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Photoinduced ultrafast phase transitions can generate quasiequilibrium states with novel emergent
properties modulated by the interplay of electronic and lattice degrees of freedoms. Therefore, accurately
probing transient atomic structures and their dynamics is crucial to understand and control the interaction of
electrons and lattice but remains a central challenge of ultrafast science. Using MeV ultrafast electron
diffraction on single crystals, we quantitatively reveal the photoinduced lattice distortion of the monoclinic
M1 phase of VO,. Our results resolve previous controversies concerning decoupled distortion components,
as well as a proposed M2 intermediate phase. Further, we emphasize the importance of quantifying the
transformed phase fraction into the metallic rutile phase, beyond previously reported analyses, and we also
clarify the importance of thermal heating in assisting the insulator-metal transition. Our complementary
ab initio molecular dynamics calculations support the experimental findings and identify the primary A,
phonon mode coupling to photoexcitation. Our study provides the critical and previously missing precise
3D and time-resolved structural evolution of the crystal structure of photoexcited M1 VO,. These results

provide the basis upon which to rationalize this archetypal photoinduced transition.

DOI: 10.1103/PhysRevX.12.021032

I. INTRODUCTION

The generation and control of novel phases in solids and
the understanding of mechanisms underlying their emer-
gent behaviors are at the heart of condensed matter physics
research [1,2]. In strongly correlated materials, competing
degrees of freedom of charge, spin, orbital, and lattice can
be manipulated to engender new properties with ultrafast
pump-probe techniques that drive the system far from
equilibrium. Ultrafast light pulses can be used to manipu-
late the dynamic structural response and generate transient
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or hidden states arising from intertwined competing phases,
e.g., enhanced transient superconductivity (up to 300 K) in
YBa,Cu;0g¢ 5 [3] and topological phase transition in ZrTes
[4,5] triggered by photoexcited A, phonons. However,
precisely tracking the electron-lattice coupling via three-
dimensional structural characterization of transient states
remains extremely challenging, in part because electronic
states can respond to minute changes in the lattice and the
phenomena are short-lived. Among current pump-probe
techniques [6—10] developed to capture dynamical tran-
sition pathways, MeV ultrafast electron diffraction (MeV
UED) on single crystals stands out for its unique capabil-
ities of providing femtosecond temporal resolution as well
as unparalleled sensitivity to atomic positions and displace-
ments through the access to high-order momentum space
[10-13].

The insulator-to-metal transition (IMT) in vanadium
dioxide (VO,), driven by an interplay of correlated elec-
trons and strongly anharmonic phonons, holds promise for
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fast and dissipationless resistive switching in neuromorphic
computing and memory technologies [14—17]. Despite the
intense and sustained interest in the VO, IMT, many
questions remain open. In previous pump-probe studies
of VO,, short pulses of optical photons, x rays, or electrons
have been used to assess the dynamical processes of the
photoinduced IMT, including those associated with the
electronic structure, displacive lattice evolution, and dis-
ordering [8,18,19]. Femtosecond laser excitation (near-IR)
above a threshold fluence triggers the transition from the
monoclinic (M1) to the rutile (R) phase at temperatures
well below the critical temperature 7.~ 340 K of the
thermal transition [8,9,18-20]. However, the detailed evo-
lution of atomic distortions and their relaxation pathway
during the phase transition are still unsettled, including the
respective importance of stretching (dimer breaking) and
rotation (twisting) of V-V dimers. Because of the structural
and electronic complexity [21-23], with Mott correlation
and Peierls distortion coexisting with orbital splitting in the
V-V chains, the lack of a detailed structural picture stands
in the way of a deeper understanding of the transition
mechanism. It has been shown that both depopulation of
the V—V bonding orbitals via electron-electron interactions
and V-V dimerization distortions contribute to the IMT
[21,24]. It was reported that upon photoexcitation, the V
atoms rearrange themselves from the original zigzag V-V
dimer configuration in the M1 phase into a linear isometric
form in the R phase in a two-step fashion, namely
suppression of V-V dimerization followed by suppression
of the V—V bond rotation [9]. Suppression of correlation-
induced splitting of the V-3d orbitals of a,,, e, and eJ and
their overlap leads to the insulating band gap collapse [25].
The intertwined nature of lattice kinetics and electronic
structure evolution epitomizes how unraveling the time-
resolved V-V structural rearrangement is a key factor to
achieve a mechanistic understanding of the IMT in VO,.
Additional unanswered critical questions are whether the
system is homogeneous or partially excited and trans-
formed, and whether thermal heating plays an important
role. Although these issues have remained only tangentially
discussed in the literature, we note that most x-ray and
electron diffraction experiments reported some remaining
intensity for reflections that solely belong to the M1 phase
after photoexcitation, revealing a partial IMT transition
over the probed volume, even at high pump fluences
[8,9,18,19,26].

In this study, we use femtosecond laser pulses to trigger
the MI-R transition in single-crystal VO, and MeV
electron pulses to reveal the lattice evolution. We simulta-
neously track 40 diffraction peak intensities, positions, and
widths, which allows a much more quantitative crystallo-
graphic analysis than possible in previous experiments. The
ultrafast single-crystal diffraction data acquired in trans-
mission mode reveal detailed correlated motions of vana-
dium atoms from their initial low-symmetry positions in the

M1 phase toward the high-symmetry positions in the
photoexcited state, which leads to the localized V-3d
valence states and gap closure. We precisely measure the
stretching and rotation of V-V dimers in VO, under
intermediate photoexcitation to assess possible soft phonon
modes, as a function of time delays under various photo-
excitation fluences. The measurements were carried out at
two temperatures (314 K, right below 7T, =340 K, and
77 K, well below T,) to probe the dependence of structural
dynamics and shed light on the possible role of thermal
heating during the phase transition. To understand the
atomic dynamics in a short time regime and cumulative
effects from forces, where no lattice heating and M1 to R
phase transition exists, ab initio molecular dynamics
(AIMD) and density functional theory (DFT) calculations
were also carried out.

II. EXPERIMENTAL SETUP

Single crystals of VO, were grown by a crystallization
technique incorporating some aspects of “self-fluxing.” The
resulting VO, samples are highly ordered single-domain
crystals in the R phase and exhibit twin domains in the M1
phase [18]. The sample orientation was first characterized by
Laue diffraction. The crystal was then sliced along the [010]
direction and thinned to electron (30 ke V) transparency using
focused ion beam (FIB) with a special approach developed
by some of us (see Supplemental Material [27]) to maximize
thin area. The thin samples were then characterized using
transmission electron microscopy at different temperatures
to verify the M1 phase and R phase and its IMT (see
Supplemental Material, Fig. S1 [27]).

The photoinduced ultrafast structural response was
measured by monitoring the change of intensity of the
Bragg peaks of the VO, crystal in the reciprocal [010] zone
axis and corresponding lattice symmetry. The UED exper-
imental setup at BNL was reported previously [10]. Laser
pulses with a duration of 180 fs and wavelength of 800 nm
were focused on the sample to trigger the distortion.
Precisely synchronized 130 fs pulses of 2.8 MeV electrons
are used to probe the thinned freestanding VO, crystal with
a total area of ~100 x 50 ym? at desired time delays, and
the electron diffraction patterns were recorded with an
Andor iXon EMCCD camera. The optical penetration
depth of the 800 nm pump laser is ~130 nm [28] and
the mean-free path of 2.8 MeV probe electrons is ~170 nm
in VO,, both of which are larger than our sample thickness
[nonuniform thickness mostly ranging from 20 to 100 nm,
average thickness of 60 nm, shown in Fig. S1(c) [27]].
Thus, the sample is well pumped and probed across the
whole thickness. A pump repetition rate of 5 Hz is used to
minimize residual heat on the sample (so that the sample
remains in M1 phase before each pump pulse arrives),
while pump fluences (up to 16 mJ/cm?) were tuned to vary
the strength of the excitations. Measurements were per-
formed with the sample base temperature set to 314 K,
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slightly below the equilibrium transition temperature 7.
(340 K), as well as 77 K (by liquid nitrogen cooling) to
investigate potential heating effects of the photoexcitation.

III. RESULTS

The thermally induced first-order IMT of VO, occurs
upon heating across the critical temperature 7. ~ 340 K.
It is associated with a structural transition from an Ml
insulating phase (band gap E, ~ 0.6 €V) to R metallic phase.
In the M1 structure (P21/c), vanadium atoms dimerize
and rotate with respect to their coordinates in the tetragonal
rutile structure (P42/mnm) [29], forming a zigzag structure

along the crystallographic a axis (monoclinic notation) with
alternating V—V bond lengths of 2.62 A (short bonds) and
3.16 A (long bonds), as shown in Fig. 1(a). The dimers are
also slightly rotated with respect to the a axis (equivalently
the ¢ axis of the R phase). Related monoclinic phases were
also reported, for example, an M2 structure (C2/m) occurs
upon doping, which features a mixture of dimerized and
zigzag V chains [30]. The distortion to M1 on cooling
doubles the unit-cell size of the R phase along its ¢ axis and
forms a charge density wave (CDW) sublattice along the
rutile ¢ axis with wave vector 2cg. The M1 and R lattices
follow the crystallographic relationship of [100], [|2[001],
[010]y;, [[[010]g, and [001]y;]I[10 — 1]g. There exists an

. .
., 20-2(-101¢)
302, - i @30—2

-102;

402
® 302 (o 200(101) ¥ 0

504
@ ® 002(2007) * @300
B ¥
o E
L RGhE

B 2000 arb: units

()
@ o
s 102, @ 702

v
3027 - » 302

¥/40-2
. 4}-302 ® 200 »

\/
- 002w 300
b

S 200/ a1 Units

~150/arbiunits

B 2000 arb. units

FIG. 1. Structural symmetries and distortions in VO,. (a) [010] projection of M1 structure showing V—V bond dimerization (light
gray, long bonds; dark gray, short bonds). Solid orange and green balls are Vy;; and Oy atoms, respectively. V atoms in the R phase are
shown in red hollow spheres for comparison. O atoms are not shown due to the overlap with Oy;. The inverse center at the middle of
each V—V bond is marked by solid blue circles (only the ones at the bottom are shown for clarity). Black parallelogram and red rectangle
outline the lattice of M1 and R with their origin labeled by black and red circle cross. Ary is the V motion from its M1 to R position
marked by the black arrow at the bottom right-hand corner. (b) [010] MeV UED pattern of single crystal VO, acquired before time zero
at 314 K. The pattern is indexed based on the M1 phase (their R lattice indices shown in parentheses), where the strong spots (hkl with
h = 2n) indicated by the white arrows are Bragg spots and they appear in both the M1 and R phase. The weak spots (hkl with
h = 2n + 1), marked by the black arrows, exclusively belong to the M1 phase due to the monoclinic distortion. Other weak spots
present, marked by the blue arrows with the subscript T, are due to the (001) reflection twining. Kg = (1/2,0, 1/2) is the wave vector
of the M1 superlattice in the reciprocal space of the R lattice. (c¢) Simulated UED pattern based on dynamic Bloch-wave calculation
using the structure model in Refs. [31,32]. (d) Difference pattern of the electron diffraction (the one acquired at 730 ps subtracted that
before time zero). The intensity of the Bragg spots (white arrows) increases, while that of the superlattice spots (black arrows) decreases
after photoexcitation. Green circles in (b) marked the positions of the possible M2 reflections based on its space group (C2/m), which
were not observed.
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inversion center in the middle of each V—V bond, as marked
by a solid blue circle in Fig. 1(a) (only those at the bottom are
shown for clarity). The V=V bonding is constrained by these
inversion centers; thus the changes of bond geometry can be
described by dimer rotation and stretching or shrinking. A
wave vector of the M1 superlattice in the reciprocal space of
theR latticeis Kg = (1/2,0, 1/2) [Ky is associated with the
wave vector of the characteristic soft phonons in Ref. [18],
marked by the white arrows in Fig. 1(b)]. The propagation
direction of the wave modulation Ky deviates from Ary, the
direction of V displacement motion [see Fig. 1(a)] fromits M1
to R position by 64°. Figure S1(a) depicts the corresponding
three-dimensional structural relationship of the M1 and R
phases with their structural units outlined.

Figure 1(b) shows a typical MeV UED pattern of VO,
along the [010] orientation acquired at 314 K, compared
with the simulated pattern based on dynamic scattering
theory shown in Fig. 1(c) [31]. The pattern is indexed based
on the M1 phase, which is composed of two distorted rutile
sublattices due to the rotation of V-V dimers (clockwise)
and long V—V bonds (counterclockwise) outlined by the
green cells in Fig. 1(a). If we ignore the lattice distortion,
the sublattices are the same as the R phase lattice, outlined
by the red cells. Because of the glide plane symmetry in
space group P2;/c, the M1 reflections of A0l with [ =
2m+ 1 (m being an integer), e.g., =301y, —10 — Ly,
00 — 3y, and 003y, are absent, as shown in Figs. S1(d)
and S2(e) of Supplemental Material [27]. The strong
reflections 70/ with h = 2n (n being an integer) correspond
to the R sublattice and appear in both the M1 and R phase
(we denote them as R or primary Bragg peaks). In addition
to these strong reflections, much weaker reflections are
observed for indices /40! with h = 2n + 1, which exclu-
sively belong to the M1 phase due to the monoclinic
distortion (we denote them as M1 or superlattice peaks).
Opposite rotations of V—V bonds (i.e., dimers counter-
clockwise and long bonds clockwise) form a (001) reflec-
tion twin, yielding reflections, e.g., —102; and —302, as
indicated by the blue arrows in Fig. 1(b) and in Fig. S2 of
Supplemental Material [27]. Upon photoexciting the M1
phase, V atoms move toward the rutile configuration,
suppressing the distortion amplitude of the monoclinic
MI sublattice, and as a result the intensity of the weak
superlattice reflections decreases. These reflections even-
tually disappear when the M1-R transition completes [as
observed in our in situ heating TEM experiment, Fig. S1(f)
[27]]. Concomitantly, the strong (h = 2n) reflections
become even more intense. Figure 1(d) shows the differ-
ence between the MeV UED diffraction patterns recorded
at t="730ps and at r <0. One can observe a clear
decrease of the M1 peak intensities and increase of the
R peak intensities after photoexcitation.

Figure 2(a) plots the evolution of the averaged intensity
for 20 R peaks and 20 M1 peaks as a function of time delay,
under a pump fluence of 16 mJ/cm?. The pump fluence is

above the threshold but below the saturation fluence for the
phase transition reported previously [19], so the focus of
our study is more on the lattice dynamics of the M1 phase
suppression induced by the photoexcitation rather than the
complete M1-R phase transition. The suppression of the
M1 distortion or partial melting of its order parameter upon
photoexcitation is evident from the simultaneous drop of
M1 peak and increase of the R peak intensities, which is
similar to the photoinduced suppression of the superlattice
in a CDW system. The intensity drop of superlattice M1
peaks in Fig. 2(a) indicates that the structural dynamics
consists of a fast process within the first few picoseconds
and a relatively slow process that extends to hundreds of
picoseconds. The inset of Fig. 2(a) shows the pump-fluence
dependence of the intensity change of R and M1 peaks at
730 ps, indicating a ~4.5 mJ/cm? threshold for the photo-
induced phase transition. The measured peak widths of the
MI and R reflections as a function of time delay are plotted
in Fig. 2(b). No change of the peak width is observed
within the measurement error in the entire time range. An
example of the M1 peak intensity profiles (—104 reflection)
at time delay of + = 0 ps (black dots) and ¢ = 730 ps (open
green circles) is shown in the inset of Fig. 2(b). Despite the
intensity change with time, the full width at half maximum
(FWHM) of the peaks remains unchanged within experi-
ment resolution, suggesting that a single phase remains
dominant and the strain gradients are minimal.

Detailed analysis of individual diffraction peaks reveals
that the relative intensity change varies among the reflec-
tions in two different timescales. The normalized intensity
changes of three M1 peaks (for 20/, where h = 2n + 1, i.e.,
—104, 300, and —504) and three R peaks (for 40/, where
h = 2n,i.e., 004, —404, and —604) are plotted in Fig. 2(c).
For instance, the intensity drop of the —104 reflection is
larger than other reflections and the amplitudes of intensity
change in the first and second stage are similar, while the
intensity of the 300 peak drops very little in the second stage
compared to the first stage. We also found that the intensity of
these reflections is sensitive to the V atom displacement with
the {300} family reflections sensitive to the displacement
along the x (a axis) direction, Ax, and the {—104} family
reflections mostly to that along the z (c axis) direction, Az.
For the R peaks, the intensity increases concurrently with the
decrease of the M1 peaks, around 15% for —404 and 5% for
004 (first stage) and relaxes to constant (second stage).
Meanwhile, increase of the Debye-Waller (DW) factor due to
laser-induced thermal motion suppresses the intensity of both
MI and R peaks. Compared to the incoherent deviation from
average (long-range) crystalline order revealed by x-ray
diffuse scattering [18], this study focuses on the coherent
lattice displacement and quantification of the distortion path
of average crystal structure by tracking many Bragg peak
intensities quantitatively.

In order to understand the directional atomic motions
(Ax and Az) that result in the temporal intensity evolution
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FIG. 2. Photoinduced lattice dynamics. (a) Normalized relative intensity changes of the R peaks (averaging over —402, —202, 002,
202, —604, —404, —204, 004, 200, 400 reflections) and M1 peaks (averaging over —104, 300, —302, —304, —506, —504, —102, —306,
102, —502 reflections) during the photoinduced structural evolution under pump fluence of 16 mJ/cm?. The simultaneous increase of R
peak and decrease of M1 peak intensity clearly indicate the suppressing of M1 phase upon photoexcitation. Inset: normalized intensity
changes of M1 and R peaks as a function of fluence at 730 ps. (b) The averaged peak width of the M1 and R reflections over time, no
visible change is observed. Inset: intensity profile of M1 peak (—104) at time delay t = 0 ps (black dots) and # = 730 ps (open green
circles). The solid lines are fitting curve based on the Lorentzian function. Although the peak intensity decreases at r = 730 ps, the peak
width (FWHM) remains constant compared to that at # = 0. (c) Temporal evolution of normalized intensity of various M1 peaks (10!
with 7 = 2n + 1) and R peaks (h = 2n) averaged over symmetry allowed reflections (—40[/h0 — [ and h0 — [/—h0l) under pump
fluence of 16 mJ/cm?. The red curves are guides to the eyes based on fitting with a double or triple exponential function. All the data
shown in (c) were carried out at base sample temperature of 314 K. The measurement errors of normalized peak intensity change, mostly
due to shot-to-shot variation of electron beam intensity, are 0.02 (300), 0.02 (—104), 0.03 (—504), 0.009 (004), 0.018 (—404), and 0.015
(—604) (reflection index is indicated in parenthesis), with an integration of 700 shots at each time delay. For clarity, the measurement
errors are not plotted in the figure. Insets: quantitative comparisons of normalized experimental (solid dots) and calculated (green
curves) intensity changes at 730 ps for the major M1 and R peaks. The calculations are the best fit to the displacement along the a and ¢
axes and the Debye-Waller factors obtained from the experiment.

of the M1 and R peaks, we calculate the structure factors of ~ that the contribution of the oxygen displacement in the
these reflections, which are directly proportional to the  two phases (M1 and R) to the diffraction intensities is
square root of the intensities (1,0, ~ |Fo;|?). Given the fact ~ much smaller than that of V, we for simplicity neglect the
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contribution of O atoms in the calculations. The intensity ~ where s is the scattering vector. Note that the imaginary
I (I =2n) is therefore terms are canceled out due to the inversion center sym-

metry of the M1 phase. By ignoring high-order terms, the
Lot ~ |Frot|* = |4fy cos[2n(hx + Iz)] exp(—Bs?)|?>, (1)  normalized intensity change is
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FIG. 3. Correlated vanadium movement upon photoexcitation. (a) The normalized displacement along x and z direction (JAx/Ax|
and |Az/Azg|) as a function of time delay. The displacement along z is shifted vertically for clarity. (b) A 3D plot of the V displacement
induced by photoexcitation as a function of time and fluence. Three color planes are the curved surfaces of the vanadium movement
plotted along time axis (r = 0-800 ps) for three different fluences. (c) Normalized displacement |Ax/Axg| versus |Az/Azg| for different
time delays projected along the time axis from the 3D plot in (b). The black dashed line indicates the direction of V movement from its
MI to R position. Note for clarity the x and z axes are drawn orthogonally. The actual angle between the two is 57.4° (see inset). The V
movements in the first few picoseconds are along the Ar, direction. The locations of 4 and 800 ps are marked in the fitting curve. With
the increase of time delay, the weight of displacement along the ¢ axis increases, significantly departing from the Ar, direction. Inset: the
definition of Ax,, Az, and Ar [see the rectangle box in Fig. 1(a)]. The black arrow points to the straight line path of the V atom from the
M1 position to the R position. The red line depicts the motion path of V atom under the fluence of 16 mJ/cm? with the end point being at
t = 730 ps. (d) Calculated |Ax/Ax| versus |Az/Azy| plot using four parallel AIMD trajectories at different electronic temperature 7.
The average V atomic positions between —500 and 0 fs before photoexcitation at 300 K in the AIMD calculations is the origin (0, 0),y;-
The relative displacements rely on the 7',;. |Ax/Axy| and |Az/Azy| at T,; = 1160 K agreed well with experimental displacement at 4 ps
under the fluence of 16 mJ/cm?.
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Al /1, ~ —4rtan2x(hxy + lzo)| (hAx + [Az) — 25°AB,
(2)

where 1201, Xo, and z are the intensity and position of V
before photoexcitation (xy = 0.23947 and z, = 0.02646
[32]). Ax, Az, and AB are displacement of V along a and ¢
direction and change of DW factor, respectively. Based on
Eq. (2) it is clear the change of diffraction intensities
strongly depends on atomic displacements along the a and
¢ axis. For instance, the intensity changes of 300, —104,
004, and —404 peak corresponding to the vanadium
displacements (Ax and Az) can be expressed as

Al
0300 = —187.43Ax — 0.19AB,
1300
Al
“104 _ _14.01Ax + 56.04Az — 0.31AB,
1—104
Al
X% = —39.42A7 — 0.39AB,
1004
Al
—5% = 67.35Ax — 67.35Az — 0.338AB.
—404

After photoexcitation, the V atom is expected to move
toward the R position (xz = 0.25 and zz = 0), resulting in
Ax > 0 and Az < 0O; thus the intensity of M1 reflections
(e.g., 300 and —104) decreases while that of R reflections
(e.g., 004 and —404) increases, depending on the com-
petition between the displacements (Ax and Az) and the
Debye-Waller factor (AB). Using the singular-value-
decomposition method we achieve the best fit Ax, Ag,
and AB from the intensity changes of a total of 40
reflections (20 M1 and 20 R reflections) at each time
delay during the photoinduced dynamical process. The
random thermal vibrations of V atoms based on the
measurements of corresponding DW factors are presented
in Fig. S5 of Supplemental Material [27].

The normalized V displacements |Ax/Axy| and
|Az/Azg|, as a function of time delay under various pump
fluences, are shown in Fig. 3(a), clearly illustrating a two-
stage dynamic behavior. Ax, and Az, are the displacements
from M1 position to R position along ay;; and ¢y axes,
respectively, in Fig. 3(c) inset. The corresponding path of
atomic motion is shown as a function of time delay in
Fig. 3(b). The uncertainty (or statistical deviation) of
refined |Ax/Axq|, |Az/Azy|, and AB depends on the
measurement error of intensity change of various peaks
in Fig. 2(c) and in Fig. S3 [27]. The measurement error of
normalized peak intensity change, mostly due to shot-to-
shot variation of electron beam intensity, ranges from 0.004
for —204 reflection to 0.034 for —502 reflection with an
integration of 700 shots at each time delay. Based on the
measurement errors of 20 M1 and R peaks, the standard
deviations of |Ax/Ax|, |Az/Azy|, and AB are calculated to

be £0.008 for |Ax/Axq| and |Az/Az,| and £0.01 for AB,
which are in line with standard deviations of the data points
before time zero shown in Fig. 3(a) and in Fig. S5 of
Supplemental Material [27].

The V atom motion path as a function of |Ax/Ax|
versus |Az/Azg| is shown in Fig. 3(c). We note V atoms
move very fast in the first few picoseconds (first stage) and
then slow down (second stage) till its quasiequilibrium
position at ~800 ps. The larger of the fluence, the faster the
movement. Moreover, V atoms move basically along the
MI1-R line in the first stage. The atomic movement along x
and z directions is linear, thus the ratio Ax/Az is a constant,
equal to Axy/Azy and independent of time delay. The
dissociation (elongation) of V-V dimers during the evolu-
tion from M1 to R can be represented by the displacement
Ax along ayy;, and the untwisting (or derotation) is mostly
captured by Az along ¢y, as depicted in Fig. 1(a). Thus,
both dissociation and untwisting of V dimers are heavily
involved in the first stage.

With the increase of time (second stage), V movement
gradually deviates from the straight line along Ary. Cyan
crosses in Fig. 3(c) mark the points of 4 ps as references to
show the timing of the deviation from the M1-R (Ary) line
in the fitting curve and cyan stars mark the points at 800 ps
when deviation reaches its quasiequilibrium limit. This
suggests that the V displacement has mainly Az component
in the second stage and substantially deviates from its linear
pathway from its M1 position to R position, indicating a
dominant untwisting of V-V dimer other than dissociation
during the slow process. It corresponds to observations that
during the first (second) stage, the intensity change of
various M1 peaks is significantly different, ranging from
10% (4%) for Ax sensitive {300} to 18% (19%) for Az
sensitive {—104} reflections.

I11. DISCUSSION
A. Atomic pathway of the photoexcited lattice

Photoinduced structural dynamics in VO, has been
investigated using various pump-probe techniques
[8,9,18-20], and most research efforts have focused on
the dynamic process in the first few picoseconds. Morrison
et al. [19] studied polycrystalline films of VO, using
ultrafast electron diffraction at 95 keV. They observed
the evolutions of M1 and R peak intensities upon photo-
excitation with two-timescale dynamics (0-1.5 and
2-10 ps) for different V=V bonds based on a pair-
distribution-function analysis. The fast and slow compo-
nents were attributed to the distinct transition occurring in
different crystallites in their polycrystalline sample. On the
other hand, using 30 keV electrons in a surface-sensitive
reflection mode Baum and co-workers probed about 10
atomic layer deep from the surface of single-crystal VO,
[9] and observed two distinct timescales, #; = 300 fs and
t, =9 ps, with V displacement along the a axis and ¢ axis,
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respectively. It showed a different two-stage behavior: the
V-V dimerization was first suppressed and then the V—V
bond rotation was suppressed. The directions of the
displacement were derived based on the intensity analysis
of two separate groups of hkl reflections, corresponding
to either 1 # 0 or 1 = 0. Although their early experiment
is admirable, it is largely qualitative with no distinction
between the M1 reflections and the M1 + R reflections,
and no consideration of DW factors, which are particularly
sensitive to the intensities of high-order reflections acces-
sible in the reflection mode. For instance, the contributions
of DW factor and displacement along the ¢ axis to the peak
intensity for reflections & = 0, say, the 091, 084, and 08 -2
reflections discussed in their paper, go to the opposite
direction; thus one cannot make a conclusion that there is
no displacement if the intensity does not decrease or
remains constant. In contrast, in our analysis, we simulta-
neously refine all reflections with DW factors included. We
unambiguously show that during the first stage (2 ps
timescale) of the structural dynamics, displacements (dime-
rization and rotation of V—V bonds) occur along the M1-R
line, i.e., along both ayy; and ¢y axes. If we combine the
fast and slow time constants in the study of Baum e al.,
their observations would better agree with our analysis. Our
findings not only reveal that the role of stretching A,
phonon mode is limited in the fast dynamics, but also
illustrate the dominant and unrevealed role of the rotation
A, phonon mode in the rest of the structural excitation and
relaxation in VO,.

The previously reported behavior of decoupled dimeri-
zation and twisting in two timescales [9] was supported by
first-principles calculations based on a separate initial-force
treatment of hole doping and electron doping, which found
that hole doping favors suppression of the V-V dimeriza-
tion and electron doping favors the suppression of the V—V
bond rotation [33]. Thus, it was speculated that the effects
of hole doping and electron doping dominate over different
time domains [33]. However, the photoinduced electron
excitations create both holes and electrons; therefore, it is
necessary to perform first-principles simulations consistent
with this physical process and beyond the initial-force
approximation. After initial ~100 fs (which is time zero of
our simulation), the hot electrons relax to a quasithermal
distribution corresponding to an elevated electron temper-
ature T, which is much higher than the lattice base
temperature. Subsequently, optical phonons are more likely
to be excited by the relaxing electrons than acoustic
phonons, yielding a nonthermal distribution of phonons
[18,34-37].

We performed ab initio molecular dynamics calculations
to investigate the atomic motions and unveil the underlying
factor that controls atomic motions under photoexcitation.
We simulated the laser pumping by suddenly increasing
T,; and changed the ensemble from canonical to micro-
canonical [18] (for details, see Note 8 in Supplemental

Material [27]). The AIMD calculations for 1 ps after
photoexcitation (1 fs time step) show minimal lattice
heating and no complete transition from M1 to R phase.
Through averaging the atomic displacement, we reproduce
the experimental trend of the atomic path within the first
picosecond. First, the average displacement is found to
closely follow the M1-R line within 1000 fs [Fig. 3(d)], in
agreement with our experiment results. As T',; increases
from 1160 to 1624 K, the average displacement increases
from around 0.1 to 0.3 of total displacements along both
Axg and Az, directions [Fig. 3(d) and Supplemental
Material Fig. S9 [27]], even though the phase transition
does not occur at 7',; < 2900 K (Fig. S7). We further show
the importance of the cumulative atomic forces, besides
initial forces or velocities, in determining the atomic
motions over this timescale.

Next, we extracted the forces and velocities from AIMD
to understand the driving factor of the atomic motion. The
atomic motion after photoexcitation (¢ > 0 fs) is governed
by two factors, the initial configuration and velocity of
atoms and the forces acting on them (potential energy
surface) [38]. Based on our AIMD over short timescales
(1 ps), the velocities of V atoms minimally increase after
photoexcitation, which is compatible with negligible lattice
heating. With little impact of increasing 7,; on the
velocities from 1160 to 1624 K [Fig. S10(a) [27]], V atom
velocities do not lead to the variation of displacements
observed in Fig. 3(d). Meanwhile, the average restoring
forces after photoexcitation slightly decrease, the more
so as T,; rises from 1160 to 1624 K [Fig. S10(c) [27]].
Within the first picosecond, the lattice heating is negligible.
The kinetic energy and aggregated forces resulting from
increased T,; are insufficient to overcome the energy
barrier between M1 and R phases. Thus, the increased
distortion of the M1 phase after 1 ps with increasing 7',; can
be mainly understood as the more efficient channeling of
the atoms by shaping the minimum energy path in the
potential energy surface.

We now consider the potential energy surfaces to
investigate the initial and restoring forces under photo-
excitation. The restoring force describes the force that
atoms experienced in the photoexcited potential. The initial
force corresponds to the force strictly at O fs after photo-
excitation, when atomic positions have not yet adjusted to
photoexcitation. In Fig. 4(a), the position of the energy
minimum moves towards R phase (Ad = 0 A) by 0.03 A as
T, rises from T,; = 290 Kto T,;, = 1624 K. Additionally,
the potential energy surface becomes flatter with increasing
T,;; thus the average restoring force decreases. The first-
order derivative of the potential energy surface (Fig. S8 of
Supplemental Material [27]) corresponds to the restoring
forces, which confirms the deviation of restoring forces at
T, = 1160-1624 K from that of M1 at T, =290 K.
Upon increasing 7T,;, the potential becomes shallower
[see Fig. 4(a)] and the restoring forces on V atoms in
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FIG. 4. DFT calculations of various phonon modes in VO,. (a) Potential energy surface as structure distorts from M1 to R phase at
different T';. Ad is the difference between dgoy (diong) and the relaxed rutile V-V d = 2.78 A. Ad = 0.27 A corresponds to the relaxed

M1 structure, and rutile structure is at Ad = 0 A. Raising T, lifts the energy of M1 structure and flattens the potential energy surface.
The potential energy surface flattening corresponds to the decreasing forces on atoms and the lowest energy structures transforming
toward R phase. The dashed lines are fourth-order polynomial fit. Inset: the forces at d = 0.27 A from T,; = 290 K to T,,; = 1624 K,
corresponding to first-order derivative of polynomial fit of the potential energy surface. (b) The phonon dispersion of VO,, where the
colors denote contributions from the V atomic vibration along the crystallographic a (red), b (green), and ¢ (blue) directions.
(c) Decomposition of the lattice displacement obtained in Fig. 3(a) into the nine A, Raman phonon modes, drawn in Fig. S4 of
Supplemental Material [27]. (d) A schematic of phonon mode 6, which is found to be dominant in the structure transition. The Vand O
atoms are orange and green balls, respectively. The red arrows represent V displacements. The length of arrows indicates the amplitude
of displacement, which are scaled up by a factor of 24.

the photoexcited potential become weaker (Fig. S8 [27]).
We also note that at the equilibrium Ad = 0.27 A corre-
sponding to the initial M1 configuration (vertical dashed
line in Fig. S8 [27]), the initial force on V atoms increases
with the photoexcitation fluence (7',;), shown in the inset of
Fig. 4(a).

But the restoring forces along the M1 -R path are not
constant (Fig. S8 [27]), but rather depend on position d as
well. The restoring forces [f(¢)] vary as the atoms move
toward the minimum of the potential energy surface at
corresponding T,;. Hence, the initial force right after
photoexcitation (at ~0 fs) is not the sole factor determining
the dynamic process of structural evolution. Instead, the

cumulative effect from restoring forces f(z,d) govern the
atomic motions after photoexcitation, as clarified by our
AIMD simulations.

Because of limited computation power, we cannot
extend the AIMD calculation beyond a few picoseconds
and compare with the experiment observation of z direction
dominant displacement in the second stage. However,
we performed first-principles crystal structural relaxation
for various T, to probe the motion of atoms in the
photoexcitation experiment. The results show that a non-
proportional displacement along the a and ¢ directions
occurs at larger T,; when approaching the critical value
(about 2900 K) of M1-R phase transition [Fig. S7(b) of
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Supplemental Material [27]]. A full theoretical understand-
ing and reproducing of the experimental observations
remains challenging but may be achieved by extending
the AIMD simulation to 1000 ps with consideration of
new physics and enhanced computation power in the
future [35].

Importantly, the observed atomic pathway provides new
insights into the possible phonon modes involved in the
structural response of the M1 phase upon excitation by
1.55 eV photon pulses. The transient electronic states and
atomic positions of the crystal highly depend on the
phonons’ involvement in the structural dynamics process.
The M1 to R phase transition is widely attributed to the
softening of two A, phonon modes of the M1 phase. The
dimerization and rotation of the V—V dimer bond corre-
sponds to the stretching and rotation modes of A, phonons,
respectively. However, the relative importance of these two
phonon modes during photoexcitation, in terms of their
weight in the phonon population and simultaneity in
excitation, has remained unclear. Our results unveil the
atomic transition pathway and could advance our under-
standing of the role played by different phonon modes
during photoexcitation. As shown in Fig. 3(c), at each
applied pump fluence above the threshold of around
4.5 mJ/cm?, the pathway of the first process (fast stage)
is mostly along the straight line from M1 to R positions and
the amount of displacement increases with the pumping
strength. This entails that both stretching and rotation A,
phonon branches play a role, maintaining a constant ratio in
their population during the first stage. Subsequently, during
the second stage, V atoms displace mostly along the ¢ axis,
suggesting the dominant role of the rotational A, phonon
mode. The proportionality of the displacements along the a
and ¢ axis in the fast process [see Fig. 3(a)] can be
interpreted as electron excitation by every single photon
that does not correlate with neighboring sites, followed by
the energy transformation from hot electrons to both
stretching and rotation branches of A, phonon. In contrast,
in the second or slow stage, the displacement Az keeps
increasing while Ax remains mostly constant. The second
stage dynamics could result from complex phonon-phonon
couplings in the thermalization process as well as inter-
action with strain waves, favoring in aggregate the rotation
A, phonon branch, and reflecting a nonlinear displacement
behavior. Based on the trajectory dependence on pump
fluence in Fig. 3(c), our observation suggests that the linear
part of the trajectory during the first few picoseconds could
extend further and reach the R position directly in the first
few picoseconds if the pump fluence was sufficiently high.

The observed two-stage relaxation behavior is likely due
to strong charge redistribution among the three V 1,
orbitals and the nearest V—V and V—O bonds [35] and
does not exhibit the characteristic low-energy modes of
the R phase. In an unbiased model Hamiltonian, Paquet
and Leroux-Hugon predicted [39] that electron-electron

interactions are the leading mechanism of the R-M1 phase
transition. This implies that electron-electron interactions in
principle could yield different paths of lattice distortions
depending on the mutual filling of the V d orbitals. Such a
possibility was likely revealed in the second-stage non-
thermal process observed in our UED experiments,
whereas electron-phonon interactions likely dominate the
first stage. To verify this, we performed further density-
functional-theory calculations.

The first-principles calculations were done in the gener-
alized gradient approximation (GGA) [40] of DFT by using
Vienna ab initio simulation package (VASP) [41] with the
projector-augmented-wave (PAW) potentials [42,43]. To
account for the correlation effects, the GGA + U method
with U =4.2 ¢V and J = 0.8 eV was used [44,45]. We
performed full lattice relaxation and subsequent phonon and
electronic band calculations. The volume of the relaxed
lattice is larger by only 0.89% than the experimental value
[32]. The calculated difference in the V—V bond lengths is
0.66 A, compared with the experimental value of 0.55 A. An
8 X 8 x 8 k mesh in the primitive Brillouin zone and the
energy cutoff of 550 eV were used after convergence tests.
The harmonic phonon dispersion calculations were per-
formed with vASP and PHONOPY [46], which was found
sufficient for the M1 phase [47].

Since the experimental (long-range average) coordinates
retain the symmetry of the M1 phase (P2,/c), the atomic
displacement is a superposition of the nine I'-point A,
Raman phonon modes, as shown in Fig. 4(c) and in Fig. S4
in Supplemental Material [27]. Upon projecting the exper-
imental coordinates on phonon eigenvectors, we find that
mode 6 dominates the photoexcitation response among A,
modes. The mode-6 phonon frequency is about 6.5 THz (or
27 meV), considerably harder than the lowest phonon
energy (~2.5 THz) at Ky for the R phase computed using
renormalized effective harmonic force constants from
AIMD simulations at 7 = 300 K with nonanalytical term
correction, similar to previous reports [18,47]. The atom-
resolved (color coded) theoretical phonon bands in the M1
phase are presented in Fig. 4(b). Mode 6 at I" (blue color)
mainly consists of V motions along the ¢ axis. In contrast,
mode 19 and mode 20 at I" (red color) consist of V motions
along the a axis. The time-dependent projected weights of
mode 6 and modes 19 and 20 resemble Fig. 3(a). At time
zero, the V 1, electrons reside in the x*-y* orbitals and the
800 nm (1.55 eV) laser pump is likely to excite these x*-y?
electrons to the electron-band states at 1.55 eV above the
ground state [11,13]. Theoretically, the orbital characters of
these high-energy states remain elusive, since the conclu-
sion strongly depends on the specific exchange-correlation
function adopted in the calculations [47-49]: they can be
predominantly of the yz orbital character (which would
favor the untwisting of the V-V dimers) or the antibonding
x%-y?> molecular orbital (which would favor the dimer
stretching). Our observation that the V atoms initially move
along the M1-R line suggests that a mixture of the yz and
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x2-y? orbitals is a more likely scenario, leading to the initial
excitation of superimposed A, modes, which are then
relaxed to a mode-6 dominated metastable state surviving
100-800 ps with the other energy dumped to the acoustic
phonons [34,36,37].

Some recent studies also reported direct measurements
of the electronic structure change upon laser excitation in
V,0;, using ultrafast resonant inelastic x-ray scattering
(RIXS) [50] and time-resolved photoelectron spectroscopy
[51]. Their results showed that the electronic structure
changes dramatically within the first few picoseconds.
This matches well with the timescale of lattice structure
in our measurement. The metallization that was as fast as
tens of femtoseconds in ultrafast optical spectroscopy
can be attributed to the redistribution of photoexcited
electrons in conduction band from the 3d valence band.
The metallization can be induced by photocarrier doping
upon a relatively low pump fluence of ~3-5 mJ/cm?
[19,25,52]. On the other hand, the electronic structure
involving d-d orbital transition strongly correlates with the
V-V dimerization change during the photoinduced phase
transition, thus taking a longer time.

B. Volume fraction of the R phase during
photoexcitation

A long-standing puzzle regarding the VO, IMT is
the volume fraction of the R phase induced by photo-
excitation, especially for experimental probes that are not
purely surface sensitive. Our literature search suggests
that in most pump-probe x-ray and electron diffraction
experiments observations of remaining intensity for the
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reflections that solely belong to the M1 phase at above
threshold-pump fluences were reported, indicative of an
incomplete or inhomogeneous IMT within the probed
volume [8,9,19,26,53]. Noticeably, in UED measurements
that are sensitive to 10 atomic layers on the surface [9] only
around 35% attenuation of M1 peak (606) was observed at
the maximum applied pump fluence of 14 mJ/cm?. Even at
the fluence of 40 mJ/cm? in 50-nm-thick polycrystalline
films [28] the IMT was clearly incomplete as the intensity
of the (—302) reflection, which solely belongs to the M1
phase, only dropped 60%. This agrees with our observation
that at 16 mJ/cm? the overall intensity of the M1 reflec-
tions drops only 35%, especially considering that some
probed areas were as thick as 100 nm, which is much
harder to be photoexcited. Thus, incomplete attenuation of
diffraction peaks of the M1 phase in VO, pump-probe
experiments is a common phenomenon across reported
experiments (see Table S2 in Supplemental Material [27]),
unless the samples are warmed very close to the transition
temperature before photoexcitation [20,54]. Clearly, the
nature of the probe (photons or electrons), the pump
fluence and repetition rate, the sample temperature, and
the sample thickness related to the pump laser penetration
depth and mode of probing (reflection or transmission) can
all make a huge difference in the observations [see Fig. 5(a)
and Table S2 [27]]. We also note that in previous analyses
of diffraction data, reflections belonging to both M1 and R
phases were often selected, obfuscating the interpretation.
As both electron and x-ray diffraction provide structure
information averaged through the probing volume of the
sample, there could be the existence of multiple nontrivial
transition trajectories and our result represents the most

(b) 10
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Fraction of R phase

Exploring the photoinduced volume fraction of the R phase. (a) A comparison of the suppression ratio of the M1 phase

reflection intensities after photoexcitation for different pump fluences reported in the literature using ultrafast electrons and x rays. The
comparison may not be straightforward as the sample volume and base temperature, which are not included here, might be critical (e.g.,
data from Ref. [54]). For simplicity, only the most meaningful suppressions are included. For more details, see Table S2 in Supplemental
Material [27]. (b) The values of y? derived from Eq. S4 through structure refinement of 20 independent Bragg reflections as a function of
the volume fraction of the R phase before and after photon excitation. Data of 42 time delays (thin lines) are included with a few marked
by thick lines. The least-squares method was used for the refinement with the parameters such as the displacement along a and ¢

direction and the Debye-Waller factors.
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likely correlated structural evolution pathway. A more
sophisticated and quantitative assessment of the VO,
response under photoexcitation requires a more careful
modeling including the possibility of phase inhomogeneity
and quantifying phase fractions within the probed volume.

To resolve these long-standing issues, we quantify the
R-phase volume fraction forming upon photoexcitation
based on the diffraction intensities measured with MeV
UED. We perform a structural refinement including all the
candidate phases based on the intensity changes of 20
independent reflections at each time delay under our
maximum fluence 16 mJ/cm?. Since our single-crystal
samples were thinned with FIB, a nonuniform thickness
ranging from 20 to 100 nm (with an average thickness of
60 nm) is expected, as shown in Fig. S1(c) [27]. At each
time delay after photoexcitation, we assume there are
three different volume fractions in the sample. One is a
volume in which the IMT was completed, i.e., R phase was
reached 100%. The second is a volume where the effect of
photoexcitation was negligible, i.e., Ax = Az =0 (e.g.,
regions where pump fluence is below the required thres-
hold due to attenuation along the thickness direction). In
these regions, the scattering contribution to the diffracted
intensities is also limited as the electron transmission
depends exponentially on depth z as exp(—z/mfp), where
mfp is the electron mean-free path. The third volume
represents regions of primary interest where photo-
excitation partially distorts the M1 phase (denoted below
as Mlp). Since the diffraction intensity does not change
with time in the regions where the effect of photo-
excitation is negligible, i.e., AI}; = 0, the relative intensity
change of the h0! reflections after photoexcitation can

be expressed as [(Alyy)/(19,)] = [(pAI%llp +qAIY,)/

(0] = PIALGD) / (To)] + al(ALR,)/ (%)), where p
and ¢ are the volume fractions of Mlp and R phases,
respectively. The volume fraction of nonexcited M1 phase
is 1 — p — g. Figure 5(b) shows the »? as a function of g for
different time delays based on the refinement of 20 Bragg
reflections as a function of the volume fraction g of the R
phase before and after photon excitation (for details, see Note
7 in Supplemental Material [27]). The y? increases para-
bolically with ¢, indicating that the R phase volume fraction
is negligible (below 5%) before and after photoexcitation.
We note that the M1p volume fraction (p) is correlated
with Ax, Az, and AB, and we only solve pAx, pAz, and
pAB from Eq. S4 (see Note 7 in Supplemental Material
[27]). In other words, what can be derived from the
experiment data are the displacements and DW averaged
over the fractions of distorted (M1p) and undistorted M1
within the probed volume. Because the displacements Ax
and Az scale linearly with p, a small volume fraction of
M1p will lead to an underestimation of atomic displace-
ments resulting from photoexcitation. This could likely
explain why theoretically calculated photoinduced dis-
placements in VO, are often larger than the experimental

observations [33]. The analysis further validates the
observed trend for out-of-equilibrium lattice dynamics
(Ax/Az) as shown in Fig. 3, even if the absolute displace-
ment values might be unattainable.

C. Evaluating the possibility of an
intermediate M2 phase

Previous studies with Raman microprobe, x-ray dif-
fraction, and electron diffraction proposed that the
monoclinic M1 phase can evolve into another insulating
monoclinic M2 phase (C2/m) under applied strain and
temperature variation [30,55-57]. Pump-probe experiments
using 60 keV UED on polycrystalline VO, films inves-
tigated whether photoexcitation could also induce the M1
to M2 transition [20]. Because of the limited diffraction
information obtainable from polycrystalline samples, evi-
dence for the existence of an M2 structure in time-resolved
measurements remains controversial. Our measurements
on single-crystal VO, provide a more definite picture of
the M1 structural evolution after photoexcitation, in the
low excitation regime. Importantly, our MeV pump-probe
experiments show no evidence of a transition to the M2
phase within ~800 ps after the laser pump. Specifically, we
do not observe the emergence of a set of reflections that
would be consistent with the (C2/m) crystal symmetry
characteristic of the M2 phase [58], which, if they did
occur, would be located at the positions marked by the
green circles in Fig. 1(b) (for detailed analysis, see Fig. S2
[27]). Thus, our results suggest the M2 phase may not be an
intermediate phase during the VO, IMT below the pump
fluence of 16 mJ/cm?.

D. Thermal effects

In many ultrafast experiments in VO, using short laser
pulses as a trigger, a controversy remains over whether
thermal or nonthermal photoexcitation effects dominate
the induced phase transition [8,19,20,54]. This is in part
because the laser energy injected in the system correspond-
ing to the critical fluence initiating the phase transition is
nearly equal to the thermal energy required to heat the
sample up to the transition temperature. To investigate this
point, we repeated our MeV UED measurements with
liquid nitrogen cooling and kept the base sample temper-
ature at 77 K under the same pump fluence of 16 mJ/cm?.
The low repetition rate of 5 Hz in our setup minimizes
the residual heating of the sample from pulse to pulse.
Somewhat surprisingly, at 77 K, we observe no major
suppression of the M1 phase upon photoexcitation (Fig. 6).
The intensity evolution of the M1 and R reflections are very
similar: they undergo an 8% intensity drop in the first 7 ps
and then recover within the subsequent 100 ps, reaching a
plateau where the intensity is only 3% less than that before
time zero. This dynamic is very distinct from the behavior
at 314 K, where the photoinduced distortions in the M1

021032-12



DIRECT DETECTION OF V-V ATOM DIMERIZATION AND ...

PHYS. REV. X 12, 021032 (2022)

Normalized intensity

1 " 1 " 1 " 1
0 10 20 307100 200 300 400

| /2 T I |

Time delay (ps)

FIG. 6. Intensity evolution of the monoclinic (M1) reflections
and the rutile (R) reflections at base sample temperature of 77 K
under pump fluence of 16 mJ/cm?. Intensity change of both
M1 peaks (open square) and R peaks (solid dot) follows a similar
pattern with a 10% drop in the first 5 ps and a 7% recovery in the
subsequent 30 ps. This is distinctly different from the observa-
tions at 314 K [see Fig. 2(a)].

phase toward the R phase transition could be clearly
identified by the simultaneous intensity decrease of M1
peaks and increase of R peaks, respectively. The fluence
of 16 mJ/cm? we use at 314 K is much higher than the
threshold required by the phase transition and those
reported at room temperature in the literature [9,18,19].
It is unlikely that, under the same pump fluence at 77 K,
optical doping would lead to a different perturbation in the
electronic state in the system. Recent studies suggest that
the threshold for the photoinduced phase transition in VO,
highly depends on the sample base temperature [20,54,59],
despite the arguments that the IMT could be induced with a
threshold mostly independent of sample temperature [60].
The obvious difference in our UED measurements at 77
and 314 K indicates the photoinduced MI-R structure
phase transition in VO, may not be solely driven by a
simple melting of the ground-state dimer electronic struc-
ture. We attribute the increased phase transition barrier to
the alteration of the lattice latent heat or entropy. The M1-R
transition requires sufficient optical absorption to overcome
the energy barriers related to both structure symmetry
breaking and latent heat due to the change of sample base
temperature in VO,. While thermal heating is shown to be
critical to the photoinduced phase transition in VO,, its
exact role remains not well understood. In many ultrafast
studies the absorbed energy from photoexcitation is much
higher than the latent heat and specific heat required for the
transition; nevertheless, a full M1-R transition is hardly
observed. On the other hand, a recent study shows that a
pump laser with 2000 nm wavelength can also drive the
phase transition and the estimated absorbed energy is far

less than the required thermal energy for the transition,
suggesting that the driving force could come from photo-
induced electronic structure change [20]. It is noteworthy
that recently the phenomenon of orbital degeneracy lifting
(ODL) at intermediate temperature, which is not a con-
tinuation of the ground-state order but an ODL state
with considerably larger entropy, was discovered in a
number of multiorbital systems [61-63]; therefore, distinc-
tive responses to laser pumping at different temperature
regimes are anticipated. It is thus interesting to probe
whether an ODL state exists in VO, in future experiments.

VI. SUMMARY

Using MeV UED we have studied the photoinduced
structural dynamics of the monoclinic (M1) phase in VO,
single crystals. We demonstrate that upon photoexcitation
the V dimers near-instantaneously start by elongating and
concomitantly untwisting in a process that completes in a
few picoseconds, while the process of dimer untwisting
continues and extends to hundreds of picoseconds. During
this deformation process, V atoms start by moving along
the direct path from M1 to R phase in the first few
picoseconds, and subsequently deviate toward the direction
of V-V dimer untwisting. Since the dimer elongation and
untwisting can be attributed to the softening of stretching
and rotation modes of M1 zone-center A, phonon modes,
the two dynamic behaviors are likely to arise from the
difference in coupling strength of various A, phonons with
excited electronic state pumped by the 800 nm photons.
The results entail selective phonon excitation that could
reflect the intricate electron-lattice coupling, especially the
charge redistribution among vanadium #,, orbitals. Our
DFT and AIMD calculations suggest that the first stage of
the photoinduced lattice distortion in the M1 phase relaxes
toward the R phase, in agreement with the present experi-
ment but at odds with some prior reports [9], and that the
second-stage lattice distortion mainly follows one A,
Raman phonon mode of the M1 phase. We further address
the long-standing issues of the volume fraction of R phase
and incomplete IMT induced by photoexcitation and the
role of thermal heating under the required, or even well
above, pump fluence threshold. It will be intriguing to learn
in future studies how the transition path varies under much
higher pump fluences, including those that may drive a
complete transition to the R phase, if sample damage could
be avoided. Our results shed new light on the understanding
of IMT and photoinduced electronic and lattice dynamics
in V02
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