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Ferroelectric crystals with giant electro-optic
property enabling ultracompact Q-switches
Xin Liu1†, Peng Tan2,3†, Xue Ma4, Danyang Wang5, Xinyu Jin2, Yao Liu1, Bin Xu4, Liao Qiao1,
Chaorui Qiu1, Bo Wang6, Weigang Zhao1, Chaojie Wei7, Kexin Song1, Haisheng Guo1, Xudong Li7,
Sean Li5, Xiaoyong Wei1, Long-Qing Chen6, Zhuo Xu1, Fei Li1*, Hao Tian2*, Shujun Zhang8*

Relaxor-lead titanate (PbTiO3) crystals, which exhibit extremely high piezoelectricity, are believed
to possess high electro-optic (EO) coefficients. However, the optical transparency of relaxor-PbTiO3

crystals is severely reduced as a result of light scattering and reflection by domain walls, limiting
electro-optic applications. Through synergistic design of a ferroelectric phase, crystal orientation,
and poling technique, we successfully removed all light-scattering domain walls and achieved an
extremely high transmittance of 99.6% in antireflection film–coated crystals, with an ultrahigh EO
coefficient r33 of 900 picometers per volt (pm V−1), >30 times as high as that of conventionally used
EO crystals. Using these crystals, we fabricated ultracompact EO Q-switches that require very low driving
voltages, with superior performance to that of commercial Q-switches. Development of these materials is
important for the portability and low driving voltage of EO devices.

P
recise control of light propagation and
intensity is critical to numerous photo-
nic devices ranging from lasers to opti-
cal amplifiers andmodulators (1, 2). The
rapid and efficient control of optical sig-

nals through electrical stimulus requires electro-
optic (EO)materials that exhibit large changes
in their refractive indices n in response to an
applied electric field; e.g., the Pockels effect
(3–5). The primary merits of the Pockels ef-
fect include the linear correlation between
the change in refractive indices n and the ap-
plied electric field, fast responses, and a strong
ability to control light, all of which are central
to a wide range of photonics applications.
Ferroelectric crystals represented by LiNbO3

(LN) and KD2PO4 (DKDP) are an important
component of existing EO devices because of
their availability in large size and good tem-
perature stability (6, 7). DKDP has very high op-
tical damage thresholds suited for high-power

Q-switch use (8). However, its hygroscopic fea-
ture requires careful protection against mois-
ture, and thus DKDP based on EO devices
require complicated fabrication processes (9).
Further, the relatively low effective EO coef-
ficients rc of the LN and DKDP crystals (~21
and 24 pm V−1, respectively) require the use of
high voltage and/or thick material in EO de-
vices, leading to high auxiliary cost (high voltage
power supply) and difficulty in miniaturization
(10). This issue has become a key obstacle for
improving device performance. Therefore, the
discovery and employment of alternative mate-
rials possessing larger Pockels effects to mini-
mize the driving voltage and size of EO devices
is highly desirable.
Many perovskite ferroelectric single crystals

with substantial Pockels coefficients on the
order of 102 pm V−1 —such as BaTiO3, KNbO3,
and Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT)—have
been developed to address the issues (11–13).
Despite the promising EO properties, optical
clarity of perovskite ferroelectrics is a long-
standing challenge that greatly hinders practi-
cal applications of these crystals. The presence
of naturally occurring ferroelectric domain
walls in the crystals drastically limits their
optical transparency as a result of light scat-
tering and reflection at domain walls arising
from the difference in refractive indices of the
adjacent domains with different orientations,
rendering high optical loss or even opacity in
the visible-to-near-infrared spectrum. In the
past few decades, considerable efforts have
been made to eliminate the light-scattering
domain walls in these ferroelectrics, but with
very limited success (13–21). For example, po-
ling a ferroelectric crystal along its polar direc-
tion can achieve a single-domain state without

domain walls. However, the EO coefficients
of single-domain crystals are much smaller
than those of the crystals poled along a spe-
cific nonpolar direction, i.e., a domain-engineered
state (13). More recent efforts to manipulate
the domain structures of PMN-PT single crys-
tals through ac electric field poling has de-
monstrated a viable approach to largely reduce
the light-scattering domain walls in domain-
engineered PMN-PT crystals (19). Although the
optical transparency along the poling direction
is greatly improved and a relatively high EO
coefficient (r33~220 pm V−1) can be achieved
on the basis of this method, the crystal re-
mains opaque along the other orthogonal di-
rections (fig. S1). Thus, designing EO devices
on the basis of PMN-PT crystals remains dif-
ficult because of the challenges in obtaining
high optical clarity in conjunction with giant
EO performance in the crystals.
We developed a specific high-temperature

poling process for 011½ �-oriented Pb(In1/2Nb1/2)
O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) re-
laxor ferroelectric crystals to boost transpar-
ency inmutually orthogonal directions through
removal of undesired domain walls, and to
achieve high EO coefficients through the fa-
cilitated electric field–induced polarization
rotation. This highly transparent PIN-PMN-PT
crystal exhibits an ultrahigh EO coefficient r33
in the range of 900 to 2800 pm V−1, with a
temperature range of 20° to 100°C and a fre-
quency range of 10 to 104 Hz. We used such
poled PIN-PMN-PT crystals to construct an
ultracompact free-space EO Q-switch and
demonstrated its feasibility and effectiveness
in miniaturization and driving voltage re-
duction as compared with the state-of-the-art
EO devices.

Selection of relaxor ferroelectric crystals

We selected the rhombohedral 0.21PIN-(0.79−
x)PMN-xPT (x = 0.28, 0.30, 0.32) crystals as
examplematerials, as they possess comparable
room-temperature electrical properties (e.g.,
dielectric and piezoelectric properties) but have
much improved temperature and electric field
stabilities compared with those of the actively
studied relaxor ferroelectric crystals PMN-PT
(22). To achieve high transparency along both
the poling and transverse directions in PIN-
PMN-PT crystals, we selected the rhombohe-
dral PIN-PMN-PT crystal with three principal
axes along the crystallographic 0�11½ �, 100½ �, and
011½ � directions. We show phase-field simu-
lated domain structures for the rhombohedral
crystal poled along the 011½ �direction (Fig. 1, A
to C). Only two domain variants with polar-
ization along the 111½ � and �111½ � directions re-
main in the crystal, forming 71° domain walls.
The horizontal 71° domain walls are curved
in the view of the 100ð Þplane, whereas they
are almost perfectly straight (parallel along
the 100½ � direction) in the view of the 0�11ð Þ
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plane (Fig. 1, B and C). This feature is due to
the fact that the rotation of the 71° domain
wall plane around the 0�11½ � direction sub-
stantially increases the electrical and elastic
energies compared with that rotates around
the 100½ � direction (fig. S2). Therefore, the fluc-
tuation of the 71° domain walls in the 0�11ð Þ
plane is prohibited, whereas small fluctuation
is allowed in the 100ð Þ plane.
Considering the characteristics of the refrac-

tive indices in the 011½ � -poled rhombohedral
crystal, high optical transparency is expected
along the 011½ � or 100½ �direction. Projections of
the principal axes of the optical indicatrix for
the 111½ � and �111½ � domains on the 011ð Þ plane
are identical (Fig. 1D). The same scenario holds
true for the projections on the 100ð Þ plane
(Fig. 1E). This observation suggests that the
refractive indices remain unchanged as light
goes across the 71° domainwalls for the 011½ �or
100½ � crystallographic direction, resulting in the
suppression of light scattering and/or reflec-
tion. By contrast, the optical transparency is
low along the 0�11½ � direction, considering that

projection of the principal axes of the optical
indicatrix on the 0�11ð Þplane is different for the
111½ � and �111½ � domains (Fig. 1F).
In addition to optical transparency, the 011½ �-

poled rhombohedral crystals are also expected
to possess high electro-optic coefficients. As
the electric field is applied along the 011½ �
direction—which is not parallel to the polar
directions of the two domains, i.e., 111½ �or �111½ �—
the polarization rotation in the domains can
be induced (22, 23). One of themost important
features of relaxor ferroelectric crystals such as
PIN-PMN-PT is the ease of polarization rota-
tion under an external electric field along the
nonpolar direction, which is associated with
the flattened free energy landscape near the
morphotropic phase boundary and the pres-
ence of nanoscale local structure heterogeneity
(23, 24). Consequently, the rotation of optical
indicatrix in relaxor ferroelectric crystals may
occur more readily in contrast to the classical
ferroelectrics when subjected to external stim-
uli such as an electric field, leading to larger
electro-optic activity in relaxor ferroelectrics.

Poling of the PIN-PMN-PT crystal
Ideally, only two kinds of ferroelectric domains
(i.e., the domains with polarization along the
111½ � and �111½ � directions) should be present in
the 011½ �-poled rhombohedral PIN-PMN-PT
crystal (25) (Fig. 1A). In reality, however, com-
pletely removing the four electric-field–unfavored
variants of ferroelectric domains (i.e., the 11�1½ �,
�11�1½ �, �1�11½ �, and 1�11½ � domains) is difficult be-
cause of the clamping effect from the sample
surface (26), which severely scatters the light.
The results of the phase field simulation under
clamping conditions (Fig. 2A and fig. S3) show
that some domains with polarization perpen-
dicular to the 011½ � axis are present to release
the elastic energies during the removal of the
poling electric field. We also experimentally
verified the influence of the clamping effect on
the final domain state (movie S1 and fig. S4).
We used a polarized light microscope (PLM)
to obtain images of a 011½ �-oriented 0.21PIN-
0.47PMN-0.32PT (PIN-PMN-32PT) crystal poled
with a conventional polingmethod, i.e., at room
temperature under an electric field of twice
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Fig. 1. Simulated domain patterns and optical indicatrix of each domain in a
011½ �-poled rhombohedral PIN-PMN-PT crystal. (A) Domain structures in the

011½ �-poled PIN-PMN-PT crystal under stress-free conditions on the basis of phase field
simulations. (B) Domain pattern on a 100ð Þplane. (C) Domain pattern on a 0�11

� �
plane.

Purple and navy colors represent different ferroelectric domains with polarization
vectors along the �111

� �
(green) and 111½ �(yellow) directions, respectively. (D to

F) Schematic diagrams of optical indicatrix for both domains projected on the 011ð Þ,

100ð Þ, and 0�11
� �

planes, respectively. As shown here, the principal axes of the

refractive indicatrix in both the 111½ � and �111
� �

domains projected on the 011ð Þ or 100ð Þ
planes are the same, leading to suppressed light scattering and/or reflection along
the 011½ � and 100½ � axes. By contrast, projections of the principal axis of the optical
indicatrix in neighboring domains on the 0�11

� �
plane form an angle of 71°. The

alternation of the refractive indices no and ne causes scattering and/or reflection of
light when light travels along the 0�11

� �
direction.

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at N

anjing U
niversity on A

pril 21, 2022



the coercive field. (Fig. 2, B and C, and fig. S5).
The PLM images taken from the 011ð Þand 0�11ð Þ
surfaces are consistent with the simulated do-
main structure (Fig. 2A). A number of domain
walls are visible in Fig. 2B, in which the angle
between the domain walls and 0�11½ � direction
is ~35°. The domain walls presented in Fig. 2B
aremainly formed by 111½ �or �111½ �domain with
one of the 11�1½ �= �11�1½ �= �1�11½ �= 1�11½ � ferroelectric
domains whose polarization lies in the (011)
plane (fig. S6). Because of the presence of these
light-scattering domainwalls, a 633-nmGaussian
beam with a circular cross section is strongly
scattered as the beam goes through the crystal
(Fig. 2D). The shape of the scattered beam spot
nearly replicates the domain pattern (Fig. 2B)
as a result of the diffraction from the refractive
indices discontinuity at domain walls (27).
Evidently, the light scattering will reduce the
transparency and adversely affect the efficien-
cy of EO devices.
We employed a high-temperature poling

approach to reduce the clamping effect and
eliminate the light-scattering domain walls.
Specifically, the crystal was heated to ~105°
to 115°C and was thus in the orthorhombic
phase. Then, by applying an electric field of
5 kV cm−1, we can achieve orthorhombic single-
domain configuration. Finally, the crystal was
slowly cooled to room temperature with the
application of the electric field. During cool-

ing, the orthorhombic single domain with po-
larization along the 011½ � direction only split
into the rhombohedral 111½ � and �111½ � domains.
Throughout the process, other variants of
rhombohedral domains were absent (movie
S2 and fig. S7). By using the above poling
strategy, we obtained 011½ �-poled PIN-PMN-PT
crystals without the undesired domains (i.e.,
11�1½ �, �11�1½ �, �1�11½ �, or 1�11½ �; Fig. 2, E and F, and
fig. S8). We observed the extinction phenom-
enon as the incident light is along the 011½ �
direction with polarization along the 0�11½ � di-
rection (Fig. 2E), whereas the lamellar domain
configuration is observed from the 0�11ð Þ (Fig.
2F) and 100ð Þ (fig. S8) planes, which echoes the
simulated domain structure under stress-free
conditions (Fig. 1A). As expected, the footprint
of the Gaussian beam remains as a circular
spot after transmitting this crystal along the
011½ � axis (Fig. 2G), implying substantially en-
hanced light transmittance compared with
that the crystal poled at room temperature. The
PIN-PMN-PT crystals used for the discussion
of EO properties as well as device design are
poled by the high-temperature poling technique.

Transparency and electro-optic properties of
the 011½ �-poled PIN-PMN-PT crystal

Wephotographed 011½ �-poledPIN-PMN-PT crys-
tals (Fig. 3A). The poled crystals are highly
transparent when viewed from both the 100½ �

and 011½ � directions. The light transmittance
along both directions of the poled sample is
~70% in thewavelength rangeof 550 to2500nm,
which is very close to the theoretical limit if
only surface reflection is considered (Fig. 3B).
Additionally, the 011½ �-poled PIN-PMN-PT crys-
tal exhibits high transparency in the inter-
mediate infrared band, i.e., 2500 to 5500 nm
(Fig. 3C), except for a small absorption peak
around the wavelength of 2840 nm resulting
from the stretching vibrations of OH− ions,
which was observed in many perovskites such
as SrTiO3, BaTiO3, LiNbO3, and KTaO3 (28–30).
We found the optical absorption to monoton-
ically decrease with increasing wavelength
(Fig. 3D). As a result of the improved poling
technique, the optical transmittance of the
present PIN-PMN-PT crystal is considerably
higher than that of previously reported relaxor
ferroelectric crystals (14, 31–33). The transmit-
tance can be further improved through the
coating of antireflective film on the transpar-
ent surface, e.g., the 100ð Þ surface (blue curve
in Fig. 3B). In particular, at a wavelength of
1064 nm the optical transmittance is 99.6%,
in which the optical absorption of the crystal
and surface reflection loss are 0.16 and 0.24%,
respectively.
Wemeasured the Pockels coefficients r13 and

r33 with the Mach-Zehnder interferometer
(fig. S9A), whereas the effective EO coefficient
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Fig. 2. Domain structures for 011½ �-oriented rhombohedral PIN-PMN-32PT
crystals poled by conventional and high-temperature methods. (A) Domain
structure of the 011½ �-poled sample under clamped conditions from phase field
simulations. It should be noted that only two domains with polarization perpendicular
to the 011½ � direction are present in Fig. 2A, which is due to the fact that the scale
of phase field simulation (64 nm by 64 nm by 64 nm) is much smaller than that of
a real sample. We also conducted a phase field simulation involving the other two

domains (polarizations are along the 1�11
� �

and �1�11
� �

directions) (fig. S3). (B and

C) PLM images on 011ð Þ and 0�11
� �

surfaces of the 011½ �-oriented crystals poled by
conventional poling method, respectively. (D) Output spot of a Gaussian beam which
propagates along the 011½ � direction of the crystal poled by the conventional poling
method. (E and F) PLM images on the 011ð Þ and 0�11

� �
surfaces, respectively, of

the 011½ �-oriented crystals poled by high-temperature poling method, respectively. The
width of the laminar domains of the sample in Fig. 2F is 2.77 mm (SD ~±1.72 mm).
(G) Output spot of a Gaussian beam that propagates along the 011½ � direction of the
crystal poled by the high-temperature poling method.
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rc was measured with the Senarmont com-
pensator method (fig. S9B) (34). We chose a
633-nm He-Ne laser as the light source for the
measurement of EO properties. For the rhom-
bohedral PIN-PMN-PT crystals, we found that
the EO coefficient rc increases with increasing
PT content, i.e., with the composition ap-
proaching the morphotropic phase boundary
(MPB) (Fig. 3E). We can attribute this feature
to the electric field–induced polarization ro-
tation becoming easier as the composition
approaches the MPB (22). We mainly focused
the following discussion on the PIN-PMN-32PT
crystal, which possesses the highest EO coef-
ficient rc among all studied compositions.
At room temperature (25°C), the r33, r13, and

rc coefficients of the PIN-PMN-32PT crystal
were found to be 910, 260, and 670 pm V−1,
respectively, outperforming the actively studied
EO crystals (Fig. 3E and fig. S10). It is worth
noting that the contributions from the varia-
tion of the optical path length—which is in-
duced by the converse piezoelectric effect
under the applied electric field—to coefficients
r33, r13, and rc are 299, 296, and −4 pm V−1,
respectively (34). The coefficient rc is ~30 times
as large as that of the state-of-the-art LN and
DKDP EO crystals, confirming the potential for
use in compact EO devices with low driving

voltage. Some other ferroelectric materials
may also possess high EO coefficients (rc >
200 pmV−1), such as (Sr,Ba)Nb2O6 crystals (35),
but these high values are a result of the ferro-
electric phase transition temperature being
close to room temperature, which greatly limits
their operating temperature range. In addi-
tion, the EO coefficients of PIN-PMN-32PT
crystals are much higher than that of previ-
ously reported relaxor ferroelectric crystals, in-
cluding 011½ �-poled PMN-28PT (21). This is due
to the following two reasons: First, the com-
position of PIN-PMN-32PT is closer to the
MPBwhen compared with the reported PMN-
28PT. The electric field-induced polarization
rotation becomes easier as the composition
approaches the MPB, leading to the higher
EO property. Second, by the high-temperature
poling technique, the undesired domains in
PIN-PMN-32PT crystals can be completely
removed without any irreversible electric
field-induced phase transition. It is gener-
ally believed that the crystal with MPB com-
positions can be partially transformed into the
orthorhombic phase by 011½ � electric field po-
ling at room temperature because of the over-
poling effect, leading to the greatly reduced
EO property. By contrast, the applied electric
field used in high-temperature poling is much

lower than that for room-temperature poling,
and thus the PIN-PMN-32PT crystal can fully
recover to the rhombohedral phase with the
desired domain structure during cooling.
To understand the origin of the giant EO

coefficients in rhombohedral PIN-PMN-PT crys-
tals, we performed density functional theory
(DFT) calculations. A typical relaxor-PT com-
position, i.e., 0.75PMN-0.25PT (PMN-25PT),
was selected for the calculation as it allows a
supercell size feasible for DFT calculations
(36, 37); further, its electro-optic and piezo-
electric properties are comparable to our studied
PIN-PMN-32PT crystal. Through the approach
proposed in (38–41), the intrinsic EO coeffi-
cient rijk under stress-free conditions can be
expressed as

rijk ¼ relijk þ rionijk þ rpiezoijk ð1Þ

The first termrelijk is a pure electronic part, the
second term rionijk corresponds to the ionic con-
tribution, and the last term rpiezoijk corresponds
to the coupling of piezoelectric and elasto-
optic effects. The three contributions were
calculated at 0 K for the PMN-25PT crystal.
According to our DFT calculations (34), the
EO coefficients calculated at 0 K (<50 pm V−1,
see table S1) are much smaller than those
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Fig. 3. Transparency and electro-optic properties of PIN-PMN-PT crystals
poled along the 011½ � direction by the high-temperature poling method.
Photograph of poled PIN-PMN-PT single crystals with the major faces of 100ð Þ
and 011ð Þ, respectively. An unpoled crystal is also given for comparison. The
sample size in (A) is 8 mm by 3.5 mm by 3 mm. (B) Optical transmittance
spectra of PIN-PMN-PT samples before and after poling and with antireflective
coating (sample thickness is 1.5 mm for optical transmittance measurements).
(C) Optical transmission spectra of 011½ �-poled PIN-PMN-PT samples within the
wavelength of 2500 to 10,000 nm. (D) Effective absorption coefficient of the

011½ �-poled and unpoled PIN-PMN-PT crystals. (E) Comparison of EO coefficient
rc (at room temperature) between 011½ �-poled PIN-PMN-PT crystals and state-
of-the-art EO crystals. (F to H) Frequency and temperature dependences of rc,
r13, and r33, respectively, for the 011½ �-poled PIN-PMN-32PT crystal. The error bars
indicated the standard errors measured from five points of a sample. It should
be noted that EO coefficients can be greatly enhanced as the test frequency
approaching the piezoelectric resonance frequency of the sample (fig. S11). This
phenomenon is related to the greatly enlarged piezoelectric displacement at
the resonance frequency.
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measured at room temperature. At a temper-
ature far below the phase transition point,
the electronic contribution is expected to be
insensitive to temperature because it is rel-
ated to the interaction of the applied electric
field with the valence electrons, whereas the
ions are confined to their equilibrium posi-
tions (41). For the PIN-PMN-32PT crystal, the
rhombohedral-orthorhombic phase transition
temperature and Curie temperature are 105°
and 180°C, respectively. Thus, the high EO co-
efficients at room temperature are thought to
be related to the ionic and piezoelectric con-
tributions (i.e., the components rionijk and rpiezoijk ).
These are, in a reasonable approximation, pro-
portional to the dielectric and the piezoelectric
tensors, respectively (34). The calculated di-
electric constant and piezoelectric coefficient
of PMN-25PT are lower than 70 and 110 pmV−1,
respectively, at 0 K (tables S2 and S3), whereas
the measured values are up to 3500 and
1200 pm V−1, respectively, at room temper-
ature, showing a substantial positive corre-
lation with temperature. Therefore, it should
be inferred that the components rionijk and rpiezoijk
increase substantially with temperature as
they are responsible for the high room temper-
ature EO coefficients for the PIN-PMN-32PT
crystals.
To validate this inference, we measured the

EO coefficients of the PIN-PMN-32PT crystal
as a function of temperature (Fig. 3, F to H).
As the temperature increases from 5 to 60°C,
we found that the EO coefficients increase
by ~30 to 50%, as they are similar to the
temperature-induced changes of the dielectric
and piezoelectric coefficients (22), revealing
that dielectric- and piezoelectric-related con-
tributions play a key role in EO coefficients.
The EO coefficients are substantially reduced
at a temperature above the rhombohedral-
orthorhombic phase transition temperature
Tr-o (~105°C), because of both the low piezo-
electricity in the orthorhombic phase along
the 011½ �direction and the depoling effect during
the phase transition.
In contrast to the strong temperature de-

pendence, the EO coefficients of the PIN-PMN-
32PT crystal exhibit excellent stability with
respect to frequency. The r33, r13, and rc coef-
ficients exhibitminor variation below 5%within
the frequency range of 10 to 104 Hz (Fig. 3, F
to H). This feature is vital for EO devices that
operate over a broad frequency range, e.g.,
electro-optic modulators used in the field of
broadband radar.

Electro-optic Q-switch made of
PIN-PMN-PT crystals

To demonstrate the competitive advantages
of our PIN-PMN-PT crystals in practical appli-
cations, we constructed and characterized
electro-optic Q-switches. Because of the large
EO properties and relatively high laser dam-

age threshold (~500MWcm−2) (42), PIN-PMN-
PT crystals are promising candidates for
Q-switching applications that require ultra-
compact size andgreatly reduceddriving voltage.
For benchmark purposes, we also explored

key properties of commercial DKDP- and
LN-based Q-switches when housed in the same
laser cavity for the characterization of the
PIN-PMN-32PT Q-switch. We show the com-
mercial DKDP- and LN-based Q-switches and
a compact low-voltage Q-switch made of the
PIN-PMN-32PT crystal with size 5 mm by
5 mm by 1.5 mm (Fig. 4A). The dimensions of
the PIN-PMN-32PT Q-switch are f 12 mm by
3.4 mm, which are considerably smaller than
those of the DKDP Q-switch (f 15 mm by
18 mm) and LN Q-switch (f 22 mm by 22 mm);
this small size is attributable to its ultrahigh
effective EO coefficient, rc (Fig. 3E). Theoret-
ically, reducing the Q-switch optical travel
length is accompanied by an increase in ope-
rating voltage, according to Eq. 2

Vp=2 ¼ ld
2n3rcl

ð2Þ

in which Vp/2 is the quarter-wave voltage (i.e.,
the operating voltage), l is the wavelength, n
is the refractive index, rc is the effective EO
coefficient, l is the length of the crystal along
the optical travel direction, and d is the dis-
tance between two electrodes of the EO crys-
tal. Because of the ultrahigh EO coefficients,
the operating voltage of the studied PIN-PMN-
32PT crystal is only 0.2 kV, suggesting 16- and
6.5-fold reductions when compared with that
of DKDP and LN, respectively.
We illustrated the laser cavity setup for ex-

perimentally characterizing the performance
of the PIN-PMN-32PT Q-switch (Fig. 4B). This
cavity accommodates a rear mirror, a polariz-
ing beam splitter, an a-cut Nd:YVO4 acting as
the laser host crystal, the Q-switch, a quarter-
wave plate, an eighth-wave plate, and an out-
put mirror. The total length of the laser cavity
is 65 mm. To ensure that the Q-switch is in
high-loss mode under the hold-off state, the
position of the eighth-wave plate was care-
fully adjusted to compensate for the phase re-
tardation induced by the initial birefringence
of the PIN-PMN-32PT crystal, leading to zero
laser output power. A pulsed laser with a wave-
length of 1064 nm is generated at the output
end of the cavity through application of a
control signal on the PIN-PMN-32PT Q-switch,
i.e., pulsed Vp/2 voltage with a repetition rate
of 10 Hz to 2 kHz.
We show a single output pulse generated

by the PIN-PMN-32PT Q-switch and compared
it with commercial DKDP and LN Q-switches
at a repetition rate of 1 kHz and pump energy
of 3.7 mJ (Fig. 4C). The pulse width of the PIN-
PMN-32PT Q-switch is on the order of 1.8 ns—
a slight improvement compared with those of
commercial Q-switches. The PIN-PMN-32PT

Q-switch can produce a more symmetric pulse
(Fig. 4C) with a consistently narrower pulse
width over a relatively wide repetition rate
span (10 Hz to 2 kHz) and pump energy (~2.3
to 3.7mJ) comparedwith those of their DKDP-
and LN-based counterparts (Fig. 4, D and E).
In general, the width of a Q-switched pulse is
positively correlated with the intracavity pro-
pagation time of the laser beam (43). The
compact size of the studied PIN-PMN-32PT
crystal excessively minimizes the additional
optical path length induced by the insertion of
the Q-switch (i.e., a product of the geometric
length of the crystal along the laser travel di-
rection and the refractive indices of the EO
crystal). Consequently, the intracavity prop-
agation time of the PIN-PMN-32PT Q-switched
laser is shorter and more strongly favors the
narrowing of the output pulse width.
ThePIN-PMN-32PTQ-switched laser exhibits

a satisfactory output pulse energy and optical-
to-optical efficiency (~7.7%) at a repetition rate
of 1 kHz (Fig. 4F), both of which are highly
comparable to those of the laser pulses gen-
erated by the commercial DKDP- andLN-based
Q-switches, with efficiency on the order of 7.9
and 8.0%, respectively.
Peak power, represented by the pulse energy

and pulse width, is another key parameter for
understanding the performance of a Q-switch.
The maximum peak power of the pulse pro-
duced by the studied PIN-PMN-32PTQ-switch
was calculated to be 154 kW at input pumping
energy of 3.7 mJ, which is nearly identical to
that of the DKDP- and LN-based Q-switched
laser (Fig. 4G and table S4). This substantial
peak power is primarily ascribed to the shorter
pulse width, which effectively offsets the minor
deficiency in the output pulse energy. This re-
sult provides further evidence that the studied
PIN-PMN-32PT crystals are of extremely high
quality in terms of optical transparency and
homogeneity and thusmeet the standards of a
commercial product.
The pulse-to-pulse energy stability of the

pulse train is also an important feature for
evaluating Q-switch performance. We recorded
the energy profile of 100 sequential output
pulses produced by the PIN-PMN-32PT
Q-switch at a pump energy of 3.7 mJ and a
repetition rate of 1 kHz (Fig. 4H). The varia-
tion coefficient of the laser output energy over
the pulse train is estimated to be 2.7%, demon-
strating an ultralow output energy jitter on
par with that of the commercial DKDP and LN
Q-switches (Fig. 4I and fig. S12).
Through ferroelectric phase, crystal orienta-

tion, and poling process designs, we success-
fully boosted the transparency of PIN-PMN-
PT crystals (99.6% at awavelength of 1064 nm)
and achieved very high EO coefficients (r33
and rc of 900 and 670 pm V−1, respectively).
Because the PIN-PMN-PT crystals have desir-
able electro-optic properties, we used them for
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the design of a free-space Q-switch. Compared
with the commercial LN and DKDP-based
Q-switches, the volume of the PIN-PMN-
32PT-based Q-switch is substantially reduced
by more than one order of magnitude, with
the operating voltage reduced to 200 V from
a starting point of 1300 to 3200 V. Given the
fact that the Q-switch is a key component of
pulsed lasers, the miniaturization and low
driving voltage of the Q-switches will con-
siderably reduce the size, weight, and power
consumption of pulsed lasers while also miti-
gating issues relating to electromagnetic inter-
ference induced by high-voltage pulses. This
development will benefit numerous applica-
tions, such as ultracompact and low-power–
consumption laser radars, enable sensing
functions in navigation with small-scale ro-
bots and intelligent recognition in autonomous

driving, and allow for improved precision in
medical and scientific equipment requiring
high stability and reliability.
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Fig. 4. Key performances of the Q-switch fabricated by the transparent PIN-
PMN-32PTcrystal. (A) EO Q-switch based on different crystals, in which operating
voltages Vp/2 (at 1064 nm) are given as well. For PIN-PMN-32PT and LN-based
Q-switches, the light travel direction and applied electric field direction are
perpendicular, whereas for the DKDP-based Q-switch, the light and electric field
are along the same direction. (B) Schematic of Nd:YVO4 laser Q-switched by
PIN-PMN-32PT in the pulse-on cavity at l = 1064 nm. (C) Single pulse profile of the

oscillator at 1 kHz and 3.7 mJ. (D) Pulse width as function of repetition rate
(pumping energy of 3.7 mJ). (E) Pulse width as a function of pumping energy
(repetition rate of 1 kHz). (F) Output pulse energy at 1 kHz as a function of pumping
energy. (G) Peak power as a function of pumping energy. (H) Recorded output
pulse train consisting of 100 sequential pulses at 1 kHz, showing an ultralow energy
jitter of PIN-PMN-PT-based Q-switch (CV, ratio of standard deviation to the mean
value). (I) The CV of PIN-PMN-PT, DKDP and LN crystals, measured at 1 kHz.
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Ferroelectric crystals with giant electro-optic property enabling ultracompact Q-
switches
Xin LiuPeng TanXue MaDanyang WangXinyu JinYao LiuBin XuLiao QiaoChaorui QiuBo WangWeigang ZhaoChaojie
WeiKexin SongHaisheng GuoXudong LiSean LiXiaoyong WeiLong-Qing ChenZhuo XuFei LiHao TianShujun Zhang
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Breaking down the domain walls
Ferroelectric materials should make for decent optical components because of the change in refractive index with
electric field. However, many of the best ferroelectrics have domain walls that scatter light and are not useful for optics
applications. Liu et al. used a high-temperature poling method to remove the light-scattering domain walls in a lead
ceramic ferroelectric. The material has a very high electro-optic coefficient and requires a very low driving voltage. This
strategy may be useful for other materials and may help in the development of better optical devices. —BG
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