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Abstract
Ferroelectric photovoltaic materials offer an alternative to modern photovoltaic development
by overcoming the bandgap limitations. However, the number of known compounds and photovoltaic
efficiencies remain low. Here, we report the discovery of a photovoltaic effect in the undoped lead
magnesium niobate – lead titanate crystal and a significant improvement in the photovoltaic response
under properly chosen electric fields and temperatures. The photovoltaic (PV) effect is maximal near
the electric-field-driven ferroelectric (FE) dipole reorientation and also increases by over 3 fold near
FE Tc. Moreover, at FE saturation, the photovoltaic response clearly exhibits remanent and transient
effects. The combination of such tuning possibility together with transient-remanent variations
establishes photoferroelectric crystals as emerging elements for photovoltaicity and optoelectronics,
with particular relevance to the all-optical storage and information processing.

Photoferroelectric compounds are remarkable materials having large potential for multifunctional applications 1. These materials that exhibit (multi)ferroic order are of particular interest,
mainly because they offer an advanced electric operation related to multiple electric polarization
switching states. Attention to photoferroelectics has rejuvenated after the discovery of the photovoltaic
effect in the multiferroic BiFeO3 2,3, resulting in the revival of ferroelectric-based photovoltaic
operation of related materials 4,5,6,7,8. Based on recent progress in photovoltaic efficiency in the
Bi2FeCrO6 films 9, FE cells are likely to become the actual competitors of the conventional
photovoltaics in the nearest future. In this respect, having a better insight into photo-induced changes
of electrical properties over the wide temperature range and electric fields is of crucial importance.
Such study, however, requires high-quality crystals that are free from extrinsic contributions related to
the surface/interface effects5 and grain size dependence 10. This task is challenging because, the total
number of currently known photovoltaic-ferroelectric compounds is well below 205,11. In this work,
we consider the ferroelectric material of so-called PMN–PT family with the general formula of
Pb[Mg1/3Nb2/3]xTi1-x]O3. Based on the analogy with WO3-doped PLZT (Pb1−xLax(ZryTiz)1−x/4O3)
ceramics 12, such WO3 doping procedure was reported to introduce photovoltaic effect also in the
Pb(Mg1/3Nb2/3)0.64Ti0.36O3 (PMN-PT 36%) single crystal 13.

In this work, we report that the

photovoltaic effect exists even in the undoped compound of the same family, namely in the widely
available Pb[(Mg1/3Nb2/3)xTi1-x]O3 (PMN–32%PT) composition 14. We also detail for the first time
remanent photo-polarization properties originating from photo-carrier generation-distribution
mechanism. We further demonstrate how photovoltaic response can be tuned by varying the
temperature and applied electric field.
Figure 1 represents the ferroelectric (FE) properties of the sample in darkness and under
illumination aligned along the smallest direction [001] (inset). The FE loop measured in darkness
reveals a classical hysteresis loop behavior resulting in three polarization states: the spontaneous (‘0’),
and two saturated states with opposite polarization (‘1’ and ‘2’). Light irradiation induces a large
change in the FE loop. The sample evidently becomes leakier FE with apparent increase in the both
FE polarization and FE coercive force (Fig.1b). This is also confirmed by the corresponding FE current
in the Fig. 1c.
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Figure 1 | Photoferroelectic measurements details. (a) Schematic of the experiment setup with
respect to the crystalline axis. Ferroelectric polarization (b) and current (c) hysteresis loops in darkness
and under 365nm irradiation. (c) Related photocurrent as a function of voltage.

The difference between the current under the illumination and the current in darkness (Fig.1d)
corresponds to the photocurrent in the material, and reveals at least two important features. The first
one is that the photocurrent, and therefore the bulk photovoltaic effect, strongly depends on the
ferroelectric state so far reported for thin films as a function of wavelength only 15,16. The electric fielddependent measurements performed here on single crystals, free from extrinsic contributions, evidently
detail the poling history dependence of the purely bulk photovoltaic effect. Secondly, this behavior,
clearly illustrated here for the first time, reveals that the maximum of the photocurrent is observed at
the electric field corresponding to the FE dipole reorientation. Such induced photocurrent should be
able to impact the remanent FE state as recently reported by Iurchuk et alError! Bookmark not defined.. The
time dependence of the related photopolarization measured at the three FE states (0, 1 and 2) shown in
fig.2 provides insight into the mechanism explaining how photopolarization properties relate to the
ferroelectric state of the material. For a sample initially polarized positively (FE state ‘1’) the

illumination generates charges which distribute along the previously forced polarization direction
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Figure 2 | Photopolarization effect. A sample initially in remnant state ‘1’, is illuminated by a UV (365 nm)
diode. Within a few s, a change of polarization is established, with a fraction remaining after turning off the
light (remanent effect). Subsequent illuminations only reveal the transient effect, with no more remanence.
Insets show how the remanence in polarization depends on the FE state.

The photocarriers diminish surface charges, and therefore decrease the internal electric field of the
material and the sample polarization. After turning the light OFF, charge trapping makes this decrease
partially persisting (remanent effect, Fig. 2), leaving the sample in a slightly reduced remanent
polarization state. Subsequent illumination pulses reveal only a transient effect as they are of the same
energy and the ‘saturation’ of the remanence had been already achieved. Notably the initial polarization
state can be recovered electrically by moving the ferroelectric system to the point “1” again. Similar
effect, but with a different sign is observed for the ferroelectric point ‘2’, as it would be expected from
the 180O symmetrical polarization rotation. In confirmation of the photo-carriers distribution scenario
driven by an internal electric field, no significant remanence is observed for the spontaneous state ‘0’
which is close to the sample depolarization along the given [100] direction (figure 2 (left inset)). The
gain in the photopolarization 𝐺𝐺ℎ𝑣𝑣 can be determined from our measurements as a relation of the number

of photoexcited electrons (𝑁𝑁𝑒𝑒 ) to the number of photons (𝑁𝑁ℎ𝑣𝑣 ):
𝐺𝐺ℎ𝑣𝑣 =

𝑁𝑁𝑒𝑒

𝑁𝑁ℎ𝑣𝑣

(1)

The related gain is about 2.76ppm calculated for the transient part of the photopolarization for the
wavelength of 365nm (Fig.2) and is about 30% larger for the remanent part. Insight into the
temperature dependence of the photoelectric performance can be obtained from Figs. 3 and 4.
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Figure 3 | Temperature dependence of the dielectric permittivity (a) and polarization (b) in darkness.

The sample was first warmed in darkness above its Curie temperature Tc (~421K) and then cooled
under applied electric field of 2.37kV/cm. The electric field was then set to zero and dielectric
permittivity (fig.3b) was measured during warming above the Tc. The same procedure was applied to
measure the electric polarization (fig.3b). The three characteristic transitions at T1, T2 and Tc are clearly
observed. While T2 and Tc are related to the rhombohedral-tetragonal and thedrahonal-cubic
transitions 17 respectively the domain structure-related anomaly at T1 appears as a function of poling 18.
Taking into account that light can modify the transition temperatures 19,20,21, the open-circuit
photovoltage was measured for several temperatures, keeping in mind the abovementioned critical
points where anomalies in the electric properties are observed. The results in figure 4 show that even
at room temperature the transient part of photovoltage manifests more than one order of magnitude
larger spectral efficiency than for previously reported for WO3-doped crystal11. The photovoltaic
isotherms reveal nonlinear behavior as a function of light intensity with the peak near 53mW/cm2.
This effect excellently confirms the two competing mechanisms: light induced charge generation (for
intensities ≤53mW/cm2) and charge recombination process (for intensities ≥53mW/cm2).
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Figure 4 | Open circuit transient photovoltage isoterms as a function of light intensity.

The both processes opposing each other give the peak as a function of light intensity near 53mW/cm2
where the number of generated and recombined carriers becomes comparable. Because of nonlinear
character of the effect the maximal photovoltaic change has been extracted from the photovoltaic

Transient photovoltage ∆V/cm

isotherms and is plotted against temperature in figure 5.
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Figure 5 | Temperature dependence of the photovoltaic effect.

A clear non-monotonous dependence is observed near the each of the abovementioned transition
temperatures. Notably a magnitude of the photovoltaic effect can be effectively tuned by temperature
and reveals more than three times improvement before FE Tc and vanishes in the paraelectric
temperature region. This behavior confirms the ferroelectric origin of the photovoltaicity that exists in

the electrically polar phase only. Moreover importantly, our results reveal photovoltaic effect tuning
prospect connected to instabilities near the phase transitions where FE system can be governed by
photostrictively correlated fluctuations of the polarization 22.
In conclusion, we have discovered that a representative member of the piezoelectric family
of PMN–32%PT complexes, the Pb[(Mg1/3Nb2/3)0.68Ti0.32]O3 crystal, exhibits photovoltaic properties
in a wide temperature range. The electric field and temperature controllable photovoltages on the
landmark archetype FE crystal should be regarded as key basic finding, clearly illustrating how
charge separation relates to the FE properties and superposes to charge recombination. The patent
separation between remnant and transient effects that have been shown here for the first time
completes the profile of many recent photoelectric observations 23,24,25,26,27 and is essential to realize
and optimize FE based photovoltaic and optoelectronic devices. This study paves the way towards
future investigations of bandgap tuning 28 in other compounds as well as composites of the same
family to optimize composition-to-the-reported properties relationship. The photovoltaic properties
and photopolarization effects that have been described herein can be generalized to many ferroelectric
systems from the 21 piezoelectric crystal classes in which photovoltaic effects can occur 29.
Especially, materials that can be used in tunnel junctions 30 and magnetic ferroelectric compounds
with motivating optical functionalities 31,32 becoming interesting candidates.

METHODS
The crystals were cut perpendicular to the [001] direction with the edges’ orientations of [010]
and [100]. The sample dimensions where 901.6µm×272µm×2160.6µm and the both electrodes where
formed with the silver paste covering at the edges in the plane parallel to ZY (Fig. 1a). It has to be
stressed that this geometry of the experiment was chosen to avoid light penetration through electrode
to minimize light power loss and possible extrinsic contributions related to charge injection. The
hysteresis loop of polarization versus electric field was taken at room temperature (RT) by using homemade quasi-static FE loop tracer previously employed to study ferroelectricity in multiferroics 33,34,35.
The sample was irradiated with a 365 nm (3.4 eV) UV-LED with 30 nm spectral linewidth at 13.67mW
of power in order to investigate the change in the FE polarization response. Measured by at room

temperature with thermal camera temperature has detected sample warming by 1.9K under
illumination and such temperature change did not make any noticeable difference on FE loop. To
measure polarization the sample was first warmed in darkness to 440K (above its Curie temperature
of Tc ~421K) and then cooled at an applied electric field of 2.37kV/cm.
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