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A B S T R A C T   

For newly synthesized hole-doped Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystals, we measured the infrared reflec-
tivity spectrum and the magnetic field dependence of magnetoresistivity and Hall resistivity. The results of these 
two experiments in normal states are well described by two band models. In normal states below 150 K, the 
optical conductivity spectrum shows the transfer of spectral weights from the mid-infrared region to the near- 
infrared region by Hund’s coupling, a strong correlation effect. Meanwhile, the carrier concentration evalu-
ated by magnetoresistivity and Hall resistivity decreases significantly at 150 K due to the formation of pseu-
dogap. In the superconducting state, the spectral weight in the low frequency region by the superconducting 
condensate is completely suppressed, which is well analyzed by the generalized Mattis-Bardeen (M-B) model 
with a two superconducting gap.   

Introduction 

The recently discovered superconducting Ca10(Pt3As8)(Fe2As2)5 
(herein called Ca10-3-8) has been added to another new family of iron- 
based superconductors [1–3]. This superconductor exhibits the behavior 
of a prototype between the subtle competition and coexistence of 
magnetism and superconductivity found in other iron-based supercon-
ductors. This compound shows a stacked crystal structure of a Ca- 
(Pt3As8)-Ca-(Fe2As2) layer, where the Ca layer serves as a reservoir layer 
that supplies electric charges to the Fe2As2 layer, and the Pt3As8 layer 
serves as an intermediate layer controlling the distance between the 
Fe2As2 layers [1]. This crystal structure is similar to the oxide super-
conductor Bi2Sr2Can-1CunO2n+4+x (BSCCO) with an intermediate layer 
[4]. This BSCCO superconductor is an interesting material that provides 
a relationship between the superconducting coupling between the 
superconducting layers, which is controlled by an interlayer inserted 
between the superconducting CuO2 layers, and the strengthening of the 
superconducting temperature [5–7]. In this context, our material is one 
of the few candidates to study Tc enhancement in iron-based super-
conductors, and thus has attracted much attention in the field of 
superconductivity. 

The Ca10-3-8 parent compound, unlike other typical FeAs 

superconductors, is semiconducting and antiferromagnetically ordered 
without any further reduction in crystal symmetry at TN ~ 110 K. The 
doping effect in the parent compound leads to superconductivity [8]. 
Electron doping effect occurs when La is replaced at Ca site and Pt is 
substituted at Fe site, and hole doping effect can occur when Na is 
substituted at Ca site. For electron-doped compounds by La or Pt sub-
stitution, the maximum Tc is 35 and 13 K, respectively [9,10]. Mean-
while, hole doping compounds have not been reported so far. The parent 
compound has multiple Fermi surfaces like other typical FeAs- 
superconductors, and the subtle differences of this Fermi surface 
induce superconductivity at Tc = 8 K without doping [11]. 

To study the delicate relationship between electronic structure and 
superconductivity, various experiments such as transport [1,12], ARPES 
[11,13], upper critical field [10,12,14], thermally activated vortex 
pinning [15], pressure effect [16], penetration depth [17,18], infrared 
spectroscopy experiments [19–21], etc. have already been performed in 
the Ca10-3-8 family. In particular, the infrared spectroscopy experiment 
was recently performed on La-doped Ca10-3-8, electron-doped, by Seo 
et al., and the multi-band effect, superconducting gap structure, pseudo 
gap structure above Tc, and spectral weight transfer to high frequency 
were observed [19,20]. The multi-band effect was understood as the 
Drude-Lorentz model, the superconducting gap structure as a 
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generalized Mattis-Bardeen model with two superconducting gaps, and 
the pseudo gap structure as a preformed Cooper pairs model. However, 
in his study, it was suggested that the spectral weight transfer to a high 
frequency is related to a strong correlation effect such as Hubbard 
interaction or Hund’s coupling. It is very interesting whether this 
transfer of spectral weights can be observed even in a hole doping sys-
tem. According to the previously reported results, the spectral weight 
transfer was observed in the electron doping system where Co was 
substituted for the Fe site in Ba122, but the transfer was weakened in the 
optimally hole-doping system replaced with K in the Ba site, and the 
transfer completely disappeared in pure KFe2As2 [22]. 

From this point of view, optical studies in Na-doped Ca10-3-8, hole- 
doped, material treated in this study are very suitable candidates to 
solve the important problem for this spectral weight transfer. Interest-
ingly, we clearly observed the transfer of the spectral weights from the 
mid-infrared region to the near-infrared region below about 150 K in the 
infrared spectrum experiment for Na-doped Ca10-3-8 material. It could 
be concluded that the transfer was not related to the Hubbard interac-
tion due to the discovery of a continuous temperature dependence of the 
weights of the optical spectrum in the low frequency region. We applied 
Hund’s coupling to understand the transfer of this spectral weight, 
which well explained the decrease in the itinerant electron density 
evaluated by the Hall resistivity and magnetoresistivity occurring below 
150 K. Combined with previous reports on observations of spectral 
weight transfers to high frequency regions in several FeAs supercon-
ductors, our observations clearly indicate that the transfer of spectral 
weights to high frequency regions above 0.5 eV is caused by the Hund’s 
coupling effect. 

Experimental details 

The Ca8.5Na1.5(Pt3As8)(Fe2As2) single crystal was grown by the 
Bridgman method. We synthesized CaAs, NaAs, and FeAs precursors in 
evacuated quartz ampoules in advance at 550, 250, and 1050 ◦C, 
respectively. We mixed the resulting powders well in the mortar, and we 
put them in a clean BN crucible and then in a clean Mo crucible. The BN 
crucible was used to avoid chemical reaction between the Mo crucible 
and the Fe element. We then welded the Mo crucible and the Mo lid with 
an arc welder, which was done to prevent volatile arsenic defects at high 
temperatures. The welded Mo crucible was placed in a high-vacuum 
electric furnace having a high temperature stability of ±0.1 ◦C and a 
single crystal was grown at 1250 ◦C. The single crystal obtained by this 
method has a size of ~ 2 × 2 × 0.5 mm3. 

The X-ray diffraction experiments were performed using a PAN-
alytical X-ray powder diffractometer with Cu Kα radiation (40 kV, 30 
mA and λ = 1.5406 Å) at step size of 0.026◦ (2θ) and scan rate of 0.78◦/ 
min. 

The optical reflectivity spectra R(ω) of the single crystal were 
measured in the frequency regions of 70–12000 cm− 1 and 25–150 cm− 1, 
respectively, using a Michelson-type and Martin-Puplett-type rapid-scan 
Fourier spectrometer (FT/IR-6100 and FARIS-1, JASCO Co, Ltd) with a 
feedback positioning system to maintain the overall uncertainty level 
with ±0.3 ~ 0.5% over the temperature range of 8 to 300 K [23]. To 
exactly obtain the absolute R(ω) values, an in situ Au-evaporation 
method was adopted [24]. More conventional analysis of optical prop-
erties is possible from the real part of optical conductivity σ1(ω), and we 
have derived σ1(ω) from R(ω) through the Kramers-Kronig (KK) trans-
formation. To obtain σ1(ω) through the KK transformation, the reflec-
tivity spectra were extrapolated below 25 cm− 1 with a Hagen-Rubens 
function for the normal state and the form (1 - Aω4) below the gap in 
the SC state. For the extrapolation above 12000 cm− 1, we used a con-
stant reflectivity up to 40 eV and then used a free-electron approxima-
tion R(ω) ∝ ω-4. 

The magnetoresistivity ρxx(H) and the Hall resistivity ρxy(H) were 
measured by the six-probe method (see Fig. S-1 in Supplementary 

Materials) in an Oxford superconducting magnet system. The contact 
lead wires (25 μm gold wire) were attached to the sample using EPO- 
TEK H20E epoxy. The ρxx(H) and the ρxy(H) were measured while 
sweeping the magnetic field from − 5T to 5 T under the transverse 
configuration with B//c-axis and I//ab-plane at various constant tem-
peratures. The current in this measurement was I = 15 mA. The ρxx(H)

was obtained by average voltage due to positive current and negative 
current in each field. The ρxy was calculated using ρxy =

d
2I [Vxy( + H) − Vxy( − H)], where d is the thickness of the sample, I is the 
applied current, and Vxy is the voltage between the Hall probes. 

Results and discussion 

The X-ray diffraction patterns of a hole-doped Ca8.5Na1.5(Pt3As8) 
(Fe2As2)5 single crystal, which has not been reported so far, is shown in 
Fig. 1. Only (00 l) peaks were observed, which indicates that this single 
crystal is well aligned in the (00 l) direction. The full width at half 
maximum (FWHM) of the (002) peak is very small as 0.08◦, indicating 
the high-quality single crystal. The (00l) diffraction patterns were ana-
lysed using the UNITCELL software [25] to obtain the interlayer distance 
dFeAs of the FeAs layers. The evaluated dFeAs is 10.538 ̊A, which is large 
compared to the parent (dFeAs = 10.31 ̊A) and optimally La-doped 1038 
(dFeAs = 10.35 ̊A) [12]. Since the ionic radius of Na+ is slightly smaller, 
99%, than that of La3+, the interplanar distance dFeAs of Ca8.5N-
a1.5(Pt3As8)(Fe2As2)5 is expected to be slightly smaller or almost the 
same, but dFeAs in the hole-doped Ca8.5Na1.5(Pt3As8)(Fe2As2)5 is about 
2% larger than dFeAs in the electron-doped Ca8.5La1.5(Pt3As8)(Fe2As2)5. 
This strongly suggests that the angle (□) of As-Fe-As in Ca8.5N-
a1.5(Pt3As8)(Fe2As2)5 is reduced compared to Ca8.5La1.5(Pt3As8) 
(Fe2As2)5 because Na-doping instead of La-doping is not expected to 
induce a detectable change in Fe-As bond length. 

Fig. 2 shows the temperature dependence of the electrical resistivity 
for a hole-doped Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal. The elec-
trical resistivity shows zero at low temperatures due to its supercon-
ductivity, increases abruptly at 35.5 K, and then increases slowly in the 
normal state. If the temperature at half of the normal state electrical 
resistivity is defined as the superconducting transition temperature, the 
superconducting critical temperature is estimated as Tc = 36.3 K. From 
the criterion of superconducting transition width ΔTc = 2⋅(Tc-Tc, zero), 
ΔTc is estimated to be 1.6 K, which is narrow, indicating a good-quality 
single crystal. Interestingly, a weak inflection point exists at Tps = 110 K 
in the temperature dependence curve of electrical resistivity; as shown 

Fig. 1. The X-ray diffraction patterns of Ca8.5Na1.5(Pt3As8)(Fe2As2)5. Inset: the 
full width at half maximum (FWHM) of the (002) peak. 
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in the inset of Fig. 2, a weak peak or shoulder in the first-order differ-
ential of the resistivity to temperature, dρ(T)/dT, and a crossover from 
positive to negative in the second-order differential of resistivity, 
d2ρ(T)/dT2, were observed at Tps. Such an inflection point was observed 
when the pseudogap was opened in high-Tc cuprates [26] and FeSe [27], 
indicating that the pseudogap opening occurs at a part of the Fermi 
surfaces also in Ca8.5Na1.5(Pt3As8)(Fe2As2)5 at Tps. 

Fig. 3 shows the frequency dependence of the reflectivity R(ω)

measured in the Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal at several 
temperatures on a semi-logarithmic scale. In the normal state, the 
reflectivity R(ω) in the low frequency region approaches unity as the 
frequency decreases down to zero, and the approach becomes faster as 
the temperature decreases, which is due to the metallic properties of 
Ca8.5Na1.5(Pt3As8)(Fe2As2)5 according to the Drude model. The peak 
structures due to interband transitions are observed in the high- 
frequency region near 4500 cm− 1. The peak frequency is much higher 
than the measured temperature, but the peak exhibits a significant 
temperature dependence. Below about 4500 cm− 1, the reflectivity is 
almost unchanged in the higher temperature range than 150 K and de-
creases significantly in the lower temperature range. At about 4500 
cm− 1, as seen in the inset in Fig. 3, the reflectivity spectra of the two 
temperature groups intersect, then the magnitude of the reflectivity of 

the two groups is inverted. In the whole temperature range from normal 
state to superconducting state, each reflectivity spectrum clearly shows 
an abnormal peak structure due to the interband transition along with 
the Drude reflection of the intraband transition in the intermediate 
frequency range of 200 to 1500 cm− 1. Below the Tps, the reflectivity 
spectrum shows another anomaly like hump at around 100 cm− 1 and it 
disappears below Tc. At 8 K, superconducting state, the reflectivity 
spectrum increases sharply below 300 cm− 1 compared to the normal 
state’s reflectivity spectrum and then reaches unity at about 90 cm− 1, 
which reflects the opening of the s-wave-like superconducting gap. A 
similar reflectivity spectrum was observed at 20 K, which is still 
superconducting, but the region of the unity reflectivity was reduced 
down to 70 cm− 1. 

To further investigate the temperature dependence of the reflectivity 
spectrum, the frequency dependent optical conductivity σ1(ω) was 
derived by the Kramers-Kronig (K-K) transformation to the measured 
reflectivity data, which is shown in Fig. 4. A sharp feature in the con-
ductivity is observed at around 230 cm− 1, which is attributed to 
infrared-active lattice vibrations. In the normal state, σ1(ω) in the fre-
quency region below 1500 cm− 1 consists of two narrow peaks at around 
300 and 700 cm− 1 along with a pronounced Drude response over the 
entire region. The Drude response appears as a peak centered at ω = 0, 
and as temperature decreases, the peak narrows in width and increases 
in height, indicating the development of coherence. On the other hand, 
the two peaks observed at about 300 and 700 cm− 1 are independent of 
temperature for the peak position, but show temperature dependence 
for their width and height, i.e. as the temperature increases, the width 
(height) of the peaks increases (decreases). This behavior is the typical 
temperature dependence of the optical spectrum for narrow interband 
transitions. Even in the superconducting state, the two peaks are 
observed. Similar peaks were observed for La-underdoped Ca10-3-8 
[20]. The width of the peaks in La-underdoped Ca10-3-8 is slightly 
wider than those in Na-doped Ca10-3-8, especially for the peak at 700 
cm− 1. However, the peaks was not observed in the optimal La-doped 
Ca10-3-8 sample [19], probably because the peaks were widened. Ac-
cording to the band calculation of parent Ca10(Pt3As8)(Fe2As2)5 [11], 
the peaks in the low-frequency region are mainly due to the transition of 
a part of Fe-3d electrons onto Fermi energy. Due to multiple orbitals of 
Fe-3d electrons, the 3d electrons may have been itinerant or localized. 
The peaks observed near 300 and 700 cm− 1 are caused by localized 3d 
orbitals because the width of the peaks is very narrow. 

Interestingly, a strong temperature dependence of optical conduc-
tivity was observed in the high frequency region from the mid-infrared, 
mainly composed of intraband transitions, to the near-infrared region, 

Fig. 2. Temperature dependence of the electrical resistivity ρ(T) measured in 
the Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal. The inset is a graph of the first 
derivative, dρ(T)/dT, and the second derivative, d2ρ(T)/dT2, of the electrical 
resistivity to temperature. Tps represents the temperature at which the pseu-
dogap is observed. 

Fig. 3. Reflectivity spectrum R(ω) measured at several temperatures in the 
Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal. Inset: the reflectivity spectra R(ω) on 
a linear scale for a closer look at the interband transitions in the high fre-
quency region. 

Fig. 4. Optical conductivity spectra σ1(ω) calculated from the reflectivity 
spectra R(ω) for the Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal. Inset: the optical 
conductivity spectra σ1(ω) on a linear scale for a closer look at the interband 
transitions in the high frequency region. 
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mainly composed of interband transitions. The temperature dependence 
features are as follows: In the frequency range below 5000 cm− 1, the 
optical conductivity spectrum shows a very weak temperature depen-
dence in the temperature range of 300 to 150 K, decreases significantly 
when the temperature decreases from 150 to 100 K, then slowly de-
creases again below 100 K. On the other hand, in the frequency range 
above 5000 cm− 1, the temperature dependence of optical conductivity 
shows the opposite behavior to that in the region below 5000 cm− 1 

described above; In other words, the optical conductivity increases very 
slowly up to 100 K, then suddenly increases significantly from 100 to 
150 K, and hardly changes above 150 K. In the superconducting state, 
the optical conductivity in the range below 5000 cm− 1 has almost no 
temperature dependence below 50 K. However, in the range above 5000 
cm− 1, the optical conductivity spectral intensity gradually decreases as 
the temperature decreases compared to that at 50 K. 

The optical conductivity in the normal state from Tps to Tc shows a 
peak around 80 cm− 1 along with the Drude response. The position of the 
peak appears to be almost independent of temperature, but its width is 
significantly wider at high temperatures and its height decreases. 
However, this peak disappears in the superconducting state. A similar 
temperature-dependent peaks were reported in the La-doped sample 
[19]. According to this report, it was confirmed quantitatively from a 
phenomenological approach using the preformed Cooper pair model 
[28] that this peak corresponds to the excitation spectrum of the pseu-
dogap formed by superconducting correlation. The temperature at 
which the pseudogap peak appears in this optical conductivity is 
approximately the same as the temperature for the anomaly due to 
pseudogap opening in the electrical resistivity. In the temperature range 
showing this pseudogap peak, the Drude response was observed in the 
low frequency range, indicating that all Fermi surfaces were not 
completely open. Compared to the optical conductivity above Tps, the 
optical conductivity in the low frequency region below Tps is narrower 
and changes to a larger value as the frequency decreases. This may be 
due to a decrease in the carrier and scattering rate, suggesting the 
opening of the pseudogap. In the superconducting state, at 8 K, the 
optical conductivity began to be suppressed below about 200 cm− 1 and 
was completely suppressed below 90 cm− 1. When the temperature rises 
in superconducting states, the suppression of optical conductivity occurs 
slowly and becomes complete below 70 cm− 1. The suppression of this 

optical conductivity is caused by superconducting condensates resulting 
from the formation of Cooper pairs. The complete suppression of the 
optical conductivity indicates the formation of a nodeless s-wave 
superconducting gap. The frequency of this complete suppression is 
approximately equal to the energy scale of the pseudogap peak. 

To quantitatively analyze the optical conductivity in the normal 
state, we attempted to fit the optical conductivity in normal states with a 
Lorentz-Drude (L-D) model: 

σ(ω) = 1
4π Re

⎡

⎢
⎢
⎣

∑

k
Sk

ω
ω

τLk
+ i(ω2

Lk − ω2)
+
∑

j

Ω2
Pj

1
τDj

− iω

⎤

⎥
⎥
⎦, (1)  

where Sk, ωLk and 1/τLk are the oscillator strength, Lorentz oscillator 
frequency, and scattering rate of the kth oscillator, respectively, while 
ΩP,j and 1/τDj are the plasma frequency and scattering rate for the jth 
free carrier Drude band, respectively. Fig. 5a shows the fitting result for 
the optical conductivity at 150 K (>Tps) using the Lorentz-Drude model. 
The optical conductivity spectrum is in good agreement with the sum of 
the conductivities obtained by considering the eight Lorentz oscillator 
components and two Drude components in Eq. (1). The parameters of 
the eight Lorentz oscillator components are listed in Table 1. The 

Fig. 5. (a) Fitting results for the optical 
conductivity σ1(ω) at T = 150 K using the 
Lorentz-Drude model: Drude responses (blue 
solid lines), Lorentz responses (orange 
dashed lines), sum of Lorentz responses 
(magenta solid line). (b) Drude fitting results 
(two green solid lines) for the optical con-
ductivity at T = 50 K (olive solid line) 
removing the interband transitions (magenta 
solid line) determined in the optical con-
ductivity fitting for 150 K and the pseudogap 
excitations spectrum (red solid line) evalu-
ated from the fitting. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   

Table 1 
Fitting parameters Pk =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SkZ0/2π

√
, ωLk and 1/τLk in the Lorentzian components 

for interband transitions obtained by fitting optical conductivity at 150 K using 
the L-D model, where Sk is the oscillator strength and Z0 is the impedance of free 
space.   

Lorentz Osc. 1 Lorentz Osc. 2 Lorentz Osc. 3 Lorentz Osc. 4 

Pk(cm− 1)   1333.8  1905.7  5055.7  9363.7 
ωLk(cm− 1)   266.0  394.3  725.3  1240.0 
1/τLk(cm− 1)   81.6  282.8  383.2  1240.0   

Lorentz Osc. 5 Lorentz Osc. 6 Lorentz Osc. 7 Lorentz Osc. 8 

Pk(cm− 1)   126118.6  26986.2  20440.9  42279.9 
ωLk(cm− 1)   2383.3  5099.6  7225.9  12951.7 
1/τLk(cm− 1)   2244.2  5257.7  6283.3  12000.0  
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resonance frequencies for most Lorenz oscillators used in this fitting are 
similar to those in the normal state for La-underdoped Ca10-3-8 [20]. 
However, the peaks around 200 and 700 cm− 1 in the hole-doped 
Ca8.5Na1.5(Pt3As8)(Fe2As2)5 sample appear clearly with a narrower 
width than those in La-underdoped Ca1038 sample, which may be due 
to the narrowing of the Fe-3d electron band mentioned above. The two 
Drude components in the fitting indicate the presence of multiple bands, 
as in many iron-based superconductors [29–34]. The temperature de-
pendences of the plasma frequency and scattering rate of each band are 
shown in Fig. 6a and 6b, respectively. One is a broad band with a large 
scattering rate and plasma frequency, and the other is a narrow band 
with a fairly small scattering rate and plasma frequency. The two plasma 
frequencies are independent of temperature from 300 down to 150 K, 
but the two scattering rates decrease almost linearly as the temperature 
decreases. When the plasma frequencies evaluated in the hole-doped 
sample and the electron-doped sample are compared [19], the plasma 
frequency of the broad band is almost the same, but the narrow band is 
very small in the hole-doped sample. Considering from the rigid band 
model, the total number of carriers in the two bands, which is propor-
tional to (Ω2

P,eff = Ω2
P1 + Ω2

P2), should be approximately the same, but 
the values are different for the two samples: Ω2

P,eff = 1.2 × 108 and 1.7×

108cm− 2 for the Na- and La-doped samples, respectively [19]. 

Therefore, the Na-doped sample does not seem to conform to the rigid 
band model. The lattice constant of the Na-doped sample increased, 
contrary to the analogy from the lattice constant of the La-doped sample. 
It seems that this anomalous change in the lattice constant altered the 
bands near the Fermi energy in the Na-doped sample. Detailed research 
on this is needed in the future. 

Analysis of the optical conductivity in the normal state below Tsp was 
also attempted using the L-D model. In this temperature range, the op-
tical conductivity shows an additional peak around 100 cm− 1 due to the 
pseudogap opening on the Drude peak in the low frequency region, and 
the spectral weight transfer by Hund’s coupling in the high frequency 
region above the mid-infrared region. This is very difficult compared to 
the fitting of the optical conductivity using the L-D model at 150 K 
discussed above because of the larger number of parameters. To avoid 
this difficulty, we simply do not consider the spectral weight transfer by 
Hund’s coupling in the high frequency region in order to more reliably 
evaluate the change in optical conductivity due to the pseudo gap 
opening occurring in the low frequency region. For analysis, we 
extracted the sum of only the Drude and pseudogap components by 
subtracting the interband transitions determined at 150 K from the 
experimentally measured optical conductivities in the pseudogap tem-
perature range. The extracted optical conductivity was plotted as an 
olive solid line in Fig. 5b. In this sample, the cause of the pseudogap 
seems to be related to the superconducting correlation mentioned 
above, so it simply cannot be explained simply by Lorentzian. Because of 
this difficulty, we tried to fit the optical conductivity using a two- 
component Drude model in the frequency range below 50 cm− 1 where 
the weak effect of the pseudogap is expected. In Fig. 5b, the fitted two 
Drude components are represented by green solid lines. The sum of these 
two components agrees well with the experimental values in the low 
frequency range. The pseudogap excitation spectrum extracted by sub-
tracting the fitted Drude components from the experimental values is 
shown as a red solid line in Fig. 5b. This extracted spectrum shows two 
distinct peaks around 90 and 250 cm− 1. The Drude fitting may involve 
relatively large uncertainties due to the narrow fitting frequency range, 
but the parameters obtained seems to be suitable when judging from the 
conductivity tensor results described below. Drude fitting parameters 
determined in the pseudogap state were added to Fig. 6a and 6b. The 
plasma frequency of the broad Drude band abruptly decreased due to the 
gap formation below Tps, whereas that of the narrow Drude band did not 
change below Tps. The scattering rate of the broad Drude band abruptly 
decreased due to the abrupt decrease in carrier density below Tps; 
however, the narrow Drude band continuously changed even below Tps. 
Fig. 6c shows the d. c. conductivity σdc, calculated from the plasma 
frequency and the scattering rate of each band, at ω = 0. Here, σdc,1 and 
σdc,2 are calculated from the parameters of the broad Drude band and 
narrow Drude band, respectively. The sum of σdc,1 and σdc,2 agrees well 
with σdc measured by the electrical resistivity method at all tempera-
tures, indicating that the parameters obtained by fitting low frequency 
optical conductivity spectra using the L-D model may be appropriate. 
σdc,1 is significantly large at all temperatures compared to σdc,2, indi-
cating that the electrical transport in Ca8.5Na1.5(Pt3As8)(Fe2As2)5 is 
dominated by carriers belonging to the broad Drude band. 

In order to understand the temperature dependence of the spectral 
weight transfer mentioned above, calculation of the spectral weight is 
required. The spectral weight ratio at each temperature normalized to 
the spectral weight at 300 K is defined as 

SW(T;ωc) =

∫ ωc

0+
σ1(T;ω)/σ1(300K;ω)dω, (2)  

where ωc is the cutoff frequency. SW calculated at each temperature for 
ωc ≥ 1000 cm− 1 and ωc ≤ 1000 cm− 1 are shown in Fig. 7a and b, 
respectively. As shown in Fig. 7a, SW at ωc = 10000 cm− 1 shows almost 
1 from 300 K down to Tc, which indicates that the sum rule in normal 
states is satisfied at ωc = 10000 cm− 1, that is, the spectral weight up to 

Fig. 6. (a) The broad Drude band plasma frequency (ΩP1) and the narrow 
Drude band plasma frequency (ΩP2) obtained by fitting to the Lorentz-Drude 
model. (b) The scattering rates, 1/τ1 and 1/τ2 for the two Drude bands, (c) 
the d.c. conductivity, σdc,1, σdc,2 of each band calculated by the plasma fre-
quency and scattering rate of each band. A comparison of the sum of the two d. 
c. conductivities and the d.c. conductivity σdc obtained by measuring the 
electrical resistivity. In (b), the dashed line represents the result of extrapo-
lating the scattering rate of the broad Drude band over a temperature range 
above Tsp to the superconducting temperature. 
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10000 cm− 1 is conserved for temperature changes. This was also 
observed in La-doped Ca10-3-8 reported previously [19]. In 1000 < ωc 
< 10000 cm− 1, SW decreases as the temperature decreases in the normal 
state. A decrease in SW from 1 at any ωc means that the spectral weight is 
transferred from the frequency region below ωc to the region above it. 
The reduction in SW is not simple; SW hardly changes up to 150 K, then 
abruptly decreases below that temperature. The rate of decrease in SW 
below 150 K does not increase monotonically as ωc decreases; As ωc 
decreases from 10000 cm− 1, the decrease rate increases and reaches a 
maximum at ωc = 4000 cm− 1 and then ωc decreases to 2000 cm− 1. At ωc 
= 1000 cm− 1, SW becomes almost constant again to 1 in the normal 
state, i.e., SW at ωc = 1000 cm− 1 is partially conserved and the partial 
sum rule is recovered. Fig. 7b shows a similar plot of SW for ωc < 1000 
cm− 1. The temperature dependence of SW at ωc < 1000 cm− 1 shows the 
opposite temperature dependence of that at ωc > 1000 cm− 1 shown in 
Fig. 7a, that is, SW at ωc < 1000 cm− 1 increases as the temperature 
decreases. Increasing SW from 1 at any ωc means that the spectral weight 
has been transferred from the frequency region above ωc to the region 
below it. The SW increases monotonically as the temperature decreases 
from 300 K. The rate of increase increases as ωc decreases. The large 
reduction in SW below Tc is due to the superconducting condensate. 

The transfer of spectral weight showing such complicated tempera-
ture dependence is roughly divided into two parts: one part below ωm =

1000 cm− 1 and the other part above ωm. Each part separately conserves 
the spectral weight above Tc. To understand this, we look back on the 
optical conductivity data in Fig. 4, where a large fraction of the optical 
spectra in the intermediate frequency range of 700–5000 cm− 1 is un-
determined at high temperatures and hence remains incoherent. As the 
temperature decreases, the incoherence spectra gradually turn into 
coherent spectra. At the same time, the incoherence spectra were 
reduced due to the transfer to the low frequency Drude region or the 
high frequency Lorentz region. The transfer to the low frequency Drude 
region is well understood by the sharpening of the Drude spectrum due 
to the development of coherent quasiparticles, whereas the transfer to 
the high frequency interband transition region, which is more apparent 
below 150 K, is reported to be associated with heavy itinerant electrons 
due to strong correlation effects of the local interactions, such as the 
Hubbard interaction and Hund’s coupling [22,35]. 

The Hubbard interaction reconstructs the band at low temperature so 

that the optical conductivity in the intermediate frequency region is 
transferred to the low frequency Drude region as well as the high fre-
quency interband transition region. As can be seen in Fig. 7a, the relative 
spectral weight for ωc < 10000 cm− 1 has a value <1 below ~150 K. This 
indicates that the spectral weight is transferred from the middle fre-
quency region to the high frequency region below ~150 K, considering 
that the relative spectral weight is conserved at ωc = 10000 cm− 1. 
Assuming this transfer is due to the Hubbard interaction, it indicates that 
the interaction works effectively at temperatures below about 150 K. 
Then, the SW at ωc < 1000 cm− 1 should show an abrupt increase around 
150 K in addition to a continuous increase due to the development of 
coherent quasiparticles as the temperature decreases. However, as 
shown in Fig. 7b, the relative spectral weight only increases continu-
ously as the temperature decreases. Therefore, the transfer of spectral 
weights into the high frequency region is not due to the Hubbard 
interaction effect. 

On the other hand, the Hund’s coupling energy between localized 
magnetic moments and itinerant electrons is known to be approximately 
0.6 eV in iron-based superconductors [22]. Hund’s coupling is highly 
dependent on temperature, depending on the degree of localization of 
the magnetic moment and the degree to which the magnetic moment 
approaches the Fermi energy. In other words, the magnetic moment is 
localized below the characteristic temperature (THund) and causes the 
Hund’s coupling with itinerant electrons, but at higher temperatures, 
the magnetic moment is thermally excited and loses localization and 
does not cause the Hund’s coupling. In the temperature range below 
THund, the itinerant electrons become heavier and lose their role as the 
itinerant electrons, and behave like electrons bound by the magnitude of 
the Hund coupling energy. Therefore, below THund, the optical conduc-
tivity spectrum is transferred from the middle frequency region to the 
frequency region as high as about 0.6 eV. As shown in Fig. 7b, the 
relative spectral weight<1 in the temperature region below 150 K and 
the change with ωc in the above-described spectral weight reduction rate 
indicate that the spectral weight is transferred from the intermediated 
frequency region to the high frequency region above 5000 cm− 1. This is 
in good agreement with the results of Hund’s coupling. THund in 
Ca8.5Na1.5(Pt3As8)(Fe2As2)5 is equivalent to about 150 K. The Hund’s 
coupling does not affect the lower frequency spectrum due to intraband 
transitions, which also agrees well with our data. 
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Carrier concentrations below 150 K were evaluated by fitting using 
the L-D model for optical conductivity. However, as discussed above, the 
evaluation may involve a lot of uncertainty due to the evaluation in a 
very narrow frequency range. To confirm this, we measured the mag-
netic field dependence on Hall resistance and magnetoresistive at 
various temperatures. These results were evaluated for carrier concen-
tration and carrier mobility by applying two carrier models. The appli-
cation of two carrier models is based on the analysis of optical 
conductivity in the normal state discussed above. The concentration and 
mobility of each carrier evaluated by both transport data are shown in 
Fig. 8a and b, respectively. For more information on this evaluating 
method, refer to Supplementary Information. As shown in the figure, 
both the concentration and mobility of carriers evaluated by magneto-
resistivity differ by about 3% in the high temperature region from those 
evaluated by Hall resistivity. The low carrier concentration is about 8 ×

1018 cm− 3 and is temperature independent in entire temperature region. 
The high carrier concentration is almost constant at about 1.9 × 1021 

cm− 3 in the high temperature region, then begins abruptly to decrease at 
150 K and approaches 1.5 × 1021 cm− 3 below 100 K. The carrier con-
centration for the higher carrier band was abruptly reduced by about 
15% below 150 K, which qualitatively agrees well with the results of the 
L-D model of optical conductivity. This reduction is due to pseudogap 
opening in the broad Drude band. The mobility of both carriers increases 
with decreasing temperature. This is due to the developed coherence of 
the carrier. However, carrier mobility in higher carrier concentration 
band increases abruptly below 150 K. This is due to the addition of the 
carrier concentration reduction effect of the band at that temperature. 

The effective mass m* for the broad Drude band with high carrier 
concentration evaluated by combining the plasma frequency evaluated 

by optical measurement and the carrier density measured by electric 
transport is 1.5 m0 in the normal state, but increases to about 3.0 m0 
below 150 K. Whether this increase in effective mass is related to the 
formation of a pseudogap or Hund’s coupling is not known here because 
the two phenomena occur at approximately the same temperature, 
around 150 K. On the other hand, the effective mass m* for the narrow 
Drude band with low carrier concentration is 1.0 m0, which is constant 
with temperature change. Hund’s coupling ferromagnetically induces 
magnetic order, but on the temperature dependence of the electrical 
resistivity in Fig. 2, no distinct effect was observed by that magnetic 
order, which means that this Hund’s coupling leads to short-range order. 

As shown in Fig. 4, the optical conductivity σ1(ω) at 8 and 20 K, the 
superconducting state, is completely suppressed to zero at about 90 and 
70 cm− 1, respectively, due to the opening of the s-wave superconducting 
energy gap. Since the optical conductivity and electrical transport re-
sults in the normal state discussed above are well explained by two- 
carrier model, it is reasonable to think that the opening of two s-wave 
superconducting gaps occurs in the superconducting state. Therefore, 
we used a generalized Mattis-Bardeen (M-B) model [36] with two 
superconducting gaps to fit the optical conductivity spectrum at 8 K. To 
extract the excitation spectrum only by the superconducting gap, we 
removed the interband transition spectra evaluated by the L-D model for 
the optical conductivity at 150 K from the experimentally measured 
optical conductivity at 8 K. The extracted optical conductivity is shown 
in Fig. 9. As shown in the figure, the optical conductivity shows good 
agreement with that calculated from the M-B model with two super-
conducting energy gaps. From this fitting, the superconducting gap (Δi), 
the plasma frequency (Ωsn

Pi) and the scattering rates (1/τsn
i ) for the 

normal state band causing the superconducting gap are determined to 
beΔ1 = 41.9 cm− 1 (5.2 meV), Ωsn

P1 = 8643 cm− 1 and 1/τsn
1 = 400 cm− 1 

for the first band and Δ2 = 54.8 cm− 1 (6.8 meV), Ωsn
P2 = 4842 cm− 1 

and1/τsn
2 = 400 cm− 1 for the second band. Since both the plasma fre-

quencies (Ωsn
P1and Ωsn

P2) and scattering rates (1/τsn
1 and 1/τsn

2 ) of the two 
normal components obtained by the M-B model for the superconducting 
state are too large compared to those (Ωp2and1/τ1) of the narrow band 
determined by the L-D model in the normal state, it is clear that neither 
superconducting gap is formed in the narrow Drude band. Here, the 
scattering rates of the two normal components obtained from the M-B 
model for the two superconducting gaps are equal to each other, and the 
scattering rates are consistent with the extrapolation of the scattering 
rates of the broad Drude band over the temperature range above Tsp to 
the superconducting temperature. This result indicates that the super-
conducting correlation already exists in the pseudogap state below Tsp, 
which corresponds to 3Tc. Moreover, the sum of the carrier concentra-
tions for the two normal component bands in the superconducting state 
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Fig. 9. Fitting of the excitation spectrum only by the superconducting gap open 
at 8 K using a generalized Mattis-Bardeen equation. 
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is similar to that of the broad Drude band in the normal state, because 
the magnitude of 

(
Ωsn

P1
)2

+
(
Ωsn

P2
)2 is almost same as that of (ΩP1)

2. Thus, 
the two superconducting gaps were derived from the broad Drude band 
determined in the normal state. 

Observation of two superconducting gaps with different gap sizes in 
one band reveals the formation of an anisotropic superconducting gap 
with nodes physically. In this case, the optical conductivity is not 
completely suppressed in the low frequency region and has a weak 
Drude response [37,38]. This is completely different from our optical 
conductivity in a superconducting state. Another reason for the obser-
vation of two superconducting gaps with different gap sizes in one band 
can be found in infrared spectroscopy. In a multi-band system, if the 
scattering rates for different bands are the same, the bands cannot be 
distinguished in infrared spectroscopy because the optical conductivity 
measured by infrared spectroscopy is expressed as the sum of the optical 
conductivities for each band. In this sample, it is not unreasonable to 
assume that the broad Drude band determined from the L-D model 
consists of two bands with the same scattering rate because of the multi- 
band system. Thus, the two superconducting gaps with different sizes 
observed here are predicted to be derived from the broad Drude band 
consisting of two bands with the same scattering rate. 

Since 1/τsn
1,2 > 2Δ1,2 for both bands, both superconducting gaps are 

in the dirty limit. The ratios of superconducting gap magnitude to Tc, 
R = 2Δ/kBTc, were evaluated as 3.4 for small superconducting gap and 
4.5 for large superconducting gap. Compared to RBCS = 3.5 by the BCS 
theory29, the mixed values of R suggest that the superconductivity in 
Ca8.5Na1.5(Pt3As8)(Fe2As2)5 could be a mixture of weak-coupling and 
strong-coupling superconducting states. The gap values of Ca8.5N-
a1.5(Pt3As8)(Fe2As2)5 are similar to the gap values of typical FeAs-SC 
compounds with similar Tc, e.g., Ca8.5La1.5(Pt3As8)(Fe2As2)5 (Tc =

35.2 K; Δ1 ≈ 4.9 meV, Δ2 ≈ 14.2 meV) [19] and Ba0.6K0.4Fe2As2 (Tc =

37 K; Δ1 ≈ 6 meV, Δ2 ≈ 12 meV) [39]. 
As shown in Fig. 5b, the optical conductivity in the pseudogap state 

consists of two Drude spectra and a pseudogap excitation spectrum in 
the low frequency region. The pseudogap excitation spectrum obtained 
from the analysis shows peaks around 90 and 250 cm− 1 and is observed 
in a relatively wide energy range up to 1500 cm− 1. This energy scale is 
very similar to the energy scale of the excitation spectrum for the 
superconducting gap shown in Fig. 9. Moreover, as discussed above, the 
result that the superconducting correlation already exists in the normal 
state below Tsp (~3Tc) indicates that this pseudogap is caused by the 
superconducting correlation. In addition, the plasma frequency of the 
broad Drude band evaluated from the optical conductivity and transport 
results in the pseudogap state decreases by about 40% compared to the 
plasma frequency of the broad Drude band in the high temperature 
normal state. However, the decrease in the spectral weight in the broad 
Drude band is fully compensated for by the pseudogap spectrum as 
shown in Fig. 7a. This means that the pseudogap formation does not 
have the spectral weight of the delta function atω = 0, unlike in the 
superconducting gap formation. The above results for the pseudogap are 
well understood by the preformed Cooper pair picture [28]. Therefore, it 
is almost certain that the pseudogap in this study was formed by a 
superconducting correlation. However, the possibility that the pseudo-
gap spectrum is the excitation spectrum for the energy gap due to the 
short-range magnetic order of Hund’s coupling cannot be ruled out, 
since the pseudogap formation temperature and the effective operating 
temperature of the Hund’s coupling are nearly similar. We need more 
detailed information to clarify this. 

Conclusion 

In summary, we measured the reflectivity spectrum from 8 to 300 K 
in the hole-doped Ca8.5Na1.5(Pt3As8)(Fe2As2)5 single crystal (Tc = 36.3 
K), and also measured the magnetic field dependence of its magneto-
resistivity and Hall resistivity. In the normal state, optical conductivity is 

well-fitted by the L-D model with two Drude responses and eight Lor-
entzian oscillators, and conductivity tensors σxx(B) and σxy(B) are well- 
fitted using a two-band model. Below 150 K, the transfer of spectral 
weights from the mid-infrared region to the near-infrared region by 
Hund’s coupling was observed, and the opening of the pseudogap by 
superconductivity correlation was also observed in the low frequency 
region below 1500 cm− 1. In the superconducting state, the optical 
conductivity spectrum shows clean gap opening at about 80 cm− 1 at 8 K. 
The optical conductivity fits well with two clean superconducting gaps, 
Δ1 = 5.2 meV and Δ2 = 6.8 meV, which form in the Drude band with a 
large plasma frequency determined by the L-D model in the normal 
state. 
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