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(LSCO) and Lao.7Sr03MnOs3 O)\depend sensitively on the fine details of their

structural properties. In &&Qb&k, we use high-resolution transmission electron

microscopy and specfroscopy to examine the structural and electronic phenomena at the

ABSTRACT \
\
Magnetic properties arising at itﬂﬁces perovskite oxides such as Lao.7Sr0.3Co0O3

interfaces in twodLSCO/LSMO bilayers with reversed growth order. Two different strain

mechanisms (re\Qvo

distorti ¢ octahedral tilt pattern to maintain a network of corner-sharing octahedra.

in these films; compressive or tensile epitaxial strain, and

Whi}s\ /epi;a‘xial strain is constant regardless of growth order, the modification of the
stbtilt pattern depends on whether the film is grown directly on the substrate, or as
%é;ond sublayer. As a consequence, exchange spring behavior is observed only when
Sthe. LSCO sublayer is grown first. The different mechanisms of strain accommodation

ithin the oxygen octahedra network in each material prove to be of critical importance in
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Publishing determining the interfacial structure and thus magnetic and electronic properties of the

bilayers.
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I. INTRODUCTION
Transition metal ABO;3 perovskites continue to be the subject of research not only due to
the wide range of magnetic, electronic, and ferroelectric properties they possess, but also
because these properties can be tuned through manipulation of multzg{le lattice, spin, orbital,
and charge degrees of freedom.!* The structure has a wide c m@ition flexibility for

various dopants on the 4 or B sites as well as the oxygen SN

combined with the ability to precisely control thin film“gréwthy.allows for the rational
-

try. This flexibility

design of new artificial composite materials wit emeréﬁnt functional properties at

-

interfaces, which are markedly different from thosg of t‘hyir bulk counterparts.'® Interfacial

L
interactions include epitaxial strain, charge transfer, or magnetic exchange interactions,

and they have potential for use in a wi e%f applications. An important phenomenon
emo

in areas such as data storage, magn

is exchange bias, WhiChW interfacial exchange coupling between

ferromagnetic/antiferromagnehM/AFM) and hard FM/soft FM materials.” At these

mory, and high performance permanent magnets

interfaces, the AFM ard layer will pin the direction of the magnetization of the soft

FM layer. This p1 inré re?l s in a hysteresis loop that is shifted antiparallel to the original

biasing fie 3/1;\%%

civity and a soft FM material with high saturation magnetization results in permanent
£
ts mw

coer
magne hiCh the maximum energy product (BH)max, is optimized.®"!! The majority of
tu

coupling, the combination of a hard FM material with high

Q,::\ S inh) exchange-spring behavior have been focused on metallic systems; however,

e péovskites present versatile alternatives to controlling interfacial magnetic behavior.

=
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Publishing Previous work on bilayers of magnetically hard FM Lao.7Sr03CoO3 (LSCO) and
magnetically soft FM Lao.7Sr03MnO3 (LSMO) observed exchange spring behavior when
the LSCO layer was grown directly on the (LaAlO3)0.3(Sr2AITaOc)o.7 (LSAT) substrate and
its thickness was above a critical thickness of ~ 5 nm.!>!3 A horiZ?{tal shift of the biased
hysteresis loops demonstrated that the hard LSCO layer pinngd t-% montents of the soft
FM layer. Soft x-ray magnetic spectroscopy showed that this&({ ayer was composed
of the LSMO layer as well as an interfacial LSCO subl‘a_l-}\/ ?iﬂ’r-magnetically active Co?"
ions. This magnetic coupling was attributed to cha traaner across the LSCO/LSMO
interface, resulting in a higher Mn*/Mn®" ra ioQu,the‘%SMO layer in the vicinity of the

| -
interface. However, when the bilayer stacKing ordeg was reversed so that the LSMO layer

was in direct contact with the LSAY\\;te, the exchange spring behavior was not
observed.!* As the misfit strain in t \’)E yers remains the same, these results suggest
that an additional mechanism M ¢ interfacial magnetic and electronic properties,

thus motivating the examinatmhe structural and electronic character of the bilayers

with atomic scale res@@jmg scanning transmission electron microscopy (STEM) and
spectroscopy. 4
/\ /

Ferromdgneti¢ and electrical properties in LSMO and LSCO develop through the double
£
geume

15,16

ex anism involving B-O-B chains between corner-sharing BOs octahedra.

Thi double exchange mechanism also results in coincident FM/paramagnetic and
Ku&‘tal)insulator transitions at the Curie temperature. These interactions are sensitive to both

\J

thé' B-O-B bond angle and bond length, and thus the magnetic and electrical properties can
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Publishing be manipulated by strain and coherent substrate bonding effects that introduce tilts,

\J

distortions, and rotations in the octahedral network.>!7->?

When grown epitaxially on (001)-oriented LSAT substrates, deF{ity functional theory
(DFT) calculations!” and extended x-ray absorption fine stru r@neas ements?> have
shown that the bulk LSMO tilt pattern, (a'a'a” in Glazer n&}(o{ 23 with pseudocubic

lattice parameter a,=3.873 A%6?7), changes to the a*b ¢ ti ?tfém.at the interface in order

—-—

to accommodate strain and maintain continuity with'the octyhedral network in the cubic

-

LSAT substrate which does not display octahed tiltsjn the interface region, the B-O-B

| -
bond angles also change from about 166°m, all dirgctions, to close to 180° in the out-of-

plane direction and about 157° in @in—plane directions. Interestingly, some

researchers report that the epitaxiz&ﬁb\yzr& to the a*a ¢ tilt pattern exists only over a

few unit cells from the LSM&R

nterface, before returning to a more bulk-like
pattern,'” possibly facilitatedb%x&e ndency of the Mn*"-O¢ octahedra to undergo Jahn-

Teller (J-T) distorti

/ 4

LSCO doe qo)th\sg\]— active oxygen octahedra, thus epitaxial misfit strain in thin films

induceg/changes to the octahedral tilt pattern that can persist to larger film thicknesses than
in JslSM ¢ inffilms.3* DFT calculations showed that misfit strain and octahedral pattern
dis tion}qdependently break the degeneracy of the egand 24 orbitals, resulting in reduced

agn}tization in comparison to bulk LSCO, but a combination of both effects partially

restore degeneracy in two of the #2 states. This behavior increased the number of unpaired

spins and minimized the loss of magnetization.'® When grown on LSAT substrates
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(epitaxial strain ~1% and growth plane with a = b), tilts in Lao.sSro.5CoOs3 thin films were
almost fully suppressed and remained so through the entire 10 nm film thickness. DFT
calculations indicated that on LSAT substrates, the lowest energy state and highest
magnetization is achieved when the tilt pattern was a’bc".’8 /
3\

In the Lai«SrxCoOs system, the room temperature bulk s \w has rhombohedral
symmetry with the a'a a" tilt pattern for 0 <x < 0.5 and U"S--the pseudocubic lattice
parameter is 3.844 A 273133 At low Sr doping, bulk La erC§O3 exists as a spin-glass with
magnetoelectronic phase separation (MEPS) wl&m srﬁall FM clusters are isolated within

| -
an AFM matrix. At x > 0.18, the FM CIIW esce leading to the evolution of FM

behavior.>*3* In thin films, MEPS wa%&ersist for x > 0.18, when the film thickness
was below a critical thickness #*.3° MQ +CoO3 (x ~ 0.28) thin films grown on SrTiO3
(STO) substrates with 1.8% ter&%\% , t* was found to be 15 nm, while ¢* reduced to
~8 nm when grown on LS\NJbstrates with 0.6% tensile strain.*® Ordered oxygen

vacancies have bee @bm STEM high angle annular dark field (HAADF) images of

Lai xSI'xCOOS fi ’fhe irection of this ordering relative to the substrate interface

depended 1 strain and substrate orientation.>’-8

£

1. XPERIMENTAL METHODS
].ng()k, LSCO/LSMO bilayers with alternating growth order were grown on (001)-

\J

ien&d LSAT substrates by pulsed laser deposition using a KrF excimer laser (248 nm
w}/elength). With a uniform Sr-concentration in in both sublayers, the polarity of the

LSMO/LSAT and LSCO/LSAT interfaces is the same. The bilayer with the LSCO sublayer
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Publishing grown first is referred to as bilayer CM, while the bilayer with the LSMO sublayer grown

first is referred to as bilayer MC. During growth, the substrate temperature was held at 700
°C and the oxygen pressure was 0.3 Torr. Laser energies of 0.8 J/cm? and 1.0 J/cm?, at a
frequency of 5 Hz, were used for the LSMO and LSCO sublayers,/ pectively. To assure
the proper oxygen stoichiometry, the bilayers were slowly co ed@ktemperature in

300 Torr oxygen pressure after the growth.!>!3 X-ray d'f‘fr)axmﬂ x-ray reflectivity
éﬂer\

(XRR) measurements were performed using a ]i\ D8 Discover four-circle

diffractometer with Cuks x-rays. Bulk magnetization was stlhlied using a Quantum Design

SQUID magnetometer with the magnetic fie zg'ypliea)long the in-plane [100] substrate
| -

direction. The diamagnetic signal from t (%«%s bstrate was subtracted, and the signal

was normalized to the total thicknesg%?hﬂayer. Thin cross-section lamellae were
prepared on an FEI Helios Nanola%?ﬂll ual-Beam™ focused ion beam (FIB) using

wedge pre-milling methods ST%Q&Q

AN

DF and bright field (BF) imaging was performed
in the Environmental Moleculag,Sciences Laboratory (EMSL) at Pacific Northwest

National Laborato 4@ using the JEOL 200CF Atomic Resolution Microscope

(ARM) runningfat 6k\//and 15 uA. Electron energy loss spectroscopy (EELS) analysis
was perfo %‘l\a Gatan digital imaging system, also on the JEOL 200CF ARM.
Octahedral tilts from annular bright field (ABF) images were measured using Inkscape
£

opén=sou ofessional quality vector graphics software (https://inkscape.org).

)

—
&H} RESULTS AND DISCUSSION

\

The layer thicknesses for both of the bilayers were determined by EELS measurements to

be 16.9+£0.6 nm for the LSCO sublayer and 19.8+0.6 nm for the LSMO sublayer, while
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Publishing XRR measurements of the two samples gave total thickness for each bilayer as 37.5+0.5
nm. Figure 1 shows the magnetic hysteresis loops of bilayers CM and MC as measured
using a superconducting quantum interference device (SQUID) magnetometer at 80 K.
Both major loops (Figure 1a) and c)) with maximum field +/- 24 XKOe and biased minor
loops (Figure 1b) and d)) are plotted. For the biased minor loop e@rem ts, the samples
were first saturated in a field of +/- 14 kOe, well above the coereive field of the hard layer,
and then loops were acquired with a maximum field of : )(%\WhiCh was sufficient to
switch only the soft layer. The major loops show two agneﬁc transitions characteristic of
heterostructures composed of two materials (Lith lefferent coercivities that switch
independently of one another, i.e. the hard LS l.-lpayer, and soft LSMO layer. The
saturation magnetization, Ms, of bila@espond well to the expected value based
on the individual layer thicknesses Tiﬂqg\l‘) Ik Ms values of LSCO (~ 150 emu/cm?®) and
LSMO (~ 600 emu/cm?).3+* M t, Ms for bilayer CM represents a 22% increase
over the expected value, sugg% substantial change in the structural properties of the
bilayer. In thinner, bi a% magnetically active Co®>" ions with significantly higher
magnetic mom erCo i}n were detected from soft x-ray magnetic spectroscopy.'® Their
presence i bllzNM could partially explain the large Ms value. Further indications of
structupal di

£
showm 1 igu{e 1b) and d). While both bilayers CM and MC show a vertical shift in the
"

rences resulting from the growth order can be seen in the biased minor loops

ion due to the fact that the hard LSCO layer remains magnetized along the initial

ma
Qb@l% field direction, the loops differ in their shape, coercivity, and the fact that a

\

horizontal shift (80 Oe) is observed only in bilayer CM where the LSCO layer was grown

first (Figure 1d)). This horizontal shift results from pinning of the magnetically soft layer
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Publishing by the adjacent hard LSCO layer. In prior work, it was found that the soft layer is composed

not only of the soft LSMO layer, but also an interfacial LSCO sublayer characterized by
magnetically active Co*" ions.!>!* The change in coercivity and shape of the biased minor
loops suggests that the growth order impacts the defect density in <t€e bilayers, as well as
modifies the magnetic easy axes of the LSMO and LSCO layers. %dt et'al.** found that
a small tensile strain (as imposed from STO substrates) can (mi magnetic easy axis
of LSMO films to the in-plane <110> directions, while EQMSMO thin films grown
on LSAT substrates as well as LSCO/LSMO superlgtiCQ‘yith small sublayer thickness

were found to have nearly equal anisotro y(a]gn@he in-plane <100> and <110>

. . L
directions.*'*? \\

A

In order to compare the structure WQEI nic character of the bilayers with different
growth orders, they were image&\' igh spatial resolution using STEM. HAADF and
BF images (Figures 2 and S2) Show the high crystalline quality of both bilayers, with fully
coherent lattices free from ‘dislocations and with smooth substrate interfaces. X-ray
diffraction re?r lépay aps (Figure S1) verify the lattice coherency of the bilayers

to the underlying WSAT substrate. Fast Fourier transforms (FFT) of the HAADF images

(insets i FigxS2) show that the in-plane lattice parameter was constant throughout the film
£
in bdth bilayers, matching the lattice parameter of the LSAT substrate (0.3868

thieknes
n{g(hé out-of-plane lattice parameters of the LSCO and LSMO sublayers were
k

\

spebtively found to be 0.3824+0.050 nm and 0.389+0.050 nm in bilayer CM, and
0.381£0.050 nm and 0.390+0.050 nm in bilayer MC, which is consistent with those

measured by x-ray diffraction.!? In bilayer MC, the FFTs for both the LSMO and LSCO
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Publishing sublayers show weak diffraction spots (indicated with red circles) between the main

\

diffraction peaks. These extra diffraction spots appear more prominently in the LSMO
sublayer over the LSCO sublayer. These extra peaks are expected from rhombohedral
perovskites with the a’a"a tilt structure when viewed along the [110}4seudocubic (pc) zone
axis, though they should not appear when viewed along the 1ﬂ§pc direction. For this
reason, the lack of extra diffraction spots in bilayer CM aloN be used to rule out
<
.
)
In HAADF, the image contrast is proportional tg.atom‘f’ mass or sample thickness, while

| -
BF images are formed from diffraction contrast, which is more strain sensitive.* In bilayer

the occurrence of the a'a'a" tilt pattern.

MC, we observe a contrast variation a O/LSAT interface in both HAADF and BF
STEM images (Figure 2 and S3) v W‘eﬂ a\lf) g both the <100> and <110> zone axes. The
uniform in-plane lattice par: met%Qh.Q hout the film thickness indicates that the bilayer

is fully strained, so we speculahfhe strain contrast in the BF images could be attributed
to distortions of the @ ahedra in the first few unit cells. These distortions maintain
the comer-sh‘a/r'n%e} etwork across the substrate-film interface, locally causing
higher stmér;)di}tq\the absence of tilts in the cubic LSAT substrate. High strain and

octahedfal distortions can lead to shifts in atomic positions or point defects within atomic
£
s, whi

column oft could cause the coincident change in contrast in the HAADF images. On
the er)wand, images of bilayer CM show uniform contrast across the LSAT/LSCO
i terf)ce. A simple explanation for this behavior would be a scenario where the CoOs
octahedral tilts are suppressed throughout the LSCO sublayer, as was previously reported

for LSCO films grown on LSAT substrates.'® In such a case, the LSCO sublayer should

10
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Publishing oresent a similar growth surface for the LSMO sublayer as a bare LSAT substrate.

\J

However, the LSMO/LSCO interface in bilayer CM lacks the contrast variation observed
in the LSMO/LSAT interface in bilayer MC. Therefore, we propose that an alternative

structural model based on detailed analysis of the HAADF and A?f images as described
below. 3

N\

Figure 3 shows HAADF and ABF images of the LSC a‘yer. of bilayer CM viewed
along the [110] zone axis. As with BF imaging, ABF 1 agmg&s largely diffraction contrast,
however, by using an annular detector whic &Qcks‘s?me of the signal from the more
strongly diffracting A and B cations, oxy CL;II more readily be distinguished. A

distinct pattern in the oxygen ion posi nG.QLE: observed in the ABF image as one moves

parallel to the LSCO/LSAT inte Sp cifically, the oxygen ion columns in the

/

octahedra shift alternatively up& ith rotation around the [110] axis. The magnitude
of the tilts was measured by r der g the octahedra as they would appear in the (110)
plane as a stick draw Nverlaymg the drawing on the ABF image. The octahedra are
then rotated, O aﬁme until the vertices of the octahedra lie in the center of the oxygen
columns 1 1mage Rotation counter clockwise was defined as positive and
clockwiSe a egatlve An example model with tilts of & = 1° and f = -5° in an a*bc" tilt

pattern df with ABF images taken along the [110] and [100] zone axes of the LSCO

sublayer 1) bilayer CM (Figure 3b) enlarged section and Figure 3c)). In order to properly

nt a true STEM lamellae with finite thickness, the model also accounts for the
possibility of alternating octahedral tilts (represented as pink and red octahedra in Figure

2) through the lamellae thickness. Figure S4a) and b) show that the alternating pattern of

11
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Publishing octahedral tilts around the [110] axis is continuous across the LSCO/LSMO interface and

persists into the first several unit cells of the LSMO sublayer. The images taken along the
[100] zone axis (Figure 3¢) and Figure S4b)) show that tilts in at least one in-plane principal
direction are either in-phase, or that the tilts are too small to be differentiated with the
available data. The latter case is not consistent with the pattern bs%ved imamages viewed
along the [110] zone axis. Modeling then proceeded under thé;{ ion that tilts around
the x-axis (a) are in-phase, and relatively small. With th Refn-ating pattern in the [110]

_—

zone axis images, tilts around the y-axis (f) were assumed b) be out-of-phase, and larger

A

around the [001] direction is undetermined, his analysis is assumed to be c’.

than o in order to cause the significant rotatio n(ea.sureﬁ. The ¢" indicates that any rotation
.‘%‘

\
Figure 4a) plots the magnitude o ‘?Fre7octa edral tilts obtained from the LSCO/LSMO

N
interface in both bilayers CM zﬁk\\bQ hile Figure S5 separately shows the octahedral
tilts extracted from the minterface (substrate), the LSCO/LSMO interface
(interface), and fromé@le of the sublayer (middle). The average rotations for each
region of the bi afe al;o hown with 26 error bars. When the alternating pattern exists,
the averag oand negative measurements are reported separately. From this set of
data, cansgee that the alternating pattern in the octahedral tilts are observed only in
bilayer /. Efnally, Figure 4b) plots the magnitude of the octahedral tilts in the LSCO

sublayer (} bilayer CM as a function of position in the growth direction (i.e. perpendicular

0 the&ubstrate interface). The magnitude of the tilts in the LSCO sublayer starts at a value

S0}".’%-5°ﬂ:2.2° at the LSCO/LSAT interface and gradually increases to a value of 6-10°+2.2°

after 14-16 unit cells (~5.5-6 nm). The tilts alternate vertically to maintain connectivity of

12
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Publishing the octahedra. This tilt pattern persists across the LSCO/LSMO interface and into the
LSMO sublayer, however, the magnitude decreases to +2-3° after 4-6 unit cells (~1.5-2

nm) past the LSCO/LSMO interface, and becomes essentially zero by the middle of the

In bilayer MC, there are weak indications of octahedral tilts iI‘l\thQ ayers when viewed

>

along the [110] zone axis, but they lack the clear regulatity‘of*those in bilayer CM, and

_—

LSMO sublayer (Figure S4b)).

with the calculated 2c error bars, the average value'converges to zero. In this case, the

| -
e HAADF and BF images shown in

octahedral tilts likely revert to the bulk aaa ttgm.by‘fbe formation of the strain-distorted
region at the LSMO/LSAT interface 0b®

Figure 2. This a'a'a pattern is conﬁ%e diagonal elongation or smearing of the

oxygen columns in the ABF ima Nn\ ure S4c) and d), a model of this pattern

demonstrates good fit with e%%g&a d shows why the oxygen columns appear drawn

out, but the overall tilt observed,is negligible. In contrast, the highly strained region is

absent at the LSCO é@’erface in bilayer CM, where the a*bc”* from the underlying
o'pe

LSCO layer 7b rytrate the LSMO sublayer.

EELS was petformed in a unit cell-by-unit cell fashion to probe the amount of chemical
£
intermix1 arfd/or charge transfer across the LSCO/LSMO interface of both bilayers.

Eig 52>shows that chemical intermixing of Mn and Co ions in bilayer CM is limited to
Q@)nce of = 0.3-0.4 nm (< one unit cell). Similar results were obtained for bilayer MC.

\J

B?reducing the chromatic range of the inelastically scattered electrons that are collected,

the energy resolution can be improved such that small changes in a spectrum’s fine

13
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Publishing structure can be detected. Energy loss near edge structure can give information on

oxidation state and bonding environment. Energy shifts, peak ratios, or peak shapes can be
examined and for some elements, related to the electronic state.***> The Co-EELS spectra
taken from regions near the LSCO/LSMO interface vs. the middle ofthe sublayer of bilayer
CM (Figure 5b)) show that the intensities of the two Co L-edge‘white lines;i.e. L3/L2 peak
intensity ratios are markedly different: 1.54 at the interface,w to 2 in the middle
of the sublayer. This difference indicates a change in ﬂ}-i )agbCO oxidation state at the
interface from Co*"** to Co?", as was detected in thinper bfyyers by soft x-ray magnetic
spectroscopy.'?!® This result is consistent with L@arg&,transfer across the interface. The
O K-edge spectra from the same areas sh&qa\si 'Eantly muted excitation peak at the
LSCO/LSMO interface (Figure SC)K\W‘\;M transferring to the Co ions, which are
bonded with oxygen ions in the in Wal\\ CO region, cause a decrease in the number
of unoccupied states in both elek%l(\f electrons excited by the electron beam, resulting

in a decrease in intensity of théwexcitation peak.***® In contrast, comparing spectra from

bilayer MC, shown i% S6, the L3/L: peak intensity ratios for both Co and Mn ions
are essentiall?%‘yh interface and in the middle of the layer. For Mn, these ratios
are 2.13 (i er%lNd .0 (middle), corresponding to mixed Mn>"*"ions, and for Co the
ratios eﬁ%{terface) and 2.0 (middle), consistent with mixed Co®"** ions.

£
-~ V.

he §TEM imaging and EELS measurements have shown that the growth order for the

SL'S'CO/LSMO bilayers has a profound influence on the structural properties of the

individual layers which goes beyond tetragonal distortion due to epitaxial strain. ABF

14
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Publishing imaging shows that the response of the oxygen octahedral network within the first few unit
cells at the LSAT interface differs, which ultimately affects the overall electronic and
magnetic properties of the bilayer, including the presence or absence of the exchange
spring behavior. In bilayer CM where the LSCO sublayer is growz/directly on the LSAT
substrate, a robust, alternating pattern of octahedral tilts conSistént with an a*bc” tilt
pattern was observed throughout the LSCO sublayer, extendm{ t 4-6 unit cells into
the LSMO layer. This connectivity of the oxygen octahf:_\ Qetvverk may facilitate a Mn>*
+ Co’* & Mn*" + Co’* charge transfer across the CO/];SMO interface, and thus the
formation of the interfacial LSCO layer with (Aa,gne‘ﬂyally active Co?" ions which are
coupled magnetically to the soft LSMO law ;;lt, this bilayer exhibits an exchange

spring behavior where the hard LS %Ler biases the soft FM layer, such that the
la

hard/soft interface lies within the layer. Furthermore, the measured Ms value for
bilayer CM is ~22% higher ha& cted based on bulk Ms values. While the presence of
the magnetically active Coz\nsat the LSCO/LSMO interface could be partially
responsible, the s ﬂ@jss of the interfacial layer makes it unlikely to be the sole
cause. Rathe?e sérve} epitaxial strain in combination with the distorted tilt structure
may lead _SCh e in the electronic bandwidth of the perovskite structure,?®*’ and
therefor€ an“enhancement in the magnetization of all layers in the bilayer. A similar
enhance 4 tifl magnetization and Curie temperature has been reported for Lao.sSro.sCoO3
fil on) (101)-oriented orthorhombic NdGaOs substrates'® as well as &-doped

ao.séro.sMnOa layers on LSAT substrates,*® and LSMO/Euo.7Sr03MnO3 superlattices on

\

LSAT substrates.*’

15
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Publishing [n bilayer MC, the epitaxial strain in the LSMO sublayer is accommodated within the first
1-2 unit cells such that the remainder of the LSMO sublayer is characterized by bulk-like
aaa tilts. This case presents a markedly different growth surface for the LSCO sublayer,
compared to when it is grown directly on the LSAT substrate. In tirn, the a™bc” pattern
does not develop in the LSCO sublayer of bilayer MC. This y%n octahedral network
results in decoupled magnetic layers with the expected bulk-liked/s values, and which lack

both charge transfer across the LSCO/LSMO interface a gmhange spring behavior

—
observed in bilayer CM. KS

| -
In summary, with high resolution electroﬁ\sww opy, we offer evidence that the BOs

octahedra in LSCO and LSMO layéwngrn‘ epitaxially on LSAT substrates exhibit

differing responses to epitaxial strar Eh$ sut rate coherency. The ability of the epitaxially
strained LSCO sublayer to ma&K arva*b ¢” octahedral tilt pattern throughout the full
film thickness (~ 20 nm), whic%extends into the LSMO sublayer, directly impacts the
electronic and ma 'c%erties of the LSCO/LSMO bilayer. This system exhibits

charge transfer a os6 tly SCO/LSMO interface, exchange spring behavior, and an

enhanced @sﬁagnetization. In contrast, when the LSMO sublayer is grown directly

on the ESAT gubstrate, the epitaxial strain is largely accommodated within 1-2 unit cells
£
substr

of the, até interface and the bilayer behaves as decoupled magnetic layers. These
q S highlight the importance of building fundamental models to predict the

ech)nisms of strain accommodation, and the resulting electronic and magnetic properties.

\ <
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Supplementary Material

See supplementary material for additional x-ray diffraction data, Wges, and
EELS spectra. \‘)
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Figure 1. Major (a, ¢) and biased minor (b,\d) hysteresis loops measured using a SQUID magnetometer for (a, b)
bilayer MC and (¢, d) bilager C ‘or the biased minor loops, the samples were first biased in a field of +/- 14
kOe, and loops were measigd with'® maximum field of +/- 4 kOe, which was sufficient to only switch the soft
layer.
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b)
Figure 2: HAADF and BF images viewed down the [100]
b) bilayer MC. Homogeneous contrast is observed at the
LSMO/LSAT interface (red arrow in b) the first 1;2 mjt cells
rest of the layer. Black scale bar under image b) is

-
<
N

Ny

N
&

is of the substrate interface of a) bilayer CM and
O T interface (blue arrow in a), but at the
[ LSMO show contrast variations absent in the
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mask on the image FET in DigitaN\icrograph. The black scale bar at the bottom of the HAADF image is 1 nm.
The blue arrow de ocazn of the LSCO/LSAT interface. c) ABF image viewed down the [100] zone axis.
Models of the atoiii s dorresponding to the a*bc” tilt pattern with o = 1°, B = -5°, and y = 0° are shown in
the enlarged images 0 and ¢). Pink and red octahedral represent alternating octahedral through the lamellae

thickness. ‘)
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Figure 4. Tilt angle of the o
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t the LSCO/LSMO interfaces (Int.) in bilayer CM (solid lines) and
a) lateral and b) out-of-plane direction relative to the LSAT interface. Tilts
a) were measured across 14 unit cells in the [110] direction as shown in

), six octahedra in the [110] direction were measured in each monolayer,
tilt were recorded.
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of bilayer CM at the LSCO/LSMO interface (blue arrow); b) Co EELS spectra and
CO/LIMO interface region and the middle of the LSCO layer. The vertical dotted
f the Mn Ls/Lz, Co Ls/L2, and O K-edge white lines. The Co L3/L: peak ratio
hile at the middle of the LSCO layer Ls/L>= 2. Black scale bar in a) is 2 nm.
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