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Abstract 

Electronic, lattice, and spin interactions at the interfaces between crystalline complex transition 
metal oxides can give rise to a wide range of functional electronic and magnetic phenomena not 
found in bulk. At hetero-interfaces, these interactions may be enhanced by combining oxides 
where the polarity changes at the interface. The physical structure between non-polar SrTiO3 and 
polar La1-xSrxMnO3(x=0.2) is investigated using high resolution synchrotron x-ray diffraction to 
directly determine the role of structure in compensating the polar discontinuity. At both the 
oxide-oxide interface and vacuum-oxide interfaces, the lattice is found to expand and rumple 
along the growth direction. The SrTiO3/La1-xSrxMnO3 interface also exhibits intermixing of La 
and Sr over a few unit cells.  The results, hence, demonstrate that polar distortions and ionic 
intermixing coexist and both pathways play a significant role at interfaces with polar 
discontinuities.  
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Coupling of the structural, electronic, spin and orbital degrees of freedom at the artificial 

interfaces formed between dissimilar complex-oxide perovskites layers has led to the emergence 

of a wide range of interesting physical properties including electronic and magnetic ordering and 

superconductivity, not found in the bulk constituent materials.[1] Of particular interest are the 

unique physical properties which have been discovered at interfaces between polar and non-polar 

complex transition metal oxides including the high-mobility two-dimensional electron gas 

formed at the polar LaAlO3/non-polar SrTiO3 interface.[2-4] At these interfaces where a polar 

discontinuity exists, lattice, chemical and/or electronic reconstructions can occur to alleviate the 

interfacial polar field and avoid the ‘polar catastrophe’.[5-8] Understanding the relative 

contributions of these relaxation mechanisms at complex oxide interfaces and their relation to 

functional electronic and magnetic properties is essential for designing novel complex oxide 

heterostructures and manipulating emergent properties at these interfaces.  

A model system in which these interactions can be linked to functional electronic and magnetic 

properties is the non-polar/polar interface between SrTiO3(STO) and LaxSr1-xMnO3 (0<x<1) 

(LSMO).  A1-x BxMnO3 rare-earth manganite thin films are studied for their scientific and 

technological applications due to their half-metallic and ferromagnetic properties which can be 

effectively tuned by temperature, doping and strain. For a given doping, x, electronic and 

magnetic interactions depend structurally on the Mn-O-Mn bond angle and bond-lengths which 

control the Mn one-electron bandwidth.[9, 10] For thin LSMO films, a suppression has been 

observed in the magnetic and transport properties for films below a critical thickness of 4-10 unit 

cells (1 uc ~0.4 nm) when grown on nonpolar SrTiO3 substrates. [8, 11, 12] The presence of an 

electronic and magnetic ‘dead layer’ at the film-substrate interface has been proposed to explain 

the thickness-dependent transition. Models proposed to explain the thickness-dependent 
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transitions, including the interfacial/surface segregation of oxygen vacancies, interfacial 

chemical interdiffusion, charge transfer and unique strain driven interfacial orbital 

reconstructions.[8, 13-17]  

Like many complex oxide materials with the ABO3 perovskite crystal structure, LSMO films 

exhibit a polar stacking along the [001] growth direction and a polar discontinuity will exist at 

interfaces with non-polar substrates.[13, 18, 19] In similar polar systems , e.g. 

LaNiO3/LaAlO3[20] and LaAlO3/SrTiO3,[5, 7, 21] theoretical and experimental results indicate 

that the polar discontinuities that exist at the interfaces and surfaces in these systems may give 

rise to structural distortions involving polar displacements of the metal cations and oxygen 

anions to compensate the polar field. Recent theoretical reports indicate that similar 

ferrodistortive instabilities are present at the polar LSMO surface and the LSMO/STO interface, 

extending 2-4 unit cells away from the surfaces and interfaces.[19, 22] Imaging these polar 

structural distortions which couple to Mn-O bond parameters, will provide an understanding of 

the origin of the thickness dependent magnetic and electronic transitions in LSMO thin films. 

Additionally, by coupling external fields to these polar modes, multiferroic effects can be 

achieved.  Hence, investigating possible structural reconstructions at these interfaces is crucial to 

engineering the electronic and magnetic properties of ultra-thin oxide films.  

In this work, we use synchrotron surface diffraction measurements and a combination of the x-

ray phase retrieval Coherent Bragg Rod Analysis (COBRA)[23-25] and x-ray fitting[26] to 

obtain a detailed atomic scale structure of LSMO thin films grown epitaxially on SrTiO3 (STO) 

substrates using oxygen plasma-assisted molecular beam epitaxy. We observe 3 main features 

that relieve the polar discontinuity at the STO/LSMO interface: a) polar cation-anion 

displacements along the growth direction at the LSMO-STO interface and LSMO/vacuum 
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interface, b) a dilation of the c axis of the interfacial STO and LSMO layers and the surface 

LSMO layers and c) interdiffusion of La and Sr at the film/substrate interface. Here, by using a 

synchrotron-based surface x-ray diffraction combined with direct x-ray phase retrieval and x-ray 

fitting analysis techniques of crystal truncation rods and superstructure rods, we determine 

structural distortions to the Mn-O bond related to thickness-dependent transport and magnetic 

transitions observed in this system. 

A 10 uc La0.8Sr0.2MnO3 film was grown by plasma assisted molecular beam epitaxy on a TiO2-

terminated STO substrate at a growth temperature of 750o C. After growth, the film was cooled 

down to room temperature in 1e-6 Torr oxygen plasma. The film thickness was monitored in-situ 

using reflection high energy electron diffraction (RHEED). The films were annealed ex-situ in 

flowing O2 for 6 hours at 600oC to minimize oxygen vacancies. Atomic force microscope images 

of the film show atomically smooth surface with unit cell step heights (~4 A). 

To determine the atomic scale structure of the films, surface x-ray diffraction measurements 

were carried out at the 33ID beamline at the Advanced Photon Source. Crystal truncation rods 

(CTRs) and half-order superstructure rods were measured for the samples along rod 

crystallographic directions defined by the bulk SrTiO3 substrate lattice. CTRs were measured 

with an incident x-ray energy of 16 keV. The x-ray phases associated with the integer order CTR 

data were determined using the coherent Bragg rod analysis technique (COBRA) to obtain the 

three-dimensional electron density map of the LSMO/STO heterointerface. The COBRA-derived 

model provides the layer resolved structure with respect to the perovskite 1x1 surface unit cell, 

i.e. all atomic positions are translated laterally using in-plane lattice vectors defined by the bulk 

STO substrate.[27] Hence, to refine the atomic positions and determine the unit-cell doubling 

octahedral rotations, the integer and half order rods are fitted using the GenX x-ray fitting 
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program with the COBRA-determined structure as the initial model.[26]  Figure 1(a) and 1(b) 

show representative measured CTRs and superstructure rods, respectively, and associated GenX 

fits for the nominal 10 uc LSMO film. From the refined structures, we obtain for each atomic 

layer of the film and interfacial layers of the substrate, the ionic composition profile and 

positions with picometer-scale resolution. Additional details on fitting and the evaluation of 

convergence are discussed in the Supplementary Materials.[28] The relevant features to be 

discussed are the layer spacings, the compositional profile, cation-anion vertical displacements 

and layer-resolved oxygen octahedral rotations. 

Figure	1:	(a)	Crystal	truncation	rods	(CTRs)	for	a	nominal	10	unit	cell	La0.8Sr0.2MnO3		film	grown	
on	 (001)-oriented	 SrTiO3.	Measured	 data	 (blue	 circles)	 and	 best	 fits	 (red)	 are	 shown.	 (b)	 Half	
order	 superstructure	 rods	 for	 a	 nominal	 10uc	 La0.8Sr0.2MnO3	 film	 grown	 on	 SrTiO3.	 The	 layer-
resolved	 octahedral	 rotations	 are	 determined	 by	 fits	 (red	 lines)	 to	 the	 measured	 diffraction	
intensities	(blue	circles).	 

Figure 2(a) shows the vertical spacing as a function of distance from the nominal film/substrate 

interface between adjacent A-site (La/Sr) layers for the LSMO film and the top layers of the 

substrate determined from the fits in Figure 1. Bulk La0.8Sr0.2MnO3 (pseudocubic bulk c= 3.89 

Å) and is closely lattice matched with the STO (c=3.905 Å) substrate. The film is expected to be 

under slight tensile strain (𝑒 = !!"#$!!!"#
!!"#

= −0.4%) on STO. We observe an unexpected 
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dilation of the out-of-plane c lattice constant for the surface LSMO layer and within the STO and 

LSMO layers at the film/substrate interface. The inner LSMO layers (10 Å<z<30 Å) have 

expected contractions in the lattice spacing to ~3.88 Å  due to the 0.4% tensile strain exerted by 

the STO substrate.  

	

Figure	2.	Structural	 results	 for	a	nominal	10uc	La0.8Sr0.2MnO3/SrTiO3	 interface	as	a	 function	of	
layer	distance	from	the	nominal	film/substrate	interface.	The	nominal	film-substrate	interface	is	
at	z=0	Å.	(a)	Profile	of	out-of-plane	lattice	parameter,	c,	determined	from	the	vertical	distance	
between	A-site(La/Sr)	 ions	and	(b)	Vertical	displacements	of	oxygen	 ions	relative	to	cations(A-
site(La/Sr),	B-site(Ti/Mn)	 )	 in	 the	same	plane.	 (c)	Fractional	 ionic	composition	as	a	 function	of	
layer	distance	from	the	nominal	interface.	

Along the [001] direction in bulk LSMO, the net displacements of the cations (La3+, Sr2+ and 

Mn3+-Mn4+) and O2- anions in the same planes are zero. Figure. 2(b) shows the measured anion-

cation displacements measured in the AO and BO2 layers along the [001] growth direction in 

LSMO/STO.  Deep in the substrate ( z<-10 Å), the displacements are 0 as expected for bulk 

STO. The anion relative displacements are found to be negative (i.e. O2- ions move towards the 

substrate relative to the respective cations) for the 2 top STO layers and the next 3 film layers 

adjacent to the interface. This polarization coincides with the regions of the film where the unit 
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cell contracts along the c-axis. The LSMO layers between 10 Å and 25 Å have no polar 

displacements, and a gradual increase in the amplitude of the distortions is observed in the top 4 

film surface layers with the oxygen ions displaced relative to the cation vertical positions 

towards the film/substrate interface.  

We observe from the COBRA-derived electron density profiles that the interface between the 

STO substrate and the LSMO film is not abrupt. By fitting the ionic fractional occupations at the 

interfaces, a chemical profile is obtained and shown in Figure 2(c). La interdiffusion occurs into 

the top 3 substrate unit cells leading to the substitution of Sr2+ with La3+ in the STO and Sr2+ 

enrichment in the interfacial LSMO layer. No significant Sr surface enrichment is observed, in 

contrast to previous reports of Sr surface segregation in LSMO films.[16, 29, 30]  Sr-rich 

surfaces have been found to be associated with decreased oxygen growth pressure, hence, we 

conclude that oxygen vacancies are minimized in our films.[31]  

This interfacial dilation has previously been observed by synchrotron x-ray diffraction and 

interpreted as arising due to a suppression of octahedral rotations at the STO/LSMO 

interface[32] and/or a consequence of La-Sr intermixing.[16, 33] Electron energy loss 

spectroscopy and x-ray linear dichroism measurements have found evidence for trivalent Ti and 

Mn at the LSMO/STO interface[34-36] and a lattice expansion along LSMO c-axis[37] due to a 

possible interfacial charge transfer and the interfacial segregation of oxygen vacancies[13, 17, 

38, 39]. The strong dependence of growth and annealing conditions on oxygen stoichiometry in 

manganite films[30] suggests that oxygen vacancies may play a role in the dilated LSMO lattice. 

While post-annealing minimizes vacancies in the bulk of the film as evidenced by the measured 

lattice constant expected for 0.4% tensile strained stoichiometric LSMO in the region between 10 

Å<z<30 Å (Figure 1(a)),  residual vacancies at the interface and surface may contribute to the 
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observed 1-2% elongation consistent with reported DFT and EELS results for a disordered 

vacancy structure.[37]  
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The  lattice polarization (Δ) profile is consistent with a theoretically predicted surface 

ferrodistortive instability for MnO2-terminated LSMO [22] and ionic rumpling at LSMO/STO 

interfaces[19]  driven by the interfacial and surface polar discontinuities. We note that the 

direction, amplitude and decay length of the polar distortions in the LSMO and the extension into 

the STO substrate are in agreement with theoretical predictions.[19] Additionally, we find that 

the interfacial polar distortions coincide with the expansion of the unit lattice in the vertical 

direction in both the STO substrate and the interfacial LSMO region. To understand the observed 

structural and chemical profiles, we consider a simple model involving the net charges of the 

film and substrate along the [001] growth direction. The SrTiO3 substrate consists of neutral 

alternating [Sr2+O2-] and [Ti4+O4-] planes. For the LSMO films, the Mn site has a mixed valance 

state of 𝑥 Mn4+ and (1− 𝑥) Mn3+ so, the net charges on the [(1− 𝑥)La3+𝑥Sr2+O2-] and 

[Mn3+/4+O2-] are +0.8e and -0.8e respectively for x=0.2. A polar discontinuity will exist at the 

interface between the neutrally charged planes of the STO substrate and the LSMO film and at 

the LSMO/vacuum interface. At the film-substrate interface, intermixing between Sr2+ and La3+ 

leads to a gradual transition from the neutral planes of the STO substrate and the charged planes 

in the LSMO film reducing the polar discontinuity. [16, 40] The presence of structural polar 

distortions indicates that the chemical diffusion is not sufficient to completely compensate the 

interfacial polar field. Indeed, attempts to control the interfacial intermixing driven by the polar 

discontinuity by modifying the composition of the initial LSMO layer, show that the interfacial 

intermixing can be reduced leading to improved electronic and magnetic properties in ultrathin 

manganite films.[13, 40, 41]   

Due to the strong coupling of the structural and electronic and magnetic properties of the 

manganites, the observed distortions are expected to play a role in the reported ‘dead-layer’ 
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effects observed in thin manganite films in addition to the interfacial chemical intermixing. 

Changes to the Mn-O bonding arising from the polar distortions (which effectively increase the 

Mn-O bond length and may couple to O-octahedral rotations) are expected to induce changes in 

the one-electron bandwidth, W, which controls the super-exchange process of spin and charge 

exchange in the system where W	 =	 cos(!"#!!!!!!!
!

)/𝑑!!!!.! .[10,	 42-44] The combination of polar 

distortions and octahedral rotations leads to 2 distinct values for the bond angles and bond 

lengths along a B-O in-plane chain as shown in the inset of Figure 3(a). The measured averaged 

layer-resolved in-plane B-O-B angles (B=Ti,Mn), θB-O-B, and B-O bond lengths, dB-O, determined 

from fits to the superstructure rods in Figure 1(b) are plotted in Figures 3(a) and 3(b) 

respectively. The bond angles decrease gradually from 180o
 in the STO substrate to ~161o in the 

LSMO layers next to the interface followed by an increase to the bulk value of 164o  and a 

decrease in the 2 surface LSMO layers. An increase in the B-O bond distance is also observed at 

the film interface and surface.  The average bandwidth for each layer are plotted in Figure 3(c). 

The 3 interfacial LSMO layers and top 2 layers with W< bulk are expected to have reduced 

conductivity relative to bulk.  

As mentioned above, the polar distortions coupled to the octahedral tilts leads to slightly 

different W's along the in-plane axes. We calculate the differences in bandwidth, δW, for each 

layer in Figure 3(d). As expected, an increase in δW exists at the film/substrate interface and the 

film surface, where large polar distortions are present. A consequence of δW>0, is that 

neighboring O anions in that layer will have different bonding environments. Additional 

theoretical calculations and experimental measurements will be needed to determine if this leads 

to charge disproportionation on the anion sites and the effect on superexchange interactions in 

complex oxides and/or the opening of an electronic gap similar to Jahn-Teller distortions. 
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Figure	3.	Layer	resolved	in-plane	B-O-B	(B=Ti,Mn)	bond	parameters.	(a)	In-plane	averaged	B-O-B	bond	angles	θMn-O-

Mn	 	 .	The	 inset	 illustrates	the	effect	of	the	polar	displacements	on	the	B-O-B	bond	angles	 in	neighboring	unit	cells	
along	the	x-direction.	 (b)	 In-plane	averaged	bond	distances,	dMn-O-Mn	along	a	B-O-B	chains	along	(c)	The	resulting	
one-electron	 bandwidth,	W	 =	 cos(!"#!!!!!!!

!
)/𝑑!!!!!!.! 	 .	 The	 dashed	 line	 indicates	W	 for	 bulk	 La0.8Sr0.2MnO3	 (d)	

Bandwidth	difference	δW,	for	neighboring	O	ions	along	the	[010]	direction.	

	

In conclusion we have shown that a combination of structural and chemical interactions occur at 

the polar manganite interfaces to compensate the polar discontinuity. Polar distortions and 

chemical intermixing are observed in thin LSMO films grown on non-polar STO substrates using 

synchrotron x-ray diffraction CTR measurements. The observed changes in structure and 

composition arise due to interfacial and surface polar discontinuities and are linked to a 

suppression of the electronic and magnetic properties of thin LSMO films. The structural and 

chemical reconstructions observed at the LSMO/STO interface are analogous to the polar/non 

polar LaAlO3/SrTiO3 [5-7]interface where a high mobility 2D electron gas is formed, and the 



12	
	

polar surface of metallic LaNiO3 films[20, 45]. Thus, these distortions may be considered as a 

general feature of polar oxide interfaces and surfaces. These results have important implications 

for the design of multiferroic oxide thin films where the observed interfacial polar instability can 

be engineered to modulate magnetism and electronic transport. 

 

Use of the Advanced Photon Source was supported by the U. S. Department of Energy, Office of 

Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357. Yale 

acknowledges support from ONR.  



13	
	

References 

[1]	 Hwang,	H.	Y.,	Iwasa,	Y.,	Kawasaki,	M.,	Keimer,	B.,	Nagaosa,	N.,	Tokura,	Y.,	Emergent	phenomena	
at	oxide	interfaces.	Nat.	Mater.,	11,	103,	(2012)	doi:10.1038/nmat3223.	
[2]	 Chakhalian,	J.,	Millis,	A.,	Rondinelli,	J.,	Whither	the	oxide	interface.	Nature	materials,	11,	92,	
(2012).	
[3]	 Hwang,	H.,	Iwasa,	Y.,	Kawasaki,	M.,	Keimer,	B.,	Nagaosa,	N.,	Tokura,	Y.,	Emergent	phenomena	at	
oxide	interfaces.	Nature	materials,	11,	103,	(2012).	
[4]	 Zubko,	P.,	Gariglio,	S.,	Gabay,	M.,	Ghosez,	P.,	Triscone,	J.-M.,	Interface	Physics	in	Complex	Oxide	
Heterostructures.	Annual	Review	of	Condensed	Matter	Physics,	2,	141,	(2011)	doi:doi:10.1146/annurev-
conmatphys-062910-140445.	
[5]	 Pentcheva,	R.,	Pickett,	W.	E.,	Avoiding	the	Polarization	Catastrophe	in	LaAlO3	Overlayers	on	
SrTiO3(001)	through	Polar	Distortion.	Phys.	Rev.	Lett.,	102,	107602,	(2009).	
[6]	 Pauli,	S.	A.,	Leake,	S.	J.,	Delley,	B.,	Bjorck,	M.,	Schneider,	C.	W.,	Schleputz,	C.	M.,	Martoccia,	D.,	
Paetel,	S.,	Mannhart,	J.,	Willmott,	P.	R.,	Evolution	of	the	Interfacial	Structure	of	LaAlO3	on	SrTiO3.	Phys.	
Rev.	Lett.,	106,	036101,	(2011)	doi:10.1103/PhysRevLett.106.036101.	
[7]	 Willmott,	P.	R.,	Pauli,	S.	A.,	Herger,	R.,	Schlepuetz,	C.	M.,	Martoccia,	D.,	Patterson,	B.	D.,	Delley,	
B.,	Clarke,	R.,	Kumah,	D.,	Cionca,	C.,	Yacoby,	Y.,	Structural	basis	for	the	conducting	interface	between	
LaAlO3	and	SrTiO3.	Physical	Review	Letters,	99,	155502,	(2007)	doi:10.1103/PhysRevLett.99.155502.	
[8]	 Huijben,	M.,	Martin,	L.	W.,	Chu,	Y.	H.,	Holcomb,	M.	B.,	Yu,	P.,	Rijnders,	G.,	Blank,	D.	H.	A.,	
Ramesh,	R.,	Critical	thickness	and	orbital	ordering	in	ultrathin	La0.7Sr0.3MnO3	films.	Physical	Review	B,	
78,	094413,	(2008)	doi:10.1103/PhysRevB.78.094413.	
[9]	 Liao,	Z.	L.,	Li,	F.	M.,	Gao,	P.,	Li,	L.,	Guo,	J.	D.,	Pan,	X.	Q.,	Jin,	R.,	Plummer,	E.	W.,	Zhang,	J.	D.,	
Origin	of	the	metal-insulator	transition	in	ultrathin	films	of	La2/3Sr2/3MnO3.	Physical	Review	B,	92,	
125123,	(2015)	doi:10.1103/PhysRevB.92.125123.	
[10]	 Hwang,	H.	Y.,	Palstra,	T.	T.	M.,	Cheong,	S.	W.,	Batlogg,	B.,	Pressure	effects	on	the	
magnetoresistance	in	doped	manganese	perovskites.	Physical	Review	B,	52,	15046,	(1995)	
doi:10.1103/PhysRevB.52.15046.	
[11]	 Sun,	J.	Z.,	Abraham,	D.	W.,	Rao,	R.	A.,	Eom,	C.	B.,	Thickness-dependent	magnetotransport	in	
ultrathin	manganite	films.	Applied	Physics	Letters,	74,	3017,	(1999)	doi:10.1063/1.124050.	
[12]	 Xie,	Q.	Y.,	Wu,	X.	S.,	Li,	J.,	Lv,	B.,	Gao,	J.,	Probing	the	dead	layer	thickness	and	its	effect	on	the	
structure	and	magnetic	properties	in	La2/3Ca1/3MnO3	thin	films.	Thin	Solid	Films,	545,	89,	(2013)	
doi:10.1016/j.tsf.2013.07.036.	
[13]	 Peng,	R.,	Xu,	H.	C.,	Xia,	M.,	Zhao,	J.	F.,	Xie,	X.,	Xu,	D.	F.,	Xie,	B.	P.,	Feng,	D.	L.,	Tuning	the	dead-
layer	behavior	of	La0.67Sr0.33MnO3/SrTiO3	via	interfacial	engineering.	Applied	Physics	Letters,	104,	
081606,	(2014)	doi:10.1063/1.4866461.	
[14]	 Tebano,	A.,	Aruta,	C.,	Sanna,	S.,	Medaglia,	P.	G.,	Balestrino,	G.,	Sidorenko,	A.	A.,	De	Renzi,	R.,	
Ghiringhelli,	G.,	Braicovich,	L.,	Bisogni,	V.,	Brookes,	N.	B.,	Evidence	of	orbital	reconstruction	at	interfaces	
in	ultrathin	La0.67Sr0.33MnO3	films.	Physical	Review	Letters,	100,	137401,	(2008)	
doi:10.1103/PhysRevLett.100.137401.	
[15]	 Gray,	A.	X.,	Papp,	C.,	Balke,	B.,	Yang,	S.	H.,	Huijben,	M.,	Rotenberg,	E.,	Bostwick,	A.,	Ueda,	S.,	
Yamashita,	Y.,	Kobayashi,	K.,	Gullikson,	E.	M.,	Kortright,	J.	B.,	de	Groot,	F.	M.	F.,	Rijnders,	G.,	Blank,	D.	H.	
A.,	Ramesh,	R.,	Fadley,	C.	S.,	Interface	properties	of	magnetic	tunnel	junction	
${\text{La}}_{0.7}{\text{Sr}}_{0.3}{\text{MnO}}_{3}/{\text{SrTiO}}_{3}$	superlattices	studied	by	standing-
wave	excited	photoemission	spectroscopy.	Phys.	Rev.	B,	82,	205116,	(2010).	
[16]	 Herger,	R.,	Willmott,	P.	R.,	Schlepuetz,	C.	M.,	Bjoerck,	M.,	Pauli,	S.	A.,	Martoccia,	D.,	Patterson,	B.	
D.,	Kumah,	D.,	Clarke,	R.,	Yacoby,	Y.,	Doebeli,	M.,	Structure	determination	of	monolayer-by-monolayer	



14	
	

grown	La(1-x)Sr(x)MnO(3)	thin	films	and	the	onset	of	magnetoresistance.	Physical	Review	B,	77,	085401,	
(2008)	doi:10.1103/PhysRevB.77.085401.	
[17]	 Wang,	Z.,	Tao,	J.,	Yu,	L.,	Guo,	H.,	Chen,	L.,	Han,	M.-G.,	Wu,	L.,	Xin,	H.,	Kisslinger,	K.,	Plummer,	E.	
W.,	Zhang,	J.,	Zhu,	Y.,	Anomalously	deep	polarization	in	$\mathrm{SrTi}{\mathrm{O}}_{3}$	(001)	
interfaced	with	an	epitaxial	ultrathin	manganite	film.	Phys.	Rev.	B,	94,	155307,	(2016).	
[18]	 Hikita,	Y.,	Nishikawa,	M.,	Yajima,	T.,	Hwang,	H.	Y.,	Termination	control	of	the	interface	dipole	in	
${\text{La}}_{0.7}{\text{Sr}}_{0.3}{\text{MnO}}_{3}/\text{Nb}:{\text{SrTiO}}_{3}$	(001)	Schottky	
junctions.	Phys.	Rev.	B,	79,	073101,	(2009).	
[19]	 Burton,	J.,	Tsymbal,	E.,	Evolution	of	the	band	alignment	at	polar	oxide	interfaces.	Phys.	Rev.	B,	
82,	161407,	(2010).	
[20]	 Kumah,	D.	P.,	Disa,	A.	S.,	Ngai,	J.	H.,	Chen,	H.,	Malashevich,	A.,	Reiner,	J.	W.,	Ismail-Beigi,	S.,	
Walker,	F.	J.,	Ahn,	C.	H.,	Tuning	the	Structure	of	Nickelates	to	Achieve	Two-Dimensional	Electron	
Conduction.	Advanced	Materials,	26,	1935,	(2014)	doi:10.1002/adma.201304256.	
[21]	 Nakagawa,	N.,	Hwang,	H.	Y.,	Muller,	D.	A.,	Why	some	interfaces	cannot	be	sharp.	Nat.	Mater.,	5,	
204,	(2006)	doi:10.1038/nmat1569.	
[22]	 Pruneda,	J.,	Ferrari,	V.,	Rurali,	R.,	Littlewood,	P.,	Spaldin,	N.,	Artacho,	E.,	Ferrodistortive	
instability	at	the	(001)	surface	of	half-metallic	manganites.	Physical	review	letters,	99,	226101,	(2007).	
[23]	 Cionca,	C.	N.,	Riposan,	A.,	Kumah,	D.	P.,	Husseini,	N.	S.,	Walko,	D.	A.,	Yacoby,	Y.,	Millunchick,	J.	
M.,	Clarke,	R.,	Strain	and	composition	mapping	of	epitaxial	nanostructures.	Applied	Physics	Letters,	92,	
151914,	(2008)	doi:10.1063/1.2908214.	
[24]	 Fong,	D.	D.,	Cionca,	C.,	Yacoby,	Y.,	Stephenson,	G.	B.,	Eastman,	J.	A.,	Fuoss,	P.	H.,	Streiffer,	S.	K.,	
Thompson,	C.,	Clarke,	R.,	Pindak,	R.,	Stern,	E.	A.,	Direct	structural	determination	in	ultrathin	ferroelectric	
films	by	analysis	of	synchrotron	x-ray	scattering	measurements.	Physical	Review	B,	71,	144112,	(2005)	
doi:10.1103/PhysRevB.71.144112.	
[25]	 Chen,	H.,	Kumah,	D.	P.,	Disa,	A.	S.,	Walker,	F.	J.,	Ahn,	C.	H.,	Ismail-Beigi,	S.,	Modifying	the	
Electronic	Orbitals	of	Nickelate	Heterostructures	via	Structural	Distortions.	Phys.	Rev.	Lett.,	110,	186402,	
(2013).	
[26]	 Bjorck,	M.,	Andersson,	G.,	GenX:	an	extensible	X-ray	reflectivity	refinement	program	utilizing	
differential	evolution.	J.	of	Appl.	Cryst.,	40,	1174,	(2007).	
[27]	 Yacoby,	Y.,	Sowwan,	M.,	Stern,	E.,	Cross,	J.,	Brewe,	D.,	Pindak,	R.,	Pitney,	J.,	Dufresne,	E.	M.,	
Clarke,	R.,	Direct	determination	of	epitaxial	interface	structure	in	Gd2O3	passivation	of	GaAs.	Nature	
Materials,	1,	99,	(2002)	doi:doi:10.1038/nmat735.	
[28]	 	Suplementary	Material.	
[29]	 Dulli,	H.,	Dowben,	P.	A.,	Liou,	S.-H.,	Plummer,	E.	W.,	Surface	segregation	and	restructuring	of	
colossal-magnetoresistant	manganese	perovskites	La	0.65	Sr	0.35	MnO	3.	Physical	Review	B,	62,	R14629,	
(2000).	
[30]	 Boschker,	H.,	Huijben,	M.,	Vailionis,	A.,	Verbeeck,	J.,	van	Aert,	S.	v.,	Luysberg,	M.,	Bals,	S.,	van	
Tendeloo,	G.	v.,	Houwman,	E.,	Koster,	G.,	Optimized	fabrication	of	high-quality	La0.	67Sr0.	33MnO3	thin	
films	considering	all	essential	characteristics.	Journal	of	Physics	D:	Applied	Physics,	44,	205001,	(2011).	
[31]	 Fister,	T.	T.,	Fong,	D.	D.,	Eastman,	J.	A.,	Baldo,	P.	M.,	Highland,	M.	J.,	Fuoss,	P.	H.,	
Balasubramaniam,	K.	R.,	Meador,	J.	C.,	Salvador,	P.	A.,	In	situ	characterization	of	strontium	surface	
segregation	in	epitaxial	La	0.7	Sr	0.3	MnO	3	thin	films	as	a	function	of	oxygen	partial	pressure.	Appl.	
Phys.	Lett.,	93,	151904,	(2008).	
[32]	 Vailionis,	A.,	Boschker,	H.,	Liao,	Z.,	Smit,	J.	R.	A.,	Rijnders,	G.,	Huijben,	M.,	Koster,	G.,	Symmetry	
and	lattice	mismatch	induced	strain	accommodation	near	and	away	from	correlated	perovskite	
interfaces.	Applied	Physics	Letters,	105,	131906,	(2014)	doi:10.1063/1.4896969.	
[33]	 He,	M.,	Zhang,	Z.,	Interface	structures	of	La0.	67Sr0.	33MnO3/SrTiO3	superlattices	studied	by	
TEM	and	EELS.	The	Journal	of	Physical	Chemistry	C,	114,	13068,	(2010).	



15	
	

[34]	 Bruno,	F.	Y.,	Garcia-Barriocanal,	J.,	Varela,	M.,	Nemes,	N.,	Thakur,	P.,	Cezar,	J.,	Brookes,	N.,	
Rivera-Calzada,	A.,	Garcia-Hernandez,	M.,	Leon,	C.,	Electronic	and	magnetic	reconstructions	in	La	0.7	Sr	
0.3	MnO	3/SrTiO	3	heterostructures:	a	case	of	enhanced	interlayer	coupling	controlled	by	the	interface.	
Phys.	Rev.	Lett.,	106,	147205,	(2011).	
[35]	 Li,	Z.,	Song,	D.,	Yu,	R.,	Ge,	B.,	Liao,	Z.,	Li,	Y.,	Dong,	S.,	Zhu,	J.,	Competing	Interfacial	
Reconstruction	Mechanisms	in	La0.	7Sr0.	3MnO3/SrTiO3	Heterostructures.	ACS	Applied	Materials	&	
Interfaces,	8,	24192,	(2016).	
[36]	 Feng,	Y.,	Jin,	K.-j.,	Gu,	L.,	He,	X.,	Ge,	C.,	Zhang,	Q.-h.,	He,	M.,	Guo,	Q.-l.,	Wan,	Q.,	He,	M.,	
Insulating	phase	at	low	temperature	in	ultrathin	La0.	8Sr0.	2MnO3	films.	Scientific	Reports,	6,	22382,	
(2016).	
[37]	 Nord,	M.,	Vullum,	P.,	Moreau,	M.,	Boschker,	J.,	Selbach,	S.,	Holmestad,	R.,	Tybell,	T.,	Structural	
phases	driven	by	oxygen	vacancies	at	the	La0.	7Sr0.	3MnO3/SrTiO3	hetero-interface.	Appl.	Phys.	Lett.,	
106,	041604,	(2015).	
[38]	 Piskunov,	S.,	Heifets,	E.,	Jacob,	T.,	Kotomin,	E.	A.,	Ellis,	D.	E.,	Spohr,	E.,	Electronic	structure	and	
thermodynamic	stability	of	LaMnO	3	and	La	1−	x	Sr	x	MnO	3	(001)	surfaces:	Ab	initio	calculations.	Phys.	
Rev.	B,	78,	121406,	(2008).	
[39]	 Mundy,	J.	A.,	Hikita,	Y.,	Hidaka,	T.,	Yajima,	T.,	Higuchi,	T.,	Hwang,	H.	Y.,	Muller,	D.	A.,	Kourkoutis,	
L.	F.,	Visualizing	the	interfacial	evolution	from	charge	compensation	to	metallic	screening	across	the	
manganite	metal–insulator	transition.	Nature	communications,	5,	(2014).	
[40]	 Boschker,	H.,	Verbeeck,	J.,	Egoavil,	R.,	Bals,	S.,	van	Tendeloo,	G.,	Huijben,	M.,	Houwman,	E.	P.,	
Koster,	G.,	Blank,	D.	H.	A.,	Rijnders,	G.,	Preventing	the	Reconstruction	of	the	Polar	Discontinuity	at	Oxide	
Heterointerfaces.	Advanced	Functional	Materials,	22,	2235,	(2012)	doi:10.1002/adfm.201102763.	
[41]	 Huijben,	M.,	Liu,	Y.,	Boschker,	H.,	Lauter,	V.,	Egoavil,	R.,	Verbeeck,	J.,	te	Velthuis,	S.	G.	E.,	
Rijnders,	G.,	Koster,	G.,	Enhanced	Local	Magnetization	by	Interface	Engineering	in	Perovskite-Type	
Correlated	Oxide	Heterostructures.	Advanced	Materials	Interfaces,	2,	1400416,	(2015)	
doi:10.1002/admi.201400416.	
[42]	 Harrison,	W.,	The	Electronic	Structure	and	Properties	of	Solids,	Freeman,	San	Francisco,		1980.	
[43]	 Medarde,	M.	L.,	Structural,	magnetic	and	electronic	properties	of	RNiO3	perovskites	(R=	rare	
earth).	Journal	of	Physics:	Condensed	Matter,	9,	1679,	(1997)	doi:doi:10.1088/0953-8984/9/8/003.	
[44]	 Moon,	E.,	Balachandran,	P.,	Kirby,	B.	J.,	Keavney,	D.,	Sichel-Tissot,	R.,	Schleputz,	C.,	Karapetrova,	
E.,	Cheng,	X.,	Rondinelli,	J.	M.,	May,	S.,	Effect	of	interfacial	octahedral	behavior	in	ultrathin	manganite	
films.	Nano	letters,	14,	2509,	(2014).	
[45]	 Ruf,	J.,	King,	P.,	Nascimento,	V.,	Schlom,	D.,	Shen,	K.,	Surface	atomic	structure	of	epitaxial	LaNiO	
3	thin	films	studied	by	in	situ	LEED-I	(V).	Phys.	Rev.	B,	95,	115418,	(2017).	

	

	


