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in manganite thin films via epitaxial strain
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Strain engineering of epitaxial transition metal oxide heterostructures offers an intriguing opportunity to con-
trol electronic structures by modifying the interplay between spin, charge, orbital, and lattice degrees of freedom.
Here, we demonstrate that the electronic structure, magnetic and transport properties of LagoBag;MnO; thin
films can be effectively controlled by epitaxial strain. Spectroscopic studies and first-principles calculations
reveal that the orbital occupancy in Mn e, orbitals can be switched from the ds2_,> orbital to the d,>_» orbital
by varying the strain from compressive to tensile. The change of orbital occupancy associated with Mn 3d-O 2p
hybridization leads to dramatic modulation of the magnetic and electronic properties of strained Lag¢Bay;MnO;
thin films. Under moderate tensile strain, an emergent ferromagnetic insulating state with an enhanced ferromag-
netic Curie temperature of 215 K is achieved. These findings not only deepen our understanding of electronic
structures, magnetic and transport properties in the LaggBag;MnO; system, but also demonstrate the use of
epitaxial strain as an effective knob to tune the electronic structures and related physical properties for potential

spintronic device applications.

DOI: 10.1103/PhysRevB.105.165426

Transition metal oxides (TMOs) are an important class
of functional materials that exhibit a diverse set of mag-
netic, electrical, optical and/or catalytic properties and hold
great promise for modern technological applications [1].
Among these TMO materials, the mixed-valence manganite,
La;_yAyMnO;3 (A = Ca, Sr, and Ba), has stimulated consider-
able interest as it hosts a rich spectrum of physical properties
such as the colossal magnetoresistance, half metallicity, the
spontaneous charge-spin-orbital ordering, and ferromagnetic
insulator behavior [2,3]. Recently, manganite oxide thin films
and heterostructures have attracted intensive interest, since
many novel electronic and magnetic ground states can be
engineered using interface effects [4—7], defects [1,8], strain
engineering [9,10], and different orientations [11].

Particularly, strain engineering has proved to be a powerful
way to tailor the functionalities of manganite oxide thin films
and heterostructures due to the strong coupling between the
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structural degrees of freedom and the correlated order param-
eters [1]. Lag 9Bag ;MnO3 (LBMO) with a pseudocubic lattice
constant of 3.89 A is an example in this context. Bulk LBMO
is a ferromagnetic insulator with a Curie temperature (7¢)
of ~185K and an orthorhombic structure [12,13]. Owing to
the combined magnetic and insulating properties, LBMO has
strong potential for the application of spintronic devices such
as a spin filter in tunnel magnetoresistance devices [14] and a
component in a magnetoelectric composite system [15]. How-
ever, when LBMO thin films were grown on (001)-oriented
SrTiO; (STO) substrates, it exhibits a ferromagnetic metallic
state with T¢ varying from 250 to 295 K [13]. The origin
of this ferromagnetic metallic state with enhanced 7¢ is still
not fully understood. Possible explanations are suggested for
the orbital reconstructions caused by in-plane tensile strain
from the STO substrate [16] and epitaxial strain beyond the
interfacial region [13]. In fact, apart from the lightly doped
La;_«BayMnOj thin films, the anomalies of enhanced mag-
netic and transport properties have been also reported in
LaMnOs3 and Lag¢Srg MnOj thin films with various thick-
nesses [17,18]. The origin of such an anomaly is still under
debate. Furthermore, previous works [13,16] mainly focused
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on the growth of LBMO thin films with a relatively narrow
strain window (around ~0.26%), and at a thickness (above
50 nm) which allowed partial strain relaxation in LBMO thin
films. To fully reveal the correlation between the electronic
structure, magnetic, and transport properties in LBMO thin
films, it is necessary to systematically investigate a range of
lattice symmetries to gain a fundamental understanding of the
strain-property relationship, where relaxation does not com-
plicate the interpretation of the observed physical responses.
In this study, we investigate the electronic structure, mag-
netic and transport properties of coherently strained epitaxial
LBMO thin films using a range of characterization techniques
such as scanning transmission electron microscopy (STEM),
x-ray photoemission spectroscopy (XPS), and x-ray absorp-
tion spectroscopy (XAS). The experimental results are further
supplemented with density functional theory (DFT) calcula-
tions. By utilizing the suitable substrates, we could vary the
epitaxial strain over a wide range from a compressive strain
of —2.57% to a tensile strain of +1.8%. We show that the Mn
e, orbital occupancy, Mn 34-O 2p hybridization, magnetic
and transport properties of LBMO thin films are strongly
modulated by the epitaxial strain. Our results clearly illustrate
the key role of strain in mediating the competition of spin,
orbital, and lattice entanglement in LBMO and other TMOs.
High-quality LBMO thin films were epitaxially grown on
a set of single-crystal substrates, including LaAlO3 (LAO),
NdGaO; (NGO), (LaAlO3)o3-(SrAlgsTags03)07 (LSAT),
S1TiO3; (STO), DyScO; (DSO), and TbScOs (TSO). Fig-
ure 1(a) shows the lattice constants of bulk LBMO and
different single-crystal substrates. Films were grown at a
temperature of 750 °C at an oxygen partial pressure of 100
mTorr, where the pulsed laser deposition was carried out by
a KrF excimer laser (248 nm) at a laser fluence of 1.5Jcm™
and 2 Hz. During the growth, in situ reflection high-energy
electron-diffraction intensity oscillations were monitored to
control the thickness of LBMO layer at 26 unit cells (uc).
After growth, the films were cooled down to room temperature
under an oxygen pressure of 300 Torr. The crystal structures
and surface morphologies of the films were characterized
by high-resolution x-ray diffraction (XRD) with Cu K, ra-
diation (A = 1.5405 A) (Empyrean, PANalytical) and atomic
force microscopy (AFM), respectively. Transmission electron
microscopy (TEM) specimens in cross-sectional orientation
were prepared by tripod polishing followed by argon ion
milling at liquid nitrogen temperature [19]. High-angle an-
nular dark-field (HAADF) STEM images were taken using a
JEOL ARM200F and a Nion UltraSTEM operating at 200 kV,
equipped with the cold field-emission electron gun and the
spherical aberration corrector. Soft XPS was undertaken by
a monochromatic Al Ko x-ray source (hv = 1486.6eV) us-
ing a SPECS PHOIBOS 150 electron energy analyzer with
a total energy resolution of 0.5 eV. The Fermi level of the
LBMO films was calibrated using a polycrystalline Au foil.
Hard x-ray photoelectron spectroscopy (HAXPES) measure-
ments were performed using 5930 keV photon energy at the
109 beamline of the Diamond Light Source. HAXPES spec-
tra were energy-resolved and measured using a VG Scienta
EW4000 high-energy analyzer. XAS measurements with po-
larization dependence were performed at the 106 beamline of
the Diamond Light Source. X-ray magnetic circular dichroism
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FIG. 1. (a) Top panel: The in-plane bond angle (Mn-O-Mn) B
and the bond length (Mn-O) d. Bottom panel: Lattice constants of
the LBMO bulk and different single-crystal substrates [LAO: 3.790
A,NGO: 3.864 A, LSAT: 3.868 A, STO: 3.905 A, DSO: 3.943 A, and
TSO: 3.960 10\]. Pseudocubic lattice constants were used for noncubic
single-crystal substrates. (b) Left panel: XRD 6 —26 scans of LBMO
thin films grown on various substrates. Right panel: XRD 6—26
detailed scans around the (002) reflection. “V¥”” was used to label the
(002) peaks of LBMO thin films. The misfit strain of LBMO thin
films gradually changes from a compressive (LAO, NGO, and LSAT)
to a tensile strain (STO, DSO, and TSO). (c) Typical 5 x 5-um AFM
height images of LBMO thin films grown on various substrates.

LBMO/STO LBMO/LSAT

(XMCD) measurements were carried out by probing the total
electron yield (TEY) in grazing incidence geometry. XMCD
measurements were performed at 2 K under a 6 T magnetic
field applied along the a-b plane of the films, parallel to
the beam propagation direction. To ensure that the XMCD
signal is of magnetic origin, the magnetic field was also
applied in the opposite direction to verify that the sign of
the XMCD reversed. X-ray linear dichroism (XLD) measure-
ments were carried out at 300 K without a magnetic field
while the TEY was detected in grazing incidence geometry.
The XLD spectra were obtained by the intensity difference
(I,-1,) between the spectra measured with horizontal (E},) and
vertical (E,) linear polarizations. Macroscopic magnetic mea-
surements were performed with a MPMS3 superconducting
quantum interference device-vibrating sample magnetometer
(Quantum Design). The magnetic field was applied parallel
to the film plane during the measurements. Transport mea-
surements were measured by a Quantum Design Physical
Property Measurement System. Plane-wave pseudopotential
DFT calculations were carried out using the Vienna Ab initio
Simulation Package [20,21] (VASP) 5.4.4 with a plane wave
cut off energy of 550 eV, y-centered K-point grids with
reciprocal space spacing of 0.314 A and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [21]. The
projector augmented wave [22] method is used with Mn,
La, O, Ba potentials from the VASP PBE_54 dataset. The
Hubbard U correction [23] is applied to Mn 3d electrons
with Usr = 3.9eV [24] to reduce the self-interaction errors
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FIG. 2. (a) Reciprocal space maps around the (103) Brag reflection of LBMO thin films grown on various substrates. (b) In-plane and
out-of-plane lattice constants and c/a ratio as a function of misfit strains. (c) HAADF STEM image of LBMO thin film grown on STO

substrate, viewed from the pseudocubic [110] direction.

known to overly delocalized d electrons of transition metals in
standard DFT calculations. LBMO structures are constructed
from the orthorhombic LaMnO; unit cells by replacing one
in eight La atoms by Ba, giving an effective composition of
Lag g75sBag.12sMnO;3. To simulate epitaxial strain, the a and b
lattice constants are fixed during the relaxation, and only the ¢
lattice constant is allowed to change. The AiiDA [25] frame-
work is used to manage the DFT calculations and preserve the
provenance. Occupations of the e, orbitals are computed by
summing the projected density of states up to the Fermi level.

Typical out-of-plane XRD 6-26 scans of the LBMO thin
films grown on various substrates show distinct Kiessig
fringes around Bragg peaks as presented in Fig. 1(b), indi-
cating a good crystalline quality for all LBMO thin films
with long-range periodicity and without any impurity phases.
Atomically smooth films’ surfaces with a well-defined ter-
race structure and one-unit-cell steps (~0.4 nm) were further
confirmed by ex situ AFM images as shown in Fig. 1(c). To
determine the lattice strain of the films, reciprocal space maps
(RSMs) were measured and are displayed in Fig. 2(a) and Fig.
S1 [35]. The RSMs clearly suggest that all LBMO thin films
are coherently strained to the substrates with negligible strain
relaxation. The in-plane misfit strain (e,,) of the LBMO thin
films is calculated to be from —2.57% (compressive strain
for LBMO on LAO substrate) to +1.8% (tensile strain for
LBMO on TSO substrate). Based on the results of XRD 6-26

and RSMs, strain-dependent in-plane and out-of-plane lattice
constants (a and c), and c/a ratio are summarized in Fig. 2(b).
Figure 2(c) shows the HAADF STEM image of the LBMO
thin film grown on STO substrate viewed from s pseudocubic
[110] direction, confirming the high-quality of the film with
an atomically sharp interface between the film and substrate.
In addition, with the increase of compressive or tensile strain
as shown in Fig. S2, a small amount of misfit dislocations
is formed at the interface between the LBMO thin films and
LAO/TSO substrates to relax the strain resulted from the large
lattice mismatch.

We first discuss the influence of strain on the oxidation
state of Mn in the LBMO thin films using high-resolution XPS
and XAS. Figure 3(a) shows the spectra of Mn 2p core levels
measured with photon energies of 1486.6 eV and 5930 eV.
The overall line-shapes of Mn 2p core levels agree with the
reported spectra of La;_xBayMnO; [26] and La;_4SrxMnOj3
[27], displaying the coexistence of Mn** and Mn*" multi-
plets. More importantly, it should be noted that there is no
visible change in the peak position of the Mn 2p core levels,
revealing that the oxidation state of Mn is robust against strain.
This observation is further validated by soft XAS measured at
Mn L edges, as presented in Fig. 3(b). It is clearly seen that
Mn L3, edges retain the same peak position when the strain
is changed from compressive to tensile. Interestingly, in the
Mn 2p core-level HAXPES spectra [Fig. 3(a)], an additional
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FIG. 3. (a) XPS Mn 2p core-level spectra with photon energies of 1486.6 eV (solid lines) and 5930 eV (line and circles), and (b) Mn
L-edges XAS spectra for LBMO thin films grown on various substrates. The spectra from different samples are shifted for clarification.

shoulder or well-screened structures (Is) appeared at the low
binding energy side (~639.4eV) of the Mn 2p3,, main peak.
According to the previous reports [26,28], the intensity of g
is strongly related to the strength of ferromagnetic interac-
tion and the magnitude of metallicity in LagygsBag 15sMnO3
thin films with various thicknesses. Here, we found that the
intensity of Iy in LBMO thin films is firstly increased with
the decrease of the compressive strain, i.e., from the LBMO
thin film grown on the LAO substrate to the LBMO thin
film grown on the LSAT substrate. In contrast, Is disappears
under the tensile strain for the LBMO thin film grown on the
TSO substrate. This strongly suggests that the magnitude of
ferromagnetic magnetization and metallicity in LBMO thin
films can be changed by the corresponding epitaxial strain.
To further elucidate the effect of strain on the electronic
structures, we carried out the measurements of XPS valence

. XPS VB
300K
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band (VB) and XAS at the O K edge to probe the occupied and
unoccupied density of states (DOS) near the Fermi level (Ey).
As shown in Fig. 4(a), the XPS VB spectra measured with
photon energies of 1486.6 eV and 5930 eV mainly consist
of four features, as labeled A, B, C, and D. In comparison
with resonant photoemission spectra of Lag¢Srg4MnO;3 [27]
and Lag7Sr93MnOj3 [29] films, the intensity of the C and D
features originates from the Mn 3d states and can be assigned
as the 1, and e, states, respectively. On the other hand, the
strongly hybridized states of Mn 3d and O 2p are respon-
sible for forming the A and B features. Both soft XPS and
HAXPES VB spectra show that a visible DOS is observed
across Ey in the energy range of —0.5 to 0.5 eV for the LBMO
thin films grown on LAO, NGO, LSAT, and STO substrates,
suggestive of a metallic state. On the other hand, for the
LBMO thin films grown on DSO and TSO substrates, the VB

O K-edge XAS
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FIG. 4. (a) XPS valence band (VB) spectra excited with photon energies of 1486.6 eV (solid lines) and 5930 eV (line and circles), and (b)
O K-edge XAS spectra for LBMO thin films grown on various substrates.
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FIG. 5. (a) Top panel: Representation of the MnOg octahedral distortions as a function of misfit strain. Bottom panel: Schematic electronic
configurations of e, band in the Mn** ions. In bulk LBMO (unstrained), the e, band does not split. When the LBMO thin films are tensile
strained, the energy of the d,2_» band is lower, thus holes occupy the d;2_,» band; the opposite trend occurs when the LBMO thin films are
under compressive strain. (b) XLD spectra of LBMO thin films grown on various substrates. (c) Integrated area of XLD signal as a function of
misfit strain. (d) e, orbital occupation calculated using DFT as a function of misfit strain.

maximum (VBM) moves away from E, and negligible DOS
retains at Ey. This, thereby, drives LBMO thin films toward
an insulating or semiconducting state. An enlarged view of
the VB spectra near E; is shown in Fig. S3, where the VBM
values were determined by linear extrapolation of the leading
edge of the VB region to the extended baseline of the VB
spectra. The values of VBM are estimated to be —0.06(5) eV
for LBMO/LAO, —0.07(5) eV for LBMO/NGO, —0.15(5)
eV for LBMO/LSAT, —0.08(5) eV for LBMO/STO, 0.07(5)
eV for LBMO/DSO, and 0.11(5) eV for LBMO/TSO. These
results further confirm that the LBMO thin films change from
a metallic state to an insulating state by varying the strain
from compressive to tensile. O K-edge XAS spectra shown in
Fig. 4(b) probe the unoccupied states with partial O 2p feature
hybridized with Mn 3d states, La 5d states, and Mn 4sp states.
Hence, O K-edge XAS spectra can be qualitatively related
to the unoccupied DOS above Ef [6,7,30,31]. The overall
line-shapes of O K-edge XAS spectra of LBMO thin films
are consistent with the reported spectra of La;_xSryMnO;
[32-34]. The unoccupied states marked as “E” in the O K-
edge XAS spectra are associated with unoccupied Mn 3d
states hybridized with O 2p. Using the method developed by
Suntivich et al. [35], the Mn 3d-O 2p hybridization parameter
was quantitatively determined and is presented in Fig. S4. It

can be seen that the degree of Mn 3d-O 2p hybridization de-
creases with the change of strain from compressive to tensile.
The occupied DOS measured by XPS VB spectra and unoc-
cupied DOS obtained by O K-edge XAS spectra for LBMO
thin films suggest the key electronic modulations induced by
strain manipulation.

The orbital occupancy of LBMO thin films was further
investigated by XLD using in-plane (/;;) and out-of-plane
(Ioop) linearly polarized x-ray beams. The absorption of x-ray
polarized along Ej,//ab (or Eyop//c) arises largely from the
unoccupied Mn d,._,» (or d32_,2), i.e., the holes [9,36]. As
shown in Fig. 5(a), no XLD signal for the unstrained bulk
LBMO is expected because of a degenerated orbital occu-
pancy. For LBMO thin films under compressive strain, the
electrons preferentially occupy the ds.2_,2 orbital in e, orbital.
Consequently, the XLD peaks show positive values for the
compressive-strained LBMO thin films. In contrast, the e,
orbital of tensile-strained LBMO thin films is occupied by
the d,»_,» orbital, suggesting negative values for the XLD
peaks. Obviously, the line shapes of XLD spectra strongly
depend on the strain states of LBMO thin films, as shown in
Fig. 5(b). To quantify the orbital occupancy, the integrated
areas under the L, absorption peak (648-660 eV) and the
L3 + L, (635-660 eV) in the XLD spectra were evaluated and
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FIG. 6. (a) XMCD spectra and (b) temperature-dependent resistivity of LBMO thin films grown on various substrates.

displayed in Fig. 5(c). The data reveals that the orbital occu-
pancy is switched from the d3.>_, orbital to the d,>_,» orbital,
when the strain is changed from compressive to tensile. DFT
calculations further support the observation of experimental
results, as shown in Fig. 5(d). The occupation of the d5,.._,2
orbital decreases with increasing tensile strain, while that of
the d,>_,> orbital increases. DFT relaxed structures are known
to have systematic errors in the lattice constants, hence the
theoretical strain at which the switching happens is not ex-
pected to be exactly the same as the experimental one, but the
general trend remains consistent.

Owing to the strain-modulated electronic structures and or-
bital occupancy, we also observed a pronounced modification
of magnetic and transport properties. Temperature-dependent
magnetization measurements are shown in Fig. S4. With the
increase of temperature, the magnetization curves for LBMO
thin films show distinct ferromagnetic transition temperatures.
Also, we found that the change of strain strongly affects the
ferromagnetic Tcs. To further confirm the observed ferromag-
netism, we performed the XMCD at Mn L edges for all LBMO
thin films covering the whole range of misfit strain. Previous
work has validated that the XMCD can detect the subtle
(~ 0.005 up/atom) and element-specific magnetic moment
[37]. This means that XMCD can exclude the contribution
from magnetic impurities. For XMCD measurements, a field
of £6 T was applied along the in-plane direction at 2 K.
XMCD signals were observed for all samples, as presented
in Fig. 6(a), except for the LBMO thin film grown on a DSO
substrate. This may be caused by the highly resistive nature
of the sample at low temperature, prohibiting the detection of
a reliable signal in TEY mode. The signals at Mn L;- and L3
edges in Fig. 6(a) have opposite signs. We also confirmed that
the XMCD signals flip sign with the reversal of the applied
magnetic fields (£6 T). The line shapes of XMCD spectra
agree well with the reported data for Lag7Sro3MnOs and
LaMnOj; thin films [20,28]. We can see that XMCD spectra
clearly show strong dichroism, indicating a net ferromagnetic
moment associated with Mn cations in the LBMO thin films
grown on various substrates. Temperature-dependent resis-
tivity curves for all samples are displayed in Fig. 6(b). We

found that the LBMO thin films grown on LAO, NGO, LAST,
and STO substrates exhibit metal-to-insulator transitions (7y)
and their Tys are consistent with the corresponding 7cs
obtained from temperature-dependent magnetization curves
(Fig. S5). Also, note that the LBMO thin films grown on
DSO and TSO substrates show an insulating behavior, indicat-
ing the films possessing ferromagnetic insulating properties.
Furthermore, resulting from the change of compressive strain
to tensile strain, the change from a metallic state to an
insulating state agrees well with the observation of HAX-
PES Mn 2p core-level spectra [Fig. 3(a)] and VB spectra
[Fig. 4(a)].

To gain further insights into the relationship between
the strain and its link to the electronic structures, magnetic
and transport properties, a phase diagram is constructed and
illustrated in Fig. 7. When the applied strain is changed
from compressive to tensile, the Mn e, orbital occupancy
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FIG. 7. Misfit strain-dependent ferromagnetic Curie temperature
(T¢, left) and the residual conductivity at 5 K (right).
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is switched from the d;._,» orbital to the d,»_,» orbital
[Figs. 5(c) and 5(d)]. Consequently, ferromagnetic metallic
behavior is changed to ferromagnetic insulating (FMI) behav-
ior. We also note that there is a clear change in ferromagnetic
Tc for LBMO thin films grown on NGO and LSAT substrates.
This could be attributed to the subtle completion between the
Mn-O-Mn bond angles and the Mn-O-Mn bond lengths of
LBMO thin films with orthorhombic and tetragonal structures
(Fig. S1). Additionally, the decrease of ferromagnetic T¢ with
the further increase of tensile or compressive strain for LBMO
thin films grown on TSO and LAO substrates could be caused
by the formation of misfit dislocations at the thin film and
substrate interface (Fig. S2). More importantly, similar to the
bulk LBMO with the FMI behavior, a ferromagnetic insu-
lating state can be achieved in the LBMO thin films under
slightly higher tensile strain. Furthermore, the ferromagnetic
Tc is enhanced to be a value around 215 K for LBMO thin
film grown on DSO substrate, which is higher than that of
bulk LBMO (185 K). The underlying physical mechanism of
such enhancement in the ferromagnetic 7¢ could be originated
from the increase of the Mn-O-Mn bond angles by applying
a moderate tensile strain. Moreover, the ferromagnetic 7¢ of
215 K is much higher than other widely studied ferromagnetic
insulating TMOs such as EuO (T¢ ~ 69.3K) [38], LaCoO;3
(Tc ~ 85K) [39], and BiMnOs; (T¢ ~ 105 K) [14]. Therefore,
the LBMO thin film with a ferromagnetic insulating state and
higher Tt is attractive for the use of designing spintronic de-
vices such as a spin filter in tunnel magnetoresistance devices
[14] or a component in a magnetoelectric composite system
[15].

In summary, strain effects on the electronic structure,
magnetic and transport properties of epitaxial LBMO thin
films were systematically investigated using a series of x-ray
spectroscopic studies and DFT calculations. Through the ma-
nipulation of strain from compressive to tensile, the orbital
occupation in Mn e, can be effectively switched between the
ds,»_,» orbital and the d,>_,» orbital. In addition, the inten-
sity of DOS at E; gradually disappears and the Mn 3d-O
2p hybridization is reduced. Consequently, under a moderate
tensile strain, an emergent ferromagnetic insulating state is
realized in the LBMO thin film with an enhanced 7¢ of 215 K,
which is higher than that of bulk LBMO (185 K). Our work
suggests a powerful pathway to tailor the physical properties
through strain engineering that effectively manipulates the

electronic structures and magnetic properties of TMOs for
potential spintronic applications.
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