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Distinct MnO6 octahedral distortions near and away from the La0.67Sr0.33MnO3/SrTiO3(001)

(LSMO/STO) interface are quantified using synchrotron x-ray diffraction and dynamical x-ray dif-

fraction simulations. Three structural regions of stress accommodation throughout the film thick-

ness were resolved: near the LSMO/STO interface, intermediate region farther from the interface,

and the main layer away from the interface. The results show that within the first two unit cells

stress is accommodated by the suppression of octahedral rotations in the film, leading to the expan-

sion of the c-axis lattice parameter. Farther from the interface film structure acquires octahedral

tilts similar to thicker perovskite films under tensile stress, leading to a reduced c-axis parameter.

We demonstrate that these regions are related to two different strain coupling mechanisms: symme-

try mismatch at the interface and lattice mismatch in the rest of the film. The findings suggest new

routes for strain engineering in correlated perovskite heterostructures. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896969]

Transition-metal oxides with ABO3 perovskite-type

structure exhibit strong electron-lattice correlations which

govern physical properties in these materials, such as colossal

magnetoresistance, ferroelectricity, superconductivity, and

charge ordering. For example, in manganites, the desired

transport and magnetic properties are greatly influenced by

complex interplay between charge, spin, lattice, and orbital

degrees of freedom and therefore exhibit a very rich phase

diagram, which is affected by ionic radii, stress/strain/pres-

sure, anion and cation stoichiometry, and substitutional dop-

ing.1 In epitaxial thin films, some functional properties can be

effectively controlled by a substrate induced in-plane biaxial

stress. As the unit cell of the film attempts to accommodate

the in-plane lattice parameter of the underlying single crystal

substrate, the ABO3 perovskite structural unit deforms caus-

ing distortions of the BO6 octahedra. Until recently, mainly

the BO6 octahedral deformations (change in size and shape)

were used to understand mismatch strain accommodation in

perovskite oxide heterostructures.2 This approach led to pre-

diction and synthesis of a ferroelectric ferromagnet EuTiO3

by using single parameter—biaxial strain.3,4 The Jahn-Teller

(J-T) type octahedral deformations were used to explain a

reduction of ferromagnetic TC as a function of biaxial stress

in “colossal” magnetoresistance (CMR) manganites by Millis

et al. employing general elasticity theory.5 Here, the stress is

accommodated by straining Mn-O bonds in a pseudocubic

perovskite unit cell which induces deformation of the MnO6

octahedra, causing J-T based electron-phonon coupling.

However, the assumed elastic deformations of MnO6 octahe-

dra cannot explain the structural properties of epitaxial and

coherent La1�xSrxMnO3 thin films that are 2–8 unit cells

thick. Mainly, the La0.7Sr0.3MnO3 ultrathin films grown

coherently on SrTiO3(001) (STO) are under tensile stress but

exhibit elongated out-of-plane lattice parameter which is at

odds with the expected contraction.6 The indirect evidence of

such elongated c-axis lattice parameter in ultrathin LSMO/

STO(001) films was also suggested by Tebano et al. and Lee

et al. using x-ray magnetic circular dichroism (XMCD)

where they observed a preferential occupation of (3z2 � r2)

orbitals implying J-T type of distortions at the film-substrate

interface.7,8

In this letter, we show that the interfacial out-of-plane lat-

tice parameter expansion can be explained by including two

effects: deformations and tilts/rotations of the BO6 octahedra.

In thicker perovskite thin film heterostructures, the pattern

and the degree of BO6 octahedra rotations can be modified by

changing the sign and the magnitude of a mismatch strain.9,10

Such strain-induced octahedral rotations directly affect mag-

netic and transport properties in thin epitaxial SrRuO3 (SRO)

and La0.67Sr0.33MnO3 (LSMO) films.11,12 At the film-

substrate interface, the octahedral rotational pattern can be

modified by the crystallographic symmetry mismatch of film

and substrate unit cells.13–18 The octahedral rotations induced

by the symmetry mismatch across the film-substrate interface

usually leads to Jahn-Teller type octahedral deformations. For

example, in ultrathin LSMO films grown on (110)-oriented

STO substrates, the octahedral coupling across the interface

induces distinctive BO6 octahedra distortions leading to a

high-temperature magnetic insulating phase, which makes the

LSMO/STO(110) perovskite heterostructure a possible candi-

date for an insulating tunneling barrier in room temperature

spin polarized tunneling devices.19 From the application point

of view, it is therefore essential to understand the origin of

structural modifications at the interfaces of correlated oxide

heterostructures.

Here, using synchrotron x-ray diffraction (XRD) and dy-

namical x-ray diffraction simulations, we reveal a rather

complex stress accommodation mechanism in coherent

0003-6951/2014/105(13)/131906/5/$30.00 VC 2014 AIP Publishing LLC105, 131906-1
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La0.67Sr0.33MnO3 films grown on STO(001) substrate under

tensile stress. Three structurally different regions were

resolved: (i) two unit cell (u.c.) thick layer at the LSMO/

STO interface with elongated out-of-plane lattice parameter,

(ii) intermediate layer whose thickness varies with total film

thickness, and (iii) rest of the layer away from the interface.

At the interface, MnO6 octahedral rotations are suppressed

causing elongation of the (001)-oriented Mn-O bond. Farther

from the interface, the rotations acquire a pattern that is

observed in thicker LSMO thin films under tensile stress

with suppressed c-axis lattice parameter.10 Here, the rota-

tional pattern is imposed by the lattice mismatch between

film and substrate and is caused by a coupling between octa-

hedral rotations and biaxial strain, i.e., strain is accommo-

dated by changing the film’s unit cell size via rotations of

corner-connected MnO6 units. We show that the lack of rota-

tions at the LSMO/STO interface and subsequent unusual c-

axis lattice expansion is not caused by conventional lattice

mismatch but is rather induced by crystallographic symmetry

mismatch between LSMO and STO structures across the

interface. The observed LSMO structure at the interface

might affect magnetic and transport properties and therefore

contribute to the “dead layer” phenomena even in nearly per-

fect perovskite oxide heterostructures. These findings pro-

vide practical ways in searching for alternate substrate

materials or buffer layers with similar crystallographic rota-

tional patterns as that of LSMO.

Thin LSMO films used in this study were grown by

pulsed-laser deposition (PLD) from a stoichiometric

La0.67Sr0.33MnO3 target on TiO2-terminated SrTiO3(100)

substrates by applying a KrF excimer laser at a repetition

rate of 1 Hz and a laser fluence of 2 J/cm2.20 During growth,

the substrate was held at 750 �C in an oxygen environment in

the range of 100–300 mTorr. The growth was monitored in
situ by reflective high energy electron diffraction (RHEED)

analysis allowing precise control of the thickness at the unit

cell scale and accurate characterization of the growth dynam-

ics.21 For these conditions, a growth rate of �0.16 Å/s was

determined. After the growth, samples were slowly cooled to

room temperature in 1 atm of oxygen at a rate of �5 �C/min

to optimize the oxidation level. The low level of surface

roughness was confirmed by atomic force microscopy analy-

sis (not shown), indicating smooth terraces separated by

clear, single unit cell height steps similar to the surface of

the initial TiO2-terminated STO(001) substrate. X-ray dif-

fraction measurements were performed at the Stanford

Synchrotron Radiation Lightsource, beam line 7–2 and at the

Stanford Nano Shared Facilities. X-ray diffraction calcula-

tions were carried out using GID_sl program for simulating

dynamical x-ray diffraction from strained crystals, multi-

layers, and superlattices, developed by Stepanov.22

Four LSMO(001) films with thicknesses of 10, 20, 40,

and 60 nm were used in this study. The magnetic properties

were determined by vibrating sample magnetometry (VSM)

measurements in a Quantum Design PPMS system. The

LSMO films exhibited optimal magnetic behavior, e.g., the

60 u.c. thick LSMO film displayed a Curie temperature of

350 K, in good agreement with the previous reports.23,24 The

measured and fitted x-ray diffraction patterns around the

LSMO/STO(002) Bragg reflection for 10 and 60 nm thick

films are shown in Figure 1 and the fitting results for all

measured films are listed in Table I.

As can be seen in Figure 1, thin LSMO films exhibit high

structural quality throughout the whole crystalline film matrix

which is signified by the presence of thickness fringes.

Initially, a uniform LSMO film was assumed and dynamical

x-ray diffraction calculations were performed using single c-

axis value of the pseudocubic unit cell over the whole film

thickness. Although we were able to match the measured and

calculated STO(002) and LSMO(002) Bragg peak positions

and intensities, the rest of the XRD pattern showed very poor

agreement resulting in a profile residual factor, Rp, of 0.68

indicating that our model of a uniform film with constant out-

of-plane lattice parameter is not correct.25 As one can notice

from Figure 1, besides substrate and film peaks and the thick-

ness fringes, the XRD pattern shows additional features,

which are particularly visible in 60 nm film. First, thickness

fringes on the left side of the LSMO(002) peak are enhanced

as compared to those on the right side. Second, the fringe in-

tensity exhibits modulation, which is notably visible on the

right side of the LSMO(002) peak for the 60 nm film. Such

additional features can be observed in all films clearly indicat-

ing subtle variations in the lattice parameter of the LSMO

layer along the out-of-plane direction. In order to properly

reproduce the measured XRD profiles, the LSMO layer thick-

ness was divided into three structural parts with three different

out-of-plane lattice parameters: ci, cm, and cl representing

c-axis lattice parameters at the LSMO/STO interface, interme-

diate, and the rest of the layer away from the interface, respec-

tively. Dynamical x-ray diffraction simulations of 60 nm

LSMO film on STO(001) substrate for different LSMO layer

FIG. 1. Experimental synchrotron X-ray diffraction data (blue) and the best

fit obtained from dynamical X-ray diffraction simulation (red) for (a) 60 nm

and (b) 10 nm LSMO layers on STO(001) substrates. In order to obtain the

best fit, the LSMO layer was divided into three parts: interface layer with

thickness ti, intermediate layer with thickness tm, and rest of the layer.

Different parts of the LSMO layer exhibit dissimilar c-axis lattice

parameters.

131906-2 Vailionis et al. Appl. Phys. Lett. 105, 131906 (2014)
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scenarios are presented in the supplementary material.26

Three different c-axis values were needed to properly

describe: (a) main (002) Bragg peak and thickness fringes, (b)

modulation of the thickness fringes, and (c) thickness fringe

enhancement on the left side of the (002) Bragg peak. Values

ci, cm, and cl contribute independently to the shape of the

XRD spectra and therefore are not correlated. The ci lattice

parameter contributes to the enhancement of fringe amplitude

to the left of the (002) Bragg peak, while cm gives rise to

thickness fringe modulations. The fitting was performed using

genetic fitting algorithm and resulted in Rp value of 0.23 for

the 60 nm thick LSMO film. The measured and fitted x-ray

diffraction patterns are shown in Figure 1 for the 10 and

60 nm thick LSMO films. The main fit results and schematic

picture of the LSMO layer structural evolution are presented

in Figure 2 and Table I. All LSMO films, independent of

thickness, contain a 2 unit cell thick interface layer with ci �
3.94 Å. The thickness of the intermediate layer with a lattice

parameter of cm � 3.86–3.87 Å increases with the total film

thickness. The right hand side of the plot shown in Figure 2(a)

depicts a c-axis lattice parameter variation of the main layer,

cl, as a function of total film thickness. It slightly decreases

from �3.85 Å to �3.83 Å as the film thickness increases from

10 to 60 nm.

The most striking feature obtained from the fits is

the expansion of the LSMO c-axis lattice parameter within

the first two unit cells of the LSMO/STO interface. The

pseudocubic lattice constant of bulk LSMO material is

ap¼ 3.88 Å, which is smaller than that of the STO substrate

(aSTO¼ 3.905 Å). Therefore, a reduced c-axis lattice constant

is expected for the film. Away from the interface, such reduc-

tion is indeed observed where cm, cl< aSTO. However, the 2

u.c. interface layer exhibits a lattice constant ci � 3.94 Å,

which is considerably larger than aSTO. Such behavior cannot

be explained by the theory of elasticity where only intera-

tomic bond stretching is involved. Another strain accommo-

dation mechanism, bond bending, is known to play a

significant role in perovskite oxides and was already observed

experimentally in epitaxial Ca1�xSrxCuO2, La1�xCaxMnO3,

LaNiO3, SrRuO3, and La1�xSrxMnO3 oxide thin films.9,10,27,28

The B-O-B bond bending in oxides with the perovskite struc-

ture is a direct consequence of a cooperative rotation of

corner-connected BO6 octahedral units which changes the

size and shape of the unit cell.29,30 Bulk rhombohedral

La0.67Sr0.33MnO3 possesses a–a–a– octahedral rotational pat-

tern leading to R–3c space group with Mn-O-Mn bond angles

of 166�–167� and Mn-O bond lengths of 1.954 Å.31 LSMO

film unit cell under epitaxial tensile stress exhibits aþa–c0

MnO6 rotational pattern resulting in a monoclinic unit cell

with Cmcm space group where the absence of octahedral rota-

tions along [001] out-of-plane direction leads to the increase

of the in-plane lattice parameter.10 This tensile strain accom-

modation takes place in the intermediate and main layers of

the LSMO film grown on STO(001) substrates. However, the

interface layer exhibits an unusual c-axis expansion which

cannot be explained by the described octahedral tilts and

rotations.

We now focus on the mechanism of c-axis lattice expan-

sion within the first two unit cells of the LSMO film. Figure

3 shows the relationship between the out-of-plane lattice pa-

rameter of a strained pseudocubic La1�xSrxMnO3 as a func-

tion of Sr content assuming three different octahedral

rotational patterns: a–a–a– as for bulk LSMO (blue rhom-

buses), aþa–c0 as for tetragonal LSMO films under tensile

stress (green triangles), and a0a0a0 as for cubic LSMO struc-

ture with straight Mn-O-Mn bonds (red squares). The Mn-O

bond lengths, dMn-O, were obtained from �30 powder dif-

fraction files of bulk La1�xSrxMnO3 data listed in the PDF-

4þ database of the International Centre for Diffraction Data.

The strained out-of-plane lattice parameter cL was calculated

using the following equation:

CL ¼ �
2v

1� v
aSTO � aR

L

� �
þ aR

L ; (1)

where the relaxed pseudocubic lattice parameter aR
L was

estimated from rhombohedral, tetragonal, and cubic LSMO

unit cells, the substrate lattice parameter aSTO¼ 3.905 Å and

TABLE I. Best fit results of the dynamical X-ray diffraction simulation to the experimental XRD profiles for the LSMO/STO(001) layers.

LSMO film thickness (nm) ci (Å) ti (u.c.) cm (Å) tm (u.c.) cl (Å) tl (u.c.) ttotal (nm)

10 3.939 6 0.05 2 3.873 6 0.03 3 3.847 6 0.02 20 9.64

20 3.925 6 0.05 2 3.860 6 0.03 4 3.846 6 0.02 43 18.87

40 3.925 6 0.05 2 3.850 6 0.03 9 3.838 6 0.02 92.5 39.75

60 3.935 6 0.05 2 3.860 6 0.03 22 3.831 6 0.02 132 59.85

FIG. 2. Structural evolution of the LSMO thin film along the out-of-plane

direction: (a) variation of the interface and intermediate layer thickness and

c-axis lattice parameter of the main layer as a function of total film thick-

ness, (b) schematic diagram of the LSMO layer structural evolution near and

away from the LSMO/STO interface.

131906-3 Vailionis et al. Appl. Phys. Lett. 105, 131906 (2014)
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the Poisson ratio �¼ 0.4. Here, we used a Poisson ratio of

0.4 deduced from the measurements of La0.83Sr0.17MnO3 sin-

gle crystal at 300 K by Darling et al.32 This value is valid for

rhombohedral LSMO with x¼ 0.17. Slightly lower Poisson

values of �¼ 0.33–0.34 were reported for twinned LSMO/

STO(001) films with x¼ 0.33, which would change our esti-

mated out-of-plane lattice parameter by <0.2%.33,34

The highlighted region in Figure 3 represents data for Sr

content x¼ 0.29–0.35, which clearly indicates that only

straight Mn-O-Mn bonds can explain the expanded LSMO

c-axis lattice parameter at the interface. We can conclude

that at the LSMO/STO interface the film exhibits a0a0a0

octahedral rotational pattern, i.e., no rotations are present

within first 2 unit cells. The c-axis lattice parameter of the in-

termediate layer, cm, is in perfect agreement with data shown

in Figure 3 (green triangles) for x � 0.3 confirming aþa–c0

rotational pattern in this region. The rest of the layer pos-

sesses similar rotational pattern as the intermediate layer but

evolves further by slightly reducing out-of-plane lattice pa-

rameter from �3.86 Å to �3.83–3.85 Å which depends on

the total film thickness. The suppression of octahedral rota-

tions at LSMO/STO interface layer is a direct consequence

of the symmetry mismatch between LSMO and STO crystal-

lographic structures and inherent interfacial octahedral cou-

pling across the LSMO/STO interface.13,14,35 The STO unit

cell symmetry is Pm–3m and belongs to a zero tilt system

a0a0a0 while thick LSMO layer under tensile strain possesses

Cmcm symmetry and exhibits aþa–c0 rotational pattern. In

order to maintain corner connectivity between TiO6 and

MnO6 octahedral units across the substrate-film interface,

the film’s unit cell is forced to adapt symmetry of the STO

substrate by straightening Mn-O-Mn bonds and acquiring

a0a0a0 tilt system. Consequently, the LSMO out-of-plane lat-

tice constant at the interface should become ci¼ 2� dMn-O,

depending on the actual Mn-O bond length, dMn-O, which for

x¼ 0.29–0.35 varies from 1.954 to 1.959 Å. Within this La/

Sr ratio, the straight Mn-O-Mn bond length is larger than the

lattice constant of STO substrate and thus Mn-O bond is

compressed in-plane and, depending on a Poisson ratio of

the LSMO material, film’s c-axis lattice parameter increases

beyond Mn-O-Mn bond length as shown in Figure 3.

The a0a0a0 tilt system and consequent in-plane bond

compression while the out-of-plane Mn-O-Mn bond is elon-

gated modifies orbital ordering of a Mn atom. The described

deformation of MnO6 octahedra is related to Q3 J-T distortion

which lifts the degeneracy of eg orbitals by placing (3z2 – r2)

state lower in energy as compared to (x2 – y2) state. As a

result the (3z2 – r2) orbitals are expected to be preferentially

occupied by an electron and leaving (x2 – y2) orbitals empty.

Indeed, the orbital symmetry breaking effects at the LSMO/

STO interface were reported by Tebano et al. using linear

dichroism of the x-ray absorption (LD-XAS) at 10 K where

evidence of preferential (3z2 – r2) occupation was observed in

6 u.c. thick films.7 It is important to point out that the J-T dis-

tortion induced by the suppression of octahedral rotations is

rather small, in the order of 0.01–0.03 Å and therefore is very

sensitive to Mn-O bond length variation with temperature,

which might explain contradictory LD_XAS results obtained

at 100 K by Huijben et al.23 The J-T distortion is probably

connected to the dead-layer in electrical transport in ultrathin

LSMO films. The elongation of the c-axis parameter within

first 3 LSMO u.c. in LSMO/STO(001) thin films was also

observed by Herger et al. using surface x-ray diffraction tech-

nique.6 While the reported results perfectly agree with our

observations, the effect was attributed to Sr segregation at the

film surface. We would like to rule out the influence of Sr

composition variation on the c-axis lattice parameter at the

LSMO interface layer in our samples. As can be seen from

Fig. 3, in order to achieve out-of-plane lattice parameter of

�3.94 Å in bulk LSMO, Sr composition has to reach values

of x � 0.1 – 0.13 which results in �70% loss of Sr in the

LSMO interface layer. Such drastic reduction of Sr in only 2

u.c. of LSMO layer seems highly unlikely. Another cause of

LSMO lattice expansion is the oxygen loss at the interface.

For the reported growth conditions, the oxygen stoichiometry

at the interface was previously verified by monitoring Mn va-

lence state which is known to be very sensitive to the oxygen

content.36 No difference from bulk Mn valence was observed,

confirming uniform oxygen stoichiometry throughout the

whole film. Furthermore, in order to check for the possibility

of a growth-induced oxygen deficient layer at the film/sub-

strate interface, we grew a sample of slightly oxygen deficient

SrTiO3�d layer on STO(001) substrate. In this case, due to

cubic Pm–3m symmetry of the SrTiO3 perovskite structure,

octahedral rotations are absent. The fit between high-

resolution x-ray diffraction spectra around STO(002) Bragg

peak and theoretical dynamical x-ray diffraction simulations

revealed that STO layer exhibits constant c-axis lattice param-

eter starting from the SrTiO3�d/SrTiO3 interface without any

indication of c-axis expansion/contraction near the interface

region signifying uniform oxygen distribution.26

In summary, we have demonstrated that LSMO/

STO(001) thin films undergo complex strain accommodation

route along the out-of-plane direction. At the interface,

FIG. 3. Change of the out-of-plane lattice parameter as a function of Sr con-

tent for different MnO6 octahedral tilt scenarios: red squares—straight octa-

hedra, no tilt, green triangles—octahedral tilts about in-plane a and b axes

only, blue rhombuses—out-of-phase octahedral tilts about a, b, and c axes

as in bulk La1�xSrxMnO3.

131906-4 Vailionis et al. Appl. Phys. Lett. 105, 131906 (2014)
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within first 2 unit cells, film’s unit cell assumes symmetry of

a cubic STO substrate which leads to the suppressed octahe-

dral rotations and elongated c-axis lattice parameter. Farther

from the interface, MnO6 octahedral rotations evolve and

assume rotational pattern that is the same as in thicker coher-

ently strained LSMO films. The intermediate region right af-

ter interface shows c-axis lattice parameter cm< aSTO, but

slightly larger than the rest of the layer which perfectly

agrees with aþa–c0 rotational pattern. The thickness of an in-

termediate layer changes with total film thickness. The rest

of the layer shows the same rotational pattern but with

slightly reduced c-axis lattice parameter. The results reveal

two distinct strain coupling mechanisms: octahedral rota-

tions/deformations due to symmetry mismatch at the inter-

face and octahedral rotations due to lattice mismatch in the

rest of the film and offer new routes for strain engineering in

functional complex oxide heterostructures.
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