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1. Introduction

Controlled switching of the optical prop-
erties of photonic materials has been uti-
lized for numerous applications including 
optical filters, switches, and polariza-
tion control which has revolutionized 
telecommunications systems.[1] This 
has spurred the development of devices 
such as micrometer-sized piezoelectric 
opto mechanical devices for quantum 
networks.[2] While exploitation of elec-
tromechanical resonances may enhance 
electro-optical performance,[3] sizable 
optical and piezoelectric responses in 
a single bulk material are highly unu-
sual, even though there has been a con-
tinuing search for promising materials. 
One example is transparent ceramic 

Electrical switching of ferroelectric domains and subsequent domain 
wall motion promotes strong piezoelectric activity, however, light scat-
ters at refractive index discontinuities such as those found at domain wall 
boundaries. Thus, simultaneously achieving large piezoelectric effect and 
high optical transmissivity is generally deemed infeasible. Here, it is dem-
onstrated that the ferroelectric domains in perovskite Pb(In1/2Nb1/2)O3–
Pb(Mg1/3Nb2/3)O3–PbTiO3 domain-engineered crystals can be manipulated 
by electrical field and mechanical stress to reversibly and repeatably, with 
small hysteresis, transform the opaque polydomain structure into a highly 
transparent monodomain state. This control of optical properties can be 
achieved at very low electric fields (less than 1.5 kV cm−1) and is accompa-
nied by a large (>10 000 pm V−1) piezoelectric coefficient that is superior to 
linear state-of-the-art materials by a factor of three or more. The coexistence 
of tunable optical transmissivity and high piezoelectricity paves the way for a 
new class of photonic devices.
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Pb1−xLax(ZryTi1−y)O3 (PLZT)[4–7] which belongs to the family 
of piezoelectric phases based upon the prototypical relaxor 
Pb(ZrxTi1−x)O3 (PZT). However, Kumada et  al.[8] showed that 
while the change in the light scattering by PLZT ceramics can 
be stimulated by antiferroelectric to ferroelectric phase transi-
tion,[9–11] it requires somewhat large electric fields of at least 
5–10 kV cm−1 and has limited switching speed.[12,13] The lack of 
effective single-phase materials has led to recent efforts focused 
on piezoelectric–electrochromic composites to meet this design 
need for various sensors and devices.[14–16]

Recently, it became possible to grow large (centimeter size) 
single crystals[17] of the relaxor materials Pb(Mg1/3Nb2/3)O3– 
PbTiO3 (PMN–PT) and Pb(Zn1/3Nb2/3)O3–PbTiO3 which out-
perform conventional ceramic PZT-based materials due to 
extremely high piezoelectric (d33 ≈ 2000 pm V−1) and coupling 
(k3  ≈ 0.9) coefficients.[18–23] The success of these materials is 
due in part to domain engineering, a process used to modify 
the electric or mechanical response of a material through the 
manipulation of its domain configuration by cutting the crys-
tals along certain crystallographic planes and then poling them 
with electric field along a particular crystallographic direction.

However, even after decades of development of lead-based 
relaxor ferroelectric crystals, there are still very few of them that 
produce simultaneous high piezoelectricity and optical transpar-
ency. While recent work on epitaxial piezoelectric thin films has 
demonstrated that they can be used as active optical devices[24] 
and that the ferroelectric domains give rise to nonlinear optical 
effects,[25] in bulk ferroelectric crystals, those domains cause 
light scattering due to discontinuities in the refractive index at 
the domain boundaries (domain walls).[26–28] The presence of 
many small domains (on the order of hundreds of nanometers) 
results in multiple scattering events which make the crystals 
opaque and have hindered the use of these materials in electro-
optic applications. Eliminating domain walls leads to a mono-
domain crystal with the maximum transparency, but this is 
generally at the expense of the piezoelectric efficiency.[29]

In one approach, Qiu et al.[30] reported a method of preparing 
a high-performance and nearly transparent relaxor piezoelectric 
using a special ac-poling process to create a favorable domain 
configuration that lacked 71° domain walls which scattered light 
in [001]-oriented rhombohedral PMN–PT. Though this process 
achieved good transparency and ultrahigh piezoelectricity, the 
optical properties of those crystals cannot be easily modulated. 
Only very recently, Deng et  al.[31] demonstrated that domain-
engineered rhombohedral crystals of PMN–PT can have large 
piezoelectric and electro-optic effects.

Here we show, for the first time, that domain-engineered crys-
tals can provide broadly tunable optical properties while simul-
taneously realizing an extremely large piezoelectric response via 
a ferroelectric-to-ferroelectric phase transformation. The transi-
tion can be reversibly switched with an electric field of less than 
1.5 kV cm−1 and is accompanied by a large strain of up to 0.25%, 
yielding an effective giant piezoelectric coefficient >10 000 pm V−1.  
The transmissivity of light through the crystal can be varied 

from <∼1% to ~70%, and the rise time can be as small as a few 
tens of microseconds. By using various in situ X-ray techniques, 
combined with spectral analysis and high-speed videography, we 
establish the mechanism for this effect as light scattering due 
to the polydomain state formed during the initial poling. This 
discovery opens possibilities to incorporate the giant control of 
transmissivity due to optical scattering by ferroelectric domains 
and concomitant piezoelectric effects into novel advanced 
electro-optical devices and applications.

2. Results and Discussion

We selected xPb(In1/2Nb1/2)O3–(1−x−y)Pb(Mg1/3Nb2/3)O3–yPbTiO3  
(PIN–PMN–PT) with x  ≈ 0.24 and y  ≈ 0.30. At this composi-
tion, the rhombohedral R phase is stabilized at zero field and 
stress at room temperature close to the morphotropic phase 
boundary,[32–34] and the transition to the orthorhombic O 
phase can take place with relatively small mechanical and/or 
electrical excitation along the appropriate directions.[35–37] The 
as-grown pseudocubic ferroelectric crystals with rhombohe-
dral symmetry have 8 equivalent polarization directions, each  
along the <111>  type axes. To implement domain engineering, 
the crystal was first cut along orthogonal (011), (011), and (100) 
faces with final dimensions 4 × 4 × 12 mm3, respectively, and 
then it was poled along [011]. After poling, only two variants 
of the rhombohedral (R) phase remain with the polarization 
along either [111] or [111]. Mechanical compatibility should 
then require that the domains be separated by 71° or 109° 
domain walls[38] oriented parallel to (100) or (011), respectively. 
As expected, the resulting as-poled crystals exhibited twinning, 
which can lead to ambiguity in the interpretation of X-ray dif-
fraction results. However, we confirmed that the crystals pos-
sessed R symmetry with space group R3m at zero field and zero 
stress (Figure S1, Supporting Information).

All measurements were performed with uniaxial compres-
sive stress applied along the [100] long axis and the electric field 
E  || [011], while optical experiments were conducted with light 
propagating along [011] (Figure 1a, inset). Optical transmission 
measurements with a sinusoidal electric field of frequency 1 Hz 
and amplitude 1.25  kV cm−1 and increasing stress are shown 
in Figure 1a with the gray and black markers corresponding to 
the maximua and minima in the electric field, respectively. The 
light transmission increased with compressive stress, especially 
when it exceeded −20  MPa, corresponding with an anomaly 
in the stress–strain curve (Figure 1a). In this region, the effec-
tive piezoelectric coefficient d32* =  Δε/ΔE  >  10 000 pm V−1 
(Figure S2 and Table S1, Supporting Information), almost an 
order of magnitude higher than the sizable value of the crystal 
in the as-poled R state (≈1500–2000 pm V−1). The striking 
change in the appearance of the crystal can be seen from photo-
graphs taken at high and low stresses (Figure 1b,c), and repeat-
able electrical switching is shown in Figure 1d.

Pursuant to investigating the underlying structural proper-
ties responsible for the observed optical effects reported above, 
in situ X-ray diffraction and synchrotron-based diffuse mul-
tiple scattering (DMS) were performed (see the Experimental 
Section). These two techniques provide unique, complemen-
tary insight into the crystal structure even for polydomain 
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states. Stress-dependent X-ray diffraction data are displayed 
in Figure 2a,b for the (022) and (111) diffraction peaks, respec-
tively. The polarization was monitored with a high-impedance 
electrometer during the measurement, yielding so-called 
“open-circuit” electrical boundary conditions which caused the 
transition to shift to larger compressive stress (Figure 2b, inset) 
as compared to that of the short-circuit data shown in Figure 1a. 
The position of the (022) diffraction peak center displayed clear 
hysteresis with application and removal of stress and correlated 
directly with the measured strain. On loading, the response 
deviated from linear behavior near a compressive stress of 
30 MPa, at which point the crystal transformed to a monoclinic 
phase, presumably MB based on symmetry arguments, and 
the two peaks coalesced into one when the compressive stress 
exceeded ≈35 MPa, as clearly seen in the reciprocal space maps 
of the (111) reflection at low and high stresses (Figure 2b insets 
and Figure S3 (Supporting Information)).

DMS is a divergent beam diffraction technique that produces 
diffraction cones which have a solid angle determined by the lat-
tice d-spacing and impinge upon the detector plane in the form 
of lines. When three cones from coplanar reflections intersect 
at a common point, this is referred to as a triple intersection 
(TI) and has the property that it can only be split if at least one 
angle in the Bravais lattice deviates from 90°. By calculating the 
splitting for the Bravais systems over multiple TIs, a splitting 
fingerprint can be generated and used for phase identification. 
The DMS analysis here involved three sets of TIs from coplanar 
reflections (Figure S4, Supporting Information). The presence 
of parallel lines at low stress indicates two phases. The splitting 
of the TIs precludes cubic, tetragonal, and orthorhombic struc-
tures. Comparing the splitting fingerprints (green and orange, 
Figure S4a, Supporting Information) for the low-stress data 
(Figure 2c) revealed two rhombohedral phases rotated from one 
other by 90°, indicating a rotation of the polarization of about 
70.5° between neighboring domains. With increased compres-
sive stress, the two rhombohedral twins changed to a twinned 
monoclinic structure. At even higher stress, the twins collapsed 
to a single phase (Figure 2d and Figure S4a, Supporting Infor-
mation, yellow fingerprint), which we have designated as M* 
as it could only be described by monoclinic or lower symmetry.

Both the X-ray diffraction and DMS results suggest a transi-
tion from a poly- to a monodomain state. For confirmation, we 
performed high-energy (80 kV) X-ray diffuse scattering to char-
acterize the local disorder throughout the bulk of the crystals 
since the method is especially sensitive to discontinuities in 
the long-range atomic periodicity.[39] Diffuse scattering meas-
urements were done at zero stress with varying electric fields, 
where Figure 3a shows the diffuse scattering structure around 
a (002) diffraction spot measured at zero and high fields. There 
was streaking of the reciprocal lattice point observed along the 
<551> directions at zero field that results from planar interfaces 
within the crystal perpendicular to these directions. For lead-
based relaxor ferroelectrics, such diffuse scattering streaks have 
been regularly observed and have been modeled as polar nanore-
gions[40–42] or planar structures akin to conventional domains but 
nanoscale in size,[43] though other models have also been pro-
posed,[44] but the present streaking at zero field is consistent with 
conventional planar domain walls. On the other hand, at high 
field (Figure 3a), the streaks were removed, i.e., the diffuse scat-
tering was nearly symmetrical around the reciprocal lattice point 
as the domain walls had been removed (Figure S5, Supporting 
Information), as required for a monodomain crystal.[45,46]

For further study of the domain structure, transmission electron 
microscopy (TEM) with in situ compression (Figure S6, Supporting 
Information) was completed on a lamella cut from one of the crys-
tals.[47] Figure 3b shows <111> nanodomains within the polydomain 
rhombohedral structure of the lamella prior to loading. Under 
sufficient compression (Figure 3c), the nanodomains disappeared 
during the transition to form a monodomain state. While finite 
size effects play a role in the domain microstructure such that the 
present TEM results are expected to differ from those of the bulk 
crystal, the behavior should be qualitatively similar.

An image of the light transmitted through the crystal during 
decreasing compressive stress is shown in Figure 3d. The black 
lines show the time evolution of the boundary of the region 
of light transmission. The direction of motion of the edges of 
the region (shown by the light blue arrows) coincided with the 
direction of the streaking in the diffuse scattering by the domain 
walls (Figure 3a), directly linking the ferroelectric domain struc-
ture in the R phase to the reduced optical transmission.
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Figure 1. a) Stress dependence of the integrated transmitted light intensity and strain. The measurements were done with a high-speed video camera 
with the sample illuminated with a wide spectrum white LED source while an ac electric field was applied, and the gray and black dots correspond to the 
maximum and minimum electric fields, respectively. The inset shows a schematic of the setup for the transmittance measurements. b,c) Photographs 
of the crystal at high stress (b) and low stress (c), showing the marked difference in transmission. d) Time-dependent optical relative normalized 
transmission of 730 nm radiation through the sample along the [011] direction measured by a high-speed photodetector, showing the repeatable and 
reversible nature of the effect for a crystal under ≈22 MPa compressive stress.
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The spectral transmittance was measured across the region 
spanning the ultraviolet to the near-infrared with and without 
a compressive load (Figure  4a). When placing the sample 
0.6 m away from the detector, the transmitted light through the 
unloaded sample diminished substantially in the visible region 
as compared to when the detector abutted the sample. Under 
a compressive stress of 40  MPa, the signal was independent 
of detector placement, and the transmittance was effectively 
constant for wavelength λ  >  800  nm. While the unloaded 
sample tended to show decreased transmittance compared to 
the loaded sample, near the mid-infrared region, the transmis-
sivity was nearly independent of the measurement conditions. 
Additional studies with incident polarized light showed similar 
spectral characteristics which were independent of the polariza-
tion direction.

The transmittance T of light through a medium is generally 
described by Beer’s law

Adv. Mater. 2022, 2106827
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Figure 3. a) Electric field dependence of the strain, indicating the phase 
transition at ≈23 kV cm−1 with zero applied stress. The insets display the 
diffuse scattering structure around the (002) reflection in the zero-field 
state and the high-field state (≈38 kV cm−1). Eight streaks emanating from 
the reciprocal lattice spot (see Figure S5 in the Supporting Information) 
disappeared when the crystal transitioned to the high-field symmetry.  
b,c) TEM images of a lamella cut from single crystal under zero (b) and 
high (c) compressive stresses. Large stress promoted the disappearance 
of twinned nanodomains along the [111] and [111] directions observed in 
the unloaded lamella. The contrast observed at high stress is attributed 
to the nonuniform stress from the nanoindenter. d) Time evolution of the 
white-light transmission through a crystal during unloading measured 
by high-speed video (see the Supporting Information). The black lines 
indicate the boundaries of the bright regions at various times, and the 
light blue arrows indicate the motion of those boundaries.

Figure 2. a,b) Evolution of the (220) (a) and (111) (b) peaks during 
loading and unloading cycles. Also included in (a) is the stress–strain 
curve and the polarization (inset). Reciprocal space map image plots for 
the (111) peak at low and high stress are shown as insets in (b). Note, we 
adopt the traditional engineering convention of compressive stress to be 
negative. c,d) DMS results at low stress, zero-field (−7 MPa) (c) and high 
stress, high field (−24 MPa, 2.5 kV cm−1) (d) states. At low stress, there 
are two rhombohedral phases that become monoclinic with increasing 
stress and eventually merge into a single phase at high stress.
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0T T e l= α−  (1)

where T0 is the transmittance into the medium, α is the attenu-
ation coefficient, and l is its thickness. While single crystals of 
sapphire and titania are transparent, their fully dense ceramics 
are opaque or translucent. This has been attributed to scattering 
due to the differences in the extraordinary and ordinary indices 
of refraction, ne and no, respectively, in birefringent media and 
has been successfully modeled by Pecharromán et  al.[48] by 
modifying Rayleigh–Gantz–Debye (RGD) theory to account for 
crystal orientation
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where d is the grain size, ψ is the angle between the direction 
of light propagation and the optical axis, g(ψ) is a function to 
account for scattering due to orientation of the optical axis, 
m  = ne/no, x  = π  <n> d/λ with <n> being the average index 
of refraction, γ  = 0.577… (the Euler–Mascheroni number), 
and Ci(x) the cosine integral function. For the present case, 
g(35°) = 0.1389. While <n> must show dispersion, the trans-
mittance of the loaded sample remains constant at ≈70% from 
1000 to 2500 nm. The Fresnel equations indicate that <n> ≈ 2.5 
in that region, consistent with measurements on similar crys-
tals.[49–51] The resulting fit to Equation  (2) is quite satisfactory 
(green line, Figure 4a), yielding values of d = 240 ± 20 nm and 
m = 1.016 ± 0.002. The measured refractive indices of rhombo-
hedral single crystals of PIN–PMN–PT with similar composition 
gave m ≈ 1.016 at λ = 475 nm in one study[31] and m ≈ 1.026 at λ = 
633 nm in another.[51] One should expect that the fit values for 
domain size d should differ somewhat from the actual values 
as RGD theory was strictly derived for spherical particles,[52] but 
they are in good agreement with previous studies by us[47] and 
others[53,54] which indicate domain sizes in the range of a couple 
of hundred nanometers up to 1 µm in these and similar crystals.

Time-resolved optical transmission measurements (Figure 4b–d)  
of 730 nm radiation through the sample preloaded close to the 
phase transition (≈−20  MPa) highlight three distinct states with 
different degrees of opacity. Starting from the initial as-poled 
state (Figure 4c) in stage 1 (blue shaded region), the transmittance 
showed a weak dependence on electric field. With increasing 
electric field, there was a marked reduction in the transmittance 
at 1.4  kV cm−1 during the transient state 2 (Figure  4c, unshaded 
region), which was immediately followed by a rapid 30 µs change 
(green shaded region) to transparency in state 3 (red shaded region). 
The crystal remained in state 3 until the switching was reversed 
with decreasing field at about −1.1 kV cm−1 with slight differences 
in the field dependence of the transmittance. These three optical 
states correspond to the three structural phases we have identified. 
The polydomain R phase (state 1) scatters light due to the birefrin-
gence responsible for the refractive index mismatch at the twin 
boundaries, but each domain produces only one extraordinary ray 
due to the uniaxial crystal symmetry. However, the twinned, lower 
symmetry monoclinic MB phase in state 2 has two extraordinary  
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Figure 4. Optical transmittance of a relaxor ferroelectric PIN–PMN–PT 
single crystal. a) Light transmittance for a crystal under zero (black) and 
−40  MPa (red) stresses measured at the sample and 0.6 m away. The 
green line represents a fit to Equation  (2). b) Time dependence of the 
normalized transmission (red) at 730  nm with a 1 Hz ac electric field 
of amplitude 1.5  kV cm−1 (black) at a compressive stress of 20  MPa. 
c,d) Detailed views of the regions of discontinuity in the optical transmis-
sion in (b), i.e., during increasing and decreasing electric fields, respec-
tively. There are 3 distinct regions (blue, red, and white), each related to 
a different crystal structure. The transitions between opaque and trans-
parent states are shaded green.
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rays, thereby enhancing the scattering and reducing the transmis-
sion. When the domain walls collapse to form a mono domain 
crystal in the M* phase (state 3), light at normal incidence propa-
gates along an optical axis so that even though the phase remains 
birefringent, there are no extraordinary rays. The dip in transmit-
tance due to the MB phase was not observed in the high-speed video 
(Figure 1a) because the effect is strongly wavelength-dependent and 
was washed out with a broadband white light source.

In previous research, it was shown that there was no visible 
degradation of the piezoelectric performance over tens of mil-
lion cycles[55] which was attributed to a flat energy landscape 
that facilitates switching.[56,57] Even so, this durability is counter 
to the fact that insulating crystals such as these are  naturally 
susceptible to brittle failure and cracking, especially since 
Landau theory[58] dictates that the transition from R3m to MB 
cannot be continuous. The present twinning/detwinning pro-
cess closely resembles displacive martensitic transformations 
that lead to stress accommodation and adaptive compatibility 
of multiple phases,[59–61]  and the MB phase may serve to span 
the differences between the structures of R and M* phases. 
This adaptive behavior is likely also linked to another important 
aspect of these crystals, their minimal electromechanical hys-
teresis. The domain walls found in the as-poled crystal are iden-
tified by diffuse scattering analysis as existing on {551}-type 
planes. In pure R-type materials, these wall orientations would 
be charged and strained, leading to increased electrostatic and 
mechanical mismatch energy.[62,63] For monoclinic phases, such 
planes can represent the lowest strain energy state,[63] even 
when electrical poling creates charged walls.

3. Conclusion

We have demonstrated high optical modulation with simul-
taneous giant piezoelectricity by engineering and controlling 
the domain configuration and phase by stress or electric field 
in a ferroelectric crystal. The optical transmission through the 
crystal is determined by light scattering from the ferroelectric 
domains, correlated to the inter-ferroelectric phase transitions, 
which are responsible for the large strain and can achieve 
relatively fast switching (<30 µs). An intermediate monoclinic 
structure and an adaptive phase transition combined with 
metastable charged domain walls contribute to small hyster-
esis as well as resistance to fatigue. This hysteretic behavior 
with applied electric field or stress also suggests the possibility 
of controlling the remanent state of the crystal to either be 
opaque or transparent, opening new venues for novel func-
tionalities and applications. While hysteretic effects may limit 
applications due to potential self-heating, previous investiga-
tion[64] suggests that the hysteresis is sufficiently narrow as to 
alleviate that concern even for high power. These results have 
the potential to impact multiple disciplines including photo-
voltaics, optoelectronics, and ferroelectric memories.

4. Experimental Section
In Situ High-Speed Video: High-speed video acquisition was made with 

a high-resolution Phantom v711 camera with exposure times ranging 

from 10 µs to 1 ms at rates of up to 50 000 frames s−1. The crystal was 
placed in custom-built fixture in an Instron testing unit, and the electric 
potential was applied with a Trek 10/10B amplifier. A broadband light-
emitting diode (LED) array illuminated the crystal with light propagating 
along [011] direction, as diagramed in Figure 1a inset, and the strain was 
measured with a strain gauge attached to the (011) surface in the [100] 
direction.

Optical Modulation: The sample was mounted in a custom-
built 1000 N compression holder, which used a micrometer screw 
to manually apply force which was measured with a load cell. The 
holder was positioned to center the sample between a 30-mW 730-nm 
laser and a 2-GHz Si free-space high-speed photodetector, with light 
transmission along the [011] axis of the crystal. To reduce the influence 
of scattered light, the detector was positioned 0.5 m from the detector 
head. The electric potential was applied by a Trek 609E-6 high-voltage 
amplifier, which was driven by a Wavetek 395 waveform generator. The 
photodetector output, with a 50-Ω feed-through termination, and the 
voltage monitor from the high-voltage amplifier were connected to a 
Teledyne Lecroy oscilloscope.

In Situ X-ray Diffraction: Synchrotron X-ray diffraction measurements 
were performed at European Synchrotron Radiation Facility (ESRF). 
Reciprocal space maps and line scans were collected with an offline lab-
based setup at ESRF beamline BM28 with Cu Kα (λ = 1.5406 Å) radiation 
and a custom fixture designed to apply stress as well as electrical field. 
Strain was monitored during diffraction measurements by a strain gauge 
affixed to the (0 11) crystal face and aligned along the [100] direction. 
Other details were described elsewhere.[65,66] A Maxipix 2D camera was 
used to align and orient the crystal, and subsequently it was used to 
obtain reciprocal space maps, allowing full 3D reconstruction of the 
reciprocal space.

Synchrotron X-ray diffraction measurements used for Rietveld 
refinement were performed at ESRF beamline ID22 with 35  keV 
(λ = 0.35424 Å) radiation with a specially designed rotational apparatus. 
The apparatus allowed rotation of the crystal along two axes during 
acquisition of the 2θ diffraction intensity at room temperature whereby 
all diffraction peaks were measured in transmission geometry. A 
multianalyzer stage consisting of 9 analyzers was mounted with 
individually corresponding Si (111) crystals used to reduce aberrations 
compared to a Soller slit. Rietveld refinement was performed with GSAS 
II software.

Diffuse Multiple Scattering: The sample was mounted on a Newport 
kappa geometry diffractometer on the I16 beamline at Diamond Light 
Source synchrotron. The sample was connected to a Trek high-voltage 
power supply. The sample was oriented with two Bragg reflections to 
build a UB orientation matrix where the B matrix transformed a given 
(hkl) to an orthonormal coordinate system fixed in the crystal and 
the U matrix was a rotation matrix that rotated the crystal’s reference 
frame to that of the diffractometer. The sample was then orientated to 
a noninteger (hkl) to project a precalculated set of DMS lines forming 
triple intersections in the cubic setting, onto the detector. An electric 
field was cycled at various compressive stress loads. More details can be 
found in the Supporting Information and ref. [67].

Diffuse X-ray Scattering: Diffuse X-ray scattering data were collected at 
the Imaging and Medical Beamline (IMBL) of the Australian Synchrotron. 
A beam energy of 79.7 keV was used with a sample to detector distance 
of 633 mm. Scattered intensities were recorded with a Hamamatsu flat 
panel detector to a maximum q-range of 5 Å−1. The crystal was mounted 
in a Critus in situ electrical loading cell,[46] allowing the macroscopic 
strain to be recorded simultaneously with the collection of diffuse X-ray 
scattering data. Data were collected during a crystal rotation from −40° 
to 55°. The detector intensities were then resampled into reciprocal 
space coordinates with isosurface renderings being produced by the 
software package Dragonfly.[68]

Optical Transmittance under Stress: Optical transmittance measurements 
were performed with a Perkin Elmer 1080 spectrophotometer with a 
150  mm integrating sphere and UV–vis–IR detector. The transmittance 
data were collected with the sample in two positions: 1) the sample placed 
at the input port of the integrating sphere and 2) the sample placed in the 
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beam path but 0.6 m in front of the integrating sphere. A custom mount 
allowed application of a uniaxial mechanical load to the sample without 
interfering with the optical beam path.

Transmission Electron Microscopy: A crystal was cut to create a 0.5 mm 
plate that was thinned into a wedge shape with a tripod polisher. After 
fixing to a copper mount, the wedge was milled with a Zeiss Auriga 
focused ion beam fabrication into an ≈200 × 900 × 1200 nm3 section. 
Microscopy was done with JEOL 2100 TEM operating at 200 kV, and in 
situ uniaxial compression was performed with a Hysitron PI 95 diamond 
nanoindentor.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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