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COMPLEX OXIDES

Extreme tensile strain states in

Lag 7Cag sMn0; membranes

Seung Sae Hong"?3*, Minggiang Gu*®, Manish Verma®, Varun Harbola?”, Bai Yang Wang?”, Di Lu?*”,
Arturas Vailionis®®, Yasuyuki Hikita?, Rossitza Pentcheva®, James M. Rondinelli*, Harold Y. Hwang?

A defining feature of emergent phenomena in complex oxides is the competition and cooperation
between ground states. In manganites, the balance between metallic and insulating phases can be tuned
by the lattice; extending the range of lattice control would enhance the ability to access other phases.
We stabilized uniform extreme tensile strain in nanoscale Lag;Cag3MnO3; membranes, exceeding 8%
uniaxially and 5% biaxially. Uniaxial and biaxial strain suppresses the ferromagnetic metal at distinctly
different strain values, inducing an insulator that can be extinguished by a magnetic field. Electronic
structure calculations indicate that the insulator consists of charge-ordered Mn** and Mn3* with
staggered strain-enhanced Jahn-Teller distortions within the plane. This highly tunable strained
membrane approach provides a broad opportunity to design and manipulate correlated electron states.

xternally driven changes in atomic spac-

ing offer access to distinct phases and

functionalities of materials. In complex

oxides (I-3), strain can be used to manip-

ulate quantum states of matter (4-8)
because the electrons in these materials and
their correlated interactions are tightly coupled
to the lattice. However, bulk oxide crystals are
typically brittle and crack under relatively small
tensile strain; larger strain states are usually
only accessible under compression (9). Al-
though epitaxial strain imparted by lattice mis-
match between a thin film and the underlying
substrate can modulate the properties of thin
films (5, 6, 10, 11), the discrete lattice param-
eters of available substrates (10), combined
with strain-driven defect formation during
high-temperature synthesis (12, 13), present
fundamental limitations to exploring how ex-
treme and coherent strain fields affect corre-
lated states in oxides. The recent development
of free-standing complex oxide membranes (14)
both circumvents these challenges and pro-
vides unique opportunities to realize previous-
ly unobserved strain-induced responses. Oxide
membranes can be mechanically coupled to
an external platform without an epitaxial rela-
tionship, for which strain states of different
symmetries can be freely chosen by design.
Moreover, the critical fracture strain is often
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greatly enhanced for small materials length
scales (15, 16), enabling a viable route to im-
part large tensile strain states well beyond the
typical values that ceramics can withstand.

Rare-earth perovskite manganites are corre-
lated electron systems with multiple phases
coupled to the lattice (I7). A number of stable
electronic and magnetic ground states arise at
different carrier concentrations, as structural
Jahn-Teller distortions to the MnOg octahedra
generate different bond network configurations,
which therefore change the magnetic exchange
interactions between 3d electrons on neighbor-
ing sites. Here, we focused on Lay;CagsMnOs
(LCMO), a representative colossal magneto-
resistance (CMR) material (17) with a transi-
tion between a low-temperature ferromagnetic
metal (FM-M) and a high-temperature para-
magnetic insulator (PM-I) at a Curie temper-
ature 7¢ ~ 250 K. The metallic ground state of
LCMO is closely adjacent to many other phases,
such as charge/orbital ordering (COO), a ferro-
magnetic insulating state, and antiferromag-
netic states, thereby offering an ideal testbed to
understand electronic correlations controlled
by elastic lattice strain.

Using pulsed laser deposition (PLD), we syn-
thesized multilayer heterostructures consist-
ing of SrCa,Al,O¢ (used as a sacrificial layer),
SrTiOs, and LCMO (fig. S1) to release free-
standing LCMO nanomembranes. The solid-
solution family of (Ba,Sr,Ca);Al,O¢ enables
the continuous tuning of the sacrificial layer
lattice constant from 0.382 nm (Ca 100%) to
0.413 nm (Ba 100%), covering the lattice con-
stant range of the vast majority of perovskite
and related oxides (I8, 19). SrCa,Al,Og, a par-
ticular composition for the sacrificial layer
developed for this experiment instead of
Sr3Al,Og used previously (14), is nearly perfect-
ly lattice-matched (<0.1%) to the LCMO lattice
constant (@ = 0.386 nm). We found that mini-
mizing lattice mismatch is a critical factor to
avoid crack formation in the released mem-

branes (fig. S2) and is therefore essential to
achieve homogeneous tensile strain states
over large areas. The LCMO layer was kept
at a minimum of 10 unit cells to avoid the
Berezinskii-Kosterlitz-Thouless crystalline melt-
ing transition previously observed in the ultra-
thin limit (20). All heterostructures were grown
epitaxially and monitored by in situ reflection
high-energy electron diffraction (RHEED). By
selectively dissolving the sacrificial layer in
water, the top oxide film was detached from
the substrate and transferred onto a poly-
imide sheet, which we used as a stretchable
substrate (21).

The strain state of the oxide membrane can
be controlled by external forces (Fig. 1A). The
four sides of the polymer layer were clamped
and stretched by micromanipulators with
~0.1% precision. The strong adhesion between
the oxide membrane and the polymer layer
provides efficient strain transfer to the oxide
membrane without any observable slippage.
The macroscopic size of the membrane (area >
10 mm?) provides a uniform interior dis-
tribution of strain £ upon stretching and mini-
mizes the edge effects observed in microflakes
of exfoliated crystals (22). Finite-element analy-
sis of the strained membrane/polyimide bilayer
(Fig. 1A) indicated that the membrane area ex-
periences a strain gradient near the membrane
edges, whereas the majority of the membrane
area at the center is homogeneously strained
(Ae < 0.2%). The strained oxide/polymer bi-
layer was then glued onto a solid substrate
such that the strain field was fixed even after
the external force was removed (fig. S3) (21).
The adhesive (polycaprolactone) used here
can be reversibly melted by gentle heating
(T < 100°C) on the sample assembly stage.
Thus, it is possible to set and probe multiple
strain states of the same membrane sample.
Smaller strains less than 3% could be reset
to the zero strain state by melting and re-
leasing the adhesive, whereas higher strain
states could only be stretched further in an
irreversible manner thanks to the plastic de-
formation of the outer polymer layer (Fig. 1A).
We found that the strain remains fixed for at
least a week, down to cryogenic temperatures
(T = 2 K) and under x-ray exposure, providing
a versatile platform for multiple experiments.

We first optically characterized the strained
membrane and found that the membrane
reaches extreme macroscopic strain states.
Two optical images, taken before and after
establishing uniaxial tensile strain, are com-
pared in Fig. 1B to estimate the strain. (Note
here that a small tensile stress is also applied
in the perpendicular direction to prevent com-
pression by the finite Poisson ratio.) Because
the oxide membrane is nearly transparent on
the polyimide layer, we measured the strain
by tracking the spacing of evaporated metal
(Au) markers. By stretching oxide membranes
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of different thickness d, we found that thicker
membranes (d > 20 nm) undergo mechanical
fracture under relatively small uniaxial tensile
strains (<2%), as seen in optical images show-
ing periodic crack formation (fig. S4). In con-
trast, ultrathin oxide membranes (d < 10 nm)

could be stretched much more (>2%) with-
out fracture.

Although the macroscopic strain state was
visibly evident, we next assessed whether such
large strains in the oxide membrane induce
elastic or plastic deformation. We used grazing

incident x-ray diffraction (GIXRD) to measure
the change of the in-plane lattice constants. In
an unstretched LCMO membrane, the perov-
skite (200) peak in a 26-» scan corresponded
to that of the bulk LCMO crystal. With in-
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Fig. 1. Designer strain in 2D oxide membranes. (A) Schematic platform for
straining oxide membranes. The lower maps plot finite-element analysis strain

profiles of the polyimide/oxide bilayer under uniaxial and biaxial stress (21). The gray

square in the strain maps indicates the boundary of the oxide membrane, beyond

which only the polyimide remains. Inset: Lifting off a membrane from the substrate by

etching a water-soluble layer in oxide heterostructures. (B) Optical microscope

images of a 6-nm-thick LCMO membrane before (top) and after (bottom) stretching

uniaxially. The ceramic chip carrier is used as a reference frame to optically
characterize the strain state. (C) GIXRD strain as a function of the nominal strain
observed optically. Error bars denote SD. Inset: GIXRD data of the LCMO (200)

peak shifted by strain. (D and E) In-plane lattice changes and corresponding 26 peaks of

LCMO membranes characterized by GIXRD, for uniaxial (D) and biaxial (E) strain.
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creasing tensile strain, the GIXRD peak shifted
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Fig. 2. Magnetotransport and phase diagram of biaxially strained
Lag;Cap 3sMnO; membranes. (A) Electric potential mapping of the central
vdP geometry in membranes. The boundary conditions were current
nonpermeability at the edges; I" and I” represent the current source and
current sink. The voltage at V™ is held at V = 0, and V. is calculated at V.
(B) Evolution of the temperature-dependent resistivity of an 8-nm-thick LCMO
membrane as a function of strain: 0% (black), 1% (blue), 2% (green), 4%
(orange), and 5% (red) biaxial strain. No thickness dependence was observed
between membranes of d = 4 nm and d = 8 nm (fig. S6). Inset: Double
exchange interaction between two Mn sites. (C) Resistivity-temperature curves of
a strained LCMO membrane (d = 4 nm, € = 3.5%) under perpendicular magnetic
field. Inset: Resistivity-temperature curves of a LCMO film (d = 4 nm) grown on
an SrTiO3 (001) substrate under perpendicular magnetic field. (D) Magneto-
resistance of the 4-nm-thick LCMO membrane shown in (C) at different
temperatures. (E) Phase diagram of biaxially strained LCMO membranes. The
phase boundaries are determined by resistive transitions during cooling curves
(B=0TorB=5T with zero strain) and magnetoresistance data during increasing
field sweeps (T = 5 K), acquired from membranes of two different thicknesses
(circles, d = 4 nm; triangles, d = 8 nm).
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to lower angles (Fig. 1C, inset), tracking the
increase of the in-plane lattice constant. The
strain values measured by the GIXRD scans
closely matched the macroscopic strain ob-
served in the optical images (Fig. 1C). The
maximum tensile strain in the uniaxial ge-
ometry was 8.2% (a = 0.417 nm), far beyond
typical tensile strains accessible in crystal-
line oxides [such as typical piezoelectrically
induced strains up to ~1% (7)] and epitaxial

Fig. 3. Magnetotransport A
and phase diagram of
uniaxially strained
Lag;Cag sMnO; mem-
branes. (A) Electric
potential mapping of the
central vdP geometry in
membranes under a uni-
axial strain, with 1:100
resistivity anisotropy. The C

strains in canonical oxide thin films up to
~3% (23). [It is again worth noting that for
high-temperature synthesis, defect densi-
ties in such ionic materials often vary with
strain (12, 13).] In addition, the symmetry of
the strain field can be directly controlled. In
Fig. 1, D and E, we present two examples for
which the strain is independently tuned along
different directions: asymmetric uniaxial strain
states and symmetric biaxial strain states,
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dicular to the strain € = 8%) under perpendicular magnetic field. (F) Magnetoresistance of the
LCMO membrane under perpendicular magnetic field at different temperatures. (G) Phase diagram
of uniaxially strained LCMO membranes. The phase boundaries are determined by resistive
transitions during cooling curves (B = 0 T or B = 5 T with zero strain) and magnetoresistance data
during increasing field sweeps (T = 10 K), acquired from vdP resistances parallel (open circles)
and perpendicular (solid circles) to the strain direction.
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respectively. The ability to design both the
magnitude and symmetry of the strain field—
for example, through linear combinations of
the two aforementioned states—opens up ave-
nues for the manipulation of complex oxide
membranes hosting electrons sensitive to or-
bital symmetry and filling.

We next leveraged access to these extreme
strain states to both modulate the transport
properties of LCMO and stabilize a non-
equilibrium phase of the LCMO membranes
under biaxial strain. First, we measured the
membrane resistivity using van der Pauw
(vdP) electrodes near the center of the mem-
brane (Fig. 2A). In the central vdP configura-
tion, the distribution of electric current is
quite insensitive to the geometry and strain
gradient of the membrane edge (fig. S5) (2I).
This requires that the membranes are large
with respect to the vdP dimensions, which
is easily achieved here with millimeter-scale
membranes. Therefore, the electronic trans-
port measurements accurately reflect the
intrinsic response of the central area with ho-
mogeneous strain. The temperature-dependent
resistivity p(7) in the zero strain state ex-
hibited 7¢ ~ 250 K, defined by the peak in
d[log(p)1/d(T), consistent with prior studies.
Next, by repeatedly stretching the membrane
in a symmetric (biaxial) manner, we acquired
the full evolution of p(7) from the same oxide
membrane at different strain states (Fig. 2B).
We found that 5% biaxial tensile strain led
to an increase in p(300 K) by more than two
orders of magnitude. Moreover, T of the
FM-M/PM-I phase transition shifted to lower
temperatures. These observations are consist-
ent with the reduction of the in-plane orbital
overlap between Mn d orbitals and O p orbit-
als under tensile strain, which is supported
by our electronic structure calculations. The
marked resistivity increase at room temper-
ature evidences the reduced bandwidth and
smaller hopping integral for itinerant elec-
trons. In double exchange, the hopping e,
electron is forced to align with the other core
t5¢ electrons by a large Hund’s-rule coupling
(Fig. 2B, inset). Thus, the electronic band-
width is modulated by the spin orientation
between Mn sites and gives an effective ferro-
magnetic interaction mediated by the elec-
tronic conduction. The smaller electronic
hopping integral directly suppresses the double-
exchange interaction, moving the phase bound-
ary to substantially lower temperatures (24).

In addition to the large shift in 7, we found
an unexpected insulating phase emerging at
high biaxial strain states (>3%) at low temper-
atures. The insulating state below 7' = 70 K can
be quenched by magnetic fields with a large
negative magnetoresistance (Fig. 2, C and D)
and magnetic field hysteresis (fig. S7). This
insulator-to-metal transition upon the applica-
tion of magnetic field qualitatively resembles
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the field-induced melting of COO in com-
petition with the FM-M. Similar behavior has
been observed in low-bandwidth manganites
(25). However, here the phase arises in a very
different physical parameter space (tempera-
ture, strain, and resistivity) from prior reports
of bulk crystals and epitaxially strained thin
films of similar doping (see also Fig. 2C, inset)
(26). On the basis of these structural and elec-
trical studies, we constructed a phase diagram
of LCMO as a function of biaxial strain and
magnetic field (Fig. 2E).

In addition to the biaxial strain states, we
investigated electronic transport of the LCMO
membrane under different uniaxial strains
from 1% to 8% (Fig. 3A and fig. S8). We first
observed that the vdP resistances of two di-
rections, parallel and perpendicular to the
uniaxial strain direction, are substantially dif-
ferent with large resistance anisotropy up to
107 (Fig. 3B). Electrostatic simulations on the
finite-size vdP geometry (fig. S9) can be used
to convert the maximum resistance anisotropy
to a resistivity anisotropy (~10%). For such large
anisotropies, the measurement is much more
sensitive to the finite-size boundary condi-
tions than the biaxial case. Therefore, we re-
port the directly measured resistance, from
which the resistivities can be deduced (21).
The temperature-dependent resistances R(7)
of the two different directions were measured
for a series of uniaxial strain states (Fig. 3, C
and D), showing the reduction of 7 by in-
creasing strain. Nonmetallic temperature de-
pendence in resistance-temperature curves
first appears in the resistance parallel to the
strain (¢ = 6 to 8%) and is observed in the
perpendicular direction at larger strains (e =
7 to 8%). The insulating states for high uni-
axial strains (7' < 150 K, € = 7 to 8%) are
largely suppressed upon the application of
magnetic field and show very large magneto-
resistance (Fig. 3, E and F), similar to the
biaxial strain states above 3%. The phase dia-
gram of uniaxially strained LCMO membranes
based on these electrical studies (Fig. 3G) qual-

itatively resembles the biaxial phase diagram
(Fig. 2E) with the addition of a bifurcation of
the resistively measured transition along the
two different directions with respect to the
strain direction.

We next performed density functional theory
(DFT) calculations to consider the microscopic
origin of the strain-induced insulating state.
We first modeled LCMO using a model with
ordered La®>" and Ca* cations (rather than a
solid-solution configuration) in a ratio of 2:1
on the perovskite A-cation site to find the
ground state (27). We applied both uniaxial
and biaxial tensile strain up to 8%. A strain
condition was not imposed for the out-of-
plane lattice direction, and it was allowed to
computationally relax. We then compared the
ground-state energies of two phases—the FM-M
phase and an antiferromagnetic insulator
(AFM-I) phase with A-type ordering—at dif-
ferent strain states (Fig. 4A). The bulk DFT-
relaxed FM-M phase was ~45 meV per formula
unit (f.u.) lower in energy than the AFM-I
phase, consistent with the experimental bulk
phase diagram. The half-metallic behavior held
for the FM-M phase throughout the examined
strain level, as seen from the electronic density
of states (Fig. 4B). We found that the energy
difference between the two states decreases
with increasing tensile strain until reaching a
critical value €* = 7% (uniaxial), 3% (biaxial), at
which point a FM-M to AFM-I transition oc-
curs, in good agreement with the experimental
results. Beyond this point, the AFM-I phase is
stabilized and characterized by a COO insu-
lating state (Fig. 4C) for both uniaxial and bi-
axial strain configurations. In the AFM-I state,
ordering of Mn**Og and Jahn-Teller-distorted
Mn**Og octahedra is found (Fig. 4D). By mod-
eling various configurations for the A-site to
simulate solid solutions with random La/Ca
site occupancy, we found that the stripe-type
COO (fig. S10) is robust to the A-site chemical
distribution (2I) (fig. S11). The DFT calculations
confirm that the experimentally observed in-
sulating phase under high strain is the A-type
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AFM-I phase with a stripe COO. For the one-
third-doped LCMO, such a stripe COO was
predicted with a two-dimensional model Ham-
iltonian that includes double-exchange and
Jahn-Teller phonons (28), but different ground
states were observed in epitaxial films (29, 30).
Although the detailed microscopic structure re-
mains to be investigated, it is striking that such
an anisotropic state is stabilized for both uni-
axial and biaxial strain.

The FM-M phase is stable at low-strain states
because the smaller in-plane lattice constants
favor reduced @3 Jahn-Teller distortions of
the MnQOg octahedra (four short and two long
Mn-O bonds, shown schematically in Fig. 4A)
and more uniform Mn-O-Mn bond angles (31).
In contrast, the COO AFM-I exhibits inequiva-
lent Mn™/Mn®* sites, forming an ordered struc-
ture controlled by the long Mn-O bond from
the Q3 Jahn-Teller distortion (fig. S10). The
long Mn-O bond network is staggered in an
alternating manner along (110) with respect
to the orthorhombic lattice vectors, in which
the longer Mn-O bond is elastically favored
by larger in-plane lattice constants achieved
through large tensile strains in the LCMO mem-
branes. Furthermore, under extreme strain,
superexchange interactions and electron local-
ization (from weakened orbital overlap) domi-
nate over metallic double exchange and stabilize
the AFM-I ground state, which is consistent with
the observed magnetic field-induced insulator-
to-metal transitions (Figs. 2C and 3E).

The ability to achieve tensile strains in a
continuous manner, complementing compres-
sive strain states set by hydrostatic pressure
(9), offers a vast unexplored phase space to
control atomic spacing in correlated electron
systems. The example of LCMO membranes
demonstrates that a macroscopic, crack-free
oxide membrane can be synthesized using a
lattice tunable sacrificial layer, and is applica-
ble to a large set of complex oxide materials to
which large and uniform tensile strains can
be applied. The access to such extreme ten-
sile strain states, available in nanoscale oxide

Fig. 4. Strain stabilization of insulating LCMO.
(A) DFT total energy difference between the
ferromagnetic metallic (FM-M) and antiferromag-
netic insulating (AFM-I) phases with respect to
uniaxial and biaxial strain in La,/3Ca;,3Mn0s.
Schematic (top left) shows that Qs Jahn-Teller
distortion of the MnOg octahedra active in the
AFM-| phase drives the FM-M to AFM-I transition at
the critical strain value €* indicated by the bold
vertical arrows. Increasing biaxial strain increases
the bandgap of the insulating phase. (B and C)
Electronic density of states for LCMO at 4% biaxial
strain in the FM-M (B) and AFM-I (C) phases.

(D) The AFM-I state displays charge-ordered
Jahn-Tellerdistorted Mn®*0g (purple) and
Mn**Og (orange) octahedra (see also fig. S10).
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membranes, offers great opportunities to vary
fundamental parameters and energy scales
wherever competing orders exist, which may
enable theory-based design and experimental
exploration of phases beyond those in bulk
equilibrium materials. Beyond complex oxides,
the strain approach demonstrated here can be
broadly applied to strain engineering of free-
standing 2D layers, including 2D van der Waals
materials (32) and compound semiconductor
membranes (33).
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Straining an oxide membrane
Perovskite manganites, such as Lag 7Cag 3MnOg3, have complex phase diagrams with many competing states.
Among the knobs that can be used to control their properties are magnetic field and strain. Hong et al. placed
membranes of Lag 7Cag 3MnO3 on a flexible polymer layer (see the Perspective by Beekman). Stretching the flexible
layer resulted in large strains of up to 8% on the membrane. By varying the magnitude and direction of the strain, the
researchers were able to explore the phase diagram of the system and influence its magnetic and transport properties.
Science, this issue p. 71; see also p. 32
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