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The lattice motion and displacement of atoms in the unit cell in vanadium dioxide (VO,) grown on c-Al,O05
were characterized by static and time-resolved x-ray diffraction (XRD) measurements. The monoclinic-

tetragonal phase transition of the VO, unit cell and the twist motion of vanadium atoms in the unit cell were
observed. The time-resolved XRD measurements were performed in air using a tabletop high-repetition fem-
tosecond laser. The results obtained from the time-resolved XRD measurements suggested that the unit cell of
the low-temperature monoclinic VO, transformed into the high-temperature tetragonal phase extremely rapidly
(within 25 ps); however, the atoms in the unit cell fluctuated or vibrated about the center of the tetragonal
coordinates, which abated within ~100 ps. Thus, the time-resolved XRD measurements of the Bragg angle,
intensity, and width of the diffraction lines simultaneously revealed the phase transition of VO, and the atomic

motion in the unit cell.
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Recently, time-resolved crystallography (x-ray
diffraction' and electron diffraction®®) has attracted con-
siderable attention for its use in molecular-dynamical studies
where it has been used to reveal chemical processes such as
phase transitions and coherent phonon vibration in con-
densed matter. Vanadium dioxide (VO,) is a representative
material that undergoes a metal-insulator phase transition,
which occurs at a temperature of ~340 K.'° Several papers
on optical,!'=!3 terahertz,'*!> and soft x-ray'® spectroscopic
pump-probe measurements of the phase transition in VO,
have been reported and a few reports on time-resolved crys-
tallography reveled the intriguing nature of the structural dy-
namics of the phase transition in VO,. A phase transition was
observed in a bulk sample by the changes in intensity of
x-ray diffraction lines from around the (011) plane!” and in a
thin-film sample by the changes in intensity of several
electron-diffraction spots.'® In this study, we performed time-
resolved x-ray diffraction (XRD) measurements of the
photo-induced phase transition in an epitixial VO, thin film
on c-Al,O5. The analysis based on complicated XRD data
enabled the separation of the motion in the VO, film, the
lattice unit cells and the atoms in the unit cell, enabling us to
directly observe not only the phase transition of the unit cell
but also the displacement of atoms in the unit cell at a pico-
second time scale. A series of direct structural observations
reveals the transition states of the phase-transition materials
and it is expected that in the future the mechanism of the
photo-induced nonequilibrium process will be clarified.

A highly (010) oriented VO, film (280 nm thickness) was
epitaxially grown on a c-Al,O5 (0001) substrate at a tem-
perature of 673 K.!'*? Static out-of-plane and in-plane XRD
measurements with Cu Ka x-ray radiation (A=0.154 nm)
were performed at temperatures of 293 K (low-temperature
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phase) and 343 K (high-temperature phase) using an x-ray
diffractometer. The monoclinic and tetragonal VO, structures
reside in the space groups of P2,/C (No. 14) (Ref. 21) and
P4,/mnm (No. 136),?? respectively. Figure 1 shows the lat-
tice parameters and atomic coordinates determined from the
static XRD lines of (020), (040), (200), (022), and (40-2).
The lattice parameters were calculated from the Bragg equa-
tion and the Bragg angle obtained from results of static XRD
measurements. The atomic coordinates in the unit cell were
calculated on the basis of Ref. 23 by the computer simulation
using CRYSTALMAKER 8.2 with the relative integral intensity
of each diffraction line.>*?> The simulation software calcu-
lates the Bragg angle and the relative intensity of the diffrac-
tion lines from the Bragg equation and Egs. (1)—(3). These
lattice parameters were slightly destorted (0.1-0.5 % for
each axis) from those reported for VO, powder>'~? because
of the effect of tension from the substrate.

The static XRD measurement also revealed structure
changes in VO, before and after the transition. The intensity
of the diffraction line (I) can be defined as

a,= 4527 A

a, =4525A|
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Y c=2860A
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high-T Tetragonal P4,/mnm No. 136

V (0.000, 0.000, 0.000)
O (0.305, 0.305, 0.305)

low-T Monoclinic P2,/c No. 14

V (0.216, 0.964, 0.000)
0, (0.106, 0.212, 0.209)
0, (0.401, 0.703, 0.299)

FIG. 1. The lattice parameters and positions of vanadium atoms
in the unit cell of the epixially grown VO, thin film.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.153401

BRIEF REPORTS

7000 ——————
soool f ——293K(020)
N ---- 343 K (020)
= 5000} ‘o 1
o 1 1
2 4000} b v 10"
by ' GO ~42.4 pm W
£ 3000} : 163 pm 4P
c '
(O] ' Y
£ 2000 ; 1 I
1000 | 1 :

0 1 1
395 396 39.7 398 399 400 40.1 40.2 403
20/

FIG. 2. The spectra of the static out-of-plane XRD lines from
the (020) plane of the VO, sample at temperatures of 293 K (mono-
clinic phase) and 343 K (tetragonal phase). The change in the unit
cell induced the change in the Bragg angle and the changes in the
atomic position increased the intensity of diffraction lines.

1= G(K)*F(K)?, (1)
G(K)= >, exp[2miK - (ud +vb + wé)], (2)
F(K) =2 fi(K)T(K exp[2miK - r;], (3)

J=1

where K, G(K), F(K), f](I?) and TJ-(I%) are the wave vector,
Laue function, crystal-structure factor, atomic-scattering fac-
tor, and temperature factor, respectively. The position of each
atom in the unit cell is represented as ;. The Bragg angle of
the diffraction line depends on the Laue function [Eq. (2)];
more specifically, it depends on the size of the unit cell. In
contrast, the intensity of the diffraction line strongly depends
on the crystal structure factor [Eq. (3)]. The differences in
the atomic scattering factor and temperature factor before
and after the transition are negligible; therefore, the intensity
of the diffraction line mainly depends on the positions of the
atoms in the unit cell. Figure 2 shows the Cu K& XRD lines
at low temperatures (26=39.86°) and high temperatures
(26=39.77°) obtained from the VO, (020) plane. The
changes in Bragg angle and intensity were relatively large in
the diffraction lines from the (020) plane among the ob-
served diffraction lines. In Fig. 2, the diffraction lines shifted
0.09° toward a lower angle in the high-temperature phase as
a result of the upswelling of the unit cells which was esti-
mated to be 1.0 pm in the y direction. The integral intensity
of the diffraction lines increased ~2.2-fold in the high-
temperature phase, mostly as a result of the improved sym-
metry of the atomic positions in the unit cell. The change in
the atomic positions can be estimated from the atomic coor-
dinates shown in Fig. 1. There are four vanadium atoms in a
unit cell, V1, located near the corner of the unit cell, and V2,
near the center of the (011) plane, moved ~16.3 pm in op-
posite directions parallel to the y axis, and V3 and V4
changed the positions by moving a distance of ~42.4 pm.
These results agreed with the relative magnitudes in
reference,” in which V1 and V2 moved ~10 pm and V3
and V4 moved ~22 pm. The atomic pairs V1-V3 and
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FIG. 3. The typical spectra of the time-resolved XRD lines from
the (020) plane of the VO, sample; the vertical line shows the
Bragg angle of VO, for a negative time delay. The solid lines are
fitting curves of the double Gaussian, where the Ka; and Ko, XRD
lines are represented.

V2-V4 in the monoclinic phase made twist movements.

Time-resolved XRD measurements were performed in air
using a laser-plasma-induced x-ray source of Cu Ka; and
Ka, radiation at 1 kHz, generated by focusing a millijoule
femtosecond laser onto a rotating copper target in helium
ambient.”?” The measurements were assembled with a com-
pact designed XRD system with a tabletop femtosecond la-
ser. The probing x-ray radiation emitted over a range of 27
steradians was collimated using slits with 0.3 mm width and
1 mm height, and was focused on the VO, sample at an
incident angle of 19.91° to detect diffraction lines from the
(020) plane. The pulse width of the pulsed x-ray was esti-
mated to be about 200 fs (Ref. 28) and the time resolution
was about 1 ps, determined by considering the geometry of
x-ray divergence angle. The diffracted x-ray was detected
using a charge coupled device camera. The VO, sample was
loaded on a thermal heater, the temperature of which was
controlled at 316 K. The sample was photo excited using an
800-nm-wavelength femtosecond optical pulse. The area ex-
cited by the optical pulse had a 1.7 mm diameter and was
larger than the x-ray-probed area. The intensity of the pump-
ing pulse was 8.7 mJ/cm?, higher than the phase transition
threshold (6—7 mJ/cm?) (Refs. 17 and 18) and much lower
than the single-shot damage threshold (63 mJ/cm?).!”

The typical XRD spectra at time delays of —50, 25, 100,
and 250 ps are shown in Fig. 3. As shown in the figure, the
Bragg angle of the diffraction lines was higher for the nega-
tive delay time and it shifted toward a markedly lower angle
at 250 ps. The integral intensity of the diffraction lines was
doubled by through the transition. These changes corre-
sponded well to those observed in the static XRD measure-
ments. The time-resolved XRD measurements enabled us to
obtain information on the disequilibrium state of VO,, i.e.,
the diffraction lines at 25 ps. Figures 4(a)-4(c), which were
derived from Fig. 3, show the changes in the Bragg angle,
integral intensity and full width at half maximum (FWHM)
of the diffraction lines as a function of delay time. As shown
in Figs. 4(a) and 4(b), the Bragg angle of the diffraction lines
shifted toward a lower angle within 25 ps; on the other hand,
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FIG. 4. (a) The changes in the Bragg angle, (b) the integral
intensity, and (c) the FWHM of the (020) XRD lines. The dotted
lines are guides to the eye.

the integrated intensity gradually increased up to ~100 ps.
The FWHM of the diffraction lines increased by a factor of
2-3 in the first 25 ps then gradually decreased during the
following ~100 ps [Fig. 4(c)]. The change in the Bragg
angle of the diffraction lines suggests that the VO, mono-
clinic unit cell transformed into a tetragonal unit cell ex-
tremely rapidly (within 25 ps). To analyze the changes in the
intensity and FWHM of the diffraction lines, the fluctuation
in film depth should be considered because the penetration
depth of the optical pulse at a wavelength of 800 nm was
shallower than the film thickness. The complex refractive
index of VO, in the insulator phase was 2.9-0.385i (the
wavelength: 800 nm);? therefore, the 1/¢ penetration depth
of the optical pulse was calculated to be 163 nm at an inci-
dent angle of 30°. Regarding the fluctuation in film depth, we
made the simple assumption that the upper half of the film
was excited and underwent a transition to the tetragonal
phase, whereas the lower half remained in the monoclinic
phase in the transition state. The photoexcited layer propa-
gated to the deeper part of the film at the acoustic velocity of
~100 nm per ~100 ps, which was consistent with the pre-
viously reported results.!”-1339 With this assumption, the dif-
fraction line in the transition state should be a combination
of diffraction lines from the monoclinic and tetragonal
phases in the ultrafast time scale. The increasing in the
FWHM of diffraction lines may have been induced with the
propagation of photoexcited layer. However, the peak inten-
sity of the diffraction lines from the tetragonal phase in the
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upper half of the film and the monoclinic phase in the lower
half should be higher than those from the monoclinic phase.
Therefore, the reduction in the peak intensity of the diffrac-
tion line shown in Fig. 3 (at 25 ps) cannot be explained only
by this photoexcited layer propagation. The change in the
Bragg angle occurred at an ultrafast time scale (<10 ps) in
the XRD measurements performed by Cavalleri et al.'” and
the corresponding changes in Bragg angle corresponded well
to our results. However, it was difficult to discuss the atomic
motion which can be estimated from the change in intensity
because the film in reference!” was much thicker (~2 um)
than the 1/e penetration depth.

The increase in the FWHM of the diffraction lines has
been induced by the fluctuation of the unit cells. According
to Eq. (2), the superposition of unit cells of different size can
also produce diffraction lines with an increased FWHM. This
interunit-cell fluctuation was driven by the displacement of
atoms in the unit cell by long distance (~10 pm) in short
time (less than 25 ps). If the fluctuation in the unit cell was
driven by the displaced atoms, which caused the increase in
the FWHM of the diffraction lines, the intensity of the dif-
fraction lines should be decreased simultaneously because
the atomic fluctuation reduces the intensity of the diffraction
lines according to Eq. (3). As shown in Fig. 3 shows, the
peak intensity of the diffraction lines at 25 ps was reduced by
about half. The fluctuations of the unit cell and atoms in the
unit cell are thought to gradually abate by thermal coupling
in ~100 ps, which should lead to a decrease in the FWHM
of the diffraction lines and an increase in their peak intensity.
The fluctuation or vibration might be the similar nature ob-
served in the spectroscopic methods.!3~1% The transition state
would be a very complex state involving “phase transition,”
“photoexcited layer propagation,” and “fluctuation or vibra-
tion.” Cavalleri et al.'” and Baum et al.'® showed that the
phase transition in VO, mainly occurs within ~12 ps and by
less than 500 fs, respectively, which are consistent with this
phase transition time scale of less than 25 ps. Here, it is
worth mentioning that in this study the Bragg angle, inten-
sity, and FWHM of the diffraction lines from the (020) plane
of the VO, thin film were measured by stimulatory time-
resolved XRD, which revealed the fluctuation or vibration of
the VO, lattice and the atoms in the unit cell. The time-
resolved electron-diffraction measurements revealed a
change in the intensity of several diffraction spots with a
very high time resolution; however, the displacement of the
unit cell of VO, was ~1.0 pm, therefore the change in the
diffraction angle can be calculated to be ~0.03°. The change
in Bragg angle of ~0.03° corresponded to ~180 wm on the
multichannel plate at the camera length of 300 mm, which is
difficult to resolve with electron diffraction measurements
because the electron beam size was ~200 um.3! However,
the change in Bragg angle of about ~0.1° can be easily
resolved with x-ray diffraction measurements. In conclusion,
the transition state of a photoexcited VO, thin film, which
appeared only in the extremely fast time scale, was investi-
gated by time-resolved XRD using a tabletop system. The
fluctuation or vibration has been observed only in the spec-
troscopic methods; however, it was observed using more di-
rect XRD measurement with the changes in the intensity and
FWHM of the diffraction lines. The photoexcited monoclinic
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VO, was transmitted into a tetragonal structure rapidly; how-
ever, the atoms in the unit cell and the unit cell itself fluctu-
ated or vibrated around the center of the tetragonal coordi-
nates. The atomic fluctuation was coupled with an isotropic
thermal phonon and abated in ~100 ps. The photoexcited
layer propagation would be a competitive process in this
time scale. The results also suggest that the tabletop time--
resolved XRD system is a promising tool for laboratory-
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based molecular-dynamics studies on materials, chemical,
and biological systems.
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