in the Ba site (hole doping), Co in the Fe
site (electron doping), and P in the As site (isovalent substitution). Measurements using a coplanar resonator
technique lead to the experimental determination of the penetration depth and microwave conductivity as a
function of temperature. The whole set of data is analyzed within a self-consistent three-band s±-wave Eliashberg
approach, able to account for all the main observed features in the different properties. Besides the validation of
the model itself, the comparison between experiment and theory allows discussing the possible role of the Fe-As
planes in defining the superconducting properties of these compounds, the relevance of coherence effects, and
the presence of nodes in the superconducting order parameter.

DOI: 10.1103/PhysRevB.99.134518

I. INTRODUCTION

Iron-based superconductors (IBSs) are among the most
studied superconducting systems due to both their potential
for applications in the high-field, low-temperature regime
[1,2] and their interesting fundamental properties. Their dis-
covery changed the idea that iron, with its large spin magnetic
moment, had to be antagonistic against superconductivity and
therefore should be avoided in the search for new supercon-
ducting materials and opened the way to the synthesis of a
large variety of systems with different structure and parent
materials [3]. Moreover, the discovery of antiferromagnetic
order in the parent compounds of IBSs [4], as well as other
more exotic effects such as the coexistence of ferromagnetism
and superconductivity in Eu-based systems [5], generated
interest in IBSs as a playground to study the interplay be-
tween magnetism and superconductivity [6,7]. Among these
materials, doped BaFe2As2 (Ba-122) compounds attracted
interest for the good quality of crystals available and also
because superconductivity could be induced in many ways
(by application of external pressure and by substitution of
each atomic species), resulting in phase diagrams that are very
similar [8].

The Ba-122 systems have the same building blocks as
other IBSs, with FeAs planes where Fe and As are in
tetrahedral coordination. There is evidence that the trans-
port, magnetic, and superconducting properties of these sys-
tems are controlled by such planes [9]. The importance of
the structural parameters such as the As-Fe-As angle was
outlined [10], but the FeAs planes also appear to tolerate
considerable disorder, in contrast to the case of cuprates
[11]. Although these systems have been widely investi-
gated in the past decade, theoretical approaches capable
of capturing experimental data of different properties from

different compounds in a self-consistent manner are still
rare.

In this work, we show that the critical temperature, the
quasiparticle conductivity at microwave frequencies, and the
penetration depth of isovalent and hole- and electron-doped
BaFe2As2 can all be understood in the framework of the
same three-band, s±-wave Eliashberg approach. With this
aim, we analyze experimentally and with the same theoretical
model substitutions of all the species in the BaFe2As2 system,
namely, K in the Ba site, Co in the Fe site, and P in the
As site. The former is out of the FeAs planes; the latter
two are in the FeAs planes. K substitution leads to a hole-
doped superconductor, and Co leads to an electron-doped one,
while P is isovalent to As and exerts chemical pressure. As
for the electronic structure, such Ba-122 compounds can be
approximately described by three bands: two hole bands and
one electron band for hole-doped and isovalent substitution
(K and P) and two electron bands and one hole band for
the electron-doped ones (Co) [12–14]. Within the s±-wave
model, coupling between the electron and hole bands is due
to the antiferromagnetic spin fluctuations, and the gaps of the
electron bands have opposite signs with respect to the gaps of
the hole bands [15]. The phononic contribution to the coupling
is usually disregarded for these systems, but it was recently
pointed out that it could play a non-negligible role [16].

In the end, this combination of experimental data and
theoretical insight enables us to discuss the possible origin
of some observed features, such as the existence and origin
of a peak in the quasiparticle conductivity, the difference in
chemical substitution in and out of the FeAs planes, and the
presence or absence of nodes in the superconducting gaps.

This paper is organized as follows. Details of the exper-
imental techniques and the theoretical approach are given
in Sec. II. They are the base for the comparison between
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FIG. 1. Resonant frequency fractional shift and shift of the in-
verse of the quality factor are reported for the three investigated com-
pounds. Data are normalized to the values at the critical temperature.

measurements and calculations shown in Sec. III, in terms of
penetration depth and microwave conductivity. In Sec. IV the
outputs of the analysis are discussed and, finally, conclusions
are drawn.

II. EXPERIMENTAL TECHNIQUES AND
THEORETICAL METHODS

A. Preparation of the crystals

Optimally doped single crystals of Ba1−xKxFe2As2,
Ba(Fe1−xCox )2As2, and BaFe2(As1−xPx )2, with an analyzed
doping level of x = 0.42, 0.075, and 0.33, respectively, were
grown by the FeAs self-flux method, and some of their proper-
ties have been reported in Refs. [17–20]. All the investigated
crystals were cleaved and reduced to the form of thin plates
with thickness of about 10 μm, in the direction of the c axis
of the crystals, more than 10 times smaller than width and
length.

B. Microwave measurements

Microwave measurements were carried out by means of a
coplanar resonator technique, which has already been applied
to characterize IBS thin crystals [21–24]. Briefly, the crystal
under study is coupled to a coplanar-waveguide resonator,
obtained by patterning an YBa2Cu3O7−x film on a MgO
substrate [25]. The crystal is placed far from the edges, at
the center of the strip line where the rf fields are uniform.
Measurements of the resonance curves are repeated in the
same conditions, with and without the crystal, by means of
a vector network analyzer. A suitable input power is used to
ensure measurements are performed well below the nonlinear-
ity threshold for the resonator [26]. Data are analyzed within
a perturbative approach: shifts of the resonant frequency and
changes in the unloaded quality factor relative to no sample
coupled to the resonator (shown in Fig. 1) are related to
the complex propagation constant that, in turn, is related
to the London penetration depth λL and the quasiparticle

FIG. 2. Frequency dependence of the gaps obtained on (a) the
real axis and (b) imaginary axis and of the renormalization functions
obtained on (c) the real axis and (d) imaginary axis. Black, red,
and green refer to bands 1 to 3. (e) Spectral function α2

i jF for spin
fluctuations in the superconducting state. All plots are given as an
example for the K-doped system at T = 2 K.

conductivity σ1 [21]. The analysis procedure involves a self-
consistent calibration, also accounting for the finite dimen-
sions of the crystal, i.e., the penetration of the rf field also
from the lateral sides of the sample [21]. Once λL and σ1 are
obtained, they can be used to calculate the real and imaginary
parts of the surface impedance Zs through

Zs = Rs + iXs = iωμ0λL√
1 + iωμ0σ1λ

2
L

. (1)

C. The Eliashberg approach

In this work we aim to analyze a rather large set of
data within a comprehensive and self-consistent theoretical
approach. We chose to work with the Eliashberg equations
that allow us to calculate all the measured properties starting
from a choice of electron boson interaction and a description
of the Fermi surface of the system. In the following we discuss
the applicability of the model and the motivation for its use,
as well as the approximations and assumptions made and why
they apply to IBSs.

First of all, it could be argued that a simpler BCS theory
would also be a valid approach, but it is important to notice
that BCS theory is not the Eliashberg weak-coupling limit in
a multiband system where intraband interaction is negligible
(which happens for IBSs): the two theories give quantitatively
and qualitatively different results [27]. In Ref. [27] the authors
also showed that multiband superconductivity is incorrectly
described by the BCS formalism even for the weak-coupling
limit unless a renormalization procedure is performed. A
second observation can be made after performing Eliashberg
calculations: the obtained renormalization functions largely
deviate from the BCS value of 1 at low energy (see Fig. 2),
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supporting the fact that BCS theory would be a too crude
approximation for these materials.

Concerning approximations, our model does not include
vertex corrections and makes use of the factorization of the
momentum and energy dependence of the interaction propa-
gator to obtain Eqs. (2) and (3): these are delicate points when
the energy scale of the interaction is larger than the Fermi
energy EF . In order to set the energy scales in the specific case
of IBSs, one should consider that the spin fluctuations, which
provide the electron-boson coupling, in the superconducting
state can be represented by a Lorentzian function [14] [see
Fig. 2(e)] peaked at �0. This energy scale follows the phe-
nomenological law �0 (meV) = 2Tc (K)/5 [28] and is smaller
than 15 meV for our systems, while the Fermi level is of
the order of at least 100–200 meV [29] in IBSs. Therefore,
although the two energy scales are not separated by several
orders of magnitude, which happens in simpler systems, we
are considering a regime in which the approximations de-
scribed above are valid. In particular, Migdal theorem (which
ensures that one can neglect vertex corrections) is valid when
λ�0/EF � 1, where λ is the electron-boson coupling that is
close to 1. The combination of these values ensures that the
Migdal theorem holds and therefore that the Eliashberg theory
is applicable to the present case.

However, to further support this choice other arguments
can be brought based on the good agreement between mea-
surements and calculations and on the equivalence of the
obtainable results with more complex models. Vertex cor-
rections would, in principle, modify the expressions for the
self-energy and therefore change the Eliashberg equations
(making them harder to treat numerically), yielding gaps and
renormalization functions different from the ones we calcu-
lated (that are in good agreement with the literature). It was
shown that in the first approximation these modifications pro-
duce changes that can be emulated in a vertex-correction-free
model with an effective coupling constant larger than its true
value [30,31]. For this reason, together with the good overall
agreement between calculations and experiments, we prefer
to neglect vertex corrections and work with a manageable
theory.

Regarding how to treat the momentum and energy depen-
dence of the interaction, an approach based on the anisotropic
Eliashberg equation constructed to avoid the factorization of
the momentum integration was proposed for MgB2 [32] and
gave a good interpretation of experimental data. However,
it was pointed out in a comment [33] that the same ex-
perimental data could also be nicely reproduced in a much
simpler approach that makes use of momentum factoriza-
tion. In IBSs, it was found by angle-resolved photoemis-
sion spectroscopy (ARPES) measurements [12,13] that the
gap amplitude on an individual Fermi surface sheet depends
weakly on the direction. Although this is not direct infor-
mation about the momentum dependence of the interaction
itself, this observation supports the choice of neglecting the
momentum anisotropy of the interaction. In addition, the
validity of this assumption is strongly supported by the very
wide success obtained in fitting, interpreting, and predicting
experimental data with calculations based on these equations
[34–39].

D. Solving the Eliashberg equations

In order to reproduce in a self-consistent way the whole
set of experimental data and to estimate additional properties,
we used a three-band Eliashberg s±-wave model. The two
(three in the case of Co doping) free parameters contained
in the model (after reasonable assumptions are made, as
explained in the next sections) were fixed by the constraint
that both the experimental Tc and the temperature behavior of
the penetration depth �λL(T ) are simultaneously reproduced.
To calculate the gaps and the critical temperature using the
three-band Eliashberg equations [40–42] we solve six cou-
pled equations for the frequency-dependent gaps �i(iωn) and
renormalization functions Zi(iωn), where i is a band index
ranging from 1 to 3 and ωn are the Matsubara frequencies.
The imaginary-axis equations [40,43,44] read

ωnZi(iωn) = ωn + πT
∑
m, j

	Z
i j (iωn, iωm)NZ

j (iωm)

+
∑

j

[

N

ij + 
M
ij

]
NZ

j (iωn), (2)

Zi(iωn)�i(iωn) = πT
∑
m, j

[
	�

i j (iωn, iωm) − μ∗
i j (ωc)

]

×�(ωc − |ωm|)N�
j (iωm)

+
∑

j

[

N

ij − 
M
ij

]
N�

j (iωn), (3)

where 
N
ij and 
M

ij are the scattering rates from
nonmagnetic and magnetic impurities and 	Z

i j (iωn, iωm) =
	

ph
i j (iωn, iωm) + 	

s f
i j (iωn, iωm) and 	�

i j (iωn, iωm) =
	

ph
i j (iωn, iωm) − 	

s f
i j (iωn, iωm), where

	
ph,s f
i j (iωn, iωm)

= 2
∫ +∞

0
d��α2

i jF
ph,s f (�)/[(ωn − ωm)2 + �2]. (4)

� is the Heaviside function, and ωc is a cutoff energy. The
superscripts ph and s f indicate, respectively, the phonon and
spin-fluctuation terms of the frequency-dependent spectral
functions α2

i jF (�), considered to have a Lorentzian shape [see
Fig. 2(e)]:

α2
i jF

s f (�) = Ci j{L(� + �i j,Yi j ) − L(� − �i j,Yi j )},
where

L(� ± �i j,Yi j ) = 1

(� ± �i j )2 + Y 2
i j

and Ci j are normalization constants, necessary to obtain the
proper values of λi j , while �i j and Yi j are the peak energies
and the half widths of the Lorentzian functions, set to be �i j =
�0 and Yi j = �0/2, based on the results of inelastic neutron
scattering measurements [14]. The quantities μ∗

i j (ωc) are the
elements of the 3 × 3 Coulomb pseudopotential matrix. More-

over, N�
j (iωm) = � j (iωm)/

√
ω2

m + �2
j (iωm), and NZ

j (iωm) =
ωm/

√
ω2

m + �2
j (iωm). Finally, the electron-boson coupling

constants are defined as λ
ph,s f
i j = 2

∫ +∞
0 d�

α2
i j F

ph,s f (�)
�

.
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TABLE I. A summary, for the three different dopants under study, of the values of the experimental outputs and of the main model
parameters used to reproduce the experimental data. Tc is the experimental critical temperature, λ

exp
L (0) is the low-temperature penetration

depth, and σ (Tc ) is the microwave conductivity at Tc. Concerning the theoretical and model parameters, λi j are the components of the electron-
boson coupling-constant matrix, �R

i (0) are the low-temperature values of the gaps on the real axis, ωp/2π is the plasma frequency, and wλ
i and

wσ
i are the weights of the ith band in Eqs. (5) and (6), respectively.

Tc λ
exp
L (0) σ (Tc ) �R

1 (0) �R
2 (0) �R

3 (0) h̄ωp

Dopant (K) (nm) (�−1 m−1) λ12 λ23 λ13 λii (meV) (meV) (meV) (meV) wλ
1,2,3 wσ

1,2,3

K 38.7 197 1.95 × 106 0.00 0.75 3.37 0.00 12.0 5.4 −12.0 1.00 0.1, 0.1, 0.8 0.6, 0.2, 0.2
Co 24.2 165 0.47 × 106 0.20 0.00 2.72 0.30 7.2 −3.9 −7.8 0.20 0.85, 0.05, 0.1 0.39, 0.26, 0.35
P 29.0 160 1.13 × 106 0.00 7.69 0.70 0.00 3.8 10.8 −8.3 0.55 0.5, 0.4, 0.1 0.12, 0.53, 0.35

The gaps are assumed to be isotropic due to the low
values of anisotropy typical of optimally doped Ba-122 com-
pounds. Moreover, considering gap anisotropy would greatly
complicate the equations and make the comparison with the
experiment unpractical, without significantly changing the
physics of these systems.

The solution of Eqs. (2) and (3) requires a large number
of input parameters. In part they can be taken or deduced
from the literature, and in part they can be fixed by reasonable
assumptions and approximations (such as setting to zero
the impurity scattering rates and Coulomb pseudopotential
matrix elements; see Ref. [21] for a detailed discussion).
The remaining free parameters (basically the nonzero λi j

values reported in Table I) are then adjusted to reproduce
the experimental data at best. Figure 3 shows, for the three
compounds, the temperature dependence of the first value of
the energy gaps obtained by the solution of the imaginary-axis
Eliashberg equations, which are the basis for the calculation
of the penetration depth.

E. Penetration depth calculation

The penetration depth can be computed starting from
the gaps �i(iωn) and the renormalization functions

FIG. 3. Temperature dependence of the first value of the energy
gaps for the three investigated compounds obtained with the solution
of the imaginary-axis Eliashberg equations.

Zi(iωn) by

λ−2(T ) =
(ωp

c

)2 3∑
i=1

wλ
i πT

×
+∞∑

n=−∞

�2
i (ωn)Z2

i (ωn)[
ω2

nZ2
i (ωn) + �2

i (ωn)Z2
i (ωn)

]3/2 , (5)

where wλ
i = (ωp,i/ωp)2 are the weights of the single bands,

ωp,i is the plasma frequency of the ith band, and ωp is the
total plasma frequency. Here, we can act on only the weights
wλ

i in order to adapt the calculation to the experimental λL(T ).
The multiplicative factor that involves the plasma frequencies
derives from the fact that the low-temperature value of the
penetration depth λL(0) should, in principle, be related to
the plasma frequency by ωp = c/λL(0). This is strictly valid
only for a clean, uniform superconductor at T = 0 if strong-
coupling effects (or, more generally, Fermi-liquid effects) are
negligible.

It should be noted that Eq. (5) does not include cross terms,
only single-band ones, representing the contribution to the
superfluid density of each specific band. Cross terms would
stem from Cooper pairs composed of electrons located on
different bands. Since they would be characterized by very
different momentum k, the probability of forming such a pair
is vanishingly small, and therefore, the cross terms can be
neglected.

F. Conductivity calculation

The solutions of the Eliashberg equations can also be used
to determine the microwave conductivity. In this case, it is
more convenient to work with the real-axis formalism of the
same model, which is equivalent, being frequency dependent
and using exactly the same input parameters. The conductivity
is then calculated from [45]

σ1(ω → 0) =
∑

i

wσ
i σ1,i

=
∑

i

wσ
i Ai

∫ +∞

0
dω

(
−∂ f (ω)

dω

)

× {[
Re gZ

i (ω)
]2 + [

Re g�
i (ω)

]2}
, (6)

134518-4



COMPREHENSIVE ELIASHBERG ANALYSIS OF … PHYSICAL REVIEW B 99, 134518 (2019)

where i is the band index, Ai = Ni(0)v2
F e2τi(T ), wσ

i is the
weight of the ith band, and

gZ
i (ω) = Zi(ω)ω/

√
[Zi(ω)ω]2 − [

�2
i (ω)Z2

i (ω)
]
,

g�
i (ω) = �i(ω)Zi(ω)/

√
[Zi(ω)ω]2 − [

�2
i (ω)Z2

i (ω)
]
.

The density of states Ni(0) and the scattering time τi(T ) for
each band are unknown for these compounds. An estimation
of an effective scattering time can be obtained by means of
the phenomenological two-fluid model (see below). Then,
assuming that τi has the same temperature dependence for all
the bands and all scale factors Ai are equal (=A), the weights
in Eq. (6) can be tuned to reproduce the experimental data.

G. Determination of an effective scattering time
within a two-fluid model

The two-fluid model provides a very useful basis for a
first understanding of the role of inelastic scattering in these
compounds [23]. It gives a way to extract a temperature-
dependent scattering time τT F (T ) from the experimental sur-
face impedance. In the standard model, the surface impedance
reads

Zs = Rs + iXs =
√

iμ0ω/(σ1 − iσ2),

and in turn the conductivity can be expressed, in the limit
ωτ � 1, as

σ1 = 2ωμ0
RsXs(

R2
s + X 2

s

)2 , (7)

σ2 = ωμ0
X 2

s − R2
s(

R2
s + X 2

s

)2 . (8)

Assuming that the conductivity of the normal fluid can be
modeled by a Drude form and ns(0) = ns(T ) + nn(T ), where
ns and nn are the superfluid and quasiparticle densities,
respectively, and considering the London relation ns(T ) =
m∗/[μ0e2λ2

L(T )], the complex conductivity can also be
written as

σ1 − iσ2 = nne2

m∗
τT F

1 + iωτT F
− i

μ0ωλ2
L(T )

. (9)

Then, combining Eqs. (7)–(9), it turns out that

τ−1
T F = 1

μ0λ
2
L(0)σ1

− ω
(
X 2

s − R2
s

)
2XsRs

. (10)

Therefore, τT F can be calculated from the microwave mea-
surements’ experimental data. The values of τT F obtained
with Eq. (10) are affected by high uncertainty at temperatures
below Tc/2. They are shown in Fig. 4 and used as a base to
define, by a proper smoothing procedure, τ (T ) in Eq. (6).
The value of τT F (40 K) ≈ 0.1 ps for the Ba1−xKxFe2As2

crystal is in good agreement with previous results [46]. At low
temperatures, far below Tc, the quasiparticle scattering time
reaches 10 ps and longer, values that are more than two orders
of magnitude larger than that in the normal state, which also
happens for other IBS systems [47].

FIG. 4. Scattering time obtained with the surface impedance data
through a two-fluid model.

III. COMPARISON BETWEEN EXPERIMENTAL
DATA AND CALCULATIONS

Penetration depth. Figure 5 shows the experimental pene-
tration depth increments �λL = λL(T ) − λL(0) for the three
investigated compounds (symbols). Data are compared to
calculations (lines) performed with the approach described in
Secs. II C and II D, with the parameters that are reported in Ta-
ble I and that yield the gaps in Fig. 3. The parameters’ values
were chosen to give the best agreement with the experimental
curves, within the very limited range of variability allowed
by all the constraints assumed in the model. Among them,
we imposed that the low-temperature values of the gaps must
be comparable to those reported in the literature for ARPES
measurements [12,13,48–51] (see real-axis values in Table I).

In all cases, the agreement between the experimental
and theoretical �λL(T ) curves is excellent, but a distinction
should be made between the K-doped case and the other ones.

FIG. 5. Comparison between experimental (symbols) and calcu-
lated (lines) penetration depth increments, �λL = λL (T ) − λL (0),
for the three compounds.
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FIG. 6. Comparison between experimental (symbols) and calcu-
lated (lines) quasiparticle conductivities for the three compounds. A
smoothing of the low-temperature experimental points has been done
in some cases (dotted lines) due to the high uncertainty of the data
(shaded areas correspond to uncertainty regions).

In the former, with a value of ωp = 1 eV in good agreement
with the literature data, it has been possible to obtain with the
model a λL(0) value of 230 nm, in remarkable agreement with
the experimental one, i.e., λL(0) = 197 nm. On the contrary,
for the Co- and P-substituted systems the comparison is more
problematic. Still, the temperature dependence of λL(T ) is
quite well reproduced, but the theoretical λL(0) values are
much larger than the experimental one (even up to a factor
of 10 for Co doping). This has already been reported for
Co-doped samples [52] and will be discussed in the next
section. In addition, it should also be noted that, different from
the case of K and P doping, in the Eliashberg calculations
for Co doping it was necessary to include a non-negligible
intraband (phononic) coupling contribution [16] (coupling
constants λii = 0.3).

Microwave conductivity. The same input parameters op-
timized to reproduce Tc and �λL(T ) were then used to
compute the quasiparticle conductivity, as described above.
It is noteworthy that, at this point, the only free parameters
left are the weights of the bands wσ

i (reported in Table I)
and the scale factor A. Figure 6 shows for each compound
the comparison between the experimental and calculated
conductivities. It turns out that the temperature position of
the broad peak below, but close to, Tc/2 is fairly well re-
produced for all the compounds. The curves are in good
agreement for P and Co dopings and less good but still
reasonable for the K-substituted sample. All these experimen-
tal findings and calculations are comprehensively discussed in
the next section.

IV. DISCUSSION AND CONCLUSIONS

As already stated, this study represents an attempt to co-
herently interpret, within the same theoretical model, multiple
properties measured experimentally on samples of the same
system but with different types of doping. It was shown above

that the measured critical temperature and the temperature de-
pendence of the penetration depth and quasiparticle conduc-
tivity are, on the whole, very satisfactorily reproduced within
a three-band s± Eliashberg model, also yielding gap values
in good agreement with ARPES measurements [12,48–51].
Indeed, it has to be stressed that the constraints assumed for
the calculations and the requirement to reproduce so different
experimental outcomes greatly reduced the number of free
parameters and their range of variability. Therefore, even if
in some cases the quantitative matching is not perfect, the
overall agreement with the experiment should be considered
remarkable and fully successful. In this section, the main
results reported previously are discussed in the frame of the
present literature to point out similarities and discrepancies
and to draw reasonable conclusion.

Critical temperature and energy gaps. The experimental
critical temperature has been defined as the temperature at
which λL(T ) diverges and is listed in Table I for the three
compounds under study. Tc values are in accordance with the
literature [48,53] for the optimally doped systems and were
considered as a starting point for the calculations: in solving
the Eliashberg equations, parameters were adjusted to give the
experimental Tc values. Concerning the energy gaps, in the
calculation we fixed the input parameters so that the calculated
gaps would reproduce as initial low-temperature values those
reported in the literature for ARPES measurements, when
available [12,48–51], but then we let them change to better
reproduce our experimental data. At the end of the procedure,
good agreement with ARPES measurements still holds. In
Fig. 3 the imaginary-axis solutions for �i(T ) are shown as a
function of temperature, while in Table I we report the low-
temperature values �R

i (0) on the real axis (which coincide
with values obtained as analytical continuations from the
imaginary axis by Padé approximants).

Penetration depth. The temperature dependencies of the
penetration depth for the three compounds, shown in Fig. 5
in the form of �λL = λL(T ) − λL(0), are consistent with
literature [54]. As for the absolute values accessible to our
experiment [λL(0) reported in Table I], literature data are
rare, but still, the agreement holds considering that values
around 200 nm are usually reported for λL(0) of Ba-122
compounds [55]. The agreement between experimental curves
and calculated ones is excellent if the temperature dependence
is considered (see the comparison in Fig. 5), but a distinction
has to be made between the K-substituted system, for which
the matching is also valid for the absolute values, and the P-
and Co-substituted compounds, which show a relevant devia-
tion of the calculated λL(0) with respect to the experimental
one, as mentioned above. This has generally been ascribed
to Fermi-liquid effects and not taken into account by the
theory [52], but we argue that these explanations alone are not
satisfactory since strong coupling effects are accounted for by
the renormalization functions Zi(iωn) in Eliashberg models.
The origin of this discrepancy still is not well understood,
and it is worth being further investigated. Possibly, it is due
to the fact that the adopted relation between λL(0) and the
plasma frequency loses its validity (this is the reason why,
as a reference, we preferred to list the calculated ωp in
Table I). A possible reason for this could lie in the fact that
vertex corrections are not accounted for in our model. In
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FIG. 7. Experimental λL (T )/λL (0) vs reduced temperature T/Tc

for the three systems. The inset shows the quasiparticle scatter-
ing rate 1/τ as a function of the normalized quasiparticle density
nn(T )/n for the IBSs under investigation, with a comparison to the
results in Ba1−xKxFe2As2 at 28 GHz (dotted line) [46] and the results
in YBa2Cu3O6.95 at 34.8 GHz (dashed line) [70].

order to further compare the compounds, we plot in Fig. 7
experimental λL(T )/λL(0) vs reduced temperature T/Tc. We
notice that the curve of the K-doped system is qualitatively
different from the other much steeper ones.

We point out that the main difference between P and Co
doping with respect to K doping lies in the fact that in the
former the chemical substitution is performed on the FeAs
planes, which are the main responsible for the supercon-
ducting properties. Moreover, it has been suggested from the
spin fluctuation theory that the three-dimensionality of the
Fermi surfaces (and thus the superconducting gap structure)
is quite sensitive to the pnictogen position (height from the
FeAs plane) [56]. The substitution of P for As reduces this
pnictogen height, which is not the case for the hole doping
by K substitution for Ba [57]. Thus, we suggest that the
observed peculiar behaviors, i.e., the λL(T )/λL(0) curves
and the anomalous λL(0) − ωp relation, could be ascribed
to the fact that chemical disorder is introduced directly in
the FeAs superconducting planes and/or the height of the
pnictogen from the planes is varied. It should be considered
that this disorder could also originate scattering, but as argued
in Ref. [21], in our calculations we need to consider the
pristine optimally doped compound as ideal, setting to zero
all the scattering rates; otherwise, the number of possible free
parameters in the system becomes too large to be treated.

Quasiparticle conductivity. It is important to discuss the
temperature dependence of the quasiparticle conductivity
shown in Fig. 6 because its features could give valuable
information about the symmetry of the superconducting or-
der parameter. In particular, the observation of the so-called
coherence peak in the ac conductivity is usually taken as
evidence of a uniform gap function, although more precisely,
it is evidence that the portions of the Fermi surface coupled
by the experimental probe have gaps of the same sign and
similar magnitude [58]. It is therefore important to distinguish

between techniques that probe the system with small or large
momentum transfer. In a dirty isotropic s-wave BCS super-
conductor the coherence peak appears in the quasiparticle
conductivity slightly below Tc [59]. On the contrary, in cuprate
superconductors no coherence peak just below Tc is observed;
rather, a peak which can have a larger amplitude is seen much
below the critical temperature [60]. It is usually ascribed to
the concomitant decrease of the quasiparticle density and the
increase of the quasiparticle scattering time, upon cooling.
Which one is the case for IBSs, and for Ba-122 systems in
particular, is still under debate. The emergence of a coherence
peak in these compounds is also a matter of the probe used: it
was not observed by NMR [61,62] because it is a local probe
and can couple parts of the Fermi surface that differ by large
momentum transfer. Thus, the absence of the coherence peak
in the NMR relaxation rate has been interpreted as supporting
the picture of the sign-changing extended s-wave symmetry of
the gap function: it can be suppressed by a partial cancellation
of total susceptibility, owing to the sign change between the
hole and electron bands [46]. On the other hand, the coherence
peak has been observed by terahertz conductivity measure-
ments on Ba(Fe1−xCox )2As2 [58,63]: in this case, since at
terahertz frequencies the photon small momentum allows one
to probe only zero-momentum excitations around the Fermi
surface, only a single sign of the order parameter is detected
because different sheets are separated by large momentum
transfer. Thus, a coherence peak qualitatively resembling that
from a single-uniform-gap superconductor can be measured.
The same consideration holds for conductivity measurements
at microwaves due to the long wavelength. Indeed, a hint of
a coherence peak was detected by microwave conductivity
measurements in Ba1−xKxFe2As2, even in the presence of
another larger and higher peak at lower temperatures [46].
This last peak, due to the same mechanism described above
for the cuprates, was observed also in other IBS systems,
and sometimes it completely masks possible coherence peaks
[47]. As a matter of fact, a trace of the coherence peak can be
better highlighted after subtraction of a residual surface resis-
tance term from data [26]. Here, we show on bare data without
any specific treatment that the quasiparticle conductivity can
be well described by our model, implying s± symmetry, with
the same parameters already adjusted to fit the penetration
depth curves. Figure 6 shows that the model succeeds in
capturing the main experimental trend, specifically the broad
peak below Tc/2, thus confirming its validity. Nevertheless, a
smaller contribution to the experimental curves of a coherence
peak cannot be excluded.

Nodes in the energy gap. Another item that could be a cause
of different behaviors of these compounds is the possible pres-
ence of nodes in the energy gap. In fact, although the Fermi-
surface topology is similar in these systems, slight differences
in the size and corrugation of hole surfaces may give rise to
dramatic changes in the nodal topology [57]. Experimental
evidence for line nodes in BaFe2(As1−xPx )2 at optimal doping
was claimed by Nakai et al. (NMR) [64] and by Yamashita
et al. (angle-resolved thermal conductivity) [65]. Other obser-
vations seem to suggest the tendency of going from a fully
gapped system for x = 0.32 to a system with pronounced gap
anisotropy and possible nodes for overdoped x = 0.55 (spe-
cific heat) [66]. ARPES data by Yoshida et al. are inconsistent
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with horizontal nodes but are consistent with a modified s±
gap with nodal loops [50]. A circular line node on the largest
hole Fermi surface was found by Zhang et al. using ARPES,
ruling out a d-wave pairing origin for the nodal gap and
establishing the existence of nodes in IBSs under the s-wave
pairing symmetry [67]. This ring node would not be forced by
symmetry, but rather, it should be an “accidental” one.

An alternative way to check if the order parameter is node-
less or not, more connected to the present work, is the analysis
of the temperature dependence of the penetration depth. It
was reported that, for a pure superconductor in a d-wave
state at temperatures well below Tc, λ should show a T linear
dependence [68]. Reversing this argument, Hashimoto et al.
stated that the linear λ(T ) they observed at low temperatures
in BaFe2(As1−xPx )2 testifies that this system presents d-wave-
like line nodes [57,69]. However, this behavior is shown only
in a 3–4 K range below T/Tc = 0.15, not accessible by our
experiment.

Alternatively, one can plot the quasiparticle scattering rate
1/τ as a function of the normalized quasiparticle density
nn/n [where the quasiparticle density is nn(T ) = n − ns(T )].
In an s-wave superconductor without nodes, a linear relation
between 1/τ (T ) and nn(T ) is expected [46], while in a d-wave
superconductor it is superlinear (1/τ ∼ n3

n). In the inset of
Fig. 7 we plot the data of the IBSs under investigation,
with comparisons to the results reported in Ba1−xKxFe2As2

at 28 GHz by Hashimoto et al. [46] and results in the
d-wave YBa2Cu3O6.95 at 34.8 GHz [70]. All the Ba-122
systems show a linear trend, similar to that of Ref. [46],
very different from the superlinear behavior of YBa2Cu3O6.95.
Thus, from our data the presence of d-wave-like node lines
in BaFe2(As1−xPx )2 seems to be excluded; however, our data
do not exclude (or suggest) other nodal structures, e.g., nodes
loops, vertical line nodes, and other accidental nodes that are

consistent with s-wave symmetry that have been observed [50]
and explained theoretically [71]. Whether this depends on the
experimental technique or on the nature of the nodes itself
deserves further study and is currently under investigation.

Conclusions. In summary, we have shown that an approach
based on a three-band, s±-wave Eliashberg model is able
to explain in a self-consistent way a set of experimental
data ranging from the critical temperature to the penetration
depth and to the microwave conductivity of different Ba-122
optimally doped single crystals, with different substitutions.
This remarkable result allowed us to discuss details of the
observed behavior of IBS single crystals and their connection
to structural properties of the samples and to the symmetry
of the superconducting order parameter. We suggest that a
relevant role in the variation of such properties, in addition
to the effects of charge doping alone, could be played by
chemical substitution in the FeAs superconducting planes.
The behavior of the quasiparticle conductivity can be ex-
plained by the model without subtraction of a residual surface
resistance contribution. In particular, a wide peak observed
below Tc/2 can be understood from the temperature depen-
dence of the scattering time, while it probably masks the
existence of coherence effects that could, in principle, emerge
in a measurement that uses a small momentum probe. Finally,
our data seem to rule out the existence of d-wave-like line
nodes but could be consistent with other nodal structures (such
as accidental nodal loops or vertical line nodes).

ACKNOWLEDGMENTS

This work is partly supported by KAKENHI (Grant
No. 17H01141) from JSPS. G.A.U. acknowledges support
from the MEPhI Academic Excellence Project (Contract
No. 02.a03.21.0005).

[1] H. Hosono, A. Yamamoto, H. Hiramatsu, and Y. Ma, Mater.
Today 21, 278 (2018).

[2] I. Pallecchi, M. Eisterer, A. Malagoli, and M. Putti, Supercond.
Sci. Technol. 28, 114005 (2015).

[3] H. Hosono and K. Kuroki, Physica C 514, 399
(2015).

[4] M. Rotter, M. Tegel, D. Johrendt, I. Schellenberg, W. Hermes,
and R. Pöttgen, Phys. Rev. B 78, 020503(R) (2008).

[5] V. S. Stolyarov, I. S. Veshchunov, S. Y. Grebenchuk, D. S.
Baranov, I. A. Golovchanskiy, A. G. Shishkin, N. Zhou, Z. Shi,
X. Xu, S. Pyon, Y. Sun, W. Jiao, G.-H. Cao, L. Y. Vinnikov,
A. A. Golubov, T. Tamegai, A. I. Buzdin, and D. Roditchev,
Sci. Adv. 4, eaat1061 (2018).

[6] P. Dai, Rev. Mod. Phys. 87, 855 (2015).
[7] G. R. Stewart, Rev. Mod. Phys. 83, 1589 (2011).
[8] P. C. Canfield and S. L. Bud’ko, Annu. Rev. Condens. Matter

Phys. 1, 27 (2010).
[9] I. Mazin and J. Schmalian, Physica C 469, 614 (2009).

[10] G. Garbarino, R. Weht, A. Sow, A. Sulpice, P. Toulemonde,
M. Álvarez-Murga, P. Strobel, P. Bouvier, M. Mezouar, and M.
Núñez-Regueiro, Phys. Rev. B 84, 024510 (2011).

[11] A. S. Sefat, R. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and
D. Mandrus, Phys. Rev. Lett. 101, 117004 (2008).

[12] H. Ding, P. Richard, K. Nakayama, K. Sugawara, T. Arakane,
Y. Sekiba, A. Takayama, S. Souma, T. Sato, T. Takahashi, Z.
Wang, X. Dai, Z. Fang, G. F. Chen, J. L. Luo, and N. L. Wang,
Europhys. Lett. 83, 47001 (2008).

[13] K. Terashima, Y. Sekiba, J. H. Bowen, K. Nakayama, T.
Kawahara, T. Sato, P. Richard, Y.-M. Xu, L. J. Li, G. H. Cao,
Z.-A. Xu, H. Ding, and T. Takahashi, Proc. Natl. Acad. Sci.
USA 106, 7330 (2009).

[14] D. Inosov, J. Park, P. Bourges, D. Sun, Y. Sidis, A.
Schneidewind, K. Hradil, D. Haug, C. Lin, B. Keimer, and V.
Hinkov, Nat. Phys. 6, 178 (2010).

[15] I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 (2008).

[16] C. H. Wong and R. Lortz, arXiv:1805.09754.
[17] T. Taen, F. Ohtake, H. Akiyama, H. Inoue, Y. Sun, S. Pyon, T.

Tamegai, and H. Kitamura, Phys. Rev. B 88, 224514 (2013).
[18] Y. Nakajima, T. Taen, Y. Tsuchiya, T. Tamegai, H. Kitamura,

and T. Murakami, Phys. Rev. B 82, 220504(R) (2010).
[19] M. Nakajima, S.-i. Uchida, K. Kihou, C.-H. Lee, A. Iyo, and H.

Eisaki, J. Phys. Soc. Jpn. 81, 104710 (2012).
[20] A. Park, S. Pyon, Y. Sun, I. Veshchunov, J. Chen, N. Ito, T.

Suwa, T. Tamegai, H. Kitamura, and A. Ichinose, Phys. Rev. B
98, 054512 (2018).

134518-8

https://doi.org/10.1016/j.mattod.2017.09.006
https://doi.org/10.1016/j.mattod.2017.09.006
https://doi.org/10.1016/j.mattod.2017.09.006
https://doi.org/10.1016/j.mattod.2017.09.006
https://doi.org/10.1088/0953-2048/28/11/114005
https://doi.org/10.1088/0953-2048/28/11/114005
https://doi.org/10.1088/0953-2048/28/11/114005
https://doi.org/10.1088/0953-2048/28/11/114005
https://doi.org/10.1016/j.physc.2015.02.020
https://doi.org/10.1016/j.physc.2015.02.020
https://doi.org/10.1016/j.physc.2015.02.020
https://doi.org/10.1016/j.physc.2015.02.020
https://doi.org/10.1103/PhysRevB.78.020503
https://doi.org/10.1103/PhysRevB.78.020503
https://doi.org/10.1103/PhysRevB.78.020503
https://doi.org/10.1103/PhysRevB.78.020503
https://doi.org/10.1126/sciadv.aat1061
https://doi.org/10.1126/sciadv.aat1061
https://doi.org/10.1126/sciadv.aat1061
https://doi.org/10.1126/sciadv.aat1061
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.87.855
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1016/j.physc.2009.03.019
https://doi.org/10.1016/j.physc.2009.03.019
https://doi.org/10.1016/j.physc.2009.03.019
https://doi.org/10.1016/j.physc.2009.03.019
https://doi.org/10.1103/PhysRevB.84.024510
https://doi.org/10.1103/PhysRevB.84.024510
https://doi.org/10.1103/PhysRevB.84.024510
https://doi.org/10.1103/PhysRevB.84.024510
https://doi.org/10.1103/PhysRevLett.101.117004
https://doi.org/10.1103/PhysRevLett.101.117004
https://doi.org/10.1103/PhysRevLett.101.117004
https://doi.org/10.1103/PhysRevLett.101.117004
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1073/pnas.0900469106
https://doi.org/10.1073/pnas.0900469106
https://doi.org/10.1073/pnas.0900469106
https://doi.org/10.1073/pnas.0900469106
https://doi.org/10.1038/nphys1483
https://doi.org/10.1038/nphys1483
https://doi.org/10.1038/nphys1483
https://doi.org/10.1038/nphys1483
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
http://arxiv.org/abs/arXiv:1805.09754
https://doi.org/10.1103/PhysRevB.88.224514
https://doi.org/10.1103/PhysRevB.88.224514
https://doi.org/10.1103/PhysRevB.88.224514
https://doi.org/10.1103/PhysRevB.88.224514
https://doi.org/10.1103/PhysRevB.82.220504
https://doi.org/10.1103/PhysRevB.82.220504
https://doi.org/10.1103/PhysRevB.82.220504
https://doi.org/10.1103/PhysRevB.82.220504
https://doi.org/10.1143/JPSJ.81.104710
https://doi.org/10.1143/JPSJ.81.104710
https://doi.org/10.1143/JPSJ.81.104710
https://doi.org/10.1143/JPSJ.81.104710
https://doi.org/10.1103/PhysRevB.98.054512
https://doi.org/10.1103/PhysRevB.98.054512
https://doi.org/10.1103/PhysRevB.98.054512
https://doi.org/10.1103/PhysRevB.98.054512


COMPREHENSIVE ELIASHBERG ANALYSIS OF … PHYSICAL REVIEW B 99, 134518 (2019)

[21] G. Ghigo, G. A. Ummarino, L. Gozzelino, and T. Tamegai,
Phys. Rev. B 96, 014501 (2017).

[22] G. Ghigo, G. A. Ummarino, L. Gozzelino, R. Gerbaldo, F.
Laviano, D. Torsello, and T. Tamegai, Sci. Rep. 7, 13029
(2017).

[23] G. Ghigo, D. Torsello, R. Gerbaldo, L. Gozzelino, F. Laviano,
and T. Tamegai, Supercond. Sci. Technol. 31, 034006 (2018).

[24] G. Ghigo, D. Torsello, G. A. Ummarino, L. Gozzelino, M. A.
Tanatar, R. Prozorov, and P. C. Canfield, Phys. Rev. Lett. 121,
107001 (2018).

[25] G. Ghigo, F. Laviano, R. Gerbaldo, and L. Gozzelino,
Supercond. Sci. Technol. 25, 115007 (2012).

[26] G. Ghigo, R. Gerbaldo, L. Gozzelino, F. Laviano, and T.
Tamegai, IEEE Trans. Appl. Supercond. 26, 7300104 (2016).

[27] O. V. Dolgov, I. I. Mazin, D. Parker, and A. A. Golubov, Phys.
Rev. B 79, 060502(R) (2009).

[28] J. Paglione and R. L. Greene, Nat. Phys. 6, 645 (2010).
[29] L. Ortenzi, E. Cappelluti, L. Benfatto, and L. Pietronero, Phys.

Rev. Lett. 103, 046404 (2009).
[30] L. Pietronero, S. Strässler, and C. Grimaldi, Phys. Rev. B 52,

10516 (1995).
[31] C. Grimaldi, L. Pietronero, and S. Strässler, Phys. Rev. B 52,

10530 (1995).
[32] H. J. Choi, D. Roundy, H. Sun, M. L. Cohen, and S. G. Louie,

Phys. Rev. B 66, 020513(R) (2002).
[33] I. I. Mazin, O. K. Andersen, O. Jepsen, A. A. Golubov, O. V.

Dolgov, and J. Kortus, Phys. Rev. B 69, 056501 (2004).
[34] D. Parker, O. V. Dolgov, M. M. Korshunov, A. A. Golubov, and

I. I. Mazin, Phys. Rev. B 78, 134524 (2008).
[35] P. Popovich, A. V. Boris, O. V. Dolgov, A. A. Golubov, D. L.

Sun, C. T. Lin, R. K. Kremer, and B. Keimer, Phys. Rev. Lett.
105, 027003 (2010).

[36] A. Charnukha, O. V. Dolgov, A. A. Golubov, Y. Matiks, D. L.
Sun, C. T. Lin, B. Keimer, and A. V. Boris, Phys. Rev. B 84,
174511 (2011).

[37] D. V. Efremov, M. M. Korshunov, O. V. Dolgov, A. A.
Golubov, and P. J. Hirschfeld, Phys. Rev. B 84, 180512(R)
(2011).

[38] M. Tortello, D. Daghero, G. A. Ummarino, V. A. Stepanov, J.
Jiang, J. D. Weiss, E. E. Hellstrom, and R. S. Gonnelli, Phys.
Rev. Lett. 105, 237002 (2010).

[39] D. Daghero, M. Tortello, G. Ummarino, and R. Gonnelli, Rep.
Prog. Phys. 74, 124509 (2011).

[40] G. M. Eliashberg, J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 966
(1960) [Sov. Phys. JETP 11, 696 (1960)].

[41] A. V. Chubukov, D. V. Efremov, and I. Eremin, Phys. Rev. B
78, 134512 (2008).

[42] K.-H. Bennemann and J. B. Ketterson, Superconductivity, Vol. 1:
Conventional and Unconventional Superconductors (Springer,
Berlin, 2008); Superconductivity, Vol. 2: Novel Superconduc-
tors (Springer, Berlin, 2008).

[43] M. M. Korshunov, Y. N. Togushova, and O. V. Dolgov, Phys.
Usp. 59, 1211 (2016).

[44] G. A. Ummarino, Phys. Rev. B 83, 092508 (2011).
[45] O. V. Dolgov, A. A. Golubov, and D. Parker, New J. Phys. 11,

075012 (2009).
[46] K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, S.

Tonegawa, T. Kato, R. Okazaki, C. J. van der Beek,
M. Konczykowski, H. Takeya, K. Hirata, T. Terashima, and Y.
Matsuda, Phys. Rev. Lett. 102, 207001 (2009).

[47] H. Takahashi, Y. Imai, S. Komiya, I. Tsukada, and A. Maeda,
Phys. Rev. B 84, 132503 (2011).

[48] D. S. Inosov, J. T. Park, A. Charnukha, Y. Li, A. V.
Boris, B. Keimer, and V. Hinkov, Phys. Rev. B 83, 214520
(2011).

[49] B. Mansart, E. Papalazarou, M. F. Jensen, V. Brouet, L.
Petaccia, L. de’ Medici, G. Sangiovanni, F. Rullier-Albenque,
A. Forget, D. Colson, and M. Marsi, Phys. Rev. B 85, 144508
(2012).

[50] T. Yoshida, S.-i. Ideta, T. Shimojima, W. Malaeb, K. Shinada,
H. Suzuki, I. Nishi, A. Fujimori, K. Ishizaka, S. Shin et al., Sci.
Rep. 4, 7292 (2014).

[51] Z. R. Ye, Y. Zhang, F. Chen, M. Xu, Q. Q. Ge, J. Jiang,
B. P. Xie, and D. L. Feng, Phys. Rev. B 86, 035136
(2012).

[52] A. B. Vorontsov, M. G. Vavilov, and A. V. Chubukov, Phys.
Rev. B 79, 140507(R) (2009).

[53] M. Korshunov, V. Shestakov, and Y. Togushova, J. Magn.
Magn. Mater. 440, 133 (2017).

[54] R. T. Gordon, N. Ni, C. Martin, M. A. Tanatar, M. D. Vannette,
H. Kim, G. D. Samolyuk, J. Schmalian, S. Nandi, A. Kreyssig,
A. I. Goldman, J. Q. Yan, S. L. Bud’ko, P. C. Canfield, and R.
Prozorov, Phys. Rev. Lett. 102, 127004 (2009).

[55] R. T. Gordon, H. Kim, N. Salovich, R. W. Giannetta, R. M.
Fernandes, V. G. Kogan, T. Prozorov, S. L. Bud’ko, P. C.
Canfield, M. A. Tanatar, and R. Prozorov, Phys. Rev. B 82,
054507 (2010).

[56] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S.
Tonegawa, R. Okazaki, H. Shishido, H. Ikeda, H. Takeya, K.
Hirata, T. Terashima, and Y. Matsuda, Phys. Rev. B 81, 184519
(2010).

[57] K. Hashimoto, M. Yamashita, S. Kasahara, Y. Senshu, N.
Nakata, S. Tonegawa, K. Ikada, A. Serafin, A. Carrington, T.
Terashima, H. Ikeda, T. Shibauchi, and Y. Matsuda, Phys. Rev.
B 81, 220501(R) (2010).

[58] R. Valdés Aguilar, L. S. Bilbro, S. Lee, C. W. Bark, J. Jiang,
J. D. Weiss, E. E. Hellstrom, D. C. Larbalestier, C. B. Eom, and
N. P. Armitage, Phys. Rev. B 82, 180514(R) (2010).

[59] O. Klein, E. J. Nicol, K. Holczer, and G. Grüner, Phys. Rev. B
50, 6307 (1994).

[60] D. Deepwell, D. C. Peets, C. J. S. Truncik, N. C. Murphy, M. P.
Kennett, W. A. Huttema, R. Liang, D. A. Bonn, W. N. Hardy,
and D. M. Broun, Phys. Rev. B 88, 214509 (2013).

[61] W. Yu, L. Ma, J. B. He, D. M. Wang, T.-L. Xia, G. F. Chen, and
W. Bao, Phys. Rev. Lett. 106, 197001 (2011).

[62] M. Yashima, H. Nishimura, H. Mukuda, Y. Kitaoka, K.
Miyazawa, P. M. Shirage, K. Kihou, H. Kito, H. Eisaki, and
A. Iyo, J. Phys. Soc. Jpn. 78, 103702 (2009).

[63] T. Fischer, A. V. Pronin, J. Wosnitza, K. Iida, F. Kurth, S.
Haindl, L. Schultz, B. Holzapfel, and E. Schachinger, Phys.
Rev. B 82, 224507 (2010).

[64] Y. Nakai, T. Iye, S. Kitagawa, K. Ishida, S. Kasahara, T.
Shibauchi, Y. Matsuda, and T. Terashima, Phys. Rev. B 81,
020503(R) (2010).

[65] M. Yamashita, Y. Senshu, T. Shibauchi, S. Kasahara, K.
Hashimoto, D. Watanabe, H. Ikeda, T. Terashima, I. Vekhter,
A. B. Vorontsov, and Y. Matsuda, Phys. Rev. B 84, 060507(R)
(2011).

[66] Z. Diao, D. Campanini, L. Fang, W.-K. Kwok, U. Welp, and A.
Rydh, Phys. Rev. B 93, 014509 (2016).

134518-9

https://doi.org/10.1103/PhysRevB.96.014501
https://doi.org/10.1103/PhysRevB.96.014501
https://doi.org/10.1103/PhysRevB.96.014501
https://doi.org/10.1103/PhysRevB.96.014501
https://doi.org/10.1038/s41598-017-13303-5
https://doi.org/10.1038/s41598-017-13303-5
https://doi.org/10.1038/s41598-017-13303-5
https://doi.org/10.1038/s41598-017-13303-5
https://doi.org/10.1088/1361-6668/aaa858
https://doi.org/10.1088/1361-6668/aaa858
https://doi.org/10.1088/1361-6668/aaa858
https://doi.org/10.1088/1361-6668/aaa858
https://doi.org/10.1103/PhysRevLett.121.107001
https://doi.org/10.1103/PhysRevLett.121.107001
https://doi.org/10.1103/PhysRevLett.121.107001
https://doi.org/10.1103/PhysRevLett.121.107001
https://doi.org/10.1088/0953-2048/25/11/115007
https://doi.org/10.1088/0953-2048/25/11/115007
https://doi.org/10.1088/0953-2048/25/11/115007
https://doi.org/10.1088/0953-2048/25/11/115007
https://doi.org/10.1109/TASC.2016.2529419
https://doi.org/10.1109/TASC.2016.2529419
https://doi.org/10.1109/TASC.2016.2529419
https://doi.org/10.1109/TASC.2016.2529419
https://doi.org/10.1103/PhysRevB.79.060502
https://doi.org/10.1103/PhysRevB.79.060502
https://doi.org/10.1103/PhysRevB.79.060502
https://doi.org/10.1103/PhysRevB.79.060502
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nphys1759
https://doi.org/10.1103/PhysRevLett.103.046404
https://doi.org/10.1103/PhysRevLett.103.046404
https://doi.org/10.1103/PhysRevLett.103.046404
https://doi.org/10.1103/PhysRevLett.103.046404
https://doi.org/10.1103/PhysRevB.52.10516
https://doi.org/10.1103/PhysRevB.52.10516
https://doi.org/10.1103/PhysRevB.52.10516
https://doi.org/10.1103/PhysRevB.52.10516
https://doi.org/10.1103/PhysRevB.52.10530
https://doi.org/10.1103/PhysRevB.52.10530
https://doi.org/10.1103/PhysRevB.52.10530
https://doi.org/10.1103/PhysRevB.52.10530
https://doi.org/10.1103/PhysRevB.66.020513
https://doi.org/10.1103/PhysRevB.66.020513
https://doi.org/10.1103/PhysRevB.66.020513
https://doi.org/10.1103/PhysRevB.66.020513
https://doi.org/10.1103/PhysRevB.69.056501
https://doi.org/10.1103/PhysRevB.69.056501
https://doi.org/10.1103/PhysRevB.69.056501
https://doi.org/10.1103/PhysRevB.69.056501
https://doi.org/10.1103/PhysRevB.78.134524
https://doi.org/10.1103/PhysRevB.78.134524
https://doi.org/10.1103/PhysRevB.78.134524
https://doi.org/10.1103/PhysRevB.78.134524
https://doi.org/10.1103/PhysRevLett.105.027003
https://doi.org/10.1103/PhysRevLett.105.027003
https://doi.org/10.1103/PhysRevLett.105.027003
https://doi.org/10.1103/PhysRevLett.105.027003
https://doi.org/10.1103/PhysRevB.84.174511
https://doi.org/10.1103/PhysRevB.84.174511
https://doi.org/10.1103/PhysRevB.84.174511
https://doi.org/10.1103/PhysRevB.84.174511
https://doi.org/10.1103/PhysRevB.84.180512
https://doi.org/10.1103/PhysRevB.84.180512
https://doi.org/10.1103/PhysRevB.84.180512
https://doi.org/10.1103/PhysRevB.84.180512
https://doi.org/10.1103/PhysRevLett.105.237002
https://doi.org/10.1103/PhysRevLett.105.237002
https://doi.org/10.1103/PhysRevLett.105.237002
https://doi.org/10.1103/PhysRevLett.105.237002
https://doi.org/10.1088/0034-4885/74/12/124509
https://doi.org/10.1088/0034-4885/74/12/124509
https://doi.org/10.1088/0034-4885/74/12/124509
https://doi.org/10.1088/0034-4885/74/12/124509
http://www.jetp.ac.ru./cgi-bin/dn/e_011_03_0696.pdf
https://doi.org/10.1103/PhysRevB.78.134512
https://doi.org/10.1103/PhysRevB.78.134512
https://doi.org/10.1103/PhysRevB.78.134512
https://doi.org/10.1103/PhysRevB.78.134512
https://doi.org/10.3367/UFNe.2016.07.037863
https://doi.org/10.3367/UFNe.2016.07.037863
https://doi.org/10.3367/UFNe.2016.07.037863
https://doi.org/10.3367/UFNe.2016.07.037863
https://doi.org/10.1103/PhysRevB.83.092508
https://doi.org/10.1103/PhysRevB.83.092508
https://doi.org/10.1103/PhysRevB.83.092508
https://doi.org/10.1103/PhysRevB.83.092508
https://doi.org/10.1088/1367-2630/11/7/075012
https://doi.org/10.1088/1367-2630/11/7/075012
https://doi.org/10.1088/1367-2630/11/7/075012
https://doi.org/10.1088/1367-2630/11/7/075012
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevB.84.132503
https://doi.org/10.1103/PhysRevB.84.132503
https://doi.org/10.1103/PhysRevB.84.132503
https://doi.org/10.1103/PhysRevB.84.132503
https://doi.org/10.1103/PhysRevB.83.214520
https://doi.org/10.1103/PhysRevB.83.214520
https://doi.org/10.1103/PhysRevB.83.214520
https://doi.org/10.1103/PhysRevB.83.214520
https://doi.org/10.1103/PhysRevB.85.144508
https://doi.org/10.1103/PhysRevB.85.144508
https://doi.org/10.1103/PhysRevB.85.144508
https://doi.org/10.1103/PhysRevB.85.144508
https://doi.org/10.1038/srep07292
https://doi.org/10.1038/srep07292
https://doi.org/10.1038/srep07292
https://doi.org/10.1038/srep07292
https://doi.org/10.1103/PhysRevB.86.035136
https://doi.org/10.1103/PhysRevB.86.035136
https://doi.org/10.1103/PhysRevB.86.035136
https://doi.org/10.1103/PhysRevB.86.035136
https://doi.org/10.1103/PhysRevB.79.140507
https://doi.org/10.1103/PhysRevB.79.140507
https://doi.org/10.1103/PhysRevB.79.140507
https://doi.org/10.1103/PhysRevB.79.140507
https://doi.org/10.1016/j.jmmm.2016.12.082
https://doi.org/10.1016/j.jmmm.2016.12.082
https://doi.org/10.1016/j.jmmm.2016.12.082
https://doi.org/10.1016/j.jmmm.2016.12.082
https://doi.org/10.1103/PhysRevLett.102.127004
https://doi.org/10.1103/PhysRevLett.102.127004
https://doi.org/10.1103/PhysRevLett.102.127004
https://doi.org/10.1103/PhysRevLett.102.127004
https://doi.org/10.1103/PhysRevB.82.054507
https://doi.org/10.1103/PhysRevB.82.054507
https://doi.org/10.1103/PhysRevB.82.054507
https://doi.org/10.1103/PhysRevB.82.054507
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.184519
https://doi.org/10.1103/PhysRevB.81.220501
https://doi.org/10.1103/PhysRevB.81.220501
https://doi.org/10.1103/PhysRevB.81.220501
https://doi.org/10.1103/PhysRevB.81.220501
https://doi.org/10.1103/PhysRevB.82.180514
https://doi.org/10.1103/PhysRevB.82.180514
https://doi.org/10.1103/PhysRevB.82.180514
https://doi.org/10.1103/PhysRevB.82.180514
https://doi.org/10.1103/PhysRevB.50.6307
https://doi.org/10.1103/PhysRevB.50.6307
https://doi.org/10.1103/PhysRevB.50.6307
https://doi.org/10.1103/PhysRevB.50.6307
https://doi.org/10.1103/PhysRevB.88.214509
https://doi.org/10.1103/PhysRevB.88.214509
https://doi.org/10.1103/PhysRevB.88.214509
https://doi.org/10.1103/PhysRevB.88.214509
https://doi.org/10.1103/PhysRevLett.106.197001
https://doi.org/10.1103/PhysRevLett.106.197001
https://doi.org/10.1103/PhysRevLett.106.197001
https://doi.org/10.1103/PhysRevLett.106.197001
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1103/PhysRevB.82.224507
https://doi.org/10.1103/PhysRevB.82.224507
https://doi.org/10.1103/PhysRevB.82.224507
https://doi.org/10.1103/PhysRevB.82.224507
https://doi.org/10.1103/PhysRevB.81.020503
https://doi.org/10.1103/PhysRevB.81.020503
https://doi.org/10.1103/PhysRevB.81.020503
https://doi.org/10.1103/PhysRevB.81.020503
https://doi.org/10.1103/PhysRevB.84.060507
https://doi.org/10.1103/PhysRevB.84.060507
https://doi.org/10.1103/PhysRevB.84.060507
https://doi.org/10.1103/PhysRevB.84.060507
https://doi.org/10.1103/PhysRevB.93.014509
https://doi.org/10.1103/PhysRevB.93.014509
https://doi.org/10.1103/PhysRevB.93.014509
https://doi.org/10.1103/PhysRevB.93.014509


D. TORSELLO et al. PHYSICAL REVIEW B 99, 134518 (2019)

[67] Y. Zhang, Z. Ye, Q. Ge, F. Chen, J. Jiang, M. Xu, B. Xie, and
D. Feng, Nat. Phys. 8, 371 (2012).

[68] P. J. Hirschfeld and N. Goldenfeld, Phys. Rev. B 48, 4219(R)
(1993).

[69] K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara, Y. Mizukami,
R. Katsumata, Y. Tsuruhara, T. Terashima, H. Ikeda, M. A.
Tanatar, H. Kitano, N. Salovich, R. W. Giannetta, P. Walmsley,

A. Carrington, R. Prozorov, and Y. Matsuda, Science 336, 1554
(2012).

[70] D. A. Bonn, S. Kamal, K. Zhang, R. Liang, D. J. Baar,
E. Klein, and W. N. Hardy, Phys. Rev. B 50, 4051
(1994).

[71] T. Saito, S. Onari, and H. Kontani, Phys. Rev. B 88, 045115
(2013).

134518-10

https://doi.org/10.1038/nphys2248
https://doi.org/10.1038/nphys2248
https://doi.org/10.1038/nphys2248
https://doi.org/10.1038/nphys2248
https://doi.org/10.1103/PhysRevB.48.4219
https://doi.org/10.1103/PhysRevB.48.4219
https://doi.org/10.1103/PhysRevB.48.4219
https://doi.org/10.1103/PhysRevB.48.4219
https://doi.org/10.1126/science.1219821
https://doi.org/10.1126/science.1219821
https://doi.org/10.1126/science.1219821
https://doi.org/10.1126/science.1219821
https://doi.org/10.1103/PhysRevB.50.4051
https://doi.org/10.1103/PhysRevB.50.4051
https://doi.org/10.1103/PhysRevB.50.4051
https://doi.org/10.1103/PhysRevB.50.4051
https://doi.org/10.1103/PhysRevB.88.045115
https://doi.org/10.1103/PhysRevB.88.045115
https://doi.org/10.1103/PhysRevB.88.045115
https://doi.org/10.1103/PhysRevB.88.045115

