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Anomalous phonon behavior in superconducting CaKFe As;: An optical study
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The temperature dependence of ab-plane optical conductivity of CaKFe;As, has been measured below and
above its superconducting transition temperature 7, ~ 35.5 K. In the normal state, analysis with the two-
Drude model reveals a T'-linear scattering rate for the coherent response, which suggests strong spin-fluctuation
scattering. Below the superconducting transition, the optical conductivity below 120 cm~! vanishes, indicating
nodeless gap(s). The Mattis-Bardeen fitting in the superconducting state gives two gaps of A; ~ 9 meV and
A, >~ 14 meV, in good agreement with recent angle-resolved photoemission spectroscopy (ARPES) results.
In addition, around 255 cm™!, we observe two different infrared-active Fe-As modes with obvious asymmetric
lineshape, originating from strong coupling between lattice vibrations and spin or charge excitations. Considering
amoderate Hund’s rule coupling determined from spectral weight analysis, we propose that the strong fluctuations
induced by the coupling between itinerant carriers and local moments may affect the phonon mode, and the
electron-phonon coupling through the spin channel is likely to play an important role in the unconventional

pairing in iron-based superconductors.
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I. INTRODUCTION

The discrepancy between iron-based superconductors
(FeSCs) and traditional BCS superconductors has prompted
a great deal of effort to investigate their pairing mechanism
[1-4]. Based on the strong magnetism in FeSCs [5], Mazin
et al. proposed the sy pairing [6], which has a sign reversal in
the gap function [7] and is mediated by spin fluctuations. In this
scenario, the pairing state is fragile against nonmagnetic impu-
rities. However, recent STM results on iron chalcogenides [8]
are at odds with this scenario, supporting the sign-preserving
pairing symmetry, i.e., s4 pairing, proposed by Kontani and
Onari [9,10]. Electron-phonon coupling can induce strong
orbital fluctuations, leading to an s, -wave state with a high
superconducting critical temperature (7;) [11]. Although this
scenario is consistent with several experimental results [8,12],
it remains controversial. To provide new insights and construct
a detailed model for the unconventional pairing in FeSCs, it
is necessary to investigate materials with different crystal or
electronic structures.

CaKFe; As, is a member of the AeAFesAs; (Ae stands
for alkaline earth and A for alkali metal) family [13],
which is a new system of FeSCs. Even though the chemical
composition of AeAFesAs, is the same as that of the heavily
investigated (Ae,A)Fe,As;, the crystalline structure is rather
different. In (Ae,A)FeAs,, Ae’t and At randomly occupy
crystallographically equivalent sites, while in AeAFesAsy,
Ae?t and A stack alternatively across Fe,As, layers, which
not only increases the size of the unit cell but also changes
the space group from I4/mmm to P4/mmm. In addition,
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the lattice parameters of AeAFesAss lie between those of
AeFe,As, and AFe;As;. Therefore, AeAFesAss could be
regarded as the hybrid phase of AeFe,As, and AFe,As;. In
the AeAFesAs, family, most compounds have a T, between
31-36 K. Most recently, similar materials RbGd,Fe4As,O and
KCa,Fe4AssF; have been synthesized with superconductivity
at T, = 33 K [14,15]. These two compounds, together with
the AeAFe As, family, are regarded as the hybrid phase
between the iron-based parent compounds and AFe;As,. An
open question is: What is the possible driving mechanism for
high-7, superconductivity in these materials? Investigating
this can help us to understand the possible unconventional
pairing in the FeSCs.

In this work, we have synthesized high-quality single
crystals of CaKFesAs, with T, of 35.5 K. The detailed
temperature dependence of the complex optical properties
in the ab plane, above and below T, has been obtained
from reflectivity measurements. In the normal state, like most
iron pnictides, the real part of the optical conductivity can
be described quite well by the two-Drude model, while in
the superconducting (SC) state, a clear signature of nodeless
SC gaps are observed. The onset of the absorption occurs
around 120 cm ™ in the optical conductivity. Fitting the optical
conductivity with Marttis-Bardeen formalism yields two SC
gaps, A; ~9 meV and A; >~ 14 meV, which agree well
with recent ARPES studies [16]. The optical properties are
very similar to those of Bay K 4Fe;As; [17,18]. However, in
CaKFe4Asy, two in-plane infrared-active modes are observed,
which are associated with two different Fe-As bonds, in
contrast to only one Fe-As mode in other iron pnictides [19,20].
Comparing with CaFe,As; and KFe;As,, we find signatures of
enhanced electron-phonon coupling in CaKFe4As4. Moreover,
the spectral-weight analysis points to a moderate Hund’s rule
coupling in CaKFesAss. We propose that in CaKFesAsy,
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electrons may couple to the phonons through the spin channel
[21], whichis likely to play an important role in unconventional
pairing in CaKFe As,.

II. EXPERIMENT

High-quality single crystals of CaKFesAss with good
cleavage planes (001) were synthesized using the self-flux
method [14]. Resistivity measurement was carried out on
a Quantum Design physical property measurement system
(PPMS). The dc magnetic susceptibility was measured using
a Quantum Design superconducting quantum interference
device (SQUID). The reflectivity from the cleaved surface
has been measured at a near-normal angle of incidence on
Fourier transform infrared spectrometers (Bruker 80v and IFS
113v) for light polarized in the ab plane using an in situ
evaporation technique [22]. Data from 30 to 15000 cm™!
were collected at different temperatures from 5 to 295 K
with the sample mounted on an ARS Helitran cryostat. The
reflectivity in the visible and UV range (10 000—40 000 cm™")
at room temperature was taken with an Avaspec 2048 x 14
optical fiber spectrometer. The optical conductivity has been
determined from a Kramers-Kronig analysis of the reflectivity
R(w) over the entire frequency range. Since the measurement
is taken in a limited energy range, a Hagen-Rubens relation
(R =1— A/w) is used for the low-frequency (< 30 cm™')
extrapolation, while in the SC state the relation (R = 1 — Aw®)
is used to extrapolate the low frequency data [17]. Above the
highest-measured frequency (40 000 cm™'), R(w) is assumed
to be constant up to 40 eV, above which a free-electron
response (o) is used.

III. RESULTS AND DISCUSSION

A. Normal and superconducting state

Figure 1 (main panel) shows the temperature dependence
of the resistivity and magnetic susceptibility, from which
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FIG. 1. Temperature dependence of resistivity of CaKFe,As,, the
blue circles denote the zero-frequency extrapolation of its optical
conductivity. The lower inset shows the magnetic susceptibility of
the sample (x represents the magnetic susceptibility per unit volume).
Both of them show a sharp superconducting transition at 7, = 35.5 K.
The upper inset shows the lattice structure of CaKFe4Asy; there are
two different Fe-As bonds in one FeAs layer.
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FIG. 2. (a) Reflectivity (b) and optical conductivity of
CaKFe,As, at various temperatures above and below the supercon-
ducting transition. The insets are the data in a larger energy area.

we observe a sharp SC transition at 35.5 K. The value of
4y = —1 at T <K T, indicates the bulk superconductivity.
The measured ab-plane reflectivity R(w,T) and the real part
of the optical conductivity oj(w,T) for selected temperatures
below and above the SC transition are summarized in Fig. 2.
In the normal state, the high reflectivity at low frequency
(<1000 cm™!) which increases upon cooling reflects the
metallic nature of the materials [23]. Below T, the reflectivity
shows a sudden up-turn and reaches unity with a flat response
below 120 cm~!. Similar behavior has also been observed
in Bag ¢Ko4FesAs, which is attributed to the formation of a
superconducting energy gap or gaps [17,18]. Correspondingly,
in the optical conductivity at low temperature (5 K), the optical
absorption vanishes below 120 cm™!, indicating the opening
of nodeless SC gaps.

To quantitatively analyze the optical properties of
CaKFe Asy, we fit the o (w,T) with a simple Drude-Lorentz
model for the dielectric function [23,24],

2

Qpni Ql%
e(w):ew—2w2+iw/rj —I—Z
k

2 > _ ’
Wi —w* —Iw/T;

ey

where €4, is the real part of the dielectric function at high
frequency; the second term describes a sum of free-carrier
Drude responses characterized by a plasma frequency Qf, ;=
dn jez / mj‘ , with nj the carrier concentration, mj‘ the effective
mass, and 1/7; the scattering rate. The third term is a sum of
Lorentz oscillators characterized by a resonance frequency
wg, a linewidth y4, and an oscillator strength €2;. The fitting
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FIG. 3. (a) Optical conductivity of CaKFe,;As4 at 150 K (thick black lines), fitted with the Drude-Lorentz model (thin red lines) and its
decomposition into individual Drude and Lorentz terms. (b) The optical conductivity of CaKFe,As, in the SC state is fit using the Mattis-Bardeen
formalism, which results in two SC gaps with the size of A} ~ 9 £0.2 meV and A, >~ 14 £ 0.5 meV. (c) The plasma frequency €2, and
(d) scattering rate 1/t for the narrow Drude (red); broad Drude (blue) components are extracted by fitting the data at various temperatures in

the normal state.

of the normal state at 150 K is shown in Fig. 3(a). As
in most iron pnictides, the optical response of CaKFesAsy
below 8000 cm™! can be described by a narrow Drude (a
coherent response), a broad Drude (an incoherent response),
and a Lorentz term (interband transition) [25,26], reflecting the
multiband nature of FeSCs. With this fitting, we extrapolate
the optical conductivity to the zero frequency and find that the
extrapolation agree well with the resistivity (Fig. 1), indicating
that the two-Drude mode can well describe the nature of
CaKFe As4. From the fitting results [Figs. 1(c) and 1(d)], we
notice that the scattering rate and plasma frequency of the
broad Drude term are almost temperature independent, while
the scattering rate of the narrow Drude component shows an
obvious T-linear behavior, indicating strong spin-fluctuation
scattering [23,27].

In the SC state, since the optical conductivity in the low-
frequency range (<500 cm™) is significantly suppressed due
to the opening of the SC gaps, the Mattis-Bardeen formalism
has been used to describe the optical response. As shown in
Fig. 3(b), two SC gaps and a Lorentz component reproduce the
experimental data quite well. These two gaps are determined
to be A} ~9+0.2 meV and A, >~ 14 £ 0.5 meV, in good
agreement with those obtained by ARPES measurements [16].
The strong reduction of the conductivity at low frequency for
T « T, suggests the absence of nodes. Our optical results
provide estimates of the gap amplitudes but cannot give direct
evidence to distinguish between s and extend s-wave pairing.

In the superconducting state, a large fraction of the itinerant
carriers have condensed into the superfluid. To estimate the

superfluid density, we have used the Ferrell-Glover-Tinkham
(FGT) sum rule to calculate the missing area between the
conductivity at T ~ T, and T K T, [17],

e

Wb =8| (01T =T)—00,T < T)ldo, ()
o+

where w,, = \/4wn,e?/m* is the superconducting plasma
frequency, n, represents the superfluid density, and w. =

600 cm~! is a cutoff frequency at which the optical con-
ductivity shows no difference between 40 and 5 K data.
The calculation yields the superconducting plasma frequency
wps =~ 8065 200 cm~! and the corresponding penetration
depth A = 1/27w,, ~ 2000 A.

B. Phonon anomalies

Two sharp peaks representing the symmetry allowed ab-
plane infrared-active E, modes are observed around 255 cm™!
[Fig. 4(a)]. Similar features are also found around the same
energy area in other iron pnictides [20]. However, there are two
modes in CaKFe, Asy, in contrast to the only one mode in other
related pnictides. Since this mode is assigned to the in-plane
displacement of the Fe and As atoms [23], taking the lattice
structure of CaKFe4As, into consideration, we infer that these
two modes originate from Fe-As bonds with different bond
lengths. The mode at lower frequency (phonon A) corresponds
to the longer Fe-As(1) bond (see the upper inset of Fig. 1)
with a length of 2.395 A, while the other mode (phonon B)
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FIG. 4. (a) The real part of the optical conductivity of CaKFe As,
above and below 7. >~ 35.5 K in the region of the infrared-active
mode around 255 cm ™', from which we observe two different phonon
modes. (b) The black squares denote the resonance frequency wy of
the Fe-As mode at 295 K for CaFe,As, and CaKFe;As,; the red
circles denote the calculated frequency based on the Fe-As bond
length. (c) The phonon modes in CaKFe,As; (CKFA), CaFe,As,
(CFA), and KFe,;As; (KFA) at 295 K, from which we observe the
softening and enhancement of the phonon in CaKFesAs,. (d) The
fitting to the phonon modes in CaKFe,As, at 50 K with a Fano and a
Lorentz model, from which we observe a discrepancy for the Lorentz
fit (indicated by the arrow), while the Fano model gives a better result.

corresponds to the Fe-As(2) bond with a shorter bond length
of 2.387 A [13].

Considering the fact that CaKFe4As, can be regarded as the
hybrid phase of CaFe,As; and KFe,As,, as shown in Fig. 4(c),
we compare the phonon modes of these three materials. We
find that in KFe;As; the phonon is indiscernible; it may be
due to its heavy hole concentration or the extremely high
density of states near the Fermi level [28]. Compared with
CaFe,As;, both of these two phonon modes in CaKFesAs,
shift to lower frequencies (softening) [29]. This may originate
from the elongated FeAs bonds. With a simple formula
wo/wy = (I'/1)** (wy represents the resonance frequency;
is the bond length) [30], we can estimate the frequency shifts
of the phonon modes in CaKFe Ass with respect to that in
CaFe,As; due to the elongated Fe-As bond length [results
are shown in Fig. 4(b)]. We find that the experimental data is
much smaller than the calculated ones. This fact suggests that
the elongation of the FeAs bonds alone cannot account for the
softening of the phonon in CaKFe As;.

In some other materials, such as Sr;_,Ba,Cuy(BO3),
[31,32] and gate-tuned bilayer graphene [33], phonon soft-
ening has also been observed and attributed to spin-phonon
and electron-phonon coupling, respectively. Moreover, in iron-
based superconductors, spin- or electron-phonon coupling

PHYSICAL REVIEW B 95, 064506 (2017)

260 LI I LI I LI ]
— S (a) (d)
g 256 '\ —l— phonon A
5 ~—@ phononB —0.04
& 252 5 i
8L .
—~ 400 (b) " —0.03
.g 300 .—.—H—.—.—.\._. 1 -
o 200[ u @ . oy
] \ N
100 - o —0.02
~ (©) -\’ |
g °r i\F —0.01
- 4 o—o—g
i
2 4
O 1 1 11 1 I L1 1 1 I L1 1 1
100 200 100 200

Temperature (K)

FIG. 5. The temperature dependence of the (a) infrared-active
mode compared with the anharmonic decay model (dashed dot-
ted line), (b) oscillator strength, (c) asymmetry parameter, and
(d) linewidth.

have been predicted by theoretical calculations [21] and later
observed in experimental researches in some other pnictides
[20,34]. Therefore, the spin- or electron-phonon coupling may
be responsible for the extra phonon softening in CaKFe Asy.

To test this prediction, we investigate the lineshape of the
phonons, since the coupling of the lattice to either the spin or
electron background may give rise to an asymmetric lineshape
[34,35]. If there is no coupling, the phonon mode shows
a symmetric lineshape, which can be fitted with a Lorentz
oscillator. In Fig. 4(d), we find that the Lorentz fitting for
the phonon modes is poor. In order to improve the fitting, we
employ the Fano line shape [34,35],

2 2 qz + 4q(wy—wo) -1

olw)=————""—"75",
Zy y q2(1+4(w;w0)2)

3

where wp,y, and Q represent the resonance frequency,
linewidth, and strength of the phonon, and Z is the vacuum
impedance,which equals to 377 Q. The asymmetry of the
lineshape is described by 1/g%. As 1/g> increases, the
lineshape becomes increasingly asymmetric, indicating an
enhanced coupling. As 1/¢> — 0, a symmetric Lorentzian
lineshape is recovered.

The temperature dependence of these two phonons has been
analyzed using two asymmetric Fano modes with a Drude-
Lorentz background. The results are summarized in Fig. 5.
We note that upon cooling, the frequency of these two modes,
as shown in Fig. 5(a), shifts to a higher frequency (hardens),
a tendency that can be described by the anharmonic decay
model [36]. The strength of these two modes [Fig. 5(b)] both
increase with decreasing temperature, while the linewidths
[Fig. 5(d)] decrease monotonically with temperature. The
asymmetry parameter 1/¢> [Fig. 5(c)] is very small (<0.01)
at room temperature, but largely enhanced at low tempera-
tures, indicating increasing spin- or electron-phonon coupling
[20,34]. Furthermore, while the behavior of these two modes
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is similar, they are in different amplitudes. The phonon mode
corresponding to the Fe-As(2) bond (phonon B) is stronger
than the one that corresponds to the Fe-As(1) bond (phonon
A), indicating stronger coupling to the shorter Fe-As bond.

C. Spectral weight analysis

We have also carried out the spectral weight analysis in
CaFe,As; and CaKFesAsy. In Fig. 6, the low-temperature
spectral weight of these two materials has been normalized
to the integrated spectral weight at room temperature. We
observe that in both materials, at low temperatures, the spectral
weight at low frequency (<1000 cm™!) is suppressed and
gradually recovers at roughly 12000 cm™'; such behavior is
widely ascribed to the Hund’s rule coupling effect [37], by
which the itinerant carriers are localized and polarized by
the local moment. Nevertheless, compared with CaFe,As,,
the spectral weight transfer is weaker in CaKFe4Asy, and in
KFe,As; the spectral weight transfer tends to vanish [37]. As
Wang et al. [37] pointed out, with increasing K doping, the
pnictogen height relative to the Fe layer (% 44) increases. As a
result, the Hund’s rule coupling is enhanced [38,39], so that
most of the itinerant carriers are localized at high temperature
and the spectral weight transfer could not be seen from room
temperature down to 5 K. Since the pnictogen height of
CaKFe4Asy (1.41 A) is between that of CaFe,As, (1.37 A) and
KFe,As, (1.42 A), we infer that the Hund’s coupling effect in
CaKFe4As, also lies between that of CaFe,As, and KFe,As,.

Very recently, Tam et al. [40] pointed out that with Hund’s
rule coupling, the itinerant carriers with a well-nested Fermi
surface can couple with the local moment and induce large spa-
tial and temporal quantum fluctuations. In CaFe,As,, owing

PHYSICAL REVIEW B 95, 064506 (2017)

to the lower pnictogen height, Hund’s coupling is relatively
weak. On the contrary, in KFe,As;, although the Hund’s
coupling is strong, the heavy concentration of holes eliminates
the nesting of the Fermi surface [41]. In CaKFe4Asy, the
hybridization between CaFe,As, and KFe,As, will dilute
the hole concentration in KFe,As,, leading to a well-nested
Fermi surface [27,40], and a higher pnictogen height results
in a stronger Hund’s rule coupling than CaFe;As;. These two
factors give rise to strong quantum fluctuations, resulting in
the T-linear scattering rate of the coherent response [42],
which has been regarded as an important ingredient for
unconventional pairing. Since the itinerant carriers deliver
the superexchange interaction through Fe-As bond, and the
phonon mode modifies the electron hopping [43], we suggest
that the fluctuations of the local moment may also somehow
influence the phonon mode, resulting in an enhanced electron-
phonon coupling. Moreover, since the charge transfer prefers
the shorter Fe-As bond, the corresponding phonon may exhibit
stronger coupling. This could explain the different behaviors
of these two phonon modes in CaKFe4As,.

IV. SUMMARY

In summary, the detailed optical properties of CaKFe Asy
have been determined above and below T, =~ 35.5 K. In the
superconducting state two gaps of 9 and 14 meV have been
determined, which suggests an s-wave pairing symmetry.
Additionally, we have identified two infrared-active Fe-As
phonons around 255 cm~!. In comparison with CaFe,As,
and KFe,As,, we find clear signatures of spin- or electron-
phonon coupling in these two modes. We propose that in
CaKFe4Asy, the strong quantum fluctuations induced by the
itinerant carriers with a well-nested Fermi surface through
the Hund’s rule coupling may affect the vibration of the
Fe-As bond through spin-lattice coupling. Considering the
large isotope effect in SmFeAsO;_,F, and Ba;_,K,Fe,As;
[44], we suggest that even though the magnetism plays an
important role, the electron-phonon coupling should also be
considered in the investigation of the superconductivity of
iron-based superconductors.
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