ECRYS 2022

Kinetics bottleneck during photoinduced ultrafast
insulator-metal transition in 3D orbitally-driven
Peierls insulator Culr,S,

T. MERTELJ
JOZEF STEFAN INSTITUTE, LJUBLJANA, SLOVENIA
CENN NANOCENTER, LJUBLJANA, SLOVENIA



ECRYS 2022

Importance of phase transition kinetics
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Ultrafast insulator-metal transition in

<
O

0-8 3 Transmission ‘? 0.5 v 5 0.5
0.5 :_ WH_‘_.*_ - .> 04 _(ﬂ) 7 mJJ’cm 04
- T=46 ps
. oa E 3 03] - B K- 03
4 E = -
It g 03 3 Absarption D 02f--- 0.2
i S Tk = W0 10t 102 10° 100 10° 100 100 100 10t
d , 02 F - o Time (ps) Time (ps) Time (ps)
monoclinic rutile E Reflection
metal? metal o1 F A. Cavalleri et al., PRL 87, 237401 (2001)
0.0 Fe v sy bonnslynielesnylennn
E E -20 O 20 40 60 &80 100
m photoexcitation Time ps Thermal Pump-induced
3 [ heating| thermal transition cooing M.F. Becker et al., Appl. Phys. Lett. A c
g [ — 65, 1507 (1994).
S . T “ LY l =
= L o)
a 372 K ™l ]
Foahianay, 1 1 | 4 L 218 a
-0.2 0 0.2 280 300 320 340 360 02 0 02 é
E-E, (eV) sample temperature (K) E-E. (eV) E
Wegkamp et al., PRL 113,216401 (2014) - .- : ‘ ;
T T T T )
i S Tame o
2 o®
(a) (e) £ 2of 2 .
10F T T T T T g ‘. N E e
- 0.2mJcm? = = N 0.2mlem? B — ‘ S gl ve. 000, %0 "

. 5 o o e * "
: | ik N -1 W ———
é sr 188miem? ] § 5 \“\"‘ \'\\ 18.8 mJ cm? 0 » - o %o, o238 {,ss
£ 4 N, SONON \\% a—— ‘ T oost o. |
5 & NN i =] o
g § i\\\\\\ E E o.

"o {7 i BT . oL oooSeesee |
1 0 1 2 3 0 5 10 15 20 25
20 0 ° X 10 * 0 Alntensity / arb Fluence mJ/cm?
Time (ms) Time (ms)

L. Vidas et al., PRX 10, 031047 (2020) S. Wall et al., Science 362, 572-576 (2018)




ECRYS 2022

Not so ultrafast in V,0,
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Switching to a metastable hidden state in 17-TaS,

e,
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Laser & Electronics

1T-TaS:z single crystal, ~100 nm thick.
Au contacts by laser lithography (LPKF LDI).

Au contacts

Laser pulse
35 fs (800 nm)

L. Stojchevska, et. al., Science 344, 177-180 (2014)

I. Vaskivskyi et al., Science Advances 1, e1500168 (2015)
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Metal-insulator transition in Culr,S,
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Orbitally Induced Peierls State

Edge sharing octahedra chains along <110> directions
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X-ray induced weakly conducting disordered (WCD) phase

X-ray illumination
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Local Ir** pairs persist in the WCD phase
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In-gap states in the WCD phase
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Quasi-equilibrium ultrafast transient reflectivity

Linear response region (F ~ 150 pw/cm?).
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* No clear sign of optically induced WCD phase from lattice
dynamics despite ~2000 photons/(unit. cell)/s?

M. Naseska et al., PRB 101, 165134 (2020).

* No gap-induced bottleneck due to intragap states (WCD
phase?).




ECRYS 2022

Femtosecond-laser photoinduced WCD phase
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WCD phase “unavoidable” at low T in any transient reflectivity experiment.
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Strong femtosecond pumping
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 Suppression of the coherent phonons above F_ ~ 2-3 mJ/cm?.
* Long lived (~50 ps) transient state.

* Reversible, no long lived metastable states (except WCD phase).
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Strong femtosecond pumping - analysis
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e Gradual suppresion of the coherent phonons due to the
excitation inhomogeneity. (finite penetration depth)
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3-pulse experiments: highly excited transient state
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Highly excited transient state - analysis
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e Strong dephasing on a 10-ps timescale.

* Theinitial phonon amplitude not suppressed. Most of the
exc. volume in the (local) broken symmetry state.

lattice (phonons) * Fast electronic relaxation (~ 200 fs) indicates suppressed
gap on the timescale of ~ 100ps.




Thermal considerations
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Transient heating estimate from the equlibrium heat capacity and optical constants:

* Fe_th ~ 2-3 mlJ/cm? for thermally heating the excited volume to Ty,.

* F, ~ F._,, lattice heated close to T,,, at F..
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Electronic order considerations

2.0

F. (mJ/icm?)

F.e ~ 0.6 mJ/cm? < E,

e Electronic ordering (gap) suppressed independently from the lattice order.
Mott transition due to photoexcited carrier screening?

* absorbed photon number density at F..: ~ 102°cm™3.

* photoexcited carrier plasma frequency: hwp =z 04evV>A~0.15eV
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Why the cubic symmetry is not (transiently) restored?

Pressure stabilization due to the 0.7% larger densitiy of the surrounding low-T

monoclinic phase?
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Nucleation bottleneck
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Fluctuating droplets of the cubic phase that are too small to grow,
but introduce dynamic disorder causing dephasing.
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Comparison to VO, and V,0,
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Comparison to 17-Ta$,
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Conclusions

2 Transient decoupling of the electronic/orbital and lattice orders on a
subpicosecond timescale. The gap washed out by a Mott transition.

O Lattice order affected only upon heating close to T,,,, but no cubic
phase forms even well above the treshold.

2 Emergence of the cubic phase suppresed by the nucleation kinetics
bottleneck.

2 No evidence for further metastable phases upon a quench (in
addition to the weakly disordered conducting phase).

2 Importance of the inter-phase surface energy for ultrafast phase
transition kinetics.
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