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Ultimate miniaturization of magnetic random access memory (MRAM)devicesis
expectedby the utilization of spin-transfer torques, because they present an efficient
means to swith elements wih a very high magnetic anisotrgy™2 To overcome the
low switching speed incurrent collinearly magnetized devices, new routeare being
explored to realize magnetic tunnel junction stacks with nostollinear
magnetization between two magnetic electrodesontrolled in-plane rotation of the

magnetic easy axisin manganite heterostructuresby tailoring the interface oxygen
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network would provide a promising direction for non-collinear magnetization in
correlated oxide magnetic tunneling junctions.Here, we demonstrate how to
manipulate magnetic and electronic anisotropic propertis in manganite
heterostructures by engineering the oxygen network on the unitcell level. The
strong oxygen octahedral couplingis found to transfer the octahedral rotation,
present inthe NdGaO; (NGO) substrate, to the LaysSrysMnO 3 (LSMO) film in the
interface region. This causes an unexpectetealignment of the magnetic easy axis
along the short axis of the LSMO unit cell as well as the presence of a giant
anisotropic transport in these ultrathin LSMO films. As a result wepossess control
of the lateral magnetic and electronicanisotropies by atomic scale design of the

oxygen octahedral rotation

Emergent phenomeria oxide heterostructusd* such as interface chargnsfer, two
dimensional free electraya$ and ferromagnetism between two AvAgneticmaterials,

are induced by the dedicated coupling between spin, orbital, charge and lattice degrees of
freedoni®. Developing strategies to engineer these intimate couplings in oxide
heterostructures is crucial to achieve new phenomena and to pave the path towgrds n
functionalities with atomic scale dimensiordtilizing polar discontinuity, inducing
straint®*? chargeransfer, andspatial confinement** are seveal welkFknown strategies

In ABOj3 perovskitesorbital, charge and spin order are intimatedyrelatedto the BQ
oxygen octahedfa®. In the bulk, the oxygen octahedral rotation (OOR) and
deformation are usually controlled by isovalent substitutioby the deployment of high
pressur®?! but oxide heterostructures offer additionahys to tune the lattice

structuré*'>?226. The OOR can be tailore@ither by strain orinterfacial oxygen



octahedrakoupling (00Q?>?°. The OOC is a geometric constragffect which forces
theoctahedran afilm to rotatedue to aetained cornerconnectivity of oxygen octahedra

acrossaninterfacé®.

For decades, straimas beerused for heterostructure engineeribgt strain isusually a
long rangeeffect depending on lattice mismat€hand thereforelesscontrollableat the
atomicscale,limiting its application towards complex device where filmswith varying
local propertie®n a singlewaferarerequired The OOC which unlike strainhasa short
impactlength scalef ~ 2 nnt>°, could bea new route to realize atomic scale control of
materialpropertiesand functionalitiesHowever, the questiorare still openwhether the
OOC can compete with strainow strongof animpactit canmake ornthefunctionalities
and if it cantransfernot only the magnitudeof rotation but also the Glazer rotation
patteri* to a film. Such controllable OOR will provide a feasible new route the

artificial designof structures with novel functionalities

By utilizing the OOC at the LSMO and NGO (11byterface, we demonstrate the
possibility to transfer the characteristic NGO anisotropic structure into epitaxial LSMO
films. This in turncreatesnot only new but also switchable magnetic and electronic
anisotropies The rhombohedral LSMO possessasaaa rotation which results in an
isotropic BO-B bond angle (!) and isotropipropertie&®. The Glazersymbof* here and
after is sequentially corresponding to the rotation alang andc axis respectivelyln
contrast, the orthorhombic NGO possesseg’aia rotation with a larger ! along the
[001] direction than along the {10] directior?®. For convenience,seudocubic indices

are used for NGO with, b andc corresponding to [001], f10] and [110] respectively.

The structural characteristics bEMO and NGO give rise tm-phase vs. olibf-phase



rotation typemismatch occuig along thea-axis (see leftpanel of Fig. lawhile both
are outof-phasealong theb-axis (seeright panel ofFig. 19. The magnitude of thbond
angle !also has a certain degree of mismatch: ~1iBANGO vs. 166.3 in LSMO. As a
result, both the anisotropiotationtype mismatch and the large difference (312 bond
angle will cause a strong discontinuity of tbetahedra(see Fig. 1p Therefore,the
oxygen atoms need to rearrange at the interfeselting in a large change of the O@R

the LSMO film.

The effect of the OOC at the LSMO/NGO interfaceigialized by atomically resolved
Cscorrected scanningansmission electron microscofyTEM). Thin LSMO films with
thicknesses ranging from 4 to 90 unit cells (uc) have been grown by pulsed laser
deposition on NGO (110ubstrate¥ (see Supplementary Fig. SHIl films are fully
strained taNGO (See Supplementary Fi§2), resulting an overalt 0.4% compressive
strain on LSMO with 0.2% kplane anisotrop\/=>. The zone axis for the LSMO/NGO
crosssection STEM specimen is chosen to be dkaxis due to its iphase rotation,
which allows us to resolve the oxygen atoms more €asilyAtomic resolution Energy
dispersive Xray spectroscopy demonstrates the fgghlity of the atomic ordering at the
LSMO/NGO interface (See Supplementary F3§). Annular BrightField STEM (ABF
STEM) was used to visualize the oxygen octahedra across the in{@nfsereed contrast
for easier discernment of the individual atomic colum@as)shown inFig. 1h The
LSMO strongly follows the NGO rotationcharacteristic anddzomes ipha® along the
a-axis, which in bulk LSMO is oubf-phase Close to the interfacéhe MnQ; octahedral
tilt angleis comparable to that of Gglas shown byhe depthprofile of BOg tilt angle

across the interface in Figc (For estimation of tilt angle, see Supplementary $4y.



The tilt angle continuously changefrom the GaQ substrate value to bulkinOg (far
from interface) Interestingly, the first 2 uc layers of LSMO have almost the same tilt
angle as NGOThe impact of the octahedral coupling decays rapidly away from the
interface and disappears above 4 uc lay&€herefoe, the OOC at the LSMO/NGO
interface results in the alteration of the OORrase, oubf-phase) of the LSMO close

to the interface, in which the magnitude of the tilt anigl comparable to that of NGO,
see left panel of Fig. 1iBecause of the shoimpactiength scale oDOC the OOR of

the LSMO can be significantly altered by inserting a-tibad SrTiG; (STO) buffer layer
seeright panel ofFig. 1h Within the STO layer, the OOR is also coupled to the OOR of
NGO, but the tilt angle relaxes quicklye., thetilt of TiOg octahedrastarts to disappear
above 2 uc layer€Consequently, the LSMO connects to atiied OOR and doesnOt
show any evidence, within the STEM spatial resolution, of tilting of the Mwtahedra
from the first layer(see Fig.1b-c). Together withnonbuffered LSMQ the resulting
interface structure of LSMO indicates that the Id@@R at the substrate surface acts as a

controllable template for the structure of the epitaxial LSMO film.

The observed interfacial OOas a dramatignpacton the magnetipropertiesThe9 uc

STO bufferlayerreduces the octahedral tilt in LSMO, thus enhances the magnetism, i.e.,
9 uc STObuffer layerincreases the Curie temperatufe)(of the 6 uc LSMO from 145

K to 240 K.The enhancement @readyfoundwhenusinga 1l ucSTO bufferlayerasthe

6 uc LSMO film exhibitsa Tc of 180 K, indicatingthat 1 uc STO is thick enough to
significantly reduce the octahedral tilThe saturateanagnetic momenof such STQ

buffered LSMO is alstargerthanthe non-buffered LSMO film(seeFig. 2ac).



Beyond the enhancemena more striking phenomenon the switch of magnetic
anisotropy(MA) by engineeing the interfacial OQR. Due to the different OOR pattern,
the 6 ucthick LSMO films wth or without STO buffer layethave a different
magnetization easy axialthough both exhibit uniaxial MAThe easy axis of theon
bufferedLSMO is thea-axis as shown in Fig. 2a, in strong contrast to the obséraad
easy axis in thick SMO films®***. When insertinga STO buffer layer with a thickness
ranging from 1 uc to 36 uc (LSMO/STO/NG®ie easy axis is again switched to the
axis The magnetic behaviaf 6 uc LSMOfilms on top of al ucSTOand 9 uc STO
buffer layeris shown as example nespectivelyFigures2b and 2cFor convenience, the
MA with easy axis along the short axasis defined as interfacial magnetic anisotropy
(IMA) while an easy axis along the long akiss indicated as bulk magneticisotropy
(BMA). Comparison between the structure of LSMO with and without STO buffer layer
indicates that the IMA is correlated to the strong tilted LSMO structure while the BMA
comes from the nearly neilted (NNT) structureSince the STQ@rystalis very stiff,the

tilt angle is already strongly reducedthin thefirst STOunit cell (see Figlc). A single

unit cell STO buffer layer is thick enough to switch the easy axis of LSMO, indicating
the capability to tune the anisotropic properties bynatoscale controlBy separating
IMA and BMA with a STO barrier in LSMO/STO/LSMO/NGO magnetic tunneling
junctions, we arenow able to realize orthogonahtagnetization between top and bottom
LSMO electrodes See Supplementary Fig. SSfurthemore patterningof the STO
buffer layer allows usnow alsoto artificially create implane magnetic domasn(See

Supplementaryig. S9.



Thedepth profiesof the magnetizatiorfurther confim that IMA arises fronthe strondy

tilted interfacestructure Theatomic concentratioprofile and magnetic deptrofile in 6

uc LSMO films with and withouthe STO buffer layehave beemrobed by resonant-X

ray reflectometry (RXR3® asshown in Fig 2d (For detais of the RXR experiment, see
Supplementaryig. S6). A depthprofile of Mn magnetizatior{M) can be obtained from
the best fit othe asymmetric spectra between left and right circular polarized Tigkt
profiles of Ga, Ti and Mn atomiconcentratiorare shown as well for comparison and
indicate an atomic sinp interfacewith negligible interfacial intermixingThe active
magnetic layers in these two samples are all locatéaeinterface regionOur magnetic
profiles also reveal the presence of magnetic dead layers near the *$udadmth
buffered and notuffered LSMO films. The OOC has an impact length scale of ~2 nm
and, therefore, could have an influence on the surfaceopatir ultrathin LSMO films

on NGO, which can be excluded for our thicker LSMO films. A more detailatysia

will be performed in a future studgompared with the nebuffered LSMO, the less
distorted buffered LSMO film exhibited a more uniform magnetism due to the reduced
structural distortion at the interface as well as a reduced thickness of thaykyaohl the
surface. This fact could explain the observed enhancaturated magnetizatiom
buffered LSMO film as shown in Fig. ZaInterestingly the active magnetic layan the
nonbuffered LSMO isthe ~3 uc interfaceregion and thus coincident withthe strong
tilted layer(See bottonpanel ofFig. 2d. Thereforethe IMA is correlated to the strong

tilted LSMO structure while the BMAs coupled taNNT structure.

The distinct OOR patterns near and far from the interface regiva rise to a sharp

transition of the magnetic anisotropy at 8 uc LSMO layer thickresss Fig. 3.The



contribution from the NNT part to the magnetic anisotropic energy (MAE) will increase
with increasing thickness, hence thicker films (t > 8 uc) exBiRIA. The strong tilt part
dominates in thinner films with t < 8 uc, hence these films exhibit IMAS8 uc, the
competition between IMA and BMA results in biaxial anisotropy with the easy axis along
ab and Bab directions.The thickness dependence of LOMhin films further indicates
that IMA arises from an interfacial NGlike OOR pattern, while the stragominated

NNT part gives rise to BMA.

Concomitantwith the magnetic anisotropy, the electronic transport properties in the
LSMO films are found to exhibit anisotropies as well with a shaapsition at a
thickness of 8 ucBesides a thickness dependent metal insulator traritidso an
interfacial OOC dnen giant transport anisotropy is observed in LSMO films with
thicknesses of 6 and 7 uc, which exhibit higher electrical conductivities aloaggattig

see Fig. 4aln thicker flmswhere OOC subsideghe anisotropy becomes much smaller.
No thermal hysteresis is observed in the cooling down and warming up cycles, so that a
possible anisotropic percolation in a phase separation scenaviolisled’. Figure 4b
shows the resistivity along two different directiamss b at 50 K. Almost 2 oders of
magnitude difference of resistivity betwetre two directions is observed ithe 6 uc
sample significantlylargerthan previously reported straimducedtransportanisotropy®

in LSMO/DyScGs. This difference decreases with increasing thicknasd,for t " 8 uc,

this difference is too small to note any anisotrdggwever,the temperature dependent
magnetoresistancdyiR = (R(B)-R(0))/R(0), in Fig. 4c still reflects the presence of
transport anisotropy in thick film®8oth thin film (6 uc)and thick film (12 uc) exhibit

anisotropic MR effectvith peak positionTp which reflects a metab-insulator transition



in manganites (See Supplementary Fig.. Siowever, the sign of #=Ty(a)-Ty(b) for 6

uc and 12 uc films are oppositeherefore, thee is a switch of transport anisotropy with
increasing thicknes#s shown in Fig. 4d, the differencel#is thickness dependent and
becomes zero at 8 uEor t < 8uc, it is reversed and as large ds # 52 K for 6 uc
LSMO, whereas in films with t > 8 ud,is only aboutb2 K. Since the more conductive

axis has highefp and based on Fig. 3 and Fig. 4d, we can conclude that the easy axis for
electronic transport (more conductive axis) coincides with the magnetic easy axis of the
LSMO films. By switching the magnetic easy axis of a 6 uc LSMiln through
introducing a STO buffer layer, the transport easy axis is also switchedi@xie(See

Supplementaryig. S7).

Let usnow turn to the mechanism of the thickness driven switch of the anisotropic
properties.Since strain does not change with thickness and interfacial intermixing is
negligible, the transition of MA with thickness can be expected to correlate with the OOR
pattern.Along thea-axis, an inphase (NGO) and owf-phase (LSMO) mismatchould
cause huge oxygen displacements to retain the connectivity of the oxygen octahedra.
Furthermore, the rotation of Mrctahedra along tha-axis causes the bond angle !
along theb-axis to become smallewWhile along theb-axis, the OOR pattern for tho
LSMO and NGO are outf-phase, the displacement of oxygen atoms necessary to match
the substrate is lesAs a result, the bond angle along #iaxis is larger than along thwe

axis, !(a) > !(b). Further away from the interface, the OOC effect subsides and the strain
dominates, resulting in b) > !(a)*’. Based on the above consideration, a structural
evolution of a LSMO film is schematically shown in Fig. B&e LSMO film is divided

into two regons, theinterfaceOOC driven Bac and the strainethduced® a'bc. The



larger rotation along-axis for both regions is due to LSMO-tane compressive strain
which increases the rotation alorgaxis to give rise to a smaller -plane lattice
constarf’. In the crossver thickness the complete LSMO film can be averagely
described by @c and <!(a)> $ <!(b)>. The structure characteristic of LSMO near the

interface is expected to cause an anisotrd@indwidth (w) according toformula®™

I e

T with w(a) > w(b). Furtheraway from the interface region,df > !(a)
leads tow(b) >w(a). The expected changes of anisotropic bond angléandwidthare
consistent with our observed anisotropic transport properties within the dochlEnge

modef?.

According to Fig. 1k, the lattice structure of LSMO films relas with thickness and
becoms bulk-like at a thickness of about 4 u€herefore, in thick LSMO films we
expect the presence of two regions: an interface region wheemigwropic properties
in each layer change with layer position and a strain dominated bulk region where the
anisotropic properties are less dependent on layer posifiba. uniaxial MAE is
described by E K,Cos% where % is aniane angle relative ta-axis. For uniaxial
anisotropyK, = E(@)-E(b) is positive or negative, indicating that the easy axis i e
a-axis, respectively; for biaxial anisotrog;, = 0. The totalK, can be expressed by
L =X (1), where! | (1) is MAE constant ofthe nth layer. The mean MAE
constant K> (= K/t), (For measurement of <K>ee Supplementary Fi&8), is found
to nonlinearlydependon thickness(see Fig. 5h The <K> exhibits clear thickness
dependence and @ossover transition from positive to negative valyeshich can be

observed at 8 udn contrastthe! ., is linearly dependent otinicknesswhen t > 8 uc

(see Fig. 5p Therefore] , can be rewritten as., ! Z:’H Lb@)r b (0 I



' 111 Here, !, is thickness of interface region beyond which tHg!!! is
approximated to be constdnt andc is a constant. . andc, as obtained from linear
fitting of ! y vs. t curve at t > 8 yare 14.4 peV/uc and 103.7 peV/uespectively.
With these parameters,caitical thicknesst(), where thesesublayers do not contribute
toly (! 5y ! 11 0), can be estimatetb be 7.2 ucin good agreement with the

observed 8 uc critical thickne$ar <K> = 0 as determined iype magnetic anisotropy

measurements.

To understand the microscopic origin of thA and the expected coupling between
transport and magnetic anisotropye constructby means of density functional theory

(DFT) a tight binding Hamiltonian of LSMO  ultrathin  films:
e ()11 (:—)' (1) vt 1 including exchange spliting & and  spirbit
coupling ' (See Supplementary Fi§9 and S10. Here,! N represats the hopping
integral from orbital ( at site O to orbital ) at site The structural change due to OOC
and strain mainly affestthe!. (?) which in turn leads to a changetbke MAE. The
hopping termg,. (7) can be qualitatively indicated by the transport properties in our
experiment. We therefore simply mimic the structural and transport anisotimpy
introducing anisotropic hoppingerm$? parametrizedby A: !, (") and !, (F)!

L (™Mt 1 talong? and!’ respectively.The calculation of the MAE indicates an in
plane easy axis for a monolayer LSMO film (See SupplementarySE@), while the
easy axis in thab-plane depends on the asymmetric hopping factqsée Fig. 5¢ In

the case of an isotropic-plane structure (A= 0), abiaxial anisotropy with easy axis

[110],c is obtained consistent with observations in (001) LSMO films on csb{© and



(LaAlO3)o A(SRAITaOg)o 7 substrates (seSupplementary FigSil). If !, () is 0.5%
percent higher thah (?) (At = 0.5%) the easy axis is rotated from thbk direction to
the a-axis and the film becomes uniaxially anisotropic, wiile= -0.5% will switch the
easy axis to the-axis Thus theeasy axigrefersto align along the axis with the lagje
hopping amplitude, which is also the axis for the largest conductivity as in experiment.
The calculated irplane anisotropic energy is of the order éfueV/uc, qualitatively

consistent with the experimental obseivas.

In conclusion, OOC driven magnetic and transport anisotropies are realized in
LSMO/NGO heterostructures. Competition between the interfacial OOC and the strain
further away from the interface leads to a thickness driven sharp transition of the
anisotropic properties. The sérved coupling of transport and magnetic anisotropy as
well as the tighbinding modeling indicate the key role of the anisotropic bandwidth for
the anisotropic properties in LSMO. Our finding will also provide new insight into the
recently reported strai driven transport anisotropy in manganiiens'>®*. The
observed OOC can bextended into other perovskite oxide heterostrustuse
superlattice. Furthermore, the revealed competition between OOC and strain which
resuls in thickness dependent pmapies should have significant impact on the
understanding of widely reported reduced dimensionality effect in many correlated

perovskite ultrathin films.

Our results unequivocally link the atomic structure near interfaces to macroscopic
properties. The sbng correlation between controllable oxygen network and
functionalities will have significant impact on both fundamental research and

technological application of correlated perovskite heterostructures. By controlling

! 12



interfacial OOC, we are now able to patteim3 dimensionshe magnetization to achieve
noncollinear magnetization in both-plane and out of plane directions, thus making the
heterostructures promising for application in orthogonal spin transfer dedpe
oscillators andlow field senscs. Moreover, one could extend the revealed competition
between strain and OOC to a new direction to realize piezoelectric control of
magnetization reversal for spintronics application by tuning balance between those two

co-existenteffects.



Methods

LSMO thin films were grown on atomically flat NGO (110) substrates from a
stoichiometric La;sSrsMnOgs target by pulsed laser deposition using a KrF excimer laser
operating at 248 nnmThe atomically flat NGO substrate, as confirmed by atomic force
microscopy(AFM), wasobtained byBHF chemical etching and subsequent annealing at
1050°C for 4 hours®. The laser fluence and repetition rate were 0.6 2Jnd 2 Hz
respectively.The oxygenpartial pressure and substrate temperature were maintained at
0.2 mBar and 686C respectively during the growtfihe growth process was monitored

by reflection highenergy electron diffraction (RHEED), which confirmed the layer by

layer characteristic gwth.

Scanning transmission electron microscopy (STEM) was performed on-Arg-Em
instrument at the University of Antwer@rosssectional cuts of the samples along the [1

10] direction were prepared using a FEI Helios 650-8ealm Focused lon Beam dies.

The 6uc LSMO filmwascapped with &0 nmSTO layer grown at room temperature in
order to prevent LSMO ultrathin layer from damage during the preparation of TEM
crosssection specimen in both buffered andhwffered casesSatisfactory samples were
prepared using very low energy ion beam thinning subsequent to a protection of the
sample surface by sputtering of a 10nm thick carbon protection layer, followed be E
beam deposition of Platinum as a first step to the FIB lamella preparation proddaure.
Electron Microscope used consists of an FEI Titan G3 electron microscope equipped with
an aberration corrector for the pretoeming lens as well as a hidirightness gun and a
SuperEDX 4-quadrant detector operated at 300 kV acceleration voltage fdeDQixe

experiments and STEMDF and ABF imaging.The STEM convergence seiangle



used was 21 mrad, providing a probe size of ~0.8he collection semangle ranges

from 11-29 mrad and 2960 mrad for ABF and ADF imaging respectively.

Magnetic and transpoproperties were measured by using a Quantum Design Vibration
Sample Magnetometer (VSM) and a Physical Properties Measurement System (PPMS)
respectively.The magnetization of the LSMO films was acquired by subtracting the
paramagnetic signal of each NG(bstrate(See Supplementary Fi§l2). The transport
properties were analyzed in a vder-Pauw geometry, in which the resistances alang

andb-axis were measured simultaneously.

The magnetaptical profile was measured usingray resonant magnetic reftagty
(XRMR)*®, The XRMR experiments were performed using arvdouum 4circle
diffractometer at the Resonant Elastic and Inelastray<Scattering (REIXS) beamline
of the Canadian Light Source (CLS) in Saskat@@enad&’. The beamlinéhas a flux of

5*10'2 photon/s and photon energy resolutiofE/E of ~10*. The base pressure of the

diffractometer chamber was kept lower thar® Trr. The samples were aligned with
their surface normal in the scattering plane and measured at a temgefa20 K.The
measurements were carried out in the specular reflection geometry with several
nonresonant photon energies as well as energies at the Madonance (~63660 eV).

For details about the magneatptical profile extraction, sesupplemenary Fig. S6.

A DFT based tight binding Hamiltonian was constructed to calculate the MAE of LSMO

ultrathin films,! (1)1 (!—)! (t1r)1 1, The first term! (1), paramagnetic tight

binding Hamiltonian, is constructed on Wannier basis projected from d2fculated

Bloch waves of LSMO near Fermi lev@lhe Wannier projection was performed with



Wien2Wannier package, employing Wannier90 for constructing maximally localized
Wannierorbitals®. The second terrﬁ—) I (") leads to an exchange splitting & for spins
parallel and antiparallel to (%9 direction.We set & = 2eWhich is the typical exchange
splitting in manganite¥. Thelast term is the atomic spin orbit coupling of Mrbitals

with ' = 0.05 eV. A very finek mesh (e.g. 160 * 160 * 160) was used to make sure that

the total energy conveegdown to 10° peV accuracy.
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Figure 1 |Oxygen octahedral coupling ainterfaces in manganite heterostructurs. a,
Schematic models of atomic ordering in LSMO and NGO crystal structyrésversed
annular brighfield STEM images of LSMO/NGO (left) and LSMO/STO/NGO (right)
heterostructuresThe oxygen atoms are clearly visible, and tbanectivity of oxygen
octahedraacross the interfaces is indicatddhe MnQ; octahedrashows a clear iphase
rotation following the NGOThe LSMO films are 6 uc thick while the STO buffer layer

has a thickness of 9 ua, Layerposition dependent octahedral tilt angle ()) in

LSMO/NGO heterostructures with and without a STO buéiger.
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Figure 2 | Magnetic anisotropy in manganite heterostructures. The MH curvesat
100 K alonga andb-axis of the 6 uc LSMO films on NGO substrateshout @) and
with a 1 ug(b) and 9 uqc) STO buffer layerd, RXR measurements of 6 uc LSMO films
with (top panel) and without (bottom pan&)9 uc STO buffer layer showing depth
profiles of the Ga, Ti, Mn atomic concentrati@gmesp. green, red and blue lines)d Mn
magnetization (Mpurple line withshadedareg at 20 K Schematishowsexperimental
setup to perform RXR measuremaevitere a 0.6 T magnetic field was appliegplane
along magnetic easy axis during the measurement. Atstmicture profile along out of

plane directior(Z), according td~ig. 1b-c, are also showfor comparison.
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Figure 3 | Thickness dependence ofthe magnetic anisotropy in manganite
heterostructures The M-H curvesat 100 Kalonga andb-axis of the LSMO films with

thicknesses of 7, 8 and 9 uc on NGO substrathe. schematics at the top show the

corresponding ground state of the Mn spin orientiatio
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Figure 4 | Thickness dependence of the transport anisotropy in manganite
heterostructures. a, Temperature dependent resistivity al@angnd b-axis for different
LSMO thickness from 6 to 30 ut, Curie temperature dependent resistivity at 50 K
along thea and b-axis. The corresponding thickness is marked at each data mpint.
Temperature dependent magnetoresistaviée=(R(B)-R(0))/R(0) along a and b-axis
under out of plane 9 T magnetic field for 6 and 12 uc LSMO fiting,, versus LSMO
film thickness alon@ andb-axis. Inset, #T, = Ty(a) - Ty(b) versus LSMO film thickness.
Data measured along tlaeaxis is indicated in blue in all 4 figures, whiata alongo-

axis is indicated in red.
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Figure 5 | Structural mechanism of directional switching of magnetic anisotropya,

Structural evolution along the oeaf-plane direction of the LSMO thin film on a NGO

substrateb, Film thickness dependence tbe anisotrojg energyconstankK> and total

anisotrofic energyconstani.; at 50K. Inset: Zoom in around t = 8 uc, Tight binding

simulations of the anisotpy energy of a LSMQnonolayerwith different asymmetric

hopping factor A( =!! I, ()11, (M): 0% (cubic LSMO, black)0.5% (interfacial

LSMO on NGO, red);0.5% (strained bulk LSMO on NG@reen).
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