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COMMUNICATION

Ambipolar Ferromagnetism

Controlling the Magnetic Properties of LaMnO;/SrTiO;
Heterostructures by Stoichiometry and Electronic
Reconstruction: Atomic-Scale Evidence

Mengsha Li, Chunhua Tang, Tula R. Paudel, Dongsheng Song, Weiming Lii, Kun Han,

Zhen Huang, Shengwei Zeng, Xiao Renshaw Wang,* Ping Yang, Ariando, Jingsheng Chen,
Thirumalai Venkatesan, Evgeny Y. Tsymbal, Changjian Li,* and Stephen John Pennycook*

Interface-driven magnetic effects and phenomena associated with spin—orbit
coupling and intrinsic symmetry breaking are of importance for fundamental
physics and device applications. How interfaces affect the interplay between
charge, spin, orbital, and lattice degrees of freedom is the key to boosting
device performance. In LaMnO;/SrTiO; (LMO/STO) polar—nonpolar hetero-
structures, electronic reconstruction leads to an antiferromagnetic to ferro-
magpnetic transition, making them viable for spin filter applications. The
interfacial electronic structure plays a critical role in the understanding of the
microscopic origins of the observed magnetic phase transition, from antiferro-
magnetic at 5 unit cells (ucs) of LMO or below to ferromagnetic at 6 ucs or
above, yet such a study is missing. Here, an atomic scale understanding of
LMO/STO ambipolar ferromagnetism is offered by quantifying the interface
charge distribution and performing first-principles density functional theory
(DFT) calculations across this abrupt magnetic transition. It is found that the
electronic reconstruction is confined within the first 3 ucs of LMO from the
interface, and more importantly, it is robust against oxygen nonstoichiometry.
When restoring stoichiometry, an enhanced ferromagnetic insulating state in
LMO films with a thickness as thin as 2 nm (5 uc) is achieved, making LMO
readily applicable as barriers in spin filters.

Charges and spins in strongly correlated
systems determine the electronic and
magnetic structures, which define the cor-
responding electronic and magnetic pro-
perties.'¥ Charge modulation, achieved
through chemical and electrostatic doping,
is a common technique to modify the
band filling status. These modified elec-
tronic structures have an influence on the
properties, e.g. high temperature super-
conductivity, electronic phase separation,
and charge ordering.>* Nonstoichiom-
etry, which commonly exists in materials,
results in an unintentional doping, altering
their properties.’] For example, oxygen-
deficient SrTiO; , becomes conductive,’]
in contrary stoichiometric SrTiO; (STO)
is a typical band insulator with a band gap
of 3.2 eV. In manganite-”# cobalt-,*1¥
iron-, and nickel-based perovskites,1:12]
the nonstoichiometry of oxygen not only
introduces electron/hole doping but also
affects the super-exchange or double-
exchange interactions by modification of
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Figure 1. Fabrication and structural characterization of the LMO/STO heterostructures. a) A RHEED intensity oscillation curve and b) an AFM topo-
graphy image of a 5 uc LMO film grown on a STO substrate. c) Corresponding cross- sect|ona| HAADF-STEM images and d) simultaneously acquired

HAADF and EELS elemental mappings (Ti, Mn, La, and RGB mix) from the green box in (c).

e) The line intensity profile for Ti, Mn, and La across

the LMO/STO interface, the dashed line indicating the position of the interface. The scale bars in the AFM and HAADF images are 1 im and 2 nm,

respectively.

the metal-oxygen bond length and/or angle.’¥) One example
is oxygen-deficient LaCoOs_, which becomes a ferromagnetic
(FM) insulator via modification of Co spin states,* while stoi-
chiometric LaCoOj is antiferromagnetic (AFM).

The arrangement of charge within a specific lattice struc-
ture determines the macroscopic polarity.'> For example, in
ABOj; perovskite oxides, the alternating stacking of AO* and
BO,™ layers makes them polar when both A and B cations are
trivalent. Within heterostructures, a polarity mismatch occurs
at a polar-nonpolar interface (e.g., a LaAlO; (LAO)/STO inter-
face). Such an electrostatic discontinuity can drive an elec-
tronic/atomic reconstruction.'>8 In real material systems,
nonstoichiometry can coexist with polarity mismatch,' but
how they interact with each other and affect the electronic and
magnetic properties is still unclear.2-22l Therefore, a quantita-
tive description of the interaction between nonstoichiometry
and polar mismatch at the atomic level is essential to achieve
better electronic and spintronic devices.[?*24]

One of the best systems for this study is LaMnO; (LMO)/
STO heterostructures. LMO is an antiferromagnetic insulator
in bulk form,?>2% however, with moderate doping, it becomes
a ferromagnetic insulator.>”?’! Tt is a good candidate for
spin filter applications for its simple perovskite structure and
relatively high T. compared to conventional ferromagnetic insu-
lators (e.g., EuS, NiFe,0,, and CoFe,0,).253% Along the [001]
direction, LMO is a polar oxide due to the alternating charged
(LaO)* and (MnO,)~ layers while STO is nonpolar. The polar
discontinuity at the LMO/STO interface induces an electronic
reconstruction, which drives the AFM to FM transition via
electron doping.!l In addition, LMO tends to contain excess
oxygen 6 (LaMnOs, ). Since oxygen cannot stay in the intersti-
tial sites, excess oxygen is realized by cation vacancies, in the
form of La;_Mn; .O; (Figure S1, Supporting Information),
where €= §/(3 + §).134 The excess oxygen (in the form of cation
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vacancies) leads to a partial oxidation from Mn** to Mn*" and
hence ferromagnetism is favored due to double exchange in the
mixed Mn**/Mn*" system via hole doping.’?33 In the LMO/
STO heterostructures, we therefore expect that both origins
coexist and probably correlated. Disentangling the two different
origins for the observed ferromagnetic insulating properties in
LMO/STO heterostructures remains an interesting and chal-
lenging problem.

Here, we provide an atomic-scale picture of the coexistence
of nonstoichiometry and electronic reconstruction at the LMO/
STO interface using atomic-resolution scanning transmission
electron microscopy (STEM) and electron energy loss spectros-
copy (EELS), and further validate this picture with DFT calcu-
lations. We show that electronic reconstruction is restricted
to only 3 unit cells (ucs) inside the LMO from the LMO/STO
interface. We tune the oxygen stoichiometry by a vacuum
annealing treatment, and successfully reduce the critical thick-
ness for electronic reconstruction from 6 to 5 ucs, which is con-
sistent with the DFT calculations. Furthermore, the ferromag-
netic insulating properties of LMO are significantly enhanced
at a thickness of only 5 uc (=2 nm), making it possible to con-
struct efficient and reliable spin filters.

Figure 1a shows the reflection high energy electron dif
fraction (RHEED) intensity oscillations obtained during a
5 uc-LMO growing on an STO substrate. It suggests a layer-
by-layer growth mode, consistent with the atomic-terrace
topography observed by atomic force microscopy (AFM), as
shown in Figure 1b. An atomically sharp LMO/STO interface
is observed in a high angle annular dark field (HAADF)-STEM
image (Figure 1c). Clearly, the LMO film, perfectly epitaxially
grown on the STO, shows minimal defects and is fully strained.
In addition, atomic-resolution EELS elemental mappings of La,
Mn, and Ti are summarized in Figure 1d. The apparent inter-
diffusion is limited to 1 uc, which further confirms the sharp
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Figure 2. Magnetic properties of the LMO/STO heterostructures with different LMO thicknesses
before and after vacuum annealing. a) Normalized in-plane magnetic moment (measured at 10 K)
as a function of the LMO film thickness for the samples before and after vacuum annealing.
Multiple data points are presented for the 4, 5, and 6 uc samples near the magnetic phase
transition region. The gray shaded area denotes the moment below the threshold of 0.2 ug/Mn,
which is the canted moment of stoichiometric LMO. b) Temperature-dependent magnetic
moment of 5 and 24 uc as-deposited (solid lines) and vacuum annealed (dashed lines) samples,
respectively. The cooling field is T T and measurement field is 0.1 T. ¢,d) Magnetic hysteresis
loops (measured at 10 K) of 5 and 24 as-deposited and vacuum annealed samples, respectively.

interface across the heterostructure. Additional AFM and high-
resolution X-ray diffraction (HRXRD) data confirm the good
quality of the films on a macroscopic scale (Figures S2 and S3
of the Supporting Information, respectively).

Figure 2a shows the thickness-dependent in-plane magnetic
moment, normalized by Mn atoms, measured at 10 K by a
superconducting quantum interference device-vibrating sample
magnetometer (SQUID-VSM). The transition from AFM to FM
happens in as-deposited LMO/STO heterostructures with thick-
ness from 5 to 6 uc, in agreement with previous findings.134
To eliminate the excess oxygen in the LMO, the LMO/STO
heterostructures, with LMO thickness from 4 to 50 ucs, were
annealed at 1 x 107 Torr and 700 °C for 2 h. For simplicity,
we name the LMO/STO heterostructures with LMO thickness
of t ucs before and after vacuum annealing as “t uc” sample
and “t uc-v.a.” samples, respectively. In these vacuum-annealed
samples, the magnetic moment is suppressed at the higher
thicknesses but enhanced when the LMO thickness is in the
region of 4 to 6 ucs. Taking the 5 uc sample as an example, the
magnetic moment increases from 0.2 to 0.4 pup/Mn at 10 K with
the help of vacuum annealing, as shown both in the magnetic
moment versus temperature curve (M-T curve, Figure 2b) and
the magnetic hysteresis loop (Figure 2c). From the M-T curve,
the Curie temperature (T.) remains the same after vacuum
annealing. At the LMO thickness of 24 ucs, the magnetic
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deposited samples is also confirmed by the
HRXRD results. Previous studies show that
the LMOs,s cell volume decreases almost
linearly with the value of 8.3¢37] We observe
an expansion in lattice constant ¢ in vacuum
annealed samples, meaning the cell volume
increases (Figure S3, Supporting Informa-
tion). The cell volume expansion indicates
that the nonstoichiometric 8 is reduced after
vacuum annealing.

To investigate possible changes in
atomic or electronic structure after vacuum
annealing, we performed HAADF-STEM and EELS spec-
trum imaging on the 5, 6, and 24 uc samples, before and
after vacuum annealing. We could not identify any structural
changes from the HAADF images (see Figure S5, Supporting
Information). The difference lies in the electronic state of Mn
due to the vacuum annealing. Figure 3a, ¢, and e present a
series of uc-by-uc Mn-L,3 edge spectra across the LMO/STO
interfaces of 5, 6, and 24 uc as-deposited films, respectively. (For
the purpose of clarity, only selected spectra are presented after
the third uc). For the 5 uc sample, all Mn-L; peaks are located
at =641.1 eV, indicating the same Mn valence throughout the
film. In contrast, the 6 uc sample exhibits a red shift of 0.40 eV
in the first 2 ucs from the interface, whereas the L; peaks are
at 641.5 eV for the rest of the MnO, layers. This red shift indi-
cates the Mn valence changes from Mn?*" to Mn?* due to extra
electrons, which are attributed to the electronic reconstruction
caused by the polar discontinuity. A similar red shift appears
in the first 2 ucs next to the interface in the 24 uc samples.
Therefore, the electronic reconstruction arises in the as-depos-
ited samples with an LMO thickness of 6 ucs and above. For
comparison, Figure 3b, d, and f present the Mn EEL spectra
of the vacuum-annealed 5, 6, and 24 uc samples, respectively.
In the 5 uc vacuum-annealed sample, a red shift of Mn EEL
spectra compared to the as-deposited sample is seen in the
first 2 ucs of LMO. When LMO films of 6 ucs and above are

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a—f) Electronic doping at the LMO/STO interface revealed by STEM-EELS. uc-by-uc Mn-L, 5 EEL spectra across the LMO/STO interfaces of
5, 6, and 24 uc samples before (a,c,e) and after (b,d,f) vacuum annealing. The dashed lines are guides to the bulk Mn-L; peak position.

vacuum-annealed, the red shift remains the same. It proves
that the electronic reconstruction starts from 5 uc, instead of
6 uc, after vacuum annealing. The decrease in the critical thick-
ness proves that vacuum annealing, which results in a change
in the oxygen stoichiometry, has a direct influence on the elec-
tronic reconstruction. In addition, for samples with an LMO
thickness of 6 uc and above, the electronic reconstruction is
robust against a degree of nonstoichiometry.

To quantitatively analyze the Mn EEL spectra, we extract the
L; peaks and calculate the L3;/L, white-line intensity ratios to
identify the Mn electronic configuration uc-by-uc. In an Mn EEL
spectrum, L3 and L, peaks correspond to 2p;, — 3d and 2p;, —
3d transitions, respectively. Therefore, the L;/L, area ratio is
sensitive to the number of electrons in the Mn 3d orbital, thus
offering a useful method to determine the local Mn valence in
the LMO films. The L;/L, white-line ratio was calculated from a
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fitting by a combination of Gaussian and Lorentzian functions
sitting on a step function, after a power-law background sub-
traction (Figure S6, Supporting Information).>®!

Figure 4a shows the L;/L, ratios and L; peak positions for
the 5, 6, and 24 uc samples before vacuum annealing. Three
dashed lines represent the L;/L, ratios for pure Mn?*, Mn3*,
and Mn*" states (4.2 for Mn?¥, 3.0 for Mn**, and 2.0 for Mn*"),
which are obtained from ref. [39], our pulsed laser deposition
(PLD) deposited thick LMO film after vacuum annealing and
CaMnO; film as reference samples,*? respectively. For the
5 uc sample, the L;/L, ratios for all MnO, layers are about 2.9;
and all the L; peak positions remain at about 641.1 eV, proving
negligible transferred electrons. When the LMO thickness
increases to 6 ucs, the L;/L, ratios increase to 3.1 in the first
2 ucs near the LMO/STO interface and then drop to 2.9 onward.
Meanwhile, the L; peak shifts from 641.0 (first uc) to 641.3 eV

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Quantification of electron and hole doping in the LMO/STO heterostructures. a,b) uc-by-uc Mn-L;/L, area ratios and L; peak positions
of 5, 6, and 24 uc samples before and after vacuum annealing, respectively. The three dashed lines represent the reference Mn-L;/L, area ratios for Mn?,
Mn3*, and Mn**. c,d) Calculated excess electrons from Mn-L;/L, area ratios of 5, 6, and 24 uc samples before and after vacuum annealing, respectively.
The green and yellow shaded areas indicate the electron and hole doped regions of the LMO film, respectively.

(second uc) and saturates at 641.5 eV for the remaining ucs.
Using a linear approximation of the L;/L, ratio dependence on
Mn valence, we calculate the number of excess charges, relative
to Mn3*, for all the samples. In Figure 4c, there are less than
0.05 excess e~ per uc in the entire 5 uc as-deposited LMO film.
When it comes to the 6 uc sample, =0.15 e~ per uc are present
within the first 2 ucs near the interface which are regarded as
the electron doped region. Then, the region from the third uc,
in which the L;/L, area ratios are slightly less than 3 (a Mn3*/
Mn** mixed valence state), is hole doped. The excess charges
are denoted as negative values (=0.2 hole per uc from the third
uc onward). The same trends in the L;/L, ratios and L; peak
positions are observed in the 24 uc sample, with excess charges
in the electron-doped (0.6 and 0.3 e~ per uc for the first and
second uc, respectively) and hole-doped (=0.22 hole per uc from
the third uc onward) regions. It is noteworthy that the 0.22 hole
per uc is consistent with the previous estimated excess oxygen
(6 = 0.1), which contributes to the hole doping of 0.2 hole per
uc. Figure 4b shows the L;/L, ratios and L; peak positions of all
vacuum-annealed samples. Compared with the samples before
vacuum annealing, the electron doping is enhanced in the first
2 ucs near the interfaces (the green region), evidenced by large
L3/L, ratios (close to 3.9 for 6 and 24 uc vacuum-annealed sam-
ples). Moreover, from the third uc onward (the yellow region),
the L3/L, ratios increase slightly and saturate at about 3.0,
which correspond to the pure Mn*" state. Meanwhile, the L,
peak positions also shift to the lower values, which is consistent
with the reduction of Mn valence by vacuum annealing. In the
excess charge plot (Figure 4d), the electron doping within the
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first 2 ucs (3 ucs for the 24-v.a. sample) is enhanced while the
hole doping (the yellow region) is eliminated. In addition, for
the 24 uc and 24 uc-v.a. samples, uc-by-uc O K edge EEL spectra
(Figure S7, Supporting Information) prepeaks show interfacial
electron doping and bulk hole doping that are fully consistent
with the Mn EEL spectra analysis.

Intermixing could also have a major effect on the Mn elec-
tronic state. Apparently, in the EELS mapping (Figure 1d), the
intermixing is limited to 1 uc across the interface which can be
written as (La,Sr)(Ti,Mn)O;. However, the Ti valence remains
4+ throughout the STO substrate for the 24 uc sample, even
near the interface (Figure S8, Supporting Information), in
agreement with the previous reported X-ray absorption spec-
troscopy and EELS measurements.*!*?l To preserve charge
neutrality, the valence of Mn in the intermixed region should
increase from Mn** to Mn*', opposite to our experimental
observations. Therefore, the apparent intermixing is possibly
due to the broadening of the electron probe as it propagates
through the sample. Such lateral spreading causes an atomically
abrupt interface to appear interdiffused.’] From the atomic
scale valence information of Ti and Mn, we gain a clear under-
standing of the role of electronic reconstruction on forming a
ferromagnetic insulating interface (the insulating transport
behavior shown in Figure S10 of the Supporting Information)
rather than a conducting interface as in LMO-STO heterostruc-
tures. This scenario is different from the case of the LAO/STO
interface since LMO has a smaller bandgap (1.1 eV) than STO
(3.2 eV), whereas LAO has a larger bandgap (5.6 eV). Therefore,
the transferred electrons exist in the conduction band of LMO,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Stoichiometry and electronic reconstructions as origins of ferromagnetism in LMO/STO heterostructures. a) DFT calculated net magnetic
moments as a function of electron doping in biaxially strained LMO, showing an e-doped FM region and a h-doped region when the doping concentra-
tion is above 0.1 e/h per uc. The gray arrow represents that vacuum annealing reduces hole doping for all film thicknesses, while orange and olive colored
arrows represent the change in e-doping for 5 and 6 uc samples. b) Schematic representing the atomic stacking order of as-deposited and vacuum
annealed LMO. Due to the presence of excess oxygen, o, or the equivalent cation vacancies, the formal charge reduces from 1 to £1 — [35/(3 + J)],

leading to a smaller driving force for the electronic reconstruction.

instead of STOPY; the schematic electron reconstruction is
shown in Figure S9 (Supporting Information).

The magnetic properties of LMO are determined by the Mn
spin exchange interactions within the perovskite lattice. In the
stoichiometric LMO, Mn** is a Jahn-Teller ion with a t,g’e,’
occupancy, which creates a ground state of an A-type AFM
state, where the in-plane interaction is ferromagnetic while the
out-of-plane interaction is AFM.2®l When it is doped either by
electrons (both e, orbitals half-filled as t,,’e,* for Mn**) or holes
(empty e, orbitals as t),’e® for Mn*'), the local environment
around Mn*" ions becomes more isotropic, which increases
the ferromagnetic interaction between quarter filled e, orbitals
and reduces the antiferromagnetic super exchange interaction
between half-filled t,, orbitals. Figure 5a shows the calculated
net magnetic moment of Mn as a function of electron and
hole doping concentration in a biaxially strained LMO film on
an STO substrate. When the doping concentration is low (less
than 0.1 e per uc or 0.1 hole per uc), the LMO remains in the
AFM state. Once the doping surpasses the threshold, the net
moment increases suddenly because the FM state is energeti-
cally favored. This increase of the net moment with electron/
hole doping is consistent with earlier experiments.[?74443]

In our system, the electron-doping comes from the elec-
tronic reconstruction while hole-doping comes from the excess
oxygen. The former is an interfacial phenomenon while the
latter is present in the entire film. Hence, we expect the elec-
tronic reconstruction to dominate magnetic properties in the
thin (no more than 6 ucs) LMO films but the latter for thick
films (larger than 6 ucs). Because the excess oxygen (6 = 0.1)
in the LMO film is eliminated via vacuum annealing, the hole
doping reduces from 0.2 to 0 hole per uc, and it induces a tran-
sition from FM to AFM (gray arrow for all thickness samples
in Figure 5a). Only a small moment =0.2 ug/Mn is observed in
the stoichiometric LMO film originating from the Dzyaloshin-
skii-Moriya interaction,®% as shown in the 50 uc-v.a. sample.

Oxygen stoichiometry determines the polar effective charge
thus the electronic reconstruction induced FM. Schematics of
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the LMO and LMOs,; structures are illustrated in Figure 5b.
The alternating charged layers of (LaO)* and (MnO,)” in the
stoichiometric LMO films have +1 and -1 polar charges,
respectively. The LMOs,s films can be written in the form
LaMnys*Mn;_55*" 03,5 to account for the emergence of Mn**.
Furthermore, to account for equal number of La and Mn
vacancies, we writel3?!

N " 3+0
LaMn;;Mn{,505,5 = T[La;vméMn‘};S Mn3'V 503] (1)

n-
346 3+8 3+6 346 3+6

where the charged sheets change to (Las3.Vs3490) and
(Mngg.0 " MN365/348°"  Ve3+9Q02), Wwith  charges  of
+{1-[36/(3+9)]} and —{1-[36/(3+0)]}. Here & is 0.1, and the
effective polar charge Q.¢ = {1-[36/(3+9)]} = 0.903, about 90%
of the stoichiometric value. As in the LAO/STO system,!4647]
the effective polar charge determines: 1) the critical thickness
initiating the electronic reconstruction and 2) the number of
transferred electrons at the LMO/STO interface. 1) The critical
thickness t. = Eymo0)/ o, Where Egnmo) is the bandgap of LMO
(=1.1 eV) and E| is the internal electric field. More specifically,
Ey = eQ.qi/[2A&E1mo)), Where Q. is the effective polar charge, e
is the elemental charge, A is the unit cell area, & and &y, are
permittivity of the vacuum and relative permittivity of the LMO
film, respectively. Hence, ¢, is inversely proportional to the effec-
tive polar charge, i.e., t. = [2A&&;1mo) Egimo)/€ Qe assuming
the change in the LMO relative permittivity and bandgap is
negligible. With vacuum annealing, Q. becomes 1 instead of
0.903. Therefore, the critical thickness reduces from 6 to 5 ucs.
It corresponds to the e-doping concentration increasing beyond
0.1 e per uc in the 5 uc-v.a. sample (orange arrow in Figure 5a),
which stabilizes the FM phase. 2) The effect of Q. on the
number of the transferred electrons is also very straightforward;
n(t) = 0.5 Qegr(1 — tc/t) = 0.5 Qupr — [A&oEr1m0) Egmoyl/t: Where 1
is the number of transferred electrons at an LMO thickness of ¢
with a critical thickness of t.. Hence, n(6 — v.a.) is enhanced as
Qe turns into 1 compared to the as-deposited samples (0.903).
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This enhanced e-doping results in a larger magnetic moment
because the moment increases monotonically with electron-
doping, as described by the olive colored arrow in Figure 5a.
When we consider the vacuum annealing effects on thin
(5 and 6 ucs) LMO samples, the increased moment is due to
the enhanced electronic reconstruction, since the hole-doped
ferromagnetism (originated from oxygen excess) is eliminated.

In summary, both electronic reconstruction and oxygen non-
stoichiometry control the magnetic properties of LMO/STO het-
erostructures. From the atomic resolution STEM-EELS analysis of
the Mn and Ti electronic structures on as-deposited and vacuum
annealed samples, with a range of LMO thicknesses, we find that
electronic reconstruction induces an electron-doped ferromagnetic
interface (up to 3 ucs of LMO from the interface) and that excess
oxygen results in a hole-doped ferromagnetic state in the bulk
of the LMO film. The oxygen nonstoichiometry determines the
effective polar change which is a crucial parameter for electronic
reconstruction. Applying this principle, we successfully reduce the
magnetic transition critical thickness to 5 uc by removing excess
oxygen in LMO via vacuum annealing. The enhanced ferromag-
netic insulating properties in our ultrathin LMO films make them
suitable for tunnel barriers in spin filter devices.

Experimental Section

Sample Fabrication and Magnetic Properties Characterization: The LMO
thin films were fabricated by PLD with in situ RHEED, deposited on
TiO,-terminated 5 (L) X 5 (W) X 0.5 (H) mm3 STO (001) substrates from
a sintered LMO target. The growth temperature and oxygen pressure were
750 °C and 10 mTorr, respectively, adopted from previous studies.?"l The
laser fluence energy density was kept at 1.8 | cm™2. After deposition, all
samples were cooled down to room temperature with a cooling rate of
10 °C min~". The oxygen pressure was unchanged during the whole process.
As-deposited LMO/STO heterostructures were directly used to perform
STEM-EELS characterization and to measure the magnetic properties
by a SQUID-VSM system (Quantum Design). Then the samples were
annealed under a vacuum of less than 1 x 107 Torr at 700 °C for 2 h, these
samples were called vacuum annealed samples. Then STEM-EELS and
magnetic characterizations were carried out using the same parameters
as the as-prepared samples. The magnetic moments of all samples were
measured from room temperature to 10K with in-plane configuration.

STEM Imaging and EELS Analysis: The cross-section TEM samples
were prepared by an FIB (focused ion beam) system (FEI Versa 3D)
with 30 kV Ga ions, followed by a low-voltage (i.e., 2 kV) cleaning step.
HAADF-STEM imaging was performed by a JEM-ARM200F (JEOL)
microscope equipped with an ASCOR aberration corrector, a cold-field
emission gun and a Gatan Quantum ER spectrometer, operated at
200 kV. The HAADF-STEM images were acquired using collection of
the inner and outer semiangles of 68 and 280 mrad, respectively, with
a beam convergent angle of 30 mrad. The EELS results were recorded
using a collection angle of 100 mrad with the energy dispersion of
0.25 and 0.1 eV per channel for the elemental mapping and energy loss
near edge structure (ELNES), respectively.

Computational Methods: Theoretical modeling of the orthorhombic
Pbnm LMO was performed using density functional theory, the projected
augmented wave method, and PBEsol pseudopotentials,“®l as implemented
in the Vienna ab initio simulation package.l*’ Correlation effects beyond
generalized gradient approximation (GGA) were treated at a semiempirical
GGA+U level within a rotationally invariant formalism with U =5 eV on
Mn 3d orbitals.P% We used 340 eV kinetic energy cutoff and 7 x 7 x 5k
points for Brillouin zone integration. Calculations were performed using a
V2 x V2 x 2 pseudocubic unit cell, which contains 20 atoms. To simulate
epitaxial growth of LMO on STO (001) substrate, the in-plain pseudocubic
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lattice constant was constrained to the theoretical lattice constant of STO,
which was found to be a = b = 3.90 A. The out-of-plane lattice constant ¢
and all internal atomic coordinates were fully relaxed for each doping level
and magnetic configuration, using the force convergence limit of T meV
per atom. The constraint of the in-plain lattice constant led to LMO being
biaxially compressed by about 2%, resulting in b/a = 1 and c/a = 1.41,
as compared to the bulk values of b/a = 1.03 and ¢/a = 1.39. The bipolar
doping of LMO was performed by adding electrons /holes to the system
and neutralizing the total charge by jellium background.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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