-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Kyoto University Research Information Repository

Bl
&
Kyoto University Research Information Repository > KYOTO UNIVERSITY

Title Photo-induced lattice softening of excited-state VO2

Author(s) | Hada, Masaki; Okimura, Kunio; Matsuo, Jiro

Citation | APPLIED PHYSICS LETTERS (2011), 99(5)

Issue Date | 2011-08-01

URL http://hdl.handle.net/2433/160635

Copyright 2011 American Institute of Physics. This article may
be downloaded for personal use only. Any other use requires
Right prior permission of the author and the American Institute of

9 Physics. The following article appeared in APPLIED
PHYSICS LETTERS 99, 051903 (2011) and may be found at
http://link.aip.org/link/?apl/99/051903

Type Journal Article

Textversion | publisher

Kyoto University


https://core.ac.uk/display/39287428?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Applied Physics ‘
Letters

Photo-induced lattice softening of excited-state VO2

Masaki Hada, Kunio Okimura, and Jiro Matsuo

Citation: Appl. Phys. Lett. 99, 051903 (2011); doi: 10.1063/1.3621900
View online: http://dx.doi.org/10.1063/1.3621900

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/\99/i5
Published by the American Institute of Physics.

Related Articles

Effect of the electrode materials on the resistive switching of Ti407
Appl. Phys. Lett. 101, 053502 (2012)

Bipolar resistive switching characteristics of Al-doped zinc tin oxide for nonvolatile memory applications
Appl. Phys. Lett. 101, 052901 (2012)

Orbital symmetry induced conductance switching in a graphene nanoribbon heterojunction with different edge
hydrogenations
Appl. Phys. Lett. 101, 053101 (2012)

Strongly coupled phase transition in ferroelectric/correlated electron oxide heterostructures
Appl. Phys. Lett. 101, 042902 (2012)

Electrical transition of (3,3) carbon nanotube on patterned hydrogen terminated Si(001)-2x1 driven by electric
field
J. Appl. Phys. 111, 123717 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

HAVE YOU HEARD ?

Employers hiring scientists |Exgm
and engineers trust |&
physicstoday JOBS

http://careers.physicstoday.org/post.cfm

Downloaded 11 Sep 2012 to 130.54.110.73. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://careers.physicstoday.org/post.cfm
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Masaki Hada&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Kunio Okimura&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Jiro Matsuo&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3621900?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v99/i5?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4739949?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4742737?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4739938?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4738784?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4729565?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 99, 051903 (2011)

Photo-induced lattice softening of excited-state VO,

Masaki Hada,"®"®) Kunio Okimura,? and Jiro Matsuo"®
'Quantum Science and Engineering Center, Kyoto University, Uji 611-0011, Japan
Faculty of Engineering, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan

(Received 6 June 2011; accepted 14 July 2011; published online 1 August 2011)

In this letter, we demonstrated the photoexcitation of metallic phase vanadium dioxide (VO,) with
time-resolved x-ray diffraction measurements. Through the photoexcitation, the metallic phase
VO, transitioned to the similar transient state, which was presented in the insulator to metal phase
transition in the time-scale of ~10 ps. This transient state was accessed only by the photoexcitation
and not through further thermal excitation. The presence of the transient state could be an
important factor in any further application of the phase transition phenomena. © 2011 American

Institute of Physics. [doi:10.1063/1.3621900]

The metal—insulator transition in vanadium dioxide
(VO,) has potential applications for switching devices, actua-
tors, and memories and has received considerable attention in
fundamental studies on phase transitions."> Recent progress
in femtosecond time-resolved techniques enabled the obser-
vation of phase transition phenomena by inducing a photonic
excitation in the femtoseconds-to-picoseconds time-scale.
Several studies on time-resolved optical,3 teraherz,4 soft
x-ray spectroscopic,” and crystallographic®’ measurements
have revealed the dynamics of phase transitions in these
materials. In particular, ultrafast time-resolved x-ray diffrac-
tion (XRD) and electron diffraction enables direct observa-
tion of atomic motion during the phase transition. We used
time-resolved XRD to observe the photo-induced structural
phase transition in an epitaxially grown VO, thin film.

At the critical temperature (7,.) of ~340 K.® VO, under-
goes a metal-to-insulator transition. This change in electrical
properties is accompanied by a structural transition from a
monoclinic phase (the M-phase) below 7. to a metallic rutile
phase (the R-phase) above 7. Previous studies have indicated
an intermediate or transient state of VO, between the M and
R phases. This is considered to be a deformed monoclinic’ or
vibronic excited state.'®!" VO, is photoexcited to the transient
state within 1-10 ps; the M-phase lattice rapidly transforms
into the R-phase structure. However, the atoms in the unit cell
and, the unit cell itself, become disordered or vibrate around
the center of the rutile coordinates, and the excited state is
abated by coupling with an isotropic thermal phonon within
~100 ps. In this paper, we report the observation of a similar
transient state formed by photoexcitation of the thermally
excited R-phase VO, in the time scale of ~10 ps.

A highly (010)-oriented VO, film (280 nm thick) was
epitaxially grown on a c-Al,O5 (0001) substrate at a temper-
ature of 673 K.'*'* The lattice parameters of VO, in the M
and R phases were measured using static XRD with Cu Ko
X-ray radiation (A=0.154 nm) and were found to be
a=0.5759 nm, »=0.4518 nm, ¢=0.5363 nm, f=122.3°
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(space group: P2,/C),"* and a = b = 0.4528 nm, ¢ = 0.2860 nm
(space group: P4,/mnm)," respectively. The Bragg angles of
the (020) plane in the M and R phases were 39.86° and 39.77°,
respectively. The integrated intensity increased by a factor of
1.3-1.6 in the phase transition. The critical heating temperature
was 339 K.

The time-resolved XRD measurements were performed
in air using a laser plasma-induced x-ray source of Cu Ko,
and Ko, radiations at 1 kHz, which were generated by focus-
ing a millijoule femtosecond laser onto a rotating copper tar-
get in He ambient. The experimental setup is shown in detail
in Ref. 11. The VO, sample was loaded onto a thermal heater
which was maintained in the temperature range of 322372 K.
The VO, film was photoexcited using an 800-nm-wavelength
femtosecond optical pulse. The area excited by the optical
pulse had an ellipsoidal shape of 1.9 x 2.2 mm and was larger
than the x-ray-probed area (0.8 mm horizontal and 1.5 mm
vertical). The intensity of the pumping pulse was 8.5 mJ/cm?
(~1.6 x 10*" carriers/cm®), which was higher than the phase
transition threshold (67 mJ/cm?).%” but much lower than the
single-shot damage threshold (63 mJ/cmz).6

Typical Ko; and Ko, XRD lines from VO, (020) planes
at 322 K and 372 K were obtained in time delays from —50
to 300 ps (Figs. 1(a) and 1(b)). XRD lines in the negative
delay time agreed well with the lines from the unperturbed
M and R phases. For the positive delay times, the XRD lines
showed a shift in the Bragg angle, increase or decrease in in-
tensity, and broadening of the full width at half-maximum
(FWHM). Figure 2 shows the changes in the integrated in-
tensity of the diffraction lines as a function of delay time in
the temperature range 322-372 K. The Bragg peak position,
integrated intensity, and FWHM were derived from the dou-
ble-peak Gaussian fitting curve. The states of VO, at these
temperatures corresponded to the M (322 K) and R phases
(341 and 372 K), respectively. Generally, the Bragg peak
position of XRD lines depends on the Laue function, i.e., the
size of the unit cell, and the integrated intensity depends on
the positions or the ordering of the atoms in the unit cell. At
all temperatures, the Bragg angles of the XRD shifted toward
lower angles within about 25 ps. The integrated intensities of
the XRD lines at 322 and 338 K decreased by 70%—80% in
about 15 ps and gradually increased by about 1.1-1.4 times
in ~100 ps (Fig. 2).

© 2011 American Institute of Physics
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FIG. 1. (Color online) Typical spectra of time-resolved XRD lines from
the (020) plane of VO, sample at (a) 322 K and (b) 372 K. The solid lines
are double-peak Gaussian fitting curves. The vertical broken lines indicate
the Bragg angles for a negative delay time.

The changes in XRD lines at the temperatures of 322
and 338 K were indicative of the insulator-to-metal phase
transition in VO,; the Bragg angle was higher (20 =39.86—
39.82°) for the negative delay time and shifted toward a
lower angle (20 =39.78-39.75°) at 25 ps after photoexcita-
tion. The integrated intensity of the XRD lines decreased in
the delay time of ~15 ps and increased in ~100 ps. The
decrease in integrated intensity in ~15 ps suggested the tran-
sient state of VO,, i.e., disordering or fluctuation of the V
atoms around the rutile coordinates would result in a reduced
integrated intensity of the XRD lines. This transient state
would gradually decay and transform into the R-phase in
~100 ps (Ref. 11). The schematic view of the metal-insula-
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FIG. 2. (Color online) The change in integrated intensity of the (020) XRD
lines in temperature range 322-372 K. The horizontal red, blue, and black
lines show the integrated intensity of R-phase, M-phase and transient state,
respectively.
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FIG. 3. Schematic diagrams of (a) the insulator-to-metal phase transition of
VO,: the M-phase transitions to R-phase by photo and thermal excitation
through transient state (solid lines). When the excitation energy is lower
than the phase transition threshold, VO, cannot transform from M-phase to
R-phase (broken line); (b) photo-induced softening of the metal phase VO,.
The transient state can be accessed from R-phase by photoexcitation. The
y-axes are energy and x-axes are the V=V separation of (010) lattice plane.

tor phase transition of the VO, thin film (see Fig. 3(a)) was
consistent with previously reported results.”~'! It is notewor-
thy that the Bragg peak positions and integrated intensities
of the XRD lines at 341 and 372 K showed a similar tend-
ency as at 322 and 338 K. The integrated intensity of the
XRD lines decreased by photoexcitation in ~15 ps to about
50%, almost the same as the films photoexcited at 322 and
338 K. The structure reverted to the R-phase again in
~100 ps. VO, was already in R-phase at the temperatures of
341 and 372 K and should not transform anymore; however,
the decrease in integrated intensity suggested disordering or
fluctuation of the V atoms around the rutile coordinates, i.e.,
the thermally excited VO, underwent a transformation into
the transient state through photoexcitation. The transient
state of VO, was not achieved by thermal excitation of the
R-phase, but by the perturbation of the electron distribution
and the electron—lattice interaction in the VOz,16 i.e., photo-
excitation of a small fraction of electrons produced a large
modification in the VO, lattice. In the schematic diagram of
the photoexcitation of the thermally excited VO, film
(Fig. 3(b)), the transient state of VO, appeared very unstable
and the potential surface of the transient state has broadened.

In conclusion, using time-resolved XRD measurements,
we investigated the transient state induced by weak photoex-
citation in a VO, thin film. VO, transformed from the M to
the R phase through the transient state within a time scale of
a few picoseconds, and a similar transient state was obtained
by photoexcitation of the thermally excited R-phase. The
transient state of the VO, film was related to the electron—
electron and electron—lattice interactions. The results also
suggest that time-resolved XRD is a promising method for
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exploring as-yet-unknown phenomena in various material
systems. As a further application, it is interesting to note that
because VO, can be structurally photo-modulated in the me-
tallic phase, it can be used as an electronic switching device
that is controlled optically on the 100 ps time-scale.
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