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We show that electronic Raman scattering affords a window into the essential properties of the pairing
potential Vy ./ of iron-based superconductors. In Ba, ¢K 4Fe,;As, we observe band dependent energy gaps
along with excitonic Bardasis-Schrieffer modes characterizing, respectively, the dominant and subdo-
minant pairing channel. The d,._,» symmetry of all excitons allows us to identify the subdominant
channel to originate from the interaction between the electron bands. Consequently, the dominant channel
driving superconductivity results from the interaction between the electron and hole bands and has the full
lattice symmetry. The results in Rby gFe; ¢Se, along with earlier ones in Ba(Fe 9390C0p 61 )2As, highlight
the influence of the Fermi surface topology on the pairing interactions.
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Cooper pairing in superconductors is driven by the inter-
action potential Vy . between two electrons. In conven-
tional superconductors with an isotropic gap A prominent
structures appear in many spectroscopies at 1w, + A, and
Vi k' can be derived by and large from the spectrum of
interactions hwq [1]. This access is hampered in systems
with the gap Ay varying strongly with the electronic
momentum %K. The iron-based superconductors [2,3], as
shown in Fig. 1, open up new vistas. Since the hole- and
electronlike Fermi surfaces can be tuned by substitution
[Figs. 1(c) and 1(d)] they can be considered model systems
for studying the pairing interaction in anisotropic multiband
systems [8—10]. Repulsive spin [11] and attractive orbital
[12] fluctuations were suggested to provide appreciable
interaction potentials Vi . The resulting ground states
may preserve [Fig. 1(e)] or break the full lattice symmetry
[Fig. 1(f)]. In the spin channel, the interactions between
either the central holelike and the peripheral electronlike
Fermi surfaces V, [11] or the electron bands alone V, are
nearly degenerate [9,13] [Figs. 1(c) and 1(d)] and entail a
sign change of the energy gap Ay [Figs. 1(e) and 1(f)].

Raman scattering offers an opportunity to scrutinize
competing superconducting instabilities and derive essen-
tial properties of Vi ys. The electronic response provides
direct access to the energy gap and its momentum depen-
dence [14,15] reflecting the dominant channel responsible
for Cooper pairing. In addition, residual interactions
resulting from anisotropies of the pairing potential Vy
may lead to sharp in-gap modes due to the formation of
bound states of the two electrons of a broken Cooper pair
[13,16—19] similar to electron-hole excitons in semicon-
ductors. The energy and the symmetry properties of these
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“Cooperons” provide insight into the momentum
dependence of Vi or decompositions thereof in terms
of orthonormal functions ¢; such as Vi = ¢V, +
(bfin + - - - and, consequently, the type of interaction.

In this Letter, we present light scattering spectra as a
function of the Fermi surface topology in order to gain
insight into the pairing interaction. The results on the
electron-doped iron-chalcogenide Rb,gFe;(Se, and the
hole-doped iron-pnictide Bay¢K4Fe,As, are analyzed
along with the data of Ba(Fe(g39C0p61)2AS, studied
earlier [20].

The Bay¢Kj4Fe,As, sample has a transition tempera-
ture T, of 39 K. Good crystallinity and low defect concen-
tration were shown by x-ray diffraction and specific heat
measurements [21]. Rby gFe; ¢Se, has a sharp transition at
T, = 32 K [22]. The recently discovered layered structure
[23] has little influence on the light scattering experiments
since only the metallic (superconducting) part contributes
to the particle-hole continuum.

The experiments were performed with standard light
scattering equipment [15] using a solid state laser emitting
at 532 nm. The Rb gFe; ¢Se, crystal was cleaved in situ at
low temperature. The figures display the Raman suscepti-
bilities RxY,(Q, T) = S(Q, T){1 + n(T, Q)}"!, where R
is an experimental constant, S is the van Hove function
being proportional to the rate of scattered photons, and n is
the Bose-Einstein distribution. The polarizations of the
incoming and scattered photons are given with respect to
the 1 Fe unit cell [Fig. 1(b)] relevant for the electronic
properties (for details see the Supplemental Material [24]).
The related excitation symmetries translate into sensitiv-
ities in momentum space for electron-hole excitations [15]
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FIG. 1 (color online). Crystal and reciprocal lattices of
iron-based superconductors. (a) FeAs/Se layers (small spheres)
and (earth) alkali metals (big spheres). (b) 1 Fe (dashes) and 2
Fe (full line) unit cells. (c¢), (d) First Brillouin zones (BZ, dashes
for the 1 Fe cell) with schematic Fermi surfaces of (c),
Bao_6K0_4F62ASZ [4,5] and (d), Rbo'gFelﬁsez [6,7] Also indi-
cated are the two dominant interaction potentials V, and V.
(e) For V. >V, the pairing state is predicted to have s.
symmetry for which the phase of the gap on the hole and electron
bands differs by 7 [10,11]. (f) For V; > V| a state with d,>_
symmetry is favored [9,13].

as shown in the insets of Figs. 2 and 3. The symmetry
properties of the collective modes reflect those of the
subdominant channels in the potential Vi ' which do not
support pairing in the ground state [18].

The symmetry-dependent Raman response of
Rby gFe; ¢Se, is shown in Fig. 2. Because of surface issues
(see Supplemental Material [24]) there is a relatively
strong increase towards the laser line. In the A, and B,,
spectra, the relative difference between the normal and the
superconducting state is weak and absent, respectively,
since the band structure of RbggFe;¢Se, [6,7] does not
have Fermi surface crossings close to the sensitivity max-
ima of the related form factors (see insets of Fig. 2). In B,
symmetry, the suppression of the low-temperature spectra
due to the gap and the excess intensity at and above 2A can
be considered typical features of a superconductor [15].
The relative changes of below and above a threshold at
approximately 60 cm ™! reach 80% and 30%, respectively
[Fig. 2(c)]. Below 60 cm™!, the intensity is only weakly
energy dependent indicating a clean isotropic gap. The
phonons at 80 and 115 cm™!, close to the gap edge, gain
intensity below T, as expected for weak electron-phonon
coupling. As can be seen directly in the insets of Fig. 2 an
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FIG. 2 (color online). Normal and superconducting Raman
spectra of Rb, gFe, ¢Se, at temperatures as indicated. The insets
show the correspondence between light polarizations and sensi-
tivities in momentum space for the 1 Fe unit cell. (a)—(c) Spectra
in Aj,, By,, and B, symmetry. (d) The difference spectra high-
light the absence of pair breaking in B,, and most likely also in
A, symmetry. Only the B, spectra show the features typical for
a superconductor.

appreciable response is expected only in B;, symmetry if
holelike bands in the Brillouin zone center are absent.
In the presence of hole bands, gap structures appear also
in A}, symmetry [20]. Hence, the selection rules based on
symmetry arguments corresponding to the 1 Fe unit cell
[20] are supported by the results in Rb, gFe; ¢Se, and are
likely to be of general significance in the iron-based
superconductors.

In Fig. 3, we show Raman spectra of Bay¢K 4Fe,As,.
Here, we observe superconductivity-induced features in all
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FIG. 3 (color online). Normal and superconducting Raman
spectra of Bag¢Kg4Fe,As, at temperatures as indicated. The
spectra plotted with full lines in panel (a) and (b) are measured
with a resolution of 6.5 cm™! whereas the spectra in panel
(c) and the spectra displayed with orange points are measured
with a resolution of 4.7 cm™!. The insets show the correspon-
dence between light polarizations and sensitivities in momentum
space for the 1 Fe unit cell. (a)—(c) Spectra in A,,, B,,, and By,
symmetries. (d) Difference between superconducting and
normal-state spectra. In B,, symmetry (green line), the phonon
at 215 cm™! is truncated for having a higher intensity below 7.

symmetries. Below a symmetry independent threshold of
approximately 25 cm™! the response is very small and
nearly energy independent. Although the intensity is not
exactly zero it is safe to conclude that there is a full gap on
all bands having a magnitude of at least 0.9 k3T.. The
excess intensity in the range 130 < < 300 cm™! origi-
nates from either pair breaking [Figs. 3(a) and 3(b)] or, as

will be discussed in detail below, from collective excita-
tions [Fig. 3(c)]. The spectral features in A, and B,,
symmetry [Figs. 3(a) and 3(b)] are broad and asymmetric
whereas the peaks in B, symmetry [Fig. 3(c)] are rather
sharp, even though not resolution limited, and symmetric.
The important secondary structures of the spectra between
the minimal and the maximal gaps are better resolved
in the difference spectra in panel (d) of Fig. 3. In this
way, the contributions from phonons are by and large
subtracted out. Only the Fe vibration at 215 cm™! in the
B, spectrum (B, phonon in the crystallographic cell) has
an anomalous intensity for its proximity to the gap edge
and is truncated. Both the A;, and B,, spectra have edge-
like onsets above approximately 150 cm™! before reaching
distinct maxima at 190 and 210 cm™!, respectively, and
decaying slowly.

In Bay¢K4Fe,As,, in contrast to RbggFe; ¢Se, and
Ba(Fe( 930C00.061)2As, (Refs. [20,25]), gap features are
observed also in B,, symmetry. At first glance, this appears
to be at odds with the selection rules. However, the outer
hole () band has a large Fermi momentum k(8) at which
the B,, vertex reaches already 20% of its maximum. In
addition, the B,, vertex is enhanced by a factor of approxi-
mately 2-5 at the hybridization points of the electron-like y
and & bands [26]. Therefore, one can see maxima of both
the small gap of the 8 band and the large gap on the y/d
bands at 80 and 210 cm™!, respectively. Apparently, the
gap is large at the hybridization points in Bay¢Kj 4Fe,As,
as opposed to Ba(Fe 9390C0g 061)2A8, [20,26]. The gap on
the outer electron (&) band cannot be large everywhere.
Otherwise, the A;, and B,, spectra would not have
distinctly different maxima since the A;, vertex is finite
everywhere on the 6 band except for the degeneracy points.
Hence, the kink at 80 cm ™! in A, ¢ symmetry indicates that
the gap on the & band varies between 80 and 210 cm™!.
Finally, the minimal gap of 25 cm™! is expected to reside
in the B band along the principle axes since it is observed
in all symmetries. Upon including the B, collective modes
at 140 and 175 cm™!, which exist only inside clean gaps
[13], it follows directly that the gaps on the « and the y
bands are fairly isotropic. The B, maximum at 73 cmlis
the collective mode pulled down from the minimal gap of
the 6 band [13]. Hence, the comparison of the spectra in
A, and B,, symmetry and the positions and shapes of the
B, collective excitations allow us to derive a consistent
proposal for how the gaps most likely vary on the individ-
ual bands as shown in Fig. 4(b). Further details of the
derivation are described in the Supplemental Material [24].

At this point, a more general picture emerges
from the synopsis of the results in Bag¢Kg4Fe,As,,
Ba(Feo_g39C00A061)2A32, and Rb().gFelﬁsez with and with-
out central hole bands. In the two extreme cases studied
here, we observe more isotropic gaps whereas a strong
anisotropy was found in Ba(Feg39Co0q061)2AS, [8,20]
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FIG. 4 (color online). Energy gaps and excitons in super-
conductors. (a) Mechanism for Bardasis-Schrieffer excitonic
modes. (b) Most probable anisotropy of the energy gap in
Bay¢Kg4Fe,As,. In the Supplemental Material [24] arguments
are provided as to how the gap distribution shown here is derived
from Fig. 3. The energy of the bound state E,, (red line) is largest
on the a band.

indicating a dramatic change of the pairing potential as
predicted in various theoretical studies [27-32].

We now provide evidence for a competition between the
two possible pairing states resulting from the exchange of
spin fluctuations with V and V, [see Fig. 1(c)] winning in
Baj K 4Fe,As, and Rb gFe, ¢Se,, respectively. V; domi-
nates but V, is appreciable in Bay K 4Fe, As, [33]. Then,
one expects the system to condense into a ground state
having the full symmetry of the lattice and to additionally
develop o-like collective modes with d,>_,» orbital mo-
mentum bound by the residual interaction V, inside the gap
as shown schematically in Fig. 4(a). Photons (hv) scatter
from both unpaired electrons in the Bogoliubov quasipar-
ticle bands (left) and Cooper pairs at the chemical potential
w (right) [34]. In either case an energy of at least 2A must
be invested, and an electron-hole pair and two unpaired
electrons are created, respectively. The two electrons being
separated by 2A but remaining in a volume characterized
by the coherence length &, “sense” now those parts of the
interaction potential Vy s+ which are orthogonal to the
pairing channel and form a bound state of energy E, inside
the gap [13,15-19]. The o-like modes appear below the
gap edge at ), = 2A — E, with E, being the binding
energy of the Cooperon [Fig. 4(a)] [17,18]. E,, encodes the
coupling strength in the subdominant channel and

E,/2A = (V;/V,)*. The modes at 140 and 175 cm™!
correspond to the A, and B,, gap structures at 190 and
210 cm™! implying binding energies E, of 50 and
35 cm™! [Fig. 4(b)], respectively, or 25% of 2A and indi-
cate that V, is smaller but of the same order of magnitude
as V, [18]. The bound state at 73 cm ™! corresponds to the
minimum at 80 cm™! of the strongly momentum depen-
dent gap on the & band as predicted by Scalapino and
Devereaux [13]. We note that the mode at 140 cm™!
corresponding to the gap on the « band is unlikely to result
from the interband coupling discussed in Ref. [13]. Rather,
it may originate in intraband coupling due to the d,>_
component of Vi i, similarly as derived for one band
superconductors, and is expected to appear in B, symme-
try as the other collective modes [17,18]. This scenario
explains in a natural way the two well-defined symmetric
peaks at 140 and 175 cm ™! and the weaker one at 73 cm ™!
appearing in (the proper) B, symmetry [Figs. 3(c) and 3(d)]
and provides direct evidence of a strongly anisotropic
pairing potential resulting from a superposition of V; and
V,. Since the collective modes drain intensity from the gap
features [13,18] direct pair breaking peaks cannot be
resolved in B, symmetry. This effect provides the most
compelling evidence for the proper interpretation of the
in-gap modes.

Upon going from Bay (K 4Fe,As, to
Ba(Fe 939C0p, 061 )2AS, V, increases becoming comparable
to V,. At first glance the collective modes are expected to
become stronger. However, more dramatic changes occur,
and the entire pairing state becomes sufficiently anisotropic
to drive the minimal gap almost the whole way down to
zero at least on portions of the Fermi surface [8,20]. Now,
the collective modes are heavily damped and almost unde-
tectable within experimental uncertainties [13,35].

If spin fluctuations dominate the coupling [11] V| is
vanishingly small in RbggFe;¢Se, because the central
Fermi surface is missing. With V,; surviving alone, the
resulting pairing is d,»_,» without nodes since the sign
change of the gap occurs on the Brillouin zone diagonals
far away from the Fermi surface [Fig. 1(f)]. However,
after downfolding the 1 Fe Brillouin zone (see Fig. 1) the
electron bands accommodating gaps having opposite sign
are expected to hybridize. Without mixing of the Cooper
pairs on the different bands the gaps have to change sign
on the hybridization lines [36]. The resulting nodes on
the Fermi surface are incompatible with the observation
of a clean gap [Fig. 2(c)]. If, however, the Cooper pairs
can couple across the bands [37] nodeless states can occur
again. Our observation of a clean gap in RbggFe;¢Se,
favors strong hybridization with almost circular concentric
Fermi surfaces [37]. As an immediate consequence there
is no enhancement of the B,, Raman vertices in
RbggFe;¢Se, (as opposed to BagygKj4Fe,As,). This
explains both the absence of B,, gap features and the clean
gap in Rbo_gFeLéSez.
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In conclusion, the analysis of the Raman results on the
gap and of the excitonic in-gap modes of superconducting
Baj K 4Fe,As, provides access to the anisotropy of the
pairing potential Vy \s. The dependence of the components
V, and V,; of Vi i on the Fermi surface topology makes a
strong case for pairing mediated by spin fluctuations.
In this way, Raman scattering may well be useful in other
circumstances as suggested recently by Barlas and Varma
[38] and supplement other methods.
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