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1. INTRODUCTION  
 

After the discovery [1] of the high-temperature copper 

oxide superconductors (cuprates) they have been studied 

intensively [2-5]. Electron-doped cuprates have been also 

discovered [6] but have been studied less than its 

counterpart materials, hole-doped cuprates, because of 

mostly its lower superconducting transition temperature 

and less variety of compounds. The electron-doped 

cuprates show a wider anti-ferromagnetic ordering phase 

than the hole-doped ones. The phase diagram of the 

cuprates shows more or less electron-hole symmetry; both 

undoped parent compounds show anti-ferromagnetic Mott 

insulating phase [7]. As doping increases in both (hole and 

electron doping) directions the anti-ferromagnetic phase is 

weakened and a superconducting phase appears. Many 

researchers including us believe that both electron- and 

hole-doped cuprates have the same superconducting 

mechanism. The superconducting mechanism seems to 

closely relate to the anti-ferromagnetic spin fluctuations 

because the superconducting phase locates nearby or/and 

coexists with the anti-ferromagnetic phase in the phase 

diagram [7]. 

I n  t h i s  p a p e r  we  s t u d y  a n  e l e c t r o n -d o p e d 

Pr0.85LaCe0.15CuO4 (PLCCO) single crystal sample using 

an optical spectroscopy technique. We obtained the optical 

conductivity of PLCCO from measured reflectance using a 

Kramers-Kronig relation. We observed unusual 

enhancement below 600cm
-1

 along with strong sharp dips 

in the measured reflectance. We attribute the sharp dips to 

longitudinal optical (LO) phonons which can appear due to 

the miscuts or intrinsic lattice distortions. We also applied 

an analysis method of reflectance spectra of strongly  

correlated electron systems [8]. We used an extended 

Drude model to obtain the optical self-energy which may 

carry correlation information among charge carriers and is 

closely related to the quasiparticle self-energy. We 

observed strong peaks in the optical scattering rate (or the 

imaginary part of the optical self-energy) which may come 

from LO phonon or c-axis transverse optical (TO) phonon 

contributions. We tried to extract the electron-boson 

spectral density functions from the optical scattering rate 

using a generalized Allen’s formula or Shulga et al.’s 

formula [9, 10] and a maximum entropy inversion method 

[11, 12]. The temperature dependence of the extracted 

electron-boson spectral density function is similar to those 

of hole-doped cuprates; as lowering temperature the 

coupling constant increases and a broad peak position in 

the electron-boson spectral density decreases. 

 

 

2. EXPERIMENTS 

 

Our Pr0.85LaCe0.15CuO4 (PLCCO) single crystal sample 

was grown by using a traveling solvent floating zone 

method using an optical furnace. The sample was annealed 

in high purity N2 gas atmosphere for ~16 hours at 900 – 

930 ℃. Additional air annealing was done [13]. Its 

superconducting transition temperature (Tc) is 21 K. The 

ab-plane sample surface was cut and polished. For this 

study we used a commercial FTIR spectrometer (Bruker 

Vertex 80v) and a continuous liquid helium flow cryostat 

(RG Hansen). We measured ab-plane reflectance of the 

sample at various temperatures below room temperature 

using an in-situ metallization technique [14]. The  
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Fig. 1. Measured reflectance spectra of our PLCCO sample 

at various temperatures. In the inset we compare the 

measured reflectance spectra of Pr0.85LaCe0.15CuO4 with a 

c-axis reflectance of Nd1.85Ce0.15CuO4+δ in gray dashed 

line which is reproduced from a reported paper [17]. 

 

measured reflectance spectra are shown in Fig. 1. We note 

that all measured temperatures are above the Tc. The 

reflectance spectra show strong temperature dependence 

above 100 K and but below the temperature the 

temperature dependence is quite small. There is a very 

slight suppression near 2000 cm
-1

 marked with a red arrow 

which may be related to the pseudogap originated from 

antiferromagnetic spin correlation in the system [15, 16]. 

We observe sharp dips below 600 cm
-1

 which seem to be 

caused by longitudinal optical (LO) or c-axis phonons. In 

the inset we display the measured reflectance spectra 

below 1000 cm
-1

 and a rescaled c-axis reflectance 

spectrum (0.1𝑅𝑐(𝜔) + 0.86)  of Nd1.85Ce0.15CuO4+δ 

reproduced from a reported literature [17]. We can see that 

the sharp dips in our ab-plane reflectance spectra coincide 

with the well-known c-axis phonons. But it is not clear 

what is the origin of the LO phonons in our ab-plane 

reflectance. The LO phonons can come from both a surface 

miscut [18] and lattice distortions introduced by Ce 

dopants of which size is different from those of Pr and La 

atoms. 

 

 

3. RESULT AND DISCUSSIONS 

 

We applied a Kramers-Kronig (KK) analysis to the 

measured reflectance and obtained the optical constants 

including the optical conductivity and the dynamic 

dielectric function. To perform the KK analysis we had to 

extrapolate the measured spectrum to zero and infinite 

frequencies. For the high frequency extrapolation we 

extended our data up to 22,000 cm
-1

 using reported data 

[16] and further extrapolations were performed 

appropriately [19]. For the low frequency extrapolation we 

used a Hagen-Rubens relation, i.e. 1 − R(𝜔) = 𝐴√𝜔, 

where A is a constant. The real parts of the optical 

conductivity spectra (𝜎1(𝜔)) at various temperatures are 

shown in the upper frame of Fig. 2. They show monotonic 

t e m p e r a t u r e  d e p e n d e n c e ;  w i t h  l o w e r i n g  

 
 

Fig. 2. (Upper frame) The real part of the optical 

conductivity obtained from the measured reflectance using 

a Kramers-Kronig analysis. In the inset the extracted DC 

resistivity from extrapolation to zero frequency is shown. 

(Lower frame) The partial sums of spectral weight at 

various temperatures are displayed (see in the text). The 

gray dash-dotted line is for a simple Drude mode. 

 

temperature the conductivity decreases above 200 cm
-1

 and 

below the frequency conductivity increases. There is a 

crossing near 200 cm
-1

. We extracted the DC resistivity 

(𝜌(𝑇)) by extrapolating the optical conductivity to zero 

frequency. The extracted DC resistivity is displayed in the 

inset. The DC resistivity decreases monotonically down to 

150 K, then increases slightly, and decreases again slowly. 

This is slightly different from the temperature dependent 

behavior [16] of Nd1.85Ce0.15CuO4 (NCCO), which is 

mostly studied electron-doped cuprate system. We also 

calculated the partial sum (or partial spectral weight) to 

look up the spectral weight redistribution. The partial sum 

is defined as follows: 

 

W(𝜔) =  ∫ 𝜎1(𝜔′)𝑑𝜔′
𝜔

0
.                                                     (1) 

 

The obtained partial sums at various temperatures are 

displayed in the lower frame of Fig. 2. We observe sharp 

absorption peaks at low frequency range below 200 cm
-1

 

which appear steep rises in the partial sum. Overall feature 

of the partial sum is similar to those of over doped cuprates 

with holes [20, 21]; as lowering temperature the spectral 

weight increases in low frequency region below 200 cm
-1

. 
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Fig. 3. The optical scattering rate obtained from the optical 

conductivity through the extended Drude formalism and 

the energy loss function. 

 

The low-frequency spectral-weight increase can be understood 

through spectral weight transfer from high frequency to low 

frequency region. The low temperature partial sum is higher than 

that at high temperature in a very wide spectral range. This 

temperature-dependent property of the partial spectral weight 

seems to be common in both electron- and hole-doped cuprates. 

We also compare the partial sum with that of a Drude mode (the 

gray dot-dashed curve) and find that the measured partial sums 

clearly show strong deviation from the simple Drude behavior 

(see in the lower frame). 

We applied an extended Drude model to investigate the 

deviation from the Drude model in the optical conductivity. 

Through this extended Drude model formalism one can extract 

information on correlation among charge carriers which is very 

important characteristics to understand strongly correlated 

electron systems including high-temperature superconductors. 

The correlation information can be encoded in the optical 

self-energy ( Σ̃𝑜𝑝(𝜔))  which can be defined through the 

extended Drude model. The optical self-energy can be measured 

by optical spectroscopy technique and is closely related to the 

well-known quasiparticle self-energy [22, 23] which can be 

measured directly using angle-resolved photoemission 

spectroscopy technique. In the extended Drude model formalism 

the optical conductivity is related to the optical self-energy as 

follows [24]: 

 

�̃�(𝜔) = 𝑖
𝜔𝑝

2

4𝜋

1

𝜔−2Σ̃𝑜𝑝(𝜔)
.                                               (2) 

 

where �̃�(𝜔)  is the complex optical conductivity 

(𝑖. 𝑒.  �̃�(𝜔) =  𝜎1(𝜔) + 𝑖𝜎2(𝜔)), Σ̃𝑜𝑝(𝜔)  is the complex 

optical self-energy (𝑖. 𝑒.  Σ̃𝑜𝑝(𝜔) = ∑ (𝜔)𝑜𝑝
1 + 𝑖 ∑ (𝜔)𝑜𝑝

2 ) 

and 𝜔𝑝  is the plasma frequency of whole (coherent and 

incoherent) charge carriers in the system. The imaginary 

part of the optical self-energy is related to the well-known 

optical scattering rate (𝑖. 𝑒. −2 ∑ (𝜔) = 1 𝜏𝑜𝑝(𝜔)⁄𝑜𝑝
2 ) and 

the real part is related to the optical effective mass 

(𝑚∗(𝜔))  caused by the correlation (𝑖. 𝑒. −2 ∑ (𝜔) =
𝑜𝑝
1

𝜔[𝑚∗(𝜔) 𝑚𝑒 − 1⁄ ] = ω𝜆𝑜𝑝(𝜔)) , where 𝑚𝑒  is the bare 

electron mass and 𝜆𝑜𝑝(𝜔)  the optical mass 

renormalization constant. 

In the upper frame of Fig. 3 we display the optical 

scattering rate obtained from the optical conductivity 

through the extended Drude model. The optical scattering 

rate shows strong sharp peaks which are related to the 

features of the reflectance spectrum in the similar 

frequency region. We have performed the usual method 

used to remove TO phonons to get rid of those peaks from 

the scattering rate for further analysis. But the method did 

not work at all and finally we gave it up. This is one of the 

reasons why we conclude that those peaks are not usual TO 

phonons. So we assume that those peaks are extrinsic and 

can be longitudinal optical (LO) phonons. In principle 

peaks in the energy loss function correspond to the 

positions of the LO phonons. Therefore, we calculated the 

energy loss function (𝑖. 𝑒. −𝐼𝑚[1 𝜀̃(𝜔)⁄ ]), where 𝜀(̃𝜔) is 

the complex dynamic dielectric function (𝑖. 𝑒.  𝜀̃(𝜔) =

𝜀1(𝜔) + 𝑖𝜀2(𝜔)). We displayed the energy loss function in 

the lower frame of Fig. 3. We can see that the peaks in the 

optical scattering rate have the same frequencies and very 

similar shapes. Therefore we think that the sharp peaks in 

the scattering rate originate from the LO phonons which 

are out of plane (i.e. along the c-axis) oscillations.  

We tried to remove the peaks in the optical scattering 

rate for further analysis using the energy loss function. 

 

 
 

Fig. 4. (Upper frames) The raw and processed (see in the 

text) optical scattering rates and corresponding fits using 

the maximum entropy technique in the left and right 

frames, respectively. (Lower frames) The resulting 

electron-boson spectral density functions obtained from 

solving the Shulga et al.’s integral equation for the two 

optical scattering rates. 
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First we subtracted the slowly increasing background of 

the energy loss function from the loss function, multiplied 

an appropriate number (350,000) to the resulting loss, and 

then subtracted the adjusted loss function from the optical 

scattering rate. The optical scattering rate obtained through 

the process is displayed in the upper right frame of Fig. 4. 

We can see that the sharp peaks are suppressed 

significantly. We also show the raw optical scattering rates 

and fits in the upper left frame. In the two frames the 

dashed lines are fits to the scattering data with the Shulga 

et al.’s formula [10] using a maximum entropy method 

[12]. The Shulga et al.’s formula, which is an extension of 

the original Allen’s formula [8] for analysis of measured 

data at finite temperatures, can be written as follows: 

 
1

𝜏𝑜𝑝(𝜔,𝑇)
 =  ∫ 𝐼2𝜒(Ω)𝐾(𝜔, Ω; 𝑇)𝑑Ω

∞

0
  

𝐾(𝜔, Ω; 𝑇) =  
𝜋

𝜔
[2𝜔 coth (

Ω

2𝑇
) − (𝜔 + Ω) coth (

𝜔 + Ω

2𝑇
)

+ (𝜔 − Ω) coth (
𝜔 − Ω

2𝑇
)]                  (3) 

 

where 𝐾(𝜔, Ω; 𝑇)  is the kernel for the linear integral 

equation and 𝑇 is the temperature in Kelvin unit. We note 

that the formula can be applicable to data at normal state. 

By solving the integral equation numerically we obtained 

the electron-boson spectral density functions (𝐼2𝜒(𝜔)) 

and showed them for the two (raw and processed) optical 

scattering rates in the lower two frames of Fig. 4. For the 

numerical fitting we used a maximum entropy method [11, 

12]. This method allows us to obtain the most probable 

positive electron-boson spectral density function for the 

measured optical scattering rate. While the processed 

optical scattering rates at low temperatures up to 100 K are 

fitted quite well with the generalized Allen’s model the 

scattering rates at high temperatures above 100 K are not 

fitted well with the model. It seems to be related to LO 

phonons and the subtraction process. But we do not clearly 

figure out yet the reason why we have poor fitting quality 

at high temperatures. 

We also obtained temperature dependent coupling 

constant (𝜆(𝜔)) and peak position (Ω𝑝𝑒𝑎𝑘(𝑇)) from the 

obtained electron-boson spectral density function. The 

coupling constant is defined as λ(𝑇) = ∫
𝐼2𝜒(Ω,𝑇)

Ω
𝑑Ω

𝜔𝑐

0
, 

where 𝜔𝑐 is the cutoff frequency which we use 300 meV 

(≅ 2400 cm−1). The resulting coupling constants for two 

(raw and processed) scattering cases agree quite well each 

other; both show very similar temperature dependencies. 

The temperature dependencies of coupling constant and 

peak position are similar to those in hole-doped cuprates 

[20, 25, 26]. We note that the peak position at our lowest 

temperature is rather high compared with the 

superconducting transition temperature (Tc).  

 

 

4. CONCLUSION 

 

We studied an n-doped cuprate, single crystal 

Pr0.85LaCe0.15CuO4, which is grown by a traveling 

solvent floating zone technique using an optical furnace. 

We took ab-plane reflectance spectra at various 

temperatures using an in-situ metallization technique 

and obtained the optical constants using the 

Kramers-Kronig analysis. The ab-plane optical spectra 

show that they contain the c-axis component especially 

the c-axis LO phonons. We observed that our optical 

conductivity spectra deviate from the simple Drude 

behavior, which means that our material is a correlated 

electron system. We applied an extended Drude model 

to the optical conductivity spectra to get the optical 

self-energy which can carry the correlation information 

among charge carriers in the material. Furthermore we 

used a generalized Allen’s formula (or Shulga et al. 

formula [10]) which is a linear integral equation and 

relates the optical scattering rate (or the imaginary part 

of the optical self-energy) to the electron-boson spectral 

density function. By numerically solving the 

generalized Allen’s formula using a maximum entropy 

method we obtained the electron-boson spectral density 

function (𝐼2𝜒(𝜔))  from the optical scattering rate. 

Eventually we calculated temperature-dependent 

coupling constant (𝜆)  from 𝐼2𝜒(𝜔)  and 

temperature-dependent broad peak (Ω𝑝𝑒𝑎𝑘)  in 𝐼2𝜒(𝜔) 

and showed that they are similar to those of hole-doped 

cuprates. This supports that electron-doped and 

hole-doped cuprates share a common superconducting 

mechanism, which may be related to the 

antiferromagnetic spin fluctuation. But the origin of the 

spin fluctuation is not figure out yet. The electron-boson 

spectral density functions of cuprate systems obtained 

various spectroscopic experimental techniques show 

universal properties [5], which may help to figure out 

the origin of the spin fluctuation. This study supplies a 

piece of evidence that an electron-doped cuprate may fit 

in the overall picture of the superconducting mechanism 

of hole-doped cuprates. However, there is a caveat that 

the peak position at our lowest temperature is rather too 

high compared with the superconducting transition 

temperature (Tc). In general the peak energy is 

proportional to the Tc with a proportionality constant 

around 6.3 [27]. This issue should be investigated 

further in the future.  
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