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This document contains supplemental information on the simulation parameters and data regard-
ing nonthermal phase transitions of metallic samples that are allowed to expand (e.g. finite samples).
Additional details and tests of the computational model are reported, together with the simulation
results for materials that the main text refers to. The results include atomic snapshots, estimated
threshold fluences, evolution of electronic structures, energies, volumes, atomic mean displacements.
It shows evolution of the pair correlation functions in NPH modelled gold and ruthenium, and free

energies along reaction path coordinates.

PACS numbers:

I. MODELING DETAILS

All simulations are performed with the hybrid code
XTANT-3 described in the main text [I]. XTANT code
has recently been extended to XTANT-3, which is capa-
ble of treating non-orthogonal Hamiltonian using Lowdin
diagonalization method [2]. Tight binding (TB) Hamil-
tonian parameters for elemental metals used in this study
are taken in the NRL form [3]. The NRL transferable TB
parameterizarion has been extensively tested and stud-
ied, confirming its high reliability for description of the
structural and dynamical properties of materials [4HT7].

The typical supercell size in our simulation was 3x3x3
or 4x4x4 orthogonal unit cells each containing 4 atoms
in the fcc or hep symmetry. The molecular dynamics
module of our code uses the velocity Verlet algorithm
with a timestep of 0.1 fs for the Born-Oppenheimer (BO)
simulations, and 0.02 fs for simulations with electron-
ion coupling included (using dynamical coupling (DC)
scheme [§]). The Parrinello-Rahman scheme was used to
trace the evolution of the supercell vectors in the case
of NPH atomic ensemble (constant number of particles,
pressure and enthalpy) simulations with the effective su-
percell mass Wpgr = 25.5 M., where for elemental solids
My. = NgsMyy with Ny being a number of atoms in
the supercell and M,; being the atomic mass of the cor-
responding element [9]. In the density of states (DOS)
calculations we used 5x5x5 Monkhurst-Pack grid [10] for
the entire supercell with 256 atoms.

To ensure stability of our simulations, we performed
test runs at equilibrium conditions at the room temper-
ature. An example for gold is shown in Fig. [1} indicating
the stability of the structure, volume and temperatures,
with no spontaneous phase transitions or other instabil-
ities. This confirms that the model and parameters are
reliable for further simulations.

To explicitly demonstrate phonon hardening in bulk
gold, we calculated a vibrational spectrum, using the ve-
locity autocorrelation method [I1I]. The results for the

Gold, NPH, T,=T.=300 K, BO
9000909 90 90000GOe goO
00000000 ©0000GCO00O0
00000000 200000000
0000000 00000000 O
000CO0O00CO 060000000
000000000 000000GOG0e
©000GO0GOOGCO 09000000 GCGE
©“0000COOOO 00000000

®o0o9eoeo | 009290 e
"~ Ofs 500 fs
0009 o©o
00000000 32808828

00000000 ©O0V0E0GGS

00000000 VP00 OLOQ
bl T 0000 O000
00G00GOee 0000OGOO0e
0...'8.00 0000 OGO OO
000008000 000000000

C09Peoee VOVLOQPOGOe

" 1ps - 2ps

__ 4500
<
S 4400 A~ o~
E 4300 —
Euoof
4100
500 1000 1500 2000
Time (fs)
< 600 Electrons
550"’ Atoms
2 400
=
‘Esoof
2 200
£ 100
L}
500 1000 1500 2000
Time (fs)

FIG. 1: Top panel: atomic snapshots of NPH supercell of gold
at room temperature, modeled within the BO approximation.
Middle panel: evolution of the volume of the supercell; the
grey line marks the volume of the supercell at normal condi-
tions. Bottom panel: electronic and atomic temperatures.

electronic temperatures of 300 K and 20000 K are shown
in Fig.[2l A comparison with the experimental data [12]
at 300 K is shown only to demonstrate a qualitative
agreement in the position and width of the vibrational
frequency peaks. Most importantly, our simulations show
that there is a shift to higher frequencies of the entire
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FIG. 2: Calcualted phonon spectra in gold at room temper-
ature vs. at electronic temperature of 20 kK. Experimental
points are for gold at normal conditions [12].
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FIG. 3: Densities of excited electrons with energies above
cutoff Ecyt = 10 eV, and core holes in gold irradiated with 10
fs FWHM, 92 eV photon pulse.

phonon spectrum at an elevated electronic temperature
with respect to the room temperature, which is a signa-
ture of the phonon hardening in bulk material.

To support our claim in the main text regarding the
negligible electron cascades for the chosen irradiation pa-
rameters, we show the density of high-energy electrons
and core holes in gold irradiated with 92 eV photon pulse
of 10 fs FWHM duration (Fig.|3)). The electrons and core
holes cascades practically finish within ~ 1 fs after the
pulse. Similar results are obtained for other cases consid-
ered. This confirms that our method of energy deposition
into the samples, mimicking XUV /soft-X-ray FEL irradi-
ation, does not drive electronic system into a long-lasting
nonequilibrium.

The threshold dose for nonthermal melting in gold
within NPH ensemble and Born-Oppenheimer approxi-
mation is D = 3 eV /atom; and D = 3.4 eV /atom for non-
thermal solid-solid transition in ruthenium, as reported
in the main text. We converted the absorbed threshold
dose into the incoming threshold fluence F' for normal in-
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FIG. 4: Estimated damage threshold fluence in gold and
ruthenium for nonthermal phase transitions simulated within
the BO approximation and NPH ensemble.

cidence conditions according to the following equation [I]:

DNg A

F= TR0 epa/n) @

where N, is the atomic density, R is the surface reflectiv-
ity, which for the case of X-rays under normal incidence
can be neglected, and A is the photon attenuation length
taken from EPICS-2017 database [I3]. We are able to
perform the conversion for various photon energies from
XUV to hard X-rays, since the difference in cascading
processes does not affect the damage threshold at nor-
mal incidence conditions [I]. We also assume that the
threshold dose D is reached at the depth of the photon
attenuation d = . The calculated threshold fluences for
gold and ruthenium are shown in Fig. [d] The calculation
is performed without taking into account a possible elec-
tron emission from the sample, which will depend on a
particular sample geometry and FEL pulse parameters.

II. WITHIN BORN-OPPENHEIMER
APPROXIMATION

A. Details of nonthermal phase transition in gold

In this section, we analyze in more detail the nonther-
mal melting in NPH simulated gold described in the main
text. The volume oscillations at different fluences around
the damage threshold, together with the mean atomic
displacement, and energies in different degrees of free-
dom, are shown in Fig.

The analysis shows that the instability occurs when the
average mean atomic displacement overcomes the value
of ~ 1.25 A in fcc gold (the dose above ~ 3 eV /atom)
with respect to their equilibrium positions. The initial
displacements are mainly induced by the supercell vol-
ume oscillations, whose period is stretching with the in-
crease of the fluence, due to the increase of the oscillation
amplitudes. Once the supercell volume oscillations start
to relax reducing their initial amplitude, it randomizes
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FIG. 5: Analysis of gold NPH supercell modelled within BO approximation at various fluences around the damage threshold
shown in different columns. Top raw: energies in different degrees of freedom in irradiated samples. Second raw, evolution of
the volume of the supercell; the dashed line marks the volume of the supercell at normal conditions. Third raw: mean atomic
displacement. Bottom raw: atomic snapshots at the final time of the simulation (3 ps).

atomic motions from the initial coherent ones (see also
Supplementary video file Au_BO_NPH_3.5eVatom.avi).
This way, the atomic lattice reacts to the new poten-
tial and interatomic distance, which results into disorder
at a sufficiently high dose in gold.

The final atomic snapshots (at t = 3 ps) are shown in
the bottom panel of Fig. 5] One can see that the dose
of 3 eV/atom is sufficient to induce disorder in the gold
lattice. The degree of disorder increases further with the
increasing dose. The final state after 3.5 eV /atom dose
deposition is liquid, as can be seen by contineous increase
of the mean atomic displacement.

The Fig. | also shows the energies stored in different
degrees of freedom: the atomic potential energy, kinetic
energy, and the energy of the supercell oscillations, to-
gether with the total energy in the system which is con-

served (apart from the initial instant of the energy depo-
sition by the laser pulse). The total energy is conserved
due to microcanonical ensemble we use (the precision of
energy conservation is defined by the relatively large sim-
ulation boxes and long timescales modelled, which lim-
ited the choice of the timestep). Initially, during interac-
tion with the laser pulse, the deposited energy splits into
the potential energy of the atoms (a major part), and the
energy of the supercell oscillations. The atomic kinetic
energy is almost unchanged. As the supercell oscillations
stabilize, their amplitude reduces, and the corresponding
energy loss transfers into the gain in the atomic kinetic
energy: kinetic energy becomes larger than the supercell
energy. The kinetic energy at the near threshold dose
is sufficient to overcome the modified barriers for atomic
disorder in case of gold (or a transition into bcc phase
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FIG. 6: Pair correlation function (PCF) in supercell of gold. (a) Evolution of PCF aver time after 2.5 eV /atom dose deposition.
(b) PCF for 3 eV /atom dose. (c¢) PCF for 3.5 eV /atom dose. (d) PCF at final time instants at the corresponding doses.

4 Gold
§ s
®
> ] ——Te = 16000 K
L Te =300 K
>
o
s '
c
[11]
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Path coordinate (arb. units)

FIG. 7: Top panel: free energies in gold along the path coordi-
nate from perfect fcc lattice to the melted state for electronic
temepreatures of 300 K and 16000 K. Bottom panel: Snap-
shots of the atomic lattice at the initial, middle, and final
states.

for ruthenium, see below Fig. .

Disorder in gold can be traced via a fast disappearance

of the even peaks (2nd, 4th, etc.) in the atomic pair
correlation function (PCF), whereas odd (1st, 3rd, etc.)
peaks persist for longer times, see Fig. [f] One can see
in the PCF that the second and fourth nearest neighbors
lose their order, whereas the first nearest neighbor peak
remains sharp, and the third one broadens but is still
present at above-threshold dose. It is also clear that the
long order disappears much faster than the short order.
Such a behavior is expected during melting.

We calculated the free energy of gold supercell along
the path coordinate from the ideal fcc lattice into the
melted state corresponding to the material irradiated
with 3.5 eV /atom shown in Fig. |5| (bottom right panel).
Figure [7] shows the free energies calculated at the elec-
tronic temperatures of 300 K and 16000 K. The latter
temperature is chosen corresponding to the final temper-
atures reached in the MD simulation.

The results suggest that the energy barrier between
the two phases in the unexcited material (at T. = 300
K) is ~ 1 eV/atom. The minimum on the right can
be considered as a possible amorphous metastable state,
although one has to note here that this is only one of the
various possible paths.

At elevated electron temperature T, = 16000 K,
the minimum disappears, indicating unstable (melted)
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FIG. 8: Top panel: atomic snapshots of NPH supercell of Al
irradiated with a laser pulse of 50 eV photon energy, 10 fs
FWHM, 2 eV/atom absorbed dose, modeled within the BO
approximation. Bottom panel: evolution of the volume of the
supercell; the dashed line marks the volume of the supercell
at normal conditions.

phase. The presented results also suggest that fast cool-
ing of the electronic system in this state could potentially
freeze gold in the disordered phase.

B. Other fcc metals

We show the results of XTANT-3 simulations for
fcc metals within the Born-Oppenheimer approxima-
tion. The irradiation parameters in each particular case
(throughout the whole work) are chosen to avoid a sig-
nificant electron cascading and to induce a detectable
phase transition. Atomic snapshots and a supercell vol-
ume evolution of aluminum are shown in Fig.[§| The NRL
Hamiltonian [6] was augmented with a strong short-range
repulsive force to prevent atoms from coming too close
to each other after excitation [I1]. Nonthermal melting
due to material expansion caused by an increase of the
electronic pressure can be identified, together with the
supercell volume increase. Similar results are obtained
for copper and fcc nickel, Figs. [9] and [I0] respectively.

The results suggest that elemental fcc metals disorder
upon electronic excitation if given an opportunity to relax
the built-up electronic pressure via expansion.
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FIG. 9: Top panel: atomic snapshots of NPH supercell of Cu
irradiated with a laser pulse of 92 eV photon energy, 10 fs
FWHM, 2 eV/atom absorbed dose, modeled within the BO
approximation. Bottom panel: evolution of the volume of the
supercell; the dashed line marks the volume of the supercell
at normal conditions.
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FIG. 10: Top panel: atomic snapshots of NPH supercell of Ni
in the fcc phase irradiated with a laser pulse of 50 eV photon
energy, 10 fs FWHM, 5 eV/atom absorbed dose, modeled
within the BO approximation. Bottom panel: evolution of
the volume of the supercell; the dashed line marks the volume
of the supercell at normal conditions.
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FIG. 11: Analysis of ruthenium NPH supercell modelled within BO approximation at various fluences around the damage
threshold shown in different columns. Top raw: energies in different degrees of freedom in irradiated samples. Second raw,
evolution of the volume of the supercell; the dashed line marks the volume of the supercell at normal conditions. Third raw:
mean atomic displacement. Bottom raw: atomic snapshots at the final time of the simulation (2 ps).

C. Details of nonthermal phase transition in
ruthenium

The energies, supercell volume, and mean atomic dis-
placements in ruthenium are shown in Fig. They
behave qualitatively similar to the case of gold discussed
above. The main difference is that at the dose of 3.5
eV and higher, the atomic displacement increases signifi-
cantly compared to the normal oscillations, and saturates
at the new value, corresponding to the new bcc structure
formed (whereas in gold there was a continuous growth
due to liquid phase formation).

In ruthenium, by the time of ~ 1 ps, the peaks in the
PCF are shifted and broadened as seen in Fig.[I2] but did
not disappear into a diffuse background, which is consis-
tent with the bee solid phase formation. The PCF evolves

coherently at first due to supercell volume oscillations,
but once the oscillations stabilize with a small amplitude,
atoms rearrange inside of the cell (see an example in the
supplementary video file Ru_BO_NPH_3.5eVatom.avi).
Note that at the near-threshold dose of 3.5 eV /atom the
PCF peaks of the new phase are sharper than those at
higher dose of 4 eV/atom, indicating wild atomic oscilla-
tions close to disorder/melting at the highest dose. The
onset of disorder can also be seen in the atomic snapshot

in Fig.

Figure shows the free energies in ruthenium along
path coordinate from hcp to formed bce state calculated
at the electronic temperatures of 300 K and 15000 K.
The latter temperature is chosen corresponding to the
final temperatures reached in the MD simulation at 3.5
eV/atom. The results show that the energy barrier be-
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FIG. 12: Pair correlation function (PCF) in supercell of ruthenium. (a) Evolution of PCF aver time after 3 eV/atom dose
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for electronic temepreatures of 300 K and 15000 K. Bottom
panel: Corresponding snapshots of the atomic lattice at the
initial, middle, and final states.
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tween the two phases is ~ 1.25 eV /atom for both, elec-
trons at room temperature and at 7, = 15000 K. The
deposited dose of 3.4 eV /atom and above is sufficient to
overcome the barrier even for atoms at nearly room tem-
perature, inducing the nonthermal solid-solid phase tran-
sition. The height of the barrier for the reverse transi-
tion from bce to hep phase is only ~ 0.2 eV /atom, which
means that heating of the atomic system will melt the
formed bcee phase. More on this point will be discussed
below in the section [Tl
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FIG. 14: Top panel: atomic snapshots of NPH supercell of
Ti irradiated with a laser pulse of 92 eV photon energy, 10 fs
FWHM, 2 eV/atom absorbed dose, modeled within the BO
approximation. Bottom panel: evolution of the volume of the
supercell; the dashed line marks the volume of the supercell
at normal conditions.

D. Other hcp metals

Here we show simulation results for hcp metals.
Atomic snapshots in titanium supercell shown in Fig.
demonstrate nonthermal martinsitic (diffusionless) phase
transition due to material expansion into bee phase, qual-
itatively the same as in Ru reported in the main text.
Similar results are also obtained for magnesium and hcp
nickel, Figs. [[5] and [16] respectively.

On the example of nickel we can compare solid-liquid
(nonthermal melting of the fcc phase) and solid-solid (hep
to bee) phase transitions for a material with an equal
atomic mass. The results show that the nonthermal melt-
ing takes longer time than the solid-solid diffusionless
phase transition.

The results strongly indicate that the diffusionless
solid-solid phase transition is a universal response of hcp
metals to electronic excitation and consequent relaxation
of the electronic pressure within NPH ensemble simula-
tions.

III. BEYOND BORN-OPPENHEIMER
APPROXIMATION

In this section we go beyond the Born-Oppenheimer
approximation and take into account the electron-ion en-
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FIG. 15: Top panel: atomic snapshots of NPH supercell of
Mg irradiated with a laser pulse of 50 eV photon energy, 10 fs
FWHM, 2 eV/atom absorbed dose, modeled within the BO
approximation. Bottom panel: evolution of the volume of the
supercell; the dashed line marks the volume of the supercell
at normal conditions.
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FIG. 16: Top panel: atomic snapshots of NPH supercell of Ni
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within the BO approximation. Bottom panel: evolution of
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FIG. 17: (a) Atomic snapshots of NPH supercell of Au irradiated with a laser pulse of 92 eV photon energy, 10 fs FWHM, 2
eV /atom absorbed dose, modeled with electron-ion coupling included. (b) Electronic DOS at the corresponding time instants;
thin red lines depict electron distribution function. (c¢) Evolution of the volume of the supercell; the dashed line marks the
volume of the supercell at ambient conditions. (d) Electronic and atomic temperatures evolution.

ergy exchange mechanism. We include it within the dy-
namical coupling (DC) calculations of the probabilities
of electronic transition induced by atomic motion [g].
The collision integral is written without the assumption
of the Fermi’s golden rule and phononic approximation,
and thus is applicable at any timescale, including the
femtosecond range [8]. A detailed study of the coupling
parameters within our developed approach can be found
in Ref. [14].

An example of gold irradiated with an FEL pulse de-
positing 2 eV /atom dose is shown in Fig. The figure
shows expansion of the supercell induced by the elec-
tronic pressure which results in melting. The electron-
ion coupling in gold at such a deposited dose is too slow
for atoms to reach the melting point at the timescale of
occurring disorder, as seen in Fig. [[7d. The electron-
ion coupling does not induce the thermal melting during
the calculation time, however, it reduces the threshold
dose of nonthermally induced melting. We can also see
in the figure that the electronic density of states (DOS)
is affected: during the expansion of the supercell, DOS
narrows (see Fig. at 500 fs). Later, due to the atomic
heating, it broadens again to a larger width than in the
simulation within the BO approximation (cf. the main
text). When atomic disorder takes place, sharp peaks
disappear from the DOS.

A simulation of ruthenium with the electron-ion cou-

pling included shows that the nonthermally produced
bee phase starts to melt thermally due to the heating
of the atomic system by electrons, see Fig. [I§ Heating
also affects the electronic structure, as seen in panel b
of the same figure, resulting in smoothing of the peaks.
Nonetheless, some peaks are still present, resembling
the bece DOS, cf. the main text. Under such condi-
tions, ruthenium undergoes a martinsitic phase transi-
tion. However, the electron-ion coupling in Ru is very
strong (as seen in the temperatures equilibration process
shown in panel d), which results in disorder starting to
take place within a picosecond [I5]. Due to the com-
peting phase transitions: solid-solid into bcc via non-
thermal channel, and solid-liquid due to thermal melting,
the atomic positions do not align into bcc phase as per-
fectly as within the Born-Oppenheimer approximation
(cf. Fig.4 in the main text). This is also reflected in the
electronic structure as broadening and disappearance of
the peaks.

By the time of 1 ps, the supercell is completely dis-
ordered. The transient bcc phase lasts only until the
atomic heating melts the new phase thermally. Thus, we
expect that nonthermal phase transitions in small nano-
clusters of ruthenium, which could expand sufficiently
fast to outrun the thermal damage, would be observable
in experiments. Alternatively, fast and efficient cooling of
the target could potentially freeze the forming bce phase.
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FIG. 18: (a) Atomic snapshots of NPH supercell of Ru irradiated with a laser pulse of 92 eV photon energy, 10 fs FWHM, 2
eV /atom absorbed dose, modeled with electron-ion coupling included. (b) Electronic DOS at the corresponding time instants;

thin red lines depict electron distribution function.

(c) Evolution of the volume of the supercell; the dashed line marks the

volume of the supercell at ambient conditions. (d) Electronic and atomic temperatures evolution.

For that purpose, one could employ laser irradiation con-
ditions such that the electrons are heated only in a thin
near-surface layer of a Ru target (e.g. employing the
photon wavelength corresponding to the plasmon energy
thereby reducing the skin depth, or using grazing inci-
dent XUV or X-ray pulses). Efficient energy transport in
this case could cool down the system sufficiently fast [16].

IV. ULTRATHIN LAYERS

We modeled an ultrathin layer of material in order to
analyze a response of a free surface and to cross check the
results against those obtained within the NPH ensemble
(which, although allows the supercell to expand, does
not include free surfaces). The main difference is that,

in contrast to the case of the NPH ensemble, atoms can
escape from a sample with free surfaces.

We modeled a thin layer of gold with open surfaces
along Z-axis and periodic boundary conditions along X
and Y. We used the BO approximation scheme for this
simulation. Fig. [I9] shows that upon electronic pressure
build up due to electronic excitation, an atomic layer of
gold can be ejected, thus producing a nonthermal ab-
lation. The remaining layer exhibits disordering, thus
confirming that the simulation scheme employed does
not produce significant artefacts. The disorder is not as
prominent as within the NPH supercell, which is proba-
bly due to ablative cooling: the atoms emitted from the
surface take some energy with them out of the remaining
layer of the material.
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