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Hexagonal manganites, such as h-LuMnO3, are ferroelectric and have a narrow electronic band gap of
≈ 1.5 eV. Here we report on the photoresponse of h-LuMnO3 single crystals. It is found that the short circuit
photocurrent density (Jsc) and the open circuit voltage (Voc) are dependent on the direction of the polarization
plane of a linearly polarized impinging light. Its angular dependence indicates the contribution of bulk photo-
voltaic effect to the short circuit photocurrent. It is also observed that a switchable drift photocurrent, originating
from the depoling field of the ferroelectric and thus tunable (<10%) by its polarization direction, also contributes
to Jsc. Although its presence precludes accurate determination of the bulk photovoltaic tensor elements and Glass
coefficients, some bounds can be established. The Glass coefficients are found to be significantly larger than those
obtained in BiFeO3. We argue that the smaller band gap of h-LuMnO3, its distinctive bipyramidal crystal field,
and electronic configuration (3d4 vs 3d5), account for the difference and suggest a path towards ferroelectrics of
higher photoconversion efficiency.
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I. INTRODUCTION

Photoferroelectric materials are receiving new attention as
efficient absorbers for photoelectric conversion. In conven-
tional photovoltaic materials, photogenerated electron-hole
pairs are driven out of the absorbing material by a built-in
electric field, engineered by doping gradients (p-n junctions)
and work function and electron affinity mismatch between
different materials. In noncentrosymmetric materials pho-
tocarriers can be extracted from homogeneous materials,
without any built-in electric field, with the additional ad-
vantage that the open circuit voltage is not limited by the
band gap (Eg) of the semiconducting absorber [1,2], with
promises of higher efficiency. This is the so-called bulk pho-
tovoltaic effect (BPE) [3]. Ferroelectric materials fall within
this category. Whereas the most common ferroelectrics,
such as Pb(Zr, Ti)O3 and BaTiO3, have a large band gap
(≈ 3.6 eV) and thus their photoabsorption in the visible range
is rather limited, the discovery of a strong photoresponse in
BiFeO3 (BFO) ferroelectric with a narrower band gap (about
2.6–2.8 eV) constituted a hallmark that stimulated research on
narrow gap photoferroelectrics [4–7]. The dependence of the
short circuit photocurrent density (Jsc) and open circuit volt-
age (Voc) on the polarization direction of the incoming light
with respect to the crystal lattice [8] is commonly taken as a
fingerprint of BPE, as identified in BFO [9,10]. Microscopic
models have been developed to account for the BPE, and
although still under some debate, have provided a rich insight,
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emphasizing the important role of wave functions of excited
states [11] and allowed some predictive guidance [12–15].

In BFO, the Fe3+ ions have a 3d5 electronic configuration
and occupy an octahedral cage that breaks the degeneracy of
the 3d levels in basically two spin-up subsets t2g and eg that
are fully electron occupied. Hexagonal h-RMnO3 manganites,
where R indicates a lanthanide (Sc-Lu), are room-temperature
ferroelectrics with their polar axis along the hexagonal axis.
The high spin trivalent Mn3+ ions have a bipyramidal co-
ordination and have a 3d4 electronic configuration [16,17].
The different crystal-field symmetry and the different elec-
tronic occupation accounts for the semiconducting behavior
and lower band gap of h-RMnO3 (1.1–1.6 eV [18,19]). Im-
portantly, the different nature of electronic ground and excited
states in both materials anticipates a different BPE. The
photoresponse of ferroelectric h-RMnO3 thin films has been
explored in some detail. It has been shown, for instance, that
Jsc can be switched by reversing the ferroelectric polarization
(P) of the film, which indicates that the Schottky barriers at
interfaces with electrodes play a major role [20]. However,
to the best of our knowledge, no evidence of BPE has ever
been reported neither in h-RMnO3, nor in the isostructural
h-RFeO3 [21,22]. Here we report on the photoresponse of
h-LuMnO3 (h-LMO) single crystals, aiming at determining its
BPE response which may open new avenues beyond promis-
ing opportunities in conventional photovoltaics [23].

The ferroelectric P(E ) loops of these crystals display a
remanent room-temperature polarization of Pr ≈ 7.3 μC/cm2

and the reported I (V ) characteristics clearly indicate a
photovoltaic response [24]. However, the conventional pho-
toresponse and the bulk photovoltaic effect are intertwined,
as shown in the following, and disentangling their relative
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contributions is challenging. On the basis of general grounds,
it is first argued that in absorbing materials displaying
anisotropic absorption and in the presence of built-in electric
fields, as typically found in ferroelectric capacitors, the short
circuit photocurrent may contain drift and diffusion terms
(Jdrift, Jdiff ) in addition to any BPE contribution (JBPE) [25].
Importantly, drift and diffusion photocurrent contributions
may display a dependence on light polarization that manifests
entanglement with BPE. It will be shown that h-LMO displays
a remarkable Jsc and Voc photoresponse both modulated by
the polarization of the incoming light and its wavelength. It
will be next argued that in the used experimental geometry,
the diffusion term is negligible and it is shown that the ob-
served dependence of the measured short circuit photocurrent
on light polarization is mainly governed by BPE. However,
we observe the presence of a drift-related photocurrent that
also modulates Jsc. This contribution imposes bounds to the
accuracy of the extracted Glass coefficients (Gij) and tensor
element (βij) of the BPE. The observed Gij and βij values
are found to be significantly larger than in BiFeO3. It is con-
cluded that h-LMO displays a stronger responsiveness than
rhombohedral ferrites and related materials, and we describe
a scenario to account for the differences and possible avenues.

II. EXPERIMENTAL METHODOLOGY

Single crystals of h-LuMnO3 were grown by high-
temperature flux technique. The crystals are hexagonal-
shaped platelets, of thickness t ≈ 100 μm, with the hexagonal
c axis along the perpendicular to the largest faces. Crys-
tals were chemically cleaned by using 6.5% HNO3 solution
to remove flux-growth residues from surfaces. Data on sev-
eral crystals are reported here, named Cry-1, Cry-2, Cry-3,
and Cry-4, all displaying similar features. Pt electrical con-
tacts were grown at room temperature by RF sputtering.
A stencil mask (≈ 58 × 58 μm2) was used to create top
Pt (Pttop ≈ 7 nm thick) electrodes on Cry-1 and Cry-4, while
a mask of a rectangular aperture was used to prepare a single
top electrode on Cry-2 and Cry-3 with 450 μm × 270 μm and
765 μm × 480 μm, respectively. The optical transparency of
7 nm Pt in the used wavelength range, is of about 50% [26].
The bottom side of the h-LMO crystals was fully covered by
a continuous Pt layer (7 nm thick) to be used as a bottom
electrode (Ptbot). The crystals (Pt/h-LMO/Pt) were fixed on
silicon substrates using silver paste.

The short circuit current density (Jsc) dependence on
light polarization angle (ϕ) was recorded by a Keithley
6517B Electrometer. The V +/– excitation was applied to the
Pttop electrode while the Ptbot was grounded as sketched
in Fig. 1(a), where positive current corresponds to pos-
itive charges flow towards Ptbot. Data were recorded in
dark or under illumination mainly using a blue-violet laser
source (λ = 405 nm) of photon energy (3.06 eV), larger
than the LMO band gap (Eg ≈ 1.5 eV), and incidence power
density within the 0.6–27.6 W/cm2 range. The spot di-
ameter (Sd ≈ 280 μm) is much larger than the electrode
size (≈ 58 μm) and larger than the interelectrode distance
(≈ 22 μm) in Cry-1, allowing uniform top illumination of
electrodes [Fig. 1(a)]. The angle of incidence of the light
(wave vector k) (with respect to the normal to the sample plane

FIG. 1. (a) Photoresponse measurements under illumination of
linearly polarized light at incidence angles θ ≈ 0◦–60◦. (b) Defini-
tion of the light linearly polarized angle ϕ (angle between E1 and
En), where the dashed ellipse indicates the rotation plane of the
polarization vector, and the coordinate system is given by xyz with
the z axis along the polar c axis of LMO. The blue arrows denote
light propagation of wave vector k. Red arrows denote the light
polarization at ϕ = 0◦ (E1, parallel with the incidence plane). Purple
arrow represents the light polarization at intermediate angle (En).

direction) was varied between θ ≈ 0◦ (normal incidence) and
≈ 60◦. Dedicated experiments were also conducted for in-
plane incidence (θ ≈ 90◦) measurements, and cross-check
experiments have been done to exclude spurious misalignment
contributions. The photoresponse dependence on power and
wavelength was recorded by using a STEC multiwavelength
system (Blue Sky Research), with a parallel laser beam of
λ = 405, 450, 520, and 638 nm (spot size ≈ 2 mm2, 45◦
incidence). The lasers were fed by a CPX400SA DC power
source (AimTTi Co.). A polarizer and a half-wave (λ/2) plate
were used to obtain linearly polarized light and to rotate the
polarization plane of the light (En) by angle ϕ [Fig. 1(b)]. At
ϕ = 0◦ the electric field of the light is in the incidence plane.

III. RESULTS

Figures 2(a) and 2(b) show the short circuit photocurrent
[Jsc(θ, ϕ)] and the open circuit photovoltage [Voc(θ, ϕ)] mea-
sured along the z direction on a Pt/LMO/Pt sample (Cry-1),
when varying the incidence angle (θ ) and the polarization
angle (ϕ) of the light.
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FIG. 2. Dependence of (a) short circuit current [Jsc(θ, ϕ)] and (b)
the open circuit voltage [Voc(θ, ϕ)], respectively, on the polarization
angles (ϕ) of the light at different incidence angles, of Cry-1. Solid
lines are fits using Eq. (1) of experimental data (symbols). Light
intensity I0 after optical plates and the top Pt is around 15 W/cm2.
The sketch illustrates the experimental arrangement. Notice that the
illumination is through the top electrode.

Data indicate that Jsc(θ, ϕ) and Voc(θ, ϕ) both display an
oscillatory dependence on the polarization angle of light, be-
ing both maxima at ϕ = 0◦, which is when the E electric
field is in the incidence plane (p polarization), and minimum
for ϕ = 90◦ (s polarization). Jsc(θ, ϕ) can be well described
by

Jsc(θ, ϕ) = Az(θ )cos2(ϕ − ϕ0) + Bz(θ ), (1)

where the Az and Bz coefficients are related to incoming
light intensity, absorption coefficient, and incidence angle,
and may contain material-dependent parameters; ϕ0(< 4◦)
is a phase shift that accounts for unavoidable instrumental
misalignements. A similar expression holds for Voc(θ, ϕ),
as illustrated by the continuous line through data points in
Fig. 2(b). In Fig. 2, the experimental variation occurring
when changing the incidence angle are mitigated by a ver-
tical shift of data collected at a different θ angle, to make
Jsc coincide at ϕ = 90◦ with reference to Jsc(θ = 90◦) (Sup-
plemental Material S-1 [27]). It can be appreciated that the
amplitude of the Jsc(θ, ϕ) and Voc(θ, ϕ) oscillations varies
with the incidence angle, being null at normal incidence
and increasing when approaching grazing incidence. There-
fore, data in Figs. 2(a) and 2(b) indicate that Jsc and Voc

FIG. 3. Dependence of the (a) short circuit photocurrent recorded
at ϕ = 0 and (b) amplitude Az(θ ) on sin2(θ ), of Cry-1. Solid lines are
linear fits of experimental data (symbols) as indicated. Error bars in
figures indicate the spread of values (standard deviation, SD) from
data recorded in six pads. Light intensity I0 after optical plates and
the top Pt is around 15 W/cm2.

both increase with the projection of En along the z axis
increasing.

This can be better seen in Fig. 3 displaying the de-
pendence of Jsc(θ, ϕ = 0◦) and the amplitude AZ (θ ) on
the incidence angle. Moreover, it can be appreciated that
AZ (θ ), BZ (θ ), and consequently Jsc(θ, ϕ = 0◦), are all linear
on sin2θ .

Therefore, from data in Figs. 2 and 3 we conclude that

Jsc(θ, ϕ) = A
′
zsin2(θ )cos2(ϕ − ϕ0) + B

′
z sin2(θ ) + Cz. (2)

In order to understand the observed dependence of
Jsc(θ, ϕ) and Voc(θ, ϕ) on the polarization of light, we first
note that the measured short circuit photocurrent (Jsc) may
contain contributions from drift (Jdrift) and diffusion (Jdiff )
terms [25] and of bulk photovoltaic effect (JBPE):

Jsc ≈ Jdrift + Jdiff + JBPE. (3)

It is well known that the bulk photovoltaic effect (BPE)
gives rise to a genuine polarization dependence of JBPE(ϕ).
Indeed, the observation of Jsc(ϕ) is commonly taken as a
fingerprint of BPE. This assumption is well grounded in
materials with weak photoabsorption (α) and in the absence
of dichroism (i.e., αx = αy = αz), where observation of
JBPE(ϕ) can be safely attributed to BPE. However, h-LMO
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FIG. 4. Jsc(ϕ) at θ ≈ 45◦ incidence (Cry-1) recorded at (a) 405 nm and (b) 638 nm, respectively. Solid lines are fits using Eq. (1) of
experimental data (symbols). (c) Dependence of the amplitude Az of the oscillations Jsc(ϕ) as a function of photon energy. Error bars in figures
indicate the SD from data recorded in four junctions. Light intensity I0 after optical plates and the top Pt is around 0.6 W/cm2. Note that
absolute values of Jsc and Az in (a)–(c) are smaller than in Fig. 2, due to the different laser fluency used in both cases (0.6 and 15 W/cm2,
respectively). Inset in (c) is adapted from Ref. [29].

is known to be strongly absorbing at visible wavelengths
and h-manganites are known to be dichroic (α⊥ = αx =
αy �= α‖ = αz, where the symbols “⊥” and “‖” indicate the
direction perpendicular and parallel to z axis, respectively)
[28–30]. In this case, polarization-dependent photoabsorption
may give rise to polarization-dependent drift and diffu-
sion terms [Jdrift (ϕ), Jdiff (ϕ)] in the measured photocurrent
[Jsc(ϕ)].

In principle, owing to the geometry of the experiments
in Fig. 1, the presence of interfacial electric fields, evident
from the rectifying character of the measured I-V (Supple-
mental Material S-2 [27]), shall give rise to Jdrift . Moreover,
the strong light absorption (α ≈ 5 μm–1) [29] at the upper
surface of the crystal (attenuation length <1 μm) shall pro-
duce a gradient of photocarriers giving rise to a diffusion term
Jdiff . As mentioned, in the presence of dichroism, these two
contributions will be entangled with any BPE response and
observation of Jsc(ϕ) can no longer be taken as a fingerprint of
BPE.

Aiming at disclosing if dichroism plays a relevant role
on the polarization dependence observed in Figs. 2 and
3, we recorded Jsc(ϕ) at θ = 45◦ incidence for different
wavelengths and inspected the variation of Jsc(ϕ) and then
compared with the variations expected from the known
dichroism (α‖ �= α⊥) of h-AMO and its energy depen-
dence. Although dichroism data of h-LMO is not available,
optical measurements on isomorph h-YMnO3 crystals [29]
show that �α = α‖ − α⊥ strongly depends on light en-
ergy and �α changes its sign at about 2 eV. Accordingly,
if dichroism were ruling the observed Jsc(ϕ), one should
expect that Jsc(E‖) > Jsc(E⊥) and changing to Jsc(E‖) <

Jsc(E⊥) when using blue-violet (BV) or red (R) light, respec-
tively, with their relative magnitudes dictated by α‖

α⊥
≈ 4 (BV)

and α‖
α⊥

≈ 0.2 (R).
To test these predictions, we measured Jsc(ϕ) when illumi-

nating the sample (θ = 45◦, 0◦ � ϕ � 360◦ ) using different
photon energies: 405 nm (3.06 eV) and 638 nm (1.95 eV).
Data are displayed in Figs. 4(a) and 4(b). Data show the
oscillations, as in Fig. 2, that can be similarly fitted using
Eq. (1). Note that the background value and amplitude of the
oscillations is smaller than in Fig. 2 due to the different laser
source used in this experiment; here the laser intensity reach-
ing the absorber is only of I0 ≈ 0.6 W/cm2. We have verified

that Jsc and the amplitude of the oscillations in the Jsc(ϕ) both
increase with power fluency (not shown). We note that the
observation of polarization-dependent oscillations when using
in-plane illumination (see Fig. 5 below) excludes a significant
contribution of the polarization-dependent reflectivity of the
top electrode on the experimental results. Of relevance here
is the observation that for blue-violet and red photons, the

FIG. 5. (a) Left axis: Jsc(ϕ) (solid circles) measured
at θ ≈ 90◦ incidence using a top electrodes of area
S1 × S2 = 450 μm × 270 μm = A1 ≈ 0.12 mm2 (Cry-2) and
S1 × S2 = 770 μm × 480 μm = A2 ≈ 0.37 mm2 (Cry-3), placed
up to the edge of the crystal surface. Right axis: Isc(ϕ) = Jsc(ϕ) × A
(solid stars). Light intensity I0 after optical plates is around
27.6 W/cm2. (b) Sketch of the experimental arrangement. The
attenuation length of the light and the contact size (S1, S2) are
indicated. In the sketch, the edge-electrode distance (D = 0) is not
shown.
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photocurrent is always maximal at (ϕ = 0◦), although obvi-
ously its magnitude depends on the photon energy. Indeed,
Jsc(ϕ) in Fig. 4(a) changes by about 42% (�J = Jϕ=0◦−Jϕ=90◦

Jϕ=90◦ )
when ϕ rotates from 0° to 90° when using blue-violet light but
only about 19% [Fig. 4(b)] when using red light. These obser-
vations are in clear discordance with expectations from the
dichroism of h-LMO and its energy dependence mentioned
above. In fact, as shown in Fig. 4(c), the amplitude of Jsc(ϕ)
is found to vary monotonically (�J > 0) with photon energy,
which is not what should be expected from α(λ) and �α(λ).
For convenience we include in Fig. 4(c) (inset) the anisotropic
absorption α(λ) reported for h-YMnO3 [29]. Therefore, ex-
perimental data demonstrate that dichroism does not play
a dominant role of the polarization dependence of Jsc(ϕ).
Consequently, in the following we analyze the Jsc(θ, ϕ) data
within the BPE scenario.

Within the BPE context, JBPE is given by [8,10]

JBPE,i = I0 · αjk · Gijk · ejek = I0 · βijk · ejek, (4)

where JBPE,i is the JBPE along the i direction; I0 is the inten-
sity of the light of given λ; αjk is the absorption coefficients
tensor; ej , ek are the projection of the incoming light polar-
ization vector along the j, k direction, respectively; Gijk and
βijk (=αjkGijk ) are the Glass coefficients and the BPE tensor
elements, respectively, that depend on the symmetry of the
crystal centers, its electronic properties, and the photon energy
[3,8]. In Eq. (4), the suffixes i, j, k represent x, y, and z
axes in the Cartesian coordinate system for the electric field
components of the incoming light; we take the z axis along
the polar c axis of h-LMO.

For h-LMO [space group P63cm; symmetry class
6mm(≡C6v )], the βijk tensor contains only three nonzero in-
dependent elements [31]. When using Eq. (4) to analyze
data, it is commonly assumed that the absorption is weak
and isotropic (αjk = α). We will first follow this simplifying
assumption that will be released in a latter step. In this ap-
proximation and in the experimental arrangement (Fig. 1), the
BPE [Eq. (4)] predicts an angular and polarization dependence
of the short circuit photocurrent along the z axis given by
(Supplemental Material S-3 [27])

JBPE = I0α

(
G33 − G31

2
sin2θcos2ϕ

+ G33 − G31

2
sin2θ + G31

)
. (5)

In the following βij and Gij are written here in the con-
ventional reduced matrix notation of the βijk and Gijk tensors
[32]. According to Eq. (5), JBPE has a cos(2ϕ) dependence
on the light polarization, with an amplitude that depends on
sin2(θ ). Note that at normal incidence, BPE contributes to the
photocurrent with a term independent on light polarization
(JBPE = I0αG31). The angular dependence of Jsc in Figs. 2
and 4, as illustrated by the fitting functions Eqs. (1) and (2),
closely follow predictions based on Eq. (5).

We also noted that the open circuit voltage Voc(θ, ϕ)
[Fig. 2(b)] displays a cosinusoidal angular dependence, repre-
sented by Eq. (2) [Voc(θ, ϕ) ≈ A(θ ) cos2ϕ + B(θ ) + C] [solid
lines through experimental data in Fig. 2(b)]. Within BPE,

Voc(θ, ϕ) can be expressed by [9,33]

Voc = JBPEl

σd + σpv
, (6)

where σd and σpv are the dark and photo conductivity, re-
spectively; l (� mean free path) is the effective thickness of
the medium; and JBPE is the current generated under short
circuit conditions by BPE. Therefore, the angular dependence
of Voc(ϕ) should follow that of JBPE as observed here. Hence,
both Jsc(θ, ϕ) and Voc(θ, ϕ) angular dependencies provide a
strong indication that the BPE is ruling the light-polarization
dependence of Jsc.

Finally, out-of-plane Jsc measurements have also been
done at in-plane light incidence (θ ≈ 90◦) by using dedi-
cated samples (Cry-2 and Cry-3) and similar oscillation of
Jsc(ϕ) are observed when rotating the light polarization angle.
Figure 5(a) shows an illustrative example, data collected on
Cry-2,3 using electrodes of area A1 = 0.12 mm2 and A2 =
0.37 mm2 placed just at the edge of the crystal surface. Data
collected to exclude spurious misalignment contributions are
included in the Supplemental Material S-4 [27]. Data in
Fig. 5(a) display Jsc(ϕ) oscillations, similar to those observed
at oblique incidence, reflecting how the photocurrent depends
on the polarization direction of the light in relation to the
crystalline axis [Fig. 5(b)].

All available data, particularly the in-plane incidence data,
show that the out-of-plane photocurrent is maximal when the
light polarization axis coincides (ϕ = 0◦) with the optical
axis of h-LMO. However, comparison of current density data
collected at oblique incidence [Figs. 2(a) and 4(a)], with that
obtained using in-plane incidence experiments [Fig. 5(a)],
reveal two major differences. First, the collected photocurrent
(Isc = Jsc × A) is largely insensitive to contact area [Fig. 5(a),
right axis]. As a matter of fact, as the illuminated spot size
(diameter Sd ≈ 280 μm) is smaller than the lateral sizes of
the electrode (S1 ≈ 450 μm for Cry-2 and 770 μm for Cry-3),
no additional current should be collected by increasing S1,
as illustrated by data in Fig. 5(a) (right axis). Consequently,
it is observed in Fig. 5(a) (left axis) that the measured cur-
rent density appears to depend on the contact area. Indeed,
when reducing the contact area by about ≈ 1/3(= A1/A2),
the measured current density is not constant but increases
by about a factor ≈ 2.4. Moreover, out-of-plane Jsc recorded
on Cry-4 using in-plane incidence measurements reduces and
eventually vanishes when the collecting electrodes are placed
at increasing distances (D) from the crystal edge where light
impinges the crystal and most of the photoabsorption takes
place (Supplemental Material S-4 [27]). These observations
indicate that: (a) photocarrier generation is limited to a narrow
region at the edge of the crystal of depth ≈ 1/α < 1 μm,
much smaller than the lateral size of the electrodes, and (b)
recombination limits charge collection at distant electrodes
[Fig. 5(b)]. Both effects indicate that derivation of Eq. (5)
should be revised when photoabsorption is relevant.

Next task is to evaluate the Glass coefficients of h-LMO.
Two sets of data are available to determine G33 and G31: (a)
data extracted at oblique incidence (Figs. 2 and 3), and (b)
data collected from in-plane incidence (Fig. 5).
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TABLE I. The photovoltaic tensor elements (βij) and the Glass coefficients (Gij) of h-LuMnO3, evaluated in weak-absorbing (WA) and
strong-absorbing limits (SA), from data collected at normal incidence and extrapolated grazing incidence. Data for BiFeO3 and ZnO are also
included. The corresponding absorption coefficients at the indicated wavelength (λ) are indicated. The “�” symbol in βij and Gij data of
LuMnO3 indicates that Jdrift contribution may be higher.

S.G./S.C. Method βij (kV–1) Gij (pm/V) A (μm–1)

LuMnO3 P63cm/ Oblique β31 � 0.581 G31 � 116 ≈5 [29]
(λ = 405 nm) 6mm incidence WA β33 � 0.783 G33 � 157

In-plane β31 � 1.283 G31 � 713 α⊥ ≈ 1.8 [29]
incidence SA β33 � 8.744 G33 � 1093 α‖ ≈ 8 [29]

ZnO P63cm/ G31 ≈ 2
0.0002 [35]

(λ = 460 nm) 6mm G33 ≈ 20 [35]

β15 ≈ 0.05–0.07 [9,12,36] G15 ≈ 0.5–4 [9,12] 6.04 [32]
BiFeO3 R3c/ β22 ≈ 0.11–0.2 [12,36] G22 ≈ 4.5–7.8 [10,12] (λ = 405 nm)
(λ = 405 nm) 3m β31 ≈ 0.1–0.18 [9,12,36] G31 ≈ 6–6.5 [9,12] 25 [10]

β33 ≈ 0.1–0.3 [9,12,36] G33 ≈ 5–16 [9,12] (λ = 435 nm)

The photocurrent collected at oblique incidence, under the
assumption of weak absorption, is given by

Jsc = JBPE + Jdrift + Jdiff

= I0α
(G33 − G31

2
sin2θcos2ϕ + G33 − G31

2
sin2θ + G31

)

+ Jdrift + Jdiff . (7)

Using data in Figs. 3(a) and 3(b) and Eqs. (1) and (2)
we deduce I0α(G33 − G31) ≈ 3.03 mA/cm2 and I0αG31 +
Jdrift + Jdiff ≈ 8.72 mA/cm2.

Equation (7) emphasizes that in the presence of diffu-
sion and drift terms, even in the absence of any dichroic
absorption contribution, the G31 and G33 coefficients cannot
be disentangled. However, as argued above, in the measuring
configuration used here, the diffusion term can be neglected.
Indeed, the penetration depth of visible light in LMO crys-
tal (< 1 μm) is much shorter than the crystal thickness
(t ≈ 100 μm), and both lengths are expected to be large com-
pared to the mean free path of carriers in LMO (< 1 μm) [34].
We thus take Jdiff ≈ 0. Assuming Jdiff and Jdrift are both negli-
gible, we obtain as upper bound values: G31 ≈ 116 pm/V and
G33 ≈ 157 pm/V [I0 ≈ 15 W/cm2, α ≈ 5 μm–1 (Table I)].

However, Eqs. (5) and (7) are appropriate to describe BPE
contribution in weakly absorbing materials, where the light
attenuation and its tensorial character are not relevant. Obvi-
ously this is not the case of h-LMO as dramatically shown
by the in-plane incidence data in Fig. 5. In case of strongly
absorbing and dichroic materials, derivation of appropriately
modified Jsc(θ = 90◦, ϕ) expression (along the z axis) for
in-plane incidence (Supplemental Material S-5 [27]) leads to
Eq. (8):

Jsc = I0

2S2
· Sd

S1
[(G33 − G31)cos2ϕ + (G33 + G31)] + Jdrift,

(8)
where Sd is the spot diameter; S1, S2 is the length along the x,
y axis of the electrode, respectively; and the Jdiff is assumed
again to be negligible. We note that Eq. (8) predicts that the
current density decreases when increasing the length of the
electrode, which is in agreement with the experimental evi-

dence in Fig. 5(a). Moreover, it follows from Eq. (8) that the
measured current (and the current density) are independent on
the absorption length (≈ 1/α), as far as S2 	 1/α, reflecting
that all photoelectrons are created in a depth much smaller
than the electrode size. Two limiting cases of Eq. (8) are of
interest:

At θ ≈ 90◦; ϕ = 0◦, Jsc = I0

S2
· Sd

S1
· G33 + Jdrift, (9a)

At θ ≈ 90◦; ϕ = 90◦, Jsc = I0

S2
· Sd

S1
· G31 + Jdrift, (9b)

Using Jsc(θ ≈ 90◦; ϕ) data of Fig. 5,
collected with the indicated two different elec-
trodes [Jsc(θ ≈ 90◦; ϕ = 0◦, A1) ≈ 60 μA/cm2,
Jsc(θ ≈ 90◦; ϕ = 90◦, A1) ≈ 42 μA/cm2, S1 ≈ 450 μm,

S2 ≈ 270 μm (Cry-2); and Jsc(θ ≈ 90◦; ϕ = 0◦, A2) ≈
26 μA/cm2, Jsc(θ ≈ 90◦; ϕ = 90◦, A2) ≈ 16 μA/cm2,
S1 ≈ 770 μm, S2 ≈ 480 μm (Cry-3); I0 ≈ 27.6 W/cm2,
Sd ≈ 280 μm], we obtain (upper bounds, assuming Jdrift ≈
0): G31 ≈ 660–765 pm/V and G33 ≈ 943–1243 pm/V. The
corresponding average values are: G31 ≈ 713 ± 53 pm/V and
G33 ≈ 1093 ± 150 pm/V. As expected, the Glass coefficients
obtained using the strong absorption limit are larger than
those obtained above under the weak-absorption condition.
In Table I we include the Glass coefficients Gij together with
the corresponding BPE tensor elements βij deduced in the
weak-absorbing (WA) and strong-absorbing (SA) cases.

We address in the following the contribution of Jdrift to the
measured Jsc, that we have so far neglected. We first note that
Jdrift is related to the presence of internal electric fields (de-
poling) and others (imprint, etc.) that give rise to a switchable
Jdrift contribution (denoted here Jdrift,SW) and a nonswitchable
component respectively (denoted here Jdrift,NSW) as discussed
in Ref. [24]. The Jdrift,SW contribution can be evaluated by per-
forming and comparing Jsc measurements after prepolarizing
the sample up or down. With this aim we recorded Jsc(θ, ϕ)
as a function of the ferroelectric polarization (P) state of the
sample to unravel the contribution of the depoling field Ed

to Jsc. A unipolar prepoling voltage (Vw,max > Vc coercive
voltage) of different sign was applied to the top Pt electrode
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FIG. 6. Dependence of short circuit photocurrent Jsc(θ, ϕ) on
the polarization of light (ϕ), at various incidence angles (θ ), of
Cry-1 at prepolarized to P-down and P-up states using (Vw

+/Vw
– =

±150 V) . Signs “+” and “−” signify positive and negative prepo-
larizing voltage. Solid lines are fits using Eq. (1) to experimental
data (symbols). Light intensity I0 after optical plates and the top
Pt is around 22.5 W/cm2. Data for Jsc(θ �= 0◦, ϕ) have been verti-
cally shifted such as Jsc(θ �= 0◦, ϕ = 90◦) to coincide with Jsc(θ �=
0◦, ϕ = 90◦; Vw

+ = +150 V).

with a duration of ≈ 50 s, which is long enough to saturate
the polarization of the sample [P(E ) loops were measured at
1 kHz] [24]. After a dwell time τd = 5 s, the short circuit pho-
tocurrent was recorded at various light polarization direction
(ϕ) and incidence angle (θ ). In Fig. 6(a) we show the raw Jsc

data recorded as a function of θ and ϕ and measured after
prepoling the sample (Cry-1) with Vw = ±150 V. Data for
θ = 0◦ most clearly illustrate the dependence of Jsc on polar-
ization direction, as expected in the presence of Jdrift,SW, that
modulates Jsc being Jsc slightly larger for V +

w (P-down) than
for V −

w (P-up) polarization. The same trend can be appreciated
by any θ .

At normal incidence, the polarization vector of light is
perpendicular to the ferroelectric polarization (P||z) and Jsc

varies by about 3% upon polarization reversal. When in-
creasing the incidence angle (θ ), that is when increasing the
component of the light polarization along the z axis, the P
dependence of the photocurrent slightly differs (3%–6%), al-
though being in all cases somewhat larger in P-down than in

P-up. This difference is a signature of a switchable Jdrift,SW

term, that at remanence and depending on the direction of
ferroelectric polarization, affects the internal electric field
in h-LMO and thus Jsc. As already reported, polarization-
modulated Schottky barriers at h-LMO/electrode interfaces
[24] allow us to modulate the photocurrent upon P switching.
As observed, at remanence, Jsc is modified by less than 10%,
and thus the BPE coefficient extracted using Eqs. (7) and (8)
above is only accurate within 10%.

To discern any possible effect of the polarization direc-
tion on the amplitude of the Jsc(θ, ϕ) oscillations, while
minimizing experimental artifacts occurring when changing
the incidence angle, the raw of Fig. 6(a) has been normal-
ized, as in Fig. 2, by a vertical shift to coincide at ϕ = 90◦
with Jsc(θ = 0◦, ϕ = 90◦) data collected at Vw = +150 V and
shown in Fig. 6(b). It appears that the amplitude of the Jsc(ϕ)
oscillations are also slightly modulated by the polarization
direction. However, available data does not allow us to discern
if this variation is genuine or results from spurious effects.

In summary, the switchable component of the drift pho-
tocurrent (Jdrift,SW) is only about 3%–6% of the measured Jsc.
It follows that the photocurrent in these LuMnO3 crystals is
governed by the contributions of JBPE and Jdrift,NSW. At normal
incidence both contributions cannot be disentangled and thus
JBPE can be any value within (0%–100%) of Jsc. However,
at oblique incidence the observation of obvious oscillations,
depending on the polarization angles, allows us to set minimal
values for JPBE that reaches up to 34% at grazing incidence
(Supplemental Material S-6 [27]).

We end by comparing the Glass coefficients (Gij) and the
corresponding tensor elements (βij = αjkGij ) of h-LMO deter-
mined above (summarized in Table I) with the corresponding
data reported in the weakly absorbing and isostructural ZnO
and in the intensively studied strongly absorbing BiFeO3.
It can be appreciated in Table I that the Glass coefficients
of h-LMO, having the same symmetry class as ZnO, are
much larger. This fact is likely related to the different na-
ture of valence and conduction bands and the corresponding
optical transitions. Being the symmetry classes of h-LMO
and r-BiFeO3 different (6mm and 3m, respectively), the
corresponding tensor elements cannot be easily compared.
However, the observation of larger βij and Gij values in h-
LMO than in BiFeO3 reflects the important role of the trigonal
and octahedral crystal field splitting setting the corresponding
excited states and their impact on BPE.

IV. SUMMARY AND CONCLUSIONS

We have measured the photoresponse of ferroelectric
h-LuMnO3 crystals along the hexagonal c axis using Pt
electrodes, using oblique and in-plane light incidence. The
analysis of the dependence of Jsc on the polarization direc-
tion of the incoming light and its incidence angle Jsc(θ, ϕ)
have provided consistent data revealing a clear contribution
arising from BPE. It turns out that Jsc is the largest when the
polarization axis of the light is parallel to the polar hexag-
onal axis. Short circuit photoresponse measurements using
in-plane light incidence have also provide evidence of the
impact of the strong optical absorption on the out-of-plane
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photocurrent density, most noticeable in the inverse depen-
dence on the electrode area. The presence of contributions
to Jsc that do not originate from BPE but are related to drift
currents implies that only bounds for the Glass coefficients
and tensor elements can be given. In spite of these caveats,
the BPE coefficients βij and Gij are significantly larger than
other photoferroelectrics, such as BiFeO3, suggesting possible
advantages for photoconversion.
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