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Determining the symmetry of the superconducting order parameter is the most important but also the most
complicated step in elucidating the mechanism of superconductivity. Here we present an experimental approach
to investigate the order parameter symmetry of unconventional multiband superconductors, which is based on a
disorder-induced change from sign-reversed (s.) to sign-preserved (s, ) symmetry. Therefore, we investigated
a Ba(Fey9Cog1),As; thin film by THz spectroscopy and stepwise proton irradiation. In our experiments, the
low-energy superconducting gap first vanishes but recovers at higher irradiation doses. At the same time, the
decrease of the superfluid density with disorder comes to a halt. Thus, we confirm with the method presented
here that the superconducting order parameter in the pristine sample possesses s+ symmetry.
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I. INTRODUCTION

Despite tremendous work by theoreticians and experimen-
talists during the past several years, a universal sign change of
the superconducting order parameter between different sheets
of the Fermi surface in Fe-based superconductors (FeSC) is
still under debate [1-5]. In analogy to cuprates, the emergence
of a sharp peak in the dynamic spin susceptibility x”(Q,w)
below the superconducting transition temperature 7, is often
considered as strong evidence of such a sign change. Indeed,
this magnetic spin resonance was observed in most FeSC, with
very few exceptions like LiFeAs [6,7]. However, the peaks
found in the experiments are broader than expected. As it was
shown that the magnetic spectral weight redistribution due
to the opening of a spin gap in s44 superconductors may also
cause such a peak below T, doubt was cast on the unambiguity
of the s+ gap symmetry [8,9]. Hence, its confirmation by an
independent experimental method is urgently needed.

Another technique to yield information about the relative
sign of the order parameter on different sheets of the Fermi
surface is scanning tunneling microscopy (STM). While STM
in principle is phase insensitive, the quasiparticle scattering
on an impurity strongly depends on the phase of the under-
lying order parameter [10—12]. However, these quasiparticle
interference (QPI) experiments require a very clean surface.
Therefore, they can be done only for a few compounds of
FeSC, such as LiFeAs and FeSe [1].

Moreover, doping-induced disorder was discussed as a
tuning parameter through the phase diagram of FeSC [13]. In
this regard, many experimental observations in doped systems
were compatible with an si superconductor under the influ-
ence of disorder [14,15]. However, controlling the impurity
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level by stepwise irradiation allows much more direct conclu-
sions. Unfortunately, such experiments concentrated up to now
mainly on the suppression of 7, [16—18], where the inter- and
intraband scattering hampers any definite conclusion [19,20].
Similarly, the effect of controlled disorder on the temperature
(or energy) dependence of a certain measurement parameter,
such as the superconducting penetration depth [21], may lead
to contrary results for differently applied fitting ranges.

In the following, we present an alternative experimental
method to investigate the order parameter of multiband
superconductors with s1 order parameter. Our conclusions are
based on the disorder-induced closing- and reopening of their
superconducting gap, which can be directly observed with
several experimental techniques, such as optical spectroscopy,
STM, or angle-resolved photoemission spectroscopy. From
these, THz spectroscopy was our method of choice, as it allows
amacroscopic investigation of the bulk properties. Similarly to
QPI, we use a phase-insensitive method in combination with
a phase-sensitive physical phenomenon to yield information
about the sign of the order parameter.

II. THEORETICAL BACKGROUND

Our method is based on a characteristic development of
the superconducting gaps in multiband superconductors under
the effect of disorder [20,22-24]. It was shown that with
increasing disorder, the gap functions on different sheets of
the Fermi surface tend to the same value (see Ref. [1,20,22]
and references therein). Since the gap functions have the
same sign in s;; superconductors, the only possible evo-
lution is a continuous and monotonic approach of all gaps
towards the same value. In s1 superconductors, the situation
is more complicated and admits two scenarios depending
on the electron-electron coupling constants [20,22]: In the
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first scenario, both gaps simultaneously evolve to zero (full
suppression of the superconducting phase according to the
Abrikosov-Gorkov law); in the second scenario, both gaps
tend to the same finite value, inevitably involving the closing
and reopening (with reversed sign) of the smallest gap, thus
showing a transition from sy to s. .. We note that this transition
is induced by disorder and not by a change of the interactions
responsible for Cooper pairing. The nonmonotonic change of
the small gap appears only if the pristine system possesses the
s+ symmetry and can be detected even with a phase insensitive
technique. Hence, one does not need any detailed quantitative
comparison with theoretical calculations for inevitably proving
the s4 symmetry with our method.

III. EXPERIMENTAL BACKGROUND

In our experiment, we extract the evolution of the small gap
A from the coherence peak that appears for multiband systems
in 01(T,w — 0) at the temperature T,y With kgTix ~ A
(see Ref. [25] and the Supplemental Material [26]). This
peak resembles the Hebel-Slichter peak in nuclear magnetic
resonance studies [27] and appears when the parts of the Fermi
surface that are coupled by the experimental probe have gaps of
the same sign and similar magnitude; thus, it can be observed in
the case of Ba(Fe(9Coy 1),As, by THz spectroscopy [28,29].
Moreover, it gets suppressed the further a superconductor is in
the clean limit [30].

IV. EXPERIMENTAL DETAILS

The high-quality Ba(Fe(9Cog ),As, epitaxial film of a
thickness of approximately 50 nm was grown via pulsed-laser
deposition on a CaF, (001) substrate (thickness d = 1 mm) and
exhibits a sharp superconducting transition with 7, = 26 K
details of the growth procedure are described in Ref. [31]. In
order to create nonmagnetic impurities [16], the sample was
stepwise irradiated with protons (D =2 x 10'* protons per
cm? for each step) at the DanFysik-350 at the P.N. Lebedev
Physical Institute Moscow, using an energy of 200 keV. This
energy is high enough to guarantee that particles are not
implanted but pass the film and substrate and create pointlike
defects. By scanning the sample uniformly with a particle
beam of 2-mm spot size, the induced defects are distributed
homogeneously (better than +1%). In total, the film was
successively irradiated 9 times.

After each step of irradiation, we studied the optical
properties of the film by coherent-source THz spectroscopy.
Utilizing a Mach-Zehnder interferometer, the transmission
coefficient and the phase shift of the electromagnetic radiation
were measured at different temperatures down to 7 = 5K
over a frequency range from 3.5 to 36 cm™! (0.41-4.46 meV)
[32]. This allows us to directly determine the complex optical
conductivity 6 = o] + io, of the film without any use of the
Kramers-Kronig relation [33].

V. EXPERIMENTAL RESULTS

Discussing our experimental results, we concentrate on the
lowest energy (v = 52— = 5.0 cm™!), providing information

on the penetration depth Ay, the superfluid density n;, as well
as the lowest superconducting energy gap A of the investigated
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FIG. 1. Temperature-dependent optical conductivity o;(7T") nor-
malized to 30K (left) and permittivity €,(7) (right) of a
Ba(Fe(9Coq1)2As, thin film at v =5cm™! for different amounts
of proton irradiation (dose D = n2 x 10"*cm™2). (a) In the first
irradiation cycles, the coherence peak that represents the smallest
superconducting gap is shifted to lower temperatures, as indicated
by the black arrows (gray arrows represent the uncertainty). (b)
Meanwhile, the absolute value of €; as well as the temperature of
the onset are reduced. (c) After a dose of 12 x 10*cm™2 (n = 6),
the maximum of the peak is shifted back to higher temperatures.
(d) At the same proton dose a change appears in €,(7T'), since the
absolute value is not affected anymore by further proton irradiation.
The shaded area represents the uncertainty in the absolute value.

film. More details on the optical spectra can be found in
the Supplemental Material [26]. While the former quantities
are extracted directly from oz(w — 0) [€(T) = €00 — droy
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with €., being the optical contribution from the interband
transitions], A is gained from the coherence peak that appears
in oy1(w — 0,T). Thus, tracing the coherence peak enables
us to detect the evolution of this energy gap when disorder
increases.

The left panel of Fig. 1 shows the development of the
coherence peak in the normalized conductivity o;(T) as a
function of irradiation. Note that while the uncertainty in
the absolute value (shaded area) of THz frequency-domain
spectroscopy measurements is typically rather large in the
superconducting state due to the huge inductive response of the
Cooper pairs [34], the relative error is significantly smaller. As
expected, increasing disorder via proton irradiation not only
decreases T, (see Fig. 3) but also reduces the temperature 7p,«
of the coherence peak maximum [black arrows in Fig. 1(a)].
After a dose of D = 8 x 10 cm™2 (n = 4; n indicates the
number of irradiation), T« i shifted to temperatures below
the measured temperature window, indicating that the energy
gap continues to close. Here we emphasize that Ti,.x is
suppressed faster than 7, and hence the BCS relation between
the gap value and 7T is violated (see also Fig. 3). This is an
important prerequisite for the disorder-driven transition from
s+ 10 544 symmetry.
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Strikingly, at an irradiation dose of 14 x 10
protons per cm? (n = 7), the maximum of the coherence
peak moves back into the measured temperature range [see
Fig. 1(c)], representing the reopening of the energy gap;
further irradiation shifts 7j,.x to even higher temperatures.

Further evidence for such a transition can be gained
from the temperature-dependent permittivity €,(7") o o,(T),
which is depicted in the right panel of Fig. 1 for different
irradiation steps. For the first measurement cycles, the absolute
value of the permittivity at lowest temperatures, as well
as the temperature where it starts to drop, decrease with
increasing disorder [Fig. 1(b)], which is consistent with the
suppression of the superconducting phase. However, this trend
stops after a dose of 14 x 10'* protons per cm? (n = 7) and
€1(T) tends to saturate [see Fig. 1(d)]. Such a saturation of
€1(T) corresponds to a saturation of the superfluid density
ng X AZZ = 47%(eso — €])w?, which is depicted in Fig. 2(d).
Remarkably, this happens at the same irradiation dose as the
back-shift of the coherence peak.

In Fig. 2 we show a qualitative comparison between the
theoretical predictions for a two-band model [20,22] and our
experimental results for o(7T) and AZZ(T) as a function of the
impurity scattering rate I'. At I' = O the theoretical value of

(b)

100

FIG. 2. Top: Theoretical predictions for (a) oy and (b) Azz  ny as functions of temperature 7" and interband impurity scattering amplitude I'
in a two-band system with the following parameters: electron-electron coupling constants Aj; = 3, A;p = —0.2, ;1 = —0.1,and A, =0.5;
scattering rates within in the Born approximation I'y; = 10I", I'\;/2 =T, =T, =T the ratio between the plasma frequencies is

wgl,z /a)gh1 = 2. These parameters are similar to other calculations for iron pnictides [35,36]. The transition of the superconducting order
parameter from s to s, can be seen by both (a) the back-shift of the coherence peak to higher temperatures and (b) the reincrease of AZZ (red
arrow) for increasing scattering rate. Bottom: Experimentally determined (c) o; and (d) )»22 as functions of T and irradiation dose. While the
back-shift of the coherence peak can be seen as predicted by theory, the reincrease of AZZ at the critical scattering rate I". is not resolved in our
results.
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FIG. 3. (a) Residual resistivity ratio of the paramagnetic state
determined by the optical conductivity. The reduction of RRR
with increasing irradiation proves the accumulating disorder.
(b) Irradiation dependence of the critical temperature (orange closed
circles) and the maximum of the coherence peak (blue open
squares) obtained from the optical measurements at v = 5cm™".
For doses between 8 and 12 x 10" cm™2, the maximum of the
peak drops below the accessible temperature range (shaded area)
and we only indicate an upper bound. Starting with a dose of
D = 14 x 10" protons per cm?, the maximum of the coherence peak
is shifted back into our measured temperature range. The inset
sketches the expected behavior of two energy gaps on increasing
disorder. Since they tend to the same value, the smaller gap has
changed its sign.

the small gap is A = 0.5T,, which is in good agreement with
the experimental observations. With increasing disorder, the
position of the coherence peak, representing the smallest gap,
shifts to lower temperatures in both theoretical calculations
and experimental results; this corresponds to the suppression
of the small gap A. In the meantime, Azz is decreased due to
the suppression of the superconducting phase. At a certain
critical scattering rate (', & 0.357,), the trend stops and
the peak maximum is shifted back to higher temperatures;
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this corresponds to the reopening of the smallest gap with a
different sign.

While the experimental o(7) directly follows the theo-
retical predictions, there is some difference for AZZ. Experi-
mentally, we do not resolve the reincrease of the superfluid
density in the vicinity of I'.. This deviation can be attributed
to the experimental resolution or to the fact that we measure
at finite frequencies which reduces the strength of the increase
compared to theory. Nevertheless, the leveling off at highest
disorder is directly observable.

Figure 3 summarizes our main observations on the basis
of the parameters: T (ox A), Tt, and the residual resistivity
ratio (RRR) determined from the optical studies [37]. The
decrease of RRR and the linear suppression of 7, indicate an
enhancement of the scattering rate that is proportional to the
irradiation dose. As can be clearly seen, T, is suppressed
faster than 7., and hence the BCS relation between gap
value and critical temperature is violated, which enables us to
observe the transition of the order parameter. For an irradiation
dose of 14 x 10" protons per cm?, we clearly see that Ty
shifts back into the measured temperature range. Further
disorder increases Tp,,x even more, while the reduction of T,
still goes on, probably with a slightly smaller slope, which
can be seen from the onset of AZZ(T). This represents the
reopening of the smallest gap [38].

VI. CONCLUSIONS

In summary, we have presented an alternative experimental
approach to investigate the order parameter of unconventional
multiband superconductors. Our experimental results show a
clear anomaly in the optical properties of a superconducting
Ba(Fe(9Coq 1),As, thin film, when we increase the disorder
via proton irradiation: The low-energy superconducting gap
gets first suppressed but recovers at higher irradiation doses
(D > 14 x 10" protons per cm?). At the same time, the de-
crease of the superfluid density with disorder comes to a halt.
Our experimental findings are in excellent agreement with
our theoretical predictions [20,22], which propose a disorder-
induced sign change of the superconducting order parameter
from sy to sy symmetry. Thus, our alternative experimental
approach confirms that the superconducting order parameter
in the pristine Ba(Feq9Cog1)2As, sample possesses the st
symmetry.
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