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              The strain game 
 For at least 400 years, humans have studied the effects of 

pressure (hydrostatic strain) on the properties of materials.  1 

In the 1950s, it was shown that biaxial strain, where a fi lm is 

clamped to a substrate but free in the out-of-plane direction, 

can alter the transition temperatures of superconductors  2   ( Tc ) 

and ferroelectrics ( TC ).  3 

 What has changed in recent years is the magnitude of the 

biaxial strain that can be imparted. Bulk ferroic oxides are 

brittle and will crack under moderate strains, typically 0.1%. 

One way around this limitation is the approach of bulk crys-

tal chemists, to apply “chemical pressure” through isovalent 

cation substitution. A disadvantage of such a bulk approach, 

however, is the introduction of disorder and potentially unwant-

ed local distortions. Epitaxial strain, the trick of the thin-

fi lm alchemist, provides a potentially disorder-free route to 

large biaxial strain and has been used to greatly enhance the 

mobility of transistors  4 , 5   (see the article by Bedell et al. in this 

issue), increase catalytic activity (see the article by Yildiz in 

this issue), alter band structure  6   (see the article by Yu et al. in 

this issue), and signifi cantly increase superconducting,  7 , 8 

ferromagnetic,  9 – 11   and ferroelectric  12 – 16   transition temperatures. 

This approach, which we refer to as the “strain game,” is illus-

trated in   Figure 1   for elastically strained fi lms of oxides with 

the perovskite structure.     

 Strains of about ±3% are common in epitaxial oxide fi lms 

today,  17 – 20   with the record to date being a whopping 6.6% 

compressive strain achieved in thin BiFeO 3  fi lms grown on 

(110) YAlO 3 . 
 21 – 24   These strains are an order of magnitude 

higher than where these materials would crack in bulk.  25 – 27 

 Strained SrTiO 3  and the importance of suitable 
substrates 
 The strain game for ferroics was ignited by the demonstration 

that an oxide that normally is not ferroelectric at any tempera-

ture can be made ferroelectric at room temperature through 

the application of biaxial strain.  12   Such a gigantic shift in 

properties and  TC  had never before been clearly seen in any 
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ferroic system; nonetheless, this achievement was the experi-

mental realization of what had been predicted years earlier by 

theory.  28 , 29     Figure 2   shows the strain phase diagram of (001) p  

SrTiO 3  calculated by thermodynamic analysis,  12 , 14 , 15 , 28 – 30   where 

the p subscript indicates pseudocubic Miller indices. These 

predictions imply that a biaxial tensile strain on the order of 

1% will shift the  T  C  of SrTiO 3  to the vicinity of room tempera-

ture.  12 , 28 – 32   Although many researchers had grown SrTiO 3  fi lms 

on substrates with different spacings, the lattice mismatches 

were so large and the fi lms so thick that the fi lms were no 

longer elastically strained.     

 Fully commensurate, elastically strained epitaxial fi lms 

have the advantage that high densities of threading dislocations 

(e.g., the  ∼ 10 11  dislocations cm –2  observed, 

for example, in partially relaxed (Ba  x  Sr 1– x  )TiO 3  

fi lms)  33 , 34   are avoided. Strain fi elds around dis-

locations locally alter the properties of a fi lm, 

making its ferroelectric properties inhomoge-

neous and often degraded.  35 – 37   To achieve highly 

strained ferroic fi lms and keep them free of 

such threading dislocations, one needs to keep 

them thin, typically not more than a factor of 

fi ve beyond the Matthews-Blakeslee critical 

thickness, beyond which it becomes energeti-

cally favorable (though typically constrained 

by kinetics) for a fi lm to relax by the introduc-

tion of dislocations.  27 , 38   Thickness-dependent 

studies, involving the growth of a ferroic on 

just one substrate material to study the effect 

of strain in partially relaxed fi lms, are not as 

easy to interpret as experiments utilizing com-

mensurate fi lms grown on several different 

substrate materials covering a range of lattice 

spacings. In the former, the strains are inhomo-

geneous, and the high concentration of thread-

ing dislocations can obfuscate intrinsic strain 

effects. 

 Exploring the strain predictions in  Figure 2a  

was greatly simplifi ed by the development of 

new substrates with a broad range of spac-

ings to impart a desired strain state into the 

overlying SrTiO 3  fi lm. These substrates have 

the same structure as SrTiO 3 —the perovskite 

structure—but different lattice spacings. The 

number of perovskite single crystals that are 

available commercially as large substrates 

(with surfaces at least 10 mm × 10 mm in 

size) has nearly doubled in the last decade 

due to the work of the present authors.  39 – 41   Today, 

various single crystal perovskite and perovskite-

related substrates are commercially available 

(see  Figure 1d ), including LuAlO 3 , 
 42 , 43   YAlO 3 , 

 44   

LaSrAlO 4 , 
 45   NdAlO 3 , 

 46   LaAlO 3 , 
 47 , 48   LaSrGaO 4 , 

 49   

(NdAlO 3 ) 0.39 —(SrAl 1/2 Ta 1/2 O 3 ) 0.61  (NSAT),  50   

NdGaO 3 , 
 51 , 52   (LaAlO 3 ) 0.29 —(SrAl 1/2 Ta 1/2 O 3 ) 0.71  

(LSAT),  50 , 53   LaGaO 3 , 
 54   SrTiO 3 , 

 55 – 58   Sr 1.04 Al 0.12 Ga 0.35 Ta 0.50 O 3  

(SAGT), DyScO 3 , 
 12 , 39   TbScO 3 , 

 40   GdScO 3 , 
 13 , 39 , 59   EuScO 3 , 

SmScO 3 , 
 39 , 60   KTaO 3 , 

 61   NdScO 3 , 
 39 , 62   PrScO 3 , 

 63   and LaLuO 3 ; 
 64   

many of these are produced with structural perfection rivaling that 

of conventional semiconductors. The perfection of the substrate, 

the best of which are grown by the Czochralski method (which 

is not applicable to most ferroic oxides because they do not melt 

congruently), can be passed on to the fi lm via epitaxy. This 

has led to the growth of strained epitaxial fi lms of the ferro-

ics SrTiO 3 , 
 38 , 65   BaTiO 3 , 

 14   BiFeO 3 , 
 66   BiMnO 3 , 

 67   and EuTiO 3 , 
 16   

with rocking curve full width at half maximum values  ≤ 11 

arcsec (0.003°)—identical to those of the commercial sub-

strates upon which they are grown and signifi cantly narrower 

  

 Figure 1.      How the “strain game” is used to impart biaxial elastic strain on an oxide 

fi lm via epitaxy. (a) The crystal structure of an unstrained oxide, in this case an oxide 

with the perovskite structure, in its unstrained state. When deposited on a substrate 

with a larger or smaller spacing, the energetic preference of the deposited atoms 

to follow the template of the underlying substrate (epitaxy) can result in the fi lm 

beginning in either (b) biaxial compression or (c) biaxial tension. (d) A number line 

showing the pseudotetragonal or pseudocubic  a -axis lattice constants in angstroms 

of some perovskites and perovskite-related phases of interest, including ferroics 

(above the number line) and of some of the perovskite substrates that are available 

commercially (below the number line). LSAT, (LaAlO 3 ) 0.29 —(SrAl 1/2 Ta 1/2 O 3 ) 0.71 ; NSAT, 

(NdAlO 3 ) 0.39 —(SrAl 1/2 Ta 1/2 O 3 ) 0.61 ; SAGT, Sr 1.04 Al 0.12 Ga 0.35 Ta 0.50 O 3 . Photographs of exemplary 

single crystals used as substrates, each with diameter,  d . (d) An updated version of the 

plot in Reference 24.    
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(indicative of higher structural perfection) than the most perfect 

bulk single crystals of these same materials. 

 Using these new perovskite substrates, predictions of the 

SrTiO 3  strain phase diagram shown in  Figure 2  were assessed. 

Not only was it found possible to transmute SrTiO 3  into a room 

temperature ferroic,  12 , 68 , 69   but the experimentally determined 

point group,  31 , 32 , 70 – 72   direction and magnitude of spontaneous 

polarization ( P  S ), 
 31 , 32 , 65 , 70 – 73   observed shifts in  T  C    12 , 70 , 71   and soft 

mode frequency with biaxial strain,  74   and existence of a transi-

tion to a simultaneously ferroelectric and ferroelastic phase at 

lower temperatures  70 – 72 , 74   were all in accord with theory. Not 

all of the experimental observations, however, were in agree-

ment with theory. For example, it was observed that strained 

SrTiO 3  fi lms exhibit a signifi cant frequency dependence to 

their dielectric response.  65 , 73   This relaxor ferroelectric behav-

ior is due to defects. On account of the strain, the SrTiO 3  matrix 

is highly polarizable and can be easily polarized by defect 

dipoles that arise from non-stoichiometry in the SrTiO 3  fi lm. 

Based on how the properties of strained SrTiO 3  fi lms vary 

with non-stoichiometry, strained, perfectly stoichiometric 

SrTiO 3  fi lms are not expected to show relaxor behavior.  75   

 To make it possible for strain-enabled or strain-enhanced 

functionalities to be exploited in mainstream device architec-

tures, it is desirable to play the strain game on substrates rele-

vant to the semiconductor industry. One such example is the 

integration of commensurately strained SrTiO 3  fi lms with 

silicon.  15   The lattice mismatch between (001) p  SrTiO 3  and 

(001) Si is 1.7%, as indicated by the dashed line on the left 

side of the strain phase diagram in  Figure 2a . From theory 

( Figure 2a ), such a fi lm would be expected to be ferroelec-

tric with a  T  C  near room temperature. This integration is, 

however, rather challenging due to (1) the high reactivity 

of silicon with many elements and their oxides,  76 , 77   and (2) 

the thermodynamic driving force for a pristine silicon surface 

to oxidize and form an amorphous native oxide (SiO 2 ), which 

blocks epitaxy, under the oxidizing conditions typically used 

for the growth of oxide thin fi lms. Despite these impediments, 

thin commensurate SrTiO 3  fi lms have been grown directly on sil-

icon without discernible intermediate layers and free of reaction, 

and are found to be ferroelectric at room temperature.  15   

 Planar-view and cross-sectional annular dark fi eld (ADF) 

scanning transmission electron micrographs (STEM) of 

epitaxial (001) p  SrTiO 3  fi lms grown on and commensurately 

strained to (001) Si are shown in  Figure 2b–d . Although the 

interface between SrTiO 3  and silicon is seen to be abrupt 

and free of reaction, these images reveal additional challenges 

to the growth of SrTiO 3  on silicon. First is the propensity 

of SrTiO 3  to nucleate as islands and not wet the surface of 

the silicon substrate.  78   Even using kinetically limited growth 

conditions,  15 , 79   it takes multiple unit cells of growth before the 

SrTiO 3  islands coalesce.  78   Second are frequent out-of-phase 

boundaries in the SrTiO 3  fi lm (see  Figure 2d ) resulting from 

the step height of (001) Si (0.14 nm) not matching the step 

height of (001) p  SrTiO 3  (0.39 nm). Out-of-phase boundaries 

can form during the coalescence of SrTiO 3  islands that have 

nucleated on different (001) Si terraces. The arrow in  Figure 2d  

marks an area where the SrTiO 3  islands are out-of-phase with 

each other. 

  

 Figure 2.      (a) The strain phase diagram of (001) p -oriented SrTiO 3  calculated assuming a single-domain state for all structural and 

ferroelectric phases. The letters T and O used in the phase notations indicate tetragonal and orthorhombic crystallographic symmetries, 

respectively, under a constraint. The paraelectric, ferroelectric, and ferroelastic (or antiferrodistortive structural) natures of the phases are 

revealed by the superscripts  P ,  F , and  S , respectively. The components of the polarization vector  P  corresponding to the phases (along 

the crystallographic directions of pseudocubic SrTiO 3 ) are indicated within the parentheses following the phase notation. The dashed line 

corresponds to (001) p  SrTiO 3  commensurately strained to (001) Si. At room temperature, it is strained in biaxial compression by  ∼ 1.7%. 

This strain decreases slightly with temperature due to the larger thermal expansion coeffi cient of SrTiO 3  than silicon. (b) Plan-view and 

(c) cross-sectional annular dark fi eld (ADF) scanning transmission electron microscopy (STEM) images of a nominally 2 unit-cell-thick (0.8 nm) 

epitaxial (001) p  SrTiO 3  fi lm grown on (001) Si and capped with amorphous silicon. (d) Cross-sectional ADF-STEM images of a nominally 

5 unit-cell-thick (2.0 nm) commensurate epitaxial (001) p  SrTiO 3  fi lm grown on (001) Si. The image shows an average fi lm thickness of 6.5 unit 

cells, suggesting nonuniform SrTiO 3  coverage. In the area marked with an arrow, more than one SrTiO 3  grain is imaged in projection. 

(a) Adapted from References 14 and 15 and has only a minor difference from that presented in References 28 and 29. (b) and (c) Reprinted 

with permission from Reference 78. © 2008 American Physical Society. (d) Reprinted with permission from Reference 15. © 2009 AAAS.    
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 For the growth of high-quality fi lms of ferroic oxides 

with a desired strain state, not only are appropriate sub-

strates of exceptionally high perfection needed, but also 

methods to prepare them with smooth, well-ordered surfaces 

with a specifi c chemical termination on which epitaxial 

growth can be reliably initiated. For example, chemical-

mechanically polished (001) SrTiO 3  substrates display a 

mixture of SrO- and TiO 2 -terminated surfaces. 

A combination of chemical etching and 

annealing has been shown to yield SrTiO 3  

substrates with known surface termination. 

Kawasaki et a1.  80   showed that an NH 4 F-

buffered HF solution with controlled pH 

enables etching of the more basic SrO layer 

and leaves a completely TiO 2  terminated sur-

face on the substrate. This method of prepar-

ing a TiO 2 -terminated (001) SrTiO 3  surface 

has been further perfected by Koster et a1.  81   

SrO-terminated (001) SrTiO 3  substrates can 

also be prepared.  82   A means to prepare low 

defect surfaces with controlled termination 

has since been developed for (110) SrTiO 3 , 
 83   

(111) SrTiO 3 , 
 83 , 84   (001) p  LaAlO 3 , 

 85 , 86   (111) p  

LaAlO 3 , 
 85   (110) NdGaO 3 , 

 86   (001) p  LSAT,  86 , 87   

(110) DyScO 3 , 
 88 , 89   (110) TbScO 3 , 

 88   (110) 

GdScO 3 , 
 88   (110) EuScO 3 , 

 88   (110) SmScO 3 , 
 88   

(001) KTaO 3 , 
 90   (110) NdScO 3 , 

 88   and (110) 

PrScO 3  
 88   substrates. 

 The strain game is capable of enhancing the 

properties of a multitude of ferroelectric sys-

tems. Shifts in ferroelectric  T  C  of roughly 300 K 

per percent biaxial strain, quite comparable 

to those predicted  28 – 32   and observed  12 , 68 – 74   for 

SrTiO 3 , were fi rst predicted by theory and sub-

sequently verifi ed by experiments on biaxially 

strained BaTiO 3  
 13 , 14 , 91 – 94   and PbTiO 3  

 14 , 91 , 95 – 100   

fi lms. Strain effects of comparable magnitude 

have also been observed in strained (Ba,Sr)

TiO 3  fi lms  101 , 102   and in strained-layer super-

lattices: KTaO 3 /KNbO 3 , 
 103   SrTiO 3 /SrZrO 3 , 

 104   

SrTiO 3 /BaZrO 3 , 
 105   PbTiO 3 /SrTiO 3 , 

 106 , 107   BaTiO 3 /

SrTiO 3 , 
 108 – 111   and CaTiO 3 /SrTiO 3 /BaTiO 3 . 

 112 – 114   

 The success of theory in predicting the 

effect of strain on a multitude of ferroelec-

trics, together with advances in the ability to 

customize the structure and strain of oxide 

heterostructures at the atomic-layer level, has 

enabled a new era: ferroelectric oxides by 

design.  14   The appropriate theoretical methods to 

design strain-enhanced ferroelectrics depend 

on the material and whether or not domains 

need to be taken into account. First-principles 

methods are good for new materials where 

the coeffi cients of the Landau–Devonshire free 

energy expansion,  30   a Taylor expansion of the 

free energy of a material in powers of its order parameter 

(polarization for typical ferroelectrics), are unknown. Due to the 

relatively small number of atoms that can be included in such cal-

culations, however, the calculations are limited to single-domain 

materials. Measure ments on materials can yield the coeffi cients 

needed in Landau–Devonshire thermodynamic analysis to calcu-

late the effect of strain in the absence of domains.  30   

  

 Figure 3.      Structural characterization of a [(BaTiO 3 ) 1 /(SrTiO 3 ) 30 ] 20  strained-layer superlattice 

grown on (001) SrTiO 3 . (a) Atomic-resolution scanning transmission electron microscopy-

electron energy loss spectroscopy (STEM-EELS) image (left) revealing the presence of 

atomically sharp interfaces with minimal intermixing. The STEM-EELS spectroscopic image 

at the left shows barium in purple and titanium in green. Distortions in the STEM-EELS map 

are not structural, but are artifacts from sample drift during data acquisition. Schematics 

of the crystal structures contained in the superlattice are shown on the right. (b)  θ -2 θ  x-ray 

diffraction pattern of the same superlattice showing all expected satellite peaks and having 

a superlattice periodicity,  c , of 12.1 nm. (a) Reprinted with permission from Reference 119. 

© 2013 Nature Publishing Group.    



 ELASTIC STRAIN ENGINEERING OF FERROIC OXIDES   

122  MRS BULLETIN     •      VOLUME 39     •      FEBRUARY 2014     •      www.mrs.org/bulletin  

 Phase-fi eld simulations, which also require coeffi cients 

obtained from either experiment or fi rst-principles calculations, 

can be used to take domains into account.  97 , 98   An example is 

(BaTiO 3 )  n  /(SrTiO 3 )  m   strained-layer superlattices, where  n  and 

 m  refer to the thickness, in unit cells, of the (001) p  BaTiO 3  and 

(001) p  SrTiO 3  layers, respectively. Despite the 2.3% lattice mis-

match between the (001) p  BaTiO 3  and (001) p  SrTiO 3  layers, 

such superlattices can be commensurately strained. In   Figure 3  , 

the structural characterization of a commensurate (BaTiO 3 )  n  /

(SrTiO 3 )  m   superlattice with  n  = 1 and  m  = 30 is shown. The 

macroscopic regularity of this superlattice, which was grown 

by molecular beam epitaxy (MBE), is demonstrated by the 

presence and sharpness of all of the superlattice refl ections in 

its x-ray diffraction pattern (see  Figure 3b ).  60 , 119   Despite the 

BaTiO 3  layer being just a single unit cell thick 

(0.4 nm) and well-separated from neighboring 

BaTiO 3  layers, ultraviolet Raman measurements 

show that it is still ferroelectric.  60       

 The ability to compare theory and experiment 

has motivated refi nements in theory, includ-

ing attention to not only mechanical (strain) 

and electrical boundary conditions (whether 

the ferroelectric is bounded by conducting elec-

trodes or insulating layers), but also to unequal 

biaxial strain  115 , 116   and the ability of a ferroelec-

tric fi lm to break up into multiple domains.  97 , 98   

For strained-layer superlattices of BaTiO 3 /

SrTiO 3 , it was shown that quantitative agree-

ment between the predicted and observed  T  C  for 

superlattices with a wide range of periodicities 

only occurred if calculations in which the possi-

bility of multiple domains was considered.  109 , 110   

For some BaTiO 3 /SrTiO 3  superlattices, such 

three-dimensional phase-fi eld calculations 

indicated that the low energy confi guration 

was a multiple-domain state, which allowed the 

polarization in the (001) p  SrTiO 3  layers to drop 

considerably when the (001) p  BaTiO 3  layer was 

thinner than the (001) p  SrTiO 3  layer, resulting in a 

signifi cant increase in  T  C  compared to the single-

domain state.  109 , 110   The domains anticipated to 

be present by theory, in order to quantitatively 

explain the observed  T  C  values, have recently 

been observed in BaTiO 3 /SrTiO 3  strained-layer 

superlattices.  117 , 118     

 Strain engineering of multiferroics 
 Emboldened by these successes, the strain game 

has more recently turned to enhancing materials 

containing multiple ferroic order parameters 

(i.e., multiferroics such as BiFeO 3 ) or to cre-

ate new multiferroics from materials that are 

on the verge of being ferroic (e.g., EuTiO 3 ). 

Illustrative examples are described in the sec-

tions that follow.  

 Strained BiFeO 3 —Morphing a room-temperature 
multiferroic 
 Bismuth ferrite, BiFeO 3 , is one of the few materials that 

is simultaneously ferroelectric and magnetically ordered 

(antiferromagnetically in the case of BiFeO 3 ) at room tem-

perature.  120 – 124   All of the other room-temperature multiferroics 

are, however, metastable. These include the high-pressure 

phase BiCoO 3 , 
 122   strain-stabilized ScFeO 3  with the corundum 

structure,  123   and the hexagonal polymorph of LuFeO 3  that has 

been stabilized via epitaxy.  124   In its unstrained state, BiFeO 3  

has the highest remnant polarization of any known ferro-

electric.  120 , 121 , 125 – 127   BiFeO 3  also exhibits several polymorphs 

that are relatively close in energy to each other. Further, in 

BiFeO 3 , the four fundamental degrees of freedom—electronic 

  

 Figure 4.      (a)  Ab initio  calculations of the energy and structure (ratio of pseudotetragonal 

lattice constants  c / a ) of the ground state of BiFeO 3  as a function of bi-axial, in-plane 

compressive strain on various substrates: YAO, YAlO 3 ; LAO, LaAlO 3 ; STO, SrTiO 3 ; LSAT, 

(LaAlO 3 ) 0.29 —(SrAl 1/2 Ta 1/2 O 3 ) 0.71 ; DSO, DyScO 3 . (b) Atomic force microscopy image of a 

partially relaxed,  ∼ 70-nm-thick BiFeO 3  fi lm grown on a LaAlO 3  substrate that exhibits a 

characteristic tetragonal and rhombohedral (T+R) mixed phase nanostructure. 

(c) High-resolution transmission electron microscopy image of the T+R mixed phase that 

illustrates the commensurate nature of the interface, with the complete absence of misfi t 

dislocations. (d) X-ray magnetic circular dichroism photoemission electron microscopy 

(XMCD-PEEM) image obtained using the iron absorption edge showing that the highly 

constrained R-phase shows enhanced ferromagnetism compared to the bulk or the 

T-phase. Enhanced magnetic contrast is given from the ratio of PEEM images taken with 

left and right circularly polarized x-rays at the same location. Black and white contrasts 

indicate magnetic moments pointing parallel and antiparallel to the incident x-rays. 

(a) Reprinted with permission from Reference 21. © 2009 AAAS. (b) Adapted from 

Reference 21. (c) Reprinted with permission from Reference 21. © 2009 AAAS. 

(d) Reprinted with permission from Reference 134. © 2011 Nature Publishing Group.    
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spin, charge, orbital, and lattice—are highly interactive. As 

a consequence, its ground state exhibits a strong sensitivity 

to temperature, pressure, electric fi elds, and magnetic fi elds. 

These qualities make BiFeO 3  unique and a natural candidate 

to tweak using the strain game. 

 Elastic strain, imparted via epitaxy, is able to distort and 

eventually change the structure and energy of the ground state 

of BiFeO 3 . In its unstrained state, BiFeO 3  is rhombohedral.  128   

The evolution of the structure of BiFeO 3  can be understood from 

 ab initio  calculations,   Figure 4  a. As an in-plane biaxial com-

pressive strain is imposed via the substrate, the rhombohedral 

(R) structure becomes progressively monoclinic (and perhaps 

even triclinic) until a critical strain of  ∼ 4.5% is reached. For sub-

strates that impose a larger strain (such as (110) YAlO 3 , which 

imposes a hefty 6.6% biaxial compressive strain on commensu-

rate BiFeO 3  thin fi lms grown upon it 21–24 ), the structure changes 

into a “super-tetragonal” (T) state (or a monoclinic derivative 

thereof) with a distinct jump in the ratio of its pseudotetragonal 

lattice constants  c / a .  21   Such an isostructural monoclinic-to-

monoclinic phase transition—in which the symmetry does not 

change, but the coordination chemistry changes dramatically—

has also been observed in other materials.  129 – 132   The overlapping, 

roughly parabolic free energy versus strain curves of the 

R- and T-phases can be seen in  Figure 4a . It is the change in 

ground state with strain from the R phase to the T phase that 

enables the huge (6.6%) biaxial strains to be achieved in BiFeO 3  

fi lms. In more typical oxide systems, the free energy versus 

strain landscape limits the growth of epitaxial perovskite fi lms 

under common growth conditions to about 3% strain.     

 Partial relaxation of the epitaxial constraint by increasing the 

fi lm thickness leads to the formation of a mixed-phase nanostruc-

ture that exhibits the coexistence of both the R- and T-phases, 

as illustrated in the atomic force microscope (AFM) image in 

 Figure 4b . This mixed-phase nanostructure is fascinating from 

many perspectives. First, high-resolution electron microscopy 

shows that the interface between these two phases is essen-

tially commensurate,  Figure 4c . This is important because 

it means that movement of this interface should be possible 

simply by the application of an electric fi eld, as is indeed the 

case.  133   Second, and perhaps more importantly, the highly dis-

torted R-phase in this ensemble, shows signifi cantly enhanced 

ferromagnetism. This can be discerned from the x-ray mag-

netic circular dichroism-photoemission electron micros copy 

(XMCD-PEEM) image in  Figure 4d . The R-phase appears in 

either bright or dark stripe-like contrast in such PEEM images, 

corresponding to the thin slivers being magnetized either along 

the x-ray polarization direction or anti-parallel to it. 

 A rough estimate of the magnetic moment of this highly 

strained R-phase (from the PEEM images as well as from 

superconducting quantum interference device magnetom-

etry measurements) gives a local moment of the order of 

25–35 emu/cc.  134   It is noteworthy that the canted moment of 

the R-phase ( ∼ 6–8 emu/cc) is not observable by the XMCD 

technique due to the small magnitude of the moment. This 

enhanced magnetic moment in the highly strained R-phase 

disappears around 150°C.  134   Application of an electric fi eld 

converts this mixed (R+T) phase into the T-phase, and the 

enhanced magnetic moment disappears; reversal of the elec-

tric fi eld brings the mixed phase back accompanied by the 

magnetic moment in the distorted R-phase.  134   

 There has been limited work on the tensile side of the 

BiFeO 3  strain phase diagram. It was, however, predicted, 

using phase-fi eld calculations, that an orthorhombic (O) phase 

of BiFeO 3  should exist under suffi cient tensile strain,  21   and 

recent work has shown that an O-phase can indeed be stabi-

lized.  135   These observations on biaxially strained BiFeO 3  fi lms 

raise several questions. First, what is the magnetic ground state 

of the various strained BiFeO 3  phases (e.g., do they have 

enhanced canting or exhibit spin glass behavior?). Second, given 

that spin-orbit coupling is the source of the canted moment in 

the bulk of BiFeO 3 , can this enhanced moment be explained 

based on the strain and confi nement imposed on the R-phase? 

Finally, what is the state of the Dzyaloshinskii–Moriya vector, 

the antisymmetric microscopic coupling between two localized 

magnetic moments, in such a strained system?   

 Strained EuTiO 3 —Transforming a boring dielectric 
into the world’s strongest ferroelectric ferromagnet 
 The strain game involving EuTiO 3  is another tale in which 

theory led the way to a remarkable strain-enabled discovery. 

The idea behind this new route to ferroelectric ferromagnets is 

that appropriate magnetically ordered insulators that are neither 

ferroelectric nor ferromagnetic, of which there are many, can 

be transmuted into ferroelectric ferromagnets. Fennie and 

Rabe predicted  136   that EuTiO 3 , a normally boring paraelectric 

and antiferromagnetic insulator (in its unstrained bulk state), 

could be transformed using strain into the strongest known 

multiferroic with a spontaneous polarization and spontaneous 

magnetization each 100× superior to the reigning multiferroic 

it displaced, Ni 3 B 7 O 13 I. 
 137 , 138   

 The physics behind this discovery makes use of spin-lattice 

coupling as an additional parameter to infl uence the soft mode 

of an insulator on the verge of a ferroelectric transition.  139   The 

soft mode is the lowest frequency transverse optical pho-

non, which as it goes to zero results in the phase transition 

from a paraelectric to a ferroelectric. Appropriate mate-

rials for this (1) have a ground state that in the absence 

of strain is antiferromagnetic and paraelectric, (2) are on 

the brink of a ferroelectric transition, and (3) exhibit large 

spin-lattice coupling manifested by a signifi cant decrease 

in permittivity as the material is cooled through its Néel 

temperature.  136   EuTiO 3  meets these criteria and has much 

in common with SrTiO 3  except that EuTiO 3  magnetically 

orders at 5 K due to the existence of localized 4 f  moments 

on the Eu 2+  site.  140 , 141   Similar to SrTiO 3 , strain can be used to 

soften the soft mode and drive it to a ferroelectric instability. 

In contrast to SrTiO 3 , which is diamagnetic, the permittiv-

ity of bulk EuTiO 3  is strongly coupled with its magnetism, 

showing an abrupt decrease in permittivity at the onset of 

the antiferromagnetic Eu 2+  ordering.  142   This indicates that the 
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soft mode frequency hardens when the spins order antifer-

romagnetically; conversely, it will soften if the spins order 

ferromagnetically. This extra interaction provides the coupling 

favoring a simultaneously ferroelectric and ferromagnetic ground 

state under suffi cient strain in EuTiO 3 . 

 Although testing this prediction seems straightforward, the 

groups who fi rst tested it ran into an unforeseen complication: 

no matter what substrate they deposited EuTiO 3  on, it was 

ferromagnetic. With its identical lattice constant (both are 

3.905 Å at room temperature), SrTiO 3  is an obvious substrate for 

the growth of unstrained epitaxial EuTiO 3  fi lms. Surprisingly, 

as-grown EuTiO 3– δ   thin fi lms synthesized by pulsed-laser 

deposition (PLD) on (001) SrTiO 3  substrates exhibit expanded 

out-of-plane spacings (0.4% to 2% longer than 

bulk EuTiO 3 ) 
 143 – 146   and are ferromagnetic with a 

Curie temperature of about 5 K.  144 , 145   

 Could the observed expanded lattice spac-

ings in EuTiO 3– δ   thin fi lms be due to oxygen 

vacancies? The effect of oxygen defi ciency on 

lattice constant has been studied in EuTiO 3– δ   

bulk samples down to the EuTiO 2.5  limit of the 

perovskite EuTiO 3– δ   structure, and negligible 

(<0.5%) variation in the cubic lattice constant 

was found.  147 , 148   Oxygen vacancies alone are 

thus insuffi cient to explain the 2% variation in 

out-of-plane lattice spacings observed in epi-

taxial EuTiO 3– δ   fi lms grown on (001) SrTiO 3  by 

PLD.  144 – 146   

 One possible explanation is that the fer-

romagnetism observed in epitaxial EuTiO 3  

fi lms prepared by PLD on SrTiO 3  arises from 

extrinsic effects, masking the intrinsic proper-

ties of EuTiO 3  thin fi lms. Extrinsic effects 

are known to occur in thin fi lms, particularly 

for deposition methods involving energetic 

species, which can induce defects. Another 

factor favoring defect introduction is the rela-

tively low growth temperatures common for 

oxide thin-fi lm growth, enabling defects to 

be frozen in. For example, some epitaxial 

SrTiO 3  fi lms grown on SrTiO 3  substrates by 

PLD have been reported to be ferroelectric,  149   

in striking contrast to the intrinsic nature of 

unstrained SrTiO 3 , which is not ferroelectric 

at any temperature.  150   Homoepitaxial SrTiO 3  

fi lms grown by PLD are also known to exhibit 

lattice spacings that deviate signifi cantly from 

the SrTiO 3  substrates they are grown on,  151 – 153   

although bulk SrTiO 3– δ   (in either single crystal or 

polycrystalline form) exhibits negligible varia-

tion in its cubic lattice constant up to the SrTiO 2.5  

limit  154 , 155   of the perovskite SrTiO 3– δ   structure. 

The sensitivity of EuTiO 3  that made it an appro-

priate material to transmute via strain into a mul-

tiferroic also makes it quite sensitive to defects. 

To overcome this issue and examine the intrinsic effect of strain 

on EuTiO 3 , a more delicate deposition technique was needed. 

 In contrast to PLD, homoepitaxial SrTiO 3  fi lms grown by 

MBE  156   show bulk behavior and none of the unusual effects 

reported in homoepitaxial SrTiO 3  fi lms grown by PLD.  149 , 151 – 153   

Indeed unstrained, stoichiometric EuTiO 3  thin fi lms grown 

by MBE on (001) SrTiO 3  have the same lattice constant as 

bulk EuTiO 3  and are antiferromagnetic.  157   Seeing that MBE 

can produce EuTiO 3  fi lms with intrinsic properties in their 

unstrained state, MBE was used to test Fennie and Rabe’s 

strained EuTiO 3  predictions.  136   Commensurate EuTiO 3  fi lms 

were grown on three substrates: (001) LSAT, (001) SrTiO 3 , 

and (110) DyScO 3  to impart –0.9%, 0%, and +1.1% biaxial 
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 Figure 5.      (a) Elemental maps of europium and dysprosium observed by scanning 

transmission electron microscopy-electron energy loss spectroscopy on a 22-nm-thick 

commensurate EuTiO 3 /DyScO 3  fi lm, confi rming an abrupt EuTiO 3 /DyScO 3  interface with the 

correct oxidation states. Observation of (b) ferroelectricity by second harmonic generation 

and (c) ferromagnetism by magneto-optical Kerr effect in this same strained EuTiO 3  

grown on (110) DyScO 3 , confi rming predictions that under suffi cient biaxial strain, EuTiO 3  

becomes multiferroic. Control samples with zero (EuTiO 3 /SrTiO 3 ) or opposite (EuTiO 3 /LSAT)) 

strain are consistent with the theoretically predicted strain phase diagram for EuTiO 3 . 

LSAT, (LaAlO 3 ) 0.29 —(SrAl 1/2 Ta 1/2 O 3 ) 0.71 . Reprinted with permission from Reference 16. © 2010 

Nature Publishing Group.    
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strain, respectively. Using scanning transmission electron 

microscopy with electron energy loss spectroscopy (STEM-

EELS), the oxidation state of the fi lm constituents and the 

abruptness of the interface between the fi lm and substrate 

was checked with atomic resolution and chemical specifi city 

(  Figure 5  a). Experimental measurements utilizing second 

harmonic generation (SHG) and magneto-optic Kerr effect 

(MOKE) confi rmed that the EuTiO 3  grown on (110) DyScO 3  

was simultaneously ferroelectric ( Figure 5b ) and ferromag-

netic ( Figure 5c ), while on the other substrates it was not, 

in agreement with theory  136   and resulting in the strongest mul-

tiferroic material known today.  16       

 There are many other exciting predictions that remain to 

be verifi ed of even stronger and higher temperature ferroelec-

tric ferromagnets in strained SrMnO 3  
 158   and EuO,  159   as well as 

the prediction that an electric fi eld on the order of 10 5  V cm –1  

can be used to turn on ferromagnetism in EuTiO 3  when it is 

poised on the verge of such a phase transition via strain.  136   

It was recently shown that through the application of an 

electric fi eld, the antiferromagnetic ground state of EuTiO 3 , 

strained to be close to where it would have a ferromagnetic 

ground state (but still on the antiferromagnetic side), can be 

electrically tuned to the verge of the ferromagnetic state.  160   

Turning on magnetism in a material by applying an electric 

fi eld to it remains an open challenge. Such an important mile-

stone would be a key advance to the fi eld of ferroics, both 

scientifi cally and technologically. 

 Electronics has fl ourished because of the ability to route 

voltages with ease and on extremely small scales. If magne-

tism could be similarly controlled and routed, it would impact 

memory devices, spin valves, and many other spintronics devic-

es and make numerous hybrid devices possible.   

 Strained Sr n+1 Ti n O 3n+1 —Creating a tunable dielectric 
with record performance 
 Strain has also been used to create a new family of tunable 

microwave dielectrics, which due to their low dielectric loss 

have a fi gure of merit at room temperature that rivals those of 

all such known materials.  161   In contrast to standard (textbook) 

dielectrics, whose dielectric displacement ( D ) as a function of 

applied electric fi eld ( E ) can be described by the linear equation

 0 ,= εD EK  (1) 

 where  ε  0  is the permittivity of free space and   K   is the dielec-

tric constant of the material, a tunable dielectric has a highly 

nonlinear relationship between  D  and  E . The nonlinearity 

results in the effective dielectric constant of the material 

( D / ε  0  E ) behaving not as a constant, but changing greatly with 

 E ; changes of tens of percent in the dielectric “constant” are 

common in tunable dielectrics at high  E  .  This nonlinearity can 

be described by adding higher order terms to  Equation 1 . In 

tensor form, this more general relationship is

 0 ,= ε + ε + ε +…E E E E E Ei ij j ijk j k ijk j kD K  (2) 

 where  ε   ijk   and  ε   ijkℓ   are higher order permittivity coeffi cients. 

 Highly nonlinear dielectrics, including the most extensively 

studied material with such properties, Ba  x  Sr 1– x  TiO 3 , 
 162 – 165   

are found in displacive ferroelectric systems at tempera-

tures just above the paraelectric-to-ferroelectric transition 

temperature.  162 , 165   These tunable dielectrics are normally used 

in their paraelectric state to avoid the dielectric losses that would 

occur in the ferroelectric state due to the motion of domain 

walls. Although thin fi lms provide an excellent geometry for 

the application of high  E  at low applied voltages, Ba  x  Sr 1– x  TiO 3  

fi lms unfortunately suffer signifi cant dielectric losses arising 

from defects; the dielectric loss in today’s best Ba  x  Sr 1– x  TiO 3  

tunable dielectrics fi lms at GHz frequencies is about an 

order of magnitude worse than the best Ba  x  Sr 1– x  TiO 3  in bulk 

form.  165   

 A new approach to tunable microwave dielectrics is to take 

a system with exceptionally low loss and introduce a ferro-

electric instability into it using strain. The appeal of this 

approach is that it can be applied to systems that are known 

to have exceptionally low dielectric loss, particularly in thin-

fi lm form. Such systems do not need to have a ferroelectric 

instability in their unstrained form; strain can be used to help 

impart the ferroelectric instability. This relaxed design con-

straint greatly increases the number of eligible systems that 

could yield improved performance over the best of today’s 

known tunable dielectrics. 

 This approach has been applied to Sr  n +1 Ti  n  O 3 n +1  phases—

where (SrO) 2  crystallographic shear  166 , 167   planes provide an 

alternative to point-defect formation for accommodating non-

stoichiometry.  168 , 169   These phases are known to have low dielec-

tric loss,  170 , 171   even in thin-fi lm form.  172   In their unstrained state, 

these phases are centrosymmetric, and thus lack a ferroelectric 

instability. 

 The strain game in combination with control of the distance 

between the (SrO) 2  planes in Sr  n +1 Ti  n  O 3 n +1  phases can, how-

ever, induce a ferroelectric instability.  161 , 173   The emergence of 

this ferroelectric instability in Sr  n +1 Ti  n  O 3 n +1  phases commensu-

rately strained in biaxial tension to (110) DyScO 3  substrates 

(about 1% biaxial tension) can be seen in   Figure 6  a. For 

 n   ≥  3, a ferroelectric instability is evident from the double-well 

energy potential of the ion displacements, and this double-well 

becomes deeper with increasing  n.  A deeper well corresponds 

to the ferroelectric instability occurring at higher temperature 

until, by  n  = 6, it is just below room temperature.  161       

 The low loss of this tunable dielectric at high frequencies 

is evident from  Figure 6b , where both the real and imagi-

nary parts of the in-plane dielectric constant  K  11  are shown 

over a frequency range spanning more than eight orders 

of magnitude and up to 125 GHz.  161   Only at these highest 

frequencies can the dielectric loss be seen. This low loss 

yields unparalleled performance at room temperature for these 

new tunable dielectrics.  164   The reason for the low dielectric 

loss, far lower than today’s best Ba  x  Sr 1– x  TiO 3  tunable dielectrics 

at GHz frequencies, is believed to be related to the propensity of 

Sr  n +1 Ti  n  O 3 n +1  phases to form (SrO) 2  planar defects in response to 
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local stoichiometry deviations rather than point defects.  168 , 169   

These (SrO) 2  double layers show up as bright layers in the 

STEM image of an  n  = 6 Sr  n +1 Ti  n  O 3 n +1  fi lm in  Figure 6c . 

This is in contrast to the high point-defect concentrations that 

perovskite fi lms like SrTiO 3  can incorporate in thin-fi lm form;  75 , 156   

such point defects could be the reason that Ba  x  Sr 1– x  TiO 3  tunable 

dielectric fi lms have signifi cantly higher dielectric losses than 

bulk Ba  x  Sr 1– x  TiO 3 . 
 165      

 Other ways oxides can react to strain 
 As the examples described in this article show, the strain game 

can be a powerful control parameter for enhancing the prop-

erties of ferroic oxides. It is important to consider, however, 

other ways in which a complex oxide might react to strain. 

Should there be an energetically more favorable route to 

accommodate the imposed strain, the system might take it. 

Examples include the possibility that the imposed strain will 

lead to changes in fi lm composition, microstructure, or crys-

tal structure (e.g., ordering [or disordering] of cations, anions, 

or their vacancies,  174 , 175   atom clustering, the stabilization of 

other polymorphs, or rotations of the oxygen coordination 

polyhedra  176 – 178  ) rather than simply dilating or compressing 

the spacings between the atoms in the unstrained structure 

equally. Octahedral rotation patterns from underlying layers 

and substrates can be imparted into fi lms over distances of 

several nanometers and can thus complicate a simple 

biaxial strain picture. An example is the creation of T-phase 

BiFeO 3  at relatively low biaxial strain (–1.4%, where the 

BiFeO 3  should be monoclinic), due to the competition between 

different octahedral rotation patterns in the fi lm and in the 

substrate.  179   Such chemical and structural changes may also 

cause dramatic changes in properties, for better or worse, 

but it is important to distinguish the underlying causes of the 

changes in properties. 

 Advances in electron microscopy have been particularly 

benefi cial in identifying these underlying causes (see the Hÿtch 

and Minor article in this issue). With respect to ferroics, recent 

advances enabling polarization mapping on the atomic 

scale,  180 – 183   octahedral rotation imaging,  184   and improved 

STEM-EELS analysis  185   are invaluable in separating true 

strain effects from changes in composition, structure, and 

microstructure that can occur to mitigate against a strain effect. 

These techniques have the potential to visualize closure 

domains in ferroelectrics,  182 , 183   usual domain walls with mixed 

Bloch–Néel–Ising character in strained ferroelectric superlat-

tices,  186   and the exciting possibility of a dipole-dipole coupling 

analog of exchange-spring magnets  187 , 188   recently predicted to 

occur in strained ferroelectric systems.  189   

 Other intriguing predictions, including using strain to poise 

a material (e.g., SrCoO 3  
 190  ) on the brink of a metal-insulator 

transition, which could then be turned on or off through 

the application of an electric or magnetic fi eld or even a 

small additional strain, are relevant to emerging piezotronic 

devices.  191 , 192     

 Outlook 
 Elastic strain engineering of ferroics with the perovskite struc-

ture has been the most pursued to date. Yet there are many 

other fascinating oxides that either have a ferroic ground state 

or are borderline ferroic materials that might be enticed into a 

ferroic ground state with strain. Such non-perovskite structur-

al families that are relevant include chrysoberyl Cr 2 BeO 4 , 
 193   

pyrochlore Ho 2 Ti 2 O 7 , 
 194   YMnO 3 , 

 195 , 196   MnWO 4 , 
 197   delafossite 

CuFeO 2 , 
 198   CuO,  199   and hexaferrite Sr 3 Co 2 Fe 24 O 41 . 

 200   These 

systems are generally ignored by the thin-fi lm community and 

have been the focus of the single crystal ferroic community. 

We believe the issue is the lack of suitable substrates for these 

latter structures; removing this roadblock would unleash a 

  

 Figure 6.      (a) First-principles calculations showing how the index  n  of Sr  n +1 Ti  n  O 3 n +1  phases strained commensurately to (110) DyScO 3  

substrates can be used to control the local ferroelectric instability. Plotted is the energy (per  n ) with respect to the nonpolar state of 

Sr  n +1 Ti  n  O 3 n +1  phases for polar distortions in the (001) plane. (b) The real and imaginary parts of the in-plane dielectric constant ( K  11 ) of 

an  n  = 6 Sr  n +1 Ti  n  O 3 n +1  fi lm grown on (110) DyScO 3  as a function of frequency. The inset shows the fi lm loss tangent on a linear frequency 

scale in the gigahertz frequency regime along with a linear fi t. (c) Bright-fi eld scanning transmission electron microscopy image of an 

 n  = 6 Sr  n +1 Ti  n  O 3 n +1  fi lm grown on (110) DyScO 3 . Sr  n +1 Ti  n  O 3 n +1  phases can readily accommodate nonstoichiometry by the formation of (SrO) 2  

double layers, the bright horizontal and vertical running layers in this image. Reprinted with permission from Reference 161. © 2013 

Nature Publishing Group.    
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huge opportunity in strain engineering for the future. Thin 

fi lms also have the technological advantage of lower switching 

voltages and the ability to integrate them into more sophisti-

cated heterostructures, as are relevant for devices. 

 Imagine the opportunities for strain engineering that sub-

strates for the non-perovskite systems would bring. Substrates 

for YMnO 3  would enable more variants of hexagonal manga-

nite ferroics to be constructed. These variants include not only 

known materials, but metastable polymorphs (e.g., LuFeO 3  

that is isostructural to YMnO 3  rather than its stable centrosym-

metric perovskite form)  124 , 201 , 202   by utilizing lattice misfi t strain 

energies and interfacial energies to favor the desired metastable 

phase over the equilibrium phase (epitaxial stabilization),  203 – 206   

or the prospect of interfacial multiferroicity that has been pre-

dicted to emerge in superlattices between centrosymmetric 

components.  207 , 208   

 Similarly, substrates with the LiNbO 3  structure would enable 

the growth of the LiNbO 3 -polymorph of FeTiO 3  and related mul-

tiferroics.  209 , 210   A range of appropriate substrates, like the range 

of substrates available for perovskites shown in  Figure 1d , for 

each ferroic system of interest would allow the thin-fi lm tricks 

of strain engineering,  12 – 16   epitaxial stabilization,  203 – 206   dimen-

sional confi nement,  161 , 173   polarization engineering,  112 , 211   and 

superlattice formation  60 , 103 – 114 , 117 – 119 , 207 , 208   to be freely applied to 

a much larger set of ferroic building blocks. Strain engineering of 

ferroic oxides is in its infancy and considering its brief, but 

vibrant past, a brilliant future awaits.     
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