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Significance

 Electrically actuated phase-change 
materials are actively explored as 
candidates for improving the 
scalability and energy efficiency of 
conventional, neuromorphic, and 
reservoir computing electronics. 
While the significance of 
structure–function relationships is 
universally acknowledged, studies 
of electrically driven structural 
evolution in phase-change 
materials are highly challenging 
because they require performing 
local, in operando measurements. 
Here, we explore structural 
signatures of electrically triggered 
metal–insulator phase transition 
using X-ray diffraction microscopy. 
We demonstrate that the 
application of strong electric 
stimuli creates local 
inhomogeneous strain and 
distorts the crystal lattice 
symmetry, yielding a structural 
state that differs qualitatively from 
thermal equilibrium. Harnessing 
these voltage-induced structural 
changes may provide unique 
pathways for enabling novel 
device architectures and exploring 
nonequilibrium material phases.
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Local strain inhomogeneities during electrical triggering of a 
metal–insulator transition revealed by X- ray microscopy
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Electrical triggering of a metal–insulator transition (MIT) often results in the forma-
tion of characteristic spatial patterns such as a metallic filament percolating through 
an insulating matrix or an insulating barrier splitting a conducting matrix. When MIT 
triggering is driven by electrothermal effects, the temperature of the filament or barrier 
can be substantially higher than the rest of the material. Using X- ray microdiffraction 
and dark- field X- ray microscopy, we show that electrothermal MIT triggering leads to 
the development of an inhomogeneous strain profile across the switching device, even 
when the material does not undergo a pronounced, discontinuous structural transition 
coinciding with the MIT. Diffraction measurements further reveal evidence of unique 
features associated with MIT triggering including lattice distortions, tilting, and twin-
ning, which indicate structural nonuniformity of both low-  and high- resistance regions 
inside the switching device. Such lattice deformations do not occur under equilibrium, 
zero- voltage conditions, highlighting the qualitative difference between states achieved 
through increasing temperature and applying voltage in nonlinear electrothermal mate-
rials. Electrically induced strain, lattice distortions, and twinning could have important 
contributions in the MIT triggering process and drive the material into nonequilibrium 
states, providing an unconventional pathway to explore the phase space in strongly 
correlated electronic systems.

metal–insulator transition | resistive switching | X- ray microdiffraction | dark- field X- ray 
microscopy | in operando microscopy

 Applying voltage to metal–insulator transition (MIT) materials can trigger a large resist-
ance change producing volatile resistive switching ( 1 ,  2 ). MIT switches are actively pursued 
for practical applications, such as selectors in crossbar memory arrays ( 3 ,  4 ), rf and optical 
switches ( 5   – 7 ), and spiking devices for neuromorphic and stochastic computing ( 8         – 13 ). 
Physical mechanisms that drive electrical MIT triggering remain a subject of debate. Under 
an electric stimulus, both Joule heating and electrostatic charge doping can contribute to 
MIT triggering ( 14 ,  15 ). Because of the intricate coupling between charge, spin, lattice, 
and orbital degrees of freedom in MIT materials ( 16         – 21 ), experimental studies providing 
diverse information about the electrically induced changes in the electronic, magnetic, 
and structural order are necessary to establish the basic understanding of the MIT triggering 
process.

 Some MIT materials, such as VO2  and V2 O3 , have a pronounced 1st-order structural 
transition coinciding with the electronic transition ( 22 ). Transmission electron microscopy 
and micro- and nanodiffraction measurements in VO2  switching devices have shown that 
when an electric stimulus triggers the MIT, the corresponding structural transition is also 
induced, which results in the formation of a rutile metal filament inside a monoclinic 
insulator matrix ( 23   – 25 ). Other materials, for example, V3 O5 , NbO2 , SmNiO3 , and 
La0.7 Sr0.3 MnO3  (LSMO), do not undergo a pronounced, discontinuous structural tran-
sition coinciding with the MIT under equilibrium conditions. Such materials may exhibit 
only subtle structural changes across the phase transition, e.g., bond disproportioning or 
Jahn–Teller distortions ( 26 ,  27 ). Crystal structure evolution under strong electric stimuli 
remains unknown in MIT switching materials that do not have pronounced, discontinuous 
structural transitions. Because the MIT can be triggered at temperatures hundreds of 
Kelvins below the transition temperature (Tc  ) ( 28   – 30 ), it can be expected that thermal 
gradients associated with the electrically induced local phase transition may induce a sub-
stantial thermal expansion of the crystal lattice, altering the local strain. It is well established 
that MIT materials are highly susceptible to crystal lattice deformations ( 31     – 34 ); therefore, 
the development of local strain during the electrical switching may play an important role 
in the MIT triggering process.
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 In this work, we explored the electrically driven crystal struc-
ture evolution in LSMO switching devices with the La:Sr ratio 
of 0.7:0.3 as a representative material that does not have a 
1st-order structural transition coinciding with the MIT. LSMO 
is a particularly interesting system because it exhibits a 
metal-to-insulator switching ( 35   – 37 ), in contrast to the more 
common insulator-to-metal switching observed in materials 
such as VO2 , V2 O3 , V3 O5 , NbO2 , SmNiO3 , etc. MIT triggering 
in LSMO also drives unusual magnetic phenomena, including 
the development of uniaxial magnetic anisotropy ( 36 ) and 
anomalous magnetotransport properties ( 37 ), whose physical 
origins are not yet fully understood. Here, we employed a com-
bination of conventional X-ray microdiffraction and recently 
developed dark-field X-ray microscopy (DFXM) techniques to 
explore the structural signatures of electrical MIT triggering. 
We observed that driving LSMO across the MIT results in the 
strain development, even though LSMO does not have a dis-
continuous structural transition coinciding with the MIT. The 
measured strain displayed a spatial profile consistent with the 
locally induced MIT switching inside the device. In contrast to 
the previous magneto-optical phase mapping experiments ( 35 ), 
X-ray microscopy revealed that electrical MIT triggering is an 
extremely complex process from the structural perspective and 
its representation as the coexistence of local high- and 
low-resistance regions is highly oversimplified. X-ray micros-
copy showed that the crystal lattice in the regions that locally 
undergo switching into the high-resistance state experiences 
twinning and structural distortions. Strain also propagates 
throughout the device causing lattice tilting in the regions that 
do not undergo switching. The structural response observed in 
the entire device area directly reveals the nonlocal effect of elec-
trical MIT triggering, which remained hidden in the previous 
phase mapping experiments. Our results show that lattice evo-
lution in the switching devices under applied voltage qualita-
tively differs from equilibrium thermal behavior, indicating that 
electrically induced structural changes can be significant even 
in materials that do not undergo a pronounced structural tran-
sition coincident with the MIT. 

Results

X- ray Microdiffraction. We explored the strain development 
during electrical MIT triggering in two- terminal La0.7Sr0.3MnO3 
devices (Fig. 1A). The devices were patterned in a 50- nm- thick 
film epitaxially grown on a SrTiO3 (STO) substrate (38, 39). 
LSMO transitions from a low- resistance ferromagnetic metal 
to high- resistance paramagnetic bad metal at Tc ~ 340 K (40). 
While both low-  and high- temperature phases are nominally 
metals, the phase transition in LSMO is commonly referred 
to as an MIT to highlight the large resistance contrast between 
the low-  and high- temperature phases. Applying voltage to 
LSMO can trigger the MIT, even at the temperatures that are 
hundreds of Kelvins below Tc (35). This electrical MIT triggering 
is mediated by Joule heating, and it produces volatile resistive 
switching, i.e., a switching that persists while the voltage is 
applied but automatically resets when the voltage is turned 
off. The switching occurs in a characteristic spatial pattern: the 
formation of a high- resistance barrier in a direction perpendicular 
to the current flow (35–37), in contrast to the more commonly 
observed filamentary percolation (41–43). Even though the 
MIT in LSMO does not involve pronounced structural changes 
(see, for example, the temperature- dependent X- ray diffraction 
in an LSMO film in SI Appendix, Fig. S1), thermal gradients 
associated with the Joule- heating- driven barrier formation can 

be expected to generate a substantial strain within the device, 
which we investigate in this work.

 We employed X-ray microdiffraction to directly probe the local 
lattice expansion in the LSMO devices during electrical MIT trig-
gering ( Fig. 1A  ). These measurements were performed at the 
beamline 12.3.2 of the Advanced Light Source at Lawrence 
Berkeley National Laboratory. The X-ray beam was focused to a 
~5 μm spot using Kirkpatrick–Baez mirrors. Diffraction patterns 
were acquired at multiple locations along the device length while 
holding the device under constant voltages in the 0 to 16 V range. 
The focused beam was kept fixed at a 45° angle relative to the 
sample surface, and the diffraction data were acquired by scanning 
the beam energy through a 15.3 to 16 keV range, which corre-
sponded to the vicinity of the (007) Bragg peak of the STO sub-
strate. The measurements near this higher-order Bragg peak helped 
minimizing the overlap between the STO and LSMO Bragg peaks. 
The diffracted beam was collected by a 2D detector. The device 
size was 50 × 100 μm2 . Individual switching devices were located 
using X-ray fluorescence scans by observing the fluorescence from 
the Pd/Au electrodes within a 9 to 10 keV range ( Fig. 1B  ). All 
X-ray microdiffraction measurements were performed at a base 
temperature of 180 K.

 We observed that an applied voltage induces a significant 
out-of-plane lattice expansion in the LSMO device.  Fig. 1C   shows 
the diffraction patterns acquired locally at approximately the 
center of the device while applying voltages in the 0 to 16 V range 
in 2 V steps. As the voltage increases, the LSMO Bragg peak 
progressively shifts toward lower energies, indicating an increase 
of the lattice d -spacing. Because the LSMO device experiences 
substantial Joule heating (the maximum dissipated power reached 
~300 mW in our experiments), the Bragg peak shift under an 
applied voltage can be attributed to thermal lattice expansion. We 
found, however, that there are qualitative differences between the 
voltage/Joule heating-induced lattice expansion seen here as com-
pared to equilibrium thermal properties. Under an applied voltage, 

A

B D

C

Fig. 1.   (A) Schematic of the X- ray microdiffraction measurement setup. A 
focused X- ray beam acquires local diffraction patterns at several locations 
across the LSMO device length. The device is held under a constant applied 
voltage. The device picture is an optical microscopy image. (B) X- ray 
fluorescence map of the LSMO device. The bright regions correspond to the 
Pd/Au electrodes. The dashed white rectangle indicates the LSMO device 
location. (C) Local diffraction patterns acquired at the center of LSMO device 
under applied voltages in the 0 to 16 V range at 2 V step. The diffraction 
patterns were recorded in the vicinity of the (007) STO Bragg peak. The shift 
of the LSMO peak toward lower energies with increasing voltage indicates 
the lattice expansion The curves are vertically offset for clarity. (D) Voltage 
dependence of the integrated intensity (red symbols) and FWHM (blue 
symbols) of the LSMO (007)pc Bragg peak. The lines are guides to the eye. All 
measurements were performed at 180 K.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317944121#supplementary-materials
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the integrated Bragg peak intensity decreases rapidly, by a factor 
of ~3.5 at 16 V ( Fig. 1D  , red line). Simultaneously, the Bragg peak 
width increases by a factor of ~2 at 16 V ( Fig. 1D  , blue line). 
Because Joule heating is expected to substantially increase the 
device temperature, one might expect that the Debye-Waller factor 
may account for the peak intensity reduction. However, LSMO 
Bragg peak intensity and width have a weak temperature depend-
ence under equilibrium, zero-voltage conditions (SI Appendix, 
Fig. S1 ). The peak intensity decreases by ~6% and the peak width 
increases by only 0.4% between 180 K and 400 K at zero voltage. 
We conclude, therefore, that the Debye-Waller factor does not 
have a significant contribution in our experiments. Under the 
applied voltage, the observed ~2× increase of the peak width may 
indicate a spatially inhomogeneous lattice expansion (lateral, i.e., 
across the device area, and/or vertical, i.e., across the film thick-
ness) at the length scales below the experimental resolution (~5 
μm). Because the peak width increase was also accompanied by 
the ~3.5× decrease of the integrated peak intensity, it is unlikely 
that such an inhomogeneous lattice expansion is due only to the 
formation of local regions with different strain. The decrease of 
the integrated intensity may be due to a change of the lattice form 
factor, suggesting that the voltage-induced heating may lead to 
asymmetric in-plane vs. out-of-plane lattice expansion and/or to 
lattice distortions, thereby reducing the X-ray scattering efficiency. 
The observation of this inhomogeneous lattice deformation sug-
gests that electrical MIT triggering produces a state that is struc-
turally distinct from the equilibrium high-temperature phase at 
zero voltage, a feature that has not been observed in the previous 
phase mapping experiments ( 35 ).

 After observing voltage-induced lattice expansion in the LSMO 
device center, we next investigate the expansion in different parts 
of the device.  Fig. 2A   shows the out-of-plane strain measured at 
multiple locations across the device length in 10 μm steps while 
applying constant voltages in the 0 to 16 V range in 2 V steps. 
The strain is defined with respect to the out-of-plane d -spacing 
measured at 0 V. Below 8 V, the lattice expansion is the same 
throughout the device, which is likely due to the uniform Joule 
heating that precedes the electrothermal MIT triggering ( 35 ). 

Above 8 V, however, the induced strain is larger in the center 
region (0.14% at 16 V) than at the device edges (0.09% at 16 V), 
resulting in bell-shaped strain profiles. This inhomogeneous lattice 
expansion at higher voltages is consistent with the previous 
magneto-optical and electrical observations of the high-resistance 
paramagnetic barrier formation inside the ferromagnetic metal 
matrix in LSMO devices during MIT triggering ( 35   – 37 ). Because 
the barrier’s resistance is much higher than the metallic matrix 
resistance, the barrier focuses the dissipated power and experiences 
strong Joule heating. Larger local Joule heating leads to larger local 
lattice thermal expansion, as we have observed in the X-ray 
microdiffraction experiments.        

 Analysis of the LSMO Bragg peak width and intensity profiles 
across the device length further shows that the voltage-driven lattice 
evolution differs in the device center compared to the device edges, 
supporting the picture that Joule heating is focused inside the 
switched high-resistance barrier. At zero voltage, both the peak 
intensity and width have only small variations with no discernible 
trend across the device length (dark gray points in  Fig. 2 B  and C  ). 
At 16 V, the intensity and width profiles form bell-shaped curves 
(red points in  Fig. 2 B  and C  ) with the maximum near the device 
center, identical to the strain maximum location in the lattice 
expansion profile plot ( Fig. 2A  ). The lower peak intensity and 
broader peak width at the device center at 16 V suggest that the 
larger local lattice expansion is accompanied by lattice symmetry 
distortions, likely due to the strain accommodation, as discussed 
later in the paper. Importantly, X-ray microscopy shows that the 
unswitched regions outside of the high-resistance barrier, i.e., 
regions where LSMO remains in the metallic phase, are also affected 
by local MIT triggering. These regions develop strain and have 
reduced intensity and increased width of the Bragg peak. Therefore, 
metallic regions in the switched device are structurally distinct from 
the equilibrium low-temperature state at zero voltage.

 The development of strain inhomogeneities across the device 
length correlates well with the I-V  characteristics of the LSMO 
device. The I-V  curve ( Fig. 2D  ) has two distinct features. The first 
feature is the onset of negative differential resistance (NDR) at ~8 
V, i.e., a part of the curve where the dV/dI  slope is negative. 

A
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Fig. 2.   (A) Strain profiles across the LSMO device length measured under an applied voltage in the 0 to 16 V range in 2 V steps. The development of bell- shaped 
profiles above 8 V, indicating that larger lattice expansion at the device center, can be observed. (B and C) Integrated intensity (B) and width (C) of the LSMO 
(007)pc Bragg peak measured at several locations across the device length while in equilibrium (0 V, dark gray symbols) and above the MIT triggering threshold 
(16 V, red symbols). The lines are guides to the eye. (D) I- V curve of the LSMO device exhibiting NDR and a kink at the MIT triggering threshold voltage. (E) Strain 
in LSMO at the center (red symbols) and edge (blue symbols) of the device as a function of applied voltage. Gray symbols show strain in the STO substrate 
averaged over the device length. The lines are guides to the eye. (F) Strain inhomogeneity that develops in LSMO as a function of applied voltage. The strain 
inhomogeneity rapidly increases at the NDR onset voltage and reaches a stable value at the MIT triggering threshold. All measurements were performed at 180 K.
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Previously, it was found that the NDR onset precedes MIT trig-
gering and corresponds to the development of a moderate voltage 
distribution inhomogeneity across the device length ( 35 ). The 
second important feature in the I-V  curve is the kink at ~10 V. At 
this kink, the current decreases quickly with increasing voltage, 
indicating a rapid increase of the device resistance. In the previous 
magneto-optical measurements, this kink corresponded to local 
phase-transition triggering in LSMO and the formation of a par-
amagnetic barrier inside the device ( 35 ). In the present microdif-
fraction experiments, we observed that the lattice expansion is the 
same across the device length ( Fig. 2E  ) up to the NDR onset in 
the I-V  curve (~8 V,  Fig. 2D  ). In the NDR region, the voltage 
dependence of the strain in the device center (red symbols in 
 Fig. 2E  ) continues to follow approximately the same trend as before 
the NDR onset. The lattice expansion at the edges, however, slows 
down (blue symbols in  Fig. 2E  ). The initial departure between the 
center and edge strain-voltage curves at the NDR onset is consist-
ent with the dissipated power being focused in the device center 
because of the resistance increase due to the approaching MIT. By 
considering the strain inhomogeneity defined as (ε center  – ε edge )/εedge   
( Fig. 2F  ), we observe that this inhomogeneity, emerging at the 
NDR onset, fully develops, reaching ~40%, at the voltage corre-
sponding to the kink in the I-V  curve where the spatially uniform 
metallic state is expected to switch into a phase-separated state 
(high-resistance barrier splitting the metallic matrix) ( 35 ). Overall, 
the good correspondence between the strain development and I-V  
curve features shows that electrically induced lattice expansion can 
be attributed to the applied voltage and dissipated power being 
focused within the high-resistance barrier when the device under-
goes electrothermal MIT switching.

 While the local temperature increase caused by Joule heating 
focusing can account for the general trend in the voltage-induced 
LSMO lattice expansion, several experimental observations high-
light the important differences between the electrothermal effects 
and temperature-dependent lattice evolution at zero voltage. 
Electrothermal modeling predicts that the local LSMO temperature 
reaches a maximum at the barrier formation voltage threshold ( 35 ). 
Above this threshold, the barrier size grows as the applied voltage 
increases, but the barrier temperature stays constant. This limiting 
of the barrier temperature is due to the weak resistance-temperature 
dependence of LSMO in the high-temperature phase, which 
imposes a limit on the dissipated power focusing. The microdiffrac-
tion measurements, however, revealed that the lattice at the device 

center (i.e., in the barrier region) keeps expanding as the applied 
voltage increases ( Fig. 2E  ). This observed persistent strain increase 
suggests that local temperature is not the only parameter affecting 
the lattice constant. It is possible that when the local temperature 
increases, the associated local expansion can be partially hindered 
by the adjacent colder regions in the LSMO film and STO substrate 
enacting mechanical clamping. As the film remains continuous [no 
visible cracks or mechanical degradation appear in the devices even 
after millions of switching cycles ( 35 )], the clamping can lead to 
strain accommodation, which often occurs by spatial modulations 
in the lattice parameter and/or twinning ( 44   – 46 ).

 Closer examination of the diffraction peaks provides evidence 
of twin formation in the LSMO devices when the applied voltage 
is above the MIT triggering threshold.  Fig. 3  shows 2D detector 
snapshots at the X-ray energies corresponding to the LSMO 
(007)pc  Bragg peak. At zero voltage ( Fig. 3A  ), we observed a single 
diffraction peak, indicating structural homogeneity of the film in 
equilibrium. At 16 V ( Fig. 3B  ), the peak splits into two well-defined 
peaks, which suggests that the film breaks into multiple structural 
domains of slightly different inclinations. The almost even splitting 
of the diffracted intensity between the two peaks implies that the 
twin domain size is much smaller compared to the ~5 μm spatial 
resolution in our microdiffraction experiments. At the twin domain 
boundaries, the lattice can be highly distorted, which may explain 
the observed Bragg peak broadening ( Fig. 2C  ) and decreased dif-
fraction intensity ( Fig. 2B  ) when the applied voltage drives LSMO 
across the phase transition.          

Dark- Field X- ray Microscopy. To further investigate lattice 
twinning in the switching devices, we employed DFXM, a 
technique that provides high- resolution, real- space imaging of 
the diffraction patterns originating from the different crystalline 
regions in a material (47, 48). The measurements were performed 
at the beamline 6- ID- C of the Advanced Photon Source at 
Argonne National Laboratory. Fig. 4A shows the schematics of 
the DFXM setup. The device area was illuminated by a parallel 
X- ray beam with an energy of 20 keV and at an incident angle 
of ~9.2°, which corresponds to the (002)pc LSMO Bragg peak. 
Imaging was achieved by passing the diffracted beam through a 
high- efficiency polymeric compound refractive lenses (pCRL) (47, 
49). Similar to the lens in an optical microscope, the pCRL refracts 
the X- ray beam producing a magnified full- field view of the device 
on the scintillating X- ray detector. The pCRL had a focal length of 

A B

Fig. 3.   2D detector images of the LSMO (007)pc Bragg peak acquired in equilibrium (0 V, panel A) and above the MIT triggering threshold (16 V, panel B). In 
equilibrium, there is a single diffraction peak indicating structural homogeneity of the LSMO thin film device. Above the MIT triggering threshold, the Bragg peak 
splits into two well- defined peaks, suggesting that the film breaks into structural twins with different orientations.
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131 mm and was placed 140 mm from the sample. The detector 
was at a distance of 2.3 m from the pCRL. This geometry yielded 
an X- ray magnification factor of 16×. A 50 μm pinhole and a 
set of slits in the back focal plane were used to improve the Q- 
space selectivity. An additional optical 5× magnification between 
the X- ray scintillating detector and optical camera (not shown in 
Fig. 4A) resulted in an overall 80× magnification. The imaging of 
the MIT switching in the LSMO device was performed at 115 K 
to avoid the presence of additional structural features due to the 
structural phase transition in the STO substrate at 105 K (50). 
The LSMO device size was 20 × 40 μm2, which allowed the entire 
device area to be illuminated by the X- ray beam without the need 
to raster. Therefore, our DFXM setup was able to produce a full- 
field device image in a single exposure, unlike the microdiffraction 
approach in which the device area was scanned using the focused 
X- ray beam.

 DFXM enabled imaging of small changes in the diffraction 
conditions when the applied voltage triggered the MIT in LSMO. 
The I-V  curve acquired during the X-ray measurements shows a 
clear discontinuity at 6.5 V ( Fig. 4B  ), which can be attributed to 
the high-resistance barrier formation ( 35 ). The slightly different 
threshold voltage compared to the device studied in the microd-
iffraction experiments is due to the lower base temperature and 
different device dimensions in the DFXM measurements. The 
general electrical switching behavior in the two experiments, how-
ever, was identical: both I-V  curves in  Figs. 2D   and  4B   display the 
onset of NDR and a discontinuous kink at the threshold voltage. 
 Fig. 4C   shows the measured real-space map of the lattice orienta-
tion distribution in the LSMO device at 0 V, i.e., in equilibrium. 
This map is based on recording a rocking curve around the (002)pc  
Bragg peak of LSMO and plotting the center of mass (COM) 

angle for each pixel. It can be observed that there are lattice ori-
entation deviations, approximately ±0.5 mdeg, throughout the 
device, which could be due to defects formed during the film 
growth and device fabrication or introduced by the repeated volt-
age cycling. To highlight the lattice orientation changes induced 
by the MIT switching, we subtracted this equilibrium orientation 
distribution map from the maps measured under applied voltages. 
Thus,  Fig. 4 D –F   presents the differential maps of the lattice reori-
entation with respect to the initial state at 9 V, 12 V, and 15 V, 
i.e., voltages above the switching threshold.

 We observed a significant crystal lattice reorientation throughout 
the entire device when LSMO undergoes the MIT switching. The 
spatial distribution of this reorientation is consistent with the 
voltage-induced high-resistance barrier formation. At 9 V ( Fig. 4D  ), 
the area in the center of the device, which can be identified as the 
barrier, tilts toward higher angles (red color), while the crystal lattice 
in the rest of the device, constituting the metallic matrix, tilts 
toward opposite low angles (blue color), i.e., both switched and 
unswitched regions experience lattice tilting. This electrically 
induced lattice tilting in the high- and low-resistance regions 
reaches approximately ±0.8 mdeg. As the voltage is increased to 12 
V ( Fig. 4E  ), the area occupied by the positive-angle-tilt region 
grows, which can be attributed to the barrier expansion. At 15 V 
( Fig. 4F  ), the positive-angle-tilt regions become prevalent through-
out the device and only small, isolated pockets of the negative angle 
tilt regions remain. Importantly, positive- and negative-angle-tilt 
microscopic regions can be observed throughout the device, both 
in the switched barrier and unswitched metallic areas, at all explored 
applied voltages above the MIT triggering threshold. Therefore, 
DFXM imaging reveals that the entire device develops a complex 
structural modulation during the MIT switching.
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Fig. 4.   (A) Schematic of the DFXM measurement setup. A parallel X- ray beam illuminates the entire device. The diffracted beam passes through a pCRL that 
refracts the beam producing a magnified device image on the detector. (B) I- V curve of a 20 × 40 μm2 LSMO device at 115 K. (C) DFXM rocking curve COM map 
showing the lattice orientation distribution in the device at 0 V. (D–F) DFXM rocking curve COM difference maps corresponding to the applied voltages of 9 V (D), 
12 V (E), and 15 V (F). These maps show how the lattice orientation changes during MIT triggering. (G–I) DFXM rocking curve width maps measured under applied 
voltages of 9 V (G), 12 V (H), and 15 V (I). These maps show how the rocking curve width changes throughout the device during MIT triggering. In the (D–I) maps, 
the formation of a barrier feature in the device center can be observed.
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 The maps of the full width at half maximum (FWHM) of the 
rocking curves ( Fig. 4 G –I  ) provide another perspective on the 
structural changes in LSMO induced by MIT triggering. We 
observed broadening of the rocking curves, indicating the increas-
ing spread of the lattice orientation distribution as the device 
undergoes the switching. The rocking curve broadening appears 
to be spatially modulated. Larger broadening, up to ~0.3 mdeg, 
occurs in the device center, which can be attributed to the 
voltage-induced high-resistance barrier formation. The FWHM 
of the rocking curves in the unswitched, metallic regions near the 
device edges remains at ~0.15 mdeg. As the applied voltage 
increases, the center region with the increased FWHM expands, 
but it does not spread throughout the full device area even at 15 
V, unlike in the maps of the lattice orientation distribution dis-
cussed in the previous paragraph ( Fig. 4 D –F  ). We can conclude 
therefore, that similar to the microdiffraction measurements, 
DFXM shows the development of the lattice distortions across 
the device as the high-resistance barrier forms during the MIT 
switching, but the boundaries of the barrier region are not well 
defined from the structural perspective.

 It is interesting to note that there is a spatial correlation between 
the equilibrium zero-voltage lattice orientation distribution 
( Fig. 4C  ) and structural changes induced by applying voltage 
( Fig. 4 D –I  ). It is likely that subtle defects present in the LSMO 
film may act as nucleation spots for the high-resistance barrier 
formation during MIT triggering. In an ideal, defect-free switch-
ing device, the barrier should form exactly at the device center 
( 35 ). Unavoidable defects in a real sample may break the symmetry 
by locally increasing resistance. Locally increased resistance causes 
dissipated power focusing when the applied voltage is ramped up 
and, therefore, the high-resistance regions will undergo the MIT 
before the rest of the film. While the formation of defect regions 
in our LSMO samples was unintentional, a recent study has 
demonstrated that location and spatial path of the MIT switching 
can be predefined via defect engineering using focused ion beam 
irradiation ( 51 ).   

Discussion

 Previous magneto-optical phase mapping measurements have 
shown a sharp contrast between the high-resistance barrier and 
metal matrix when an applied voltage triggers the phase transition 
in LSMO devices ( 35 ). Such clear spatial separation of metal/
barrier phase regions is the direct consequence of magneto-optical 
imaging contrast sensitivity: The material can locally be either in 
the ferromagnetic metal or paramagnetic phase. The local X-ray 
diffraction measurements presented in this work (microdiffraction 
and DFXM) revealed that the boundary between the electrically 
induced high/low-resistance phase separation in LSMO is not 
structurally well defined. When an insulating barrier focuses Joule 
heating and causes local lattice thermal expansion, this expansion 
propagates partially throughout the entire device ( Fig. 2A  ). 
Mechanical coupling between the hot high-resistance and cold 
metallic regions is likely the origin of lattice twinning, i.e., the 
formation of structural domains of different inclinations, which 
was evidenced by the i) reduced diffraction intensity ( Fig. 2B  ), ii) 
increased Bragg peak width ( Fig. 2C  ), iii) Bragg peak splitting 
( Fig. 3 ), and iv) orientation and width changes of the rocking 
curves ( Fig. 4 ). The observation of these lattice deformations indi-
cates that considering the switching spatial pattern simply as a 
metal/barrier/metal phase separation, as observed in the previous 
magneto-optical experiments ( 35 ), is incomplete. Based on 
magneto-optical measurements, it can be presumed that the bar-
rier induced by MIT triggering is spatially uniform, i.e., applying 

voltage brings LSMO in the same state as increasing temperature. 
X-ray microscopy, however, revealed that the crystal lattice in the 
electrically induced barrier region is twinned, which does not 
occur when warming up LSMO film past Tc   at zero voltage 
(SI Appendix, Fig. S1 ). Magneto-optical measurements showed 
that device regions outside the high-resistance barrier remain in 
the ferromagnetic metal state, presumably unaffected by local MIT 
triggering in the barrier region. X-ray microscopy showed that 
metallic regions develop strain and experience lattice tilting, which 
does not occur in thermal equilibrium at zero voltage (SI Appendix, 
Fig. S1 ). Because such lattice deformations are not present during 
equilibrium thermal expansion, it is not justified to directly com-
pare the voltage-induced lattice expansion and equilibrium ther-
mal expansion, for example, to estimate the local temperature 
increase during the MIT switching, i.e., to use strain as a temper-
ature probe.

 Lattice twinning during the MIT switching in LSMO ( Fig. 4 
 D –F  ) bears a strong resemblance to the well-established phase sep-
aration phenomenon in many members of the rare-earth mangan-
ite family ( 52 ). Stable coexistence over a broad temperature range 
of ferromagnetic metal and charge-ordered insulator domains of 
nano- to microscale sizes has been observed in materials such as 
(La,Ca)MnO3  ( 53 ), (La,Pr,Ca)MnO3  ( 54 ), and (Nd,Sr)MnO3  
( 55 ). Optimally doped LSMO with the La:Sr ratio of 0.7:0.3 stud-
ied in this work does not exhibit phase separation in equilibrium, 
however, phase separation in LSMO can emerge when the La:Sr 
ratio deviates from the optimal doping ( 56 ). Our structural micro-
copy does not directly show whether the different lattice twins in 
the switching devices have different electronic/magnetic properties, 
as in the case of canonical phase separation. Based on the natural 
proclivity of rare-earth manganites to exhibit phase separation and 
their extreme sensitivity to structural imperfections, we hypothesize 
a possibility that applying voltage may drive LSMO both along 
the temperature axis (i.e., Joule heating) and doping axis of the 
phase diagram bringing the material into the state where a struc-
tural/electronic/magnetic phase separation may emerge. Additional 
experiments are needed to test this hypothesis.

 Joule heating in LSMO devices also causes thermal expansion 
in the underlying STO substrate (gray symbols in  Fig. 2E  ). The 
substrate expansion, however, is a factor of ~3 to 5 smaller 
(depending on the position) compared to the film, which suggests 
that the c/a  ratio in LSMO could be changing when the applied 
voltage is ramped up. It is well established that the lattice strain 
and c/a  ratio have a major contribution in determining electrical 
and magnetic properties in complex oxide thin films ( 57 ,  58 ). 
Specifically in LSMO, strain can change the phase transition tem-
perature ( 59 ), magnetic anisotropy ( 60   – 62 ), magnetotransport 
( 63 ), magnetization domain configuration ( 64 ), etc. The 
voltage-induced inhomogeneous lattice expansion occurring 
throughout the entire LSMO device, as observed in this work, 
can play an important role in the process of electrical MIT trig-
gering as well as contribute to the previously reported magnetic 
anisotropy change and anomalous magnetotransport properties 
in LSMO switching devices ( 36 ,  37 ). Overall, our X-ray micros-
copy studies showed that electrical MIT triggering is a complex 
process that produces local structural states that differ qualitatively 
from the equilibrium, zero-voltage thermal evolution of the crystal 
lattice.  

Conclusions

 Local structural studies revealed that electrical MIT triggering 
is accompanied by the development of substantial inhomogene-
ous lattice strain. The material under study, LSMO, does not 

http://www.pnas.org/lookup/doi/10.1073/pnas.2317944121#supplementary-materials
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undergo a 1st-order structural transition coinciding with the 
MIT, therefore, the observed structural inhomogeneities cannot 
be attributed to the crystal symmetry mismatch between the 
low- and high-temperature phases. Because of this absence of 
material-specific symmetry considerations, the emergence of 
complex structural patterns may be a general feature of electrical 
MIT switching. The measured voltage-induced strain exhibited 
a nonuniform profile across the device length, i.e., larger strain 
develops in the device center than at the edges. This strain non-
uniformity is consistent with Joule heating being focused in the 
regions where LSMO locally undergoes switching into the high-
resistance phase, resulting in a higher local temperature and, 
consequently, in a larger thermal expansion. While the Joule-
heating-driven lattice expansion is anticipated, local diffraction 
measurements further revealed unexpected qualitative differences 
between the electrothermal and temperature-dependent crystal 
structure evolution under equilibrium conditions. We observed 
lattice tilting, twinning, and development of pronounced lattice 
distortions during MIT triggering. These voltage-induced struc-
tural changes are not confined only within the local region where 
the MIT is triggered. The lattice distortions propagate through-
out the device, indicating the nonlocal nature of electrical MIT 
triggering. Microdiffraction experiments showed that the lattice 
expansion within the entire device area persistently increases as 
the voltage is being ramped up past the MIT triggering thresh-
old, even though a constant temperature differential between 
the unswitched metal regions and switched barrier region is 
expected to establish after the barrier forms inside the metallic 
matrix. This persistent lattice expansion suggests that local tem-
perature is not the only factor that determines the voltage-
induced structural evolution. DFXM imaging showed that the 
crystal lattice experiences tilting and orientation distribution 
spread in the switched and unswitched regions, indicating that 
both regions in the switching device are structurally nonuniform. 
Development of these structural inhomogeneities revealed by 
the X-ray microscopy highlights the complexity of electrical MIT 
triggering that is not captured in conventional phase mapping 
experiments. Because lattice inhomogeneities do not emerge 
when increasing temperature at zero voltage, our experiments 
indicate that electrical MIT switching brings the material in a 
qualitatively distinct structural state as compared to thermal 
equilibrium. It is well known that MIT materials are extremely 
sensitive to even minute crystal structure imperfections. Our 
observations of the inhomogeneous strain development during 
MIT triggering suggest that electrically induced structural changes 
may play a significant role in the switching process, for example, 
influencing properties such as switching threshold voltage/cur-
rent or the shape and size of the switched region. Multiple recent 
experimental efforts have been dedicated to decoupling elec-
tronic and structural transitions in the MIT materials ( 65   – 67 ), 
which is partially motivated by improving the switching energy 

efficiency. The X-ray microscopy experiments showed that a 
strong crystal lattice response still occurs during the electrically 
induced MIT even when the MIT does not coincide with a 
structural phase transition, which must entail an associated 
energy cost. On the other hand, local voltage-induced inhomo-
geneous strain and lattice distortions may drive the material into 
a structural configuration that differs from the thermal equilib-
rium state, providing an unconventional way to explore basic 
nonequilibrium phenomena in MIT systems and opening oppor-
tunities for the functional device design.  

Materials and Methods

Film Growth. LSMO films were grown on a (001)- oriented STO substrate using 
pulsed laser deposition with a laser fluence of 0.6 J/cm2 and a frequency of 1 
Hz. During the growth, the substrate temperature was held at 700 °C with an 
oxygen pressure of 0.3 Torr. Postdeposition, the film was slowly cooled to room 
temperature in 300 Torr O2 to ensure proper oxygen stoichiometry.

Device Fabrication. Two- terminal devices were fabricated using a three- step 
procedure. First, optical lithography and metal lift- off were used to prepare (20 
nm Pd)/(20 nm Au) electrodes. These electrodes provided low- resistance contacts 
for the LSMO devices. Second, optical lithography and Ar ion milling were used 
to define isolated LSMO devices. Third, optical lithography and metal lift- off were 
used to prepare (20 nm Ti)/(120 nm Au) electrodes. These electrodes provided 
strong surface adhesion and were used for wire bonding. All metal electrodes 
were deposited using standard e- beam evaporation. Postfabrication, the samples 
were annealed in O2 atmosphere to eliminate surface conductivity of the STO 
substrate induced by the Ar milling.

Characterization. I- V curves were acquired using a Keithley 2450 source meter. 
Temperature- dependent X- ray measurements (SI Appendix, Fig. S1) were per-
formed in a lab- based X- ray diffractometer Rigaku SmartLab using unpatterned 
LSMO films. Details of the microdiffraction and DFXM measurements are provided 
in the manuscript text.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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