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Calculations of the Raman response for iron pnictide superconductors reveal a collective mode that may be
crucial to unravel the pairing symmetry.
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Our theoretical understanding of “classic” one-band
superconductors such as simple metals is based on the
BCS theory [1], which says that at low temperatures
the minimum excitation energy of a single electron (or
the energy required to break a Cooper pair) is twice ∆,
the superconducting gap. As first shown by Abrikosov
and collaborators [2] this is seen in the electronic Raman
scattering spectrum, an inelastic light scattering probe,
as a continuum that sharply rises from zero at energy
shift 2∆, followed by a fall off at higher energy [3]. The
situation is different when a superconductor has multiple conduction bands with different energy gaps, as is
the case in the recently discovered Fe-pnictide superconductors. One of the most significant unresolved issues for these materials is the symmetry of the superconducting gap, which in turn is crucially tied to the pairing mechanism. In a recent article published in Physical Review B, Andrey Chubukov of the University of
Wisconsin-Madison and Ilya Eremin and Maxim Korshunov from the Max Planck institute for complex systems in Dresden, (hereafter referred to as CEK) have
predicted the occurrence of a Raman peak at an energy below 2∆ in the multigap Fe-pnictide compounds
where superconductivity is proposed to result from a
novel magnetic mechanism [4]. In the absence of disorder, the existence of the Raman peak in the energy gap
would signify a collective mode having an infinite lifetime. Since the collective mode occurs only for a particular pairing symmetry, Raman scattering may provide a
way to unambiguously distinguish between various superconducting gap symmetries proposed for these materials.
In the past, theorists have predicted collective modes
in superconductors in the form of “excitons” in classic
superconductors [5] and others have shown how they
could be seen using electronic Raman scattering [6, 7].
In an extension of BCS theory, Leggett pointed out that a
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two-band superconductor could have a different type of
collective mode. On the superconducting condensate in
each band would be superimposed a density wave with
a small wave vector q. Such a density wave, a particleparticle (p-p) excitation, would have amplitudes of opposite signs in the two bands so that there would be no
net density wave in the sample. For Leggett’s mode to
exist, the interband pairing potential must be nonzero
and negative but not too negative to keep the mode energy below the single-electron continuum of both bands.
In other words, the mode energy must be less than either
of the two 2∆’s.
By manipulating the directions of the polarization
vectors of the incident and scattered photons in a Raman
experiment, it is possible to determine the symmetry of
an excitation [3]. In the q = 0 limit, Leggett’s collective
mode would have the full symmetry, A1g , of the point
group of the sample [8]. The same is true of the mode
predicted by CEK. However, the mechanisms responsible for the modes are different.
Raman scattering is a photon in/photon out process
that in a metal produces a virtual interband absorption
of the incoming photon followed by emission of the outgoing photon. This process excites an electron from an
occupied state below the Fermi energy to an empty state
above and is therefore a particle-hole (p-h) excitation. In
a clean system, the differences in wave vectors q and energy h̄ω of these two states are equal to those of the two
photons. The electron spin remains the same. The net effect of these individual excitations occurring throughout
the band is a perturbation H 0 in the form of an electron
density wave with wave vector q and energy h̄ω.
For sufficiently low energy of the photons (below optically allowed interband transitions), the strength of
this density wave in a band is proportional to its inverse effective mass (1/m∗ ). The simplified model of
electronic band structure for the Fe-pnictides used by
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FIG. 1: Simplified Fermi surfaces of Fe-pnictide superconductors (adapted from Fig. 1 of Ref. [13]) showing a pair of
pockets at the center of the Brillouin zone with positive superconducting gap and 1/4 of a pocket pair at each of the four
symmetry-equivalent zone corners with a negative gap of the
same magnitude. (Illustration: Alan Stonebraker)

CEK consists of a pair of pockets at the center of the Brillouin zone with positive m∗ and 1/4 of a pocket pair at
each of the four symmetry-equivalent zone corners with
negative m∗ (see Fig. 1). As a simplification, it is assumed that each pocket in a pair shares the same m∗ and
gap values and the combined average is zero [9]. Thus
Raman experiments in A1g symmetry would excite p-h
density waves of opposite signs in the two bands. Moreover, the layered nature of the Fe-pnictides allows one to
go to the q = 0 limit as long as q is perpendicular to the
layers, the usual case experimentally [10].
It is a property of the BCS theory that in the superconducting state each p-h density wave automatically
turns into a superposition of p-h and p-p density waves.
If this were the end of the story, the overall response
function would be the sum of the diagonal elements
of a 2 × 2 matrix on the band indices and no collective
mode could result. However, there is more to the story.
Roughly speaking, the perturbation H 0 responsible for
Raman scattering “breaks a pair” but the resulting particles continue to interact. CEK consider three types of
residual interaction: V ( p) ,V (v) , and V (b) . The first interaction V ( p) is of the p-p type and is responsible for the
two-band superconducting state (negative for phononmediated superconductivity [11]), while V (v) describes
a p-h vertex correction. Ordinarily, these two would
be identical [12]. The third interaction V (b) is a bubble
correction that links the response function “bubble diagrams” forming an infinite series that can be summed.
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The Fe-pnictides are far from being ordinary metals.
They undergo a commensurate antiferromagnetic transition at a temperature well above the superconducting
transition temperature. There is theoretical and experimental evidence that the superconductivity in these materials is caused by magnetic fluctuations rather than lattice vibrations. There is also theoretical evidence that
the superconducting gap ∆ has A1g symmetry under the
point group with a nearly constant value in the electron
pockets at the center of the Brillouin zone (∆(k = 0) =
∆) and a nearly constant, but opposite, value in the four
pairs of hole pockets—equivalent by symmetry—at the
zone corner (∆(π, π ) = −∆) (see Fig. 1). In an earlier
paper, the authors of the CEK paper analyzed the antiferromagnetism and superconductivity on an even footing and studied the renormalization flow of the effective interactions represented by the V ( p) , V (v) , and V (b)
as a function of energy, h̄ω[13]. In Ref. [4], CEK find
that the most dominant contribution emerges from the
effective interband interaction to produce a resonance
below 2∆ in the A1g Raman response (see Fig. 2), even if
the intraband Coulomb repulsion is the largest term in
the Hamiltonian. An A1g (or equivalently an extended
s-wave symmetry ∆(k) = cos(k x ) + cos(k y )) pairing
gap changes sign between hole and electron pockets
but has no nodes along the Fermi surface, as shown in
Fig. 1. No collective mode develops for a pure s-wave
gap, a d-wave gap, and an extended s-wave gap with
∆(k) = ∆cos((kx )/2)cos((ky)/2).
This is figuratively orthogonal to the model employed
by Leggett [11], which includes only residual pairing interactions within the “bubble diagrams,” or the modified Leggett model used to explain Raman data in MgB2
by G. Blumberg and collaborators [14], which includes
both residual pairing and vertex interactions, but no
“bubble diagram” corrections. It would be exciting if
a sub-2∆ peak could be found in A1g symmetry Raman
experiments on the Fe-pnictides, and it certainly would
lend credibility to the scenarios set out by Chubukov,
Eremin, and Korshunov.
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FIG. 2: Collective mode shows up as a sharp peak in Raman
intensity [4] below the continuum at ω = 2∆ only for extended
s-wave symmetry (∆(k) = cos(k x ) + cos(k y )). (Illustration:
Alan Stonebraker)
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