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The symmetry of the surfaces of SrTiO3 and slightly Nb-doped SrTiO3 crystals was investigated by the optical reflected second 
harmonic generation technique. The good agreement between experimental and theoretical results of the second harmonic in-
tensity dependence on the azimuth angle indicates that the SrTiO3 (001) surface is with 4mm symmetry and the Nb-doped 
SrTiO3 (111) surface with 3m symmetry. The measurements of the polarization dependent second harmonic intensity confirm 
that conclusion. The enhancement of the surface polarization in the structure of SrTiO3 capped La0.9Sr0.1MnO3 films compared 
with that in the La0.9Sr0.1MnO3 films has been obtained. 
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1  Introduction 

The surface and interface science of perovskite oxides is a 
relatively young field that attracts extensive interest due to 
their rich physical properties [1–3]. Strontium titanate, 
SrTiO3 (STO), is a model material of a wide class of the 
transition metal oxides with the perovskite structure, and is 
also a typical substrate material for the epitaxial growth of 
tremendous perovskite oxide thin films and heterostructures 
[4]. Particularly, in recent years STO has received consid-
erable attention especially after the discovery of the two- 
dimensional electron gas at the interface between the two 
typical insulators, i.e., LaAlO3 and STO [5]. On the other 
hand, it is important to understand the fundamental surface 
properties of the STO because similar considerations could 
be applied to other materials with similar structure [6]. The 
optical second harmonic generation (SHG) has emerged as a 

powerful experimental technique in recent decades to study 
the structural symmetry and electronic structure of materials 
due to the advantages of no requirement of the ultrahigh 
vacuum atmosphere and of high sensitivity to the surface 
and the interface [7–9]. Many interesting and significant 
properties, such as molecular adsorption, surface electric 
states, and magnetic domain structure, have been probed by 
this method [7,10–12]. Furthermore, the properties of many 
kinds of thin films epitaxially grown on the STO substrates 
have been studied by SHG method, such as the magnetic 
dead layer at the interface of La0.6Sr0.4MnO3/STO [13] and 
the polar catastrophe [14] and the spatial inhomogeneity  
[15] at the LaAlO3/STO interface. And some properties of 
the STO crystal also have been investigated using this 
method, such as the stress-induced ferroelectric [16] and 
near surface structure phase transition [17,18]. However, a 
systematical study on the second harmonic (SH) response 
from the STO surface has not been reported, which is im-
portant to understand the SH response of the various films, 
especially ultrathin films, grown on STO substrate. In addi-
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tion, the perovskite manganites, which exhibits colossal 
magnetoresistance, have been widely researched due to their 
fascinating properties especially the unexpected phenomena 
coming from the surface and the interface of different het-
erostructures [19–22]. In this work, we have systematically 
investigated the second harmonic response of the STO sur-
faces and analyzed the surface symmetry of the (001)-  
oriented STO and (111)-oriented slightly Nb-doped STO 
crystals using SHG technique. The dependence of the se-
cond harmonic response on the sample’s azimuthal angle 
and the polarization of the incident light have also been in-
vestigated. On the basis of the theoretical analysis, the con-
clusion is given that the surface symmetry of the STO (001) 
crystal is 4mm, and the surface of the Nb-doped (111) STO 
crystal possesses 3m symmetry. Furthermore, by modulat-
ing the surface of La0.9Sr0.1MnO3 film with a capped STO 
layer, an enhancement of the surface polarization is exactly 
observed compared to that of bare La0.9Sr0.1MnO3 film. 

2  Experiments 

Reflected SHG measurement has been adopted to probe the 
surface structure of STO crystal, and the experimental sche- 
matic of the reflected SHG setup is shown in Figure 1(a). A 
mode-lock femtosecond (fs) Ti:Sapphire oscillator (Tsuna-
mi 3941-X1BB, Spectra Physics) was employed to provide 
~80 fs pulses at  = 800 nm with the pulse repetition rate of 
82 MHz. The fundamental light beam was focused onto the 
surface of sample with an incident angle of 45. The second 
harmonic photons selected by the monochrometer on the 
reflected direction were detected and amplified by a photo-
multiplier tube and a preamplifier, respectively, and finally 
counted by a single-photon counter. A shortpass filter as-
signed in the reflection direction could filter the fundamen-
tal light (~800 nm) mixed with the SH radiation (~400 nm), 
while a longpass filter was used in the incident optical path 
to ensure that only the fundamental light could arrive to the 
sample’s surface. A half-wave plate and a Glen-Taylor 
prism were used to select the fundamental and the SH 
light’s polarization, respectively. The sample could be ro-
tated along the normal direction of the sample’s surface. 

3  Physical models 

As a second-order process, the SHG response is highly sen-
sitive to the symmetry of the considered samples [23]. In 
general, considering the electric-dipole approximation, the 
bulk contribution of SHG would vanish in the medium with 
centrosymmetry. Therefore, the SH signals reflected by the 
surface of the materials only originate from the surface 
and/or interface where the broken inversion symmetry oc-
curs [13,14,24]. For STO crystal, it has a cubic crystal struc- 
ture with 3Pm m  space group including the inversion sym- 

metry. The second-order response 2 ( )  always disappears 

in the bulk of the STO crystal, and then the SHG response 
only comes from the contribution of the surface. 

The coordinate axes, the polarization geometry, and the 
definition of the azimuthal angle are shown in Figures 1(b) 
and 1(c), respectively. The intensity of SH radiation I(2) 
from the surface in the reflected geometry is [7,12] 

 
2 2(2) 2

03 2
0

2(2 ) ( ).
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 
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In eq. (1),  and I0() are the frequency and the intensity of 
the fundamental light, respectively. 0 and c are the permit-
tivity and the speed of light in the vacuum, respectively.  is 
the incident angle of the fundamental light. The effective 
surface second-order nonlinear susceptibility (2)eff  is de-

fined as [25]: 
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where (2)surf  is the surface macroscopic second-order sus-

ceptibility tensor which has 3×3×3=27 elements. ˆ( )e  and 

ˆ(2 )e  are the unit vectors of the electric field at  and 2 

in air, respectively. ( )

L  and (2 )


L  are the transmis-

sion Fresnel tensors at  and 2, respectively. ( )

L  has 

only three nonvanishing diagonal elements, i.e., Lxx(), 
Lyy(), and Lzz() [25]. For a given experimental system, 

the components of ( )

L  are explicit and computable in 

mathematic expression, and (2 )

L  as well. 

It is obvious that (2)eff  contains all the information about 

the SHG measurements. And it can be rewritten as:  
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(2 )


surfP  is the 2nd-order surface dipole polarization den-

sity, and E0 is the amplitude of the electric field of the inci-
dent light in air. 

Supposing  is the polarization angle of the incident 
fundamental light, then we have 

 ˆ( ) (sin , cos cos ,cos sin ).     e  (4) 

So if the material is specific, (2)surf  is explicit, and 

(2 )


surfP  can be written in details. 

Since slightly Nb-doped STO has the similar crystal 
structure with the STO crystal [26] except for strongly ab-
sorbing the fundamental and the second harmonic light, a 
Nb-doped (0.8 wt. %) STO (111) (SNTO) crystal was used 
to obtain the surface contribution signal in the SHG meas-
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urement. The single crystals are one-side polished, and the 
roughness is less than 5 angstroms. Before probed, the 
crystals had been cleaned carefully by the ultrasonic cleaner 
sequentially using the analytic pure alcohol and the analytic 
pure acetone. 

For the surface of STO (001) and SNTO (111) crystals, 
for simplicity, we assume that the surface has a simple un-
reconstructed structure, and then for a specified surface, its 
symmetry is the same as that of the bulk except for the di-
rection perpendicular to the surface [27]. Therefore the 
symmetry of the surface of the STO (001) crystal is 4mm 
and that of the SNTO (111) surface is 3m. Consequently for 
the (001) surface, the susceptibility tensor (2)surf  of 4mm 

symmetry has the form of [27,28] 

 (2)

0 0 0 0 0
0 0 0 0 0 ,

0 0 0


 

  

 
   
 
 

 xxz

surf xxz

zxx zxx zzz

 (5) 

in the crystal principal coordinates, where ijk(i,j,k{x,y,z}) 
are constants. 

Similarly, for the (111) surface, with the y axis perpen-
dicular to the plane of symmetry, the tensor (2)surf  for 3m 

symmetry becomes [27,29] 
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It is important to point out that the components of the 
susceptibility, in general, are not the same for the different 
faces, i.e., (001) (111) . ijk ijk  A prime symbol is used for dis-

tinguishing them there. 
Now if we express eqs. (5) and (6) in the ( , , )ˆ ˆ ˆx y z  co-

ordinates shown in Figure 1(b) in terms of the rule of coor-
dinate transformation of tensor, we have [27] 
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Figure 1  (Color Online) (a) The schematic of the reflected SHG setup. 
HWP: half-wave plate; P: Glen-Taylor prism; F1: longpass filter; F2: 
shortpass filter; Lens 1, Lens 2, and Lens 3: three plano-convex lenses; 
Mono: monochrometer; PMT: photomultiplier tube; PA: preamplifier. (b) 
The definition of coordinate axes and the polarization geometry. The angle 
 and  denote the angle of incidence and the polarization angle of the 
fundamental light, respectively. (c) The definition of the azimuthal angle  

in the plane of the surface. The ( , , )ˆ ˆ ˆx y z  and ( , , )ˆˆ ˆa b c  denote the labor-

atory and crystal coordinate systems, respectively. 

for (111) surface, and the tensor is the same as eq. (5), i.e., 
(2) (2)( )  
 

surf surf  for (001) surface, where  is the azimuthal 

angle of the sample on the plane of surface shown in the 
Figure 1(c). 

Combining eqs. (3)–(7), we can express the theoretical 
SH intensity as follows: for the (001) surface, the SH inten-
sity dependent on the polarization angle of the incident light 
for the two output polarizations (p and s) is 
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With the different combinations of the polarization, the 
azimuthal angle dependent SH intensity is 
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In eqs. (8) and (9), the definitions of s, p, and their com-
binations in the subscripts are given in Table 1. And the 
parameters of the effective susceptibility for the SH inten-
sity are listed in Appendix. 

For the SNTO (111) surface, similarly, the SH intensity  



 Zhao R Q, et al.   Sci China-Phys Mech Astron   December (2013)  Vol. 56  No. 12 2373 

Table 1  The definitions of different polarization combinations of the 
input and output light. The polarizations are denoted by p (parallel to the 
plane of incidence) and s (perpendicular to the plane of incidence) 

Polarization configuration 
Notation 

Input Output 

p p pp 

p s ps 

s p sp 

s s ss 

Variable p pout 

Variable s sout 

 
dependence on the polarization  of the incident fundamen-
tal light for the s and p output polarizations can be ex-
pressed as: 
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And the SH intensity dependence on the azimuthal angle 
 for different polarization combinations is 
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The parameters of the effective susceptibility for the 
SNTO (111) surface are also listed in Appendix. 

4  Results and discussion 

The relationships between the SH signals and the azimuthal 
angle of the STO (001) surface are shown in Figure 2 for 
the polarization combinations of pp, ps, and sp. In addition, 
the linear fitting curves based on eq. (9) are also given. It 
can be seen from Figure 2, all measured curves are all al-
most flat, and show no variation with changing the rotation 
angle. And a good agreement between the theory and ex-
periment is obtained. These results indicate that the contri-
bution of the electric quadrupole and magnetic dipole of the 
STO bulk is negligible [27], and the electronic dipole ap-
proximation is applicable for the STO surfaces. Further- 
more, it can be concluded that the symmetry of the STO 
(001) surface is 4mm. On the other hand, from the fact of 

(2 ) 0 psI  seen from Figure 2, it is confirmed that the 

measured SH signals only come from the surface, and the 

process of hyper-Rayleigh scatter is not remarkable [14,30]. 
Figures 3(a)–(d) show the polar plots of the azimuthal 

angle ()-dependent SH intensity with the polarization 
combinations of pp, ps, sp, and ss for the slightly doped 
SNTO (111) surface, respectively. It is obvious that a 3-fold 
symmetry is shown from the pp and sp curves, while a 
6-fold symmetry is observed from the ps and ss curves. The 
behaviors of the SH response with respect to the sample’s 
azimuth indicate a 3m symmetry for the SNTO (111) sur-
face. In comfirming the crystal structure of the surface, the 
corresponding calculated curves based on eq. (11) are also 
plotted in Figure 3, and the fitting curves are in good 
agreement with the experimental data. These results verify 
that the symmetry of the SNTO (111) face is 3m with a 
3-rotational axis perpendicular to the surface as expected 
above. Finally, it must be pointed out that the measured 
rotation angle in Figures 2 and 3 is not strictly consistent 
with the crystal azimuthal angle; a changeless deviation 
would be unavoidable because of the inconsistence between 
the specific crystal orientation and the laboratory coordinate 
axes. For further confirmation of the crystal structure of the 
SNTO (111) surface, the polarization-dependent SH meas-
urements have been carried out at some certain azimuth 
angles (such as the positions of the maximum and minimum 
of the pp curve in Figure 3(a)). The dependences of the SH 
intensity of the p-out and s-out on the polarization  of the 
incident light are measured, respectively, and the theoretical 
intensity based on eq. (10) is also calculated. The good 
agreement between the experimental and theoretical results 
confirm the conclusions that the SNTO (111) surface has 
3m symmetry. 

Hole-doped perovskite manganese oxides, Re1xAxMnO3 
(where Re = rare earth, A = alkaline earth), show fantastic 
properties remarkably affected by structural stress and ex-
ternal fields. La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 heterostructure 
constructed from epitaxial La0.9Sr0.1MnO3 (LSMO) thin film,  

 

Figure 2  The SH intensity dependent on the rotation angle of the STO 
(001) crystal for different polarization combinations: pp (square), ps (cir-
cle), and sp (diamond); in addition, the theoretical fit curves are also plot-
ted using color lines for pp (red), ps (green), and sp (blue). 
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Figure 3  (Color Online) Polar plots of the SH intensity dependent on the 
rotation angle of the slightly Nb-doped STO (111) crystal for different 
polarization combinations. The black circle line curves and red line curves 
denote the experimental and theoretical data, respectively, for (a) pp, (b) ps, 
(c) sp, and (d) ss. 

one of Re1xAxMnO3 compounds, on SrNb0.01Ti0.99O3 sub-
strate, exhibits the positive magnetoresistance [31], the ul-
trafast photoelectric effect [32,33], and the transient lateral 
photovoltage [34]. All of these properties are believed to be 
related to the surface and/or the interface of these hetero-
structures, thus it is important to investigate the characteris-
tics of the surface/interface of the heterojunctions for further 
understanding those effects. The surface of the LSMO film 
synthesized on the STO (001) substrate has the similar 
symmetry to the surface of STO (001). To investigate the 
surface modulation, we fabricated the LSMO thin films and 
the STO layer-capped LSMO thin films on the STO (001) 
substrates grown by laser molecular beam epitaxy (La-
ser-MBE). The LSMO layer is as thick as 400 unit cells 
(u.c.), and the thickness of the capped STO layer is 50 u.c.. 
The detailed growth can be found in our previous work 
[20,33,35]. The results of x-ray diffraction and in-situ re-
flected high energy electron diffraction reveal that the films 
have grown along c-axis with good single phase. 

In the reflected SHG measurements, the contributions 
from the interface between the LSMO film and the substrate 
are negligibly small (5‰), because the optical absorption 
coefficient in the LSMO films [13] is large enough for both 
the fundamental light ( = 800 nm) and SH light (= 400 
nm). The SH signals detected come from the surface of 
LSMO or the STO-modulated surface of LSMO, and the 
schematic of light path can be seen in the inset in Figure 4. 
The SH intensities dependent on the polarization of the 
fundamental light are shown in Figures 4(a) and 4(b) for the 
LSMO and STO/LSMO films, and the signals from the sur-
face of STO substrate are also plotted in Figure 4 for com-

parison. The SH intensity curves in Figure 4 could be well 
fitted based on eq. (8). The difference of the data originated 
between the LSMO and STO/LSMO films are clearly seen 
in the p-out and s-out plots. Especially the effective 
2nd-order nonlinear susceptibility for sp polarization com-
bination eff, sp, which is proportional to the square root of 
the SH intensity denoted by a vertical violet dash line in 
Figure 4 (a), has been remarkably more enhanced for the 
interface STO-modulated LSMO film than that of the 
LSMO film. Observed from Appendix, the component eff, sp 
is proportional to zxx, which reflects the polarization char-
acteristics derived from in-plane crystal structure, so the 
enhanced surface polarization indicates the modulation of 
the in-plane crystal structure of the LSMO’s surface by the 
STO capped layer. Similar enhancement is also observed in 
Figure 4(b), which is related to the susceptibility element 
xxz concluded from eq. (8). Compared to the data originated 
from the STO substrate, although the SH signal from 
STO/LSMO is the interference of the signals coming from 
the surface of STO film and the STO/LSMO interface, we 
believe that the contribution from the interface is dominant 
because the signal from the surface of STO film is very  

 
Figure 4  (Color Online) (a) pout and (b) sout SH intensity dependence 
on the polarization angle () of the fundamental light for STO/LSMO film 
(red square line), LSMO film (green triangle line), and STO substrate (blue 
circle line), respectively. The vertical violet dash lines denote the SH in-
tensity of sp combination in (a) and of the peaks of the s-out curves in (b). 
The inset shows the schematic setups for the different LSMO structures. 
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smaller than the former. We consider the capped STO layer 
as surface modulation for the LSMO film for simplicity. 
Thus it is clearly seen that the surface polarization property 
of the LSMO film can be remarkably enhanced by modu-
lated LSMO surface using the STO capped layer. 

5  Conclusions 

In the present study, the crystal structure of the different 
surfaces of the STO crystal was investigated by using the 

reflected optical SHG technique. The SH radiation only 
originates from the surfaces of the STO crystal due to the 
inversion symmetry of the bulk. The good consistency be-
tween the azimuth-dependent SH intensity curves and theo-
retical curves indicates that the STO (001) surface has 4mm 
symmetry, and the SNTO (111) surface shows 3m sym-
metry. The results of polarization-dependent measurement 
further confirm our conclusion. The surface polarization can 
be exactly detected by the SHG method and would be en-
hanced by modulating the surface of LSMO films with a 
STO capped layer.  

Appendix  Parameters for the SH intensity of the STO (001) and SNTO (111) surfaces. 

(001) 

,eff pp  2 2 2 2 2( ) ( ) 2         zxx yy zz zzz zz zz xxz yy zz yyL L L L L L L  

,eff sp  2 2( )  zxx xx zzL L  

, eff p out  2 2 2 2 2 2 2 2 2( ) ( ) 2 cos 2 ( ) sin                 zxx yy zz zzz zz zz xxz yy zz yy zxx xx zzL L L L L L L L L  

,eff s out   2 sin 2   xxz xx zz xxL L L  

(111) 
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,eff ps  2 2( ) sin 3  
xxx yy xxL L  
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