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Microwave measurements of London penetration depth and critical temperature, T, were used
to show evidence of disordered-driven transition from s+ to s++ order parameter symmetry in
optimally doped Ba(Fei—;Rhz)2Ass single crystals, where disorder was induced by means of 3.5-
MeV proton irradiation. Signatures of such transition, as theoretically predicted [V. D. Efremov et
al., Phys. Rev. B 84, 180512(R) (2011)], are found as a drop in the low-temperature values of the
London penetration depth and a virtually disorder-independent superconducting 7.. We show how
these experimental observations can be described by multi-band Eliashberg calculations in which
the effect of disorder is accounted for in a suitable way. To this aim, an effective two-band approach
is adopted, allowing to treat disorder in a range between the Born approximation and the unitary

limit.

Introduction — Iron based superconductors (IBS) are
nowadays among the most studied superconducting ma-
terials. They arose interest both due to their potential
technological impact and their intriguing fundamental
multi-band and pairing properties. The leading candi-
date pairing state of most IBS, and in particular of the
compounds based on doped BaFeyAsy (122-family), is
the fully gapped s+ phase [1, 2]. This consists of an ex-
tended s-wave pairing with a sign reversal of the order pa-
rameter between different Fermi surface sheets and with
interband coupling between hole and electron bands pro-
vided by antiferromagnetic spin fluctuations. Although
this model is widely accepted, direct experimental con-
firmations are rare.

A promising approach to identify this phase makes use
of disorder to induce a transition between the s+ and
s++ symmetries, therefore assigning the s+ state to the
pristine material [3, 4]. This transition should occur be-
cause the gaps tend to converge with increasing disor-
der [4]: if the pristine state is characterized by the s+
symmetry and the gaps converge to a finite value, it in-
evitably implies the closing and reopening of the smallest
gap(s) and the realization of the s++ symmetry. It was
suggested that this transition could leave specific hall-
marks in the low temperature quasiparticle conductivity
and London penetration depth, but they were observed
experimentally only in the former [5]. The s++ state
is characterized by the absence of sign reversal between
different bands and has different properties from the s+
state. In particular, the critical temperature of an s++
superconductor is expected to show a weaker disorder
dependence.

In this Letter, we aim to observe and identify the
hallmark of the s+ to s+ transition driven by proton-

irradiation-induced disorder in the London penetration
depth, Ap, of Ba(Fe;_,Rh;)2Ass single crystals, by em-
ploying a microwave resonator technique. Ion irradia-
tion is an efficient tool to introduce disorder into ma-
terials without contributing to charge doping or huge
structural distortions. The choice of light projectiles at
moderate energies such as 3.5-MeV protons ensures that
only isotropically-distributed point-like defects and small
cascades are produced in the system, provided that the
thickness of the sample is smaller than the implantation
depth of the ions. Then, we show how the Ap(T) ex-
perimental behavior and the s+ to s+4 transition can
be described in a quantitative way by Eliashberg calcu-
lations where disorder is suitably accounted for. Thus
the Letter is organized as follows: after a background
about the electronic structure of the compound and the
st to s++ transition, the experimental and the theo-
retical techniques are presented. Then, the results are
discussed in light of the possible transition and finally
conclusions are drawn.

The s+ to s++ transition — The electronic structure
of Ba-122 compounds can be approximately described by
a three-band model. The nature of such bands depends
on doping: two hole bands and one equivalent electron
band for hole-doped compounds, as Ba;_ K, FesAss, one
hole band and two electron bands for electron-doped ma-
terials, as Ba(Fe;_,Co,)2Asy. With this regard, there is
a lack of literature about Ba(Fe;_;Rh,)2Ass, but since
Rh and Co are isoelectronic species and very similar ex-
perimental behaviors were observed [6, 7], it is reasonable
to assume for both Rh- and Co-doped Ba-122 the same
electronic structure.

Within the s+ wave model, due to the antiferromag-
netic spin fluctuation coupling, the gap of the elec-



tron band has opposite sign with respect to the gaps
of the hole bands [2]. Recently, sign-reversal s+ sym-
metry of the order parameter has been proved for
Baj_,Na,FesAsy; by phase-sensitive measurements [8],
and it was even possible to induce it by disorder in the
case of BaFey(As;_,P,)2, which shows accidental gap
nodes when in the pristine state [9]. This demonstrates
that the topology of the superconducting gap can be con-
trolled by disorder: a unique feature of the iron pnictides.
Moreover, even much more complex situation can occur
in the presence of an external field or superconducting
currents, when coexistence of s++ and s+ superconduct-
ing states in dirty multiband superconductors can be de-
tected [10], but these peculiar conditions are not consid-
ered here.

Thus, a three-band s+ model is the most appropriate
to correctly describe the physical properties of these com-
pounds. Recently, we have used such approach to suc-
cessfully explain the measured temperature dependence
of the London penetration depth of Ba;_, K, FesAss crys-
tals [11]. In another work, we have investigated the ef-
fects of irradiation-induced disorder on the properties of
the same crystals [12]. Due to the fact that disorder
was moderate, we could use the same three-band ap-
proach, treating disorder within the Born approximation:
we were able to reproduce both the experimental T, re-
duction and the Ap(T) behavior of the irradiated crys-
tals, with the remarkable result of a change of sign of the
smaller gap for the most disordered sample, but preserv-
ing the s+ symmetry [12].

In this Letter, aiming at investigating the s+ to
s++ transition, we want to analyze the case of
Ba(Fe;_,Rh,)2Ase with a much higher degree of disor-
der, when the Born approximation is expected to lose
its validity. The problem emerges that in such a frame-
work the three-band calculations become tricky and the
parameter space enlarges too much to allow drawing rea-
sonable conclusions. For these reasons, we implemented a
T—matrix approach within an effective two-band model,
allowing us to treat disorder in a range from the Born ap-
proximation to the unitary limit. Accordingly, we con-
sider both inter-band and intra-band scattering, but it
is intended that intra-band terms have no direct physical
meaning, representing a combination of inter-band terms
of a more realistic three-band model. In fact, it can be
said that in these systems the inter-band coupling is pre-
dominant [13].

On this premise, we look for the experimental signa-
tures of a disordered-induced s+ to s+ transition, i.e. a
transition to a state where the sign of the two (or more)
gaps is preserved. The signature we are focusing on is a
drop in the low-temperature value of Ar, as qualitatively
predicted, but not yet observed [4, 5]. Then, we show
how this experimental behavior can be described by a
two-band Eliashberg model.

FExperimental techniques — Optimally doped single
crystals of Ba(Fe;_,Rh,)2Ass, with 2=0.068 and critical
temperature T.0=23.5 K, were grown out of self flux us-
ing conventional high-temperature solution growth tech-
niques [14-16]. The investigated samples were cleaved to
have thickness, along the c-axis, smaller than the im-
plantation depth of 3.5-MeV protons in the material.
The characterization of their superconducting properties
was carried out by means of a microwave resonator tech-
nique that has already been applied to other IBS crystals
[11, 12, 17]. Tt allows obtaining the absolute value of the
London penetration depth and the surface impedance as
a function of temperature by measuring the modifications
induced to the resonance of an YBasCu3zO7_, coplanar
waveguide resonator by coupling the sample to it [18].
Since the technique is non-destructive, it is suitable for
measurements on the pristine crystals and after each ir-
radiation session, in order to observe the evolution of
the superconducting properties with increasing disorder,
avoiding sample to sample variability.
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FIG. 1. (a) Critical temperature of the irradiated crystal
normalized to its value for the pristine crystal, as a function
of the irradiation-induced disorder, expressed by the average
displacement per atom. The critical temperature considered
here is the temperature of A\(T") divergence. The width of
the superconducting transition is shown as the half-width-
half-maximum value of the derivative of 1/Q raw data (right
scale). (b) Low-temperature values of the London penetra-
tion depth. Different background colors are used to qualita-
tively distinguish between the s+ and s++4 phases, discussed
throughout this Letter. The transition between them is iden-
tified in the Az (0) drop, as discussed in the text (dashed lines
are guides to the eye).
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FIG. 2. A\;? as a function of temperature and disorder (dpa): (a) experimental and (b) calculated surface plots. In (a) the
experimental curves are superimposed as symbols. The insets show the corresponding two-dimensional color plots, where the
st to s++ transition is marked by a dashed line. All the graphs refer to the same color scale. The superfluid density is
reported as a function of the reduced temperature in (c), where the experimental data (symbols) are compared to calculations
(lines). The shape clearly changes after first irradiation doses (arrow #1) and again after the st to s++ transition (arrow
#2). Calculated curves correctly describe this behavior, but fail to exactly reproduce the experimental results, mainly because
of the compulsory choice to treat disorder within an effective two-gap model. The inset shows the values of the parameters I'

and o as a function of dpa.

Proton irradiation was performed at the CN facility
of the LNL laboratories of the Italian National Institute
for Nuclear Physics (INFN). The samples were irradi-
ated with 3.5 MeV protons in multiple sessions, up to a
total fluence of 2.08x10'7 cm™2. Further details are re-
ported in [18]. The irradiation process was addressed by
Monte Carlo simulations performed with the PHITS [29]
and SRIM [30] codes in order to replicate the experimen-
tal conditions and estimate the irradiation effects on the
samples. To this aim, the displacement per atom (dpa)
profile as a function of depth inside the material was es-
timated within the Kinchin-Pease approach [18]. This
allows to obtain the position of the implantation peak
in the material, that would be at about 67 pum, and in
turn to keep the thickness of the samples well below this
value to avoid ion implantation. Moreover, the amount
of introduced disorder in a particular crystal is estimated
as the dpa averaged over its thickness.

Figure 1 shows the critical temperature, T, of an ir-
radiated crystal normalized to its pristine value and the
width of the superconducting transition, as a function
of disorder expressed by the irradiation-induced displace-
ment per atom. In the lower panel of Fig.1, experimental
low-temperature values of the London penetration depth
are reported. T, and Ar(0) show a clear change of be-
havior at a given value of disorder, highlighted in the
figure by a change in the background color, while the
unaltered increase of the transition width testifies that
disorder continuously increases. In particular, as stated
in the Introduction, the clear drop of Az (0) can be con-
sidered to be a sign of the transition from the s+ to

the s++ state. Basing this hypothesis on the experi-
mental results, we propose in the following a model that
could validate it within realistic assumptions. For the
sake of completeness, we should say that Schilling et. al.
[5], tracing the s+ to s++ transition in the related ma-
terial Ba(Fe;_,Co,)2Ass by observing the behavior of
the optical conductivity, did not discern the discontinu-
ity of A£(0). This is not in contrast with our results
since the experimental conditions were very different as
for the compound, the morphology (thin film in [5]) and
the particle (200-keV protons in [5]).

Figure 1 also shows that T, starts to slightly recover,
at the higher disorder values. This behavior can be ex-
plained by two opposite scenarios. A T, enhancement can
be attributed to the competition between superconduc-
tivity and a secondary order (spin density wave) that is
suppressed more rapidly by disorder than superconduc-
tivity itself [31]. Conversely, the induction of a local mag-
netic phase could stabilize the superconductivity, even
leading to a slight enhancement of the superconducting
order parameter [32] (indeed, we observed a magnetic
phase in proton-irradiated crystals [16]). In both cases,
it results that this feeble effect can only emerge in the
s++ state, where the pair-breaking effect of disorder is
much weaker than in the s=* state.

The model — To calculate the critical temperature and
the penetration depth within the s+ wave by the two-
band Eliashberg equations [33], one has to solve four
coupled equations for the gaps A;(iw,) and renormal-
ization functions Z;(iwy), where i is a band index and
wy, are the Matsubara frequencies. The imaginary-axis



equations [33-35] read:

wnZi(iwn) = wn + 7Ty A (iwn, iwm) N7 (iwm) +

m,Jj

ZI‘NNZ (iwn) (1)

Zi(iwn) A (iwn) = WTZ Afj (iwn, fwm) — pi;(we)] x

XO(wWe — |wm|)NA (iwnm ) + Z 1"NNA (twn,) (2)

where I‘flv are the scattering rates from non-magnetic im-
purities (the diagonal components T'YY do not affect the
superconductive properties):

FiVQ(Ql) -
B L)1 —o0)
o(1 = a)n(N1(0) + N2(0))2/N1(0)N2(0) + (on — 1)

where 0 = 72 N1 (0)N2(0)u?/(1 + 72 N1(0)N2(0)u?) and
I'1(2) = NimpT™Na1)(0)u?(1— o) are the generalized cross-
section and normal state scattering rate parameters, re-
spectively, and 1y, is the impurity concentration. The
parameter 7 controls the ratio of intra-band and inter-
band scattering as v? = u?n, where v and u are the in-
traband and interband parts of the impurity potential,
respectively [34, 36]. When o — 0, disorder is treated
within the Born limit (weak scattering), while for o — 1
the unitary limit is achieved (strong scattering). Thus,
disorder is controlled by three parameters, namely o, n
and I'y, since 'y =T’y %1(83 . As for the ratio of the normal
densities of states at the Fermi level, N1(0)/N2(0), we as-
sume the value obtainable for the similar electron-doped
compound Ba(Fe;_,Co,)2Ass by summing the contribu-
tions of the electronic bands of the three-band model [18].
The other parameters explicitly or implicitly present in
eqs. 1 and 2, as the components of the electron-boson
coupling-constant matrix A;;, the input values and the
approximations are described in detail in [18].

Within a multiband model and disregarding the
anisotropy, the penetration depth of the magnetic field,
AL, in the London limit [37], is expressed as

AT = (273 (“’w—)wT S

i=1

AF (wn) Z7 (wn)

X n_z_:oo W2 Z2(wn) + A2 (wn) 22 (wn )]/ (3)
where ¢ is the speed of light, Z;(w,) and A;(w,) are
the solutions of the Eliashberg equations and w,; is the
plasma frequency associated to band i. Then, the super-
fluid density can be computed as ps(T) = A2 (0)/A%(T).
The values of the plasma frequencies w, ; for each band
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FIG. 3. Left: temperature dependence of the energy gaps
obtained by the solution of the imaginary-axis Eliashberg
equations, for the unirradiated crystal (black lines) and for
the same crystal after each irradiation (color lines). As the
irradiation-induced disorder increases, A1 and Az get closer,
with A; changing sign for the most irradiated samples. Right:
low-temperature values of the gaps from the real-axis solu-
tions of the Eliashberg equations, obtained by the Padé ap-
proximants, as a function of disorder, expressed here in terms
of irradiation-induced displacement per atom (dpa). The
transition from the st to the s+-+ state is highlighted by
the change in the background colors.

are unknown, but since the weights in (3) are normal-
ized to unity, (£21)% 4 (%22)? = 1, a single free param-

eter can be considered for fitting the experimental data,

Wi = (wfl;l )2.

We reproduced the experimental T, and p(7T') in the
non-disordered case (unirradiated crystal) with A3 =
1.0, A9g = 2.65 and A3 = —0.17, for a total coupling

Mo = SR Oatie) = 174, and with
w1 =0.98. In this case, the Eliashberg equations at

T = 0.5 K gave the low-temperature values of the gaps,
A1 = —2.64meV and As = 5.71 meV, which are actually
obtained by the analytical continuation to the real axis
of the imaginary-axis solutions of (1) and (2), by using
the technique of the Padé approximants.

To describe the effects of disorder we can operate on
l"f\; , which include the three free parameters I'y, o and
7, proportional to structural disorder in an a prior: un-
known way.

Discussion — The model described above is now used
to reproduce the experimental results, i.e. T, and ps(T)
of disordered samples, assuming reasonable values for the
parameters: we keep n = 1, as in [5], 'y linearly increas-
ing with the irradiation dose (from 0 to 2.35 meV for the
most irradiated crystal) and ¢ increasing from 0 (Born
limit, unirradiated crystal) to 0.278. The weight wy is
then adjusted to better fit the data. The values of the
parameters allowing to better reproduce the experimen-



tal results are reported in the inset of Fig.2(c) and, as
a table, in [18]. In Fig.2(a)-(b) the experimental val-
ues of A\, %(T) as a function of temperature and disorder
are compared to calculations based on (3), showing a
remarkable matching. The s+ to s++ transition is iden-
tified at a dpa value of about 0.0046. The superfluid
density is reported as a function of the reduced tempera-
ture in Fig.2(c), where the experimental data (symbols)
are compared to calculations (lines). The shape clearly
changes after first irradiation doses and again after the
s+ to s++ transition. The calculated curves correctly
describe the general behavior, but fail to reproduce the
experimental data exactly, mainly because of the approx-
imation of considering two effective gaps instead of at
least three (more realistic model), imposed by the need
to suitably describe the effects of disorder. This choice,
together with the assumptions we made to limit the pa-
rameter space, impose severe constraints to the results
of the calculations. Finally, Fig.3 shows the calculated
gaps, resulting from such parameters. On the left, the
energy gaps obtained by the solution of the imaginary-
axis Eliashberg equations, for the same crystal before and
after each irradiation, are given. On the right, the low-
temperature values of the gaps from the real-axis solu-
tions of the Eliashberg equations, obtained by the Padé
approximants, are reported as a function of disorder. The
transition from a sign-reversal to a sign-preserving sym-
metry of the order parameter is shown at the same disor-
der level as in Figs.1-2. In the s++ state, the difference
between A1 and Ay does not continue to decrease, which
is consistent with the T, behavior discussed above.

Conclusions — We have shown, by means of
a microwave technique, the experimental evidence
of a disordered-induced s+ to s++ transition in
Ba(Fe;_,Rh;)2Ass single crystals, in the form of a clear
drop in the low-temperature values of the London pene-
tration depth, as already predicted in literature but not
yet observed. Disorder was induced by 3.5-MeV proton
irradiation, up to 6.63x1073 displacements per atom.
The transition was validated through a two-band Eliash-
berg model, where disorder is considered in a variable
range between the Born approximation and the unitary
limit. Self-consistent calculations with realistic parame-
ter values reproduced the experimental critical tempera-
ture and superfluid density, with the s+ to s++ transi-
tion at the expected disorder level. The agreement is only
semi—quantitative, since at least three bands should be
considered to correctly describe the physics of the com-
pound, but this was made impractical by the need to
correctly account for a high level of disorder.

In summary, our approach is an effective and general
way to determine whether a material is characterized by
the s+ symmetry, through its evolution with disorder.
Hopefully, these findings will stimulate the development
of further experiments aimed to shed more light onto the
underlying coupling mechanisms.
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