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Thickness-Dependent Crossover
from Charge- to Strain-Mediated
Magnetoelectric Coupling in
Ferromagnetic/Piezoelectric Oxide
Heterostructures
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Prasanna V. Balachandran,’ Siamak Nejati,>“ J. Karthik,* Anoop R. Damodaran,* Craig L. Johnson,’
Hailemariam Ambaye,” Richard Goyette,” Valeria Lauter,” Quentin M. Ramasse,* Juan Carlos Idrobo,”
Kenneth K. S. Lau,’ Samuel E. Lofland, Jr.,” James M. Rondinelli," Lane W. Martin,* and Mitra L. Taheri™*
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Ridge, Tennessee, United States, “Center for Nanophase Materials Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States, and
¥ Department of Physics and Astronomy, Rowan University, Glassboro, New Jersey, United States. Spresent address: Department of Chemical and Environmental
Engineering, Yale University, New Haven, Connecticut, United States.

ABSTRACT Magnetoelectric oxide heterostructures are proposed active layers for
spintronic memory and logic devices, where information is conveyed through spin
transport in the solid state. Incomplete theories of the coupling between local strain,
charge, and magnetic order have limited their deployment into new information and
communication technologies. In this study, we report direct, local measurements of strain-
and charge-mediated magnetization changes in the Lag ;Sry sMn05/PbZr ,Tig 303 system
using spatially resolved characterization techniques in both real and reciprocal space.
Polarized neutron reflectometry reveals a graded magnetization that results from both

local structural distortions and interfacial screening of bound surface charge from the
adjacent ferroelectric. Density functional theory calculations support the experimental observation that strain locally suppresses the magnetization
through a change in the Mn-e, orbital polarization. We suggest that this local coupling and magnetization suppression may be tuned by controlling the

manganite and ferroelectric layer thicknesses, with direct implications for device applications.

KEYWORDS: spintronics - magnetoelectrics - strain engineering - polarized neutron reflectometry -
transmission electron microscopy

solid state.”® Recent advances in thin-film
growth techniques have enabled the syn-

ver the past decade great strides
have been made toward electronics

that utilize both electron charge
and spin."? For instance, spin-transfer tor-
que memories rely on the injection of a spin-
polarized current to flip the magnetization of
a free layer in a magnetic tunnel junction.>*
Direct control of spin polarization would
greatly optimize the performance of such
devices, enabling more robust and efficient
computing architectures by conveying in-
formation through spin transport in the
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thesis of oxide heterostructures where
strain and charge effects are used to rever-
sibly control spin polarization and magne-
tization at interfaces.’~'° In particular there
is growing interest in the connection be-
tween strain and magnetism in materials,
most notably in the active tuning of magne-
tization via a coupling of local strain gradi-
ents and spin states through the so-called
“flexomagnetic” effect.'®'” Flexomagnetism
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describes the interactions between strain gradients
and local spins; the presence of varying local strains
may therefore give rise to a sizable flexomagnetic
contribution to magnetization.'®~'®

The current understanding of localized strain and
charge-transfer effects on magnetization is limited,
since previous studies have relied on nonlocal probes
that are unable to directly map strain and valence
changes.” Studies of magnetoelectric heterostruc-
tures of the ferromagnetic, half-metal La;_,Sr,MnOs
(LSMO) and the piezoelectric PbZr,Ti;_,Os (PZT) ex-
emplify the inherent complexity of these systems.
Previous work has found that charge-transfer screen-
ing of the adjacent ferroelectric layer is largely respon-
sible for coupling in ultrathin (<4 nm) LSMO films on
PZT,*°~22 while other studies have shown that varia-
tions in layer thickness and interfacial strain can also
affect magnetization.*> 2% In these studies the local
strain state of the LSMO/PZT interface was not mea-
sured. The relationship between interfacial strain and
chemistry is also an important consideration in con-
trolling the behavior of these materials, since previous
studies have shown that strain fields around disloca-
tions can act as fast paths for interfacial interdiffusion
in LSMO/PZT.?%3° It remains unclear how local strains
evolve as a function of layer thickness, how strain and
charge-transfer screening act in concert to mediate
interfacial magnetization, and, more importantly, how
to deterministically control this behavior.

To better understand flexomagnetism and magne-
toelectric coupling in oxides, it is necessary to move
beyond bulk probes of strain and magnetization to-
ward local measurements of strain and interfacial
charge-transfer screening.®'~3* Here we synthesize
heterostructures with different local strain and polar-
ization states. Using a combination of local atomic and
magnetic characterization, in conjunction with density
functional theory (DFT) calculations, we find evidence
for significant strain-induced magnetization changes.
We show that large strain changes occur throughout
the magnetic layer and that they can be tuned by an
appropriate choice of substrate thickness. Further-
more, we show evidence for interfacial charge-transfer
screening, which is secondary to dominant strain
effects in thicker layers. Our analysis suggests that it
is possible to favor a particular coupling mode by an
appropriate choice of ferromagnet and ferroelectric
layer thickness. By using local probes of structure and
magnetization we are able to resolve strain and mag-
netization changes within each layer that would be
inseparable by bulk techniques.

RESULTS AND DISCUSSION

We used a substrate-induced self-poling technique
to vary the electrostatic boundary conditions of the
bottom electrode interface, so as to pole the PZT away
from (on Lag 7Sro3sMnO5 (LSMO)) or toward (on SrRuO3
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(SRO)) the substrate, which we term as poled-up and
-down, respectively.3*~38 Using this method it is pos-
sible to control the polarization of the PZT without the
need for large, leaky planar electrodes that would
preclude neutron measurements. Four heterostruc-
tures were deposited on single-crystal SrTiOs (001)
substrates by pulsed laser deposition (PLD). Oxide
metal underlayers of either LSMO or SRO were depos-
ited on a bulk SrTiO5 substrate, followed by either a
“thick” (23—37 nm) or “thin” (13 nm) PbZry,Tiy 03
layer and a cap of ~10—19 nm LSMO, as shown in
Figure 1. These thicknesses were chosen to explore the
changes in strain profiles associated with gradual
relaxation of PZT to the bulk.

Aberration-corrected scanning transmission elec-
tron microscopy (STEM) was conducted to confirm
the quality of the LSMO/PZT interfaces. High-angle
annular dark field (HAADF) images show that the layer
thicknesses are nominally constant in the plane of the
film (Figure 1 and Supporting Information). The rever-
sal of the PZT polarization between the LSMO and SRO
underlayers is also confirmed locally by measuring the
Ti*" cation displacement at several points along the
interface (Figure 1C,G).*° Since all the film layers were
grown in situ, it was not possible to conduct piezo-
response force microscopy (PFM) measurements with-
out disturbing the pristine interfaces between each
layer. X-ray diffraction (XRD) shows that, in-plane, the
films are constrained to the substrate (see Supporting
Information). However, as we later discuss, the local
strain state of the top LSMO layer varies greatly
depending on the choice of underlayer and PZT
thickness.

Macroscopic magnetic hysteresis measurements
(Figure 2A,B) reveal a thickness-dependent saturation
magnetization (Ms). The data shown have been nor-
malized to the entire thickness of LSMO presentin each
sample. A remarkable 50% (~0.6 ug/Mn) difference in
Ms occurs between poled-up and -down heterostruc-
tures based on thick PZT (Figure 2A). A smaller 10—20%
(0.1-0.2 ug/Mn) difference in Ms occurs between
poled-up and -down heterostructures based on thin
PZT (Figure 2B). For comparison, Ms =~ 1 ug/Mn is
expected for Lagg,SrosMnO; at room temperature.*
These differences are also reflected in the Curie tem-
perature (Tc) (Figure 2C): the samples deposited on the
thin PZT have a T of 335—342 K, while the samples on
thick PZT show a T¢ of 328—331 K, compared to a
nominal bulk T¢ of ~360 K.*'

To probe the local origin of these magnetization
differences, polarized neutron reflectometry (PNR) was
conducted at 298 K with an in-plane magnetic field of
1 T. Magnetization depth profiles (Figure 2D—G) show
that the Ms of the top LSMO layer varies spatially
but is generally suppressed near the vacuum surface
as well as at the PZT interface, as has been previously
observed.*? Strain-induced distortions of LSMO can
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Figure 1. (A, E) lllustration of the two film structures used in this study, with the PZT polarization direction indicated by the arrows.
Characteristic high-angle annular dark field (STEM-HAADF) images of the top (B, F) and bottom (D, H) PZT interfaces, showing the
absence of any extrinsic defects. (C, G) Cross-correlated images of the PZT layer, confirming the change in polarization; the insets
are the result of multislice simulations, with the horizontal dash corresponding to the center of the unit cell.
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Figure 2. Top: (A, B) In-plane vibrating sample magnetometry (VSM) measurements conducted at 305 K along the [100]
substrate direction, showing a ~50% increase in saturation between the poled-up and poled-down thick PZT samples (A) and
a 10—20% increase in saturation for the thin PZT samples (B). (C) Moment versus temperature measurements conducted in a
100 Oe magnetic field measured on heating show a significant enhancement of T¢ with decreasing PZT thickness. Bottom:
(D—G) Polarized neutron reflectometry (PNR) magnetization depth profiles measured at 298 K and with an in-plane magnetic
field of 1 T along the [100] substrate direction. The insets show the measured spin asymmetry (R™* — R~ 7)/(R*"+ R~ ") and
the fits to the data. The vertical dashed lines mark the boundaries between adjacent film layers. The lighter (black) lines are a
model that assumes uniform magnetization throughout each LSMO layer, while the heavier (blue) lines are a model that
allows for graded magnetization through the LSMO. The arrows in the inset show regions of improved fitting (as indicated by
a smaller chi-squared value). There is a clear suppression of magnetization across the majority of the top LSMO layer in D, as
well as suppression near the vacuum and PZT interfaces in the other samples E—G.

suppress Tc and consequently room-temperature the Mn—O—Mn bond angles that govern electron
magnetization.”> = The suppression of T¢ due to strain- hopping between the Mn-eq4 states responsible for
induced distortions in LSMO results from changes in double exchange.*’ ~*° Because of the sensitivity of
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Figure 3. (A) Characteristic STEM-HAADF micrograph of the LSMO/PZT interface; the inset shows the fast Fourier transform of
the PZT layer. (B) Characteristic map of local c/a axial ratios in the LSMO and PZT layers. This ratio varies throughout the LSMO
but is largest at the vacuum interface. (C—F) Line scans of ¢/a normal to the LSMO/PZT interface for all four films. The vertical
line indicates the PZT boundary, while the horizontal dashed region indicates the c/a range outside of which magnetization is

expected to be suppressed.

the double-exchange mechanism to strain, local strain
fluctuations—if present—may give rise to the graded
magnetization profiles observed in PNR.

Geometric phase analysis (GPA) was used to test this
hypothesis by measuring strains directly from TEM
micrographs with ~0.1% accuracy down to the nano-
meter scale.”®®! In all samples the in-plane strain is
essentially uniform over the 3—5 nm integration win-
dow, varying by <0.1%. We note that there is good
agreement between the average GPA-measured c/a
axial ratios and those measured by XRD (see supple-
mental Table Sll). The out-of-plane strain relative to
bulk unstrained LSMO increases normal to the PZT
interface, reaching a maximum at the vacuum surface.
Using this technique we are able to map the local c/a
axial ratio within each sample (Figure 3B). This analysis
reveals that for both thick PZT samples (Figure 3C,D)
the c/a of the LSMO increases from ~0.96 at the PZT
interface to 1.01—1.03 at the vacuum surface. This
corresponds to a strain gradient of approximately
(295-4.76) x 10° m~'. The poled-down thin PZT
sample (Figure 3F) shows a similar trend, increasing
from ~0.98 at the PZT interface to ~1.03 at the vacuum
surface (a gradient of 4.76 x 10° m™"). However, the
poled-up thin PZT sample (Figure 3E) shows a
U-shaped profile that drops from ~1.04 at the PZT
interface to ~0.97 at the middle of the LSMO and
increases to ~1.05 at the vacuum surface. The changes
coincide with significantly different c/a ratios in the
adjacent PZT layer, which ranges from 1.04 to 1.1,
suggesting that the interfacial strain state is heavily
dependent on the tetragonality of the underlying PZT
layer, as well as the thickness of the LSMO layer. More
importantly, a comparison of the PNR and GPA data

SPURGEON ET AL.

shows that, in general, an LSMO c/a that deviates
outside of the range 0.98—0.995 coincides with local
suppression of magnetization, which agrees well with
changes in bulk properties.®® The observed strain
fluctuations may correlate to local spin changes, parti-
cularly since they are comparable in magnitude to the
strains needed to induce a measurable flexoelectric
effect in other systems.”>** While direct flexomagnet-
ism is limited to a subset of symmetry classes, indirect
flexomagnetism is expected to be present in all mag-
netoelectrics, wherever polarization and magnetiza-
tion are coupled.*

To estimate the strain-induced suppression of mag-
netization in the samples, we turn to the empirical
model of Millis et al.*” and density functional theory
(DFT) calculations. Millis et al. proposed a model that
relates T to the substrate strain-induced enhance-
ment of the Jahn—Teller distortion relative to un-
strained bulk LSMO (see Experimental Section).*’®
We choose this model since it allows us to directly
substitute the averaged local {c/a), extracted from the
experimental GPA, to obtain an estimate of Tc. We then
conducted DFT calculations to explore the electron—
lattice effects mediating the microscopic coupling in
detail.

For the poled-up PZT samples we find from GPA that
{c/a)smo ~ 0.99—1.01, and we estimate Tc ~ 249—
295 K for the top LSMO layer using the Millis et al.
model. These out-of-plane strains appear to greatly
suppress the ferromagnetic ordering of the top layer,
as is observed in PNR (Figure 2D/F). In contrast, for
the poled-down samples, we find that {c/a) smo ~
0.98—0.995, and we estimate Tc ~ 319—327 K. These
distortions result in a higher T¢ and larger average
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Figure 4. (A) Relationship between T'g'FT (K) and P (in %) for various simulation cells as calculated from DFT. Positive value for
P indicates the percentage excess of Mn-e, electrons filling the d,._,. orbital relative to the d.. orbital and vice versa. The
30-atom supercell contains two distinct Mn atoms, Mn(l) (open, red) and Mn(ll) (filled, blue) (see Supporting Information). (B)
Relationship between T¥FT (K) and axial ratio (c/a) as calculated from DFT. A clear trend emerges between c/a, P, and T&™". In
unstrained LSMO, both d,._,. and d.. are filled. The application of in-plane tensile strain promotes preferential d,._: filling in
both Mn atoms; simultaneously &' " decreases. However, out-of-plane stretching gradually promotes transfer of charge to
d,. orbitals, and a corresponding gradual increase in T¥'" is found. Circles correspond to bulk LSMO, and triangles are
epitaxially strained LSMO (under uniaxial strain varying from 0 to 1% along the [001] direction).

magnetization across the LSMO (Figure 2E,G). The
predicted and measured Curie temperatures for the
poled-down samples are in excellent agreement
(Figure 2C); however, the agreement for the poled-up
samples is worse, perhaps because these samples
include two LSMO layers and the measurement of T¢
is less accurate.

We next perform spin-polarized DFT calculations
within the generalized-gradient approximation plus
Hubbard-U method on a series of LSMO structures to
isolate the contributions of epitaxial strain from inter-
facial charge transfer on T and Mn-e, orbital polariza-
tion. We choose lattice constants consistent with the
experimental epitaxial constraints and {c/a) smo ratios
ranging from 0.985 (poled-up thick PZT) to 0.994
(poled-down thick PZT). We note that these axial ratios
refer to the metric shape of the simulation cell, not local
octahedral elongations, and thus deviations from the
local strain measurements determined using GPA are
expected. The atomic positions are then fully relaxed,
allowing for rotations and bond elongations. First
we computed the optimal {(c/a) for LSMO on (001)-
oriented STO and obtained a value of 0.985, which is
consistent with the average (c/a) of LSMO on poled-up
thick PZT. We then applied 0.5% and 1% uniaxial strain
along the [001] direction to simulate the range of
observed axial ratios (Figure 4), as a means to disen-
tangle the strain contributions from interface effects
due to coherent strain of LSMO with varying PZT
thickness and polarization. We then calculated a
mean-field theoretical ferromagnetic Curie tempera-
ture, TYFT, following the procedure in Kiibler et al.>”
and Lampis et al.>®

Our DFT results indicate that out-of-plane stretching
monotonically increases T&" ' from 292 K (0%) to 323 K
(1%) at the highest (c/a) state. Our T¥F" trend com-
pares favorably with our measured poled-up PZT

SPURGEON ET AL.

samples that have LSMO underlayers as well as the
model calculations following Millis et al. To quantify the
orbital occupancy, we calculated the electron orbital
polarization, P = (n_y2 — ny2)/Nye_y. + ny), of Mn-eq
orbitals from the partial density of states (PDOS)
spectra, where n,._. and n,. are the area under the
curve for d,._,.and d,. orbitals, respectively, integrated
up to the Fermi level®® A positive value for
P indicates that electrons favor d,._,. orbital occu-
pancy, and a negative P value indicates that electrons
favor d, occupancy. We find that in bulk unstrained
LSMO P takes both negative and positive values, and
the magnitude of P is roughly the same for both Mn
sites (Figure 4 and Figure S9); T¥FT for bulk LSMO is
estimated to be 388 K. Application of an in-plane
tensile strain alone promotes preferential d,._,. orbital
filling; P takes only positive values at both Mn sites, and
THFT reduces drastically to 292 K, which agrees well
with our experimental measurements made on poled-
up samples. Uniaxial strain along [001] gradually trans-
fers charge to the Mn d,. orbital aligned along the
z-direction, as expected.‘m'éo'61 At 1% elongation,
P becomes both negative and positive (T&"' ~ 322 K),
albeit reduced relative to unstrained LSMO. Commen-
surate with the filling of d. orbitals as a function of out-
of-plane stretching, T is also found to increase,
indicating a direct association between the c/a axial
ratio, macroscopic T&'', and P in LSMO.

Although a clear trend emerges between c/a, T¢, and
P, in agreement with previous literature,®>®* we recog-
nize that our DFT calculations do not fully capture the
Tc behavior of the poled-up samples. While these
samples have the largest average {c/a) value (as mea-
sured by XRD), their measured T¢ is lower than that of
other samples, indicating the existence of an additional
competing mechanism not captured in our simula-
tions. We also note that these calculations are done
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Figure 5. High-angle annular dark field images and electron energy loss spectroscopy maps of the top LSMO/PZT interface in
the poled-up (A) and poled-down (D) thick PZT samples. The numbers indicate the atomic rows across which average spectra
were collected and correspond to the Mn L,3 spectra in B and E. (C, F) Calculated Mn L;/L, ratios and estimated Mn valences
from each row. Error bars correspond to the standard error of the Gaussian fits to the edges. Although both samples possess
the same valence in the bulk (~3.4), they diverge near the PZT interface, indicating screening of surface charge from the

adjacent PZT layer.

assuming a uniform uniaxial strain, in contrast to the
changing strain observed in GPA; nonetheless, we
believe that these results provide a valuable insight
into how increasing tetragonality affects electronic and
magnetic ordering.

To probe other possible coupling mechanisms,
such as chemistry changes or charge-transfer screen-
ing, we have conducted electron energy loss spectros-
copy (EELS) mapping of the LSMO/PZT interface. The
Mn L,3 white lines near 640—665 eV are measured in
this study since they contain information about excita-
tions from the spin—orbit split 2ps,, and 2p;,, levels to
available states in the 3d band.®*%° Screening of
surface charge from the adjacent PZT layer gives rise
to a change in the local 3d band occupancy, reflected
in a deviation from the nominal Mn*"/Mn*" ratio of
~3-3.70,71

Figure 5 shows the results of STEM-EELS maps at the
LSMO/PZT interface for the thick samples. We find that
the interfaces are quite sharp, with the EELS signal
limited to one to two atomic planes away from the
interface; however, because STEM is a localized tech-
nique, it is impossible to completely rule out some
intermixing in either interface. Both samples possess a
bulk valence of ~3.4 (near the nominal 3.3), but at the
interface the value for the poled-up sample drops to
~2.63, while that of the poled-down sample increases
to ~4.26. Additionally, there is a clear shift of the Mn L;
edge toward lower energy in the poled-up sample

SPURGEON ET AL.

(Figure 5B), indicating lower valence; however, the shift
in the poled-down sample is not as pronounced.®®”°
The valence change is spread over 3—4 unit cells at the
interface, with an average valence at ~3.02 for poled-
down and ~3.89 for poled-up, a difference of ~0.87. It
should be noted that the error bars on this data are still
rather large, ruling out more detailed analysis of the
induced valence, but there is clearly an interfacial
change likely resulting from interaction with the ad-
jacent ferroelectric layer.

Thus, while local strain fluctuations suppress mag-
netization across larger length scales, it appears that
charge-transfer screening operates in a ~2 nm inter-
face region at the PZT boundary (Figure 2D—G@), in line
with prior estimates.”>~7* PNR measurements show
that the change between states in the thick samples at
298 Kiis Am = mygyn — Myp = 0.88—0.22 = 0.66 1g/Mn,
while, for the thin samples, Am =0.54—0.34 =0.20 ug/Mn.
These values agree well with previous magneto-optical
studies of ultrathin LSMO that found Am = 0.76 tg/Mn.*°

CONCLUSIONS

Several trends are now clear. We find that it is
possible to self-pole PZT through the use of an appro-
priate substrate material, a method that may be ex-
tended to many other systems. Macroscopic bulk mag-
netization measurements show that Ms and T depend
on both PZT polarization and thickness. PNR measure-
ments reveal that Ms varies locally and is most suppressed
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at the LSMO/vacuum interface, where the GPA-
measured LSMO c/a axial ratio is largest. Furthermore,
we find evidence for large strain gradients (~10°m™")in
the LSMO. Phenomenological models show that local
strains affect the Mn-e4 electronic distribution and
play a role in suppressing the LSMO Tc. EELS and PNR
also reveal the presence of a ~2 nm charge-transfer
screening region that affects magnetization at the
PZT interface. However, the magnitude of the induced
magnetization does not directly agree with the pre-
vious work of Vaz et al., suggesting that other factors
may be at work.%°

Collectively the results obtained in this study sug-
gest a more complex model of strain- and charge-
mediated magnetization in ferroelectric/ferromagnet
composites. We find that the tetragonality of the PZT
has a pronounced effect on the interfacial strain in the
LSMO: a larger PZT c/a corresponds to a larger inter-
facial ¢/a in the LSMO, which gradually increases near
the vacuum surface. In the ultrathin limit (<4 nm), strain

EXPERIMENTAL SECTION

SrRuOs and PbZr, ;Tip gO3 films were grown by PLD at 635 °C
at 100 and 200 mTorr pO,, with laser repetition rates of 12 and
3 Hz and laser fluences of 1.75 and 2 J cm™2, respectively.
The Lag;Sro3MnOs layers were grown at 650 °C at 200 mTorr
of oxygen with a laser repetition rate of 2 Hz and a fluence of
1.5 J cm™2. Films were then cooled to room temperature in
760 Torr pO,.

The crystallinity of the as-grown films was measured by XRD
with Cu Kot radiation (A4 = 0.15418 nm) on a Panalytical Empyrean
diffractometer. Reciprocal space maps were made around the STO
103 diffraction condition. Layer thickness was studied by X-ray
reflectivity as measured on a Rigaku SmartLab diffractometer.

Bulk magnetometry was conducted with a Quantum Design
vibrating sample magnetometer at 305 K along the [100] and
[110] in-plane substrate directions, with no discernible differ-
ence in hysteresis. Tc was measured in the range 310—350 K
under an applied in-plane magnetic field of 100 Oe. An
Arrott—Belov analysis was conducted to determine T, assum-
ing self-consistent samples (see Supporting Information).

PNR was conducted at 298 K with an in-plane magnetic field
of 1 T applied along the [100] substrate direction. Non-spin-
flip specular reflectivites were measured from g = 0.005 to
0.1 A7". The reflectivity data were then fit with the ReflPak
software package and refined in conjunction with XRD.
A fit was conducted with uniform magnetization in the
LSMO layers, and a second fit was conducted in which the
magnetization was allowed to vary. The latter resulted in a
better fit to the measured spin asymmetry, particularly at
higher g.

Samples were prepared for TEM by conventional mechanical
polishing and ion milling. HRTEM images were captured at
200 keV on a JEOL 2100 LaBes. BF-STEM and STEM-HAADF
micrographs were also captured on a Cs-corrected FEI Titan
STEM operating at 300 keV. EELS maps and HAADF images were
measured on a Cs-corrected Nion UltraSTEM 100 operating at
100 keV, with a convergence angle of 30 mrad and an effective
energy resolution of 0.6—0.7 eV.”®> The background was re-
moved from each scan using a power law fit, and spectra were
extracted from each map row-by-row with a ~0.1 x 0.8 — 1 nm?
window. Hartree-Slater cross sections were subtracted from
each edge, and the spectra were processed with the EELSTools
package in Digital Micrograph to extract Mn L5 ratios from the
positive component of the second derivative.”®
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fluctuations in LSMO are minimal and charge-transfer
screening drives coupling. As the LSMO thickness
increases, local strain fluctuations soon overwhelm
the magnetization of the layer, indicating that layer
geometries are crucial components in the design of
these materials. In excess of the ultrathin limit, our
PNR results indicate that local strain can induce
much larger changes in the magnetization profile
of LSMO than charge-transfer screening. By tuning
the PZT tetragonality through doping or an appro-
priate substrate, it is possible to reshape magnetiza-
tion gradients in the ferromagnet. Our results
suggest that a piezoelectric substrate may be used
to actively control local strain and directly vary the
spin state of the ferromagnet. The wealth of insight
provided by this suite of techniques shows that local
probes of magnetization, strain, and chemistry are
an invaluable way to understand coupling of multi-
ple degrees of freedom in magnetoelectrics and
emerging flexomagnets.

Cation displacements were determined from a series of
10—40 STEM-HAADF acquisitions, which were captured at 5 us
intervals and cross-correlated and averaged with the Image)
program with the StackReg plugin. Image simulations along the
PZT [100] direction were conducted with the multislice method
in the QSTEM program.”” This allows us to achieve a precision to
measure the atomic displacements better than ~8 pm.”® Several
atomic displacements were modeled with a 69 x 70 x 160
supercell consisting of 80 slices. A 400 x 400 pixel array with a
0.05 A x 0.05 A resolution and 20 A x 20 A window size was used,
along with the microscope parameters.

GPA was conducted on STEM-HAADF and HRTEM images
displaying minimal drift or scan error. First maps of local re-
ciprocal lattice vectors corresponding to out-of-plane (g)
and in-plane (g,) directions were constructed. The ratio of
these two maps (g»/g;) then gives the local c/a.”® The line
profiles shown in Figure 4 were measured by integrating
3—5 nm in-plane to minimize noise. It should be noted that
local contrast and thickness fluctuations can give rise to local
spikes in the measured ratio, so we only discuss broader
trends in c/a.

To calculate in- (e,) and out-of-plane (g,,) LSMO strains,
references were chosen in either the STO or PZT layers; in the
latter the measured strain values have been shifted to account
for the average strain across the PZT layer. The measured strains
in the top LSMO layer were converted relative to bulk LSMO
according to

CsT0, bulk — CLSMO, bqu) CsT0, bulk

Erelative = | €measured
CsTO, bulk CLSMO, bulk

where csropui = 3.905 A and ¢ spopui = 3.87 A.
Tc was estimated from these GPA strains using the empirical
model of Millis et al.*’

TC(S) = TC(S = 0) <1 — oEg— % ASJT2>

where g = (26, + &,,) and g7 = (2/3) (e, — £,). Tc(e = 0) is the
bulk LSMO Tc of ~360 K, while a. and A are empirical constants
that represent the weighting of the bulk strain and Jahn—Teller
distortion of MnOg octahedra, respectively. Typical values are
a = 10and A ~ 270.°

DFT calculations were performed within the spin-polarized
generalized gradient approximation (GGA) plus Hubbard-U
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method as implemented in the Quantum-ESPRESSO package
version 5.0.2° The Dudarev et al. approach® was followed to
include an effective Hubbard term of 3 eV for unstrained LSMO
and 2 eV for LSMO on STO to accurately treat the correlated Mn
3d electrons. The core and valence electrons were treated with
the ultrasoft pseudopotential®’ and the PBEsol exchange—
correlation functional.®#%3 The Brillouin-zone integrations were
performed with a Marzari—Vanderbilt smearing®* of 0.02 Ry
overa7 x 7 x 5 Monkhorst—Pack k-point mesh® centered at
I" and a 60 and 600 Ry plane-wave and kinetic energy cutoff for
charge density, respectively. For density of states (DOS) calcula-
tions, a denser 14 x 14 x 12 Monkhorst—Pack k-point mesh
sampling was used. Atomic positions were allowed to converge
until the Hellmann—Feynman forces became less than 2 meV A'.
Structure optimization was performed using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm. The approach
adapted by Ma et al.2® was used to simulate the crystal structure
of LSMO (see Supporting Information). Orbital polarization (P)
was calculated using the formula

Ny2 2 [1F%]

P =
N2 y2 + Nz

where n,._. and n, are the area under the partial density of
states spectra of d,._,. and d,. orbitals respectively (for both
spins) within the energy window from the Fermi level to —8 eV
below it. The nearest-neighbor exchange coupling constant J,
was calculated within the mean-field approximation®”*® with

Er— Enem-— A

Jo =
1
2 (ZSE S; ZS$FM7 ASQFM N A)

where Er and Eppy_4 are the total energies (eV) of spin-polarized
ferromagnetically ordered and spin polarized A-type antiferro-
magnetically ordered calculations, respectively, S; is the calcu-
lated atomic magnetic moment of the Mn(l) atom, and S, is the
calculated atomic magnetic moment of the Mn(ll) atom. From
Jo, Tc was estimated by the mean-field theory approximation,
Te = (2/3)5(S + 1)Uo/ke),””*® where S = ((4SF) + (255))/6 is the
weighted average of the magnetic moments of Mn in the
ferromagnetic spin order configuration.
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