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Nonthermal solid-to-solid phase transitions in tungsten
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The ab initio calculations of phonon dispersions and nonthermal forces along structural deformation paths were
used to study nonthermal solid-to-solid phase transitions in photoexcited tungsten. We assumed that electronic
excitation can be described by an electronic temperature and demonstrated that nonthermal, i.e., caused purely by
electronic excitation, bce-to-fec and bece-to-hep phase transitions can occur for electronic temperatures between
1.7 and 4.3 eV. These transitions result from soft modes along the X line of the Brillouin zone. Structural path
calculations at different electronic temperatures indicate that both transitions are likely to take place in nonequilib-
rium conditions. We further predict that transient fcc and hep phases of tungsten could be observed for several ps.
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I. INTRODUCTION

Electronic excitation of a solid by femtosecond laser pulses
can create a transient nonequilibrium state in which the elec-
tron subsystem is “hot” and the ion subsystem remains close
to its initial temperature [1,2]. Such excitation modifies the
electron density distribution in a solid giving rise to modified
forces between atoms. The modified interatomic forces, in
turn, can cause coherent atomic motions and structural transi-
tions on a very short (subpicosecond) time scale [3-5]. Such
phase transitions occur without invoking significant energy
transfer between electrons and ions and are therefore referred
to as nonthermal phase transitions. Concurrently, the energy
absorbed by the electronic subsystem dissipates into the ionic
degrees of freedom via electron-phonon coupling, causing the
ionic temperature to increase. The ionic temperature can rise
beyond the melting point, which would result in the disordering
of the lattice in few ps. This transition is called ultrafast thermal
melting. In contrast, the so-called nonthermal melting caused
by change in the character of electron density distribution
(chemical bonds) occurs more rapidly and without significant
increase of the ionic temperature. The desire to understand
and control such rapid phase transitions has given rise to
extensive research including studies on molecular switch-
ing [6-9], nonthermal melting [10-13], coherent phonon
generation [14-17], metal-to-insulator [18-20], magnetic-
to-nonmagnetic [21-23], and other ultrafast solid-to-solid
[24-26] phase transitions. In this paper we focus on solid-to-
solid phase transitions in simple metals, particularly tungsten.

Experimentally, ultrafast phase transitions are studied
with time-resolved techniques, such as time-resolved optical
spectroscopy, x-ray and electron diffraction, and two-photon
photoemission, which allow one to track different transient
properties of the irradiated material. Recently, ultrafast solid-
to-solid phase transitions have been demonstrated in several
materials: the metal-to-insulator transitions in a number of
vanadium oxides [18,20,27] and in manganites [25,28], and
the neutral-to-ionic transitions in organic TTF-CA crys-
tals [6,7,9,29]. However, time-resolved studies of phase
transitions are challenging as they require simultaneous access
to femtosecond dynamics of several degrees of freedom
of the system. Here we propose a simple theoretical ap-
proach to assess the possibility of inducing a nonthermal

1098-0121/2014/90(9)/094103(7)

094103-1

PACS number(s): 61.50.Ks, 71.15.Qe, 71.15.Mb, 71.15.Nc

solid-to-solid phase transition by a femtosecond laser pulse.
The method is applicable to wide range of metals.

To theoretically describe nonthermal phase transitions, and
more generally ultrafast phase transitions, it is necessary to
invoke some model of the electronic excitation. Following
absorption of the laser pulse energy, an electronic subsys-
tem does not have a well-defined energy distribution, but
rather tends towards a Fermi-Dirac distribution (characterized
by an electronic temperature T,) through electron-electron
collisions. We note here that a phase transition is referred
to as nonthermal regardless of the details of the electronic
distribution. A relatively rapid electron thermalization in
metals [30] (10-100 fs) can lead to a cold plasma state (also
referred to as warm dense matter) in which the electronic
temperature is much greater than the ionic temperature (i.e.,
T, > T;) for longer than several ps. The lifetime of such a
state is primarily determined by the effective electron-phonon
coupling, and can vary by several orders of magnitude,
depending on the material’s characteristics, shape and size
(bulk solid, thin film), temperature, and pressure [31-33].

The energy transfer between the electron and ion sub-
systems is often studied using a phenomenological two-
temperature model (2TM) [30,34]. This model can describe the
temporal evolution of the electronic and ionic temperatures and
hence the lifetime of such a two-temperature state, but it cannot
describe the associated atomic dynamics. A recently developed
two-temperature molecular dynamics (2T-MD) model [35]
couples the continuum description of the electronic subsystem
in 2TM to classical dynamics of nuclei. This method has
been successfully applied to describe the ultrafast thermal and
nonthermal melting of metals after laser excitation [31,36],
but has not yet been used to study nonthermal solid-to-solid
phase transitions. Indeed, describing nonthermal solid-to-solid
phase transition in the 2T-MD model requires an interatomic
potential that takes into account the existence of particular
soft phonon modes in electronically excited metals. To the best
of our knowledge, no such potential exists and its construction
would require the determination of the different structural
paths that become available to a particular material as a result
of electronic excitation.

In this paper we demonstrate that one can use ab initio
calculations to assess the possibility of inducing nonthermal
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bce-to-fce and bee-to-hep phase transitions in tungsten by laser
pulse. However, our modeling approach should be applicable
to other metals where the description of electronic excitations
in terms of electronic temperature is valid. The method
can reliably predict the possibility of nonthermal structural
transitions in metals screened for ultrafast light-switching
functionality and is the first step towards a more complete
physical description of the atomic dynamics involved in such
transitions.

II. CALCULATION DETAILS

The ab initio calculations are performed using the ABINIT
code [37,38] in the local density approximation (LDA) [39]
using the norm-conserving pseudopotential method [40],
where the 5d and 6s electrons are retained as valence electrons.
The valence pseudo—wave functions are expanded into plane
waves with kinetic energy cutoff of 60 Ha. A 16 x 16 x 16
Monkhorst-Pack k-points mesh is used for the bce and fec
structures, and a 12 x 12 x 6 mesh is used for the hcp
structure. In this framework, basic structural and electronic
properties for the ground-state bcc structure are in good
agreement with literature values. In particular, we obtain a
cell parameter of ay = 3.196 A compared to an experimental
value of 3.16 A at room temperature. Dynamical matrices are
computed on a 8 x 8 x 8 g-points grid in the Brillouin zone
for bece and fec structures, and on a 6 x 6 x 3 grid for the hep
structure, and used for interpolation to obtain phonon spectra
for different T, along high-symmetry directions.

Calculations at high electronic temperature implement the
generalization of the density functional theory (DFT) [41,42]
given by Mermin [43] to describe an electronic subsystem
at thermal equilibrium at the electronic temperature 7,. In
this formalism, the temperature of the electronic subsystem
appears on the one hand through an entropic contribution S, to
the free energy A = E — T,S,, and on the other hand through
the Fermi-Dirac occupation function for the Kohn-Sham
eigenstates &;:

1
= ek, 11

fi ey
where 1, is the chemical potential of the electrons and where
kp is the Boltzmann’s constant. Considering independent
particles in the Kohn-Sham representation, the electronic
entropy is written [44]

+00
Se=—kg Y [filnfi+(1—fi)ln(l—f)l, (2
i=1
where the sum runs over occupied and unoccupied states.
In this context, the Kohn-Sham functional is replaced by
the Mermin functional [44,45]:

Al fi}s T = T ]+ E [n] + / drVeu(rn? (r) + Ef [n]

- TeSe[{fi}]v (3)

where Ep is the Hartree energy, E .. the exchange-correlation
energy, and Vi, the external potential acting on the electrons.
The B symbol indicates that the quantity is calculated at finite
temperature. Below, we study the modification of interatomic
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forces at a given electronic temperature. One can show that, at
a given T,, the force F'; acting on the atom [/ at a position R;
is given by the derivative of the Mermin functional [46—48]:
dA(T,)
OR;

which we call a nonthermal force.

F(T,)=— ; “

III. PHONON SPECTRUM CALCULATIONS

Most elemental metals have a crystal structure that is either
body-centered cubic (bcc) (which is also the case for tungsten)
or a more close-packed structure, such as face-centered cubic
(fce) or hexagonal closed-packed (hcp) [49]. We focus on
these three structures in our study of nonthermal structural
phase transitions in tungsten. To assess whether a particular
phase is dynamically stable under electronic excitation, we
calculate phonon dispersion curves as a function of electronic
temperature. This corresponds to a scenario where the elec-
tronic subsystem has absorbed the laser pulse energy and has
thermalized to a Fermi-Dirac distribution without transferring
energy to the ionic subsystem. A dynamical instability,
also called mechanical instability in the literature [49], will
manifest itself by imaginary phonon frequencies in some
points of the Brillouin zone (BZ). For instance, in silicon
a softening of the whole transverse acoustic branch at an
elevated electronic temperature is considered as the origin of
a nonthermal melting transition [50]. Similarly, a softening of
the longitudinal optical branch at the I' point in bismuth is
considered as the origin of coherent optical phonon genera-
tion [51,52]. A softening of a branch in the whole BZ will give
rise to disordering of the lattice. However, a good candidate
for a nonthermal solid-to-solid phase transition should exhibit
a phonon softening along a well-defined direction in the BZ.
In the case of tungsten, the ab initio calculations of phonon
dispersion curves as a function of pressure predicted the
existence of soft modes along the I'-N and P-H lines together
with the fcc structure becoming dynamically stable [53,54],
and these soft modes were suggested as an explanation
for the pressure-induced bce-to-fee transition. To assess the
possibility of nonthermal solid-to-solid phase transitions, we
calculate phonon dispersion curves in bce, fcc, and hep
tungsten as a function of the electronic temperature.

Figure 1(a) shows the calculated phonon branches for bcc
W at T, = 300 K compared with the experimental results [55],
where we obtain an excellent agreement in the whole Brillouin
zone. Figure 1(b) shows the calculated phonon branches for
bcc W at T, =300 K and at 7, =20000 K where one
can see the appearance of soft transverse modes (77) along
the T'-N line (called ¥ line), with the eigenvectors (1,1,0).
We note that a similar softening of the 77 mode along
the ¥ branch with increasing pressure has been reported in
Ref. [54], but this is much less pronounced than the softening
of the longitudinal mode at ¢ = [%,%,%] that connects the
bce phase to the @ phase. We also observe the softening of
this mode as 7, increases, but it is much less pronounced than
the softening along the X line. We note that different structural
transformations have been proposed caused by a soft mode
on the I'-N line of the bcc Brillouin zone [54,56,57], particu-
larly bee-to-fee and bee-to-hep transformations caused by the
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FIG. 1. (Color online) (a) Phonon spectrum of bcc W calculated
for 7T, = 300 K (black lines) compared with experimental results [55]
(red circles). (b) Theoretical phonon spectra of bcc W for 7, = 300 K
(black lines) and 7, = 20000 K (red lines) at the room temperature
equilibrium volume V;;?(300 K).

soft modes 7}, 1 [%, }1,0] and T}, 1 g [% , % ,0]. We would like to
emphasize that these transformations are totally different from
the nonthermal melting of silicon, where phonon softening is
observed in the whole Brillouin zone [50].

Figure 2(a) shows the calculated phonon branches for
fcc W at T, =300 K and 7, = 20000 K for a calculated
lattice constant ag..(300 K) = 4.090 A, corresponding to
an increase of the equilibrium atomic volume of ~4.8%
compared to the bce structure. These results show that fcc
W is dynamically unstable at room temperature, in agreement
with the literature [53,54] and becomes dynamically stable
as T, increases. Figure 2(b) shows the calculated phonon
branches for hcp W at 7, = 300 K and at 7, = 20000 K,
for a calculated lattice constant aﬁgp(300 K) = 2.866 A

(with ¢=4/8/3 assuming an “ideal” hexagonal close packed
structure), corresponding to an increase of the equilibrium
atomic volume of ~2.0% compared to the bcc structure.
As for the fcc structure, hcp W is dynamically unstable at
T, = 300 K and becomes progressively dynamically stable as
T, increases, thus demonstrating similar behavior to the fcc
structure. We note that both structures remain metallic, and
that our results demonstrate that both fcc and hep tungsten
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FIG. 2. (Color online) (a) Theoretical phonon spectra of fcc W
for T, = 300 K (black lines) and 7, = 20000 K (red lines) at room
temperature equilibrium volume Vi (300 K). (b) Theoretical phonon

spectra of hep W for 7, = 300 K (black lines) and 7, = 20000 K

(red lines) at the room temperature equilibrium volume Vheci(300 K).

structures are stabilized by electronic entropy as dynamical
stability is reached at high 7.

We note that the equilibrium atomic volume V(T,)
increases when T, increases due to the electronic pressure
applied to the lattice which may result in modified interatomic
interactions. For instance, a hardening of all phonon branches
at elevated electronic temperatures has been reported for gold,
when calculated at the room-temperature atomic volume [50]
Veq(300 K), and a strong softening of all branches, when
calculated [36] at V.q(T.). We performed calculations for both
cases for W without noticing significantly different behavior.
The calculations performed at Viq(300 K) assume that the
lattice volume had no time to adjust to the electronic excitation,
whereas those performed at Veq(7,) assume that the lattice had
time to respond.

IV. STRUCTURAL TRANSFORMATION PATHS

It is possible to further assess the dynamical stability of
a particular phase and the possibility of a phase transition
through the calculation of the energy change as a function
of an external parameter, such as temperature or pressure,
along structural deformation pathways. Examples of typical
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deformation pathways include the Bain paths connecting bcc
and fcc structures and the Burgers paths connecting bec and
hep structures [49]. In general, Bain paths are directly related
to the elastic constants C;; of the solid, defined as the change
of elastic energy associated with an arbitrary deformation
given by small strains [49]. There are three independent elastic
constants in a cubic solid, namely, C;;, Cj», and Cyy. If we
define the elastic shear constant by C’ = (C;; — C12)/2 and
the bulk modulus by B = (Cy; + 2Cy2)/3, it is possible to
show [49] that a cubic lattice is dynamically stable if B > 0,
C’ > 0,and Cy44 > 0, criteria called Born stability criteria. The
case B < 0 is referred to as a spinodal instability [49] leading
to a decohesion without lattice symmetry change. In our case,
this will correspond to the electronic temperature at which the
electronic free energy does not have a minimum. For tungsten,
this electronic temperature is 7, = 50000 K (4.3 eV). This
case does not interest us here as it cannot lead to a solid-to-solid
phase transition. The case C’ < 0 is referred to as the Born
instability and is characterized by the symmetry breaking
with coupling of shear modes under volume conservation, and
C44 < 0is a pure shear instability [49].

When studying pressure-induced phase transitions, it is
possible to calculate the total energy change along structural
paths for different unit cell volumes. In general, the total energy
does not include the incoherent ionic motion contribution as
the phonon entropy is not well defined when an instability
exists [53]. In this study we are interested in the change in
instantaneous interatomic forces as a function of electronic
temperature. As the forces acting on fixed atoms at a given
electronic temperature are given by the change in the electronic
free energy [see Eqgs. (3) and (4)], we have calculated the
change of total electronic free energy at different electronic
temperatures along the structural deformation paths.

We first consider the tetragonal path, also called the Bain
deformation path, which is the simplest continuous path
between the bcc and the fcc lattice. The transformation
corresponds to the stretching of the three sides in the cubic
cell by factors of x, x, and 1 /x2, keeping the unit cell volume
constant. The intermediate lattice has a tetragonal structure,
with the crystallographic unit cell axes a and c. Going from
the bee to the fcc lattice corresponds to varying c¢/a from 1
to +/2 in a body-centered tetragonal (bct) structure [49]. The
elastic constant C’ corresponds to the second derivative of the
total energy at the point where c¢/a = 1. Figure 3(a) shows the
evolution of the electronic free energy along the tetragonal path
for T, = 300 K and 7, = 20000 K (1.7 eV). One can see that
the fcc structure has lower energy than the bcc structure and
that there is no energy barrier between the two structures. This
case corresponds to a negative elastic shear constant (C’ < 0)
where a crystalline solid would be dynamically unstable with
respect to long-wavelength acoustic shear [53]. The negative
curvature at ¢/a = 1 will give rise to nonthermal forces that
will tend to drive the originally bcc structure towards the fcc
structure. These results show that photoexcited tungsten could
undergo a nonthermal bee-to-fee phase transition if 7, remains
high enough for sufficient time.

We also calculated the trigonal Bain path that connects
the bee and the fec lattices and that is directly related to the
trigonal (or rhombohedral) shear modulus Cu4. Starting with
the bce lattice, the trigonal path represents a homogeneous
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FIG. 3. (Color online) The electronic free energy change for
(a) the tetragonal path connecting bcc and fcc structures for 7, =
300 K (black lines) and 7, = 20000 K (red lines), (b) the trigonal
path connecting bec and fce structures for 7, = 300 K (black lines)
and 7, = 20000 K (red lines), and (c) the hexagonal path connecting
bec and fec structures for 7, = 300 K (black lines) and 7, = 20000 K
(red lines). (bec stands for body-centered cubic, fcc for face-centerd
cubic, bet for body-centered tetragonal, sc for simple cubic, and hcp
for hexagonal close packed.)

deformation that corresponds to the extension along the [111]
axis while keeping the unit cell volume fixed [58]. This path
connects three cubic structures, and can be characterized by
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a parameter p, where p = 1 corresponds to a bcc structure,
p = 2to asimple cubic (sc) structure, p = 4 to a fcc structure,
and where Cyu4 is given by the second derivative of the total
energy at the point p = 1. Figure 3(b) shows the electronic free
energy changes along the trigonal path between 7, = 300 K
and 7, = 20000 K. One can see that the fcc structure has lower
energy than the bcc structure at high electronic temperature,
but there is a potential barrier along this structural deformation
path. These results suggest that photoexcited tungsten cannot
undergo a nonthermal bce-to-fec phase transition through an
electronically induced pure shear instability.

Finally, we have calculated a hexagonal path, characteristic
of the Burgers transition mechanism, connecting bcc and
hcp lattices. This path is a combination of a homogeneous
deformation and a shuffling of alternate close-packed atomic
planes in opposite directions. These two degrees of freedom
may be coupled to obtain a one-parameter (§) transformation
path [59]. An intermediate structure along the path is an
orthorhombic cell with four atoms. For § = 0, we obtain
the bec structure and § = 1 corresponds to the hcp structure
with an ideal (c¢/a)n, ratio of /8/3. Figure 3(c) shows
the electronic free energy changes along the hexagonal path
between T, = 300 K and 7, = 20000 K. We see a similar
behavior to the electronic free energy changes along the
Bain tetragonal path. These results show that high electronic
temperature in tungsten gives rise to nonthermal forces that
tend to simultaneously drive the bcc structure towards more
closed-packed fcc and hcp structures.

In reality, the different physical processes involved are
dynamical. Before laser excitation, the system is represented
by ¢/a =1, p=1, and § = 0 in Figs. 3(a), 3(b), and 3(c),
respectively, and the energy landscape is represented by the
black curves. After an instantaneous rise of the electronic
temperature to 20 000 K, the system is described by the same
parameters but the energy landscape shown by the red curves.
As the atoms start to move driven by the nonthermal forces, the
electronic temperature will decrease by the electron-phonon
coupling and energy diffusion into the bulk. The energy
landscape is then dynamically represented by free energy
curves evolving between the two extremes given by 7, = T,
and 7, = 300 K. The maximum electronic temperature will be
given by the absorbed laser energy, and both the success of
the nonthermal solid-to-solid phase transition and the time the
system can spend in the new phase will be determined by the
rate of excess energy redistribution.

V. DISCUSSION

Both the fcc and hep structures are dynamically stable be-
low the electronic temperature at which the bce phase becomes
unstable. This corresponds to the electronic temperature range
between 10 000 K and 15 000 K, where we observe strong
directional softening of the bcc lattice, but not yet an instability.
We note here that the free energies of the fcc and hcp phases
are already lower in this range of electronic temperature than
the free energy of the bce phase. Nonthermal forces will start
to act on atoms only a few fs after the electron subsystem has
absorbed the laser energy, and a nonthermal phase transition
can occur in less than a phonon period [60]. Therefore, we can
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safely assume that the onset time for such transitions will be
subpicosecond.

To estimate the lifetime of possible dynamical phases
following laser irradiation, we have performed simulations
based on the ab initio—parametrized 2TM. Using the value of
the effective electron-phonon coupling constant for tungsten
(Go = 1.65 x 10" W m~2 K~!) and the calculated electronic
heat capacity [61], we estimate that for a bulk sample, an
absorbed fluence of ~50 mJ cm~2 could create the conditions
where the electronic temperature would be high enough and
the lattice temperature low enough in the first ~50 nm from
the irradiated surface for several ps (2-3 ps typically), giving
sufficient time for both nonthermal phase transitions to occur
before a possible ultrafast thermal melting. These estimates do
not, however, take into account the fact that laser pulse excites
only a small volume of the material and therefore a bcc to
fcc/hep phase transformation will be impeded by the interface
with the rest of the solid. However, in the case of a thin film
the electronic temperature will decrease more slowly than in
the case of a bulk sample as the dissipation channel through
electronic heat diffusion will not be available. The possibility
of inducing a nonthermal, solid-to-solid phase transition for a
given material will, therefore, depend on the conditions of a
particular experiment.

To obtain some complementary information about the
electronic behavior that causes lattice instabilities, we have
calculated the electronic density difference An(r) between
T, =20000 K and T, = 300 K (see Fig. 4). The increase
of the electronic density in each of the Cartesian directions
around all atoms suggests how the electronic density changes
can give rise to lattice instabilities. However, a full study of
the characteristics of the different electronic excited states goes
beyond the scope of the present study.

It is known that pressure usually weakens directional
forces and drives crystalline structures toward close-packed
forms [62]. Our results suggest that the electronic temperature
could have a similar general effect on d-band transition
metals, as they have a strong directional component in their
electronic bonding compared to other metals, which is affected
by the excitation (see Fig. 4). We have performed similar
calculations for tantalum, another approximately half-filled
d-band transition bcc metal, and found that Ta exhibits the
same kind of behavior as a function of 7, as W. On the
other hand, previous calculations for Au have shown that
Au undergoes phonon hardening as the electronic temperature
increases [50], if the unit cell volume is kept at V.q(300 K),

An(r)

FIG. 4. (Color online) Electron density difference An(r) be-
tween T, = 20000 K and 7, = 300 K in the conventional cubic bcc
unit cell.
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and phonon softening, if the unit cell volume is relaxed [36] at
Veq(T,). We have observed the same kind of behavior for other
s metals with the fcc structure, such as Ag and Cu. We believe
that future calculations will enable the examination of general
trends in different groups of materials and thus open a way
to discover, induce, and control different kinds of nonthermal
solid-to-solid phase transitions.

To summarize, we have studied the nonthermal solid-to-
solid phase transitions in photoexcited tungsten by extending
computational approaches usually used to study pressure-
induced phase transitions. We have assumed that electronic
excitation can be represented by an electronic temperature,
and have studied T,-induced dynamical instabilities through
ab initio calculations of phonon dispersions and nonther-
mal forces along structural deformation paths. Our results
demonstrate that in tungsten electronic excitation will give
rise to nonthermal forces that can drive the initial bec structure
towards the more closed-packed fcc or hcp structures and
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both of these become dynamically stable. On the basis of
the 2TM model and the knowledge of the electron-phonon
coupling constant, we estimate that such transient nonthermal
fce/hep phase could exist for several picoseconds and should
be therefore observable using advanced x-ray or electron
diffraction methods [4,5,31].
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