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Perspective: strain and strain gradient engineering in membranes of quantum
materials
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(Dated: April 10, 2023)

Strain is powerful for discovery and manipulation of new phases of matter; however, the elastic
strains accessible to epitaxial films and bulk crystals are typically limited to small (< 2%), uniform,
and often discrete values. This Perspective highlights emerging directions for strain and strain gra-
dient engineering in free-standing single crystalline membranes of quantum materials. Membranes
enable large (~ 10%), continuously tunable strains and strain gradients via bending and rippling.
Moreover, strain gradients break inversion symmetry to activate polar distortions, ferroelectricity,
chiral spin textures, superconductivity, and topological states. Recent advances in membrane syn-
thesis by remote epitaxy and sacrificial etch layers enable extreme strains in transition metal oxides,
intermetallics, and Heusler compounds, expanding beyond the natively van der Waals (vdW) materi-
als like graphene. We highlight emerging opportunities and challenges for strain and strain gradient

engineering in membranes of non-vdW materials.

I. INTRODUCTION

The properties of quantum materials with highly local-
ized d and f orbitals can be highly sensitive to changes in
bond lengths, bond angles, local coordination, and sym-
metry. Strain is a powerful knob for tuning these param-
eters, with striking examples including strain-induced
superconductivity in epitaxial RuOs films [1], strain-
induced ferroelecticity in SrTiOgz [2], and strain-induced
changes in magnetic ordering in magnetic shape memory
alloys [3]. However, the strains accessible to bulk ma-
terials and epitaxial films are typically limited to < 2%
before relaxation via dislocations [4-6]. In epitaxial films
the strain is static and discrete, based on the lattice mis-
match between particular film and substrate combina-
tions. This also limits the critical thickness of a strained
epitaxial film before the relaxation via dislocations, e.g.
for Si/SiGe, the critical thickness is ~ 10 nm for 1% lat-
tice mismatch ~ 4 nm for 2% lattice mismatch [5]. As a
result, many quantum properties remain out of reach.

This Perspective highlights emerging opportunities for
strain and strain gradient engineering in single crys-
talline membranes of quantum materials, beyond natively
vdW materials. Free-standing membranes enable two
regimes that are inaccessible in films and bulk crystals
(Fig. 1). First, membranes and other free-standing
nanostructures can sustain much larger elastic strains
(8% in (La,Ca)MnOg membranes [7] and 10% in BaTiO3
(8]), compared to the ~ 2% limit for films and bulk
crystals. Second, membranes enable controlled strain
gradients via bending and rippling [9]. Whereas uni-
form strain breaks rotational and translational symme-
tries (Fig. 1(a)), strain gradients break inversion sym-
metry, in addition to rotation and translation. Inversion
breaking is the necessary ingredient for ferroelectric polar

* Authors to whom correspondence should be addressed: Jiamian
Hu, jhu238@wisc.edu; Jason Kawasaki, jkawasaki@wisc.edu

« distortions, nonlinear optical responses, Dzyaloshinskii-
« Moriya interaction (DMI)-induced chiral spin textures,
and Rashba splitting (Fig. 1(b)).

5 Recent advances in remote epitaxy [9-13] and etch re-
lease layers [7, 14] enable the synthesis of ultrathin mem-
4 branes of quantum materials, including Heusler com-
4 pounds and transition metal oxides. These synthesis
advancements enable extreme strain to be applied to
expanded classes of ultrathin membranes, which until
recently were mainly limited to easily exfoliatable van
der Waals (vdW) materials like graphene and transition
metal dichalcogenides [15, 16]. We highlight opportu-
nities for discovery of hidden properties via large strains
and strain gradients in these materials (Section IT). Real-
ization of these properties relies on emerging approaches
for single crystalline membrane synthesis, understanding
and controlling their extreme mechanical properties, and
feedback from computational modelling (Section I1T). We
conclude with an outlook on static and nonequilibrium
stains (Section IV).
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60 II. OPPORTUNITIES

s A. Magnetism, flexomagnetism, and skyrmions

23

Homogeneous strains couple strongly to magnetism via
piezomagnetism (M o €) and magnetostriction (M? o
€). Microscopically, strain tunes magnetic exchange via
the bond lengths and bond angles, and tunes the band de-
generacies and occupancies via change in symmetry [17].
Many intermetallic compounds and transition metal ox-
ides have rich magnetic properties [18-20], and the mem-
brane form factor allows the strain to be tuned continu-
ously and magnetic response measured in-situ. Continu-
ously tunable homogeneous strains up to 0.3% have been
demonstrated to tune the spacing of skyrmions in 150 nm
thick FeGe platelets fabricated by ion milling, and mea-
n sured by in-situ Lorentz transmission electron microscopy
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FIG. 1. Symmetry breaking and properties induced by large strains and strain gradients. (a) Homogeneous strain breaks
rotational and translational symmetry, to lift band degeneracies and tune bond lengths and angles. These parameters can
tune magnetic exchange and electron correlations. (b) Strain gradients break inversion, providing access to polar distortions,
tunable Dzaloshinskii-Moriya interaction (DMI), tunable Weyl nodes, and Rashba splitting. (c) Extremely large strain induced
Metal to Insulator transition and magnetic phase transition in Lag.7Cao.3sMnO3 membrane. From Hong, et. al. Science 368, 71
(2020) (Ref [7]). Reprinted with permission from AAAS. (d) Flexomagnetism induced by strain gradients in rippled GdPtSb
membranes. Reproduced from Du et. al. Nature Communications, 12, 2494 (2021) (Ref [9]), under Creative Commons licence.

(TEM) [21]. Magnetic domain rotation has been imaged
in 0.3% strained 45 nm thick (La,Sr)MnO3z membranes
using X-ray magnetic circular dichroism photoemission
electron microscopy (XMCD-PEEM) [22]. Larger strain
in few nanometer thick membranes have the potential to
tune magnetic properties more substantially. As an ex-
ample, > 5% strains in (La,Ca)MnOs membranes (< 10
nm thickness) induce a ferromagnetic metal to insulator
transition [7] (Fig. 1(c)).

Magnetism can also couple strongly to strain gra-
dients, which is termed flexomagnetism (M o Ve)
[23-25]. Whereas strain gradients are difficult to con-
trol in bulk crystals and epitaxially clamped films,
we recently demonstrated an antiferromagnetic to
ferro/ferrimagnetic transition upon rippling in GdPtSb
membranes, in the first experimental example of flex-
omagnetism [9] (Fig. 1d). Although the microscopic
mechanism is not well understood, we speculate that
strain gradients enhance the DMI, leading to canted fer-
rimagnetism in the rippled GdPtSb membranes. Micro-
scopic measurements and theory are required to under-
stand the flexomagnetic response.
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Inversion-breaking strain gradients can also tune or
induce chiral spin textures such as skyrmions, via tun-
ing the DMI. As proof of concept, recent experiments
on partially relaxed (La,Sr)MnO3z (LSMO) films show
signatures of skyrmions by magnetic force microscopy
and topological hall effect, induced by inversion-breaking
strain gradients along the growth direction [26]. We
anticipate even greater control of skyrmions in bent
LSMO membranes, which allow the strain gradient to
be tuned more precisely and continuously rather spon-
tatneous strain relaxation in LSMO films.

Theory predicts skyrmions in other bent systems.
Mesoscale calculations predict highly tunable skyrmions
in bent membranes heterostructures of simple metals and
a flexo-Hall effect induced by bending [27]. More com-
plex cyclical states are predicted for curved nanotubes
of Crls, due to periodic boundary conditions along the
circumference of the nanotube [28]. Strain gradients are
also predicted to control skyrmion motion [29-31], which
could be controlled dynamically on a flexible membrane
platform. We anticipate these concepts to apply broadly
to membranes of non vdW materials, e.g. rare earth
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Heusler compounds, magnetic oxides, and chiral inter-
metallics.

B. Ferroelectricity, flexoelectricity, and polar
metals

Ferroelectricity requires crystals with broken inversion
symmetry that have a unique polar axis. Although homo-
geneous strain alone does not break inversion, it can tune
ferroelecticity in systems that are already ferroelectric or
induce ferroelectricity in materials on the verge of being
ferroelectric. For example, uniaxial tensile strain induces
ferroelectricity in membranes of the quantum paraelec-
tric SrTiO3, by suppressing quantum fluctuations [32].
The absence of strain (clamping) in membranes can also
be important: free-standing BaTiO3 membranes display
faster switching than epitaxial BaTiO3 films, due to the
release from substrate clamping effects [33].

Strain gradients, which break inversion, are even more
powerful because they can induce polar distortions in ma-
terials that were originally centrosymmetric. The general
coupling between ferroelectricity and strain gradients is
termed flexoelectricity [34-37]. It is defined in the ex-
pansion of electric polarization on strain,

P; = ejjpejn + szkz%:;-, (1)
where P; is the electric polarization component, €, is
the strain component, e;j; is the third rank piezoelec-
tric tensor, and p;jx; is the fourth rank flexoelectric ten-
sor [35, 38]. Early experiments quantified the flexoelec-
tric coefficients for few millimeter thick cantilevers of
lead magnesium niobate [39] and lead zirconate titanate
(PZT) [40]. More recent experiments suggest that 10 nm
thick BaTiO3 membranes released from graphene/Ge dis-
play an enhanced flexoelectric response compared to bulk
[14]. We anticipate broader opportunities for flexoelec-
tricity in ultrathin membranes, where the enhanced elas-
ticity in the ultrathin limit provides access to expanded
regimes for large strains and strain gradients.

Flexoelectric coupling may also enable the switching
of polar metals. Unlike ferroelectic insulators, in which
the electric polarization can be switched via an applied
electric field, in polar metals the electric field is screened
out by free carriers. Bending-induced strain gradients
provides a means of switching a polar metal without
application of an electric field [41]. First-principles cal-
culations identified LiOsOg3 as a promising material for
switching via strain gradients [41]. Other materials, in-
cluding the high conductivity polar metals LaAuGe and
GdAuGe[12, 42], may also be good candidates.

Finally, ultrathin ferroelectric membranes provide op-
portunities for mechanically active materials, due to their
extreme superelastic responses, large strains, and 180 de-
gree bending. For BiFeO3 membranes, 180 degree bend-
ing with 1 micron radius of curvature and reversible elas-
tic strains up to 5.4% are accommodated by a reversible
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rhombohedral-tetragonal phase transformations [43]. For
BaTiO3 membranes, large bending strains of 10 percent
are reported, which are enabled by continuous dipole ro-
tations of ferroelectric domains [8]. Similar arguments
based on phase transformations and domain reorienta-
tions may apply for membranes of martensitic materials
like shape memory alloys. These materials provide op-
portunities for tuning stimuli-responsive materials that
undergo large ferroelectric and ferroelastic phase transi-
tions.

C. Superconductivity.

Strain and strain gradients in membranes provide op-
portunities to enhance the critical temperature T, and
critical fields of known superconductors, induce super-
conductivity in materials that are originally nonsuper-
conducting, and tune the pairing symmetry and coupling
to other electronic states such as topological states and
ferroelectricity.

Strain can enhance the T, of known superconductors
including iron based superconductors and cuprates [44].
For example, epitaxial strain enhances the upper critical
field of Fe based superconductors [45]. In this family of
materials, the strength of electronic correlations and 7,
are highly dependent on the X-Fe-X bond angle (X =
pnictogen or chalcogen), with a maximum Tc when the
bond angle is near 109 degrees [46, 47]. This bond angle is
typically tuned by alloying, doping, or intercalation [46],
which introduces disorder. Freestanding membranes pro-
vide a path to cleanly and continuously tune the X-Fe-X
bond angle via strain and bending-induced strain gradi-
ents. Decoupling a monolayer FeSe film from a SrTiOs
substrate also enables the specific effects of interfacial-
enhanced superconductivity to be tested [48-50].

Strained membranes may provide similar opportuni-
ties for cuprates and other superconducting oxides. In
cuprates, 0.5 % compressive epitaxial strain nearly dou-
bles the T, of (La,Sr)CuOy films from 25 K to 49 K [51].
One challenge for cuprates is that the Tc is also highly
sensitive to oxygen stoichiometry [52], making it chal-
lenging to compare across separate samples. Membranes
provide a possible solution for deconvolving stoichiome-
try from strain effects by allowing continuous tuning of
strain on the same sample. Moreover, membranes enable
larger strains and strain gradients.

The large strains and strain gradients in membranes
also provide opportunities to induce superconductiv-
ity in materials that are originally nonsuperconducting.
Anisotropic strain induces superconductivity in RuOq
films grown on TiOy (110) [1]. Membranes provide fur-
ther tunability for anisotropic strain, since the strain is
not limited to particular film-substrate combinations and
the strain in different crystallographic directions can be
tuned independently. Inversion-breaking strain gradients
may also an important tool: for SrTiOs, ferroelectric po-
lar distortions are thought to stabilize superconductivity
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(53], and strain has been shown to tune the T, [54]. Tun-
able inversion breaking in membranes allows this idea to
be tested in other classes of materials, beyond the few
existing quantum paraelectrics [55, 56].

Finally, inversion breaking strain gradients may find
use for tuning the superconducting pairing symmetry
[57]. In noncentrosymmeric superconductors, mixtures
of spin-singlet and spin-triplet pairing are allowed [58],
and interesting topological and magnetoelectric proper-
ties are expected [57]. Membranes provide a means to
continuously tune the crystalline symmetry of a super-
conducting material, to distinguish effects strain from
disorder.

D. Topological states.

Membranes provide an opportunity to tune topological
band inversion and band gaps via large strains that are
difficult to access in bulk materials or films. For exam-
ple, FeSe,Te;_, is suggested by ARPES and STM to be
a topological superconductor for x = 0.45 [59-61], due to
the strong spin-orbit coupling of Te and p — d hybridiza-
tion [62, 63]. Large strains in Fe(Se,Te) membranes
may provide extended control of the band inversion and

2s p — d hybridization beyond what can be achieved by Te-
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alloying alone. As another example, whereas many rare
earth half Heusler compounds are topological semimet-
als with overlapping valence and conduction bands [64—
67], it would be more attractive to have a material with
a bulk bandgap. DFT calculations for LaPtBi suggest
that a very large strain of 7% is required to open a bulk
band between overlapping I's — I'¢ band while preserv-
ing the band inversion [68, 69]. This magnitude of strain
is not possible in epitaxial films, which typically relax
below 2% strain, but may be accessible in free-standing
membranes.

Strain gradient in membranes can also tune topological
states via pseudo magnetic fields. While homogeneous
strains have zero gauge field, spatially varying strains
in materials produce a pseudo magnetic field B=VxA
[70, 71]. A previous study showed that the pseudo field
created by dislocation arrays can flatten the bands near
the Dirac points to create helical surface states [72].
Membranes provide an alternative path to more control-
lably create inhomogeneous strain fields and their as-
sociated pseudo magnetic fields, borrowing techniques
that have been developed for inducing pseudo B fields
in graphene [70, 71]. The pseudo magnetic fields are also
powerful for tuning the k-space spacing between Weyl
nodes [73], which act as sources and sinks of Berry cur-
vature.

III. WHY NOW?

The emerging science and strain engineering of sin-
gle crystalline membranes is driven by recent advances
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in membrane synthesis, demonstrations of extreme and
tunable strains, and integrated computational modelling
from atomistic to mesoscale.

A. Membrane synthesis
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FIG. 2. Synthesis of single-crystalline membranes. (a) Epi-
taxial etch release. (b) Transmission electron microscopy
(TEM) image of a BiFeO3 (BFO) film grown on a Sr3Al,Og
(SAO) sacrificial etch layer. From Peng et. al., Sci. Adv., 6,
aba5847 (2020) (Ref. [43]). Reproduced with permission from
AAAS under Creative Commons License. (c) Remote epi-
taxy and exfoliation from graphene. (d) Epitaxy of GdPtSb
on graphene/Al>03(0001), reproduced under Creative Com-
mons License from Ref. [9]. Inset photos show the GdPtSb
membrane and the graphene/Al;O3 substrate after exfolia-
tion.

Epitaxial growth and release from a sacrificial etch
layer is a leading membrane synthesis strategy (Fig.
2a,b). This approach was first developed for semicon-
ductor membranes, including SiGe membranes by etch-
ing the oxide from silicon on insulator (SOI) [74], and
GaAs/AlAs membranes by selective etches for GaAs or
AlAs layers [75]. It has been extended to other materials
that lattice match to semiconductors, including the shape
memory alloy NisMnGa fabricated via epitaxial growth
on AlGaAs and subsequent etching [76].

Epitaxial water soluble oxide layers enable the release
of free-standing perovskite transition metal oxide mem-
branes. These release layers include (Ca,Sr,Ba)sAlsOg,
which allows the lattice parameter to be tuned from 3.819
A to 4124 A [7, 77, 78], SrVO3 [79], and BaO [80].
These layers are typically grown by pulsed laser deposi-
tion (PLD)[7] or molecular beam epitaxy (MBE) [77]. A
significant challenge for epitaxial etch release is that not
all materials combinations have selective etch chemistries
that can etch the lattice matched release layer without
damaging the membrane layer.
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Remote epitaxy and exfoliation provide an etch-free
alternative (Fig. 2c¢,d). In this approach, an epitax-
ial film is grown on a graphene (or other 2D material)
covered substrate [10]. Epitaxial registry between film
and substrate is thought to occur via remote interac-
tions that permeate through graphene [10, 81], although
a pinhole-seeded mechanism can also produce exfoliat-
able membranes [82]. The weak van der Waals inter-
actions of graphene allow film exfoliation to produce a
freestanding membrane, similar to exfoliation of vdW
materials like graphene and transition metal dichalco-
genides. First demonstrated for the compound semicon-
ductors [10], growth and exfoliation from graphene has
been demonstrated for transition metal oxides [11, 13],
halide perovskites [83], simple metals [84], and Heusler
compounds [9, 12].

Several challenges exist for remote epitaxy. First, the
quality of remote epitaxial film growth and ability to ex-
foliate depend on the quality of the starting 2D mate-
rial covered substrate. In most cases, this starting sur-
face is prepared by layer transfer because graphene and
other 2D materials cannot be grown directly on arbitrary
substrates. This transfer can introduce wrinkles, tears,
and interfacial contaminants that introduce defects in the
subsequent membrane growth [82], and in extreme cases
can affect the ability to exfoliate [85, 86]. A cleaner alter-
native strategy is to use graphene directly grown on the
substrate of interest. Recently, epitaxial BaTiO3 mem-
branes were grown on graphene/Ge (110) [14], where the
graphene was grown directly on Ge. Further advance-
ments in remote epitaxy may require the development
of graphene growth directly on epi-ready substrates of
interest.

A second challenge is that the atomic-scale mecha-
nisms for remote epitaxy remain unclear. Clear experi-
mental evidence for a remote mechanism remains elusive.
In most experiments, the primary evidence for a remote
mechanism is that the films are epitaxial to the underly-
ing substrate (rather than to graphene) and can be ex-
foliated. Recent in-situ surface science measurements,
however, demonstrate that a pinhole-seeded lateral epi-
taxy mechanism can also produce epitaxial, exfoliatable
membranes [82]. In this growth mode, few nanometer
diameter pinholes in the graphene serve as sites for se-
lective nucleation at the substrate, followed by lateral
overgrowth and coalescence of a continuous film. Since
the pinholes are small and sparse, membranes can still be
exfoliated. Moreover, the pinholes are easy to overlook
because they do not appear after the graphene transfer
step. Instead they only appear immediately prior to film
growth because they are created by interfacial oxide des-
orption at pre-growth sample annealing temperatures.

Careful microscopic measurements at multiple steps
during the growth process are required to understand
the growth mechanisms on graphene. The development
of graphene grown directly on substrates of interest, e.g.
graphene on Ge, avoids the interfacial oxide-induced pin-
holes and may allow the intrinsic mechanisms for remote

@
2

@
3
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epitaxy to be tested. Alternative forms of evidence may
also shed light on the mechanisms: for GdPtSb films
grown on graphene/Al,O3 (0001), a 30° rotated super-
structure forms that cannot be explained by pinholes [12].
Is this superstructure evidence for an intrinsic remote
epitaxy mechanism? A microscopic understanding of the
mechanisms, whether intrinsic remote epitaxy or extrin-
sic pinholes, is required to understand the limits and ap-
plications for epitaxy and exfoliation from graphene.

B. Extreme strain manipulation

Released membranes enable the application of extreme
strains. To date, strain is typically applied via top-down
methods. Using micropositioners, strains of 8% have
been demonstrated in few nanometer thick (La,Ca)MnOg
membranes in tension [7], and 5.4% for BiFeO3 [43] and
~ 10% for BaTiO3 membranes [8] in bending. A flex-
ible polymer handle can aide in the handling of ultra-
thin membranes, and the use of polymers handles cooled
below the glass transition temperature can lock in the
desired strain state [7]. Dynamic or cyclic strains are
also possible in membranes. Periodic cycling tests show
that Y-stabilized zirconia membranes can undergo 800
cycles of bending to 10 mm radius, with less than 10%
change in ionic conductivity [90]. Further experiments
are required to understand mechanical fatigue in other
ultrathin membrane materials.

Strain gradients can be produced by bending and rip-
pling. Methods include local bending using a scanning
probe or micropositioners [87, 91], Fig. 3 (a,b), rippling
via lateral compression on a polymer handle [9, 92], and
transferring membranes to a patterned surface [71], Fig.
3 (d,e). Local bending by micropositioners have demon-
strated elastic recoverable 180 degree bends with 1 micon
radius of curvature, as is shown in Fig. 3 (a) [43].

Bottom-up strategies provide opportunities for fine
strain gradient control. Strain sharing bilayers, in which
one layer is compressive and the other is tensile, sponta-
neously roll up into nanotubes upon release. This strat-
egy has been implemented to make semiconductor nan-
otubes [93, 94] and curved oxide membranes [88] (Fig. 3
(c)). Another strategy is spontaneous rippling in lattice-
mismatched lateral heterostuctures. First implemented
for WS2/WSe; heterostructures, these materials relax via
rippling out of plane due to the weak van der Waals in-
teraction with the substrate [89], as is shown in Fig. 3
(f). We envision similar lateral heterostructures of non
vdW membranes, grown by remote epitaxy on graphene,
may experience out of plane rippling.

C. Why can membranes sustain much larger
strains than clamped films or bulk materials?

‘We offer several possible reasons, based on surface sci-
ence [95] and the mechanics of 1D metallic whiskers [96
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FIG. 3. Methods of generating strain gradients. (a) Bending membrane ribbons with nano-manipulator. From Peng, et. al.
Science Advances 6, eaba5847 (2020) (Ref [43]). Reprinted under Creative Commons License. (b) Stretching membranes by
AFM tips. Reprinted (adapted) with permission from V. Harbola et. al., Nano Lett. 21, 6, 2470-2475 (2021) (Ref. [87]).
Copyright 2021 American Chemical Society. (c¢) Rolling up of SrTiO3/Si/SiGe membrane via strain relaxation. From Prakash,
et. al., Small 18, 2105424 (2022) (Ref. [88]). Reprinted with permission from WILEY. (d) Transferring membranes to pre-
strained polymer tape and generating ripples by expanding and shrinking of the tape. (e) Rippling membranes by transferring
them to soft support and imprinting patterns to membranes with stamps. (f) Generating ripples in in-plane heterostructures
via strain relaxation. From Xie, et. al., Science 359, 1131 (2018) (Ref. [89]). Reprinted with permission from AAAS.

a1 98] and semiconductor and metallic nanowires [99-103].
as  First, membranes are not clamped to a rigid substrate.
a5 In epitaxial films, dislocations form when the strain en-
a6 ergy exceeds the energy cost to form a misfit dislocation
s at the film /substrate interface. This criterion, which can
28 be expressed in terms of an energy balance (People and
a0 Bean [5], van der Merwe [6]) or a force balance (Matthews
20 and Blakeslee [4]), typically limits strains to ~ 2%. Oth-
a1 erwise a film relaxes at a critical thickness below one unit
a2 cell. For a free-standing membrane, there is no interfacial
23 bonding between film and substrate to create a misfit dis-
22 location. Thus dislocations must nucleate from the bulk
a5 or from the top or bottom surface.

w26 Second, ultrathin membranes are dominated by their
a7 surfaces. At surface, atoms have decreased local co-
w8 ordination and increased degrees of freedom for relax-
420 ation compared to bulk. In response to external stresses,
a0 surface atoms can relax out-of-plane or reconstruct in-
s plane. Surface contributions [104, 105] are invoked to ex-
42 plain the elasticity of few nanometer diameter nanowires,
s which can also sustain elastic strains of order ~ 10% [99—
s 101]. Similar arguments may explain why a 6 nm thick
5 (La,Ca)MnO3 membranes can sustain 8% elastic strain,
3% whereas thicker membranes (> 20 nm) undergo fracture
s below 2% strain [7].

4 Interestingly, phase transitions and domain reorienta-
49 tions have been observed by transmission electron mi-

w0 croscopy in bent ultrathin membranes of the ferroelectric
w1 materials BaTiO3 [8] and BiFeOs [43], and a continuous
«2 face centered cubic to body centered tetragonal transi-
w3 tion has been detected in few nanometer diameter Cu
s nanowires [106]. These studies indicate that elastic de-
w5 formations within the interior of a thin membrane, and
ws not just within the few surface layers, can be different
a7 than the bulk. Further microscopic studies are needed
ws in order to understand the relaxations and reconstruc-
wo tions at the surface and near surface region of strained
ss0 ultrathin membranes.

1 Third, the mechanisms for generation, motion, and
w2 pinning of defects are length scale dependent [107]. Ac-
43 tivation and suppression of these mechanisms has been
ssa invoked to explain the size-dependent elastic properties
45 of few micron diameter metallic whiskers [96-98] and mi-
w6 cropillars [107]. Similar arguments may describe the me-
4«7 chanics of membranes at intermediate thicknesses of tens
w8 to hundereds of nanometers.

450 D. Developments and challenges in modeling.

w0  An accurate modeling and prediction of the physical
41 properties of strained membranes requires theory and
w2 computation at multiple scales. Of central importance
43 is the accurate treatment of the spatially inhomogeneous
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strain (e.g., strain gradient), which has been challeng-
ing to address through first-principles density functional
theories (DFT) calculations. This is because inhomo-
geneous strain often creates non-periodic crystal struc-
ture (incommensurate lattice distortion) yet the super-
cell used in DFT calculation often needs to be periodic.
Thanks to the recent advances in the density-functional
perturbation theory (DFPT), it is now possible to ac-
curately compute the microscopic response (both linear
and non-linear) of a system to an arbitrary inhomoge-
neous strain. Perhaps the most prominent example is
the development of first-principles theory of flexoelectric-
ity [108] and its application to compute the flexoelectric
tensor [109-113], which can then be utilized to inform
the mesoscale/continuum materials modeling [112].
Despite these exciting developments, significant chal-
lenges still remain. For example, the properties of
strained membrane, like most practical materials, depend
on the formation and evolution of mesoscale patterns
(e.g., magnetic/ferroelectric/ferroelastic domains, elec-
tronic phase separation) at finite temperature, which go
beyond the capability of conventional DFT calculations.
However, research into the prediction of mesoscale pat-
tern formation under extreme strain condition is still at
its early stage, with many open questions remain. Take
the ferroelectrics as an example, large bending can signif-
icantly change the bandgap of the domain wall [114] and
hence lead to redistribution of the ionic and electronic
defects and even an insulator-to-metal transition [115].
How does the strain-induced ionic/electronic defect re-
distribution interact with the domain structure evolution
under extreme strain condition [103]? How does the de-
fect distribution influence the strain-induced ferroelec-
tric/ferroelastic phase transition? How to disentangle
the contribution of flexoelectricity, piezoelectricity, and
electrostriction to the mesoscale pattern formation? In
addition to these fundamental challenges, there also exist
technical challenges in different computational methods.
Modern atomistic methods such as effective
Hamiltonian-based methods[116-119] and  second-
principles calculations [120-122] can predict the
mesoscale pattern formation with atom-resolved spatial
resolution, and permits taking input directly from
DFT calculations without the need of parameterization.
However, it is still challenging to consider the realistic
mechanical boundary conditions for the application of
strain and strain gradient (Fig. 3) and their application
to practical-sized (e.g., hundreds of micrometers to
millimeters) materials systems currently would consume
too much computational resources to be realistic.
Mesoscale materials modeling methods such as phase-
field modeling cannot predict pattern formation and evo-
lution at the scale below one unit cell, but can con-
veniently consider the complexity arising from the ac-
tual mechanical boundary condition upon the applica-
tion of strain (gradient) [8, 43, 102, 103, 123], and in-
corporate the role of 0D (point defects such as oxy-
gen vacancies [103]), 1D (dislocations [124]), 2D (grain
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boundaries [125-127]), and 3D (e.g., precipitates [128]
and cracks [129]). In particular, the phase-field model has
the additional versatility of modeling the formation and
co-evolution of different types of coupled patterns, for
example, the coupled magnetic and structural domains
[130-132]. With input from ab initio and/or experimen-
tal measurements, the predicted mesoscale patterns can
often be utilized for a side-by-side comparison to exper-
iments for not only understanding and interpreting the
results, but also provide insights into how to access these
patterns and manipulate them for realizing exotic phe-
nomena or enhanced responses [133-135].

IV. OUTLOOK: BEYOND STATIC STRAINS

Large strains and strain gradients provide unique op-
portunities for inducing hidden properties in membranes
of quantum materials. This Perspective highlighted
static strain tuning of magnetism, superconductivity, fer-
roelectricity, and topological states.

Exciting opportunities also lie in dynamic and nonequi-
librium properties. Nonlinear phononics, in which ultra-
fast optical pulses resonantly excite phonon modes, is
a powerful approach for revealing nonequilibrium prop-
erties that arise from enhanced photon-phonon-spin or
photon-phonon-electron couplings under resonant con-
ditions. Examples include ultrafast antiferromagnetic-
ferrimagnetic switching [136], metastable ferroelectric-
ity [137], and possible nonequilibrium superconductivity
[138]. The general applicability of nonlinear phononics,
however, is limited since these complex couplings are of-
ten weak, difficult to tune, and difficult to apply beyond a
narrow set of materials that obey the required symmetry
constraints. We anticipate the strong symmetry-breaking
strains and strain gradients in membranes may solve this
challenge, by enhancing the frequency-dependent quasi-
particle coupling strengths via strain, and breaking sym-
metries to activate new phonon modes for resonant ex-
citation. The absence of substrate clamping is also ben-
eficial since larger amplitude lattice vibrations can be
accessed. Strain and strain gradients, both in static and
dynamic forms, provide power tuning knobs for unleash-
ing hidden properties in quantum materials membranes.
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