
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nonequilibrium Phase Precursors during a Photoexcited
Insulator-to-Metal Transition in V_{2}O_{3}

Andrej Singer, Juan Gabriel Ramirez, Ilya Valmianski, Devin Cela, Nelson Hua, Roopali
Kukreja, James Wingert, Olesya Kovalchuk, James M. Glownia, Marcin Sikorski, Matthieu

Chollet, Martin Holt, Ivan K. Schuller, and Oleg G. Shpyrko
Phys. Rev. Lett. 120, 207601 — Published 14 May 2018

DOI: 10.1103/PhysRevLett.120.207601

http://dx.doi.org/10.1103/PhysRevLett.120.207601


	

	 1 

Non-equilibrium phase precursors during a photoexcited insulator-to-metal 

transition in V2O3 

	
Andrej Singer1,*, Juan Gabriel Ramirez1,2, Ilya Valmianski1, Devin Cela1, Nelson Hua1, Roopali Kukreja1, 

James Wingert1, Olesya Kovalchuk1, James M. Glownia3, Marcin Sikiroski3, Matthieu Chollet3, Martin 

Holt4, Ivan K. Schuller1, and Oleg G. Shpyrko1	

1Department of Physics and Center for Advanced Nanoscience, University of California San Diego, La 

Jolla, California 92093, USA	

2 Department of Physics, Universidad de los Andes, Bogotá 111711, Colombia	

3LCLS, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA	

4Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, USA 

*Present address: Department of Materials Science and Engineering, Cornell University, Ithaca, NY, 

14850, USA	

 

Abstract 

Here, we photoinduce and directly observe with x-ray scattering an ultrafast enhancement 

of the structural long-range order in the archetypal Mott system V2O3. Despite the 

ultrafast increase in crystal symmetry, the change of unit cell volume occurs an order of 

magnitude slower and coincides with the insulator-to-metal transition. The decoupling 

between the two structural responses in the time domain highlights the existence of a 

transient photoinduced precursor phase, which is distinct from the two structural phases 

present in equilibrium. X-ray nanoscopy reveals that acoustic phonons trapped in 

nanoscale blocks govern the dynamics of the ultrafast transition into the precursor phase, 

while nucleation and growth of metallic domains dictate the duration of the slower 

transition into the metallic phase. The enhancement of the long-range order before 

completion of the electronic transition demonstrates the critical role the non-equilibrium 

structural phases play during electronic phase transitions in correlated electrons systems.  

 

Main Text 

The discovery of novel phases of matter is at the core of modern physics. In quantum 

materials, subtle variations in atomic-scale interactions can dramatically alter the 
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macroscopic properties and drive phase transitions [1,2]; thus, recent research focused on 

using ultrafast photoexcitation in accessing out-of-equilibrium ‘hidden’ phases of matter 

in these systems [3–5].  Furthermore, ultrafast photoexcitation is unique in separating the 

roles of electronic [6] and average lattice response [5,7,8] in phase transitions, allowing a 

systematic investigation of the energy landscape. Despite their importance [9–13], the 

mesoscale processes underpinning phase transitions often remain elusive because of the 

vast differences in timescales between atomic and electronic changes and thermodynamic 

transformations. Here we combine ultrafast X-ray scattering in studying the dynamics 

and X-ray nanoscopy in studying the mesoscale heterogeneity during the photoexcited 

insulator-to-metal transition in V2O3. 

 

Vanadium sesquioxide (V2O3) undergoes an insulator-to-metal transition upon heating at 

160 K: the electric conductivity grows by five orders of magnitude (see Fig. S1 in  [14]) 

via  percolation of the high-temperature (HT) paramagnetic, metallic domains within the 

low-temperature (LT) antiferromagnetic, orbitally ordered, insulating domains  [13,15–

18]. The insulator-to-metal transition can be induced by temperature [19], 

pressure [19,20], electric field [21], and light [22–24]. The electronic phase transition is 

accompanied by a structural phase transition, where the crystal symmetry increases from 

monoclinic to rhombohedral, and the volume shrinks via reduction of the average 

hexagon edge from 2.91 Å to 2.87 Å (see Fig. 1a) [19,25,26]. While the symmetry and 

volume are coupled in equilibrium, here we show that ultrafast photoexcitation decouples 

these structural degrees of freedom, and the photoinduced phase transformation occurs 

via a non-equilibrium transient pathway (see Fig. 1b). 

 

We study a 100 nm thin V2O3 film grown along the (024)Rh crystallographic direction. 

The steep slope of the resistivity versus temperature across the transition (factor of 100 

over 5 K) and the total resistivity change of almost six orders of magnitude confirm the 

high quality of the films: poor crystallinity and disorder are detrimental to the insulator-

to-metal transition [17]. The difference in the hexagon edge lengths results in two well 

distinct X-ray Bragg peaks along the film normal, 𝑞! : (024)Rh and (022)Mon (see inset in 

Fig. 1c). The LT diffraction peak is broader than the HT peak in the direction parallel to 
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the film, 𝑞∥ (see inset in Fig. 1c). The excess broadening results from a reduction of the 

long-range order (coherence length) due to the breaking of the crystal symmetry at low 

temperatures: three monoclinic structures are possible, each distorted along a different 

hexagon edge [19,25]. When heated quasi-statically through the phase transition 

temperature, the height of the HT peak grows, while the height of the LT peak decreases 

monotonically. The LT diffraction peak width is proportional to the LT peak height, 

while the width of the HT peak is static (see Fig. S2 in [14]). 

 

We use short, optical laser pulses (E=1.55 eV, 40 fs duration, 500 µm spot size) to induce 

an insulator-to-metal phase transition in V2O3. We probe the structural response to 

photoexcitation with short x-ray pulses (E=9 keV, 10 fs duration, 200 µm spot size) in 

stroboscopic mode at the Linac Coherent Light Source [27,28]. After photoexcitation, the 

height of the HT peak grows as expected (see Fig. 1c), as the optical laser pulse heats the 

film. Because the HT peak grows, one may expect a drop in the LT peak height. 

Unexpectedly, the height of the LT peak grows for 2.5 ps before it declines for larger 

time delays (see Fig. 1d). From the 4D data set (3D reciprocal space and time, see Fig. S3 

in [14]), we find that the LT peak height grows by narrowing the LT peak. Since the peak 

broadening in the ground state originates from the decrease in long range order, we 

conclude that photoexcitation induces higher symmetry in the LT phase after 2.5 ps. At 

these short timescales however, the photoexcited LT phase retains its unit cell volume, as 

revealed by the unmodified Bragg peak position (see Fig. 1b).  

 

The photoinduced structural phase transition displays two processes with vastly different 

characteristic time scales. First, the structural coherence length in the photoexcited LT 

phase, ξ(τ), grows rapidly within 2.5 ps (see Fig 2a, left axis) and remains high for more 

than 100 ps. Second, the HT phase fraction, PHT(τ), grows gradually within 100 ps after 

photoexcitation: the unit cell volume of the photoexcited LT regions shrinks 

discontinuously and the HT phase emerges, evidenced by decrease of the LT and increase 

of the HT integral peak intensity (see right axis in Fig. 2a, and Fig. S4 in [14]). 

Furthermore, the coherence length and the phase fraction depend differently on the pump 

fluence. The coherence length ξ(2.5ps) increases linearly with the pump fluence before it 
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saturates at ~5 mJ/cm2 (see Fig. 2b). The dynamic saturation value at 1.3 above the 

ground state agrees with the maximum coherence length of the LT phase measured in 

equilibrium (see Fig. S2). In contrast, the final HT phase fraction PHT(100 ps) displays a 

fluence threshold: the growth rate increases significantly for fluences larger than 1 

mJ/cm2 (see Fig. 2c). In photoinduced phase transitions, the fluence threshold results 

from the energy barrier due to the latent heat [4,6,22], and the value of 1 mJ/cm2 

measured here is in agreement with literature [22]. At fluences higher than 5 mJ/cm2 the 

phase fraction PHT(100 ps) saturates at its maximum value of one, when the entire volume 

is in the HT phase. While the presence of the fluence threshold and the duration of the 

HT phase growth are both consistent with the photoinduced electronic transition [22], the 

origin of the 2.5 ps time scale remains elusive. Similar timescale has been observed in 

time resolved x-ray experiments in bulk V2O3 crystals [24]. To understand the 

mechanism underpinning this ultrafast coherence length growth, we use X-ray 

nanoscopy. 

 

We map the static nanoscale spatial distribution of the two structural phases (see Fig. 3a) 

and their coherence length (see Fig. S5 in [14]) by scanning a 20 nm X-ray beam across 

the sample [29]. The typical size of an LT domain (connected blue region in Fig. 3a) is 

100 nm, consistent with near-field imaging of insulating and metallic pockets [13]. 

Surprisingly, the broadening of the LT diffraction peak is present in the diffraction 

collected during a single exposure by the 20nm nanobeam (see Fig. 3b). Thus, the 

monoclinic distortion reduces the long-range order on a length scale much smaller than 

the size of a LT domain. X-ray diffraction at higher angles (see Fig. S6 [14]) reveals 

splitting of the LT phase into a mosaic of two distinct types of crystallites angularly 

misaligned to each other by 1° about the film normal. The two categories correspond to 

monoclinic distortions either along the A or B directions (see Figs. 3c and Fig. S7 [14]). 

Statistical analysis of 20,000 diffraction patterns collected while scanning the nanobeam 

across the film [14] (see Fig. S8 in [14]) yields an average crystallite size of ξ=8 nm (see 

Fig. 3c).  The spatially resolved peak broadening (see Fig. S5b in [14]) is independent of 

the LT peak intensity, suggesting a random distribution of the crystallites throughout the 

film. The diffraction peak corresponding to the monoclinic distortion along the third 
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direction appears at a different momentum transfer [25] and is only noticeable at the 

lowest temperatures. 

 

The combination of time-resolved diffraction and x-ray nanoscopy implies that the 

photoexcited structural phase transition proceeds as follows (see Fig. 3d). Photoexcitation 

enhances the coherence length through a collective alignment of the crystallites within 

2.5 ps. This ultrafast time scale (see Fig. 1d) is in agreement with the half period 
!!
!
= !

!
≈ 3.2 𝑝𝑠 of the coherent phonon at the Brillouin zone boundary [30], where L=8 

nm is the size of the crystallite and 𝜈 = 2.5 nm/ps is the sound velocity in monoclinic 

V2O3 (Ref.  [23]). The 8 nm large crystallites act as internal traps for acoustic phonons, 

which drive the symmetry enhancement by shear motion [3]. The degree of alignment 

grows linearly with pump fluence (see Fig. 2b), characteristic of a continuous phase 

transition as described by Landau theory extended to ultrafast transitions [31]. The 

photoinduced phase transition completes with a unit cell volume contraction within 100 

ps, while the crystallites remain aligned with an enhanced coherence length. This longer 

process displays a fluence threshold: the hallmark of a first-order phase transition due to 

the latent heat  [6,22]. The volume contraction is governed by the nucleation and ballistic 

growth through 100 nm large LT domains moving at the sound velocity  [22] (see Fig. 

3a).  

 

Laser pulse energies well below the fluence threshold align the crystallites in the LT 

phase, yet avoid the transition into the HT phase (see Fig. S9 [14]). At these low fluences 

the enhanced long-range order prevails for more than 100 ps measured in our experiment. 

This duration represents the lower time scale for the spontaneous symmetry breaking into 

structurally equivalent monoclinic lattices, whose presence possibly stabilizes the 

transient higher symmetry phase. Above the fluence threshold, the coherence length 

enhancement and the HT phase fraction growth both saturate at 5 mJ/cm2, indicating that 

the transient non-equilibrium state is a precursor to the metallic state. 

 

In Mott insulators, the electronic correlations restrict the extent of the electronic wave 

function to a few nanometers  [20,32]. The size of the monoclinic crystallites ξ we 
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determine from X-ray nanoscopy is in agreement with the electronic correlation length ξel 

found in bulk V2O3, Ref.  [20]. The agreement between the length scales indicates an 

interdependence between the electronic localization and structural heterogeneity; we 

directly observe the latter as twinning of the LT phase into different monoclinic 

nanocrystallites in equilibrium. By assuming that the electronic correlation length and the 

crystallite size remain coupled after photoexcitation ξel(τ)=ξ(τ), we estimate the behavior 

of the dynamic Mott gap via Δ(τ)~1/ξ(τ)2 (Refs. [1,20]). The photoexcitation induces an 

ultrafast alignment of the crystallites, which effectively increases the coherence length 

and induces a narrowing of the band gap (see Fig. 3D). The correlation length increases 

by a factor of 1.3 at a pump fluence of 5 mJ/cm2, thus the gap reduces from 0.5 eV in the 

ground state [33] below 0.3 eV in the photoexcited state. The maximum dynamic 

correlation length in the monoclinic phase is smaller than the correlation length in the 

rhombohedral phase; thus the gap is not closed entirely, consistent with the existence of a 

dynamic pseudogap observed in other Mott systems [34]. 

 

The photoexcited phase is structurally similar to the paramagnetic insulating phase, 

which in equilibrium occurs with chromium doping or equivalently with negative 

pressure [19,25,26]. In the monoclinic LT structure the vanadium magnetic moments 

ferromagnetically couple in monoclinic (010)Mon layers with a reversal of the adjacent 

layers; the moments tilt by 71 degrees from trigonal axis [15]. While recent theoretical 

calculations showed a decoupling between the antiferromagnetic ordering and monoclinic 

distortion, both phenomena reinforce each other [35]. The observation of the ultrafast 

quench of the monoclinic distortion indicates an ultrafast quench of the antiferromagnetic 

order. Furthermore, we expect the negative thermal expansion in V2O3 within the 

hexagon plane to results in a transient negative pressure after photoexcitation: in 

equilibrium, the negative pressure reduces the antiferromagnetic order and the 

monoclinic distortion [26]. The photoinduced insulator-to-metal transition in V2O3 lasts 

for tens of picoseconds [22], consistent with the duration of the structural unit cell 

volume change reported here. The long-range order enhancement through cooperative 

nanoscale alignment occurs before the electronic transition completes. Because long-
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range order is essential for electronic transport [17], we anticipate that the presence of the 

photoinduced structural order impacts the dynamics of the electronic transition.  

 

In summary, we used ultrafast x-ray scattering and x-ray nanoscopy in studying the 

photoinduced insulator-to-metal transition in V2O3. Using ultrafast x-ray scattering, we 

directly observe a novel photoinduced structural phase as a transient precursor to the 

metallic phase: photoexcitation rapidly enhances the long-range order in the insulating 

phase before the photoexcited material transitions to the metallic phase. We observed no 

indication of the transient phase during the quasi-static phase transformation. Using high-

resolution x-ray nanoscopy at near-5 nm resolution, we are able to correlate the evolution 

of the structural heterogeneity to the extent of the electronic wave function and the Mott 

gap. By combining the results from ultrafast x-ray scattering and x-ray nanoscopy we 

elucidate how the nanoscale heterogeneity influences the time scales of the photoexcited 

transition, suggesting a new path to controlling the energy landscape in strongly 

correlated electron systems.  
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Figures 

	
Figure 1: Temperature induced and photoinduced structural phase transition. a, The monoclinic 

insulating and rhombohedral metallic structures. The hexagon corners represent vanadium atoms. Oxygen 

and other vanadium atoms within the shown structures are omitted for better visibility. b, Schematic phase 

diagram of two equilibrium low-temperature (LT) and high-temperature (HT) phases and the photoexcited 

(PE) phase. In equilibrium, the transition occurs directly from LT to HT, while photoinduced transition 

occurs via a transient, non-equilibrium phase. c, d, The peak intensity of the HT, (024)Rh diffraction peak 

(c) and of the LT, (022)Mon diffraction peak (d)  as a function of the time delay after photoexcitation (pump 

fluence 1 mJ/cm2) at a base temperature of 157 K. Inset in c: A slice through the 3D diffracted intensity 

around both peaks (linear scale). q⟂ is parallel to (024)Rh and q|| to (-210)Rh. Scale bar shows 0.04 Å-1. The 

uncertainties in c, d result from the difference between two independent measurements. 
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Figure 2: Fluence dependence of the photoinduced structural phase transition. a, Time dependence of 

the coherence length ξ (filled red circles, left axis) calculated as the reciprocal peak width with a fluence of 

1 mJ/cm2 and the HT phase fraction PHT=VHT/(VHT+VLT) (open black squares, right axis), where VHT and 

VLT are the HT and LT peak integral intensities. b, The coherence length 2.5 ps after photoexcitation as a 

function of the laser pump fluence. c, The HT phase fraction 100 ps after photoexcitation normalized to the 

value at highest fluences, where the entire film is metallic. Insets show the schematic path from LT to 

photoexcited (PE) phase b and PE to HT phase c. 
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Figure 3: Nanoscale description of the dynamic phase transition. a, Measured spatial distribution of the 

LT phase in equilibrium determined from the integral intensity of the LT diffraction peak, ILT(x,y). The 

spatial distributions of the HT phase (IHT(x,y), not shown) is anti-correlated to the LT phase distribution 

with a Pearson correlation coefficient of ∫ !!" !,! ⋅!!" !,! !"!#

∫ !!" !,! !!"!# ∫ !!" !,! !!"!#
= −0.58 ± 0.01 (complete 

segregation yields a value of -1 and complete intermixing a value of 0). b A typical diffraction pattern 

measured during a single exposure to the nanobeam with a spot size of 20 nm (linear scale). Scale bar 

shows 0.04 Å-1. c Schematic of two neighboring monoclinic domains with distortions along different 

hexagon edges A and B. The monoclinic distortion and the physical touching of the mosaic blocks results 

in an angular misalignment. The size of the monoclinic domains is ξ=8 nm. d Schematic evolution of the 

structure and the proposed dynamics of the electronic properties during the photoinduced phase transition. 

(Left panel) In the low temperature ground state the crystallites are misaligned, and the electronic system is 

gapped. (Middle panel) Photoexcitation raises the coherence length through alignment of the crystallites 

and partially closes the Mott gap. (Right panel) The volume changes discontinuously, the Mott gap closes 

and the equilibrium metallic state emerges.	
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