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Time-dependent energy absorption changes during ultrafast lattice
deformation

Harald O. Jeschke, Martı́n E. Garcia,a) and K. H. Bennemann
Institut für Theoretische Physik der Freien Universita¨t Berlin, Arnimallee 14, 14195 Berlin, Germany

~Received 24 May 2001; accepted for publication 5 October 2001!

The ultrafast time dependence of the energy absorption of covalent solids upon excitation with
femtosecond laser pulses is theoretically analyzed. We use a microscopic theory to describe laser
induced structural changes and their influence on the electronic properties. We show that from the
time evolution of the energy absorbed by the system important information on the electronic and
atomic structure during ultrafast phase transitions can be gained. Our results reflect how structural
changes affect the capability of the system to absorb external energy. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1423397#
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I. INTRODUCTION

For systems in thermodynamical equilibrium the occ
rence of phase transitions can be inferred from a chang
the behavior of the thermodynamic potentials~or its deriva-
tives! as a function of an intensive variable. For instan
divergences or abrupt changes in the heat capa
C5dU/dT are indicators for most first-order phase tran
tions. In systems subject to extreme nonequilibrium con
tions like excitation with an intense femtosecond laser, n
ther thermodynamic functions nor intensive variables
well defined. However, a large variety of nonequilibriu
phase transitions can be induced by femtosecond l
pulses, as has been demonstrated both experimentally
theoretically.1–3 Such ultrafast phase transitions are detec
indirectly by time-dependent changes of the opti
properties4–6 or directly by postmortemanalysis7 and re-
cently through more direct measurements using ultras
x-ray pulses.8,9 In a recent experimental study, Musel
et al.10 reported results on the excitation of graphite w
very long pulses~in the millisecond range!. The thermogram
recorded during the heating of the sample shows a sh
increase of the temperature slope at the melting point, wh
corresponds to changes in the energy absorptionUabs(t) and
heat conductivity upon melting. Note that in these expe
ments, thermal equilibrium is reached during the excitati
Note that in the case of femtosecond excitationEabs(t) is a
physical quantity, whereasC and T are no longer well de-
fined. The question that immediately arises from this analy
is: DoesEabs(t) show similar changes asUabs in the case of
thermal equilibrium when the system is illuminated by
femtosecond laser pulse?

In this article we show that this is the case, and thatEabs

exhibits dramatic changes as a function of laser intensiI
when the system undergoes an ultrafast phase transition.
leads to a natural generalization of ‘‘heat capacity’’ for las
induced nonequilibrium processes asC5dEabs/dI.

a!Author to whom correspondence should be addressed; electronic
garcia@physik.fu.berlin.de
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In Sec. II we briefly review our method of calculatin
the structural response of covalent materials during and a
intense laser excitation. In Sec. III we present results
diamond and graphite, concentrating on the efficiency w
which energy is absorbed from the laser pulse. We show
the structural changes during the action of the pulse are
ticularly important for the understanding of the nonline
dependence of the absorbed energy on the intensity of
pulse. As these structural changes occur on a time scal
approximately 100 fs the pulse duration is responsible
very different absorption behavior in thet520– 500 fs pulse
duration range. Finally, in Sec. IV we summarize our resu

II. THEORY

The calculation of the energy absorption of covalent s
ids is based upon a theory for the analysis of laser indu
ultrafast processes in solids. The theory employs a molec
dynamics method on the basis of an electronic tight-bind
Hamiltonian. This real-space calculation takes into acco
all atomic degrees of freedom. Special attention is paid to
strong nonequilibrium created in the electronic system by
ultrashort laser pulse. A method of calculating nonequil
rium occupation numbers for the energy levels of the sys
leads to a molecular dynamics calculation on time-depend
potential energy surfaces. This approach provides a theo
ical framework for the treatment of strong nonequilibriu
situations in materials where atomic and electronic degr
of freedom play an equally important role.

In this theory trajectories for laser induced structu
changes are determined by molecular dynamics simulat
for which we calculate forces from the Hamiltonian

H5HTB1(
i , j

f~r i j !. ~1!

The second term contains a repulsive potentialf(r i j ) that
takes care of the repulsion between the ionic cores, and
first term is a tight-binding Hamiltonian

HTB5(
ih

e ihh ih1 (
i j hq
j Þ i

t i j
hqcih

1 cj q . ~2!
il:
© 2002 American Institute of Physics
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Here, the first term is the on-site contribution. In the seco
term, thet i j

hq are the hopping integrals, andcih
1 andcj q are

creation and annihilation operators for an electron at sitei or
j in orbitalsh or q, respectively.

From the Hamiltonian, Eq.~1!, we calculate forces using
the Hellman–Feynman theorem:

fk~$r i j ~ t !%,t !52(
m

n~em ,t !^mu¹k HTB~$r i j ~ t !%!um&

2(
i , j

¹k f~r i j !. ~3!

Here,um& stands for the eigenvector of the HamiltonianHTB

that corresponds to the eigenvalueem . The special feature o
the theory which makes it applicable to optically excit
materials is contained in the time dependent occupa
numbersn(em ,t) for the energy levelsem of the system.
While in thermal equilibrium these occupation numbers
calculated from a Fermi–Dirac distribution functionn0(em)
52/(11exp$(em2m)/kBTe%) at a given electronic temperatur
Te, electronic nonequilibrium is accounted for by solvin
equations of motion for the occupation of electronic state

dn~em ,t !

dt
5E

2`

`

dvg~v,t2Dt !$@n~em2\v,t2Dt !

1n~em1\v,t2Dt !22n~em ,t2Dt !#%

2
n~em ,t !2n0~em!

t1
. ~4!

Thus, the electronic distribution is at each time step fold
with the pulse intensity functiong(v,t). This means that a
each time step, the occupation of an energy levelem changes
in proportion to the occupation difference with respect
levels atem2\v and atem1\v. In Eq.~4!, constant optical
matrix elements are assumed. The second term of Eq~4!
describes the electron–electron collisions that lead to
equilibration of the electronic system with a rate equation
the Boltzmann type for the distributionn(em ,t). Hence, with
a time constantt1 , the distributionn(em ,t) approaches a
Fermi–Dirac distributionn0(em). We use an electron ther
malization timet1510 fs as this order of magnitude ha
been reported for semiconductors.11

The intensity function of the laser pulse used in Eq.~4!
is given by the expression

g~v,t !5 Î 0 expH 2
4 ln 2~ t2t0!2

t2
2

@ f t~v2v0!#2

16 ln2 J ,

~5!

which describes the distribution of intensity over time a
energies. The factorf 510215e/h applies if pulse durationt
is measured in fs and frequencyv in eV. Our derivation of
Eq. ~4! is based on the Liouville–von Neumann equation
the density matrix.

The electron temperatureTe that results from the elec
tron thermalization will not remain constant over time, b
will decrease due to electron–phonon coupling and to di
sion of hot electrons out of the laser excited region of
solid into colder areas. In the regime of an excitation
typically 10% of the valence electrons into the conduct
Downloaded 06 Feb 2002 to 128.6.229.72. Redistribution subject to AI
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band for which this theory is intended no precise knowled
about thermal conductivity of the electrons and electro
phonon coupling constants is available. Thus, a relaxa
time t2 which characterizes the time scale of the total d
crease of the electron temperature by both the electr
phonon and by the hot electron diffusion processes is
sumed:

dTe~ t !

dt
52

Te~ t !2T~ t !

t2
. ~6!

T(t) is the lattice temperature at timet and is calculated as
the average of the kinetic energy of the atoms on a ti
interval of 200 fs aroundt. Note thatt2 is the time scale on
which the electronic temperature and the lattice tempera
approach each other. For this electron–lattice equilibrat
time we use the valuet254.4 ps which we extract from the
reflectivity measurements performed by Downer a
co-workers4 in diamond and graphite. This choice is justifie
by our observation3 that the time dependence of the refle
tivity on a time scale of picoseconds is dominated by
laser excited free carriers.

The forces given by Eq.~3! can now be used to solve th
equations of motion for the atoms numerically. In the case
a bulk system, a constant pressure molecular dynamics~MD!
scheme is used. This is based on a Lagrangian which c
tains the shape and size of the molecular dynamics supe
as additional degrees of freedom:12

L5(
i 51

N
mi

2
ṡi
ThTh ṡi1Kcell2F~$r i j %,t !2Ucell . ~7!

The first term is the kinetic energy of the atoms, with t
coordinates of the atomsr i5hsi written in terms of the rela-
tive coordinatessi and the 333 matrix h that contains the
vectors spanning the MD supercell;ṡi are the relative veloc-
ity vectors, andT denotes transposition.F($r i j %,t) is the
potential which is calculated from a tight-binding formalis
as explained above. The terms in the Lagrangian of Eq.~7!,
which are responsible for the simulation of constant press
are an additional kinetic energy termKcell for which the sim-
plest form isKcell5(wcell/2)Tr(ḣTḣ),11 andUcell is an addi-
tional potential term that describes the effect of an isotro
external pressureUcell5pextV; V5det(h) is the volume of
the MD supercell. The equations of motion are derived fro
Eq. ~7! by the Euler–Lagrange formalism, and they are in
grated numerically with the velocity form of the Verle
algorithm.13,14

III. RESULTS

The dependence of the absorption of energy on the la
pulse intensity and duration shows an interesting behav
The following results have been calculated in the bulk a
for constant pressure. Diamond and graphite samples oN
564 atoms/MD supercell were thermalized to a temperat
of T5300 K by simulated annealing before absorbing la
pulses of a wide range of intensities and durations.

Results for absorption of carbon in its diamond structu
are shown in Fig. 1. Every square~)! corresponds to a cal
culated trajectory. Note, the lines connecting the dots
drawn to guide the eye. The graph represents the actua
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sorbed energy in units of electron volts per atom as a fu
tion of the laser intensity for different pulse durations. Th
quantity is denoted here as the ‘‘offered’’ energy. It is t
energy that would have been absorbed by the system i
structural changes had taken place. Thus, the offered en
is determined by performing the calculation of energy a
sorption for fixed atomic coordinates. Note, structural dist
tions change the electronic structure of the material and c
sequently the absorption characteristics.

A general trend shared by all but thet5390– 500 fs
curves in Fig. 1 is a moderate, linear increase of absorp
with intensity up to an absorbed energy of roughlyE051
eV/atom. Then a sharp increase of absorption until appr
matelyE0512 eV/atom occurs. Then we find again a mo
erate linear increase of absorption with laser intensity. T
results show that the absorption increases more sharply
increasing pulse duration. With increasing duration of
laser pulse, the laser intensity for which the sharp increas
absorption occurs decreases significantly. The curves
long pulse durations are even characterized by the absen
an initial weak increase of absorption with intensity.

In Fig. 2 we show the absorbed energy of diamond a
function of time. The laser pulse duration wast5350 fs.
This figure serves as an example to clarify how the form
the absorbed energy curves of Fig. 1 comes about. Figu
is directly related to thet5350 fs curve of Fig. 1: Each fina
absorbed energy att5700 fs in Fig. 2 corresponds to a resu
~)! in the t5350 fs curve of Fig. 1.

Figure 2 shows the absorbed energy for four differ
intensities. The final state of the material is indicated. T
lowest pulse intensity does not lead to structure changes,
to the two medium intense pulses, the diamond structur
damaged, and the strongest pulse leads to ablation of
material. In Fig. 2 the absorption that would have been
pected if no structural changes had occurred during the
tion of the laser pulse is indicated by dashed lines. We
serve that the deviation of the energy actually absorbed

FIG. 1. Absorbed energy per atom as a function of pulse intensity~‘‘of-
fered’’ energy! for diamond. The pulse duration ranges fromt520 to 500 fs.
The shape of the absorption curves and their ordering with respect to
pulse duration can be understood from the time-dependent changes o
DOS. Each of the results~)! corresponds to a calculated trajectory.
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the material from the expected value increases with incre
ing pulse intensity. In the case of the trajectory where d
mond remains unchanged, the actual absorption is very c
to the expected value. However, in trajectories where str
tural damage or even ablation is observed the actual abs
tion sharply deviates from the expected absorption.

The cause for this sharp deviation will be explained w
the help of the densities of states~DOS! shown in Fig. 3.
They correspond to the curve of Fig. 2 with the secon
highest absorbed energy. In Fig. 3~a! the DOS before the
laser pulse att52700 fs is shown; the time is measure
with respect to the maximum of the laser pulse oft5350 fs
duration. The DOS corresponds to diamond atT5300 K.
The DOS in Fig. 3~b! is taken att5120 fs, which corre-
sponds to the time of the sharp bend in Fig. 2. In the DO
the emergence of states in theEg55.5 eV gap of diamond
can be observed. This explains the strong increase in abs
tion. Figure 3~c! shows the DOS att5240 fs. At this time the
intensity of the laser pulse has already decreased sig
cantly from its maximum value, but in the DOS, states ha
completely filled the diamond gap, and the absorption of
material is far stronger than before the pulse. Note, the d
sity of the material has decreased fromr53.59 g/cm3 before
the pulse tor52.21 g/cm3 at t5200 fs.

An explanation of the overall behavior of the absorpti
in the material must be given by the time-dependent chan
in the density of states. Note, this is the main material pr
erty taken into account in the treatment of the absorpti
This time dependency of the DOS is caused by the struct
changes induced by the laser pulse. Inspection of the tra
tories shows that the sharp bend of the graphs close to
absorbed energy ofE051 eV corresponds to the damag
threshold of the material. The damage~disorder! causes the
Eg55.5 eV gap present in diamond to be filled with stat
until the gapless DOS is reached. For pulses that are l
enough to permit the structural changes to occur before
intensity has fallen off completely, the electronic states t
fill the gap of diamond will enormously increase the abso

he
the

FIG. 2. Absorbed energy per atom in diamond as a function of time fo
pulse duration oft5350 fs. Absorption of trajectories with different fina
states are shown. The dashed lines correspond to the absorption th
expected if no structural changes occur during the action of the pulse.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion of the material. Thus, thet520 fs graph shows only a
slight increase of the absorption above the damage thresh
because the pulse has already run out before esse
changes in the structure have taken place. On the other h
the t5390– 500 fs graphs show an absorption grow
sharply with pulse intensity, because all structural chan
induced by the laser can take place while the pulse inten
is still high. Thus, the changed DOS has a strong influe
on the energy that can finally be absorbed from the puls

In Fig. 4, the absorption behavior for a graphite sam
is shown. The data are presented in the same way as in
1. For graphite, the absorption for a given pulse durat
depends on the pulse intensity in a fashion similar to t
found in diamond. Again, a strong increase of absorpt
takes place at the damage threshold, which in graphit
found to be at roughly 3 eV. At this threshold, melting
graphite and the destruction of the graphite planes take pl
At lower intensities, absorption shows a moderate, linear
crease with laser intensity. However, an important differe
can be observed in the ordering of the curves. In the cas
graphite, the slope of the absorption curves is lower
higher pulse durations. Interpreting this with the help of t
density of states, we find that structural relaxation tak
place during the pulse decreases the density of states clo
the Fermi level and thus prevents absorption of energy fr
the laser pulse. A physical picture for this effect can be
rived from the bonding character: Vibrational excitation

FIG. 3. Density of states for diamond at different times for a pulse dura
of t5350 fs. This figure corresponds to the trajectory with the sec
highest absorbed energy of Fig. 2.
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the graphite planes causes atoms to be displaced perpen
lar to the plane, and thus the three-dimensional distortion
the two-dimensional graphite structure causes the puresp2

bonding of graphite to be modified with an addition ofsp3

bonding.
In Fig. 5 we show the absorbed energy of graphite a

function of time. The pulse duration wast5350 fs. Three
low laser intensities produced no change in the grap
structure, while a fourth pulse leads to ablation of the ma
rial. For comparison, the absorbed energy that would be
pected if no structural change took place during the action
the pulse is shown with dashed lines. As in the case of d
mond ~compare Fig. 2! with increasing pulse intensity th
deviation of the actual absorbed energy from the expec
value becomes more pronounced.

n
d

FIG. 4. Absorbed energy per atom as a function of pulse intensity
graphite. This is shown for a range of pulse durations fromt520 fs to 500
fs. Note, the ordering of the curves with respect to pulse duration show
behavior different from diamond, which reflects a different time develo
ment of the DOS during the pulse. Each of the results~)! corresponds to a
calculated trajectory.

FIG. 5. Absorbed energy per atom in graphite as a function of time fo
pulse duration oft5350 fs. Absorption of trajectories with different fina
states are shown. The dashed lines correspond to the absorption th
expected if no structural changes occur during the action of the pulse.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In order to analyze the cause of the increased absorp
of energy in Fig. 6 we show selected densities of states
ing the action of the laser pulse. These densities of st
correspond to the trajectory with the highest absorbed en
in Fig. 5. At t52700 fs, i.e., 700 fs before the laser pul
maximum, the DOS is that of graphite atT5300 K. At t
5100 fs the overall width of the DOS has decreased wh
the DOS close to the Fermi level has increased. Att5200 fs,
a very high DOS around the Fermi level has developed,
dicating a metallic liquid phase of the material. This expla
the strong increase of absorption during the action of
laser pulse. Note, the density of the material has decre
from r52.15 g/cm3 before the pulse tor51.39 g/cm3 at
t5200 fs.

In Fig. 7 we show a consequence of the behavior of
absorbed energy for the spatial absorption profile of d
mond. Typically, a laser pulse has a Gaussian profile
space. The different absorbed energies that result as a co
quence of structural changes in the material during the ac
of the pulse leads to the spatial absorption profile shown
Fig. 7. It is remarkable that the profile of the absorbed ene
is much steeper than the profile of the pulse. This may b
importance in the interpretation of ablation experiments.

In the Introduction we have suggested characterizing
energy absorption behavior of a system in strong nonequ
rium by a generalized ‘‘heat capacity’’ defined asC

FIG. 6. Density of states for graphite at different times for a pulse dura
of t5350 fs. This figure corresponds to the trajectory with the high
absorbed energy of Fig. 5.
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5dEabs/dI. We illustrate this concept in Fig. 8 in the case
diamond. The derivative of the absorbed energy with resp
to ‘‘offered’’ energy is plotted as a function of offered en
ergy. As explained above we define the offered energy as
energy that would be absorbed by the system if no struct
changes occurred during the action of the pulse. Thus,
offered energy is proportional to the laser intensityI and the
quantity dEabs/dEoff shown in Fig. 8 is proportional toC
5dEabs/dI. The behavior of this quantity shows a pea
which is most pronounced for long pulse durations~see Fig.
8!. The peak position corresponds to the laser intensity wh
induces changes in the structure and in the DOS of the
terial that are most suitable to enhance the absorption

n
t

FIG. 7. Spatial absorption profile of diamond for a pulse duration ot
5350 fs. The spatial profile of the ‘‘offered’’ laser energy is typically give
by a Gaussian~dashed line!. Considering the relation between ‘‘offered
energy and absorbed energy in diamond for laser pulses oft5350 fs dura-
tion ~see Fig. 1!, we find an absorption profile that differs significantly from
a Gaussian~solid line!.

FIG. 8. Derivative of absorbed energy with respect to ‘‘offered’’ energy
the case of diamond for different pulse durations. The offered energ
proportional to the laser pulse intensity. The functions in the graph
calculated as derivatives of the functions connecting the calculated abs
tion values of Fig. 1. Note that the functions corresponding to all pu
durations betweent520 and 380 fs have been multiplied by a factor 30 f
clarity.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ug
e
so
tio
rg

in
tin
la
th
se
e
th

ing
g
du
o

es
,
n
te
h

o
h

sit
ity
-
co
s
u
te
is

or
ra
nd
th

t
n

nce

d in
ing
of

t is

or-
ons
fu

B

nd

.

el,

ou,

E.

s
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energy. To the left of the peak, the laser is not strong eno
to induce structural changes in the material while the puls
still active. To the right of the peak, the laser intensity is
high that evaporation of the material sets in during the ac
of the pulse, which leads to decreased absorption of ene

IV. SUMMARY

We have calculated the absorption of energy from
tense laser pulses in diamond and graphite. An interes
nonlinear dependence of the absorbed energy on the
intensity is observed. Analysis of the density of states of
materials at different times during the action of the la
pulse shows that an enhanced absorption of energy is du
ultrafast changes in the DOS, which in turn are caused by
structural relaxation of the excited material setting in dur
the action of the exciting pulse. As these structural chan
occur on a time scale of approximately 100 fs the pulse
ration plays an important role in determining the influence
the structural relaxation on the absorption behavior.

In all our calculations we assumed normal external pr
sure. Note that as a consequence of the laser excitation
DOS at the Fermi level increases with time both for diamo
and graphite. At the same time, the density of the irradia
region decreases due to the expansion of the system. T
changes are related to the formation of carbon chains withsp
bonds, characteristic of the low density liquid phase
carbon.15 In fact, excitation of graphite and diamond by hig
intensity laser pulses leads to the formation of a low den
phase of carbon.16 The carbon chains have less conductiv
than thesp2 bonded graphite.17 Moreover, they are not nec
essarily connected among themselves, which makes the
ductivity of this liquid phase even lower. Thus, the increa
of the DOS at the Fermi level does not imply, in this partic
lar case, a formation of a metallic phase. This is consis
with experimental evidence that only at high pressures
metallic carbon phase possible.

In summary, the results show the dependence of abs
tion on the light pulse form and the occurring structu
changes of these materials. These results may also depe
the frequency and polarization of the laser pulse. Never
less, the fact that nonthermal processes may occur during
action of the laser pulse and thus change the absorptio
the material is of general validity.
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If we compare the theoretical result for the depende
of absorbed energy on pulse intensity for graphite~see Fig.
4! with the experimental result of Musellaet al.10 we find a
surprising similarity. Although the pulse durationt520– 30
ms in the experiment was far higher than that considere
the calculation, the increase of absorption at the melt
point should have a similar explanation to the increase
absorption at the damage threshold in the calculation. I
remarkable that the effect reported by Musellaet al. is also
present for ultrashort laser pulses.

ACKNOWLEDGMENTS

This work has been supported by the Deutsche F
schungsgemeinschaft through SFB 450. Our simulati
were done on the CRAY T3E at Konrad-Zuse-Zentrum̈r
Informationstechnik Berlin.

1K. Sokolowski-Tinten, J. Bialkowski, and D. von der Linde, Phys. Rev.
51, 14 186~1995!.

2K. Sokolowski-Tinten, J. Solis, J. Bialkowski, J. Siegel, C. N. Afonso, a
D. von der Linde, Phys. Rev. Lett.81, 3679~1998!.

3H. O. Jeschke, M. E. Garcia, and K. H. Bennemann, Phys. Rev. B60,
R3701~1999!.

4D. H. Reitze, H. Ahn, and M. C. Downer, Phys. Rev. B45, 2677~1992!.
5K. Sokolowski-Tinten, J. Bialkowski, A. Cavalleri, D. von der Linde, A
Oparin, J. Meyer-ter-Vehn, and S. I. Anisimov, Phys. Rev. Lett.81, 224
~1998!.

6J. P. Callan, A. M.-T. Kim, C. A. D. Roeser, E. Mazur, J. Solis, J. Sieg
C. N. Afonso, and J. C. G. de Sande, Phys. Rev. Lett.86, 3650~2001!.

7M. Lenzner, J. Kru¨ger, S. Sartania, Z. Cheng, Ch. Spielmann, G. Mour
W. Kautek, and F. Krausz, Phys. Rev. Lett.80, 4076~1998!.

8C. Rose-Petrucket al., Nature~London! 398, 310 ~1999!.
9A. Rousseet al., Nature~London! 410, 65 ~2001!.

10M. Musella, C. Ronchi, M. Brykin, and M. Sheindlin, J. Appl. Phys.84,
2530 ~1998!.

11W. H. Knox, D. S. Chemla, G. Livescu, J. E. Cunningham, and J.
Henry, Phys. Rev. Lett.61, 1290~1988!.

12M. Parrinello and A. Rahman, Phys. Rev. Lett.45, 1196~1980!.
13L. Verlet, Phys. Rev.159, 98 ~1967!.
14J. M. Haile, Molecular Dynamics Simulation: Elementary Method

~Wiley, New York, 1975!.
15J. N. Glosli and F. H. Ree, Phys. Rev. Lett.82, 4659~1999!.
16H. O. Jeschke, M. E. Garcia, and K. H. Bennemann, Phys. Rev. Lett.87,

015003~2001!.
17J. R. Morris, C. Z. Wang, and K. M. Ho, Phys. Rev. B52, 4138~1995!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp


