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CajpAlj4033 (C12A7) and Y 02Cay1.98Al14033 (Y-C12A7) single crystals were grown by using the traveling-solvent
floating zone (TSFZ) method. The temperature was increased to avoid the bubbles and cracks which may be formed during
the preparation of the ingot material. We have started with the flux higher than the normal to avoid the bubbles and make
good treatment for the solid-liquid interface. The structures of both CapAlj4033 (C12A7) and Yg 02Cai1.98Al14033 (Y-
C12A7) were studied by using x-ray diffraction (XRD). Optical properties for C12A7 and Y-C12A7 single crystals have
been studied in order to determine the optical parameters such as optical energy gap (Ey), refractive index n, oscillating
energy (E,), dispersion energy (Eq), volume energy loss function (VELF), and surface energy loss function (SELF). Finally,
a new result for these samples is that the third-order nonlinear optical susceptibility ( x(3)) was determined. The results have
been discussed with effect of Y-doping on the C12A7 single crystals for optical and industrial applications.

Keywords: syntheses CajpAl14033 (C12A7) single crystals, Y-doping, optical parameters, dielectric results,

nonlinear optical susceptibility
PACS: 81.05.—t

1. Introduction

Because of their importance in electronics applications
and their common use in modern technology,?! calcium
aluminates have been widely and successfully used for the
construction! of luminescent materials.!** Calcium alumi-
nates glasses have attracted attention of the scientists because

[7] such as optical and mechani-

of their unique properties,
cal properties.!®°! Due to their properties, these materials are
widely used in many electronics and bone applications.!'%!!]
There are many methods for preparing CajpAlj4O33 crys-
tals (C12A7) including the solvent floating zone method
(SFZM)['?! that gives high quality single crystals, self-
propagating combustion method, solid state reaction,'? citric
acid and the sol-gel combustion method.'*! More CaA;407
single crystals were synthesized by the citric acid precursor
method.!">! The crystal structure of Ca;,Al4033 (C12A7) is
cubic (a, = 11.982 A,[1%1 and C12A7 is known as an oxy-
gen ionic conductor).!!”! Many authors found that C12A7 has
only one crystal structure, which has four positive charges
with O, anions.['8-21 C12A7 crystals have body-centered cu-
bic structure.?:221 Moreover, the defect structure of C12A7

[23-25] to describe the chemical defects.

was studied

The physical properties of C12A7 have been studied
widely such as the electric properties,!?®! thermodynamic!?7!
and optical properties.[?8 The influence of doping of Er-ion on

both of structure and Raman absorption spectra for 12Ca7Al
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powders have been studied, *°! and it was noticed that, the op-
tical properties depend on the phase transformation of the Ca—
Al-O system. %l The effect of Eu-dopant on the blue emission
of 12Ca0-7Al,0; thin films was reported!!! that Eu films ex-
hibit blue emission peak at 444 nm, while it was found that
CaAl,O4 doped with Er’t exhibits emission band at 523 nm
and 547 nm,?! and also Eu?" ion affects on the absorption
spectra for CajAljg-6Si3-403,Cls 4.133] Moreover, Eu effects
the optical emission spectra for CaAl,O4 samples.**! The ef-
fect of temperature on the physical properties of CaAl4O7
doped with Eu?* was studied >3- and found the sample with
photoluminescence spectrum from 340 nm to 420 nm">>! also
had emitted green and red up-conversion emissions.*®! While
the effect of doping with Nd3* /Yb3* in co-doped CajpAl1403
on both of down conversion (DC) and up conversion (UC) pro-
cesses have been investigated,*”) and the influence of doped
with Mn** jon on the luminescent properties of CaAl;O7

38,39 [40] was studied.

powder®®3% and fluorescence properties

In this paper, single crystals of CajpAlj4033 (C12A7) and
Yo0.020Caj1.98A114033 (Y-C12A7) have been generated by us-
ing the traveling-solvent floating zone method (TSFZ). XRD
is used to characterize the single crystals. Optical measure-
ments such as transmission (7") and reflection (R) have been
carried out for C12A7 and Y-doped C12A7 single crystals to
calculate the optical parameters such as optical energy gap, n,

E,, Eq, VELF, and SELF. Moreover, the third-order nonlinear

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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optical susceptibility (x(®)) has been estimated.

2. Experimental work
2.1. Ingot material preparation

C12A7 polycrystalline samples were carefully fabricated
to avoid extrinsic (impurity) effects by using high-purity
chemicals CaCO3 (99.995% Aldrich) and Al,O3 (99.99%
Aldrich). Powders of CaCOj3, Al,O3 and Y,03 were mixed
for preparations of stoichiometric Caj»Alj4033 (C12A7) and
Y0.02Caj1.98Al14033 (Y-C12A7) polycrystalline. The mixed
powder was ground well and heated up to 1100 °C with oxy-
gen flow for 24 hours. The powders was ground again and
put into a rubber tubes, then pressed under a hydrostatic pres-
sure of 300 MPa to form a rod shape. The pressed rods were
sintered at 1250 °C in oxygen flow for 12 hours.

2.2. The traveling floating zone melting technique

The sintered polycrystalline rods were used as feed and
seed for single crystals. The conditions of the typical growth
run were as follows: The growth rate was 0.3 mm/h—
0.4 mm/h, and the polycrystalline rod and growing crystal rod
were rotated at 25 rpm and 20 rpm in direction opposite to
each other, respectively. It was also found that the bubbles
and cracks were decreased with high temperature for the crys-
tal. The surfaces for these single crystals were investigated to
avoid the effects of grain boundaries and surfaces. The poly-
crystalline and single-crystal samples were heated at 1300 °C
for 2 h in presence of mixing gas of 20% H,/80% N, and fi-
nally these crystals were rapidly cooled to room temperature.
The crystal structure analysis was carried out by using x-ray
diffraction of type (XRD; Rigaku, D/MAXRc) with Cu K¢ ra-

diation at a wavelength of 1.54 A. The optical measurements
such as transmission and reflection spectra of the single crys-
tals samples were measured by using UV/VIS double-beam
spectrophotometer of type (Cary 5E).

3. Results and discussion
3.1. Structure

XRD results of C12A7 and Y-C12A7 single crystals are
shown in Fig. 1. It was found that the doping affected on both
the peaks intensity and a full width at half maximum (FWHM)
of these studied samples.

The crystallite size Cs of these crystals has been calcu-
lated as!4!!

0.9

5= Beosd’ ey

while the dislocation density p, which refers to the number of
defects in the crystal, is determined by4?]

1
=—. 2
p e @
The lattice strain L, was calculated by using!*3]
cos @
Ly= ﬁT (3)
The number of crystallites per unit area N of the studied crys-
tals was determined as[*4!
d
N=— 4
3 “

where d is the crystal thickness. The calculated values for
these crystals studied here are shown in Table 1.

Table 1. The structure determined values such as f3, Cs, p, N and L.

Y-Cal2A7 single crystals

CI12A7 single crystals

Ly N(@em™2)  p(linefem?) Cs(nm) B (FWHM) Ly N (cm™2) p (linefem?®)  Cg (nm) B (FWHM) e]
090 6.70x10'®  2.00x 105 045.00 00.06 02.40  3.20x10' 5.20 % 108 044.00 0.060 11.56
0.02 1.80x 10  3.00x10% 170.00 00.03 02.80  3.20x10"3 3.10 x 108 120.00 0.030 14.14
0.64 3.70x10'® 6.70 x 1013 081.00 00.03 00.68  5.70 x 10" 2.40 x 108 072.00 0.028 18.08
131 440x10'%  4.70x 10 068.00 00.02 00.25  9.30x 10 2.50 x 108 069.00 0.023 21.58
0.33  2.00x10'8 2.40 x 1010 154.00 00.01 00.48  8.10x10"3 9.30 x 107 100.00 0.020 25.9
0.10  8.00x 10V 1.43 x 10Y7 378.00 00.02 03.40  5.50 x 10'2 8.20 x 107 346.00 0.024 30.02
0.04 330x107  8.20x107 906.00 00.03 1410  4.00x 10" 1.10 x 108 906.00 0.030 33.04
0.16 1.20x10'8 6.50 x 1010 254.00 00.01 00.71  1.80x10"3 1.80 x 107 236.00 0.014 33.44
0.16 1.20x10'® 6.10 x 1010 246.00 00.01 00.79  2.00 x 1013 2.90 x 107 200.00 0.016 35.66
024 1.70x10'8 3.20 x 1016 178.00 00.02 00.58  5.30x 10"3 3.80 x 107 178.00 0.015 41.84
0.66 2.60x10'8 1.40 x 1016 117.00 00.01 0020  1.90 x 10 8.10 x 107 109.00 0.015 47.61
0.55  3.10x10'®  9.10x 10" 095.00 00.02 00.50  3.40 x 10 1.10 x 108 95.00 0.021 49.50
0.14 1.20x10'® 6.80 x 1010 260.00 00.02 02.60  1.70 x 1013 1.40 x 107 250.00 0.025 55.20
1.10  2.20x10'8 1.83 x 1016 135.00 00.01 00.10  1.20x 10 6.50 x 107 125.00 0.012 56.30
220 3.30x10'® 8.45x 101 092.00 00.02 00.01  3.70 x 10 1.50 x 108 082.00 0.018 56.40
026 1.70x10'8 3.10 x 1016 177.00 00.01 0040  5.40x 10'3 3.20 x 107 177.00 0.013 57.40
0.19  1.30x10'®  540x10% 233.00 00.01 044  2.40x 10" 2.10 x 107 215.00 0.012 57.50
467 8.10x10'® 1.40 x 1013 037.00 00.04 0.21 5.60 x 1013 7.30 x 108 037.00 0.040 59.48
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Fig. 1. XRD analysis for C12A7 (a) and Y-Cal2A7 (b) single crystals.

3.2. Optical results

Both of T and R spectra for these investigated samples
are shown in Figs. 2(a) and 2(b). From Fig. 2(a) it was noticed
that these samples had the same behavior for 7, but Y-Cal2A7
sample has a higher values of T’ than Ca;;Al;4033 sample, and
on the other hand the behavior of R for these crystals are com-
pletely different from each other as shown in Fig. 3(b). While
Y-Cal2A7 had a lower value of R than Cal2A7, and this could
be attributed that the yttrium (Y) is an element and has a dark-
gray color, which increases the probability of absorption and
decreases both of T and R.
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Fig. 2. The optical properties of C12A7 and Y-Cal2A7 single crystals: (a)
the transmittance T, (b) the reflectance R, (c) the absorption coefficient o
dependence on the photon energy and (d) the relation between (a - 4v)? and
photon energy Av.

The optical energy gap (E,) is determined from the ab-

sorption curves as!*!

o =A(hv —Ey)", 5)
where A is a constant and « is the absorption coefficient deter-
mined as[40]

o (;)m (“‘TR)Z) (©)

The dependence of & on the photon energy Av for these crys-
tals studied is shown in Fig. 2(d). Direct energy gap Eggirc Was

determined by the extrapolation of the linear part of the curves
as shown in Fig. 2(d). It was found that the Eyqirc for C12A7
was 3.00 eV, while for Y-Cal2A7 was 3.80 eV, and this could
be attributed to that the electron mobility for C12A7 is higher
than the electron mobility of Y-Cal2A7 crystals, and these
electrons mobility affect on the conductivity of these studied
samples, which finally decrease the Eggjrc.
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Fig. 3. (a) The relation between k and hv, (b) the dependence of n on A, (c)
the relation between n and A and (d) the dependence of v and (n? — )1
for C12A7and Y-Cal2A7 single crystals.

The extinction coefficient £ for all films was calculated
from the relation

oA
k=——. 7

4 @

The relation between k of these crystals with 4v is shown
in Fig. 3(a). As we can see, doping with Y increases the val-
ues of k due to the leakage current that resulted from the rare
earth element. The refractive index n for these crystals was
calculated as!*7]

oo UHVR) ®

(1-VR)
Figure 3(b) shows the dependence of n on the wavelength A
for these crystals. From Fig. 3(b), it is clear that, the C12A7
crystals had a higher value of n than Y-Cal2A7crystals. The
concept of the single oscillator phenomena of these crys-
tals were studied from the dispersion of n for C12A7 and
Y-Cal2A7 single crystals, which can be expressed by the
Wemple-DiDomenico relationship(48]
E.Eq4

l=—— ©))

2
E)- .
m(E) EI—E?

The values of E, and E4 for all samples are shown in Table 2.
Based on the model parameters E, and Eq4, the M_; and M_3

moments were determined by using!*’!
E}=M_y/M_, (10)
EI=M>3/M_;. an

018103-3
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Table 2 shows the values of the M_; and M_; for C12A7 and
Y-Cal2A7 single crystals. The oscillator strength f was cal-

culated as®¥!

f=EoEq. (12)
The value of f increases with doping. The relation between
n* and A? for the studied thin films is shown in Fig. 3(c). The
behavior of the ratio of (n> — 1)~ with ~v was determined

optically as follow: !

2N

2
— . 13
4mcte m* ) (13)

n2 — k2 =&, — <
The ratios of free carrier concentration and effective mass
N/m* for these crystals were calculated as shown in Table 2.
From this table, it is clear that the doping affects N/m*. The
value of g, for these thin films was determined from Fig. 3(d),
as the intercept with y-axis®?! as shown in Table 2.

Table 2. The influence of doping on Ey, E,, €., N/m*, M_y, M_3 and f.

Crystal type E, (eV) Eq (eV) M_y M_3 f (eV)? N/m* (gm’] .cm™3) e
CajAl14033 8.00 15.00 11.00 4.00 120.00 1.40 x 10% 12.80
Yo0.02Caj1.98A114033 (Y-C12A7) 8.50 18.00 12.00 3.00 153.00 7.20 x 10*8 11.40

In addition, more important parameters such as dielec-
tric loss € and dielectric tangent loss €” were determined
optically[>3]

g = n?+i?),
e — [(nz Jrkz)z _ (nz 7k2)0.5] )

(14)
5)

Figures 4(a) and 4(b) show both of & and &” for these
crystals. From Fig. 4(a), it is clear that the behavior of both
of & and &” with hv for these samples is completely inverse,
and it was also found that &’ and €” for Cal2A7 single crys-
tals are increasing with iv, while the values of €’ and €” for a
Y-Cal2A7 single crystals slightly decrease with /v, as a result
of change of electron mobilities.

Both VELF and SELF for these films were determined
[54]
as

8//

el + e’
e’
(8/+ 1)2 +8//2 :

VELF = (16)

SELF = a7
The relation between VELF/SELF for these crystals is shown
in Fig. 4(c). From Fig. 4(c), the values of VELF/SELF for
CajyAl14033 single crystals decrease with Av, while the val-
ues of VELF/SELF for Y 02Caj.98Al14033 single crystals in-
crease with hv.

As a result of its optical application in electronic devices,
another important parameter has been determined optically for
these crystal, that is the degree of nonlinearity. The third-order
nonlinear optical susceptibility x*) depends mainly on 4V and
both of E, and Eg, and is determined as[>!

Eo-Eq

4
4n(E, — hv)Z] ’ (1%)

=4 {
where A = 1.7 x 107! e.s.u.1%] The relation between y©)
and hv is shown in Fig. 4(d). From Fig. 4(d), it was noticed
that both of the crystals had the same behavior with 1(3), but

the values of ¥ () for Y-Cal2A7 single crystals is higher than
Cal2A7 single crystals, as a result of the electron mobitities
which allow to increase the ability to absorb incident light
beams.

300

v
. (a) ~ 200 o
L K (b)
2 2 150
2 5
g )
E 8 100
2 2
£ £ 50
. E
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) 2
0 3 ER a 0 3 3 7y
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| == 0.002
S 52
> 0.01 2 g 0.001
<7
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2 3 4 ﬁ 1 2 3 4 5

Photon energy (hv) (eV) Photon energy (hv) (eV)

Fig. 4. The influence of hv on (a) dielectric loss €', (b) dielectric tangent
loss €”, (c) the VELF/SELF and (d) ¥ for C12A7 and Y-Cal2A7 single
crystals.

4. Conclusion

The high quality CajpAl4033 (C12A7) and
Yo0.02Cay1.98A114033 (Y-C12A7) single crystals were prepared
by using the TSFZ method. The doping was achieved for this
crystal by using Y-element. The doing affected on the struc-
ture parameters such as number of defects, lattice strain and
number of crystallites, and the doping played an important rule
for changing the measured optical parameters such as 7 and
R. The Egq;; increases with doping because of the changing of
the electron mobility and conductivity. Another optical result
such as E,,Eq and f have been affected by doping. N/m*
decreased on order of magnitude because of the increasing of
the electrons number, and on the other hand the doping pro-
cess had affected strongly on the dielectric results, where the
behavior for the dielectric loss and dielectric tangent loss had

018103-4
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completely inverted for these crystals. While the value of ()

had increased by doping. Finally, our results confirmed the

doping of Y-ion in C12A7 can be good candidate for optical

applications.
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