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Interface engineering of oxides, which is 
based on a control of layer-by-layer growth 
for a heteroepitaxial system across the 
interface, is known to be able to induce 
novel physical phenomenon at the inter-
face such as, 2D electron gas[1,2] and 
magnetoelectric coupling effect.[3,4] Fer-
roelectric oxides, featuring asymmetric or 
polar structures that are switchable under 
an external field, are required to take the 
form of nanoscale films in future electronic 
devices. Although ultrathin films of BaTiO3 
and Pb(Zrx,Ti1–x)O3 (PZT) are expected to 
show a permanent switchable spontaneous 
polarization and hold promise in ferro-
electric random access memory, ferroelec-
tric field-effect transistors, and sensors,[5–7] 
it is generally believed that the interface-
induced depolarization field strongly dete-
riorate the ferroelectricity when the films 
are downsized to unit cell scale.[8–11] For 
instance, theoretical studies indicate that 
the residual depolarization field leads to 
incomplete compensation charge in ferro-
electric films and the critical thickness is 
proposed below which ferroelectric polar 
state is unstable or even vanishes.[12–14] 

The critical thickness obtained by theoretical methods generally 
ranges from 10 to 40 Å.[15–17] Experimentally, by a combination 
of electron microscopy and piezoelectric microscopy, an earlier 
experimental study shows a stable ferroelectric polarization in 
40 Å thick Pb(Zr0.2Ti0.8)O3 films.[18] Later on, switchable polari-
zation 11 µC cm−2 was measured in 40 Å Pb(Zr0.2Ti0.8)O3 film, 
which is the ultrathin PZT film exhibiting switchable polariza-
tions.[19] Nevertheless, this polarization is much decreased as 
compared with bulk Pb(Zr0.2Ti0.8)O3 where ≈80 µC cm−2 can 
be obtained. In PbTiO3, high resolution X-ray study indicates 
that the presence of a residual unscreened depolarizing field 
may result in a critical size of 24 Å and significantly reduced 
polarization of ≈25 µC cm−2 was deduced, which corresponds 
to a 70% reduction compared with bulk PbTiO3.[20] While 
using synchrotron X-ray technique, Fong et al. found periodic 
180° domains in PbTiO3 films down to 3 unit cells (12 Å) at 
room temperature.[21] Very recently, Gao et al. proposed that a 
critical thickness for ferroelectricity in ultrathin films may be 
absent and they found the polarization of about 16 µC cm−2 in 
a 1.5 unit cell thick PbZr0.2Ti0.8O3 film grown on SrTiO3 and 
22 µC cm−2 in a 2 unit cell thick film with a SrRuO3 electrode 

Ferroelectricity is generally deteriorated or even vanishes when the ferro-
electric films are downsized to unit cell scale. To maintain and enhance the 
polarization in nanoscale ferroelectrics are of scientific and technological 
importance. Here, giant polarization sustainability is reported in a series of 
ultrathin PbTiO3 films scaled down to three unit cells grown on NdGaO3(110) 
substrates with La0.7Sr0.3MnO3 as bottom electrodes. Atomic mappings via 
aberration-corrected scanning transmission electron microscopy demonstrate 
the robust ferroelectricity for the sub-10 nm thick film. For the 1.2 nm thick 
film, the polarization reaches ≈50 µC cm−2. The 2 nm thick film possesses a 
polarization as high as the bulk value. The films ranging from 10 to 35 nm 
display a giant elongation of out-of-plane lattice parameter, which corre-
sponds to a polarization of 100 µC cm−2, 20% larger than that of the bulk 
PbTiO3. The giant enhancement of polarization in the present films is pro-
posed to result from the charge transfer at the La0.7Sr0.3MnO3/PbTiO3 inter-
face, as supported by the anomalous decrease of Mn valence measured from 
X-ray photoelectron spectroscopy. These results reveal the significant role 
of charge transfer at interfaces in improving large polarizations in ultrathin 
ferroelectrics and are meaningful for the development of future electronic 
devices.

Ferroelectricity Enhancement
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by means of Cs-corrected transmission electron microscopy.[22] 
In addition, for ≈20 Å BaTiO3 films, switchable polarizations 
were obtained and high performance ferroelectric tunnel junc-
tions were thus fabricated.[23–28] The results above suggest that 
the critical thicknesses for ferroelectric films might be much 
thinner than theoretical suggestions or even vanish. Neverthe-
less, both theoretical and experimental results indicate that fer-
roelectricity can be largely restrained within unit cell scales.

Although great efforts have been made to figure out the 
polarization behavior in ultrathin ferroelectric films, so far 
there is still great obstacle preventing large polarization and 
its sustainability in ultrathin ferroelectric films. It is proposed 
that the spontaneous polarization in ultrathin ferroelectrics 
can be improved by compression strains.[29,30] It is also pre-
dicted that the polarization in ultrathin PbTiO3 films may be 
enhanced by chemically modified stiffness of the ferroelectric/
electrode bond at interfaces of metal and oxide from first-prin-
ciples calculations.[31] Very recently, by tailoring the interface 
engineering, the polarization in PbTiO3 layer can be greatly 
increased at PbTiO3/BiFeO3 bilayers grown on SrTiO3 sub-
strates, which attributes to the oxygen vacancy accumulation 
at PbTiO3/BiFeO3 interfaces.[32] In addition, oxygen vacancy is 
found to play an important role in improving the polarization 
in BaTiO3 films grown on SrTiO3 substrates as well.[33]

Here, we report giant polarization sustainability in ultrathin 
PbTiO3 (PTO) films scaled down to several unit cells. PTO 
films with the thicknesses of 1.2, 2, 3.6, 6, 10, 15, and 35 nm 
were grown on the conductive La0.7Sr0.3MnO3 (LSMO, ≈8 nm) 
buffered NdGaO3 (110) (NGO) substrates by pulsed laser depo-
sition (PLD) technique. We apply high angle annular dark field 
(HAADF) imaging, piezoelectric force microscopy (PFM) and 
X-ray photoelectron spectroscopic (XPS) technique to clarify 
the atomic-scale structural details, polarization behaviors, and 
chemical valence in a series of PTO films with the thickness 
down to three unit cells.

PTO exhibits tetragonal symmetry at room temperature with 
lattice parameters of a = b = 3.904 Å and c = 4.158 Å.[34] In PTO 
unit cell, both oxygen octahedron and Ti4+ have a shift from 
the mass center of the Pb2+ lattice, generating a spontaneous 
polarization (Ps) along [001] direction. The reversed displace-
ment direction of Ti4+ can decide the polarization orientation 
of the PTO film.[35] [110]O NGO substrate (the subscript O indi-
cates orthorhombic) has an orthorhombic structure exhibiting a 
pseudocubic lattice parameter of about 3.861 Å.[36] In this work, 
the [110]O NGO substrate delivers a compressive strain to PTO 
by ≈1.0% ((afilm − asubstrate)/afilm ≈ 1.0%). Conductive LSMO[37] 
is chosen as the bottom electrode trying to compensate the 
polarization-induced bound charge, and the mismatch between 
LSMO and NGO is as small as 0.3%.

Figure 1a is a low-magnification HAADF-scanning trans-
mission electron microscopy (STEM) image showing the 
3.6 nm thick PTO buffered with a LSMO layer. The white 
arrows denote the interfaces of NGO/LSMO and LSMO/PTO, 
where the sharp and flat interfaces are clearly displayed. To 
demonstrate the ion displacements, an enlarged pattern corre-
sponding to the area outlined with a red square is shown in 
Figure 1b, c axis oriented PTO unit cells can be deduced here. 
Opposite to the direction of Ti displacement, the direction of 
spontaneous polarization (Ps) vector in the PTO film is upward; 

this polarization direction is consistent with previous reports in 
the PZT film with a LSMO bottom electrode, where the upward 
polarization is induced by different work functions between 
LSMO and PTO.[38] In order to see the strain distribution inside 
the film and also at the interfaces, geometric phase analysis 
(GPA)[39,40] is performed and the result is shown in Figure 1c. It 
is clearly seen that the PTO has larger out of plane strains com-
pared to NGO. A line profile along the blue line in Figure 1c 
is displayed in Figure 1d, where the increase of strains in the 
PTO layer is remarkable and a peak appears at the PTO/LSMO 
interface (marked with a green arrow).

For such a ultrathin film and film/electrode interface, tradi-
tional electrical measurements are hard to study the ferroelec-
tric response at atomic scale.[18,22,41] Alternatively, by means of 
aberration-corrected scanning transmission electron micros-
copy (Cs-corrected STEM imaging),[42] we can easily obtain 
the atomic information of ultrathin films.[8,35] Figure 1e is an 
atomic resolved HAADF-STEM image showing the interface 
of the 3.6 nm thick PTO film. The white arrows denote the 
LSMO/PTO interface. The atomic column positions are deter-
mined by 2D Gaussian fitting[43,44] and corrected by the sub-
strate parameters. The map of the out-of-plane (c axis) lattice 
spacing obtained from Figure 1e is shown in Figure 1f. Note 
that the PTO has an interfacial region featuring the localized 
increase of the out-of-plane lattice spacings. Figure 1g shows 
the statistics results for the lattice parameters of a and c, and 
the calculated tetragonality is shown in Figure 1h. We find that 
both c and a for the LSMO layer maintain a constant value up to 
the interface. The in-plane lattice parameter (Figure 1g) of the 
PTO film is nearly unchanged and maintains with the lattice 
parameter of NGO, as marked with a red arrow. In contrast, the 
out-plane lattice parameter c of the PTO layer increases gradu-
ally and reaches a maximum at the position near the PTO film 
surface. The tetragonality shows essentially the same behavior 
as the c axis lattice parameter. Both c parameter and tetrago-
nality exhibit an increase trend from the interfacial peak to the 
surface, where the peak values are marked with green arrows in 
Figure 1g,h, respectively. The c lattice reaches a value of 4.3 Å 
in the film surface, and the in-plane lattice parameter a of PTO 
adopts that of NGO (a = 3.861 Å), and then the tetragonality 
value of PTO is calculated as c/a ≈ 1.11. This value is consider-
ably larger than the bulk value of 1.065. Although the tetrago-
nality should increase because of the compression strain,[29,30] 
the large tetragonality value in this film system far exceeds the 
maximum modified by strains (will be discussed in later in 
Equations (2)–(4)). Due to the strongly coupling of strains and 
polarizations for PTO,[20,45] there also exists a large spontaneous 
polarization in this ultrathin film. This polarization enhance-
ment is accompanied with the interface lattice elongation 
which also strongly supports a giant polarization enhancement 
near the interface.

In order to find the ferroelectricity nature of this film, 
PFM is applied. First the surface topography of the as-grown 
film is investigated using atomic force microscopy, as shown 
in Figure 2a. It is seen that the LSMO/PTO heterostruc-
ture is atomically flat over an area of 5 × 5 µm2 with a root-
mean-square surface roughness of ≈0.20 nm. PFM analysis 
indicates that the PTO film is in a single-domain state with 
out-of-plane polarization, implying an effective screening of 
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Figure 1. a) A cross-sectional low-magnification high resolution HAADF-STEM image of PTO(3.6 nm)/LSMO/NGO(110). The horizontal white arrows 
denote the interfaces of LSMO/PTO and LSMO/NGO, respectively; b) An enlarged HAADF-STEM image from the red box of (a) showing the displace-
ment direction of the Ti atoms. The spontaneous polarization Ps direction, which is opposite to δTi, is denoted by the vertical arrow. c) GPA analysis 
for (a) revealing the distribution of the out-of-plane strain εyy; d) The strain profile corresponding to the blue line in (c). The green arrow indicates the 
enlargement of the strain at the interface. e) An atomic resolved HAADF-STEM image showing the PTO/LSMO interface; f) Corresponding out-of-
plane lattice spacing map for (e). The horizontal white arrows in (e) and (f) indicate the position of the interface; g) Lattice parameter c and a; and  
h) tetragonality as a function of the unit cell distance from LSMO to PTO derived from (e). The red arrow in (g) denotes the lattice parameters of 
NGO. The green arrows in (g) and (h) indicate the enlargement of the lattice and c/a at the interface (yellow circle: Pb; red circle: Ti; green circle: 
La(Sr); purple circle: Mn.)



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1703543 (4 of 10)

www.advmat.dewww.advancedsciencenews.com

the depolarizing field. Figure 2b is the out-of-plane PFM phase 
map (5 × 5 µm2) which is scanned after applying the elec-
tric field. Here a 3 × 2 µm2 area is initially scanned at a bias  
of +10 V, then a 1.5 × 1 µm2 area inside the above area is 
scanned at a bias of −10 V. The 180° phase contrast reversal 
depicts the expected switching characteristics. Based on this 
polarization switching behavior, the direction of Ps vector in the 
PTO film is determined as upward. Figure 2c is the local pie-
zoresponse amplitude loop which exhibits the classic “butterfly” 
shape. Figure 2d is a well-defined square hysteresis loop. These 
characteristics suggest the existence of ferroelectric polarization 
in this ultrathin PTO film. Moreover, the identification of the 
monodomain state and the direction of Ps are consistent with 
the HAADF-STEM observation (Figure 1).

To further verify this interface enhancement effect, we have 
grown a series of PTO/LSMO films on NGO where the PTO 
thicknesses are 1.2, 2, 3.6, 6, 10, 15, and 30 nm, respectively. 
This experimental design allows gaining insight into the size-
dependent enhancement of polarization at the interfaces and in 
the whole films.

We performed a similar analysis on PTO films with dif-
ferent thicknesses, as shown in Figure 3. GPA strain maps 
indicate that flat and sharp LSMO/PTO interfaces are con-
stantly obtained, which is consistent with Figure 1. All 
these PTO films display upward polarization directions. We 
extract the lattice parameters based on the atomic resolved 
HAADF-STEM images. Figure 4a–c depicts the quantita-
tive results of the measurements for a, c, and tetragonalities  

of PTO films with variant thicknesses. The vertical black 
dotted lines indicate the LSMO/PTO interfaces. It is seen 
that a remains 3.861 Å and this is nearly unchanged up to 
the film surface for all the films, implying that all the PTO 
films are constrained by the substrates. In contrast, except 
for the thicker 30 nm film, the c lattice spacings increase 
sharply and reach a peak value near the interfaces for the 
1.2, 2, 6, 10, and 15 nm films, then after a fast and slight 
decrease, these c lattices gradually increase up to the film 
surfaces, which follows the same rule as that in 3.6 nm film. 
It is worthwhile to mention that the c values continuously 
show a peak value close to the interface as indicated with 
green arrows. It is also seen that, except for the films with  
1.2 and 2 nm in thickness, the c values in all the other films 
tend to reach a maximum of 4.3 Å. This implies that the 
depolarization field is remarkable[46] for the 1.2 and 2 nm 
thick films. While for the 30 nm film, the out-of-plane lattice 
constant c tends to saturate at 4.3 Å except for the first 6 PTO 
unit cells near the LSMO/PTO interface. Figure 4c shows the 
tetragonality evolutions of the films, which follows the same 
rule as that of the c values shown in Figure 4b, since all the a 
lattices are almost constant (3.861 Å). Strikingly, the tetrago-
nalities reach a high value of 1.11 at the film surfaces for all 
the PTO films except for the 1.2 and 2 nm thick PTO films.

Since the tetragonality, i.e., the ratio of c/a, is directly related 
to the polar behavior of PTO unit cells, we plot the averaged 
tetragonalities as a function of film thickness, as seen in 
Figure 4d. The dashed line indicates the tetragonality of bulk 
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Figure 2. Morphology, ferroelectricity, polarization reversal, and switching of a 3.6 nm thick PTO film. a) AFM topography of PTO/LSMO on NGO 
substrate; b) PFM out-of-plane phase image recorded after writing an area of 3 × 2 µm2 with +10 V voltage then the inside 1.5 × 1 µm2 square with 
−10 V voltage; c) Local PFM amplitude signal and d) phase hysteresis loop signal.
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PTO. It is seen that the c/a ratio decreases substantially for 
the films less than 6 nm. However, for the PTO films thicker 
than 1.2 nm, their c/a ratios are still much larger than the bulk 
PTO. Particularly, when the film thickness is over 10 nm, the 
c/a ratio stops increasing and maintains the value of 1.1. It is 
worthwhile to mention that the tetragonality in the 1.2 nm film 
is relatively large compared with that previously reported.[20,22] 
Since the evolution of tetragonality is strongly associated with 
the spontaneous polarization (Ps) through the strain-polari-
zation coupling,[20,45] we derive the polarization from c-lattice 
parameters based on the Landau–Ginzburg–Devonshire phe-
nomenological theory[47] by Equation (1)

P
x s s s x

Q s s s Q
= − +

− +









s

(2 /( ))

(2 /( ))
3 12 11 12 m

11 12 11 12 12

1/2

 

(1)

where Qij are electrostriction coefficients. sij are elastic com-
pliances; b is the extrapolated lattice parameter of the cubic 
paraelectric phase; x3 and xm are the out-of-plane and in-plane 

strains defined with x3 = (c − b)/b and xm = (a − b)/b, respectively.  
In the present system, the c values are measured according 
to the atomic images and a is the lattice parameter of NGO 
because of the strain impingement on the films. The values of 
Qij, sij, and b for PTO are taken from refs. [47,48]. It is noted 
that phenomenological approach based on the Landau–Ginz-
burg–Devonshire theory is proved to be effective in estimating 
ferroelectric behaviors.[49] The spontaneous polarizations are 
then derived and shown in Figure 4e, where the value of bulk 
PTO (≈84 µC cm−2, derived also from the equation above) is 
indicated with a dashed line. The curve of the evolution of the 
spontaneous polarizations is the same as that of the tetrago-
nality (Figure 4d). It is seen that the Ps in 1.2 nm film exhibits a 
magnitude of about 50 µC cm−2. The Ps increases with the film 
thicknesses from 1.2, 2, 3.6, 6, to 10 nm, giving rise to a max-
imum value of 100 µC cm−2 for PTO film thicker than 10 nm, 
which is 20% larger than that of the bulk. The P–E hysteresis 
loop for the 30 nm PTO film is displayed in Figure S1 (Sup-
porting Information), which evidently shows the large polariza-
tion in spite of the leakage.

Adv. Mater. 2017, 1703543

Figure 3. Low-magnification HAADF-STEM images of PTO/LSMO/NGO(110) films with the thickness of PTO for a) 1.2, b) 2, c) 6, d) 10, e) 15, and 
f) 30 nm. g–l) The corresponding GPA analysis of out-of-plane normal strain εyy for (a–f). White arrows indicate heterointerfaces in these photographs.
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It is generally known that the Ps is strongly suppressed in 
ultrathin films,[15–21] however, in present study, the Ps values in 
the ultrathin films are quite large. If a PTO film receives a 1% 
strain from the NGO substrate, theoretical c should be 4.2 Å 
based on Equations (2–4)[50]

a a

a
xx yyε ε ε= = = − ≈ −0.01PTO

0

PTO
0

 
(2)

v

v
zzε ε= −

−
≈2

1
0.01

 
(3)

Meantime, εzz is related to the out-of-plane strain of the PTO 
film, the out-of-plane lattice parameter c can be calculated using 
Equation (4)

c c

c
zzε = − PTO

0

PTO
0

 (4)

where εxx and εyy are the in-plane components of the misfit 
strain. a is the constrained lattice parameter of NGO substrate. 
aPTO

0 , cPTO
0  are the bulk lattice parameters of PTO. εzz is out-of-

plane component of the misfit strain. v is the Poisson’s ratio 
which is equal to 0.33.[51] The calculated c value under the strain 
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Figure 4. Extraction of corresponding lattice constants and tetragonality from different thick PTO film, and deduced evolution of both tetragonality 
and spontaneous polarization versus film thickness. a) Lattice parameter a, b) Lattice parameter c, and c) Tetragonality profiles as a function of the 
unit cell distance from LSMO to PTO. The green arrows indicate the enlargement of the c/a at the LSMO/PTO interface. d) Evolution of c/a ratio with 
film thickness; e) Evolution of the spontaneous polarization with film thickness. The spontaneous polarizations are derived from c-lattice parameters 
based on Landau–Ginzburg–Devonshire theory.
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of NGO is thus 4.2 Å, which is smaller than the experimental 
value of 4.3 Å observed here. As a result, besides the strain 
from NGO, some other factors are supposed to contribute to 
the enhanced tetragonalities in these PTO/LSMO systems.

When a PTO film is less than 15 nm, the out-of-plane lattice 
parameter c and tetragonality at the interfacial region actually 
exhibit a localized increase, which is different from the results 
reported previously.[8–11] The sudden increase of tetragonality 
close to the interface might result from the particular interfa-
cial structure. It is known that the interfacial stacking sequence 
plays a critical role in determining the physical properties in 
LaAlO3/SrTiO3 valence-discontinuous film system: a Sr2+O2−/
Al3+O2

4− interface is insulating, while a Ti4+O2
4−/La3+O2− inter-

face is able to generate highly mobile 2D electron gas, which 
leads to this interface become conductive.[2] In the present 
study, LSMO/PTO interface also displays a valence discon-
tinuity. To further identify the chemical information near the 
interfaces, we perform in-depth XPS measurements to figure 
out chemical information. The XPS measurements were con-
ducted with different periods of ion bombardment on the sur-
face of the samples. The velocity of ion bombardment is about 
0.12 nm s−1 taking Ta2O5 as a measuring standard. As a result, 
≈1.2, 2, 3.6, 6, and 10 nm of the PTO films are removed from 
the surface after the bombardment of 10, 20, 30, 50, and 80 s, 
respectively. Figure 5a shows the detailed core-level spectra of 
Mn 2p to analyze the valence states of Mn cations in 6 nm PTO 
film. The Mn 2p spectrum consists of Mn 2p3/2 and Mn 2p1/2, 
and is a definite indicator for the Mn valence.[52,53] At the etch 
time of 60 s, the Mn 2p is evident, which is corresponding to 
the LSMO/PTO interface according to the etch rate. Through a 
careful analysis, it is found that the specific Mn 2p3/2 spectrum 
changes with the etching time. The Mn 2p3/2 spectrum can be 
fitted very well with the three peaks at energies of 640.2, 640.8, 

and 641.9 eV, corresponding to Mn2+, Mn3+, and Mn4+ valence 
states,[54] respectively. Besides, the satellite feature appears as 
pointed out with big vertical arrows in Figure 5a which also 
features Mn2+,[54] thus the Mn2+ evidently exists at LSMO/PTO 
interface. To ensure the quality of the peak fitting, the Mn 2p3/2 
spectra are fitted with Gaussian–Lorentzian peaks and a com-
bined Shirley background.[55] When the PTO film is further 
etched to 100 s, we find Mn2+ peak almost disappears as marked 
with a red arrow in Figure 5a and the satellite peak also disap-
pears. This implies a high valence state of Mn cations inside the 
LSMO layer and also a reduction of Mn cations valence at PTO/
LSMO interfaces. In addition, a pronounced “shoulder” struc-
ture with the energy feature has been observed when the etched 
time is 110 s. This kind of shoulder structure has been depicted 
as a ‘‘well-screened’’ feature related to the doping-induced in 
LSMO.[56] To further verify the valence change of the Mn ions 
at the interface, we also monitor the core-level spectrum of Mn 
3s simultaneously as shown in Figure 5b. The binding energy 
separation (∆E) between the splitting peaks is derived from the 
different valence states of Mn ions.[57] The binding energy sep-
aration (∆E) between the splitting peaks at the lower binding 
energy named as 3S(1) and at the higher binding energy as 
3S(2) are displayed in Figure 5b. The values of the 3s level split-
ting are about 6.5 eV for Mn+2, 5.5 eV for Mn+3 , and 4.5 eV for 
Mn+4, as reported by Wu et al.[57] Thus, the Mn valences can 
be derived from the 3s binding energy separation (∆E). After 
the film is etched for 60 s, the Mn 3s is identified, as shown in 
Figure 5b. As the etch time increases to 90 s, the binding energy 
separation (∆E) decreases as marked with a red arrow, which  
indicates an increase of the Mn 3s splitting from ∆E ≈ 5.3 ± 
0.1 eV in LSMO layer to ∆E ≈ 5.7 ± 0.1 eV at the interface. This 
also indicates a valence decrease of Mn at the LSMO/PTO inter-
face, which is consistent with the Mn 2p3/2 spectra in Figure 5a. 

Adv. Mater. 2017, 1703543

Figure 5. a,b) XPS in-depth analysis of Mn 2p and Mn 3s spectra for PTO (6 nm)/LSMO/NGO, respectively. The etching time is labeled in the image. 
The red arrow in (a) denotes the disappearance of Mn2+ when the sample was etched for 90 s, while that in (b) indicates the ∆E becomes smaller after 
the sample was etched for 90 s; c,d) Mn 3s XPS spectra obtained from the PTO/LSMO interfaces and LSMO layers for PTO/LSMO/NGO systems 
with different thick PTO.
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Since the valence change can be determined either by Mn 2p or 
Mn 3s, we choose Mn 3s signal to investigate the other films. 
Figure 5c,d is XPS analyses on the films with other thicknesses, 
focusing on the LSMO/PTO interface and LSMO layer, respec-
tively. According to the energy separation in Mn 3s peaks, it is 
clearly seen that the decrease of valence states of Mn cations 
takes place at the LSMO/PTO interfaces of all the films.

The mechanism of the polarization enhancement in the pre-
sent study may lie in the charge transfer as evidenced by XPS 
results (Figure 5). The fact that the polarization points away 
from the LSMO/PTO interface may induce negative polari-
zation charges at the interface. Through the charge transfer 
caused by the reduction of Mn valence at the interface, local 
oxygen vacancies might be introduced at the interface which 
results in the tetragonality increase at the LSMO/PTO interface. 
This is similar to that in the BFO/LSMO system[58] and oxygen 
vacancy induced polarization enhancement is also revealed in 
our previous report.[32] With the film thickness dramatically 
reducing, interface may also contribute much to the tetrago-
nality enhancement, especially in strong polarization-strain 
coupling system like PTO.[20,45] From our data, out-of-plane lat-
tice parameter c of PTO films increases gradually away from 
the PTO/LSMO interface to the surface, the maximum value 
reaches 4.3 Å, while the in-plane lattice parameter remains 
unchanged. Interface or surface effect may play a key role in 
the enhanced polarization in these ultrathin PTO films. It was 
reported that the tetragonality of PTO films reduces due to 
the depolarization field which may also produce the rotation 
of polarization at surfaces.[8] In the present study, the c lattice 
parameters are not reduced. Thus it is reasonable to say that 
space charge may be absorbed to the film surface which effec-
tively screens the depolarization filed.[59] It is also noteworthy 
that the introduction of LSMO may screen the depolarization 
field, though this screening effect may be incomplete when the 
film thickness is very thin which results in the low c value in 
1.2 nm PTO compare with other films.

When the thickness of PTO film is over 15 nm, both the 
out-of-plane lattice constant c and tetragonality rapidly increase 
to the maximum from initial several unit cells and then keep 
nearly unchanged, agreeing well with the results reported 
before.[8] While the averaged tetragonality increases to c/a ≈ 
1.11, thus the calculated Ps increases incrementally as well, 
with the value as high as 100 µC cm−2. Therefore, the inter-
face effect due to charge transfer also plays a key role in the 
polarization enhancement in thick films. This value is substan-
tially larger than the bulk PTO value of 84 µC cm−2 (based on 
Landau–Ginzburg–Devonshire theory[47]).

In summary, we find giant polarization sustainability in 
compressively strained ultrathin PTO films with the thickness 
ranging from 1.2 nm (3 unit cells) to 35 nm. The scaling of 
polarization versus the film thickness in the particular PTO/
LSMO/NGO(110) system was systematically studied. The polar-
ization of 50 µC cm−2 is identified in the film with thickness 
of 1.2 nm. Moreover, the 2 nm-thick film displays a polariza-
tion which is almost the same as that of the bulk. In addition, 
within the range of 2–10 nm, thicker films exhibits larger polar-
ization and the 10 nm thick film reaches a maximum polari-
zation as giant as 100 µC cm−2, which is 20% larger than that 
of bulk PTO. These systematically increased polarizations in 

PTO ultrathin films with specific thicknesses are much larger 
than previous reports. We identify a decrease of Mn valence at 
the PTO/LSMO interface, which results in the out-of-plane lat-
tice inflation and finally leads to the giant polarization in the 
films. It is expected that these results may shed light on further 
understanding of the polarization behaviors in ultrathin ferro-
electric films and are helpful to the development of high den-
sity ferroelectric memories and high performance ferroelectric 
devices.

Experimental Section
Sample Growth: The PbTiO3 and La0.7Sr0.3MnO3 layers were 

deposited on NaGaO3 substrates by PLD, using a Coherent ComPexPRO 
201FKrF (λ = 248 nm) excimer laser. The PbTiO3 targets were 3 mol% 
Pb-enriched sintered ceramics. The target-substrate distance was  
32 mm. For the growth of La0.7Sr0.3MnO3 layers, the substrate 
temperature was kept at 700 °C, with the laser energy of 370 mJ, a laser 
repetition rate of 4 Hz, and under an oxygen pressure of 150 mTorr. 
During the growth of PbTiO3, the deposition condition was unchanged. 
Before deposition, the NdGaO3 substrate was preheated at 850 °C 
for 10 min to clean the substrate surface and then cooled down to 
the growth temperature (25 °C min−1). The laser was focused on the 
ceramic target for 10 min presputtering to clean the target surface. 
After deposition, the film was cooled down to room temperature at a 
cooling rate of about 5 °C min−1.

STEM Sample Preparation and HAADF-STEM: Cross-sectional 
samples for the STEM experiments were prepared by slicing, gluing, 
grinding, and dimpling. A Gatan PIPS was used for the final ion milling. 
All STEM results were obtained using an aberration-corrected scanning 
transmission electron microscope (Titan Cubed 60–300 kV microscope, 
operated at 300 kV.). This TEM is equipped with an image corrector, a 
probe corrector from CEOS, a high-brightness field-emission gun, and 
a monochromator. All HAADF-STEM images were recorded using a 
convergence semiangle of 21.4 mrad. The atom column positions were 
determined by fitting them as 2D Gaussian peaks using Matlab software.

X-Ray Photoelectron Spectroscopy and Depth Profiling: The depth 
profile measurements were carried out on an ESCALAB250 Scientific 
instrument. A monochromatic X-ray source was employed, consisting of 
a high power electron gun (15 kV, 150 W), which provides Al kα X-rays 
≈1486.6 eV with energy resolution of about 0.5 eV. Layer-by-layer etch 
was accomplished by 3 keV Arion source. The ion current was around 
2 µA and over an area of 0.5 mm × 0.5 mm. The position of XPS is 
corrected taking carbon as measuring standard.

Piezoelectric Force Microscope and Atomic Force Microscopy: PFM and 
AFM measurements were carried out with a Dimension Icon (Bruker) 
in air.
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