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Abstract 

Vertically aligned nanocomposite (VAN) thin films with ordered two phases, grown epitaxially on 

substrates, have attracted tremendous interest in the past decade. These unique nanostructured 

composite thin films with large vertical interfacial area, controllable vertical lattice strain and defects 

provide an intriguing playground, allowing for the manipulation of a variety of functional properties 

of the materials via the interplay among strain, defect and interface. This field has evolved from basic 

growth and characterization to functionality tuning as well as potential applications in energy 

conversion and memory storage. Here, the remarkable progress achieved in vertically aligned 

nanocomposite thin films from a perspective of tuning functionalities through control of strain, defect 

and interface is summarized. 
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1 Introduction 

 

Complex metal oxides, which show a variety of functional properties such as ferromagnetism, 

ferroelectricity, multiferroelectricity, superconductivity and ionic conduction, have attracted much 

attention in the past decades. These exotic physical properties arise from a complex hierarchy of 

competing interactions among spin, charge, orbital and lattice degrees of freedom. The development 

of advanced characterization techniques such as electron microscopy, neutron scattering, synchrotron 

radiation, high magnetic fields and others has enabled us to study the interactions among these 

degrees of freedom coupled with strain, defect and interface on functionality. Recent advances in thin 

film growth technologies such as pulsed laser deposition (PLD) and molecular beam epitaxy have 

facilitated the growth of high quality epitaxial heterostructures, superlattices and nanocomposites with 

certain controllability in strain, defect and interface.
[1-6]

 In the metal oxide films, the interplay between 

adjacent layers including substrate and film can be synergistically utilized to tune the functionality. 

Biaxial strain in epitaxial thin films plays a critical role in determining the physical properties of the 

materials, including magnetoresistance, magnetic anisotropy, ionic conduction and electric 

polarization. Using interface to induce emergent phenomena in metal oxide films is another research 

focus. Emergent interfacial functionalities such as two dimensional electron gas (2DEG) at 

SrTiO3/LaAlO3 interface,
[7]

 exchange bias in LaMnO3/LaNiO3 superlattices,
[8]

 colossal ionic 

conductivity in ZrO2:Y2O3/SrTiO3 (STO) multilayers,
[9]

 topological Hall effect at SrRuO3/SrIrO3 

interface
[10]

 and anomalous Hall effect at SrMnO3/SrIrO3 interface
[11]

 often involve competing degrees 

of freedom at interfaces.
[12]

 Even in the mostly studied manganites LaxSr1-xMnO3 (LSMO) films 

epitaxially grown on STO substrates, different mechanisms have been proposed to explain the 

anomalous interfacial properties. For instance, epitaxial strain, interfacial chemistry, charge 

discontinuity, octahedral rotation and off-stoichiometry have been proposed to explain the observed 

experimental results.
[13-23]

 In order to understand 2DEG at oxide interfaces, different mechanisms such 

as cation off-stoichiometry,
[24]

 surface reconstruction,
[25]

 oxygen vacancies,
[26]

 cation intermixing
[27]

 

and structural distortions
[28]

 have been proposed. It is clear that strain, defect and interface play critical 

roles in controlling the functional properties of heterostructures of metal oxides. 

 

Vertically aligned nanocomposites (VANs) with vertical 1D structure (e.g., nanopillars, nanosheets, 

nanowires, etc) of one phase embedded in a film matrix of another phase, where the whole assembly 

is epitaxially grown on a substrate, have attracted much attention.
[29, 30]

 As shown in Figure 1, VANs 

exhibit several different characteristics from lateral heterostructures. First of all, a vertical lattice 

strain, stemming from the elastic coupling of two phases at the vertical interface, could exist in thick 

films. As we will discuss in this review article, such a vertical strain has been used to control 

functional properties in a variety of materials systems. In addition, owing to the unique growth 
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patterns of two different phases, VANs exhibit large vertical interface area which could be effectively 

used to enhance the interfacial functionalities such as ionic conduction and magnetoelectric coupling. 

Moreover, defects such as oxygen vacancy and cation off-stoichiometry introduced by the phase 

change across the vertical interfaces and the large vertical lattice strain can be also used to tune the 

functionalities. These unique features make VANs an interesting platform to study the critical roles of 

strain, defect and interface on functional properties in complex metal oxides. In addition, VANs have 

been recently explored as the platform for applications in electronics and energy conversion.   

 

In this review article, section 2 gives a quick overview of strain engineering in lateral heterostructures. 

Section 3 focuses on strain engineering in VANs. A few critical issues including the origin of vertical 

strain, strain distribution and strain design principle in VANs are discussed in this section. Section 4 

discusses the correlation among strain, defect and interface. It covers two important topics including 

microstructure formation resulted from competing strain energy and interfacial energy, and defects 

formation due to elastic interactions. Section 5 focuses on the tuning of functional properties of metal 

oxides based VANs by controlling strain, defect and interface. A variety of functional properties such 

as magnetic anisotropy, magnetotransport, ferroelectricity, magnetoelectric coupling, 

superconductivity, electric/ionic conduction and electrochemistry are discussed. Possible future 

research directions and challenges are discussed in section 6. 

 

 

2 Mismatch and Strain  

2.1 Lattice mismatch 

During the growth of epitaxial heterostructures, the lattice constant difference between the film and 

the substrate could induce epitaxial biaxial strain. The lattice mismatch f of the simple cubic lattice is 

given by, 

  
     

  
                                                                     (1) 

where    and    are the unstrained lattice parameters of substrate and film, respectively. When f ≈ 0, 

lattice-matched epitaxial heterostructure can be formed with a coherent interface which is similar to 

homoepitaxy. If the misfit can be maintained in the range of 0 < | f | < 7 %, fully strained lattice is 

considered to be possible with a coherent interface. A film can be coherently grown  on a substrate up 

to a critical thickness (hc) where dislocations formation becomes energetically favorable.
[31]

 Figure 2a 

shows a coherent interface with atomically abrupt interface in LSMO/STO superlattices investigated 

by scanning transmission electron microscopy (STEM).
[32]

 The interface roughness strongly depends 
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on techniques and processing parameters used to grow the films. When | f | > 7 %, domain matching 

epitaxy (DME) is generally preferred.
[33]

 A lattice misfit f can be defined by the matching of m film 

planes with m±1 substrate planes. This matching leaves a residual misfit (fr), which is given by, 

   
           

       
                                                                 (2) 

where m is a simple integer. DME has been reported in many different systems including TiN/Si, 

AlN/Si, and ZnO/α-Al2O3.
[34]

 In the STO/MgO system, the large lattice mismatch (~7.8%) between 

STO and MgO favors DME. As shown in Figure 2b, misfit dislocations, marked by red arrows, can be 

clearly seen at the film-substrate interface. It can be seen that 14 (020) STO lattices match with 13 

(020) MgO lattices, resulting in a residual mismatch of 0.13%. To show these dislocations, geometric 

phase analysis (GPA) was applied. Figure 2c shows the edge dislocation cores in Bragg images 

obtained via applying GPA.
[35]

 The misfit dislocation spacing    
         

         
, is estimated to be 26.9 Å 

which is consistent with 26.7 Å measured from the phase image.  

 

 

2.2 Strain Engineering  

Biaxial strain of several percent can be tolerated in thin film form. This epitaxial strain is not only a 

unique approach to tune and manipulate their functionalities but also an interesting approach to 

stabilize phases that are not stable under ambient condition. For instance, elastic strain engineering is 

one of the most interesting approaches to tune physical properties.
[36-43]

 Other approaches to 

manipulate the functional properties of thin films include chemical doping,
[44]

 interface engineering,
[19, 

45-50]
 octahedral rotation,

[51-53]
 epitaxial stabilization, polarization doping

[54]
 and dimensional 

confinement.
[55-57]

 By carefully selecting substrates and/or buffer layers, different strain states can be 

achieved in materials in thin film form. By using ferroelectric substrates, functional properties of thin 

films can be tuned via ferroelectric phase transition, elastic strain and charge effect.
[58-60]

 

 

For isotropic films, the in-plane biaxial strain is given by, 

        
      

  
                                                             (3) 

The out-of-plane strain is given by, 

    
     

  
                                                                       (4) 
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where    is the lattice parameter of unstrained film,     and    are the in-plane and out-of-plane 

lattice parameter of the strained film on a given substrate. Under elastic deformation, the Possion ratio 

  of a strained film is given by, 

 

   
   

        
   

     

           
                                                     (5) 

  is found to be between 0.33-0.37 for manganite perovskite thin films.
[61]

 The Possion ratio  , a 

material character, can be also obtained by, 

   
   

       
                                                                      (6) 

 

where c11 and c12 are elastic moduli of the film material. 

 

Epitaxial strain gradually changes with film thickness in perovskite manganites. Figure 3 shows 

reciprocal space mapping or RSM (103) of La0.7Ca0.3MnO3 (LCMO) films on STO (001) substrates. It 

captures the gradual strain relaxation process with increasing film thickness in manganite thin films. 

When the film is very thin, the interface is coherent with          (Figure 3a). Therefore, the absolute 

number of in-plane biaxial strain in Eq. 3 is the same as lattice mismatch in Eq. 1. With increasing of 

film thickness, the top layer (above the critical film thickness of   ) of the film starts to relax (e.g., via 

misfit dislocations) and the in-plane lattice parameter starts to deviate from the substrate (Figure 3b). 

Further increase of film thickness results in a full strain relaxation of the top layer (Figure 3c). As 

proposed in People-Bean model, the elastic strain energy is stored in the film and it increases with 

film thickness.
[62]

 The critical thickness is where the elastic energy is equal to misfit dislocations 

formation energy. In the mechanical equilibrium model, the total energy is minimized at the critical 

thickness.
[63]

 Eom and coworkers used these two models to estimate the critical thickness of SrRuO3 

and BaTiO3 films on DyScO3 and GdScO3 substrates, respectively. The energy balance model shows 

that    of this system with a 2% mismatch is about 20 nm, and that is about 100 nm for this system 

with 1% mismatch, as shown in Figure 3d.
[64]

  

 

It is always energetically favorable for the strained system to relax the elastic energy induced by 

epitaxial strain. Many other mechanisms could be responsible for strain relaxation besides misfit 

dislocations formation. For example, composition change was found to partially relax the strain in 

SiGe layers in semiconductor films.
[65]

 In addition, oxygen octahedral rotation/tilt,
[66]

 oxygen vacancy 

formation and ordering
[67, 68]

 and structural phase transition
[69, 70]

 have been attributed to the strain 
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relaxation in oxide heterostructures. Interestingly, BiFeO3 (BFO) and LSMO films with low 

symmetry like rhombohedral and monoclinic structures tend to form twin domains and twin tilt for 

strain relaxation when grown on STO substrate.
[66, 71-75]

 Antiphase boundary formation is also 

observed as a strain relaxation approach.
[76]

  

 

The lattice mismatch f provides the source to the intrinsic lattice strain, which develops during 

nucleation and growth. The in-plane thermal expansion coefficient (α) mismatch between the film and 

the substrate could induce a thermal stress during cool down process. For example, in the case of InN 

(α = 3.6×10
-6

/K) films grown on sapphire (α = 7.5×10
-6

/K), the biaxial in-plane strain induced from 

the mismatch of the thermal expansion coefficient is expected to be compressive with a value of 

0.27%.
[77]

 Interestingly, thermal expansion mismatch has been proposed to enable strain tuning. 

Janolin et al. grew Ba0.8Sr0.2TiO3 thin films on MgO substrates and achieved continuous strain tuning 

depending on film thickness and growth temperature.
[78]

 Conventional strain engineering requires 

coherent interface to deliver the epitaxial strain, while strain engineering via the difference in thermal 

expansion coefficients requires incommensurate interfaces to generate the strain. This type of strain 

can be controlled via the density of dislocations by varying the film thickness. Recently, Zhang et al. 

investigated the thermal strain engineering in STO/Si heterostructures and achieved tunable strain 

ranging from 0.42% to 0.62% for films grown at 600 ~ 800 
o
C.

[79]
   

 

Epitaxial strain plays an important role in ferromagnetic perovskite oxide films. Epitaxial strain 

affects Jahn-Teller distortion, which results in rotation and elongation of the oxygen octahedron (BO6). 

Since the electronic structure of ferromagnetic perovskite oxide films are determined by the 

octahedral, strain could significantly tune the physical properties. For instance, magnetic anisotropy,
[80]

 

magnetic domain structure
[81]

 and magnetization/magnetotransport
[82-85]

 of perovskite manganite thin 

films can be manipulated by epitaxial strain. In ferroelectric films, epitaxial strain is often used to 

enhance the polarization and the Curie temperature in BiFeO3 and BaTiO3. Epitaxial strain has also 

been used to produce polarization in SrTiO3.
[39, 40, 86-94]

  

 

 

3 Vertical Strain Engineering 

3.1 Elastic and Inelastic Origin 

The epitaxial strain induced by single-crystal substrates has been demonstrated to be a fascinating 

way to tune and manipulate physical properties of materials. As demonstrated in Figure 3, the strain 
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relaxes above    which is usually between a few nanometers to a few tens of nanometers, depending 

on the degree of lattice mismatch. Thus, tuning physical properties by uniform epitaxial strain in thick 

films is difficult. The heteroepitaxial VANs provide several advantages: (1) vertical interfacial strain 

in thick films, (2) large vertical interface area, (3) tunable microstructure and (4) controllable defects 

at vertical interfaces.  

 

In VANs, strain exists at both lateral and vertical interfaces. When the film is several times thicker 

than the feature size of the nanopillars, vertical strain dominates. In lateral heterostructures, strain is 

limited to heterointerfaces. VANs, on the other hand, have distributed vertical interfaces that allow for 

strain to be controlled throughout the film thickness.
[30]

 Tuning functional properties by the vertical 

strain has been achieved in thick films.
[95, 96]

 Therefore, vertical strain overcomes the limitation of 

critical thickness in lateral heterostructures. 

 

MacManus-Driscoll and coworkers discussed the origin of the vertical lattice strain in VANs via 

DME along the vertical interfaces.
[30]

 It shows that the strain in VANs is dominated by the vertical 

interfaces rather than the film/substrate interfaces in relatively thick films. Taken La0.7Sr0.3MnO3:ZnO 

(LSMO:ZnO) on STO (001) as an example, the LSMO phase is in tension out-of-plane. In a pure 

LSMO film on STO, the LSMO phase is in compression out-of-plane due to the biaxial tensile strain 

imposed by STO substrate. It was found that 6 ZnO (110) planes (6×3.24 Å = 19.44 Å) matches with 

5 LSMO (001) planes (5×3.87 Å = 19.35 Å), which induces a tensile strain in the LSMO phase.
[97]

 

BiFeO3 (BFO) is in tension (marked T) out-of-plane and Sm2O3 is in compression (marked C) out-of-

plane when they are grown individually on STO, as shown in Figure 4a. In BFO:Sm2O3 VANs, the 

BFO phase switches from T to C while the Sm2O3 phase switches from C to T along the out-of-

plane.
[30]

 Bi et al. discussed in details regarding the vertical strain tuning between BFO and Sm2O3 

phases along the vertical direction.
[98]

 The strain in VANs could be controlled by vertical interface 

rather than lateral interface in heterostructures. Such effect changed the orientation of SrRuO3 phase 

from [111] to [011] in SrRuO3:ZnO/STO (111) VANs by increasing the film thickness.
[99]

 The vertical 

strain stems from the elastic coupling of the vertical interfaces between the two phases. 

 

The lattice parameter of VANs before and after removing one phase provides a direct evidence of the 

origin of the lattice strain. Dix et al. reported the growth of BFO:CFO VANs in which BFO films 

consist of strained and relaxed regions while CFO nanopillars are fully strained.
[100]

 After a selective 

etching of BFO film matrix, the lattice parameter of CFO is unchanged. It is possible that etching off 

BFO film is not fully completed and strained BFO region (close to CFO) remained after etching. 

Wang et al. annealed BFO:CFO VANs at 900 
o
C in air to evaporate Bi and etched off the iron oxides 
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with dilute acid.
[101]

 Out-of-plane easy axis in CFO nanopillars disappears after removing the BFO 

film matrix. A direct evidence of vertical strain relaxation after removing the secondary phase is 

observed in STO:MgO VANs. In a STO:MgO VAN film grown on STO (001) at 800 
o
C, the out-of-

plane lattice parameter of the STO phase is 3.928 Å (+0.59%) due to the vertical interface strain 

between STO and MgO (black curve in Figure 4b). After etching off the MgO nanopillars, the STO 

film peak relaxes to 3.911 Å (red curve in Figure 4b). A relaxation of the out-of-plane lattice 

parameter of STO phase after removing MgO nanopillars demonstrates that vertical strain is elastic 

along the vertical interfaces. It should be noted that the STO lattice parameter after etching off the 

pillars is still slightly higher than the bulk value. This effect can be attributed to the cation non-

stoichiometry, which strongly depends on the growth condition.
[102]

 Elastic strain can modify the 

lattice parameters, but the change of lattice parameters may not be totally from the elastic deformation. 

In perovskite oxides, it is common that both cation and anion off-stoichiometry can modify the unit 

cell volume and lattice parameters.
[103, 104]

  

 

3.2 Vertical Strain Distribution 

The vertical lattice strain state is directly related to nanopillar size, density and spacing which can be 

controlled by phase composition 
[105]

 and growth temperature.
[106]

 For example, the out-of-plane lattice 

parameter as well as the magnetic/transport properties of the LCMO matrix in LCMO:MgO 

nanocomposites can be modified by changing the MgO composition.
[105]

 Via changing the growth 

temperature, the strain and the magnetic anisotropy of CFO pillars in BTO:CFO VANs can be 

tuned.
[106]

 Two key questions are: what are the major factors that control the vertical lattice strain and 

how to control the vertical strain effectively?  

 

For each pillar in a VAN system, stress can be aligned along two axes: radial and axial. By 

analytically analyzing the elastic energy in VAN pillars, Schuler et. al.
[107]

 found that the elastic 

energy density of a pillar is reduced by a factor of 2 when the axial strain is eliminated and by a factor 

of 5.4 when the radial strain is eliminated. Thus, it is energetically favorable for radial strain to be 

relieved first. In metal:oxide VANs, well-defined Ni nanopillars with a diameter of 3.4 nm were 

embedded in a dielectric matrix such as STO and CeO2, as shown in Figure 5a-5c. A radial strain of 

0.03% and an axial strain of 1.55% were reported throughout the length of the nanopillars. The axial 

strain is determined by the minimization of interface and elastic energies. Interface energy scales 

linearly with pillar diameter (d), and is zero when the axial strain is equal to the strain generated by 

the lattice misfit. On the other hand, elastic energy scales with d
2
, and is minimized when the axial 

strain is zero. This indicates that the equilibrium value of axial strain scales at d
-1

, as shown in Figure 

5d.
[107]

 This is consistent with Chen’s results that strain is proportional to the total surface area (S) of 

nanopillars. In a nanocomposite with uniform nanopillars embedded in the film matrix, V = m×πd
2×
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h; where V is the total volume of nanopillar phase, m is the number of nanopillars and h is the film 

thickness or pillar height. It can be found that S = m×2πd×h=2πd×V/(πd
2
)=2V/d.

[95]
 In the case of 

fixed nanopillar volume with different pillar diameter, S is proportional to d
-1

. Strain scaled with d
-1

 

indicates that it is proportional to S. In the case of nanocomposites with fixed nanopillar size but 

different volume, both V and strain are linearly proportional to S. It should be noted that the linear 

relationship between strain and S is only valid when nanopillar density is low. The linear increase of 

strain in the YBa2Cu3O7- (YBCO) phase was reported in YBCO:BaSnO3 (V < 20%) and 

YBCO:BaZrO3 (V < 16%) nanocomposites.
[108-110]

 In LSMO:MgO, the linear relationship between 

strain and volume of MgO exists when V < 20%. This deviates from the linear relationship at higher 

MgO volume which indicates other factors come into play.
[95]

 Another key factor is the misfit 

dislocation density   at vertical interfaces. The misfit dislocation density,   
         

        
, where    and 

   are the lattice parameters of two grown phases at room temperature, is directly related to d and V. 

When increasing the secondary phase volume or pillar diameter, the difference between    and    

increases. This will result in an increase of misfit dislocation density. As discussed by Artemev et al., 

the degree of vertical interface coherency depends on the size of the nanopillars. This effect is similar 

to the thickness dependence misfit dislocations formation at film/substrate interfaces).
[111]

 The density 

of interfacial dislocations increases nonlinearly with the nanopillar volume fraction, which induces a 

nonlinear dependence of strain on volume fraction. It should be noted that a linear relationship 

between strain and nanopillar volume fraction indicates that the   is constant when V is low, as 

observed in YBCO:BaSnO3.
[108]

 However, the dislocation density is expected to increase in 

nanocomposites where the volume of secondary phase is high or the pillar size is large.   

 

Strain distribution in nanopillars and film matrix is an interesting but less studied subject. For 

simplicity, most of the literature assumed a uniform distribution of vertical strain along the radical 

direction. However, the strain distribution strongly depends on the nanopillar density and spacing. In a 

VAN with vertical pillars of nanometers in size embedded in a film matrix, a critical feature size (dc) 

of nanopillars and a critical length of film matrix along the radical direction could exist. For simplicity, 

the dc along the radical direction in a VAN is considered as the same as the critical thickness of an 

epitaxial film. In the mechanical equilibrium model,
[63]

 

   
 

   

(        )

         
(  

  

 
  )                                                                       (7) 

where v is Poisson ratio, b is the magnitude of the Burgers vector, f is the lattice mismatch of these 

two grown phases in the VAN, α is the angle between the dislocation line and its Burgers vector and   

is the angle between the slip direction and the Burgers vector. In the BTO:CFO VANs, with f = 3.8%, 

v = 0.26, b = 4.195 Å, α = π/2 and   = 0, the dc is about 48 Å in CFO nanopillars. Such a strain 

relaxation induces an interesting core/shell magnetic structure in the CFO phase.
[112]

 The existence of 
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both strained and relaxed region in the BFO film matrix in BFO:CFO VANs suggests strain relaxation 

along the axial direction.
[100]

 This is reasonable since BFO:CFO VANs always exhibit large pillar size 

in the range of 50-100 nm.   

 

3.3 Vertical Strain Design Principles 

In VANs, two possible lattice matchings (direct lattice matching or domain lattice matching exist 

along the vertical interface. For direct lattice matching of strained lattices, m lattices of phase A match 

with km lattices of phase B (m and k are positive integer numbers). For domain matching, m lattices of 

phase A match with m+1 lattices of phase B. Table 1 summarizes the lattice mismatch and 

experimental strain for direct lattice matching. The calculated lattice mismatch ranges from 2.3% to 

8.7%, while the experimental strain ranges from 1.0% to 2.2%. Therefore, direct lattice matching can 

produce large strain in VANs if the right components are selected. Table 2 summarizes the domain 

matching scenario. The lattice mismatch after domain matching is often quite small. For instance, a 

vertical strain of 0.5% in LSMO was reported in LSMO:ZnO VANs.
[113]

 In some cases, domain 

matching can also provide decent strain effect, as reported in BFO:Sm2O3.
[30]

 The direct lattice 

matching requires a misfit strain less than ~7% in lateral heterostructures.
[33]

 Interestingly, VANs can 

tolerate higher lattice mismatch (~9%) for the direct lattice matching. This difference is mainly 

because both phases in VANs are in nanoscale while hetertoepitaxial layer can be completely strained 

to the substrate. Therefore, a large strain can be designed by carefully considering the epitaxial 

framework, lattice parameters, elastic constants and thermal expansion coefficients.
[95, 114]

 For a 

specific system, the ultimate strain depends on the coherent interfacial area between these two 

phases,
[95]

 and the interface coherency can be directly controlled by growth dynamics (nanopillar size, 

density and spacing) and volume fraction. 
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Table 1. Summary of vertical lattice strain reported in different materials systems with direct lattice 

matching. The data taken with permission from 
[95]

. Copyright 2016, American Association for the 

Advancement of Science. 

System abulk (Å) k | f |  |   |  Ref 

LSMO:MgO 3.87 : 4.21 1 8.41% 2.0% [95] 

LCMO:MgO 3.86 : 4.21 1 8.67% 2.1% [105] 

BFO:CFO 3.96 : 8.39 2 5.76% 1.0% [115] 

BTO:CFO 4.04 : 8.39 2 3.76% 1.6% [106] 

BFO:LSMO 3.96 : 3.87 1 2.29% 1.3% [116] 

BZO:YBCO 11.679 : 4.193 3 7.70% 1.0% [117] 

 

Table 2. Summary of vertical lattice strain reported in different materials systems with domain 

matching. The data taken with permission from 
[95]

. Copyright 2016, American Association for the 

Advancement of Science. 

System* abulk (Å) m  m:m+1 | f |  |   | Ref 

LSMO (001): 

ZnO (110) 

3.87 : 3.24  5.14 5:6   0.46% ~0.5%, & 1.0% [30, 97] 

LSMO (111): 

ZnO (0001) 

6.70:5.21 3.50 3:4+4:5  8.5×10-3% 0 [118, 

119] 

CeO2:LSMO 5.41 : 3.87 2.51 2:3+3:4  0.13% <0.1% [120] 

CeO2:Ni 5.41 : 3.52 1.94 2:3 2.4% 0.9% [107] 

SrZrO3:Gd2O3
† 4.09 : 2.70   1.94 2:3 0.98% 0.9% [121] 

BTO:Sm2O3 4.04 : 2.73    2.08 2:3 1.17% 2.35% [122] 

BFO:Sm2O3 3.96 : 2.73   2.22 2:3+2:3+3:4  1.71% ~1.4% [30] 

STO:Sm2O3 3.905 : 2.73   2.32 2:3+2:3+3:4  0.31% -- [123] 

*
 The calculated m value is 2.51 for CeO2:LSMO, therefore, m can be valued as 2 or 3. Therefore, both 2:3 and 

3:4 matchings exist and align alternatively (50%:50%). In the STO:Sm2O3 system, m is 2.32. m can be either 2 

or 3. Both 2:3 and 3:4 matchings exist with a frequency of 66% 2:3 and 34% 3:4. In the SrZrO3:Gd2O3 system, 

the calculated m is 1.94, therefore, the m is set to 2 for domain matching. 

†
 Bulk lattice constant of Gd2O3 is 10.80 Å. The plane spacing for Gd2O3 (004) is 10.80 Å/4 = 2.7 Å.  
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4 Strain, Defect and Microstructure Correlation 

4.1 Microstructures via Competition of Strain and Interfacial Energies  

The nanocomposite design and growth have been discussed in previous review articles.
[124-127]

 

MacManus-Driscoll et al. discussed in details about the growth mechanisms of two-phase 

nanocomposites, including nucleation and growth, spinodal decomposition and pseudospinodal 

decomposition.
[124]

 The growth mechanisms largely depend on the miscibility of cations in the starting 

materials.
[128]

   

 

The growth of two-phase materials into a nanocomposite has generated a variety of nanostructures 

with different morphologies. Vertical nanocomposites consist of one phase embedded in a film matrix, 

where arrays of circular and rectangular nanopillars or laminar precipitation are oriented 

perpendicular to the substrate surface. Generally, the microstructure of VANs is driven by the 

minimization of the total free energy, which is related to the elastic and interfacial energies.
[111, 129]

 

The elastic and interfacial energies are related to lattice parameter, surface energy, elastic moduli, 

volume fraction and film thickness. In fact, both elastic and interfacial interactions are also strongly 

influenced by thermodynamics and growth kinetics, as shown in Figure 6.  

 

Understanding microstructure formation and evolution in nanocomposites has gained extensive 

attention from theory perspectives. Simulation results show that elastic interactions between these two 

phases and substrate constraint are critical to microstructure formation and evolution.
[111, 130-132]

 A 

three-dimensional phase field microelasticity model predicts that it is necessary to have both modulus 

and lattice mismatch for the formation of VAN structures. It shows that larger modulus difference in 

strain energy minimization favors the formation of vertical nanopillars. In addition, the stiffer phase 

often forms pillars while the softer phase forms matrix.
[132]

 It should be noted that both modulus and 

lattice mismatch play key roles for the vertical strain tuning.
[95]

 In addition, checkerboard formation 

driven by pseudospinodal decomposition has been experimentally observed in Zn(Ga, Mn)2O4,
[133]

 

Mg(Fe, Mn)2O4,
[134]

 (Nd, Li)TiO3,
[135]

 and Mn doped CoFe2O4.
[136]

 Simulations show that the 

checkerboard formation is associated with the symmetry-lifting crystal lattice rearrangement.
[137, 138]

 

(Pseudo)spinodal decomposition favors composition fluctuations, which generates nanoscale phase 

separation with different lattice parameter, symmetry and chemical composition to minimize total free 

energy of the system. This phase separation reduces the volume strain energy via the formation of two 

regions with different compositions, rather than the formation of misfit dislocations.  
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During thin film synthesis, interfacial interactions could overcome elastic interactions and dominate 

the microstructure formation. With an in-plane anisotropy strain, labyrinth structure was proposed
[111]

 

and observed in the LSMO:ZnO
[97]

 and ZrN:AlN
[139]

 systems. In an isotropic system, the changes of 

the microstructure with volume fractions is mainly controlled by the total interface energy 

minimization. When the secondary phase fraction is low, it favors circular nanopillar formation. This 

has been observed in both metal:oxide and oxide:oxide systems. Circular metal nanopillars in oxide 

film matrix have been reported in Fe:LaSrFeO4,
[140]

 Co:CeO2,
[141]

 Co:BaZrO3,
[142]

 Ni:CeO2,
[143]

 

Ni:BaZr0.8Y0.2O3
[144]

 and CoNi:(BaSr)TiO3.
[145]

  

 

One of the important aspects in synthesizing VANs is the manipulation of feature size of the 

nanopillar phase. Zheng et al. suggested a diffusion controlled growth mechanism, where the growth 

temperature (T) and pillar feature size (d) can be fitted to an Arrhenius behavior.
[146]

 The surface mean 

diffusion length can be described by   √    with D as the surface diffusivity and t as the time to 

grow one unit cell layer. The diffusivity can be expressed as      
     ⁄ , where k is Boltzmann’s 

constant, T is the growth temperature, Ea is the activation energy for surface diffusion and D0 is the 

surface diffusion constant. If d is approximately assumed to be equal to the diffusion length, then,
[147]

 

 

      
        

 
 

  

   
                                                             (8) 

 

It is clear that ln(d) is inversely proportional to T. The surface diffusion energy was reported to be 1.2 

eV for Fe:LaSrFeO4,
[140]

 0.18 eV for Ni:BaZr0.8Y0.2O3,
[144]

 and 1.56-1.66 eV for BFO:CFO and 

BTO:CFO.
[147]

 The Arrhenius-like dependence of d in VANs indicates that nanopillar formation takes 

place at the growth temperature. The pillar size d is the competing result between strain and interfacial 

energies, driven by thermodynamics and growth kinetics. In an elastic energy model of strain lattice, 

Shi et al. calculated the nanorod diameter in YBCO films by minimizing the energy of nanorods 

formation, the elastic energy of the matrix and nanorods, and the interfacial energy on the nanorod 

surface.
[148]

 Simulation shows that d is related to the decay of lattice strain inside the nanopillars and 

the elastic constant of the nanopillars. The spacing between these nanopillars can be also estimated 

based on the surface diffusion length. It was found that Ea is 1.66 eV and D0 is 1.34 ± 0.91 × 10
10

 

nm
2
/sec for the CFO phase in BFO:CFO VANs, which gives a diffusion length of 55 ± 26 nm.

[149]
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Thermodynamics and growth kinetics play critical roles in elastic and interfacial interactions. For 

example, elastic and interfacial energies strongly rely on the secondary phase size which is directly 

controlled by thermodynamics and growth kinetics. As shown in Figure 6b-6d, the shape of Fe 

nanopillars in the LaSrFeO4 film changes from a square (Figure 6b) to an octagonal (Figure 6c), and 

then to a circular shape (Figure 6d) with decreasing growth temperatures.
[140]

 The microstructure is a 

result of total free energy minimization. Cylindrical pillars with small diameters minimize the surface 

energy while faceted (e.g., cube or pyramidal shape) pillars minimize the elastic strain energy. When 

the growth temperature is low, diffusion is limited and the feature size is small. The surface energy 

dominates; this favors a circular shape nanopillars. Higher growth temperatures increases feature size. 

Therefore, the strain energy over surface energy is significantly increases. In the BTO:CFO system, 

the CFO nanopillar shape was reported to be both rectangular
[150]

 (Figure 6e) and circular
[146]

 (Figure 

6f) in films with similar molar ratio and growth temperature. Such a shape variation could be related 

to the laser energy density difference. For instance, we found out that the shape of CFO changes from 

cylindrical to pyramidal with increasing laser energy density from 1.5 J/cm
2
 to 2.5 J/cm

2
 (not shown 

here) for BTO:CFO (mol: 35%) VANs grown at 850 °C. The shape evolution of CFO nanopillars 

with laser energy could be similar to the temperature dependent shape change in Fe nanopillars since 

higher laser energy density increases the kinetic energy of adatoms and improves the diffusion length. 

In BFO:CFO VANs, the CFO phase typically exhibits a rectangle shape (grown at 650 
o
C). The high 

diffusivity of BFO due to its low melting point results in a larger pillar size (50-100 nm). Such a large 

feature size favors the formation of pyramidal CFO nanopillars as the elastic strain energy dominates 

over surface energy. Therefore, the microstructure can be controlled by the thermodynamics and 

growth kinetics via interfacial and elastic interactions. 

 

Different from nucleation and growth, phase separation driven by decomposition often forms 

nanocomposites with thermodynamically and/or kinetically more stable phases. Ross and coworkers 

reported the growth of an interesting three-phase VAN with Cu nanopillars (d = 3 nm) in cubic SrO 

shell embedded in a matrix of Sr(Ti, Cu)O3-δ films.
[151]

 Chemical etching using ammonium hydroxide 

removed 3 nm diameter Cu nanopillars leaving porous SrO pillars in film matrix, as shown in Figure 

7(a). Under a vacuum growth condition, SrTi0.75Cu0.25O3-δ can decompose into Cu + SrO + Sr(Ti, 

Cu)O3-δ. Starting from La0.5Sr0.5FeO3, Fe nanopillars and LaSrFeO4 film matrix can be formed via 

decomposition under vacuum.
[140, 152-154]

 A very recent work shows the formation of Ir nanopillars in 

SrTiO3-δ matrix.
[155]

 The starting SrTi1-xIrxO3 tends to decompose into Ir + SrO + SrTiO3-δ at growth 

conditions with low oxygen partial pressures.  
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During self-assembled growth, vertical nanopillars are randomly distributed in the film matrix. The 

spacing of these nanopillars are governed by the diffusion length. Templates fabricated by e-beam 

lithography and focused ion beam/etching provide nucleation and growth sites for nanopillars which 

enable the fabrication of magnetic nanopillar arrays with controlled periodicity. Comes et al. reported 

the fabrication of square CFO nanopillars arrays in BFO films, which was achieved by the patterning 

of CFO films into nanopillars arrays via lithography, followed by the growth of a BFO layer.
[149]

  Ross 

and coworkers reported the growth of square magnetic nanopillar arrays in BFO films via a selective 

growth of the magnetic CFO phase.
[156]

 In this process, dots and lines with controlled spacing and 

diameter were first written on substrates by a focused ion beam. Ordered arrays of pits and trenches 

were formed after selectively etching away the ion-damaged regions. A thin seed layer of CFO was 

then grown with a low growth rate followed by post-annealing to promote the formation of CFO 

nanoislands on the ordered defect sites. These CFO nanoislands provide the sites for the directed 

growth of subsequent CFO nanopillars. Figure 7b shows a plan-view SEM image of Co0.5Ni0.5Fe2O4 

square nanopillars embedded in BFO matrix fabricated by this method. Using a nucleation-induced 

self-assembly growth, Stratulat et al. reported ordered CFO nanopillars embedded in a BFO 

matrix.
[157]

 Taking advantages of anodic aluminum oxide and lithography, the CFO nucleation centers 

were synthesized before the growth of VANs. Well-defined rectangle CFO nanopillars with pyramids 

in the BFO matrix were achieved as shown in Figure 7c and 7d, which is consistent with the self-

assembly growth. Except these top-down approaches, a bottom up approach was reported recently. By 

using a simple thermal annealing, parallel SrO and TiO2 termination stripes can be formed 

alternatively on STO substrate. Wang and coworkers have achieved the selective growth of 

LSMO:CeO2 VANs on SrO terminated STO substrates.
[158]

 

  

4.2 Elastic Interactions Driven Defects Formation  

4.2.1 Defects Modulation 

 

In lateral heterostructures, misfit dislocations form at the critical thickness. This rule also applies to 

vertical nanostructures. Figures 8a and 8b show a cross section high angle annular dark field 

(HAADF)-STEM image and the corresponding fast Fourier transform (FFT) image of a LSMO:MgO 

VAN grown on a STO (001) substrate. In the axial direction, a misfit dislocation, parallel to MgO 

nanopillar, is formed in nanopillar at about 19 unit cells to the STO substrate. This is very different 

from the formation of misfit dislocations right at the MgO/STO interfaces when MgO film is directly 

grown on STO substrate. The MgO nanopillar with a feature size of 4-5 nm allows the strain energy 
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relaxation at much larger thickness. In the radial direction, misfit dislocations form at 

nanopillar/matrix interfaces when pillar feature size (d) reaches a critical value. Figure 8c shows a 

plan-view HAADF-STEM image of a LSMO:ZrO2 VAN film with ZrO2 nanopillars in LSMO matrix. 

The FFT image (Figure 8d) shows the formation of misfit dislocations at the vertical heterointerfaces. 

The critical feature size dc for misfit dislocation formation is rarely explored in VANs. Interestingly, 

as shown in Figure 8c, two ZrO2 nanopillars are connected by one dark line. Zhou et al. argued that 

these lines are antiphase phase boundaries (APBs).
[159]

 Electron energy loss spectroscopy (EELS) 

shows these APBs is Mn rich (Figure 8e-8h), which is consistent with the lower contrast in the STEM 

images. Dislocations symmetrically formed on the circumference of pillars help to relax the radial 

strain.
[160, 161]

 It is noted that nanopillars connected by APBs show unpaired dislocations, as shown in 

Figure 8d. Interestingly, the Burgers vector of the missing misfit dislocation is parallel to a component 

of the APB translation vector. This indicates that the APB formation assists strain relaxation. In 

addition, APBs are only observed between two pillars with a short spacing as the APB energy 

increases with distance. In the lateral heterostructures, the formation of APBs in the highly epitaxial 

oxide thin films is often related to film/substrate lattice mismatch, substrate surface-step-terrace 

dimension and miscut angle.
[162-164]

 In VANs, except these factors, the elastic strain at the vertical 

interface plays an important role for the APB formation. APB is one of the most common defects in 

VANs to accommodate the large vertical lattice mismatch. This has been observed in many different 

materials systems including LaNiO3:NiO
[165]

 and others we have grown (e.g., BTO:CFO, STO:Sm2O3, 

and LSMO:MgO).  

 

4.2.2 Microstructure Modulation  

 

As discussed above, microstructure is often entangled with strain. Experimental results have shown 

that microstructure modulation is one of the most common mechanisms for strain relaxation. For 

instance, double perovskite Bi2FeMnO6 films can be grown on STO substrates, while a bismuth-based 

supercell structure with a highly strain interfacial layer can be grown on LaAlO3 (LAO) substrates. 

Interestingly, the bismuth-based self-assembled supercell structure can be enabled on a CeO2 layer 

buffered STO.
[45, 69, 70, 166, 167]

 The interfacial structural modulation is also observed during the growth 

of Bi2AlMnO6 on STO (001)
[168]

 and La2/3Sr1/3MnO3 on LaSrAlO4 (001).
[169]

 In the strained 

ZnMnGaO4 films, spinodal decomposition induces the formation of two nanorod materials which are 

chemically different and spatially ordered with coherent interfaces. Such a unique microstructure 

relieves the volume strain energy and suppresses misfit dislocations formation.
[133]

 In addition, the 

formation of twin tilt, rather than misfit dislocations, in oxide films with low symmetry has been 

observed in lightly doped LaMnO3 and BiFeO3 thin films on STO substrates.
[74, 75]
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One of the interesting microstructure modulations in VANs has been reported in the YBCO:BZO 

system. With increasing the BZO volume ratio, the system evolves from a vertical structure of BZO 

nanopillars embedded in YBCO film matrix to a lateral multilayer structure of YBCO/BZO.
[170]

 The 

microstructure transition, together with a significant relaxation of out-of-plane strain in the YBCO 

phase and an increase of critical temperature,
[171]

 indicates that the microstructure transition is mainly 

driven by the relaxation of strain energy.
[117]

 In addition, to accommodate the large lattice mismatch 

and elastic modulus mismatch, secondary phase such as BZO and BSO pillars in YBCO films tend to 

grow tilted away from the perfect zone axis. In LSMO:MgO and BFO:CFO VANs, the formation of a 

few of unit cells of LSMO and BFO on STO have been observed before the growth of MgO and CFO 

phases, respectively. Possible reasons for the LSMO or BFO layer formation at the very early stage of 

film deposition could come from the smaller lattice mismatch, similar crystal structure and symmetry. 

In the STO:MgO VANs, we have found the formation of TiOx phase in MgO nanopillars when the 

MgO nanopillar size excesses 10 nm (not shown here). The larger MgO nanopillars impose significant 

strain energy in the nanocomposite since the lattice mismatch between the MgO and the STO is 7.8%. 

The strain energy can be reduced by the formation of TiOx/MgO core-shell structure, producing a 

similar effect as by reducing the MgO nanopillar feature size. The formation of a three-phase VAN 

with Cu nanopillars in cubic SrO shell embedded in a matrix of Sr(Ti, Cu)O3-δ films could be driven 

by the same mechanism (Figure 7a).
[151]

 The formation of cubic SrO nanopillars (d = ~9 nm) indicates 

the large elastic strain energy between the SrO and the Sr(Ti, Cu)O3-δ. The Cu cores formed in the 

SrO cubic nanopillars could relax the elastic strain energy and total free energy. 

 

4.2.3 Cation Stoichiometry Modulation  

 

In lateral heterostructures, stoichiometry modulation can be induced by strain and symmetry 

mismatch.
[34, 65, 172]

 A structurally and electronically modified transition layer was formed between 

VO2 and sapphire or TiO2 and sapphire heterostructures.
[34, 172]

 The formation of a transition layer is 

driven by the interfacial free energy minimization to accommodate the symmetry mismatch between 

the substrate and the film.  

 

In a LSMO:NiO VAN system, plan-view HAADF STEM image shows 3-5 nm NiO nanopillars are 

randomly embedded in the LSMO film matrix, as shown in Figure 9.
[173]

 Interestingly, ring-shape 

white contrast is seen around the NiO nanopillars (Figure 9a). The higher Z contrast indicates possible 

La excess around NiO nanopillars. The energy dispersive X-ray spectroscopy (EDS) color mapping of 

the same region confirms that La and Mn compositions near the NiO nanopillars are higher than that 

at regions far away from nanopillars (Figure 10b-10d).
[174]

 La and Mn rich compositions with La>Mn 

strongly indicates the formation of La1+δMnO3 (δ>0) phase. The cation excess could be expressed as 
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the formation of oxygen vacancies (LaMn1/(1+δ)O3/(1+δ)). Considering the Ni
2+

 substitution of Mn
3+

, 

charge balance requires the formation of oxygen vacancy. For most perovskite oxides, the out-of-

plane lattice parameter is sensitive to oxygen deficiency and cation off-stoichiometry.
[104, 175-177]

 The 

formation of an interfacial layer (oxide deficient LaMnO3-x phase), probably driven by the spinodal 

decomposition, could create composition change to reduce lattice mismatch (as large as 8.7%) and 

strain energy. This is consistent with the STEM-EELS study in a LSMO:ZrO2 VAN (mismatch 

5.3%~7.5%).
[160]

 Enhanced La and Mn concentrations and reduced Sr concentration were observed at 

the vertical nanopillar-matrix interface. EELS shows that the Mn valence state drops from the matrix 

to the pillar. Charge balance requires the formation of oxygen vacancies at the vertical interface. 

Overall, the interface composition resembles LaMnO3-x with an oxygen vacancy concentration of 8%. 

Along with the formation of oxygen vacancy, the substitution of Zr
4+

 (0.72 Å) to Mn
4+

 (0.53 Å) site 

increases the lattice parameter of LSMO, both of which reduce the lattice mismatch at the 

nanopillar/matrix interface.  

 

4.2.4 Oxygen Vacancies Modulation 

 

Oxygen vacancy is one of the most common defects in oxide thin films. Oxygen vacancy formation 

and ordering have been discussed in lateral heterostructures to accommodate the strain relaxation
[67, 

178]
 and compensate for the chemical potential mismatch.

[179] Three main approaches have been mostly 

used to accommodate oxygen vacancies: (I) by generating corresponding vacancies in cation sites; (II) 

by altering the valence state of cations without altering cation stoichiometry and (III) by incorporating 

both cation vacancies and change of valence state. During the growth of metal oxides without cation 

multiple valence states such as SrTiO3 or BaTiO3, oxygen vacancy formation can be driven by the 

cation vacancy formation which is strongly tied to thermodynamics and growth kinetics. Charge 

balance requires the formation of cation-anion vacancy pairs. In oxides with multiple cation valance 

states, oxygen vacancies are often compensated by the change of cation valence states. Perovskite 

oxides with transition metals such as V, Co, Fe, and Mn belong to this category. For instance, Lee and 

coworkers reported reversible temperature controlled oxygen vacancy formation in strontium 

cobaltite. They found that tensile strain significantly decreases the oxygen vacancy activation energy 

and thus enhances the cobaltite’s catalytic activity.
[180-182]

 More recently, Yu and coworker reported 

controllable and reversible oxygen stoichiometry modulation in strontium cobaltite via an ion liquid 

gating.
[183, 184]

 Such a method also allows tuning of the electronic and magnetic properties by varying 

the oxygen content. For instance, ion liquid gating has been used to tune the functional properties via 

controlling oxygen ion migration in a variety of oxide thin films.
[185-190]

 Both the formation of cation 

vacancies and the change of the valence state have been observed in bulk and thin film LaMnO3.
[191-

194]
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In VANs, the formation of oxygen vacancies has been observed and discussed in RE-Ba2Cu3O7- (RE: 

rare earth Y or mixture of Y and rare earth):BZO and STO:Sm2O3. Figure 10a shows EELS intensity 

profiles of Y, O, and Ba across a BZO nanopillar in a REBCO matrix. The oxygen profile (red curve) 

shows a clear dip outside of the BZO pillars. The oxygen depletion region close to BZO nanopillars is 

clearly seen in the EELS mapping, as shown in Figure 10b. In addition, the strain distribution near the 

REBCO/BZO vertical interface, extracted from the STEM image, shows that the strain first increases 

and then decreases near the BZO nanopillars. In addition to the interface dislocations, oxygen 

deficiency near the vertical interfaces can also relax the strain. The formation of oxygen vacancies 

have been attributed to the strain relaxation and TC suppression in REBCO materials.
[109]

 The 

formation of oxygen vacancies across the vertical interface is also discussed in STO:Sm2O3 VANs. 

The strain induced defect formation can significantly modify the physical properties as discussed in 

the later sections of this article. 

 

5 Functionality Tuning Driven by Strain, Defect and Interface 

Vertical heteroepitaxial nanocomposites exhibit several unique characteristics which allow an 

unprecedented control of functionality.  

1) The vertical strain exists in both phases and goes beyond conventional critical thickness. 

Functional properties can be significantly manipulated by the vertical strain. 

2) Unique microstructure such as nanopillars and rectangle nanodomains embedded in a film 

matrix can be controlled to a certain degree. Such microstructure favors a large amount of 

vertical heterointerfaces which could improve interfacial effects such as interface couplings. 

3) Defects such as oxygen vacancies close to the vertical interfaces can be used to control 

functionalities. The formation of oxygen vacancy, which strongly ties to cation 

stoichiometry, can be induced by vertical strain. 

 

5.1 Ferromagnetism and Ferroelectricity 

 

5.1.1 Strain and Microstructure Controlled Magnetic Anisotropy 

 

Data storage applications such as perpendicular recording and magnetoresistive random access 

memory have made magnetic materials with strong perpendicular magnetic anisotropy an active 

research field for decades.
[195]

 In thin films, the magnetic anisotropy is determined by the competition 
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of magnetocrystalline anisotropy, shape anisotropy, strain anisotropy, and interface exchange 

anisotropy. The epitaxial strain induced magnetoelastic anisotropy energy is given by,
[196]

 

 

                                                                                 (9) 

 

λ is the magnetostriction coefficient of the magnetic phase. Stress can be expressed as     , (where 

Y is the Young’s modulus that can be written in terms of the elastic moduli C11 and C12. ε is the 

epitaxial strain). In a cubic or pseudo-cubic structure, Young’s modulus can be expressed as   
                   

       
           by considering Eq. 6. In a VAN structure, the magnetoelastic 

anisotropy of magnetic nanopillars along the film growth direction is given by, 

 

                                                                               (10) 

 

εzz is the out-of-plane strain in magnetic nanopillars. In-plane strain is ignored in nanopillars as lateral 

interactions between nanopillars and substrate is very weak. 

 

In a VAN structure, the magnetoelastic anisotropy of magnetic film matrix along film growth 

direction is given by, 

 

                                                                       (11) 

 

εzz and εxx are the out-of-plane and in-plane strain for the film matrix. 

 

Shape anisotropy has important contributions in needle-like nanopillars and thin films with a large 

aspect ratio. The shape anisotropy is given by, 

 

                 
                                                            (12) 
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N represents the demagnetization factors along the easy axis, which depends on the aspect ratio. M is 

the saturated magnetization. For nanopillars with a large aspect ratio,        and     , the 

anisotropy energy is simplified as πM
2
. For thin films,      and     , the anisotropy energy is 

simplified as -2πM
2
. If these nanopillars have magnetic interactions, the shape anisotropy of 

nanopillars in VAN changes with the volume fraction. It can be estimated as,
[197]

 

 

                                                                             (13) 

 

where p is the volume fraction of nanopillars in VAN films. When p 0, the anisotropy energy is 

πM
2
 which corresponds to diluted nanopillars in film matrix. When p  1, the anisotropy energy is -

2πM
2
 which corresponds to a planar magnetic thin film. The shape anisotropy field is then given as 

       
       

 
.  

 

Taking BTO:CFO VANs with compressive out-of-plane strain in CFO phase as an example, an out-

of-plane easy axis was observed in this VAN system, as shown in Figure 11a. The shape anisotropy 

field of CFO nanopillars has been determined to be ~2.2 kOe (the green triangle in Figure 11b).
[106]

 

Young’s modulus of CFO is ~150 GPa. The magnetostriction coefficient of CFO single crystals was 

reported to be between -(200~590)×10
-6

 and the magnetostriction coefficient of epitaxial CFO thin 

films was estimated to be -188×10
-6

.
[198]

 The magnetostriction coefficient of -200×10
-6

 is used in the 

estimation. For the VAN grown at 900 
o
C with a εzz of -1.1%, an estimated out-of-plane strain 

anisotropy field is 44 kOe, which is far larger than the shape anisotropy field. The total magnetic 

anisotropy (51 kOe) is dominated by the strain effect. Magnetic anisotropy of CFO and NiFe2O4 

(NFO) based nanocomposites have been widely studied and it is controlled by the compressive 

vertical strain.
[199-201]

 The direct growth of BFO:CFO VANs on LAO results in a majority of the BFO 

tetragonal phase. By inserting a LaNiO3 buffer layer, the BFO rhombohedral phase was restored as 

well as the out-of-plane easy axis.
[202]

 In LSMO magnetite films with positive magnetostriction 

coefficient, tensile strain favors out-of-plane magnetic anisotropy. The film nature of LSMO favors 

in-plane anisotropy while the out-of-plane tensile strain favors out-of-plane magnetic anisotropy.  It is 

not surprising that the magnetic anisotropy is determined by the shape effect in relaxed BFO:NFO 

nanocomposites.
[203]

 Interface exchange anisotropy across antiferromagnetic-ferromagnetic (AFM-

FM) interface has been used to explain the large magnetic anisotropy in the BFO:CFO 
[204]

 and 

exchange coupling in LSMO:BFO.
[116]
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5.1.2 Defects and Microstructure Dominated Magnetotransport  

 

Manganite perovskites with a colossal magnetoresistance (CMR) at large magnetic fields have been 

extensively studied in the past decades. Polycrystalline samples with large angle grain boundaries 

(GBs) and composite samples with artificial GBs (secondary phase doping) exhibit low field 

magnetoresistance (LFMR).
[113, 205, 206]

 However, epitaxial single-phase manganite thin films show 

very small LFMR effect. Heteroepitaxial VANs based on manganites have been designed to improve 

LFMR through tuning the microstructure and strain. It should be noted that the magnetoresistance in 

these materials is normally negative. Positive MR in perovskite oxides is rarely reported.
[207]

 

 

La0.7Sr0.3MnO3 is a FM material that displays CMR in its bulk single-crystals but very weak LFMR in 

single-crystals and epitaxial thin films. To demonstrate the effect of microstructure on MR, 

(La0.7Sr0.3MnO3)1-x:(ZnO)x VANs were synthesized.
[95]

 Unlike polycrystalline composites, it was 

found that both La0.7Sr0.3MnO3 and ZnO phases can epitaxially grown on STO (001) substrates. The 

ZnO phase forms rectangle nanodomains which are perpendicular to each other. This structure has 

also been reported in LSMO:CeO2 VANs.
[208]

 By changing the ZnO phase volume ratio from 0% to 

50%, the ZnO nanodomain density increases. The nanodomains start to connect and form ZnO 

nanomaze. Therefore, La0.7Sr0.3MnO3/ZnO/La0.7Sr0.3MnO3 tunneling junctions were potentially 

formed when the ZnO phase approaches the volume percolation threshold. This explains the 

significantly enhanced MR with ZnO volume ratio approaching 50%.
[97]

 The spin-polarized tunneling 

across the ferromagnetic/insulating/ferromagnetic structure could be responsible for the enhanced 

LFMR close to the percolation threshold. When the secondary phase is below the percolation 

threshold, the MR in VANs can be tuned via the domain size, microstructure, defects, interface 

diffusion and interface exchange coupling.
[173, 208-212]

 

 

5.1.3 Strain Dominated Magnetotransport  

 

In complex oxides, substrate induced epitaxial strain is an alternative way to manipulate 

charge/orbital/spin orders. Particularly, strain has been widely used to modulate MR effect in ultrathin 

epitaxial manganite films,
[85, 213]

 as well as in two-dimensional transition metal dichalcogenides.
[214]

 

One of the key limitations of epitaxial strain engineering is that the critical thickness of 

heterostructures is only a few tens of nanometers. For example, epitaxial strain significantly enhanced 

MR in thin strained films and MR diminished above 20 nm.
[215]

 Therefore, it is a challenge to tune 

magnetism and transport properties by epitaxial strain in relatively thick films. As discussed above, 

the vertical strain in VANs can exist in thick films which can be used to tune the functionalities. By 



 

Submitted to  

 

This article is protected by copyright. All rights reserved. 

 

doping MgO into La0.7Ca0.3MnO3, Moshnyaga et al. reported tunable magnetic properties coupled 

with a structural transition in composite films synthesized via a metal-organic aerosol deposition 

technique on MgO (100) substrates.
[105, 216]

 To investigate the vertical strain effect on magnetization 

and magnetotransport in thick films, Chen et al. synthesized vertically heteroepitaxial nanocomposites 

with MgO nanopillar arrays embedded in La0.7Sr0.3MnO3 films by PLD method.
[95]

 Figure 12a and the 

inset show the cross-section and plan-view STEM images of MgO nanopillar arrays in a LSMO film 

matrix. Strain in this system is analyzed by phase field simulation. It shows that large vertical strain 

can be generated in both LSMO matrix and MgO nanopillars, which strongly depends on the volume 

ratio and pillar size (Figure 12b). Figure 12c shows that the strain in the La0.7Sr0.3MnO3:MgO VANs 

is much larger than that in the La0.7Sr0.3MnO3:ZnO VANs with the same volume of the secondary 

phase. Such a large vertical strain in the LSMO:MgO VANs is attributed to the larger lattice 

mismatch and elastic modulus mismatch. This vertical strain has significantly modified magnetization 

and magnetotransport properties (Figure 12d). In the LSMO:ZnO system, the jump of resistance 

occurs at 50% of ZnO volume but the magnetization of LSMO is almost independent of composition. 

This indicates that the phenomena in this system are mainly attributed to secondary phase induced 

volume effect. However, in LSMO:MgO system, the rise of resistance as well as the drop of 

magnetization happen at about 20% of MgO volume which is well below the volume induced 

percolation threshold, indicating this phenomenon is mainly attributed to the secondary phase induced 

strain effect. It should be noted that the magnetization in LSMO:MgO dropped over 10 times when 

the MgO volume increases from 5% (260 emu/cc) to 22% (25 emu/cc). Such a significant drop in 

magnetization could be related to the strain induced oxygen vacancies in the LSMO phase.
[178, 217]

  

 

5.1.4 Strain Enhanced Ferroelectricity  

 

Epitaxial strain is a common tool used to tune the ferroelectricity in heterostructures. For example, 

Choi et al. reported a much enhanced paraelectric-to-ferroelectric transition temperature (TC) and a 

saturated polarization (Ps) in compressively strained BTO films on GdScO3 (110) and DyScO3 (110) 

substrates.
[40]

 The 200 nm BTO films on SrRuO3 buffered GdScO3 (     -1.0%) showed a TC of 400 
o
C and Pr of 50 µC/cm

2
. The films on DyScO3 (     -1.7%) showed a TC of 540 

o
C and Pr of 70 

µC/cm
2
 which are far larger than the bulk values (TC = 130 

o
C, Pr =27 µC/cm

2
).

[40]
 Such a method has 

been applied to many complex oxides including STO, PZT and BFO films.
[39]

 In a review article, 

Schlom et al. focused on the effect of epitaxial strain on the physical properties of ferroelectric thin 

films and superlattices.
[36]

 Measured TC for the strained films shows a shift of hundreds of degrees 

which agrees with simulation.  
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Vertical strain in VANs shows the similar effect as discussed above. For example, Harrington, et al. 

synthesized BTO:Sm2O3 (50:50 molar ratio) with 10 nm Sm2O3 nanopillars in BTO film matrix. The 

out-of-plane lattice parameter of BTO phase is 4.078 Å. The nanopillars impose a tensile strain of 

1.07% in BTO phase, which increases the TC to over 330 
o
C.

[96]
 Khatkhatay et al. reported a slightly 

enhanced TC of 175 
o
C and Ps of 37 µC/cm

2
 in BTO:CeO2 VANs on SRO buffered STO substrates. It 

was found that the out-of-plane and in-plane lattice parameters are 4.06 Å and 3.98 Å, respectively, 

indicating an out-of-plane tensile strain of 0.6%.
[218]

 Sangle et al. synthesized STO:Sm2O3 VANs with 

high tetragonality (c/a) (up to 1.023) in the STO phase.
[219]

 Owing to the large out-of-plane tensile 

strain, a TC up to 300 
o
C was observed in STO. Similar enhancement effect was also reported in Sr-

doped BTO:Sm2O3 VAN films with a vertical strain of 1.29-1.68%.
[220]

 The secondary phase induces 

large out-of-plane tensile strain in ferroelectric phase and increases the tetragonality which shifts the 

paraelectric-to-ferroelectric transition to higher temperatures.  

 

5.2 Superconductivity  

 

Defect engineering to enhance critical current densities (JC) in high temperature superconductor 

(HTS) films is one of most studied fields.
[221]

 It was reported that the incorporation of oxide 

nanoparticles or nanorods in YBCO films produced high current densities at high magnetic fields.
[5]

 

The self-assembled nanoprecipitates serve as the magnetic-flux pinning centers which can be 

controlled via growth. Different type of oxides including BaMO3, (M = Zr, Sn, Hf, Ir, etc) have been 

incorporated in the YBCO film growth.
[5, 222-224]

 The effects of these nanoparticles or nanorods on 

superconductivity are twofold. First, the out-of-plane strain induced by the lattice mismatch between 

YBCO films and nanoparticles tends to suppress the critical transition temperature. For example, the 

TC drops from 92 K in pure YBCO films to 84 K in (YBCO)0.6:(BZO)0.4 nanocomposites with an 

increase of out-of-plane lattice parameter of the YBCO phase.
[117]

 On the other hand, these 

nanoprecipitates serve as pinning centers which enhance the critical current densities (JC) at high 

field.
[225]

 Except these large three dimensional (3D) defects, the formation of zero dimensional (0D), 

one dimensional (1D) and two dimensional (2D) defects, as discussed in the growth section, are 

correlated to strain relaxation in nanocomposites. In fact, the pinning effect of these defects on JC 

relies on the defect type and landscape. 

 

The control of defect morphology and landscape to increase JC is one of the main focuses of defect 

pinning engineering in superconducting films.
[226-229]

 The defect morphology and landscape are 

strongly influenced by the thermodynamics and growth kinetics as discussed in previous sessions. 

Four different types of defects are often associated with vortices pinning. 0D point defects such as 

substitutions, vacancies and impurities, 1D defects such as dislocations and irradiation tracks, 2D 
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defects such as APBs, twin boundaries, grain boundaries, and stacking faults, and 3D defects such as 

secondary phases nanoparticles/nanocolumns can all modify the JC and field performance differently. 

Interestingly, these pinning defects work most effectively at different temperatures and fields, 

depending on the size and morphology, as discussed by Feighan and coworkers in a review paper.
[226]

  

 

At high temperature region (65-77 K), thermal energy is relatively large and secondary phase 

nanoprecipitates (3D defects) with only a large volume can provide reasonable pinning force at such a 

high temperature (Region 1 in Figure 13).
[222]

 The best performance at high temperature range in 

terms of highest JC and highest irreversibility fields is achieved in nanocomposites with continuous 

nanorods of insulating secondary phases aligned along the film growth direction.
[230]

 At moderately 

low temperatures (<~50 K), strong pinning centers (2D and 3D defects) like small precipitates (e.g., 

nanoparticles), and stacking faults become effective. At lower temperatures (<~10K), weak pinning 

centers such as point defects (0D defects) are active (Region 3 in Figure 13). Therefore, the defect-site 

volume is one of the most critical parameters to tune the pinning strength. At moderately temperatures 

(30-65 K), the best microstructure is a mixture of 1D/3D nanorods combined with 3D nanoparticles 

(Figure 13, Region 2). The enhanced performance is due to a synergic effect of these nanostructures 

to transfer a vortex between two near nanorods.
[226]

  Another advances of mixed microstructure is the 

reduced field angle anisotropy.  

 

As shown in Figure 13, JC shows strong field angle anisotropy due to the alignment of secondary 

phase defects. In the VANs with nanorods/nanocolumnar parallel to the film growth direction, JC is 

greatly enhanced when the magnetic field is parallel to nanocolumns (H // c). Wee et al. reported the 

growth of self-assembled BZO nanodots in NdBCO films.
[231]

 By alternatively depositing 

(NdBCO)3u.c./(BZO)0.5u.c. layers, BZO nanodots are self-assembled in the ab plane. JC is enhanced to 1 

MA/cm
2
 with H // ab. In addition, BZO nanorods in VANs align along the out-of-plane direction, 

producing enhanced JC with H // c. Therefore, BZO nanorods arrays were aligned in both vertical and 

horizontal directions in the NdBCO superconducting films which results in the maximized pinning 

effect and JC performance.  

 

5.3 Magnetoelectric coupling 

 

Multiferroics with more than one of the primary ferroic properties (e.g. ferromagnetism, 

ferroelectricity, ferroelasticity) are now often used to describe magnetoelectric multiferroics that are 

simultaneously ferromagnetic and ferroelectric. Since the discovery of BiFeO3 films with room 

temperature ferroelectricity and canted ferrimagnetism,
[4]

 multiferroics have become one of the most 
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studied materials in complex oxides.
[232]

 The revival of this field is not only because of the importance 

of studying the physical origin of multiferroics, but also due to the potential applications. The 

magnetoelectric (ME) coupling of ferroic orders has been proposed to design novel solid state 

memory devices with extremely low energy consumption.
[233]

 Single-phase multiferroic materials are 

very scarce due to their exclusive nature of origins.
[234, 235]

 An important way to achieve 

multiferroicity is by combining individual ferroelectric and ferromagnetic (or ferrimagnetic) materials 

to form composites. The current research status and future direction of bulk composites, thin film 

nanocomposites and heterostructures for ME couplings can be found in several comprehensive 

reviews.
[236-246]

 This section will mainly focus on the ME couplings in VANs.  

 

Because of large vertical interface and possibly reduced substrate clamping effect in thick VANs, 

VANs could be more favorable for ME couplings. Zheng et al. pioneered the growth of multiferroic 

BTO:CFO VANs.
[29]

 A magnetization kink was observed in M-T curves close to the BTO phase 

transition temperature in VANs rather than multilayered CFO/BTO nanostructures, indicating the 

possible existence of ME couplings in the BTO:CFO system. Nan et al. has compared the ME 

couplings in VANs and multilayer structures by using Green’s function approach and confirmed that 

ME coupling in VANs is larger than multilayers.
[247]

 Recently, Wu et al. simulated the misfit strain 

effect and ferromagnetic composition effect on the ME coupling in VANs.
[248]

 He found that the ME 

voltage coefficients of BTO:CFO nanocomposite films strongly rely on the in-plane and out-of-plane 

misfit strain. A large ME voltage coefficient up to 2 V/cm·Oe is predicted for the BTO:CFO VANs. 

In lateral heterostructures, ME coupling can be mediated by charge, strain and exchange coupling at 

the heterointerfaces.
[249-251]

 Compared to lateral multiferroic heterostructures, the ME coupling 

mechanisms in VANs are rarely reported. The BTO:CFO nanocomposites have recently been 

revisited by Schmitz-Antoniak and coworkers.
[150]

 Rectangular CFO nanopillars with 100~200 nm in 

size have been synthesized by pulsed laser deposition at 950 
o
C (Figure 6e). The couplings have been 

studied by using the soft X-ray absorption spectroscopy and circular/linear dichroism. Magnetic field 

was applied in both out-of-plane (z) direction and in-plane (y) direction. As shown in Figures 14a and 

14b, these two magnetic field directions induce different deformation in the CFO nanopillars. The in-

plane magnetic field induces an electric in-plane polarization. Field-dependent soft XLD at the Ti L3,2 

absorption edges, as shown in Figure 14c, shows that the Ti XLD (Hmain parallel to z) increases three 

times from 2.0% to 6.5% by increasing the magnetic field strength. However, the Ti XLD (Hmain 

perpendicular to z) only increases from 2.0% to 3.5%. Besides the BTO:CFO systems, other 

multiferroic nanocomposites have also been synthesized.
[252-255]

  

 

The ME coupling strength can be characterized by measuring the direct or converse ME coefficients. 

In the case of direct ME effect, a static magnetic field, superimposed with a small ac magnetic field, is 

applied to ME composites. The surface charge signal is then recorded for thin films.
[253]

 Oh et al. 
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investigated the ME coupling of a 300 nm BFO:CFO nanocomposite film with 1:1 volume ratio (CFO 

pillars in BFO matrix).
[253]

 A dc magnetic field with a small ac magnetic field (Hac = 4 Oe) was used 

to excite the sample and induced charges (instead of voltages) were measured. The transverse ME 

coefficient α31 was ~ 60 mV/cm·Oe, which is five times larger than the longitudinal ME coefficient 

α33. The larger transverse ME coefficient was attributed to the enhanced transverse magnetostriction 

of the CFO nanopillars. Through a magnetic cantilever method, direct ME coupling was also studied 

in BFO:CFO VANs thin films.
[256]

 The maximum ME coefficient was determined to be ~20 

mV/cm·Oe. The reduced piezoelectric and piezomagnetic coefficients of the ferroelectric and 

ferromagnetic phases, due to substrate clamping effect, are responsible for the relatively small ME 

coupling coefficient. Yan et al. further studied the orientation effect on the ME coupling by using 

SrTiO3 substrates with different orientations.
[257]

 The maximum ME coefficient for the L-L mode 

follows the trend of ME (001) > ME(110) > ME(111) (16, 15, and 8 mV/cm·Oe, respectively), which is 

correlated with the longitudinal piezoelectric coefficient d33 of the BiFeO3 phase following d33(001) > 

d33(110) > d33(111). In addition, the strain in films with different orientations is different, following the 

trend of ζ(111) > ζ(110) > ζ(001), which also contributes to the larger ME coupling in (001) 

nanocomposite films. Recently, flexible substrates have been used to grow functional oxide thin films 

via Van der Waals epitaxy or transfer.
[258, 259]

 Chu and coworkers reported the growth of BFO:CFO 

VANs on a flexible muscovite via van der Waals epitaxy.
[260]

 A ME coupling coefficient of 74 

mV/cm·Oe was found in this bulk heterojunction. 

 

In the case of the converse ME effect, electric fields are applied to ME composites and the change of 

magnetization is recorded. Thus, various techniques that can detect magnetic properties have been 

employed to validate and measure the converse ME effect in heterostructures. These methods include 

X-ray absorption spectroscopy,
[150, 249]

 ferromagnetic resonance,
[261, 262]

 vibrating sample 

magnetometer,
[199, 263]

 and magneto-optic Kerr effect.
[60]

 Regarding VANs, Fix et al. demonstrated 

tuning magnetization of La2CoMnO6:ZnO nanocomposite thin films by applying an electric field.
[264]

 

Along with direct measurements, the magnetocapacitance effect can be also used to evaluate ME 

coupling strength. Using this method, an ME coefficient of 0.9 µC/cm·Oe was estimated for 

BFO:CFO nanocomposites at 10 K.
[157]

  

 

Owing to the relatively conductive ferromagnetic phase penetrating through the whole film thickness 

of the vertically aligned nanocomposites, it is a challenge to measure the ME coupling directly by 

applying a large field across the nanocomposite samples. Scanning probing microscopy, a nanoscale 

imaging technique, has been used to characterize the ME effect in vertically aligned nanocomposites. 

For example, Zavaliche et al. investigated the electric field controlled magnetization switching in 

BFO:CFO VANs using magnetic force microscopy.
[265, 266]

 The perpendicular ME susceptibility, α33 = 

ΔM/ΔE, is determined to be 0.01 Oe·cm/V, where ΔM is the magnetization change of VANs under 
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different electric fields. Wang et al. grew BFO:CFO VANs on ferroelectric PMN-PT (001) substrates 

and investigated the electric field (5 kV/cm) induced magnetization changes.
[199]

 The electric field 

poling reduces out-of-plane remnant magnetizations and enhances the in-plane magnetizations. The 

static longitudinal ME susceptibility, α33, is roughly estimated to be 0.5 Oe·cm/V. An alternative way 

is to measure the ferroelectric response under different magnetic fields. Such a method has been used 

to evaluate the DME effect in nanostructures including core-shell nanofibers and 0-3 type 

nanocomposites.
[267, 268]

 

 

Significant progresses have been made in multiferroic materials during the past decade. Figure 15 

summarized the ME coefficients in various single-phase and composite multiferroic materials.
[269]

 

Single-phase multiferroic materials such as Cr2O3 and BiFeO3 show relatively small ME coupling 

coefficients. Among the bulk composites, particulate composites exhibit relatively small ME 

coefficients with a value typically < 100 mV/cm·Oe. Laminate-like composites can exhibit much 

larger ME coefficient, ranging from 0.5 to 50 V/cm·Oe. In the nanocomposite films, ME coefficients 

are typically below 1 V/cm·Oe. Particularly, ME coefficients of VANs are in the range of 10~400 

mV/cm·Oe. One of the advantages of 2-2 type nanocomposite films is the reduced leakage current, 

which is an issue in VANs due to the low resistivity magnetic component running through the film 

thickness. This could be one of the main reason that the ME coefficients are far below theoretical 

predictions. On the other hand, substrate clamping effect could be a challenge for 2-2 type 

heterostructures 

 

5.4 Vertical Interface Conduction 

5.4.1 Strain/Defects Controlled Electronic Conductions  

 

VANs with ordered vertical heterointerfaces provide an interesting platform to tune the vertical 

transport properties. One of the challenges, however, is to understand the interplay among strain, 

defect, vertical interface, and electronic conduction. Reduced leakage current and dielectric loss have 

been reported in BFO:Sm2O3, and BTO:Sm2O3 VANs. Yang et al. reported the growth of BFO:Sm2O3 

VANs. As shown in Figure 16a, dielectric loss in these VANs was reduced compared to pure BFO 

and pure Sm2O3 films.
[270]

 Figure 16b shows the cross-sectional TEM image of BFO:Sm2O3 VANs 

with the alternating alignment of BFO and Sm2O3 vertical nanocolumns on STO substrate. Such a 

VAN exhibited significantly enhanced vertical interface area compared to lateral heterostructures. 

These enhanced properties are attributed to the increased vertical interfacial area and reduced oxygen 

vacancies in the BFO phase. Bi et al. furthered the study by changing the growth condition and phase 

ratios.
[98]

 The dielectric loss in BFO:Sm2O3 VANs was correlated with the tunable lattice strain and 
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microstructures. Via increasing laser frequency from 1 Hz to 10 Hz, the Sm2O3 nanopillar size can be 

reduced. This will lead to an increase in the vertical interfacial area. This will also make the strain 

coupling much more effective.
[95]

 For example, the out-of-plane strain in BFO can be switched from 

tension (substrate strain dominated) to compression (vertical strain dominated). A reduced dielectric 

loss was observed in VANs with larger out-of-plane compressive strain and smaller nanopillar feature 

size. Reduced leakage current was also reported in BTO:Sm2O3 VANs. Li et al. synthesized 

BTO:Sm2O3 nanocomposite thin films and studied the interfacial conduction.
[271]

 It was proposed that 

because of the structural discontinuity at the vertical interface as well as a large vertical lattice strain, 

the vertical interfaces trap oxygen vacancies. The movement of oxygen vacancies is confined by the 

interfacial misfit dislocations. These effects contributed to a relaxation behavior in BTO:Sm2O3 VAN 

films.
[122] Similar results have been reported in BFO:Sm2O3.

[272]
 Taking advantage of strain enhanced 

ferroelectricity and interface controlled dielectric loss, Lee et al. further explored the dielectric 

tunability in Ba0.6Sr0.4TiO3:Sm2O3 VANs. A high and stable dielectric tunability (75% at 200 kV/cm) 

and low dielectric loss values (tan δ < 0.01) were achieved at room temperature.
[220]

 In a STO:Sm2O3 

VAN, large dielectric constant tunability (49%), low tangent loss, high commutation quality factor (> 

2800) were reported in the SrTiO3 phase.
[219]

 The large vertical tensile strain was attributed to the 

enhanced dielectric properties in BSTO and STO.  

 

In lateral heterostructures, one of intriguing phenomena is 2DEG at LaAlO3/SrTiO3 interfaces. The 

conduction mechanism is still under debate. Several hypotheses have been proposed including polar 

gating, interfacial intermixing, oxygen and cation off-stoichiometry and structural distortions.
[24, 273-275]

 

Tuning vertical interface conduction has been reported. In a BFO:CFO VAN, Hsieh et al. found that 

the vertical interface exhibited higher conduction than both BFO matrix and CFO nanopillars.
[276]

 The 

current image shows enhanced electronic conduction at the vertical interface between CFO pillar and 

BFO matrix which is consistent with observation in the STO:Sm2O3 VAN.
[123]

 First, oxygen vacancy, 

serving as a donor, provides electrons to the conduction. Secondly, Fe-rich CFO phase could be 

formed near the vertical interface. Both oxygen vacancies accumulation and segregation of Fe
3+

 ions 

in CFO could be the origin of this conduction. In a follow up study, electric fields applied by 

conductive atomic force microscopy (c-AFM) and PFM were used to manipulate the local conduction 

in BFO:CFO VANs. It was found that the movement of oxygen vacancies was the key factor to 

control the vertical conduction. For the as-grown sample, the vertical interface is relatively conductive 

as the out-of-plane polarization is downward. Figure 17 shows that the vertical conduction depends 

on the polarization direction. The vertical conduction is blocked by applying a negative tip bias 

(upward polarization).
[277]

 The positively charged oxygen vacancies will be attracted by the negative 

tip bias and thus accumulate on the top surface (Figure 17a). A positive bias (downward polarization) 

favors the interfacial conduction. Via a combination of c-AFM, PFM, and KFM (Figures 17b-17e), 

the conduction was explained. The as-grown BFO-CFO VANs exhibit a down polarization and the 

vertical interface is conducting. After switching the polarization to upward (Figure 17c), the 
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conductive vertical interface disappears (Figure 17d). The KFM image confirmed the negative surface 

potential at the poled region. In a review article, Tra et al. summarized the electrical conduction at 

lateral heterostructures and vertical nanocomposites.
[278]

  

 

 

Different from lateral heterostructures and superlattices, VANs exhibit much higher density of vertical 

interfaces. Tunable vertical conduction in VANs can be used to design memristive devices. Lee et al. 

reported forming-free resistive switching in three different VANs including STO:Sm2O3, 

BTO:Sm2O3, and Ba0.6Sr0.4TiO3:Sm2O3.
[123]

 The vertical resistance can be modulated between 10
5
-10

8
 

Ω with excellent uniformity. Tunable electroresistance in these VANs was possibly due to the joule-

heating induced oxygen vacancies drift localized at vertical heterointerfaces. Oxygen vacancies 

confined at vertical heterointerfaces were confirmed by STEM-EELS results. Figure 18(a) shows a 

plan-view HAADF-STEM image of STO:Sm2O3 VAN with the bright contrast represents the Sm2O3 

phase while the dark contrast represents the STO phase.  EELS scans across the vertical phase 

boundary were conducted to investigate chemical information. It was found that the oxygen content at 

these vertical heterointerfaces was below the theoretical estimation, indicating the existence of oxygen 

vacancies (Figure 18(b)). The interface structural incompatibility between perovskite SrTiO3 and 

bixbyite Sm2O3 gives rise to oxygen deficiency. Oxygen vacancies migration modulated interfacial 

electronic barrier was responsible for the observed electroresistance in these VAN films, as also 

reported in other binary oxides based resistive switching devices.  

 

5.4.2 Oxygen Vacancy and Strain Enhanced Ionic Conductions 

 

The oxygen transport properties in oxide systems are not only of fundamental importance but also of 

technological interest in solid state devices such as solid oxide fuel cells (SOFC) at intermediated 

temperatures and resistive switching memory device.
[279-281]

 The oxygen diffusivity scales (C) almost 

linearly with oxygen vacancy concentration when the value of oxygen vacancy concentration is low. 

On the other hand, oxygen diffusion is a thermally activated process where C can be described by the 

Boltzmann relationship as,
[282]

  

         
   

   
                                                              (15) 

where C0 is a constant and Em denotes migration enthalpies, or energy barriers along this path. 

Compared to linear relationship between C and oxygen vacancy concentration, C changes 

exponentially with Em which makes it a critical parameter to reduce. The oxygen migration energy is 

affected by the microstructure, oxygen stoichiometry, elastic strain, and so on. The strain and oxygen 
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vacancies at heterogeneous interfaces have been used to enhance charge-carrier density and 

mobility.
[282]

 For example, Sillassen et al. have reported that 58 nm thick epitaxial yttria stabilized 

zirconia (YSZ) films on MgO exhibited very high lateral ionic conductivity and low activation energy 

for oxygen migration.
[283]

 Also, giant ionic conductance was observed in strained YSZ/STO 

multilayers as reported by Barriocanal and coworkers, although there is still an ongoing debate on the 

underlying physics of the ionic versus electronic conductance in strained YSZ films.
[9]

 By using 

combined first principles-based calculations and kinetic Monte Carlo-based atomistic calculations, 

Kushima and Yildiz further revealed two competing processes in YSZ for altering oxygen migration 

barrier in different strain status.
[284]

 It was found that the low tensile strain increases the migration 

space and thus decreases the migration barrier. However, when the local relaxations occurs at large 

strain, the rearranged cation-oxygen bonds start to trap the oxygen and increase the migration barrier. 

An optimized 4% tensile strain has been identified with fastest D0. 

  

Consistent with the fast oxygen ion diffusion in strained ultrathin films, the enhancement in lateral 

ionic conductivity has also been reported in many multilayer systems including YSZ/SrTiO3,
[9]

 

YSZ/Y2O3,
[285]

 and YSZ/Ce0.9Gd0.1O1.95 (GDC).
[286]

 The introduction of heterogeneous interfaces and 

tensile strain is ascribed to the observed enhancement. Compared to the multilayer systems which 

have shown to boost the oxygen ion diffusion along lateral interface direction, VANs exhibit some 

interesting results. First, VANs allows fast oxygen ion transport along the out-of-plane direction 

which is the favored charge flow direction of SOFCs. In addition, there is less thickness limitation for 

VAN films because the strain can be maintained in thick films with thicknesses up to microns, which 

is important for state-of-the-art SOFCs. For example, a two-phase YSZ:GDC nanocomposite 

electrolyte with vertically aligned interfaces has been demonstrated for thin film solid oxide fuel 

cells.
[287]

 As shown in Figure 19, beside smaller activation energy, the ionic conductivity of 

YSZ:GDC VAN electrolyte is 50% higher than that of the pure GDC thin films and at least two times 

higher than that of the single-phase YSZ thin films. In addition, this kind of VAN electrolyte has been 

successfully implemented into anode-supported single cells and demonstrated enhanced power 

performance in samples with VAN electrolyte. These findings have demonstrated the possibility of 

applying VANs in fuel cells and improving the out-of-plane ionic conductivity.  

 

In a recent review article, Lee et al. discussed recent ionotronic progress using a device structure 

based on VANs.
[288]

 Similar to YSZ/GDC system, the enhancement in vertical ionic conductivity has 

been also demonstrated in other VAN systems.
[121, 123, 289, 290]

 The oxygen deficiency at vertical 

heterointerfaces due to the structural incompatibility
[123]

 and/or improved crystallinity of ionic 

conductors were proposed to explain the enhanced ionic conductivity in the STO:Sm2O3 VAN 

films.
[289]

 Yang et al. used scanning probe microscopy to show that the fast oxygen ion diffusion 

channels were observed at both the vertical interface and the Sm-doped CeO2 nanopillars.
[289]

 Owing 
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to the tunable vertical lattice strain which can be achieved by selecting materials in VAN systems 

with different lattice mismatch, strain provides another freedom to control vertical ionic conductivity 

in VAN films. One of the most effective parameters to control strain is to use stiff nanopillars. For 

example, a group of rare earth oxides have been used to control strain in the SrZrO3 phase.
[121]

 The 

vertical tensile strain in the SrZrO3 phase increases as lattice constant of rare earth oxides increases. 

Previous studies in plain films as well as laterally aligned heteroepitaxy films have shown that ionic 

conductivity increases with tensile strain and decreases with compressive strain.
[285]

 The enhancement 

of ionic conductivity in strained SrZrO3 VANs is consistent with the trend of tensile strain in SrZrO3.  

 

5.5 Oxygen Reduction Reaction 

 

SOFCs have been widely studied as a promising candidate for clean power generation.
[291-295]

 

However, slow kinetics of the oxygen reduction reaction (ORR) at cathodes is one of the primary 

obstacles to make SOFC technology economically feasible. The oxygen surface exchange and the 

oxygen diffusion process in oxide cathodes are the major factors limiting ORR. It has been reported 

that both effects are sensitive to the strain state,
[295, 296]

 and oxygen and cation stoichiometry.
[282, 297-300]

   

Owing to the ability to control strain, defect, and heterogeneous interfaces, the VANs provide a 

unique structure to manipulate ORR that cannot be obtained in individual oxide cathode. Along with 

this idea, several cathode/cathode and cathode/electrolyte VANs have been demonstrated to enhance 

the ORR kinetics in recent years.
[301-303]

 

 

Wang and coworkers incorporated La0.5Sr0.5CoO3-δ (LSCO)/Ce0.9Gd0.1O1.95 (CGO) VAN interlayers 

between the LSCO cathode and the CGO electrolyte, as shown in Figure 20a. Figure 20b is a high-

resolution TEM image showing well-defined LSCO/CGO vertical nanocolumns. By applying such a 

structure in SOFCs, a much enhanced maximum power density was observed. The enhanced ORR 

rate is attributed to both the increase of cathode/electrolyte heterogeneous interface density and the 

triple phase boundary length.
[303]

 Those findings suggest that the incorporation of VANs between 

electrolyte and electrode generates several advantages. Both improved reaction kinetics and reduced 

polarization resistance at the electrode/electrolyte interface help to enhance the power output of 

SOFCs. Similar enhancement has been demonstrated in other cathode/electrolyte VAN systems 

including PrBaCo2O5+δ (PBCO)/CGO,
[301]

 La0.8Sr0.2MnO3-δ (LSM)/Zr0.92Y0.08O1.96 (YSZ),
[304]

 and etc.  

In addition, Yildiz and co-workers reported fast oxygen exchange kinetics in a (La1-xSrx)CoO3 

(LSC113)/(La1-xSrx)2CoO4 (LSC214) VAN cathode. Interestingly, the ORR rate increased 10 times 

compared to the single phase LSC113 and LSC214 films.
[302]

 It was claimed that VANs stabilize 

cation chemistry which enhances the ORR rate. Such an enhacement has also been reported in 
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LSC113/LSC214 superlattices.
[305]

 In addition, Han et al. used first-principles based calculations to 

examine the underlying physics of the oxygen reduction activity at the LSC113/LSC214 

heterogeneous interface.
[306]

 The simulation revealed that both the lattice strain near the interface and 

the strongly anisotropic oxygen incorporation kinetics on the LSC214 are two main contributors to 

such an enhancement.  

 

5.6 Photoelectrochemical Solar Water Oxidation 

 

The efficiency of solar water splitting relies on charge carrier generation, separation, and delivery 

process in the semiconductor photoelectrodes. Introduction of heterogeneous interface and altering 

oxygen stoichiometry in VANs may lead to much higher efficiency. Recent studies have shown 

strongly enhanced photoelectrochemical water splitting in self-assembled SrTiO3:ZnFe2O4 (STO:ZFO) 

VAN films.
[307]

 The photocurrent density of STO:ZFO VAN films reaches 0.188 mA/cm
2
 at 1.23 V, 

which was several times higher than that of individual STO and ZFO films, respectively. It was 

argued that the enhancement in water oxidation efficiency originates from enhanced photo-induced 

charge separation. The enhanced separation of hole and electron is due to the high crystallinity, high 

epitaxial quality of these vertical nanostructure.  

 

Enhancement of photoelectrochemical solar water oxidation was also observed in quite a few of other 

systems. Chu and coworkers have investigated photocatalysts in BFO:ε-Fe2O3 VANs by investigating 

the band structure, ultrafast time-resolved spectroscopy and electrochemical impedance 

spectroscopy.
[308]

 It was found the VAN structure assists photoexcited carrier separation and 

suppresses electron-hole recombination, giving rise to enhanced photoelectrochemical performance in 

this VAN system as well as in the NiWO4:WO3 VAN system.
[309]

 In another approach, Abhijeet et al. 

developed substrate-supported mesoporous structures which are achieved by first growing STO:MgO 

VANs, followed by selective etching of MgO nanopillars.
[310]

 The mesoporous structure with high 

surface area and high crystalline shows much improved performance compared to planar STO thin 

films. Also, metal Ir nanopillars embedded in SrTiO3 VAN system have been reported by Lippmaa 

and coworkers. A strongly enhanced photocarrier transport efficiency is observed in the Ir/SrTiO3 

Schottky space charge regions. The conducting pillars provide an efficient charge extraction path. 

Although enhanced photoelectrochemical performance has been observed in several VAN systems, 

the research about the relationship between solar water splitting process with strain, defect and 

interface structure is still in its early stage and warrants further exploration. 
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6 Conclusion and Outlook 

 

There are many research activities in different technological fronts using VAN-based structures. It is 

very hard to cover all efforts in this emergent field in this review. Initial development of VANs was 

mainly focused on the growth and characterization of different materials systems with a significant 

focus on the growth and optimization. The growth mechanisms of VANs have been investigated in 

different theoretical themes. Recent efforts have been focused on functionality tuning as well as 

potential applications in electronics and ionotronics by taking advantage of the vertical strain, defect 

and interface. However, there are still many open questions that include, but not limited to: 

 

1) How the vertical strain is relaxed laterally and how can we design uniform vertical strain in 

VANs? Theoretical themes in this direction are lacking and experimental efforts are rare. 

 

2) VAN systems naturally form different types of defects and/or modify microstructure to 

accommodate large misfit strain at the vertical interface and release the strain energy. Vertical 

strain is certainly one of the most critical factors in tuning a variety of physical properties. 

However, the role of defects and unique microstructure on the physical properties such as 

electron transport, ionic conduction, superconductivity, and so on needs to be fully 

investigated. The study of using strain to control of defect/microstructure as well as the 

functional property is still in the early stage.  

 

3) Due to the complex entanglement of defect, strain and interface, the origin of functionality 

tuning may not be exclusive. The complexity is not unique to VANs. It also appears in 

conventional heterostructures and superlattices. Isolating one factor from another is important 

to study the effect of defect, strain and interface on the functionality. 

 

4) Taking advantage of the unique characteristics of VANs such as tunability in defect, strain, 

microstructure and interface, functionality tuning has been accomplished in certain materials 

systems. There are a variety of physical properties such as conductivity, permittivity, elastic 

constant, and specific heat capacity can be explored in VANs.
[311]

 Controlling these physical 

properties by the external stimuli such as electric field, magnetic field, stress, heat, and light 

and internal stimuli such as defect, strain and interface could provide numerous opportunities 
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to control functional properties. For instance, optical properties of VANs are rarely studied. 

Some initial reports have already shown some interesting properties.
[312-315]

 

  

5) Using VAN templates to control or tune functionality in other functional materials has been 

rarely explored. For example, combining VANs with quantum materials could open a new 

field to explore physics and control functionality. 
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Figure 1. Three key features of VANs: strain, defect and interface along the vertical interface. 

 

 

 

Figure 2. a) A HRSTEM image of LSMO/STO superlattices. Reproduced with permission.
[32]

 

Copyright 2010, PNAS. b) A HRSTEM image of the STO/MgO heterostructure with five misfit 

dislocation cores. c) Misfit dislocations revealed by GPA. d) One misfit dislocation combined with 

the corresponding GPA image. The arrow shows the position of the extra-half-plane. e) A Burgers 

vector of 1/2 aSTO<010> was found for the misfit dislocation in (d) after applying the Burgers circuit. 

Reproduced with permission.
[35]

 Copyright 2013, Microscopy Society of America.  
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Figure 3. RSM (103) scans of La0.7Ca0.3MnO3 films on STO (001) substrates for a) 15 nm, fully 

strained, b) 60 nm, partially relaxed, and c) 1200 nm, fully relaxed. d) The lattice mismatch dependent 

theoretical critical thickness. The black curve is estimated by using People-Bean energy balance 

model and the blue curve was estimated by using mechanical equilibrium model. Reproduced with 

permission.
[64]

 Copyright 2007, American Institute of Physics.  
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Figure 4. a) The measured out-of-plane lattice constants versus calculated out-of-plane strain (relative 

to the bulk lattice parameter) in nanocomposite films compared with pure film and with bulk in 

BFO/Sm2O3. Reproduced with permission.
[30]

 Copyright 2008, Nature Publishing Group. b) Local 

XRD θ-2θ scans of STO:MgO VANs before and after etching off MgO. 

 

Figure 5. a) A plan-view low magnification transmission electron microscopy (TEM) image in energy 

filtered mode showing the growth of Ni nanopillars (3.4 ± 0.5 nm) in SrTiO3 matrix. b) High-

resolution view of a single nanopillar imaged in (a). c) High-resolution cross-sectional view of the 

SrTiO3:Ni nanocomposite. d) Ni nanopillar size dependent axial strain in the Ni nanopillars. 

Reproduced with permission.
[107]

 Copyright 2015, Springer. 
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Figure 6. a) Dependence of strain and microstructure on elastic/interfacial interactions and 

thermodynamics/growth kinetics. b) Square-shaped (d = 40-50 nm) Fe nanopillars are obtained at 840 

°C. c) Fe nanopillars with octagonal cross section (d = 15-20 nm) form at 760 °C. d) Circular Fe 

nanopillars form at 560 °C (d = 4-6 nm). Reproduced with permission.
[140]

 Copyright 2004, Nature 

Publishing Group. e) Plan-view scanning electron microscopy (SEM) image of the BTO:CFO (mol: 

35%) grown at 950 
o
C. Reproduced with permission.

[150]
 Copyright 2013, Nature Publishing Group. f) 

Plan-view TEM image of BTO:CFO (mol: 38%) grown at 950°C with one CFO circular pillar in BTO 

phase. Reproduced with permission.
[146]

 Copyright 2004, American Institute of Physics. 
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Figure 7. a) A top-view SEM image of the 30 nm Sr(Ti, Cu)O3-δ film after chemical etching. Inset 

shows the pores in the SrO rods after removing Cu. Reproduced with permission.
[151]

. Copyright 2015, 

Wiley. b) Square lattice of BFO/Co0.5Ni0.5Fe2O4 with a period of 67 nm. Reproduced with 

permission.
[156]

 Copyright 2014, Wiley. c) Atomic force microscopy (AFM) phase image showing the 

perfect phase segregation of the BFO:CFO VANs. d) TEM image of the sample in (c) showing the 

pyramid shape of the CFO pillars. Reproduced with permission.
[157]

 Copyright 2013, American 

Chemical Society. 
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Figure 8. a) A cross-sectional HAADF-STEM image of a LSMO:MgO VAN thin film on STO (001) 

substrate. b) The corresponding FFT image of (a). c) A plan-view HAADF image of a LSMO:ZrO2 

(30 mol. %) VAN thin film with ZrO2 nanopillars connected by boundaries. d) The corresponding 

FFT image of (c). e) A plan-view HAADF image of a LSMO:ZrO2VAN with 20 % of ZrO2 in molar 

ratio. EELS spectrum images of f) O-K, g) La-M4,5, and h) Mn-L2,3. c–h) Reproduced with 

permission.
[159]

 Copyright 2017, Willey. 
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Figure 9. a) A HAADF-STEM image of a LSMO:NiO VAN thin film. b) An EDS color-map of La, 

Sr, Mn, and Ni elements at the local area of the VAN. c) A line-profile across the NiO nanopillar 

along the dashed line in (b). d) The existence of a La-rich region around NiO nanopillars. Reproduced 

with permission.
[174]

 Copyright 2015, Microscopy Society of America. 
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Figure 10. a) EELS analysis of elemental content across a BZO nanopillar in a REBCO matrix. The 

arrows point out the suppressed O signal in proximity of the BZO nanopillar. b) EELS maps of O, Ba, 

Cu, and Gd. Reproduced with permission.
[109]

 Copyright 2011, American Chemical Society. 
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Figure 11. a) The out-of-plane (■) and in-plane (●) M-H loops of a 900 °C grown BTO:CFO VAN. b) 

Temperature dependent out-of-plane strain (■) and temperature dependent magnetic anisotropy 

(experimental data (●), stress anisotropy (▼), and shape anisotropy (▲) of VANs. Reproduced with 

permission.
[109]

 Copyright 2007, American Institute of Physics. 
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Figure 12. a) A cross-sectional STEM image of a LSMO:MgO VAN with phase separated LSMO 

(white) and MgO (dark) phases. Inset: A top-view STEM image of the LSMO:MgO VAN with MgO 

nanopillars in the LSMO matrix. The MgO volume is 22%. b) The strain distribution in the LSMO 

matrix and MgO nanopillars (MgO volume: 41%) calculated by phase field simulation. c) The 

secondary phase volume dependent vertical strain in the LSMO matrix. The red (dot) data represents 

the LSMO:MgO system, and the blue (square) data set represents the LSMO:ZnO system). d) The 

secondary phase volume dependent resistance at 100 K (red data set) and saturated magnetization 

(blue data set) at 20 K for the LSMO:MgO (solid curve) and LSMO:ZnO (dashed curves) VAN films. 

Reproduced with permission.
[95]

 Copyright 2016, AAAS. 
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Figure 13. A schematic illustration of microstructures for doped superconducting films with 

corresponding Jc - θ plots. a) Region 1 shows a high-temperature/low-field regime which is induced 

by columnar secondary phases such as nanorods and nanowires. b) Region 2 shows a mid-

temperature/mid-field regime which is induced by a mixed microstructure. c) Region 3 shows a low-

temperature/high-field regime. Reproduced with permission.
[226]

 Copyright 2017, Institute of Physics. 
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Figure 14. a,b) Illustrations of experimental setups with applying the external magnetic field along the 

z-axis and y-axis. c) The change of the Ti X-ray linear dichroism (XLD) by external magnetic fields. 

Magnetic field-dependent soft XLD (Ti L3,2 absorption edges with Hmain (top panel) parallel to z and 

(bottom panel) perpendicular to z. Reproduced with permission.
[150]

 Copyright 2013, Nature 

Publishing Group.  
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Figure 15. Comparison of ME coupling coefficients at low frequencies in different types of 

multiferroic materials. Reproduced with permission.
[269]

 Copyright 2016, Taylor & Francis Group. 

 

Figure 16. a) Frequency dependent dielectric constant and dielectric loss of BFO:Sm2O3 VAN thin 

films, compared to BFO and Sm2O3 single-phase thin films. b) A cross-sectional TEM image of a 

BFO:Sm2O3 VAN film with vertical nanocolumns of BFO and Sm2O3 (B represents BFO, S 

represents Sm2O3). Reproduced with permission.
[270]

 Copyright 2009, Wiley. 
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Figure 17. a) Schematic illustrations of vertical conduction controlled by polarization polarity. The 

top surface of a BFO:CFO VAN characterized by b) AFM, c) PFM, d) c-AFM and e) Kelvin Force 

Microscopy (KFM). Reproduced with permission.
[277]

 Copyright 2013, Wiley. 
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Figure 18. a) A plan-view HAADF-STEM image of a STO:Sm2O3 VAN. b) A EELS line scan across 

the vertical interface. EELS was measured along the red line in (a). Oxygen content calculated (red 

data) and oxygen content measured (blue data) were compared. Reproduced with permission.
[123]

 

Copyright 2014, Wiley. 
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Figure 19. The temperature dependent ionic conductivity of the YSZ/GDC VAN electrolyte compared 

to the single-phase GDC and YSZ thin films. The inset is an impedance plot of the pure GDC film 

and a VAN film. Reproduced with permission.
[287]

 Copyright 2013, Wiley. 
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Figure 20. a) A schematic illustration of a symmetric SOFC cell with a VAN interlayer.  “L” 

represents the LSCO phase and “C” stand for the GDC phase. b) A HRTEM image of the 

LSCO/GDC VAN. Reproduced with permission.
[303]

 Copyright 2009, Wiley. 
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Vertically aligned nanocomposite (VAN) thin films with controllable vertical interface, vertical 

lattice strain and defects have enabled tremendous research activities in a variety of complex oxides. 

Here, the remarkable progress achieved in VAN thin films is reviewed from a perspective of tuning 

functionalities through control of strain, defect and interface. 
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