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Abstract

We calculate the bulk photovoltaic response of the ferroelectrics BaTiO3 and PbTiO3 from first

principles by applying “shift current” theory to the electronic structure from density functional

theory. The first principles results for BaTiO3 reproduce eperimental photocurrent direction and

magnitude as a function of light frequency, as well as the dependence of current on light polariza-

tion, demonstrating that shift current is the dominant mechanism of the bulk photovoltaic effect

in BaTiO3. Additionally, we analyze the relationship between response and material properties

in detail. The photocurrent does not depend simply or strongly on the magnitude of material

polarization, as has been previously assumed; instead, electronic states with delocalized, covalent

bonding that is highly asymmetric along the current direction are required for strong shift current

enhancements. The complexity of the response dependence on both external and material param-

eters suggests applications not only in solar energy conversion, but photocatalysis and sensor and

switch type devices as well.
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INTRODUCTION7

The bulk photovoltaic effect - or photogalvanic effect - refers to the generation of intrin-8

sic photocurrents that can occur in single-phase materials lacking inversion symmetry [1–4].9

Ferroelectrics (materials that possess intrinsic, switchable polarization) exhibit this effect10

strongly, producing current in response to unpolarized, direct illumination. Traditionally,11

photovoltaic materials are heterogeneous, doped structures, relying on the electric field at12

a p − n junction to separate photoexcited electrons and holes. By contrast, the bulk pho-13

tovoltaic effect can be observed even in pure homogeneous samples, as with BaTiO3 [5].14

Recently, the effect has been demonstrated in the multiferroic BiFeO3, with reported effi-15

ciencies as high as 10% [6–8]. Though ferroelectric photovoltaics are currently receiving a16

great deal of interest, the origins of their photovoltaic properties are considered unresolved.17

Attention has been focused on interface effects, crystal orientation, and the influence of18

grain boundaries and defects, while any bulk photovoltaic contributions have been largely19

ignored [9–18]. Its mechanism has been proposed to be a combination of nonlinear optical20

processes, especially the phenomenon termed the “shift current” [19–22], but this has not21

been firmly established, and the detailed dependence on material properties, especially in22

ferroelectrics, is not known. This has also hindered progress towards understanding other23

photovoltaic effects, as the bulk contributation could not be separated out. While shift24

current calculations have been performed for some non-ferroelectrics, no experimental com-25

parisons were performed [23–25]. Here we present the first direct comparison of current26

computed from first principles with experimentally measured short-circuit photocurrent.27

Using the shift current theory, we successfully predict short circuit photocurrent direction,28

magnitude, and spectral features, demonstrating that shift current dominates the bulk pho-29

tovoltaic response. Additionally, we explore the relationship between material polarization30

and shift current response, making progress towards identifying the electronic structure31

properties that influence current strength.32

MAIN33

We emphasize that nonlinear optical processes can give rise to a truly bulk effect [20,

21, 26]. The results demonstrate that the most important of these is the shift current,
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which arises from the second-order interaction with monochromatic light. The electrons are

excited to coherent superpositions, which allows for net current flow due the asymmetry of

the potential. Bulk polarization is not required; only inversion symmetry must be broken.

Shift currents have been investigated experimentally [19, 27–34], analytically [20, 23, 35–37],

and computationally, though only for a few nonpolar materials [23–25]. Perturbative analysis

treating the electromagnetic field classically yields the shift current expression [20, 23]

Jq = σrs
q ErEs

σrs
q (ω) = πe

( e

mh̄ω

)2 ∑

n′,n′′

∫

dk (f [n′′k]− f [n′k]) δ (ωn′′(k)− ωn′(k)± ω)

× 〈n′k| P̂r |n
′′k〉 〈n′′k| P̂s |n

′k〉

(

−
∂φn′n′′(k,k)

∂kq
− [χn′′q(k)− χn′q(k)]

)

(1)

where n′, n′′ are band indices, k is the wavevector in the Brillouin zone, ωn(k) is the energy34

of the nth band, so that σrs
q gives the current density response J to electromagnetic field E.35

χnq(k) denote the Berry connections for band n at k, and φn′n′′ is the phase of the transition36

dipole between the bands n′ and n′′. It is worth noting that while the Berry connections37

introduce a gauge dependence, it is exactly canceled by the gauge dependence of
∂φ

n′n′′ (k,k)

∂kq
,38

so that the overall expression is gauge invariant.39

We may view this expression as the product of two terms with physical meaning

σrs
q (ω) = e

∑

n′,n′′

∫

dk Irs(n′, n′′,k;ω)Rq(n
′, n′′,k)

where

Irs(n′, n′′,k;ω) = π
( e

mh̄ω

)2

(f [n′′k]− f [n′k]) 〈n′k| P̂r |n
′′k〉 〈n′′k| P̂s |n

′k〉

× δ (ωn′′(k)− ωn′(k)± ω) (2)

is the transition intensity, which is proportional to the imaginary part of the permittivity

and describes the strength of the response for this transition, and

Rq(n
′, n′′,k) = −

∂φn′n′′(k,k)

∂kq
− [χn′′q(k)− χn′q(k)] (3)

is the shift vector, which gives the average distance traveled by the coherent carriers during

their lifetimes. As an analytical tool, we compute and plot the quantity

R̄q(ω) =
∑

n′,n′′

∫

dkRq(n
′, n′′,k)δ (ωn′′(k)− ωn′(k)± ω) . (4)
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(a) (b)

FIG. 1. The overall current susceptibility σ, along with the imaginary component of the permit-

tivity, ǫ
i, and shift vector integrated over the Brillouin zone R̄, are shown for (a) PbTiO3, (b)

BaTiO3. DFT-computed direct band gaps are marked with vertical lines.

We note that R̄ has units of length over frequency and is not physical, nor is it weighted40

by intensity; as such the R̄ only provides qualitative information about the aggregate shift41

vector. For additional information, see the supplemental materials.42

METHODS43

Wavefunctions were generated using the Quantum Espresso and Abinit plane-wave DFT44

codes with the generalized gradient approximation exchange correlation functional. Norm-45

conserving, designed non-local pseudopotentials [38, 39] were produced using the Opium46

package. Self-consistent calculations were performed on 8× 8× 8 k-point grids with energy47

cutoffs of 50 Ry; the resulting charge densities were used as input for non-self-consistent48

calculations on finer k-point grids as necessary.49
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PbTiO3, BaTiO350

Lead titanate and barium titanate derive from the cubic perovskite structure and become51

tetragonal in the ferroelectric phase at room temperature with five-atom unit cells. Both52

exhibit strong, robust polarization; combined with their simplicity this makes them ideal53

candidates for investigating the structural influence on the shift current response.54

The calculations for PbTiO3 and BaTiO3 were performed using experimental room tem-55

perature geometries [40, 41]. Shown in Fig. 1 are the shift current tensor elements, along56

with the imaginary component of the permittivity and R̄Z . Only current response in the57

direction of material polarization (Z) is shown. The two materials show broadly similar58

behavior, with the peak of response several eV above the band gap and well outside the59

visible spectrum, while the shift current at energies near the band gap is small. The shift60

current for both materials is stronger in response to incident light polarization parallel to61

the direction of ferroelectric distortion than when normal to it.62

The shift current depends weakly on the aggregate transition intensities and shift vectors.63

In PTO, at 5 eV there is a peak in both the current and intensity, yet the shift vector is64

relatively small. In fact, despite negative aggregate shift vector at many frequencies, the65

majority of the current response of PTO to xx polarized light is nonetheless positive. In66

BTO, the aggregate shift vector direction is largely positive with a negative shift current67

response under zz polarized illumination. This indicates that contributions to response can68

vary significantly across the Brillouin zone, and suggests that strong correlations between69

large shift vector and high intensity response are possible but not guaranteed. The product70

of the aggregate transition intensity and shift vector does not determine even the direction71

of photocurrent; to find the shift current, it is vital to multiply the transition intensity by72

its associated shift vector, and then sum over bands and k-points.73

Experimental Comparison74

For bulk, single-crystal BaTiO3, experimental spectra are available for energies near the

band gap [5, 42]. The total current in a bulk crystal for light incident normal to the current
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direction can by computed from σrs
q (ω) by

Jq(ω) =
σrr
q (ω)

αrr(ω)
E2

rw (5)

Jq(ω) = Grr
q Iw (6)

where α is the absorption coefficient, E is the electric field strength, which can be determined75

from the light intensity I, w is the width of the crystal surface exposed to illumination, and76

Grr is the Glass coefficient [3]. This expression applies to samples of sufficient thickness to77

absorb all incident light. We obtained the light intensity and crystal dimensions from [5, 43],78

which were ≈ 0.4 mW/cm2 and 0.1-0.2 cm, respectively. In Fig. 2, the experimental current79

response from [5] is compared to the response computed using shift current theory with80

the parameters of the experiment(0.4 mW/cm2 and 0.15 cm). Despite the uncertainty81

in experimental parameters, the agreement is striking, in both magnitude and spectrum82

profile, for both tensor elements. This includes the difference of sign between the majority83

of the transverse and longitudinal response, which is unusual [22], as well as the small84

positive region of the longitudinal response near the band edge. For PbTiO3, experimental85

results suitable for quantitative comparison could not be located. However, we note that our86

calculation for PbTiO3 correctly predicts that the current direction is toward the positive87

material polarization for light frequencies near the band gap [44, 45], as well as that it’s88

relatively insensitive to light polarization, in contrast to BaTiO3.89

We emphasize that these calculations not only reproduce the magnitude of response, but90

its idiosyncratic features as well. Because this theory reproduces all the salient features91

found in the experiments, this comparison provides strong evidence that shift current is the92

correct description of the the bulk photovoltaic effect.93

POLARIZATION DEPENDENCE94

Presently unknown is the relationship of the bulk photovoltaic effect to the material po-95

larization. Identification of the bulk photovoltaic effect with shift current makes it clear96

that there is no direct, mechanistic dependence of response on material polarization, as97

is the case for many mechanisms to which photovoltaic effects in ferroelectrics have been98

attributed. However, shift current requires broken inversion symmetry, which here derives99

from the lattice distortion that produces ferroelectric polarization, suggesting that the re-100
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FIG. 2. For BaTiO3, the experimental current [5] and computed current (this work), for trans-

verse (xxZ) and longitudinal (zzZ) electric field orientation, as a function of energy above their

respective bandgaps.

sponse may appear to depend on polarization in some fashion. However, Eq. (1) does not101

reveal a straightforward relationship between the magnitude of symmetry breaking, and the102

resulting shift current response. The presented data suggest that stronger polarization does103

not necessarily imply greater response; photocurrent densities in BaTiO3 and PbTiO3 are of104

similar magnitude, despite PbTiO3 possessing more than double the material polarization105

of BaTiO3.106107

To further investigate the connection of photovoltaic effect to material polarization, we108

studied a systematic family of structures based on PbTiO3. Starting with the cubic per-109

ovskite in the paraelectric structure, we rigidly displaced oxygen ions along a single Cartesian110

axis by amplitudes ranging from 0.01 to 0.09 lattice vectors, without otherwise altering the111

geometry. The spectra of shift current and aggregate shift vector are shown in Fig. 3 for112

several displacements. The results indicate a complex relationship between shift current and113
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FIG. 3. The overall current susceptibility and aggregated shift vector R̄ are shown for PbTiO3

with varying polarization.

material polarization. As Fig3 shows, with soft mode amplitude 0.01, the shift current at114

3.2 eV above band gap is negative; with amplitude 0.07, the shift current reverses direction,115

resulting in a change of -200%. With amplitude 0.01, there is a negative peak at 3.8 eV;116

with amplitude 0.07, the peak shifts to 4.2 eV and is four times the size, for an increase of117

over 300%. However, in the intervening frequency range, the response is relatively small at118

all displacements.119

Next, we turn our attention to the integrated shift vector R̄Z(ω). The changes in shift120

vector are of special interest, since the symmetry constrains the overall shift current expres-121

sion via the shift vector. The integrated shift vector spectrum echoes the overall current122

response, but contains some distinct features. The increase in current from 4-5 eV does not123

appear to result from increased shift vector length, but from stronger coincidence of high124

transition intensity and large shift vectors. In fact, the overall shift vector changes little with125

displacement. However, from 7.5-8.5 eV, the integrated shift vector changes dramatically,126

suggesting that at some points in the Brillouin zone the oxygen displacement substantially127

alters the shift vector. Changes to the overall response are thus a combination of changes128

both to shift vector and associated intensity.129
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To understand these results, the electronic bands participating in transitions in these130

frequency ranges were examined directly. For the 4-5 eV range, examples of the transitions131

and associated Bloch states that dominate are shown in Fig. 4(a) at 0.01 and 0.09 lattice132

vector displacements. For this transition, the shift vector is 0.6 Å at displacement of 0.01,133

and 1.0 Å at 0.09. The valence state is largely composed of oxygen p-orbitals, while the134

conduction state is essentially a titanium dxy state. The states, like the shift vectors, are135

largely unchanged by the oxygen displacement.136

However, the transitions in the higher energy range are notably different. Shown in137

Fig. 4(b) are examples of the dominant transitions in the 7.5-8.5 eV range. The shift vector138

is large and positive (32.3 Å) for 0.01 lattice vector displacement, and large but negative139

(-22.7 Å) at 0.09 displacement. The participating valence state can be characterized as140

bonding between the Ti and O atoms collinear with polarization, while the conduction state141

features Ti-O anti-bonding. These results point not to a simple dependence on material142

polarization, but to a dependence of shift current on the extent of localization of the initial143

and final states, which in turn depends on atomic displacement. Transitions between states144

that do not experience bonding interactions in the direction of ferroelectric polarization145

manifest short shift vectors and insensitivity to oxygen displacement.146147

CONCLUSION148

The shift current response was calculated for ferroelectrics barium titanate and lead149

titanate. In the case of barium titanate, the shift current closely matches experiment, suc-150

cessfully predicting magnitude, sign, and spectral profile, including the notable dependence151

of current direction on polarization. For lead titanate, where reliable quantitative data is152

unavailable, the direction and its lack of dependence on polarization is reproduced. This153

strongly suggests that shift current is the dominant mechanism of the bulk photovoltaic154

effect in these materials.155

For the materials analyzed, the strongest responses are at frequencies well into the UV156

spectrum and outside the spectral range probed in most experiments. Consequently, the157

potential for large shift current response may not yet be fully realized, a conclusion supported158

by the very large bulk photovoltaic effect observed in response to X-rays [19]. Furthermore,159

the strength and direction of the photocurrent subtly depend on the electronic structure160
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FIG. 4. (a) The non-bonding Bloch states of PbTiO3 are involved in a transition that is insensitive

to material polarization, with a shift vector length change from 0.6 Å to 1.0 Å as O sublattice

displacement increases from 0.01 to 0.09, and (b) a transition from bonding to antibonding gives a

shift vector that is highly sensitive to material polarization, with shift vector length change from

32.4 Å to -22.7 Å for increasing O sublattice displacement.
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of the material, including covalent bonding interactions. This suggests that ferroelectric161

compounds can vary widely in response profile, and could potentially perform much better162

than previous results have indicated, encouraging efforts to design materials with large shift163

current response in the visible spectrum.164
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Rev. Lett. 107, 126805 (2011).179

[9] M. Qin, K. Yao, and Y. C. Liang, Appl. Phys. Lett. 95, 022912 (2009).180

[10] M. Qin, K. Yao, and Y. C. Liang, Appl. Phys. Lett. 93, 122904 (2008).181

[11] L. Pintilie, I. Vrejoiu, G. Le Rhun, and M. Alexe, J. Appl. Phys. 101, 064109 (2007).182

[12] S. R. Basu, L. W. Martin, Y. H. Chu, M. Gajek, R. Ramesh, R. C. Rai, X. Xu, and J. L.183

Musfeldt, Appl. Phys. Lett. 92, 091905 (2008).184

[13] M. Ichiki, H. Furue, T. Kobayashi, R. Maeda, Y. Morikawa, T. Nakada, and K. Nonaka,185

Appl. Phys. Lett. 87, 222903 (2005).186

11



[14] Z. J. Yue, K. Zhao, S. Q. Zhao, Z. Q. Lu, X. M. Li, H. Ni, and A. J. Wang, J. Phys. D-Appl.187

Phys. 43, 015104 (2010).188

[15] G. L. Yuan and J. L. Wang, Appl. Phys. Lett. 95, 252904 (2009).189

[16] S. Y. Yang, L. W. Martin, S. J. Byrnes, T. E. Conry, S. R. Basu, D. Paran, L. Reichertz,190

J. Ihlefeld, C. Adamo, A. Melville, Y. H. Chu, C. H. Yang, J. L. Musfeldt, D. G. Schlom,191

J. W. Ager III, and R. Ramesh, Appl. Phys. Lett. 95, 062909 (2009).192

[17] L. Pintilie, V. Stancu, E. Vasile, and I. Pintilie, Journal of Applied Physics 107, 114111193

(2010).194

[18] D. W. Cao, H. Zhang, L. A. Fang, W. Dong, F. G. Zheng, and M. R. Shen, Applied Physics195

Letters 97, 102104 (2010).196

[19] G. Dalba, Y. Soldo, F. Rocca, V. M. Fridkin, and P. Sainctavit, Phys. Rev. Lett. 74, 988197

(1995).198

[20] R. von Baltz and W. Kraut, Phys. Rev. B 23, 5590 (1981).199

[21] K. Tonooka, P. Poosanaas, and K. Uchino (International Society for Optics and Photonics,200

1994) pp. 224–232.201

[22] B. I. Sturman and V. M. Fridkin, The Photovoltaic and Photorefractive Effects in Noncen-202

trosymmetric Materials, edited by G. W. Taylor, Ferroelectricity and Related Phenomena,203

Vol. 8 (Gordon and Breach Science Publishers, 1992).204

[23] J. E. Sipe and A. I. Shkrebtii, Phys. Rev. B 61, 5337 (2000).205

[24] F. Nastos and J. E. Sipe, Phys. Rev. B 74, 035201 (2006).206

[25] F. Nastos and J. E. Sipe, Physical Review B 82, 235204 (2010).207
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