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We report inelastic light scattering results on the stoichiometric and fully ordered superconductor
CaKFe4As4 as a function of temperature and light polarization. In the energy range between 10
and 315 cm−1 (1.24 and 39.1 meV) we observe the particle-hole continuum above and below the
superconducting transition temperature Tc and 7 of the 8 Raman active phonons. The main focus
is placed on the analysis of the electronic excitations. Below Tc all three symmetries projected with
in-plane polarizations display a redistribution of spectral weight characteristic for superconductivity.
The energies of the pair-breaking peaks in A1g and B2g symmetry are in approximate agreement
with the results from photoemission studies. In B1g symmetry the difference between normal and
superconducting state is most pronounced, and the feature is shifted downwards with respect to those
in A1g and B2g symmetry. The maximum peaking at 134 cm−1 (16.6 meV) has a substructure on
the high-energy side. We interpret the peak at 134 cm−1 in terms of a collective Bardasis-Schrieffer
(BS) mode and the substructure as a remainder of the pair-breaking feature on the electron bands.
There is a very weak peak at 50 cm−1 (6.2 meV) which is tentatively assigned to another BS mode.

PACS numbers: 74.70.Xa, 74.20.Mn, 74.25.nd

CaKFe4As4 is among the few iron-based compounds
which are superconducting at high transition temper-
ature Tc at stoichiometry1 since the Ca and K atoms
form alternating intact layers as shown in Fig. 1. The
high degree of order allows one to get as close to the in-
trinsic properties of the material class as possible since
the effects of disorder are expected to be negligible or at
least significantly smaller than in solid solutions such as
Ba1−xKxFe2As2 or Ba(Fe1−xCox)2As2. For instance the
residual resistivity ratio (RRR) reaches 15 and is much
higher than for Ba(Fe1−xCox)2As2 and comparable or
better than for Ba1−xKxFe2As2 [2]. Other transport and
the thermodynamic properties2 highlight the similarities
to optimally or overdoped Ba1−xKxFe2As2.

These similarities include the electronic structure, in
particular the Fermi surfaces [Fig. 1 (c)] and the super-
conducting energy gaps3. The gaps were found to be
rather isotropic on the individual bands having values of
2∆α = 21 meV, 2∆β = 24 meV, 2∆γ = 16 meV and
2∆δ = 24 meV on the three hole bands (α, β, γ) and
the electron band (δ), respectively. The good nesting
observed between the β and δ bands was considered to
support s-wave interband pairing3–5 as proposed earlier
for the iron-based materials in general6.

Since there is also nesting among the electron bands
one can expect a competing pairing interaction with d-
wave symmetry as a subleading instability7. Indications
thereof were found recently in Raman scattering exper-
iments on Ba1−xKxFe2As2.8–10 The subleading channel
manifests itself as a narrow line below the gap edge given
that the gap is clean as, e.g., in Ba1−xKxFe2As2.11–13
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Figure 1. Structure and Fermi surface of CaKFe4As4. (a)
Tetragonal unit cell with the Ca, K, Fe, and As atoms shown
in blue, gold, red, and respectively, green1. (b) Quasi 2D
Fe2As2 layer with the full orange line depicting the 1 Fe unit
cell. (c) Brillouin zone of the 1 Fe cell. The three hole bands
labeled α, β, and γ (blue) encircle the Γ point. The electron
bands δ1 and δ2 (red) are centered at the X and Y point,
respectively [adopted from Mou et al.3].

The bound state has its origin in a phase fluctuation of
the condensate of Cooper pairs. The experimental iden-
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tification of this excitation as a Bardasis-Schrieffer (BS)
exciton rests on the shape of the line, its temperature de-
pendence and the spectral weight transfer from the pair-
breaking feature to the in-gap mode as described in detail
in Refs. 9 and 10.

Given its nearly clean gap and the high crystal quality,
CaKFe4As4 is an excellent candidate for scrutinizing the
superconducting properties of hole doped 122 systems.
We aim at answering the question as to whether or not
subleading channels can also be observed in systems other
than Ba1−xKxFe2As2 and can be identified as generic.

Calibrated Raman scattering equipment was used for
the experiments. The sample was attached to the cold
finger of a He-flow cryostat. For excitation a diode-
pumped solid state laser emitting at 575 nm (Coherent
GENESIS MX-SLM 577-500) was used. The polariza-
tion of the incoming light was adjusted in a way that
the light inside the sample had the proper polarization
state. The absorbed power (inside the sample) was set
at typically Pa = 2 mW independent of polarization. By
setting the polarizations of the incident and scattered
photons the four symmetries A1g, A2g, B1g, and B2g of
the D4h space group can be accessed. For the symmetry
assignment we use the 1 Fe unit cell [see Fig. 1 (b) and
(c)] since the density of states at the Fermi energy EF

is nearly entirely derived from Fe orbitals. The related
projections in the first Brillouin zone (BZ) are visual-
ized in Fig. S1 of the Supplemental Material14. In this
work the focus is placed on low energies, where A2g is
negligibly small. The polarization combinations RR, xy,
and x′y′ almost exclusively project the A1g, B2g, and
B1g symmetries as desired. Here x and y are horizontal
and vertical, respectively, in the laboratory system. Note
that the out-of-phase vibration of the Fe atoms appears
in B2g symmetry in the 1 Fe unit cell rather than in B1g

symmetry of the crystallographic unit cell hosting two Fe
atoms per Fe2As2 plane14. The spectra are represented
as response functions Rχ′′(T ),Ω) which are obtained by
dividing the measured cross section by the thermal Bose
factor {1 + n(Ω, T )} = {1 + [exp(~ω/kBT )− 1]−1}. R is
an experimental constant.

The CaKFe4As4 single crystals were grown from the
FeAs flux and characterized thoroughly as described by
Meier and coworkers2,15. The Tc value of 35.21± 0.10 K
we found here is in the range 35.0± 0.2 K determined by
Meier et al. (see Fig. S3 in the Supplemental Material14).
The crystal structure of CaKFe4As4 is very similar to
that of AFe2As2 systems [cf. Fig. 1 (a)] and belongs
to the tetragonal D4h space group. Since CaKFe4As4
has alternating Ca and K planes between the Fe2As2
layers the point group is simple-tetragonal (P4/mmm)1

rather than the body-centered tetragonal (I4/mmm) as
BaFe2As2 [16].

Figure 2 shows the normal (red) and superconducting
(blue) Raman spectra of CaKFe4As4 at the three po-
larization configurations (a) RR, (b) xy, and (c) x′y′.
The sample is rotated by 45◦ with respect to the ori-
entation in Figs. 1 in order to suppress any c-axis pro-

jection in the B1g spectra (xy in the laboratory sys-
tem). Superimposed on the particle-hole continua we
observe six and four phonons in RR and x′y′ polariza-
tion, respectively17, which will be discussed in the Sup-
plemental Material14. As intended there are no phonons
in xy configuration, and the spectrum in the normal state
is completely smooth to within the experimental error.
The structure-less shape indicates that there is no polar-
ization leakage and, more importantly, that there is no
defect-induced scattering from phonons highlighting the
high crystal quality.
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Figure 2. Raman response in CaKFe4As4 at symmetries and
polarizations as indicated. Shown are raw data for T � Tc
(blue), T > Tc (red) and difference spectra (orange). Phonon
modes are present in the A1g and B2g spectra. (a) The pair-

breaking maximum extends from Ω
(A1g)
0 = 120 ± 2 cm−1 to

Ωm ≈ 230 cm−1. The gap energies 2∆i for the four bands i
observed by ARPES3 are reproduced as horizontal bars. Note
that the right vertical axis is expanded by a factor of 2.5
with respect to the left one. (b) The B1g pair-breaking peak

is well defined and sets on at Ω
(B1g)
0 = 116 ± 5 cm−1. The

dashed line at low energies indicates the expected spectral
dependence for a clean gap. (c) The weak B2g pair-breaking
peak is located slightly above 2∆β . The intersection of the

normal and superconducting spectra is close to Ω
(B2g)
0 = 130±

5 cm−1.

We focus now exclusively on the electronic continua.
To this end we also plot the difference spectra,

∆Rχ′′(Ω) = Rχ′′(T = 11 K,Ω)−Rχ′′(T = 43 K), (1)
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(orange in Fig. 2) along with the raw data of each polar-
ization configuration. In the difference spectra ∆Rχ′′(Ω)
temperature-independent structures such as (most of)
the phonons and the presumably weak and temperature-
independent luminescence contributions are eliminated.
In this way the changes induced by superconductivity are
highlighted.

All spectra show the typical changes upon entering the
superconducting state: (i) The opening of the gap in-
duces a suppression of the intensity below a cross-over
energy of Ω0 = 125, 115, and 130 cm−1 for A1g, B1g,
and B2g symmetry, respectively. In this range ∆Rχ′′(Ω)
(orange) is negative. (ii) The intensity piles up above Ω0

due to a coherent superposition of pair-breaking and Bo-
goliubov quasiparticle excitations across the gap 2∆. The
amplitude of the redistribution is small in A1g and B2g

symmetry (Fig. 2 (a) and (c) and Figs. S4 and S6 of Ref.
[14]) but pronounced in B1g symmetry. [Fig. 2 (b) and
Fig. S5 of Ref. [14]]. In the A1g response [Fig. 2 (a)] the
signal at Ω → 0 is enhanced because of surface layers of
accumulating residual gas molecules at low temperature
(see Fig. S4 of Ref. [14]) and the insufficient suppression
of the elastically scattered light in the case of parallel
light polarizations (RR here).

The first striking observation is the nearly symmetry-
independent cross-over energy Ω0 where the normal (red)
and superconducting (blue) spectra intersect each other
or where ∆Rχ′′(Ω) changes sign. Yet, the intensity for
Ω < Ω0 does not vanish entirely as expected for a clean
gap but is only reduced. No additional structures are
observed in the A1g and B2g spectra while a weak hump
appears at approximately 50 cm−1 [see Fig. 2 (b) and as-
terisks in Fig. 3 (c) to (e)] in B1g symmetry as can also
be seen in in Fig. S5 of Ref. [14].

Second, whereas the normal and the superconducting
spectra merge at similar energies close to Ωm = 230 cm−1

in all symmetries the distribution of spectral weight in
the range Ω0 < Ω < Ωm varies substantially. In none
of the symmetries the pair-breaking features display the
typical shape. The pair-breaking maximum in B2g sym-
metry is found at approximately 215 cm−1 right under-
neath the Fe phonon. The negative intensity at 215 cm−1

shows that the phonon is renormalized below Tc, and
an influence of this renormalization on the electronic
features cannot be excluded. However, the gap below
130 cm−1 indicates the presence of an intensity redistri-
bution below Tc. In A1g symmetry a wide plateau is
observed between Ω0 and Ωm. Finally in B1g symmetry,
a pronounced peak is found at 135 cm−1 above which the
intensity decays. Upon studying various temperatures a
secondary maximum at about 165 cm−1 can be resolved
as shown in Fig. S5 of Ref. [14].

For the discussion below we additionally plot in
Fig. 2 (a) the gap energies 2∆i as horizontal bars accord-
ing to a recent photoemission study3, where i is the band
index [c.f. Fig. 1 (c)]. The width of the bars corresponds
to the error bars of order ±10% indicated there.

We now discuss the possible interpretations of the elec-

tronic Raman spectra presented above. Can the spectra
be interpreted exclusively in terms of pair-breaking or are
collective modes, similarly as in Ba1−xKxFe2As2, neces-
sary for a more consistent explanation?

Using yellow excitation we find a strong redistribution
of spectral weight in B1g symmetry similarly as in a si-
multaneous Raman study using red photons18 (Note that
B1g and B2g are interchanged in the two studies.) With
yellow photons we observe the redistribution in all three
symmetry channels. As already noticed earlier this differ-
ence in the experimental results may be traced back to or-
bital dependent resonance effects10. In contrast to Zhang
and coworkers18 we find finite intensity in the range below
the maximal gap at approximately 215 cm−1 similar as
in Ba1−xKxFe2As2. We attribute this intensity predom-
inantly to the multi-gap structure in both compounds.
Since there is an intensity redistribution below Tc in all
channels we do not believe that there is a strong back-
ground at low energies from, e.g., luminescence which
has an intensity comparable to that of particle-hole exci-
tations.

The highest pair-breaking energy in our study is ob-
served in B2g symmetry implying a maximal gap en-
ergy of 2∆max ≈ 215 cm−1. This energy corresponds to
∆max = 13.3 meV slightly higher than the largest gaps
derived for the β and δ bands, ∆β,δ = 12 meV using
angle-resolved photoemission spectroscopy (ARPES)3.
215 cm−1 coincides with the edge of the A1g pair-breaking
feature [see Fig. 2], and we conclude that the ARPES
data slightly underestimate the gap energies found by Ra-
man scattering as already observed for Ba1−xKxFe2As2
[8 and 9]. Similarly, the lowest gap energy of ∆γ = 8 meV
is below 9.3 meV expected from the lower edge in the A1g

spectra. There are no structures in the A1g and B2g spec-
tra which one could associate with the gap energy on the
α band, ∆α = 10.5 meV, obtained from ARPES. On this
basis we conclude that the maximal gap energies derived
from the A1g and B2g Raman spectra are in the same
range of approximately 9 kBTc as in Ba1−xKxFe2As2 close
to optimal doping9.

The question arises whether ARPES and Raman re-
sults are compatible with the selection rules. As shown
in Fig. S1 of Ref. [14] all bands should be visible in A1g

symmetry with comparable weight upon neglecting res-
onance effects. In fact, all energies are represented in
the spectra shown in Fig. 2 (a). Even if a Leggett mode
contributes to the A1g spectra, as suggested recently19,
this conclusion survives since the Leggett modes are ex-
pected close to the maximal gap energies in the Fe-based
systems. The B2g spectra are less easily to be reconciled
with this scenario since the gaps on the hole bands should
be projected with a similar spectral weight as that of the
electron band. Yet we find only a contribution from the
largest gap. Although the overall intensity is very weak
here the absence of contributions from the γ band cannot
be explained by the variation of the peak height with |∆|2
[20] or by applying the symmetry selection rules. Either a
phenomenological treatment as for Ba1−xKxFe2As2 [9] or
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a detailed resonance study needs to be performed which,
however, is beyond the scope of this work.

Given that the single particle gap energies are by and
large reproduced in the A1g and B2g spectra it is im-
portant to understand the B1g spectra. As shown in
Fig. 2 (c) the energies appearing there are well below
those of the A1g and B2g spectra. This is particularly
surprising as the δ bands are expected to be projected
fully (and not marginally) in B1g symmetry (see Fig. S1
of Ref. [14]) as opposed to all hole bands. Thus, the
argument that the strongest peak in the B1g spectra re-
sults from the γ band can be discarded. Since in contrast
to Ba(Fe1−xCox)2As2 [21 and 22], NaFe1−xCoxAs [23] or
FeSe [24 and 25] there is no nematic phase and the re-
lated fluctuations in CaKFe4As4 an interpretation of the
observation in B1g symmetry in terms of nematic fluctu-
ations would be far fetched.

As a consequence there remains only one scenario
which reconciles the results observed in the three Ra-
man active symmetries and the ARPES results: The B1g

spectra do not directly reflect gap energies but rather are
shifted downward by final state interaction as discussed
for Ba1−xKxFe2As2 in earlier work8–10. The similarity
can be observed directly by comparing the data in Fig. 3.
The difference spectra as a function of temperature in-
dicate that the B1g peak has a robust shoulder on the
high-energy side. The overall shape is surprisingly simi-
lar to the spectra of Ba0.65K0.35Fe2As2.

Following this reasoning we identify the maximum of
the B1g spectra at 134 cm−1 with a collective mode pulled
off of the maximal gap energy on the δ band due to a
dx2−y2 wave subleading interaction among the two elec-
tron bands as predicted theoretically13 and observed in
Ba1−xKxFe2As2. The hump at approximately 165 cm−1

is then the remaining intensity of the pair-breaking peak
on the δ band after switching on the final state interac-
tion which induces a transfer of intensity from the pair-
breaking peak into the bound state9,12,13. Only in this
way the missing intensity in the range of 2∆δ can be
explained consistently.

It is tempting, yet a bit speculative, to explain the
faint peak close to 50 cm−1 (2 kBTc) in terms of a second
BS mode in a similar fashion as in Ba1−xKxFe2As2 [10].
This would mean that the subdominant coupling is al-
ready very strong, and CaKFe4As4 is on the brink of a
d-wave instability. The very weak intensity of the peak
argues in this direction since the BS mode is expected to
vanish when d-wave pairing wins10. Yet, the vanishingly
small intensity is also the Achilles heel of the argumen-
tation, and we refrain from going beyond pointing out
this possibility. A robust statement is possible only on
the basis of improved counting statistics and a micro-
scopic model, which includes the derivation of the eigen-
vectors of the subdominant pairing channels, as proposed
for Ba1−xKxFe2As2 [10]. Such an expensive theoretical
treatment is beyond the scope of this experimental study.

In summary, we investigated the recently discovered
superconductor CaKFe4As4 with inelastic light scatter-
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Figure 3. Difference spectra of the B1g Raman response in
CaKFe4As4 and Ba1−xKxFe2As2 for temperatures as indi-
cated. For raw data c.f. Fig. 2 and S5 of Ref. [14]. The main
peak exhibits a double structure (orange and blue arrows). A
second hump is visible in the spectra at 11, 13, and 17 K (as-
terisks) above the spectral shape expected for a clean gap (col-
ored dashes). (f) Difference spectrum of Ba0.65K0.35As2Fe2.
From10. The arrows show two Bardasis-Schrieffer modes at
3.1 (green arrow) and 5.2 kBTc (orange arrow). The remain-
der of the pair breaking peak is located at 6.2 kBTc (blue ar-
row) since the high-energy part is drained into the BS modes.
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ing as a function of photon polarisation and tempera-
ture. Using yellow light (575 nm) superconducting fea-
tures were found in A1g, B1g and B2g symmetry.

A weak but well-defined pair-breaking feature is found
at 215 cm−1 (corresponding to ∆ = 13.3 meV) in B2g

symmetry which is slightly above the largest gaps ob-
served by ARPES for the β and the δ bands3 and close
to the energy Ωm where the normal and the supercon-
ducting spectra merge in all symmetry projections. This
feature is also present in the A1g spectra. In addition
to the high-energy feature the A1g intensity displays a

plateau-like shape down to Ω
(A1g)
0 = 125 cm−1. Given

the small discrepancies between the gap energies derived
from the ARPES data and the Raman spectra one can
conclude that the A1g spectra reflect the entire range of
gap energies of CaKFe4As4 even though the individual
gap energies cannot be resolved.

In B1g symmetry, the superconducting feature is cen-
tered at lower energy than in the two other symme-
tries. We interpret the sharp maximum at 134 cm−1 as
a collective Bardasis-Schrieffer mode pulled off of the
maximal gap on the δ band similarly as in the sister
compound Ba0.65K0.35Fe2As2. The shoulder at approxi-
mately 165 cm−1 is a remainder of the pair-breaking peak
losing most of its intensity to the collective mode9,13.
Whether or not the weak structure at 50 cm−1 is an-
other BS mode with even stronger coupling cannot

be decided with certainty because of the fading inten-
sity. If this interpretation could be supported further
CaKFe4As4 would be closer to a d-wave instability than
Ba1−xKxFe2As2. The smaller Tc of CaKFe4As4 argues in
this direction since a strong d pairing channel frustrates
the s-wave ground state and reduces Tc. Even without
dwelling on the peak at 50 cm−1 we may conclude that
CaKFe4As4 is a true sibling of Ba1−xKxFe2As2

10 thus
demonstrating that pairing fingerprints can be observed
preferably in materials with clean gaps.
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R. Hackl, Hai-Hu Wen, V. Tsurkan, J. Deisenhofer, and
A. Loidl, “Raman-Scattering Detection of Nearly De-
generate s-Wave and d-Wave Pairing Channels in Iron-
Based Ba0.6K0.4Fe2As2 and Rb0.8Fe1.6As2 Superconduc-
tors,” Phys. Rev. Lett. 110, 187002 (2013).
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A. Baum, D. Jost, J. Schmalian, S. Caprara, M. Grilli,
C. Di Castro, J. H. Analytis, J.-H. Chu, I. R. Fisher, and
R. Hackl, “Critical spin fluctuations and the origin of ne-
matic order in Ba(Fe1−xCox)2As2,” Nature Phys. 12, 560–
563 (2016).

23 V. K. Thorsmølle, M. Khodas, Z. P. Yin, Chenglin Zhang,
S. V. Carr, Pengcheng Dai, and G. Blumberg, “Critical
quadrupole fluctuations and collective modes in iron pnic-
tide superconductors,” Phys. Rev. B 93, 054515 (2016).

24 Pierre Massat, Donato Farina, Indranil Paul, Sandra
Karlsson, Pierre Strobel, Pierre Toulemonde, Marie-Aude
Méasson, Maximilien Cazayous, Alain Sacuto, Shigeru
Kasahara, Takasada Shibauchi, Yuji Matsuda, and Yann
Gallais, “Charge-induced nematicity in FeSe,” Proc. Nat.
Acad. Sciences 113, 9177–9181 (2016).

25 A. Baum, H. N. Ruiz, N. Lazarević, Y. Wang, T. Böhm,
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