
F

D
a

M
X
a

b

c

d

a

A
R
R
A
A

K
N
E
D
X

1

R
i
s
c
s
h
A
t
n
t
i
T
b
i
e

d

h
0

Applied Surface Science 421 (2017) 611–616

Contents lists available at ScienceDirect

Applied  Surface  Science

jou rn al h om ep age: www.elsev ier .com/ locate /apsusc

ull  Length  Article

ielectric  functions  of  La-based  cuprate  superconductors  for  visible
nd  near-infrared  wavelengths

inglin  Zhaoa,  Jie  Lian  (Ph.D.) a,∗,  Heshan  Yub, Kui  Jinb,  Liping  Xuc,  Zhigao  Huc,
iulun Yanga,  Shishou  Kangd

School of Information Science and Engineering, Shandong University, Jinan 250100, Shandong, PR China
National Lab for Superconductivity, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, PR China
Key Laboratory of Polar Materials and Devices, Ministry of Education, East China Normal University, Shanghai, 200241, PR China
School of Physics, Shandong University, Jinan 250100, Shandong, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 27 June 2016
eceived in revised form 8 October 2016
ccepted 9 October 2016
vailable online 15 October 2016

a  b  s  t  r  a  c  t

The  highly  c-axis  oriented  La1.9Ce0.1CuO4 (LCCO)  film  was prepared  on  SrTiO3 (STO)  substrate  by  pulsed-
laser  deposition  (PLD).  The  identification  and characterization  of the  LCCO  film was  determined  by  X-
ray  diffraction  (XRD),  atomic  force  microscopy  (AFM),  scanning  electron  microscope  (SEM)  and  X-ray
photoelectron  spectroscopy  (XPS).  Spectroscopic  ellipsometry  (SE)  measurement  was  performed  on  the
LCCO  film  in  0.5–4.13  eV range.  The  complex  pseudodielectric  function  of  the LCCO  film  was  reported
eywords:
-type superconductor
llipsometry
ielectric function
PS

by  Drude  and  Lorentz  oscillators  in  this  work.  Critical  point  analysis  on  third-derivative  spectra  of  the
Lorentz  contributions  was accomplished  to obtain  the  interband  transition  energies.  The  results  indicate
that  the  interband  transitions  are  mainly  related  to  the  copper-oxygen  planes.  The metallic  behavior  of
the pseudodielectric  function,  which  is a common  feature  in all known  electron-doped  superconductors,
can  be  obviously  observed  in the LCCO  film.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The electron-doped cuprate superconductors in the form of
2-xCexCuO4 (R = La, Pr, Nd, Sm and Eu) [1–3], are particularly

nteresting because electrons, rather than holes, in the planes are
uggested to be the charge carriers involved in the high Tc super-
onductivity [4]. The dielectric behavior has been tempting to
uggest the possibility of a common origin of ferroelectricity and
igh Tc supeconductivity in electron-doped superconductors [5,6].
t the same time, it is also a most convenient way  of characterizing

he frequency-dependent optical and electronic properties of the
ormal state of high Tc superconducting materials. The stability of
he T ′-structure depends strongly on the radius of the lanthanide
ons. The larger the lanthanide radii is, the more unstable the
′-structure is. This leads to a boundary for a stable T ′-structure

etween La and Pr [7]. Thus, the T ′-structure LCCO single crystal

s not available as far as we know [8–10]. LCCO exhibits the high-
st transition temperatures (Tc = 30 K) [11], and the widest doping

∗ Corresponding author at: School of Information Science and Engineering, Shan-
ong  University, 27 Shanda Nanlu, 250100 Jinan, Shandong, PR China.

E-mail addresses: lianjie@sdu.edu.cn, opticsdu@163.com (J. Lian).

ttp://dx.doi.org/10.1016/j.apsusc.2016.10.055
169-4332/© 2016 Elsevier B.V. All rights reserved.
range for superconductivity in electron-doped cuprates [12,13].
However, there are few reports about the dielectric function of
LCCO films as a result of the reasons given above. Due to an excellent
lattice match between SrTiO3 (STO) (a = 3.905 Å) and T ′-structure
(a = 4.015 Å for optimally doped LCCO), c-axis optimally-doped
LCCO epitaxial thin film with great quality can be fabricated on
[001]-oriented STO substrate, and we  can obtain a-b plane pseu-
dodielectric function of the LCCO by studying this epitaxial film.

In the present paper, LCCO thin film was  prepared by pulsed
laser deposition on STO substrate. The X-ray diffraction and X-ray
photoelectron spectroscopy were performed to characterize the
microstructure and the valence states involved in the interband
transitions of the LCCO film, respectively. We  measured pseu-
dodielectric function spectra of the LCCO film in the visible and
near-infrared region using high-precision spectroscopic ellipsom-
etry. To enhance interband structures, we  numerically calculated
third derivatives of the Lorentz contribution of these spectra. From
a detailed analysis of the derivative line shapes, we  obtain the pseu-
dodielectric response of the CuO2 planes in the electron-doped

compounds LCCO and discuss the corresponding normal state inter-
band transitions.

dx.doi.org/10.1016/j.apsusc.2016.10.055
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.10.055&domain=pdf
mailto:lianjie@sdu.edu.cn
mailto:opticsdu@163.com
dx.doi.org/10.1016/j.apsusc.2016.10.055


612 M. Zhao et al. / Applied Surface Sc

F

2

t
L
c
s
n
t
p
p
e

c
w
c
S
d
S
w
s
I
s
a
u
b
a
y
s
a

similar to that of NCCO, which is the best studied electron-doped

F
(

ig. 1. X-ray �-2 �-scan of the optimal doped LCCO film at room temperature.

. Experimental

The stoichiometric target is achieved through a conven-
ional solid state reaction process with the atomic ratio of
a:Ce:Cu:O = 1.9:0.1:1:4. The c-axis oriented film of electron-doped
uprates was deposited on the STO substrate by a pulsed laser depo-
ition system. The grown film is about 1000 Å and controlled by the
umber of laser pulses. The background atmosphere before deposi-
ion is between 10−5 and 10−6 Torr, and we optimized the annealing
rocess to achieve high transition temperature. The details of the
reparation of the thin film are similar to the case of LCCO described
lsewhere [13,14].

The phase and crystallinity of the LCCO thin films was
haracterized by X-ray diffraction (D8 Advance, Bruker AXS)
ith Cu-K� = 1.54184 Å radiation. The surface morphology was

haracterized by atomic force microscope (NaioAFM, Nanosurf,
witzerland). The electron microscopic investigation was  con-
ucted by a 5 kV scanning electron microscope (SEM), Hitachi-
4800 FESEM, equipped with a cold field emission system and
ith an EDX unit (EMAX). X-ray photoelectron spectroscopy (XPS)

tudies were conducted with an ESCALAB 250 instrument (VG
nstrument Group Ltd., UK) with a monochromatic Al-K Alpha
ource (1253.6 eV). The ellipsometric measurement was carried out
t room temperature in the photon energy range of 0.5–4.13 eV
sing ultraviolet–near infrared spectroscopic ellipsometry (V-VASE
y J. A. Woollam, Inc.). The measurements were performed at the
ngles of incidence of 75◦ and 70◦ for the LCCO thin film. In the anal-

sis, optical modelling was performed using the software WINELLI
upplied by SOPRA GES5 SE. The combination of a Drude model and

 set of Lorentz oscillators are used to fit our data.

ig. 2. Scanning electron microphotographs of the LCCO film. (a) Survey of the morphol
Cu2O or CuO) on the film surface.
ience 421 (2017) 611–616

3. Results and discussion

3.1. XRD analyses of the LCCO

The XRD pattern of LCCO film for x = 0.1 is shown in Fig. 1.
From the XRD data, we clearly identify the typical expected [001]-
oriented T ′-structure as the main phase. Additional small peaks
located before the T ′-structure peaks are attributed to slightly
residual T-structure. The superconductivity in LCCO samples is
present in T ′-structure, which can be obtained by proper annealing
treatments to remove the apical oxygen ions in a CuO6 octahedron
of T-structure.

3.2. SEM analyses of the LCCO

The surface morphology of the LCCO film is obtained by scanning
electron microscope. The high-quality and uniform surface with a
small quantity of voids and particles are clearly present in Fig. 2(a).
In the larger magnification SEM image Fig. 2(b), we  can observe the
uniformly distributed nano size grains with clear boundaries. The
grains are highly elongated along the grown direction (perpendic-
ular to the surface). This indicates that the LCCO film is single phase
and has good crystallinity. The bright island observed in Fig. 2(c) is
due to CuOx (Cu2O or CuO) particle. As reported by Kim and Gaskell
[15], LCCO is unstable toward decomposition and produces Cu2O
during the annealing process.

3.3. XPS analyses of the LCCO

The La 3d state of LCCO is presented in Fig. 3. Due to the spin-
orbit interaction, La 3d state splits into two  peaks 3d3/2 and 3d5/2
at about 849.4 eV and 832.57 eV, respectively. Each spin-orbit split
component has a complex double-peak structure typical of La3+

compounds [16]. The splitting energy is about 16.8 eV, which is the
same of La2O3, and suggests that La ions are in an oxide environ-
ment in the LCCO film. Next, the XPS spectra of Ce dopant in the
T ′-structure LCCO is shown in Fig. 4. Because of the low Ce concen-
tration (about 1.43 at.%), the resolution of the spectra is poor with a
rather high background and rather complex to discuss. Fortunately,
as suggested by Tsukada [17,18], we know that the valence of Ce
is close to Ce4+ in T ′-structure LCCO. In Fig. 5, the valence-band
XPS spectra of LCCO is compared with those of Nd1.85Ce0.15CuO4
(NCCO) [19], Cu2O and CuO [20]. The Cu 2p spectra of LCCO contain
both the features of Cu2O and CuO. This suggests that the average
valence state of Cu ion should be smaller than +2, which means a
mixed valence of Cu+ and Cu2+. The Cu 2p spectra of LCCO is very
cuprate superconductor. Since the interband transitions involving
electronic states in the Cu-O planes, we can suppose that the two
dielectric function curves should have many similar characteristics.

ogy of the LCCO film. (b) Crystalline grains of the LCCO film. (c) Impurity particles
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Fig. 3. La3d core level XPS spe

Fig. 4. Ce3d core level XPS spectra of LCCO thin film.

F
L
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t

ig. 5. Cu3d core level XPS spectra of compounds. (a) NCCO data from Ref. 19, (b)
CCO, (c) Cu2O data from Ref. [20], (d) CuO data from Ref. [20].
.4. SE analyses of the LCCO

As a sensitive and nondestructive optical method, SE based on
he reflectance configuration is easily acceptable for the determina-
ctra of LCCO thin film.

tion of dielectric functions [21]. The general relationship between
incident and reflected light beams is given by [22]:(
Erp

Ers

)
=
(
Rpp Rps

Rsp Rss

)(
Eip

Eis

)
(1)

The nondiagonal elements of the reflection matrix lead to a mix-
ing of s and p polarizations. These elements vanish (Rsp = Rps = 0)
in isotropic media and uniaxial media with its optic axis perpen-
dicular to the surface. For the LCCO system (and all other high-Tc

cuprates), the optical anisotropy exists in the dielectric tensor com-
ponents representing the c-axis and a-b plane direction [23,24].
Meanwhile, for epitaxial thin films, it is rather difficult to inde-
pendently obtain the c-axis component and ab-axis component by
ellipsometric measurement. Fortunately, in the present case, our
samples are oriented with the optical axis perpendicular to the
surface. The pseudodielectric function contains all the spectral fea-
tures of a-b planes and the influence of the c-axis is small [25]. The
pseudodielectric function follows the equation:

〈ε〉 = 〈εr〉 + i〈εi〉 = sin2�i

[
1 + tan2 �i

(
1 − �

1 + �

)2
]

(2)

Where �i is the angle of incidence of light and � = tan � exp (i�)
[26].

Fig. 6 shows the experimental and simulated ellipsometric data
(tan � andcos �)  for LCCO at the incidence angles of 70◦ and 75◦.
In this work, the pseudodielectric function is derived from a four-
layer model (air/surface roughness/LCCO film/STO substrate). The
surface roughness layer was modeled by Bruggeman effective-
medium approximation (EMA) with a mixture of the material (50%)
and voids (50%). The best fit for the pseudodielelctric function of the
LCCO film was  achieved using one Drude oscillator [27] and four
Lorentz oscillators [27]. The Drude-Lorentz (DL) dispersion model
is given by:

Drude : εr = P − D2 ∗ �2/
(

1 + (� ∗ E)2) (3)

εi = E ∗ D2 ∗ �3/
(

1 + (� ∗ E)2) (4)

( ) [( )2
]

Lorentz : εr = A ∗ �2 ∗ �2 − L2
0 / �2 − L2

0 + 	2 ∗ �2 (5)

εi = A ∗ �3 ∗ 	/
[(
�2 − L2

0

)2 + 	2 ∗ �2
]

(6)
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Fig. 6. Ellipsometric experimental datas (lines) and simulated datas (dots) of the La2-xCexCuO4 (x = 0.1) film at two  incidence angles 70◦ and 75◦ .

Table 1
The best fitting DL parameters for the LCCO film at room temperature.

Lorentz A L0(um) ↔ (eV) 	 (um)

Peak 1 6.7212 1.3187 ↔ 0.94 2.5057
Peak 2 0.2299 0.6672 ↔ 1.86 0.2153
Peak 3 0.0901 0.4334 ↔ 2.86 0.1162
Peak 4 1.4471 0.2616 ↔ 4.74 0.0814

t
o
w
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w
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t
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fi
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o
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t

r
e

Drude P D (um−1) E → 1/tau (um−1)

2.8163 1.9019 0.2947

For Drude oscillator, P is the polarization, D is the inverse of
he plasma wavelength and E is the mean free path. For Lorentz
scillator, A is the intensity, L0 the central wavelength and 	 is the
idth of the peak. The goodness of the optical model is defined via

he unbiased estimator that is the error function (MSE) [28]:

MSE  = 1
2n − m − 1

n∑
i=1

[(
tan  ical − tan  iexp

)2 +
(

cos �ical − cos �iexp

)2
]

(7)

here n is the number of measured   and � pairs included in the
t, m is the number of fit parameters and finally, cal and exp refer
o theoretically calculated data and experimentally measured data
espectively. The thickness of the LCCO film is 82.8 ± 2.3 nm.  The
hickness of the roughness layer can be fitted to about 2.658 nm
rom ellipsometric measurement, which agrees well with the data
f the surface morphology by AFM (Ra = 2.42 nm). Based on the best
tting result, the best fitting parameters of Drude-Lorentz model
re listed in Table 1. The fitting results of the pseudodielectric func-
ion 〈ε〉 are plotted with solid lines in Fig. 7, dashed lines represent
nly the Drude component. The pseudodielectric function of the
CCO exhibits a typical metallic behavior at energies below 2 eV, in
his case, this phenomenon is clearly dominated by the free carriers
aused by doping. The features at higher energy range are related

o the interband transitions.

The third derivative of the pseudodielectric function with
espect to photon energy enhances structures in the spectra, thus
nabling more accurate lineshape analysis. To obtain the precise
Fig. 7. Complex pseudodielectric function (dot-line) of the LCCO film. Drude com-
ponent of the pseudodielectric function (dotted line).

energies of the transitions, we  subtract the fitted Drude contribu-
tion and numerically calculate the third derivative of the Lorentz
contribution multiplied by the square of the photon energy E. The
original 100-point spectra were made an interpolation to get fixed
energy steps and expanded to 250 points. The spectra was  then
differentiated using a three-point third derivative routine with
coefficients tabulated by Savitzky and Golay [29]. This routine was
found to give adequately faithful but smooth derivatives for the
sample. The resulting spectra can be fitted via [30]

d3

dE3

(
E2ε̄
)

=
4∑
j=1

exp
(
i
j
) Cj(
E + i · �j − Eg,j

)n/2
(8)

Where 
j , Cj , �j and Eg,j represent the phase angle, the magnitude,
the broadening energy and the transition energy of the j-th critical

point, respectively. With n = 6 corresponding to a two dimensional
critical point, we  obtain excellent agreement with the experimental
data, the parameters of the third derivative are listed in Table 2.
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Fig. 8. Third derivative of the Lorentz contribution of pseudie

Table 2
The parameters of the third derivative of the Lorentz contribution of the pseudodi-
electric function.

C Eg (eV) � (eV) 
 (deg)

Peak 1 0.0256 0.9475 0.7528 127.3604
Peak 2 8.2493E-3 1.8348 0.1798 114.1623

l
a
p
r
t
b
s
T
c
a
(
a
T
i
a
o
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s
t
i
t
fi
a
s
[

4

t
c
m
a

[

[

[
of  electron-doped La Ce CuO thin films with various Ce doping by dc
Peak 3 9.1821E-3 2.8438 0.2416 121.4684
Peak 4 0.1333 4.4672 0.4294 59.0132

The third derivative spectra reveal a three-peak structures
abeled as Pi (i = 1, 2 and 3) in Fig. 8. The transition P1 placed at
round 0.95 eV is nearly vanished, and we attribute this broad
eak to indirect excitations via inelastic scattering of the free car-
iers [31]. The transition P2 near 1.83 eV is attributed to the charge
ransfer gap that occurs between the occupied Zhang-Rice singlet
and (O 2p states) and the empty upper Hubbard band (Cu 3dx2-y2

tates), which takes place in undoped La2CuO4 at about 2 eV [32].
he P3 located around 2.84 eV is observed in many copper oxide
ompounds such as YBa2Cu3O7-x and SmBa2Cu3O7-x, and is prob-
bly related to transitions from the top of the nonbonding states
centered at 2.5 eV below EF and ending at 0.6 eV below EF) to the
ntibonding maximum with a maximum near 2 eV above EF [33].
he weak shoulder located at about 2.35 eV is labeled as P*, although
t is not involved in the peak fitting. Similar to NCCO, this peak is
scribed to the transition between O 2p states and the upper edge
f the Cu 3d states, according to Alonso’s work [34]. Except for the
bove mentioned features, Table 1 and Table 2 show that there
hould still exist a peak feature located at about 4 ∼ 5 eV. Due to
he fact that our maximum energy limit is 4.13 eV, we can’t obtain
ts precise value and there is a relatively large difference between
he values of this peak obtained by two methods, but we could con-
rm its existence through the analysis of the ellipsometric spectra
nd the third derivative. This higher transition is ascribed to a tran-
ition from occupied O 2p states to an empty Cu state such as Cu 4s
35].

. Conclusion

In summary, the single phase La1.9Ce0.1CuO4 superconducting

hin film was  grown on STO substrate by PLD. Composition and
hemical state of element are analyzed by XPS. The quality and the
icrostructure are determined by XRD and SEM. By applying an

ppropriate approach, we have determined the pseudodielectric

[

lectric function. Experimental (dots), Simulated(lines).

function of LCCO film at room temperature by SE in the spectral
range from 0.5-4.13 eV. Except for the Drude-like metallic response,
our results give and enlighten the interband transitions located at
around 0.95 eV, 1.83 eV, 2.35 eV, 2.84 eV and 4 ∼ 5 eV. The results
show that the behavior of electronic structure of LCCO in the normal
state is similar to that of the electron doped cuprates as well as the
hole doped cuprates.
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