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Optical properties of optimally doped single-crystal Ca8.5La1.5(Pt3As8)(Fe2As2)5
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We have measured the reflectivity of the optimally doped Ca8.5La1.5(Pt3As8)(Fe10As10) single crystal (Tc =
32.8 K) over the broad frequency range from 40 cm−1 to 12 000 cm−1 and for temperatures from 8 K to 300 K. The
optical conductivity spectra of the low-frequency region (<1000 cm−1) in the normal state (80 K <T � 300 K)
is well fitted with two Drude forms, which indicates the presence of multiple bands at the Fermi level. Decreasing
temperature below 80 K, this low-frequency Drude spectra develops a pseudogap (PG) hump structure at around
100 cm−1 and continuously evolves into the fully opened superconducting (SC) gap structure below Tc . Theoretical
calculations of the optical conductivity with the preformed Cooper pair model provide an excellent description
of the temperature evolution of the PG structure above Tc into the SC gap structure below Tc. The extracted two
SC gap sizes are �S = 4.9 meV and �L = 14.2 meV, suggesting Ca8.5La1.5(Pt3As8)(Fe10As10) as a multiple-gap
superconductor with a mixed character of the weak-coupling and strong-coupling superconductivity.
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I. INTRODUCTION

Recently discovered Fe-pnictide compounds,
Ca10(Pt3As8)(Fe2As2)5 (so-called 10-3-8 compound) and
Ca10(Pt4As8)(Fe2As2)5 (so-called 10-4-8 compound) [1–4],
added another new class to the family of Fe-based
superconductors (IBSs). They are showing the prototype
behavior of the subtle balance and competition between
magnetism and superconductivity commonly observed in
other IBSs. Both compounds share a similar overall crystal
structure consisting of tetrahedral FeAs planes sandwiched
between the planar PtnAs8 (n = 3,4) intermediary layers.
However, in fine detail, there exist also distinct differences
between them.

The parent 10-4-8 compound has a tetragonal crystal
structure and is metallic. It becomes superconducting (SC)
without doping with the maximum Tc of ∼38 K [1,5],
and doping of electrons only suppresses the SC transition
temperature [4,6]. On the other hand, the parent 10-3-8
compound has a triclinic crystal structure. Sturzer et al. [6]
reported that this compound is semiconducting and becomes
antiferromagnetically ordered below TN ≈ 120 K without any
further reduction in the crystal symmetry. Superconductivity
can be induced by doping of electrons, for instance, La
substitution at the Ca site, or Pt substitution at the Fe site.
The maximum Tc for each substitution can be ∼32 K and
∼15 K, respectively [6]. However, Neupane et al. [7] reported
that the undoped 10-3-8 compound has the multiple Fermi
surfaces like other typical FeAs-superconducting compounds
and becomes superconducting at Tc ≈ 8 K without doping.

The band structure calculations [8] suggested that these
differences arise from the increased metallicity of the PtAs
layers. And recent angle-resolved photoemission spectroscopy
(ARPES) experiments further suggested that this difference
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between two compounds could be developed by the number of
the band-edge singularities [9]. In order to study this subtle
relation between the electronic structure and superconduc-
tivity in these materials, various experiments have already
been performed, such as transport [10], pressure effect [11],
ARPES [7], magnetic force microscope (MFM) [12], upper
critical field (Hc2) [13], NMR [14], and penetration depth
λ(T ) [15] measurements, etc. However, the IR spectroscopy
experiment has not yet been carried out with these compounds.
This technique is a particularly useful tool to directly study
the low-energy dynamics of the correlated materials with
temperature variation, and, therefore, it is able to investigate
the systematic development of superconductivity with temper-
ature and any nontrivial evolution of the correlation effects, if
they exist.

In this paper, we have measured the IR reflectivity and
analyzed the optical properties of the optimally La-doped
10-3-8 compound Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal
(Tc ≈ 32.8 K). In view of the phase diagram with electron
doping of the previous study [10], our compound is located
far from the antiferromagnetic (AFM) quantum critical point
(QCP) where TN goes to zero in the phase diagram. However,
we speculate that our compound is located near another
nonmagnetic QCP in the universal phase diagram, from the
observations of (1) the maximum Tc with doping variation, and
(2) the T -linear resistivity data above Tc up to 300 K. It is inter-
esting to note that these QCP behaviors far away from the AFM
QCP are similar to the case of the cuprate superconductors.
Then, most interestingly, we have also found the pseudogap
(PG) behavior in the optical conductivity of our sample up to a
temperature about three times higher (∼80 K) than Tc (∼33 K).
With the observation that our compound is far away from the
AFM QCP, it is logical to conclude that the PG behavior of
the optimal doped 10-3-8 compound is not related to the AFM
correlation. We have employed the preformed Cooper pair
model to calculate the real part of the optical conductivity
σ (ω,T ) and successfully reproduced the PG feature far above
Tc and its consistent evolution to the SC gap structure below Tc.
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FIG. 1. Temperature dependence of the DC electrical resistivity
ρ(T ) of the Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal.

Combining the previous reports of the PG observations
in several IBS compounds and cuprate superconductors, our
observation establishes that the PG phenomena induced by
a SC correlation is a generic phenomena of the strongly
correlated unconventional superconductors.

II. EXPERIMENTAL DETAILS

High-quality single crystals of Ca8.5La1.5(Pt3As8)
(Fe2As2)5 were grown by a Bridgman method with a sealed
molybdenum crucible at 1250 ◦C. Before performing the
Bridgman method, we made the precursors of CaAs, LaAs,
and FeAs in advance. Figure 1 shows the in-plane electrical
resistivity ρ(T ) of the Ca8.5La1.5(Pt3As8)(Fe2As2)5 single
crystal. We do not see any noticeable anomaly in ρ(T ) around
T 0

N ≈ 120 K (the Neel temperature of the undoped parent
10-3-8 compound) and below due to the spin density wave
(SDW) transition. The SC transition begins at Tc = 35.2 K
and zero resistivity occurs at Tc,zero = 32.8 K, respectively.
These transition temperatures are about 7–9 K higher than
the one with similar nominal doping of La (x = 1.45) in the
previously reported work [10], indicating that our sample is a
substantially higher quality single crystal.

Another noticeable feature is that ρ(T ) shows the T -linear
temperature dependence above Tc up to 300 K. This linear-in-T
behavior in ρ(T ) is commonly observed in other optimally
doped IBSs [16–19] and is a signature that the sample is
near the QCP. This is consistent with the phase diagram of
Ref. [10], where the maximum SC Tc was also located with
the La doping “xsc

max” ≈ 1.5. Moreover the phase diagram of
Ref. [10] shows that the magnetic critical doping “xmag

c ,”
where TN → 0, is near ∼0.3, which is far apart from the
optimal doping xsc

max for the maximum SC Tc. Therefore, in
view of the phase diagram of Ref. [10] and our result, we
speculate that there exist two QCPs in the La-doped 10-8-3
compound: one is the QCP due to magnetic fluctuations where
TN → 0, and the other is the QCP due to unknown quantum
fluctuations where the SC Tc becomes maximum. The former
type of QCP is more common with many IBSs as well as most
heavy-fermion superconductors, while the latter type of QCP
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FIG. 2. Reflectivity spectra R(ω) of the
Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal at several temperatures.
The inset shows the enlarged view of spectra below 300 cm−1; dotted
lines are the part from extrapolation, as explained in the main text.

is well represented in the high-Tc cuprate superconductors.
Therefore, clarifying the nature of the QCP in the 10-3-8
compound will be particularly interesting in connection with
the mystery of the high-Tc cuprate superconductors.

In order to investigate the electronic structure as well as
the SC properties of Ca8.5La1.5(Pt3As8)(Fe2As2)5, we have
measured the optical reflectivity R(ω,T ) of this single crystal
in a broad frequency range from 40 to 12 000 cm−1 and for
various temperatures from 8 to 300 K. We used a Michelson-
type rapid-scan Fourier spectrometer (Jasco FTIR610). In
particular, we used a specially designed feedback positioning
system to drastically reduce the overall uncertainty level. The
uncertainty of our data was maintained at less than 0.5%. For
more details of experimental methods of reference setting and
control of data uncertainty, we refer to our previous paper [20].

III. RESULTS AND DISCUSSIONS

A. Reflectivity and optical conductivity

Figure 2 shows the reflectivity spectra R(ω,T ) of the
Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal at several different
temperatures from 8 K to 300 K. The main panel shows the full
measured data for frequencies from 50 cm−1 to 12 000 cm−1

in log scale, and the inset shows the close-up view of the data
from 0 cm−1 to 300 cm−1 in linear scale; here the data from
0 cm−1 to 60 cm−1 (dotted lines) are not the measured ones
but extrapolated ones, as explained below. (Although we have
data from 40 cm−1, we did not use the data of 40–60 cm−1

because the data in this part are not uniformly clean.)
In the normal state (the data sets for T � 40 K), R(ω)

approaches to unity at zero frequency and increases with
decreasing temperature in the far-infrared region, showing
a typical metallic behavior of Ca8.5La1.5(Pt3As8)(Fe2As2)5.
Upon entering the SC phase (the data sets below 40 K), the
low-frequency reflectivity turns up quickly and reaches the
flat unity response below ∼80 cm−1, reflecting the SC gap
opening. As the temperature increases toward Tc the flat unity
response shrinks to the lower frequency region as the SC
gap size is decreasing. The shape of the flat part in R(ω)
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FIG. 3. Real part of the optical conductivity σ1(ω) of a
Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal for 8, 17, 28, 40, 80, 130,
240, and 300 K, respectively. The pseudogap feature of the 40-K and
80-K data is indicated inside the dotted circle. The inset shows the
same data σ1(ω) in a wider view up to 10 000 cm−1.

at low frequencies and its temperature dependence are clear
signatures of the fully opened SC gap. However, the most
interesting development of the reflectivity spectra in Fig. 2
occurs in the data sets for 80 K (cyan color) and 40 K (purple
color), which are still in the normal state. Both data sets show
a curious suppression of spectra in the low-frequency region
around 100 cm−1 (see the inset of Fig. 2).

For more convenient analysis, we converted our reflectivity
data R(ω) into the real part of the optical conductivity σ1(ω) by
the Kramers-Kronig (KK) transformation. For extrapolation of
the data for the KK transformation, at low frequencies, we used
the Hagen-Rubens extrapolation formula for the normal state
and the form (1 − Aω4) below the gap in the SC state. For
high frequencies above 12 000 cm−1, the standard 1/ω4 form
plus a constant reflectivity are used up to 40 eV.

Figure 3 shows these results of σ1(ω), obtained from the
data of Fig. 2, in the frequency range from 0 to 1000 cm−1

for various temperatures. The optical conductivity spectra at
130, 240, and 300 K—which are in normal state—show a very
broad Drude peak centered at ω = 0 and then monotonically
decrease until the interband transition starts appearing at
around 1000 cm−1 (see the inset of Fig. 3). The interband
transition spectra continues to form a broad hump around
6000 cm−1; while the peak position of the hump is almost
temperature independent, there exists an interesting spectral
weight transfer with temperature variation which will be
analyzed in Sec. III B.

As the temperature decreases down to 80 K (cyan color)
and 40 K (blue color)—which are still in normal state by
transport/thermodynamic measurements—(1) the Drude part
of the spectra rapidly sharpens, and then (2) a peculiar hump
structure around 80–150 cm−1 appears on top of the smooth
Drude spectra. The former is the expected evolution due to the
formation of coherent quasiparticles as temperature decreases.
The striking feature is the latter, namely, the appearance of the
shoulderlike hump structure far above Tc on top of the Drude
response in the frequency range of 80–150 cm−1, indicating
an incomplete gap, hence called PG, formation over the Fermi

surfaces or in a part of the Fermi surfaces. Then below Tc, i.e.,
at 28 K, 17 K, and 8 K, σ1(ω) shows a clean opening of the
SC energy gap with the absorption edge at about 80 cm−1 and
a peak position at around 150 cm−1. Comparing this SC gap
structure at around 80–150 cm−1 below Tc, the hump structure
at around 80–150 cm−1, above Tc at 40 K and 80 K, appears
to be a continuous evolution of the SC correlation below Tc.

The observation of the PG features in the IBSs with the
optical spectroscopy measurements is now quite common. For
example, the underdoped (x ≈ 0.12,0.2) [21] and the slightly
underdoped (x ≈ 0.3) [20] Ba1−xKxFe2As2 have reported
similar behavior in their optical measurements, namely, the
hump structures in the optical conductivity σ1(ω) above Tc

(about 3 times that of Tc for all cases) being in the same
energy scale as the SC gap energy, and their continuous
evolution into the SC gap. These authors concluded that this
hump structure is not related with a magnetic correlation
but rather connected to the SC gap, and hence is possibly
a precursor of the preformed Cooper pairs. The optimally
Co-doped Ba(Fe0.92Co0.08)As2 [22] also has shown a similar
hump structure at 30 K (Tc = 22.5 K) and its evolution into the
SC gap below Tc; however, the authors of Ref. [22] advocated,
as its origin, the impurity bound state or a low-energy interband
transition, with which we do not agree.

More recently, Surmach et al. [23] performed com-
prehensive measurements of muon-spin relaxation (μSR),
inelastic neutron scattering (INS), and NMR on Pt-doped
(CaFe1−xPtxAs)10Pt3As8 (Tc = 13 K)—the same 10-3-8 com-
pound we studied in this paper but with Pt doping on Fe
sites. They found a PG behavior in the 1/T1 data of 75As
NMR below T ∗ ≈ 45 K (about 3 times higher than Tc). These
authors concluded from a combination of measurements of
μSR, INS, together with NMR, that this PG behavior is likely
to be associated with the preformed Cooper pairs. Therefore,
our observation of a similar PG behavior in the optimally doped
Ca8.5La1.5(Pt3As8)(Fe2As2)5 compound has strengthened the
universal nature of the PG phenomena originating from the
preformed Cooper pairs or a precursor effect from the SC
correlation in the 10-3-8 compound.

B. Temperature dependence of spectral weight transfer

To further understand the temperature evolution of the
optical conductivity shown in Fig. 3, we have analyzed
the temperature dependence of the “partial” spectral weight
SW (T ; ωc) with different cutoffs defined as

SW (T ; ωc) =
∫ ωc

0+
σ1(ω; T )dω, (1)

where ωc is a cutoff frequency. Figure 4 shows the results of
SW (T ; ωc), normalized by SW (T = 300 K; ωc), that reveal
nontrivial information of the correlated electron system.

Figure 4(a) shows that the total spectral weight up to
10 000 cm−1 is constant on changing temperature from Tc to
300 K, confirming that the sum rule is satisfied [24]. However,
with lowering cutoff frequency ωc, the sum rule is being devi-
ated, as it should be, but in a nontrivial way. First, the normal-
ized “partial” spectral weight SW (T ; ωc)/SW (300 K; ωc) with
1000 cm−1 < ωc < 10 000 cm−1 is monotonically decreasing
with lowering temperature down to Tc. This means that the
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FIG. 4. Temperature dependence of the normalized “partial”
spectral weights SW (T ; ωc)/SW (300 K; ωc) of the optical conduc-
tivity data in Fig. 3 with different cutoff frequency ωc. (a) data with
ωc � 1000 cm−1; (b) data with ωc � 1000 cm−1; and (c) data with
finer variation of cutoff frequencies for ωc � 200 cm−1: 200, 100, 80,
60, and 40 cm−1, respectively.

spectral weight below the cutoff frequency ωc is transferred
to the higher frequency region above the cutoff frequency ωc

when temperature decreases, which is an opposite behavior
from a standard Drude-type metallic state. Second, the rate of
this spectral weight transfer is not monotonously increasing
with lowering the cutoff frequency ωc; the decreasing rate
increases to the maximum when the cutoff frequency is low-
ered to ωc = 4000 cm−1 (blue triangles) and then it becomes
weaker with lowering cutoff frequencies to ωc = 2000 cm−1

and 1000 cm−1. Third, in particular, when ωc = 1000 cm−1,
the partial sum rule is “almost” recovered again, namely,
the spectral weight below ω∗

c = 1000 cm−1 (red circles) is
separately conserved with respect to the temperature variation
up to Tc.

Figure 4(b), on the other hand, shows the similar plots of
SW (T ; ωc)/SW (300 K; ωc) with ωc � ω∗

c (=1000 cm−1). It
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FIG. 5. A schematic illustration of the spectral weight transfer
with temperature variation. The spectral density in midfrequency
range (∼500 cm−1 < ω <∼ 5000 cm−1) is continuously depleted
with decreasing temperature. This depleted spectral weight is roughly
divided by ω∗ ∼ 1000 cm−1 (black vertical line), and the spectral
weight below ω∗ and the spectral weight above ω∗ are separately
conserved. (Of course, this separate conservation rule holds only
approximately.)

clearly shows that the partial spectral weight is “increasing”—
not decreasing—with decreasing temperature. This is an
opposite behavior to those of Fig. 4(a).

This complicated spectral weight transfer of SW (T ; ωc)
with temperature variation is summarized in Fig. 5. It shows
that the spectral weight transfer of σ1(ω) with temperature
variation is roughly divided into two parts: one part below
ω∗

c = 1000 cm−1 and the other part above ω∗
c = 1000 cm−1,

and each part separately conserves the spectral weight. The
physical meaning of it is that the correlated electrons are
divided into the low-energy itinerant part (Drude spectra)
and the high-energy localized part (Lorentzian spectra). At
high temperatures, a large portion of spectra in the interme-
diate energy range—in this particular compound, in between
500 cm−1 and 5000 cm−1—is undetermined and hence remains
incoherent. Lowering temperature, these incoherent spectra
are continuously depleted and transferred either into the low-
frequency Drude part or into the high-frequency Lorentzian
part. The final fate of the incoherent spectra was roughly
predetermined by the frequency ω∗

c = 1000 cm−1, which is
the deepest valley point of the σ1(ω) spectra in Fig. 5, in
this particular 10-3-8 compound. The sharpening of the Drude
spectra with decreasing temperature is well understood as a
development of coherent quasiparticles. The spectra transfer of
the high-frequency localized part should be associated with the
strong correlation effects of the local interactions, such as Hub-
bard interactions (U,U

′
) and Hund’s couplings (J ) [25–27].

Finally, in order to scrutinize the development of the hump
structure at around 80–150 cm−1 with temperature variation,
we analyzed the low-frequency spectra transfer in Fig. 4(c),
with finer variation of cutoff frequencies for ωc � 200 cm−1:
200, 100, 80, 60, and 40 cm−1, respectively. The main observa-
tion is that there is a sudden change of the slopes of the spectral
weight transfer with the cutoff frequency ωc below and above
ωc = 100 cm−1; the slopes suddenly increase when ωc �
100 cm−1. This means that with decreasing temperature below
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∼130 K, there appears another drain of spectral weight transfer
to the region in between 100 and 200 cm−1 besides the narrow-
ing of the Drude spectra. This other drain of spectral weight
transfer is the formation of the “hump” structure at around
80–150 cm−1, as seen with the 40- and 80-K data in Fig. 3.

C. Drude-Lorentz model fitting for σ
exp
1 (ω; T > Tc)

in the normal state

We have shown that the total spectra of the normal-state
optical conductivity σ1(ω) consists of two spectral parts—the
Drude part and the Lorentz part—and each part conserves their
spectral weights. This separate conservation of sum rule will
be confirmed once more in this section. Therefore we tried to
fit the data with the standard Drude-Lorentz model:

σ1(ω) = 1

4π
Re

⎡
⎣∑

j

ω2
p,j

1
τD,j

−iω
+

∑
k

Sk

ω
ω

τL,k
+ i

(
ω2

L,k−ω2
)
⎤
⎦,

(2)

where ωp,j and 1
τD,j

are the plasma frequency and the
scattering rate for the j th free carrier Drude band, respectively,
and Sk , ωL,k , and 1

τL,k
are the spectral weight, the Lorentz
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FIG. 6. Typical Drude-Lorentz model fittings of the optical
conductivity σ1(ω) in the normal state: (a) 130-K data and (b) 40-K
data. Both data were fitted with two Drude forms and three Lorentz
oscillators. The Lorentz oscillator parts and the Drude-2 form do
not change much with temperature, but the Drude-1 form becomes
substantially sharpened with decreasing temperature.
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solid square) and ωp2 (red solid circle). (b) The corresponding
scattering rates, 1/τD1 (black solid square) and 1/τD2 (red solid
circle).

oscillator frequency, and the scattering rate of the kth oscillator,
respectively.

Figure 6(a) shows the 130-K data of σ1(ω) and its
Drude-Lorentz model fitting. It is well fitted with two Drude
terms (one narrow and the other broad) and three Lorentz
oscillator terms. Here two Drude terms show the presence of
multiple bands in Ca8.5La1.5(Pt3As8)(Fe2As2)5, as in many IBS
compounds, e.g., the LiFeAs compound [28]. The data of σ1(ω)
of 300 K and 240 K are also well fitted with the Drude-Lorentz
model with similar parameters: the spectral weights, ω2

p,j=1,2
and Sk=1,2,3, and the Lorentz oscillator frequencies ωL,k=1,2,3

are the same, but only the scattering rates, 1
τD,j=1,2

and 1
τL,k=1,2,3

,
need to be adjusted (see Fig. 7).

However, the 40-K and 80-K data are different. While the
Lorentzian part can be fitted as above only with the scattering
rates 1

τL,k=1,2,3
adjusted, the low-frequency Drude part has an

extra hump structure at around 100 cm−1, as seen in Fig. 3, and
hence cannot be fitted by smooth Drude spectra. Nevertheless,
it was shown in the previous section that the low-frequency
spectra of σ1(ω; T ) for ω < 1000 cm−1 separately conserve
the spectral weight with temperature variation (see the pink
inverse triangle data in Fig. 4). Therefore, we tried to continue
to use the same Drude-Lorentz model to fit the 40-K and 80-K
data.

Figure 6(b) shows the fitting result of the 40-K data. The
Lorentzian part is fitted well as in the case of T = 130 K,
confirming the separate sum rule, but the Drude part shows
a clear deviation. Comparing the experimental data (black
solid line) and the model fitting (red solid line), it shows
that the hump structure (extra spectral peak) at around ω ≈
100 cm−1 is formed by draining a spectral density from the
lower frequency part (ω < 50 cm−1) of the Drude spectra.
Combining with the separate sum rule of the lower frequency
σ1(ω; T ) for ω < 1000 cm−1, this hump spectra should be
due to a partial gapping in the Drude spectra. If it were from
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TABLE I. Fitting parameters of Lorentz oscillators.

ωL,k=1,2,3 T Sk 1/τL,k

(cm−1) (K) (cm−1) (cm−1)

40 14224 5700
Lorentz #1 2734

130 14224 5744
40 16811 8371

Lorentz #2 5000
130 16812 10000
40 42977 15000

Lorentz #3 8500
130 43319 15854

an additional interband transition [29], the sum rule should
have been violated. An impurity bound-state scenario is also
unrealistic because any potential scattering cannot form a
bound state inside a Drude spectra without first forming a
deep gap.

To summarize Fig. 6, (1) the spectral weight of the hump
structure at around ω ≈ 100 cm−1 is drained from the Drude
spectra with a partial gapping in them; (2) this hump structure
at 80 K and 40 K continuously evolves into the SC gap structure
below Tc. We then conclude that the most plausible scenario for
the hump structure at ω ≈ 100 cm−1 is due to the preformed
Cooper pairs.

In Fig. 7, we show the temperature dependence of the
fitting parameters of the Drude spectra of the normal-state
optical conductivity σ1(ω), i.e., plasma frequencies of the
Drude bands, ωp,i=1,2, and the corresponding scattering rates,
1/τD,i=1,2, for all measured temperatures. It is interesting to
note the T -linear scattering rates 1/τD,1(T ) of the narrow
Drude band in Fig. 7(b) and the T -linear resistivity data
ρDC(T ) in Fig. 1, consistently indicating that the optimal
doped Ca8.5La1.5(Pt3As8)(Fe2As2)5 is located near the QCP, as
discussed in the Introduction section. A similar behavior was
also observed with the optimally doped Ba0.6K0.4Fe2As2 by
optical spectroscopy [30], indicating the proximity to the QCP.
However, the case of Ba0.6K0.4Fe2As2 is an antiferromagnetic
QCP [30], while our case of Ca8.5La1.5(Pt3As8)(Fe2As2)5 is a
nonmagnetic QCP, located far away from the AFM QCP [10].
Finally, Table I shows the fitting parameters for the Lorentz
oscillators of Fig. 6: the 40-K and 130-K data.

D. σ
exp
1 (ω; T < Tc) in the SC state

The three data sets of σ
exp
1 (ω; T < Tc) for T = 8 K, 17 K,

and 28 K, respectively, shown in Fig. 3, clearly show a clean
opening of a full gap, indicating an s-wave pairing. Combined
with the presence of two Drude terms in the low-frequency
part of σ

exp
1 (ω; T > Tc) in the normal state, as shown in the

previous section, it is natural to assume two s-wave gaps in the
SC state. Indeed, the line shape of the 8-K data (black solid
line) of σ

exp
1 (ω) appears to have two gaps with different sizes,

�1 and �2. Therefore we use the generalized Mattis-Bardeen
formula for the two-band superconductor to fit the 8-K data of
σ1(ω). The spectral weight of the two-band superconductor
and its scattering rate were taken as fitting parameters for
optimal fitting. The results are shown in Fig. 8.

The black solid line in Fig. 8 shows the SC optical
conductivity after subtracting the Lorentz oscillator contri-
bution at high frequencies, which is almost independent of
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FIG. 8. Mattis-Bardeen model fitting for the 8-K data (black solid
line) of σ

exp
1 (ω) after the Lorentz oscillator contribution is subtracted.

The data are decomposed into two Mattis-Bardeen terms (blue dashed
line, and purple dash dotted line). The sum of the two Mattis-Bardeen
terms is plotted as a red solid line. The inset represents the SC
plasma frequency 	p,S(T ) (black solid square) and the corresponding
penetration depth λ(T ) (red open square).

temperature, from the optical conductivity of 8 K. The data
shows the absorption edge at about 80 cm−1, proportional
to the first SC gap (∼2�1), and a weak kink at about
220 cm−1 indicating a second SC gap (∼2�2). With the
generalized Mattis-Bardeen model [31], the SC gap sizes
(the scattering rates) were determined to be �1 = 4.9 meV
(1/τ1 = 13.1 meV) and �2 = 14.2 meV (1/τ2 = 37.1 meV),
respectively. The ratios of gap magnitude to Tc, R = 2�/kBTc,
were evaluated as 3.6 and 10.2, respectively. These mixed
values of R, compared to the value of RBCS = 3.5, suggest that
the superconductivity in Ca8.5La1.5(Pt3As8)(Fe2As2)5 could be
a mixture of weak-coupling and strong-coupling SC states.
To our knowledge, there is not yet an experimental report
of the gap sizes of 10-3-8 compound. However, our gap
values are consistent with the gap values of a typical FeAs-SC
compounds with similar Tc, e.g., Ba0.6K0.4Fe2As2 (Tc = 37 K;
�1 ≈ 6 meV,�2 ≈ 12 meV) [32].

The relative sizes of the plasma frequency of each band
are 1 (small gap band) to 2 (large gap band), consistent with
the normal-state Drude weights of two bands. The scattering
rate of the small gap band 1/τ1 = 13.1 meV ∼ 104 cm−1 is
slightly larger than the value of 1/τD1 ≈ 75 cm−1 at the normal
state, while the scattering rate of the larger gap band 1/τ2 =
100 meV ∼ 800 cm−1 is smaller than the value of 1/τD2 ≈
1100 cm−1; the former is physically not very consistent while
the latter is more reasonable. This inconsistency comes from
the difference between the two conductivity formulas, the
Mattis-Bardeen model [31] and the Drude model, which
are not continuously connected. Considering this, the small
inconsistency of the estimated scattering rates of the narrow
band is in an understandable range.

In the inset, we also calculated the condensation strength
(the SC plasma frequency 	p,S(T )) from the missing spectral
weight and the corresponding penetration depth λ(T ) using the
London formula 	2

p,S(T ) = c2/λ2(T ). Having only three data
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points below Tc (8 K, 17 K, and 28 K, respectively), we cannot
extract much about the temperature dependence of these quan-
tities. However, the overall trend of temperature variation—a
flatter behavior at lower temperatures (i.e., 0 < T < Tc/2)
and a rapid collapse near Tc (i.e., Tc/2 < T < Tc)—is very
consistent with the temperature dependence for an s-wave SC
gap(s). Also, the absolute magnitude of the low-temperature
penetration depth λ(T = 8 K) ≈ 250 nm ≈ 0.25 μm belongs
to the standard range (0.2 μm < λab(0) < 0.4 μm) of typical
FeAs superconductors [33].

E. σ
exp
1 (ω; Tc < T � 80 K): Pseudogap and preformed

Cooper pair model

In order to understand the data of σ
exp
1 (ω,T ) above Tc

but below 80 K, we adopted the phase incoherent preformed
Cooper pair model [34]. In the ordinary SC state below Tc,
the real part of the optical conductivity is calculated by a
standard Kubo formula with the sum of two bands (a = 1,2) as
follows:

σ1(ω,T ) = −
∑

a Im
a,xx(ω)

ω
(3)

with

Im
a,xx(ω) = πe2
∫

d2kdω
′
v2

a,x(k)Tr[Āa(k,ω + ω
′
)

× Āa(k,ω
′
)][f (ω + ω

′
) − f (ω)], (4)

where f (ω) is the Fermi-Dirac distribution function, and va,x

is the Fermi velocity along the x direction of the quasiparticles
of the band a. And Āa(k,ω) is the 2×2 spectral density matrix
of the Nambu Green’s function of the band a in the SC state
defined as Āa(k,ω) = −ImḠa(k,ω)/π with

Ḡa(k,ω) = ω̃τ0 + ξa(k)τ3 + �aτ1

ω̃2 − ξ 2
a (k) − �2

a

, (5)

where �a is the SC gap of the band a and τi are Pauli
matrices. The damping rate �a is included in ω̃ = ω + i�a

to fit the overall line shape, and without knowing va,x , the
combined factor v2

a,x

∫
d2k is taken as the parameter of the

relative spectral weight of the each band N0
a=1,2.

To simulate the phase fluctuations, we followed the recipe
of Franz and Millis [35] and averaged the Nambu Green’s
function Eq. (5) with Doppler shift energy η in the quasiparticle
excitations as

˜̄G(k,ω) =
∫

dηP (η)Ḡ(k,ω − η), (6)

where the probability distribution of η is given by P (η) =√
2πWe−η2/2W with W ≈ 3.48αv(T/Tc)�2. αv is a parameter

derived from the XY model and was estimated ∼0.009 in the
high-Tc cuprates by Franz and Millis [35], for example.

Here, we take the whole W as a fitting parameter and
chose Wa = 0.06�2

a , which corresponds to T ≈ 1.4Tc, for the
best fitting of the 40-K optical conductivity data. The results
are plotted in Fig. 9 by open red circle symbols. We used
the same gap values of �1 = 4.9 meV and �2 = 14.2 meV
of the Mattis-Bardeen model fitting in the SC state for 8-K
data, and adjusted the scattering rates as 1/τ1 = 13 meV and
1/τ2 = 100 meV, with cutoffs for ω < 2�a=1,2, respectively.
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FIG. 9. Theoretical calculation of σ theo
1 (ω,T > Tc) by the inco-

herent preformed Cooper pair model with T = 40 K, overlayed on the
experimental data of σ

exp
1 (ω,T ) for T below and above Tc = 32.8 K.

The overall fitting is reasonably good and, in particular, it
demonstrates that the hump structure at around 100 cm−1 is
qualitatively and quantitatively reproduced by the fluctuations
of the incoherent SC OPs �a=1,2.

Finally, we remark on a possibility of a parasitical domain
of undoped 10-3-8 phase as an origin for the hump structure
above Tc studied here. Although this kind of possibility of
domain mixture always exists, we think this possibility is
very low because: (1) the hump structure (∼100 cm−1) has
too small an energy scale to be from the magnetic (SDW)
ordering with TNeel = 120 K, because, for example, BaFe2As2

has a SDW ordering at 138 K (a similar Neel temperature), but
the optical data of BaFe2As2 [36] shows that double humps
appear at 360 cm−1 and 890 cm−1, respectively, far higher
than ∼100 cm−1; (2) our hump structure at (∼100 cm−1)
continuously evolves from the 80-K and 40-K data (>Tc) to
the 28-K, 17-K, and 8-K data (<Tc) of the SC gap structure.
For this hump structure to be from a magnetic gap, we
need an unusual accidental coincidence to have the almost
same gap energy scale both for the magnetic gap and the
SC gap.

IV. CONCLUSIONS

We have measured the optical reflectivity R(ω,T ) of the
optimally doped Ca8.5La1.5(Pt3As8)(Fe2As2)5 single crystal
(Tc = 32.8 K) for frequencies from 40 cm−1 to 12 000 cm−1

and for temperatures from 8 K to 300 K. In the normal state
for T = 130 K, 240 K, and 300 K, the optical conductivity
data σ1(ω,T ) are well fitted by the Drude-Lorentz model with
two Drude forms and three Lorentz oscillators. We have also
found that (1) despite a huge variation of the spectral weight
redistribution with temperature variation, the f -sum rule is
satisfied; (2) also, divided by ω∗ ≈ 1000 cm−1, the spectral
weights above and below ω∗ are separately conserved, which
suggests that the original bare conduction electrons are split
into the low-energy itinerant carriers (Drude spectra) and the
high-energy localized carriers (Lorentzian oscillators) due to
the strong correlation effects.
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In the SC state for T = 28 K, 17 K, and 8 K, the
σ1(ω,T < Tc) data show a clean gap opening at ∼80 cm−1 and
the second gap structure at ∼220 cm−1. The σ1(ω,T = 8 K)
data is well fitted with two SC gaps, �1 = 4.9 meV and
�2 = 14.2 meV, consistent with the presence of two Drude
bands observed in the normal-state data. From the estimated
fraction of the condensate spectral weight below Tc, we
have estimated that only ∼29% [37] of the conduction band
carriers participate in the SC condensation, indicating that
Ca8.5La1.5(Pt3As8)(Fe2As2)5 is in dirty limit.

Most interestingly, the σ1(ω,T = 40,80 K) data, in the
intermediate temperature region above Tc but below ∼80 K,
showed a PG-like hump structure at the exactly same en-
ergy scale as the SC gap energy on top of the smooth
Drude-like spectra. We have demonstrated that this PG-like
hump structure can be consistently fitted with the preformed
Cooper pair model using the same SC gap values of �1,2

of the SC state. Our work showed that the optimally doped
Ca8.5La1.5(Pt3As8)(Fe2As2)5 is a multigap superconductor
having a clear PG formed by incoherent preformed Cooper
pairs up to 80 K (about 3 times that of Tc), and therefore added
one more case to the list of the IBSs with the PG due to the
SC correlation [20,21].
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APPENDIX: DC LIMIT OF CONDUCTIVITY σ1(T,ω)

In Fig. 10, we show the DC limits of σ1(T ,ω) in the normal
state for 40, 80, 130, 240, and 300 K, respectively, overlayed
with the DC conductivities directly obtained from the ρDC(T )
data of Fig. 1 as σDC(T ) = 1/ρDC(T ). The agreement at the
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FIG. 10. The same plot of Fig. 3, σ1(ω), but for wider y-axis
range, to show the DC limit of σ1(ω). The data are shown only for
the normal state for 40, 80, 130, 240, and 300 K, respectively, and
overlayed with the DC conductivities (solid square symbols) directly
obtained from the data of Fig. 1 as σDC(T ) = 1/ρDC(T ).

DC limit is excellent for all temperatures, which demonstrates
the quality of our reflectivity data R(T ,ω) (Fig. 2) and the
faithfulness of the KK transformation.

For the low-frequency region below 60 cm−1, we use
the Hagen-Rubens extrapolation formula RHR(T ,ω) = 1 −
2
√

2ε0ω

σDC
, where the only free parameter σDC(T ) can be

substituted by the DC resistivity data of Fig. 1 as σDC(T ) =
1/ρDC(T ). However, to make the best smooth connection
between RHR(T ,ω) and our measured data R(T ,ω), in the
region of 40 − 60 cm−1 (our data exist from 40 cm−1), we
allow some adjustment of the value σDC in the Hagen-Rubens
formula. The necessary adjustments were less than 10% for
all temperatures, as demonstrated in Fig. 10, which shows
the excellent agreement between σ1(T ,ω → 0) and σDC(T ) =
1/ρDC(T ).
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