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We present a theoretical model for the description of the ultrafast structural response of intermediate-valence
solids to femtosecond laser excitation. The approach includes the calculation of the free energy of the hot
electrons produced by the laser pulse and the determination of the changes in the thermodynamic and elastic
properties of the solid as a consequence of the excitation. In particular and based on the promotional Ramirez-
Falicov model, we consider the femtosecond laser heating of «a cerium and the subsequent ultrafast lattice
expansion dynamics. For this purpose, we determine the thermodynamic properties of cerium at very high
electronic temperatures (simulating the laser excitation). The possibility for a nonequilibrium photoinduced
inverse volume collapse transition is discussed. We consider both the laser-excited and the unexcited parts of
the system in order to account for inertial confinement. The thermodynamic properties are obtained as function
of time and used to calculate the shock velocity variation and the time scale for expansion of the heated spot
into the surrounding (unheated) part of the sample. A transition on a subpicosecond time scale is predicted.
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I. INTRODUCTION

Intense femtosecond laser pulses are able to produce in
solids a situation of extreme nonequilibrium in which elec-
trons acquire very high temperatures while the lattice re-
mains cold. The laser-excited electrons modify the potential
landscape which governs the motion of the ions, causing
lattice instabilities and structural transitions'? In the last de-
cade a literal explosion of investigations on laser-induced
structural phase transitions has taken place. Different theo-
retical and experimental studies of laser-induced ultrafast
solid-liquid*~ and solid-solid®~!? phase transitions have been
recently reported.

A common feature of most of the observed laser-induced
ultrafast structural changes is that the irradiated region in the
material exerts pressure on the surrounding unexcited part.
This can be easily understood by taking into account that the
laser excites electrons into antibonding states in the case of
covalent solids or simply produces an increase in the elec-
tronic pressure of metallic systems. However, the expansion
velocity of the irradiated part is limited by the sound veloc-
ity. Consequently, volume changes are expected to occur on
much longer time scales than those on which the laser-
induced structural transformation takes place. A particularly
interesting case may arise when both time scales become
comparable. Therefore, for systems undergoing isostructural
volume collapse transitions, such as cerium, one would ex-
pect an interesting dynamics of volume changes upon fem-
tosecond laser excitation. The physical behavior of cerium
and mixed-valence rare-earth systems based on Ce, Sm, Eu,
and Yb has been the subject of many theoretical and experi-
mental works during the last few decades.

This interest is due to the fact that such materials show an
isostructural first-order transition under certain conditions of
pressure and temperature, ending in a critical point. At room
temperature this transition is accompanied by a dramatic and
discontinuous volume change of ~14% at p~8 kbar. Be-
cause of the large volume change all the interpretations of
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the existing experimental data agree on the fact that the tran-
sition requires a qualitative change in the 4f electrons.

Several theories have been proposed in order to describe
the electronic and magnetic properties of rare-earth metals
under different external conditions. All of them are valuable
in giving information on particular aspects of the problem
but differ on the description of the electronic structure be-
havior near the phase boundary. Despite the controversy con-
cerning the mechanism of the volume collapse transition, all
these theories give evidence that because of its isostructural
nature (both phases exhibit a fcc structure), the transition is
purely electronically driven. Promotional type theories ex-
plain the transition as being produced by electron delocaliza-
tion due to a transition from the 4f level into the 5d6s con-
duction band. Hence, the existence of the isostructural
transition depends crucially on the orbital degeneracy of the
f states.

In this paper we present a theoretical study of the struc-
tural response of Ce upon femtosecond laser excitation and
predict a very fast laser-induced inverse volume collapse
transition from the « to the vy phase. We compute the free
energy and expansion velocity of laser-excited Ce based on a
simple microscopic model which qualitatively accounts for
the changes in the electronic structure due to the action of the
laser pulse. The model, developed by Ramirez and Falicov,!3
only considers electron localization and delocalization in a
Mott-type picture and does not include recent modern im-
provements, which are briefly described at the beginning of
Sec. II. Nevertheless, our model gives a qualitative descrip-
tion of the effect of the isostructural volume change on the
electronic system.

We simulate the laser excitation by a sudden increase in
the electronic temperature. Thus, we obtain the equation of
state (EOS) in the heated part of the material from the Helm-
holtz free energy of the system and calculate the P-V-T dia-
gram. The change in temperature due to the laser is accom-
panied by change in pressure which causes the expansion of
the heated part through the development of a shock front
which produces changes in the unexcited part of the sample
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FIG. 1. (Color online). Scheme of the mechanical change in-
duced in @-Ce by a femtosecond laser pulse. The unexcited part of
the system remains cold and is compressed with the shock velocity
driven by the pressure P of the excited region, which is high due to
the excitation. In the calculations, the pressure is assumed to be
continuous at the interface between expanding and shocked matters.

(see Fig. 1). Assuming the total volume to be constant, the
change in volume of the expanded part must be compensated
by a compression of the surroundings. The abrupt change in
the pressure of the shock-wave front (i.e., the boundary be-
tween the shocked region and the nonshocked region) due to
the increase in temperature causes dramatic variations in the
velocity, stress, and density of the material. The excited re-
gion exerts mechanical pressure in the shocked front which
causes material compression in the unexcited region. We
simulate such material deformation processes using the
Hugoniot theory.'*

The paper is organized as follows. In Sec. II we present
the theoretical model on which this work is based. Results
are presented and discussed in Sec. III. We predict a fast
inverse volume collapse transition for Ce. Finally, in Sec. IV
we draw conclusions on the time scales and summarize the
most important points.

II. THEORY

The calculations were done in the framework of the
model proposed by Ramirez and Falicov,'? which is based on
the existence of two possible and qualitatively different
states for the electrons: the localized f electronic states (ioni-
clike states) and the itinerant d-band electronic states,
coupled via an effective intra-atomic Coulomb repulsion G.
The volume collapse transition is then described by a delo-
calization of the electrons through a promotion of electrons
from the f to the 4d states.

It is important to point out that more recent theories are
able to account for more degrees of freedom than the promo-
tional model and are able to describe the alpha-gamma tran-
sition as an entropy driven process.!>!® Both the nonmag-
netic (a phase) and magnetic (y phase) phases are
interpreted, respectively, as pure Kondo phases with high and
low Kondo temperatures Tx.!”'® According to the modern
descriptions not the occupancy of the f electrons but its spec-
tral weight shifts as the temperature is raised due to the un-
locking of the Kondo state.'” The most important fact is,

PHYSICAL REVIEW B 79, 094117 (2009)

however, that the volume collapse transition is accompanied
by electron delocalization, as one would intuitively expect.
The delocalization manifests itself by an increase in double
occupancies of the d orbitals.?”

The above-mentioned improvements certainly contributed
to obtain a more accurate picture of the electronic properties
and, in particular, of the excitation spectrum of Ce at low
temperatures. However, and concerning the equation of state
p(VT), the promotional model still yields correct results.
Therefore, it also reproduces the values of the sound velocity
and mechanical properties of Ce with reasonable accuracy.
Since our calculations are based on these quantities, we ex-
pect our results to give a correct qualitative description of the
laser-induced phenomena in Ce.

Note also that the Kondo effect has been shown to be
important for a quantitative description of the transition in
thermodynamical equilibrium. However, in the case of laser-
induced transitions the electronic temperature (7;) generated
by the excitation is far above the Kondo temperature of Ce
(Tx). Therefore, effects involving much lower energy scales
compared to the absorbed energy can be neglected.

The electronic Hamiltonian is given by the sum of three
different terms,

H=2 edid,+ G2 fifidid;+ .2 fifis (1)
k i i

with d; and d; being the creation and annihilation operators
for s-d electrons in the conduction-band states with energy
€. fT and fi are the creation and annihilation operators for a
Jf state electron at the lattice site i, with binding energy €y A
double occupancy of the localized f state is excluded. The
first term in the Hamiltonian is the contribution to the energy
coming from the itinerant conduction electrons. The second
term represents the on-site Coulomb interaction between lo-
calized f states with number density n,=(1/N)2f{f; and the
s-d band electrons with number density n.=(1/N)Zd/d,,
where N is the total number of atoms. Finally, the third term
refers to the energy of localized f electrons (ionic energy).

If the system is in thermodynamical equilibrium it is
straightforward to obtain the equation of state from the
Helmholtz free energy, including the contributions from the
electrons and the ions. For the calculation of thermodynamic
properties upon femtosecond laser excitation we propose the
following model presented below.

A. Model for laser heating of Ce

As mentioned in Sec. I, a femtosecond laser induces in the
material an extreme nonequilibrium state in which the elec-
tron and lattice temperatures differ dramatically. The forma-
tion of this state can be qualitatively understood as follows.
First, electrons gain a large amount of energy due to the
absorption of photons. As a consequence, a nonequilibrium
(non-Fermi-type) electron distribution is produced which,
due to electron-electron collisions, thermalizes after a short
time to a Fermi-type electron distribution f(Ty), with T, be-
ing the electron temperature after laser excitation. Note that
T, is much higher than the room temperature, reflecting the
laser heating of electrons. Consequently, 74> Tionic = Troom
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since both laser excitation and electron thermalization occur
on time scales which are shorter typical phonon periods.”!
Therefore, while the electrons acquire a temperature of a few
thousand kelvin, the ions remain at room temperature Tyqop-
The large increase in T, leads to an increase in the electron
pressure. As a consequence, the laser-excited region tends to
expand against the surrounding unexcited part. The resulting
expansion dynamics, which determines the laser-induced in-
verse volume collapse transition, is microscopically de-
scribed in the following.

Using the mean-field approximation, the electronic part of
the Helmholtz free energy per atom for a given volume V
and electronic temperature 7, is given by

F(T,V) = Feon(T, V) + Fo(T, V) + Fmag(T’ V). ()

Here, the first term F,, refers to the electronic contribution
to the ionic configuration, the second one F; accounts for the
free energy of the conduction electrons, whereas the last term
describes the magnetic free energy. The density of states is
assumed to be uniform and normalized in such a way as to
allow four valence electrons in the ground state. The conduc-
tion band extends from —D/3 to 2D/3, with D=8.16 eV
being the bandwidth. The Fermi energy is taken to be zero
(E F= O)

In the ground state, the occupied part of the conduction
band has a width of 2.72 eV while the width of the empty
part is 5.44 eV. The electronic part of the free energy can be
expressed as F=FE,—TS,, with from Ep,

Eel = f I’Z(E, V)f(€7 Tel) 6d67 (3)

and

Sel(Tel’ V) = J n(e, V){f(67 Tel)ln f(é', Tel)
+ [1 —f(E, Tel)]ln[l —f(é', Tel)]}de' (4)

Here, f(e,T,) denotes the Fermi-Dirac distribution and
n(e,v) denotes the electronic density of states. The chemical
potential entering in f(e,T,.;) is computed using the fact that
the number of electrons per atom remains constant upon la-
ser excitation, i.e., nf+nc=4, with

ne= %f n(eV)f(eT)de (5)

being the total number of conduction electrons and 7, as the
occupation number of f level. The magnetic free energy, sec-
ond term of Eq. (2), is written as

Finag(T,0) = = kT, n[2J + 1], (6)

where 2J+1=6 is the spin degeneracy and J=5/2 is the total
angular momentum of the localized 4f electron.

Finally, the configurational free energy Fonr=F ons
—TSonr 1s given by
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Fions = ffnf— Gn’% - kBT[f’lf ln(f’lf) + (1 - nf)ln(l - nf)] .
(7)

Here, the first two terms represent the mean ionic energy of
the ground-state configuration of Ce ions and ny is the occu-
pation number of the localized 4f orbitals. We recall that the
f electrons are assumed to be well localized on the ions. The
last term refers to the configurational entropy of the localized
f electrons, which is given by the different possible distribu-
tions of the n; electrons on the ions.

B. Laser-induced volume changes

In order to describe the lattice expansion dynamics we
assume, based on the original idea of Stampfli and
Bennemann,' that on subpicosecond time scales there is
practically no entropy exchange between electrons and ions,
and therefore the electronic entropy remains constant;

Sel(Tel’ V) = SO' (8)

This assumption is correct as long as only very few de-
grees of freedom of the lattice become active after laser ex-
citation. For instance, it has been successfully used to deter-
mine the dynamics of coherent phonons in Bi.?? In the case
of laser-excited Ce in the « phase it is reasonable to assume
that the motion of the lattice immediately after femtosecond
excitation is the expansion and that other types of lattice
motion only become active on later times. Therefore, we rely
on Eq. (8) and use it to determine the electronic temperature
T, as a function of time.

Thus, the excited part of the system will expand through
the formation of a shock wave (see below), where the unex-
cited part will compress. This is shown schematically in Fig.
1. The compression of the unexcited part is not adiabatic
since the whole sample is supposed to be kept at the tem-
perature at which the experiment is performed (for instance,
room temperature). The electronic pressure which builds up
in the excited part as a consequence of the laser excitation is
calculated as

oE,

P=- :

)
When the excited part expands the on-site energy of the f
orbitals must increase since the attractive potential of the
neighboring ions becomes less important. We model this fact
by writing €,= e;)+ ANV=V,). e? is the f-level position in the
absence of volume changes and A is an adjustable parameter,
which is determined from our choice of ej‘f and e}’. The tem-
perature dependence of the thermodynamic quantities is ob-
tained from the free energy F(7,,v) for the f-level occupa-
tion is computed using? nf=—%. The first step of the
simulation is to determine the chemical potential from charge
conservation (n.+ng)=4. Then, the other thermodynamic
quantities ny, E, p... are calculated. As mentioned before, the
sudden increase in the electronic temperature of the laser-
excited part leads to a rapid increase in the electron pressure.
As a consequence, the excited part of the system will ex-
pand. Due to the large difference in temperature and entropy
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TABLE 1. Fitting parameters using data from Ref. 24 for u,
#0.

€o Cy 2

0.6052 2.4765 -0.2292

and carrier density between the excited and the nonexcited
regions, nonlinear effects are expected to be important and
the expansion takes place through the build up of a shock
wave. In order to account for this effect we describe the
shock wave by using the Rankin-Hugoniot equations, which
are derived from the three conservation laws (mass, momen-
tum, and energy, respectively).?*

p(us - Ltp) = Poldss

P—-Py= Poltsity,

E—EO:%(P+P0)(V— V). (10)

Here the subscript 0 labels the quantities in the unexcited
solid. E refers to the internal energy and p, refers to the
initial density. Note that the complete process of shock-wave
propagation in solids can be governed by the above three
conservation laws. The combination of the three conserva-
tion laws mentioned above yields the transformation between
the kinetic quantities (particle- and shock velocities) and the
thermodynamic variables (P, V,E). In the first equation (10),
u; and u, refer to the shock and the so-called particle veloc-
ity, respectively. They are related by the following
equation:?*

MS=C0+C1MP+C2MZ, (11)

where the coefficients ¢y, ¢, and ¢, are determined from the
experimental data by a least-squares fitting method, and for
the particular case of Ce they are shown in Table I. This
method for deriving the isotherm in the cold part of the ma-
terial is based on the analysis of the Hugoniot curve, where
the quantities u, and u,, can be directly measured. Combining
Egs. (11) and (10) leads to the relation between the applied
pressure and particle velocity across the shock front. It is
assumed that compression behind the shock line is isotropic
and that the cold part of the material is in thermodynamic
equilibrium. Proposed relationship (11) is valid in the range
of pressure and temperature considered in the present work.
The high pressure induced by the laser pulse in the heated
region leads, according to Eq. (10), to an increase in the
particle velocity. We assume that the particle velocity across
the front is equal to the velocity of the material behind the
front. In other words, we assume that the expansion velocity
of the heated part is equal to compression velocity of the
unexcited part. Thus, we evaluate the lattice-volume change
in the vicinity of the shock front from the time integration of
the particle velocity,
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FIG. 2. Degree of delocalization, &, as function of f-level posi-
tion in the band for different values of electronic temperature 7.
The f-level position is determined with respect to the Fermi energy.
The degree of delocalization & depends strongly on the f-level oc-
cupation in the band in the vicinity of the Fermi level.

t
51=2f w,d. (12)
0

With a constant total volume, and assuming isotropic expan-
sion, this equation serves to determine the volume change in
the expanded material. As already stated above, the shock
velocity is derived from pressure by combining Eq. (11) and
the standard relations of the three laws, conservation equa-
tion (10). The results obtained using these calculations are
presented in Sec. III.

III. RESULTS AND DISCUSSION

We performed numerical calculations on the basis of the
model described in Sec. II. In this section we analyze the
volume changes and the changes in the degree of electron
delocalization, which we define as

8=1-n,. (13)

In Fig. 2 we show the development of the degree of elec-
tron delocalization at different electronic temperature de-
pending on the f-level position. As mentioned before, high
electronic temperatures correspond to high laser fluences. We
have found that the decrease in delocalization of the 4f states
increases with increasing €, The delocalization of the 4f
electrons takes place continuously in the high volume
gamma phase. This is consistent with recent density func-
tional theory (DFT) calculations.?”

Since the f-level position will change upon the laser-
induced expansion, the curve shows that, particularly at high
electronic temperatures, no discontinuous transition will oc-
cur. This means that for the conditions created by the laser
pulse the 5d6s-4f transition seems to occur continuously. For
a sufficiently large value of €, no f occupation is expected.

As explained in Sec. II, the time evolution of the system
was introduced using the shock-wave compression tech-
nique. The detailed mechanism of the shock compression of
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FIG. 3. Plot of pressure vs particle velocity in the cold material
obtained in the present work. The particle velocity u,, is assumed to
be constant in the bulk.

solids has not yet been clarified. However, the shock-wave
compression technique remains a very important tool to
study solids under shock loading. Since solids are incom-
pressible in practical terms, very large pressures are neces-
sary to create even a modest change in volume.

In general, solids do not behave like fluids at low stress
due to the presence of shear stress. This means that solid
stress and plastic flow may enhance the mechanical changes.
This is what we expect to occur upon shock-wave formation
induced by a femtosecond laser pulse.

The increase in the electronic temperature induced by the
femtosecond laser pulse leads to the increase in the pressure.
This results in the formation of shock waves and in the ex-
pansion of the system. To describe the dynamics of the sys-
tem and in particular depropagation of the shock waves after
the laser heating, and for the sake of simplicity, we assume
the volume expansion to be isotropic.

We assume that the total volume of the sample remains
constant within the time scales on which the shock waves
propagate. This assumption is clearly valid since only a small
part of the sample is irradiated (the size of the laser spot is
usually considerably smaller than surface of the sample).
Thus, thermal expansion of the whole sample will be a neg-
ligible effect. Moreover, it will also occur on much longer
time scales than those involved in the shock-wave formation
and propagation.

Since the total volume remains constant, and as explained
in Sec. II, the change in volume of the heated part due to
expansion is equal to the change in the unexcited part due to
compression. Note that the time scale for the expansion of
the excited region will be governed by the compression ve-
locity in the unexcited part.

We have calculated the laser-induced pressure from Eq.
(9) and used Egs. (10) and (11) to determine the particle
velocity u,,. The resulting system of four equations with the
four unknowns (u;, u,, P, and V) is solved numerically. In
Fig. 3 we plot the interdependence between u, and P.

It is important to mention that we do not consider the
effect of the elastic pressure in our calculations. This is be-
cause the elastic term in the free energy [not considered in
Eq. (2)] will lead to volume oscillations at time scales which
are much larger than those which are relevant for this work.
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FIG. 4. (Color online) Volume variation as a function of time
after laser excitation for different electronic temperatures. At the
maximum reached volume the corresponding degree of delocaliza-
tion is almost 0. Note that for higher electronic temperatures the
volume expansion is faster.

In Fig. 4 the time evolution of the volume of the excited
part is shown for different electronic temperatures (corre-
sponding to different laser fluences). We obtain very fast
volume changes on the order of 15% occurring on a time
scale of 150 fs. This shows that ultrashort laser pulses of
high-enough intensity can induce ultrafast local volume
changes in Ce. Interestingly, these sudden laser-induced vol-
ume changes are related to a transition from «-Ce to y-Ce.
As a consequence of the expansion there is a continuous
transition in the occupation of the 4f level from values near
nf~0 to ny— 1. Thus, we predict a laser-induced inverse
volume collapse transition or a laser-induced localization of
the valence electrons on a subpicosecond time scale.

In Fig. 5 we plot the time evolution of the degree of
electron delocalization & assuming an excitation which leads
to an electronic temperature of 7,,=1000 K. The very fast

1

2
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0271
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100
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FIG. 5. Time evolution of the electron delocalization degree for
a laser excitation resulting in an electronic temperature Ty
=1000 K. The initial time =0 corresponds to the laser excitation.
Note that for this high electronic temperature no discontinuity is
observed. The inset shows the time evolution of the [111] Bragg
peak obtained from Eq. (14).
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localization of the electrons yields to the volume changes
shown in Fig. 4.

The structural part of the transition (volume expansion)
could be monitored via time-dependent rocking curves mea-
sured through pump-probe experiments based on probe ul-
trashort x-ray pulses’ or through time-resolved electron
diffraction.!®? It is well established that for fcc crystals the
(111) Bragg peak is that of highest intensity,., Therefore we
have computed the time dependence of the Bragg reflections
during the lattice expansion from the structure factor,,

N 2

MR = |3 eukio] (14)
Nz

where Gy, is the corresponding reciprocal lattice vector and
R,(1) is the position of ion i in the unit cell at time, ¢., The
diffraction angle is obtained from the Bragg condition,.,

In the inset of Fig. 5 is the time evolution of the (111)
Bragg peak. Note that there is a very rapid shift of the peak
toward smaller angles reflecting the laser-induced expansion.

The time evolution of the pressure P after the laser exci-
tation derived from the free energy applying Eq. (9) is shown
in Fig. 6 for different values of the electronic temperature
T.. Note, the presence of a maximum for a given time,
which corresponds to the change in curvature for the time
behavior of the volume (Fig. 4). This maximum shifts to
shorter times as the laser fluence increases.

IV. SUMMARY

We used a microscopic model of laser-induced structural
changes combined with an electronic model Hamiltonian and
the Hugoniot theory to demonstrate that an ultrafast photo-
induced transition involving large local volume and elec-
tronic changes can be induced in cerium. In the range of
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FIG. 6. (Color online) Time evolution of the total pressure for
different electronic temperatures.

electronic temperatures we have considered in this work, the
photoinduced transition occurs as rapid expansion of the
solid, initially in the high density « phase, due to the strong
excitation of the band electrons. This expansion is accompa-
nied by electron delocalization. We predict a very fast expan-
sion dynamics helped by the formation of shock waves. As a
consequence, an ultrafast shift of the (111)-Bragg peak oc-
curs which should is possible to be measured by means of
time-resolved diffraction experiments.
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