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Superconductivity and electronic fluctuations in Ba;_,K,Fe;As, studied by Raman scattering
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Using polarization-resolved electronic Raman scattering we study underdoped, optimally doped, and overdoped
Ba,_,K,Fe,As,; samples in the normal and superconducting states. We show that low-energy nematic fluctuations
are universal for all studied doping ranges. In the superconducting state, we observe two distinct superconducting
pair-breaking peaks corresponding to one large and one small superconducting gap. In addition, we detect a
collective mode below the superconducting transition in the B,, channel and determine the evolution of its
binding energy with doping. Possible scenarios are proposed to explain the origin of the in-gap collective mode.
In the superconducting state of the underdoped regime, we detect a reentrance transition below which the spectral

background changes and the collective mode vanishes.
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I. INTRODUCTION

Multiband systems often exhibit complex phase diagrams.
Host to spin-density wave and nematic order in the underdoped
regime and critical behavior for dopings near the maximum
superconducting (SC) transition temperature 7, the Fe-based
superconductors provide a playground for studying many-
body electronic interactions and emerging collective modes.
Although still debated, many theories claim that the uncon-
ventional superconductivity of the Fe-based superconductors
itself derives from effective low-energy electronic interactions
[1-3], thus justifying the quest for a thorough understanding
of their nature.

For the high-7, cuprate superconductors, one of the
hallmarks of unconventional superconductivity was the ob-
servation of a neutron spin resonance mode appearing in
the SC state at the antiferromagnetic wave vector Q [4—12].
Interestingly, a similar magnetic resonance mode has also been
detected at 14 meV in the archetype Fe-based superconductor
Bay Ko 4FesAs; [13,14]. Corresponding signatures of bosonic
modes were also detected by single-electron spectroscopies
such as angle-resolved photoemission spectroscopy (ARPES)
[15] and scanning tunneling spectroscopy (STS) [16]. A sharp
mode at 10 meV has also been reported in the parent compound
[17]. These observations confirm the existence of collective
excitations in the Fe-based superconductors. However, due to
the complex coupling between the spin, charge, lattice, and
orbital degrees of freedom [18], their origin is more difficult
to interpret than for the simpler single-band cuprates.
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For the Fe-based superconductors, electronic Raman spec-
troscopy, which directly couples to spin-singlet charge excita-
tion at zero momentum, has recently revealed in-gap collective
modes which have never been reported for the cuprates or
conventional superconductors. For example, strong and sharp
in-gap modes were observed for the NaFe;_,Co,As (the
Na-111 electron-doped family) superconductors in both the
fully symmetric and the quadrupolar channels [19]. In-gap
Raman active modes were also reported for the electron-
doped Ba(Fe;_,Co,),As, family [20] and for hole-doped
Baj Ko 4FerAsy [21-23]. While several interpretations for
these remarkable resonances were proposed [19,20,24-34],
the origin of the electronic interactions leading to these in-gap
resonances for multiband Fe-based superconductors remains
unresolved and calls for more extensive studies.

In this work, we use polarization-resolved Raman spec-
troscopy to study the Ba;_,K,Fe,As, family of supercon-
ductors as function of the hole doping, in both the normal
and SC states. We demonstrate that the critical quadrupolar
nematic charge fluctuations of XY symmetry persist across the
entire phase diagram, similar to the family of electron-doped
materials [19]. In addition, nematic fluctuations of (X2-Y?)
symmetry have also been detected. In the SC state, we observe
pair-breaking coherence peaks at energies consistent with the
values reported by single-particle spectroscopies. In addition,
we study the evolution of the binding energy of the XY
symmetry in-gap collective mode with doping. We report a
reentrance behavior from the fourfold symmetry broken to
the fourfold symmetry preserved phase in the SC state of the
underdoped Bay 75K 25FesAsy.

In Sec. II, we introduce the sample preparation and the
Raman experiments. We present our Raman results for three
dopings in the Aj,, Bi,, and By, symmetry channels in
Secs. III A and III B for the normal and SC states, respectively.
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FIG. 1. (a) Crystal structure of Ba;_, K,Fe,As,. (b) Definition of
the X, Y, X', and Y’ directions. The green and black lines represent the
4-Fe and 2-Fe unit cells, respectively. (c) Schematic representation
of the Fermi surface of Ba,_,K Fe,As, in the 2-Fe Brillouin zone.

In Sec. IV, we discuss possible scenarios for the origin of the
in-gap mode. The results are summarized in Sec. V.

II. EXPERIMENT

Single crystals of Ba;_,K,Fe,As, (x = 0.25, 0.4, and 0.6,
with T, values of 31, 38, and 25 K, respectively) were
grown by the self-flux method as described in Ref. [35].
These samples are labeled UD (underdoped), OPD (optimally
doped), and OD (overdoped), respectively. The crystals used
for Raman scattering were cleaved in nitrogen gas atmosphere
and positioned in a continuous-flow liquid-helium optical
cryostat. Since the optimally doped sample was cleaved twice,
the corresponding sets of data are labeled “OPD#1” and
“OPD#2.”

The measurements presented here were performed in a
quasibackscattering geometry along the ¢ axis using a Kr"
ion laser. Except for inset of Fig. 5(c), for which the 752-nm
(1.65-eV) laser line was used, all data were recorded with
647.1-nm (1.92-eV) excitation. The incident laser beam was
focused onto a 50x 100 xm? spot on the ab surface, with an
incident power smaller than 10 and 3 mW for measurements
in the normal and SC states, respectively. The scattered light
was collected and analyzed by a triple-stage Raman spectrom-
eter designed for high-stray light rejection and throughput,
and recorded using a liquid-nitrogen-cooled charge-coupled
detector. The Raman spectra were corrected for the spectral
responses of the spectrometer and detector. The temperature
has been corrected for the laser heating.

In this paper, we define X and Y along the 2 Fe unit-cell
crystallographic axes a and b (at 45° from the Fe-Fe direction)
in the tetragonal phase, whereas X’ and Y’ are along the Fe-Fe
directions, as shown is Figs. 1(a) and 1(b).

For crystals with the Dy, point-group symmetry, the X X,
X'Y’, and XY Raman geometries probe the A, + Big, Az +
Big, and Ay, + B, channels, respectively [36]. Assuming
the same featureless luminescence background Ips for all
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polarization geometries and that the A,, response is negligible,
the imaginary part of the Raman susceptibility in the A,
channel can be obtained by subtracting the X'Y’ spectrum from
the X X spectrum and then dividing by the Bose-Einstein factor
1 4+ n(w,T). The imaginary part of the Raman susceptibility
in the Bj, and B, channels can be obtained from X'Y’ and
XY spectra, respectively.

III. RESULTS

A. Normal state

In Figs. 2(a)-2(i), we show the normal-state Raman spectra
of Ba;_,K,Fe,As; in three different symmetry channels. The
sharp mode around 182 cm™' detected at room temperature
in Figs. 2(a)-2(c) corresponds to a A, phonon. The phonon
frequency hardens upon cooling [38]. The phonon intensity
strengthens with K doping. The B, symmetry electronic
continuum strengthens upon cooling from 300 to 40 K
[Figs. 2(d)-2(f)]. In particular, at low temperature a broad low-
energy feature centered around 100 cm~' develops. Similar
quasielastic scattering was previously related to quadrupolar
nematic fluctuations [19,39]. We note that the intensity of
this quasielastic scattering for Ba;_,K,Fe,As, is weaker than
for Ba(Fe;_,Coy),As, [23,40,41], which is possibly due to
the different anisotropic properties of the electron-doped and
hole-doped Fe-based superconductors also noted by resistivity
measurements [42,43]. In addition to the B;; phonon at
208 cm~!, the spectra in the B; ¢ symmetry channel also
contains quasielastic scattering features similar to the one
discussed above [Figs. 2(g)-2(i)].

In Figs. 2(j)-2(1), we show the static Raman susceptibilities
x8,,(0,T) and xp, (0,T) obtained via the Kramers-Kronig
transformation with a high-energy cutoff at 350 cm™" justified
by an already small x”(w)/w integrand at that energy. We used
a linear extrapolation for the x”(w) below 10 cm™'. The By,
phonon was removed by fitting before the Kramers-Kronig
transformation. The susceptibilities show general enhance-
ment upon cooling from room temperature followed by a
mild reduction at low temperatures. xg,,(0,7) is larger than
%5,,(0,T) in the underdoped [Fig. 2(k)] and optimally doped
[Fig. 2(1)] samples, suggesting that the B, channel is the
dominant channel for the nematic fluctuations. However, the
By, and B, symmetry susceptibilities are quite similar in
the overdoped regime. In a recent study of BaFe,(Asy 5Py 5),
it was argued that the similarity between the x3, (0,7) and
XB,,(0,T) static susceptibilities could originate from a disorder
due to As/P substitution [44]. The same argument could also
apply here due to the Ba/K substitution.

In the inset of Fig. 2(j), we show the inverse of the static
susceptibility 1/ xp,,(0,T) and compare it to the measurements
of the elastic modulus Ces(T) [45]. Following the model
proposed in Ref. [37], Ces(T) is renormalized due to the
electron-lattice coupling following Ces(T) = C66,0-)»2 Xp(T),
where Cgg o is the bare elastic constant, ¢ is the nematic order
parameter, x4 is the related nematic susceptibility, and A is
the electron-lattice coupling constant [37,46]. The electronic
nematic susceptibility x& (T) can thus be derived from
measurements of the elastic modulus Cg(T) [45] [or Young’s
modulus Y110(7T") with Cgs/ Ces.0 = Y110/ Yo [37]]. Asshownin
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FIG. 2. Doping and temperature evolution of the Raman susceptibility of Ba,;_,K,Fe,As; in different symmetry channels. Left column:
UD (x = 0.25); central column: OPD#1 (x = 0.4); right column: OD (x = 0.6). (a)—(c) Temperature dependence of the Raman response in
the A, channel. The asterisk in (a) marks a small peak due to laser plasma, whereas the arrow indicates a A, phonon. (d)-(f) Temperature
dependence of the Raman response in the B,, channel. (g)—(i) Same as (d)—(f) but for the B;, channel. (j)—(1) T dependence of the static Raman
susceptibilities xp,,(0,T) (red solid circles) and x 5, (0.7) (blue solid squares). The inset of (j) shows the inverse nematic susceptibility 1/ Xnem
(black line) of Bag gsKo24Fe2As, extracted from Young’s modulus measurements in Ref. [37]. The cyan dots in the inset of (j) are values of

1/x5,,(0,T) derived from Raman.

the inset of Fig. 2(j), 1/x 5,,(0,T) from Raman measurements Young’s modulus measurements of Bag gsKo4Fe,As, from
scales satisfactorily with 1/x®(T) computed and scaled from  Ref. [37]. This scaling above Ts in the underdoped regime

085125-3



S.-F. WU et al.

TABLE I. Summary of the SC gaps and bosonic modes deduced
from Raman scattering, ARPES, STS, and inelastic neutron scattering
(INS). UD, OPD, and OD refer to underdoped, optimally doped, and
overdoped samples, respectively. We caution that the doping of the
underdoped and overdoped samples measured by different techniques
may be different and that the collective modes observed by Raman
and by other types of spectroscopies may have different origins. All
energies are given in units of meV.

Raman Raman ARPES STS INS
(This work) ([21,22])
AP 9 [47] 6 [48]
AL 3.8 4147 3.8[48]
ESY 12 8[48] 12.5[49]
AC™) 108 (By) 106 9-13[50-52] 10.5 [53]
AP 44 44 56[50-52] 6[53]
ESOMD 17.5 175 13+£2[15] 14[16] 14[13]
AP 10 8 [54] 6 [53]
A;om 3 4 [54] 3[53]
ESY 14 12 [55]

suggests that the softening of Cee [45] and the enhancement
of the Raman static susceptibility upon cooling are related.

B. Superconducting state

Before discussing the Raman scattering features observed
at low temperature, we recall the SC gap values obtained
by complementary spectroscopic probes in optimally doped
Ba;_.K,Fe;As,. ARPES studies report nodeless SC gaps
on all Fermi surface (FS) pockets, with small or negligible
in-plane anisotropy [50,51]. While a SC gap of 6 meV is
found on the holelike 8 (dyy) FS centered at the I' point, a
larger gap of about 12 meV is found on all the other pockets,
with differences smaller than a meV [52]. An ARPES study
of the SC gap using synchrotron radiation, which allows to
vary the k. position, indicates that the gap size on each FS
does not vary significantly with k_, except for the I"-centered
hole FS formed by the even combination of the d,, and d,,
orbitals, for which a gap varies between 9 and 12 meV [56].
Results compatible with ARPES are obtained by STS, which
reveals two coherence SC peaks at 10.5 and 6 meV [53], and
by optical conductivity, for which a SC gap of 12.5 meV
opens below T, [57]. Thermal conductivity measurements
are consistent with nodeless gaps for the optimally doped
compound [58]. At the energy scale similar to the SC gaps,
a 14-meV neutron resonance mode is reported below 7, at
the antiferromagnetic wave vector Q [13]. Interestingly, a
13 £2 meV mode energy determined from a kink in the
electronic dispersion is observed by ARPES below 7. on
bands quasinested by the antiferromagnetic wave vector [15].
STS measurements also reveal coupling to a bosonic mode at
14 meV [16]. We summarize values of the SC gaps and bosonic
modes deduced from different spectroscopies in Table I.

1. Optimal doping

In Fig. 3, we compare the Raman spectra at 45 K (normal
state) and 6 K (SC state) in three symmetry channels from
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FIG. 3. (a)—(c) Raman response of Baj 4K ¢Fe,As, (OPD#2) at
45 K (red) and 6 K (blue) in the (a) A,,, (b) B, and (c) B,, channels.
The dashed lines in (c) mark a broad feature at 70 cm™! (2Ap), a
collective mode (Ecy) around 140 cm™!, and a pair-breaking peak at
172 cm™" (2A,). (d)—(f) Same as (a)—(c) but for sample OPD#1. For
the OPD#1 sample we find 2A5 = 50 cm™', Ecy = 120 cm™', and
2A, = 168 cm ™.

optimally doped samples OPD#1 and OPD#2. We first start
describing results from the OPD#2 sample. In Fig. 3(a), two
broad and weak features emerge around 70 and 210 cm™!,
which we assign to A, SC pair-breaking peaks corresponding
to gap values 2A of 8.8 and 26.2 meV, respectively. In Fig. 3(b),
a small spectral weight suppression is seen below 160 cm™!
in the Bj, channel. In Fig. 3(c), a broad and weak feature
at 70 cm~! (8.8 meV) is observed in the B, channel, which
we assign to the small gap 2Ag on the B FS pocket with d,,
character [50,51]. Another sharp mode at 172 cm ™! associated
with a SC pair breaking-peak at 2A, = 21.6 meV appears
in the By, channel, which is consistent with the 10-13 meV
magnitude measured by ARPES for the large SC gap around
k., = 0 [50-52]. The large gap value varies from 10.8 meV in
the By, channel to 13.1 meV in the A, channel, in agreement
with ARPES measurements revealing an anisotropic gap along
k; [56]. Between 2Ag and 2A,, we detect a sharp mode at
Ecm = 140 cm™! (17.5 meV), which will be discussed below.

For the OPD#1 sample, only a small broad feature around
160 cm™! is seen in the Aj, symmetry response [Fig. 3(d)].
In contrast, the spectral features in the B, and B,, channels
appear more clearly for the OPD#1 sample than for the OPD#2
sample. In Fig. 3(e), a spectral weight suppression below 7 is
seen below 160 cm™! in the B, channel. For the B,, channel,
two sharp modes at 120 and 168 cm~!, as well as a kink
feature at 50 cm~!, are seen in Fig. 3(f). While little change
is observed for the large SC gap pair-breaking peak energy as
compared to the OPD#2 sample, a substantial shift from 70
to 50 cm~! is observed for the small SC gap pair-breaking
peak energy. The sharp Ecy mode shifts by the same amount,
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FIG. 4. Raman response of Baj¢Ko4Fe;As, (OD) at 40 K (red)
and 6 K (blue) in the B,, channel. The dashed lines mark a broad
peak at 50 cm™! (2Ap), a collective mode Ecy at 115 cm™', and a
pair-breaking peak at 162 cm™! (2A,).

from 140 to 120 cm™! in the OPD#1 sample. Since the results
for the OPD#2 sample are consistent with previous Raman
work [21] for the optimally doped compound, we caution that
the OPD#1 sample cleaved in this study must have a slightly
different doping due to inhomogeneous K distribution in the
bulk or rapid sample aging.

In addition to the sharp peak, a threshold is also observed
around 30 cm™! in the SC state [Figs. 3(e) and 3(f)]. This
threshold suggests a fundamental gap of 1.9 meV, consistent
with the 2-meV-wide flat bottom in the STS spectra [53].
No clear threshold is detected in the OPD#2 sample though,
possibly because the cleaved surface is not good enough, as
suggested by weaker peaks in the B;, channel.

2. Overdoped regime

We now discuss the spectra from the overdoped sample.
In Fig. 4, we compare the Raman response obtained at 40 K
(normal state) and 6 K (SC state) in the B, channel. Four
features are clearly observed: a threshold around 30 cm™!,
a kinklike feature around 50 cm™!, and two sharp modes at
115 and 162 cm™!. As with the OPD#1 sample, we assign the
threshold to a fundamental SC gap. The kink around 50 cm™!
corresponds to the small SC gap pair-breaking peak with
2Ap = 6 meV. The sharp mode at 162 cm™' corresponds to
the large SC gap pair-breaking peak with2A, = 20 meV. Asa
comparison, an ARPES study on overdoped Bag 7Kg 3Fe;As;
(T. =22K) gives A, = 8meV and Ag = 4meV [54]. Finally,
the sharp mode at 115 cm~! (14 meV) is associated to the
Ecv mode. We note that all the features for the OD sample
are similar to those for the OPD#1 sample, confirming that the
OPD#1 sample might be slightly overdoped.

3. Underdoped regime

We now discuss results for the underdoped regime. In the
left column of Fig. 5, we compare the Raman responses x ()
from the underdoped sample at 40 K (normal state) and 6 K
(SC state) in three symmetry channels. A small suppression
of spectral weight is observed below 7, at low energies in
the Ay, channel [Fig. 5(a)], and the spectra barely change
in the Bj, channel [Fig. 5(b)]. In the B, channel, however,
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FIG. 5. Raman response of Bay 75K¢25Fe;As, (UD 30 K) at 40 K
(red) and 6 K (blue) for the (a) Ay, (b) Bi,, and (c) B,, symmetries.
The star in (a) represents a laser plasma line. The inset in (c) shows
the Raman responses recorded with a 752-nm laser excitation. (d)
x,’;’zg (w) at various temperatures. The dashed lines in (d) indicate
2Ag4 and Ecy. The red curves in (d) are fits of the Ecy peaks. The
yellow and green shadings emphasize different spectral backgrounds
associated to different phases.

spectral weight is transferred from the low energy, and a sharp
peak at 60 cm~' builds up. This peak is also seen when
752-nm excitation is used, as shown in the inset of Fig. 5(c).
Following the interpretation of the kink observed at 70 cm™!
at optimal doping, we attribute the 60-cm™! feature in the
UD sample to a pair-breaking peak with 2Ag = 7.5 meV,
which is consistent with the Ag = 4 meV gap value reported
by ARPES measurements for the 8 (d,,) I'-centered hole FS
pocket for samples with similar doping level [47]. Surprisingly,
the sharp SC pair-breaking peak at 172 cm~! observed at low
temperature for optimally doped samples is absent in the UD
sample. Although the reason for this disappearance is unclear,
we caution that it may be related to the loss of coherence
observed by ARPES experiments for the d/d,. bands [47].
As illustrated by the fine temperature dependence of the
B,, Raman response in Fig. 5(d), the sharp peak at 60 cm™!
appears clearly only below 10 K. Interestingly, the B,
spectrum exhibits clear changes across that temperature, as
highlighted with yellow and green backgrounds in Fig. 5(d).
For example, below 10 K the spectral background is flat
between 100 and 350 cm~!, but shows a broad feature above
that temperature. These observations are consistent with recent
studies on Ba;_,K,Fe,As, [59,60] and Ba;_,Na,Fe;As,
[61,62] suggesting reentrance into the C4 preserved magnetic
phase in the underdoped regime. Within this context, the broad
feature above 10 K can be interpreted as the formation of a
spin-density-wave gap below the magnetic phase transition.
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FIG. 6. (a) Raman response of Bag75K2sFe;As, in the B,
channel at 13 K. (b) Difference between the Raman spectra at
6 Kin the SC state and in the normal state, recorded in the B,, channel
for different dopings. (c) Summary of the SC pair-breaking peaks and
in-gap mode in Ba;_,K,Fe,As, obtained in the B,, channel. The full
and open symbols correspond to results from this work and from
ARPES [47,50,51], respectively.

We note that a pseudogap of about 17 meV was observed by
ARPES below 125 K in underdoped Baj 75K 25Fe;As, [47].
Assuming that this pseudogap is approximately symmetric
with respect to the Fermi energy, it would lead to a Raman
feature at twice this value (~35 meV), which is roughly
the position of the broad feature observed in Raman data.
The sudden disappearance of the broad feature below 10 K
could be explained either by a nonmagnetic low-temperature
phase (T < 10 K), which would contradict the phase diagram
presented in Ref. [59], by a different magnetic structure, or
by restoring the fourfold symmetry at the lowest temperature.
The Ecy mode in the UD sample is detected around 95 cm™!
only between 22 and 13 K, emphasizing further the difference
between the phases above and below the phase transition
at 10 K.

IV. DISCUSSION

In this section, we discuss the origin of the Ecy mode. In
Fig. 6(b), we plot the doping dependence of the difference
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TABLE II. Summary of the binding energy of the in-gap mode in

the B,, channel for the OPD and OD samples. All values are given

incm™!.

Sample 2Au ECM EB EB/ZAL,
OPD#2 172 140 32 0.2
OD 162 115 47 0.3

between the B, Raman response function recorded in the
SC state at 6 K, deep in the SC state, and at the normal
state. Although both the 2A, and 2Ag peaks shift with
doping, the shift is more pronounced for the later one [see
Fig. 6(c)]. Interestingly, the Ecy mode moves almost by
the same amount as the 2Ag peak: the mode is observed at
95 cm™! (11.9 meV) for x = 0.25, at 140 cm™' (17.5 meV)
for x = 0.4, and at 115 cm™! (14.4 meV) for x = 0.6 doping
levels. The Ecy mode energy is higher than the gap typically
observed by ARPES for the 8 (d,) band and smaller than
the gap observed on the other FSs for corresponding dopings
[47,50,51]. Consequently, the Ecy mode is unlikely related to
a SC pair-breaking peak on the same band.

We note that the Ecy mode energy is similar to the sum
Ag + A,. One speculative explanation for the Ecy related to
an interband scattering process lies in the observation of in-gap
impurity states by ARPES below 7, [63]: a photon breaks a
Cooper pair out of the condensate and creates a quasiparticle
on the band with an energy cost A, while the second particle
from the broken pair is scattered into a quasiparticle state
of the band with the smaller gap (energy cost Ag), with
the help of an impurity taking the recoil for conservation of
the quasimomentum. Due to the residual interaction coming
from both pairing and Coulomb interaction between two
quasiparticles on different bands, and to some charge transfer
between bands, the cost of this process is slightly smaller than
Ay+Ag. However, it is not clear within this scenario why the
related Raman mode is so sharp and symmetric.

We note that the energy of the Ecy mode is similar to that
of the neutron resonance mode observed only below T in the
triplet channel at the antiferromagnetic wave vector [13] and
to the kink energy observed in the quasiparticle dispersion by
ARPES also only below T, [15]. In principle, only spin-singlet
modes with nearly zero momentum transfer can be probed
by Raman scattering. Thus, the neutron resonance mode and
the Raman collective mode are distinct. The fact that the
binding energies of these two modes are similar suggests that
the interaction leading to the origin of in-gap resonance in
the magnetic channel is not that different from the attraction
in the spin-singlet channel. In other words, interactions at
momentum transfer ¢ =0 and Q (such as intrapocket and
interpocket interactions, respectively) have similar strength.
Hence, a proper model description of the collective modes in
such superconductor must consider both types of interactions
on equal footing.

In Table II, we summarize the binding energy Ep = 2A, —
Ec\ and the ratio between the binding energy and the large gap
edge Eg/2A, for OPD#2 and OD samples. With doping the
binding energy increases from 32 cm~! for optimally doped
regime to 47 cm™! for the overdoped regime, and the ratio
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Ep/2A, increases from 0.2 to 0.3, indicating enhancement of
the residual interactions with doping.

The interaction could originate from the attraction in
subdominant symmetry particle-particle channel leading to
a Bardasis-Schrieffer (BS) type exciton [19,24,26,29,31,33]
or, alternatively, from particle-hole attraction leading to
nematic fluctuations and a Pomeranchuk-type exciton
[19,20,27,33,34]. The increase of the binding energy with
doping within the first BS scenario is an indication that
the competing d-wave symmetry interaction strengthen with
doping. Indeed, although fully gapped superconductivity is
well established in the optimally doped regime, numerous
experiments suggest that transition from nodeless to nodal
order parameter appear in the heavily hole-doped regime
for x > 0.8 [64-68]. Because the structural instability is
suppressed with K doping, the nematic interactions weaken,
in agreement with the observed reduction of the nematic
susceptibility with doping [Figs. 2(j)-2(1)].

However, the nematic fluctuations can grow stronger below
T,, where low-lying excitations are gapped and thus the
damping of the nematic fluctuations is removed. In this case,
nematic fluctuations can gain coherence and lead to a particle-
hole exciton mode manifesting itself as a sharp resonance in
the By, channel [19,20,34]. Interestingly, the collective modes
that appear in the tetragonal phase of the optimally doped and
overdoped samples are sharper and stronger than that in the
orthorhombic phase of the underdoped regime, likely due to
suppressed nematic fluctuations in the orthorhombic phase,
where the fourfold symmetry is broken.

We note that for a multiband system the interactions
of the particle-particle and particle-hole channels of the
same symmetry representation mix. Therefore, the separation
between Bardasis-Schrieffer—type and Pomeranchuk-type ex-
citons is artificial as both the particle-particle and particle-hole
interactions contribute to formation of the in-gap exciton [33].
We also note that recent theoretical studies show that nematic
fluctuations can enhance the s-wave Cooper pairing and thus
explain the enhancement of 7, near the nematic quantum
critical point [69,70].

V. CONCLUSIONS

In conclusion, we used polarization-resolved electronic
Raman spectroscopy to probe the electronic properties of
Ba;_, K Fe;As, in the normal and SC states as a function of
doping (0.25 < x < 0.6). We find that temperature-dependent
quadrupolar nematic fluctuations are universally present for
all studied doping ranges. The derived dynamic response
static Raman susceptibility xp, (0,T) is larger than xp, (0,7),

PHYSICAL REVIEW B 95, 085125 (2017)

suggesting that nematic fluctuations of the XY symmetry dom-
inate. In particular, the temperature dependence of the static
Raman susceptibility xp, (0,7) in the underdoped sample is
consistent with measurements of the elastic modulus Cg(T),
suggesting that the XY -symmetry electronic fluctuations and
the lattice are strongly coupled.

In the SC state, for the optimally doped regime, we detected
three features in the B, symmetry Raman response: two
pair-breaking peaks at 70 cm~! (8.75 meV) and 172 cm™!
(21.5 meV) corresponding to a small and a large gap, and
an in-gap collective mode at 140 cm™' (17.5 meV). For the
overdoped regime, similar three features in B, channel were
observed: two pair-breaking peaks at 50 cm~! (6.25 meV)
and 115 cm™! (14.38 meV), and an in-gap mode at 162 cm™!
(20.25 meV). We discuss scenarios for the origin of the in-gap
modes including the mixture of Bardasis-Schrieffer—type and
Pomeranchuk-type excitons. The binding energy of the in-gap
mode increases from optimal doping to overdoping, suggesting
a possible transition from nodeless s+ order parameter to a
nodal d-wave order parameter at higher K-doping concentra-
tion.

In the underdoped regime, the B,, symmetry pair-breaking
peak corresponding to the large gap is undetectable. We
detected a sharp pair-breaking peak at 60 cm~' (3.8 meV)
corresponding to the small gap. In addition, the shape of the
spectral background changes at 10 K, suggesting two distinct
SC phases in the underdoped regime. We observed a broader
peak at 95 cm~! above 10 K, which we assign to the collective
in-gap mode in the underdoped regime.
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