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The dynamical properties of copper metal are obtained on a picosecond time scale using 100 fs laser
pulse at 1015 W cm−2—an intensity regime relevant to femtosecond micromachining. The
dissipation mechanisms and scaling laws spanning a wide temperature range are obtained from
femtosecond pump–probe reflectivity. We observe obliteration of the crystalline structure in copper
within 400 fs due to lattice disorder caused by the intense laser pulse. The electrical resistivity is
obtained by studying the probe reflectivity evolution from 0 to 30 ps. The “resistivity saturation”
effect in an unexplored regime intermediate to hot plasma and cold solid is studied in detail. The
temperature evolution and thermal conductivity values are also obtained. ©2005 American Institute
of Physics. [DOI: 10.1063/1.1834726]

I. INTRODUCTION

The availability of femtosecond lasers has sparked con-
siderable work in both fundamental and applied physics.
There has been a great deal of interest in understanding the
evolution of a solid that is impulsively heated by a subpico-
second laser pulse, thereby creating highly nonequilibrium
conditions.1,2 Substantial understanding of the electronic
properties of solids in nonequilibrium and short time
scale regimes has come from relatively low intensity
s,1012 W cm−2d experiments.3–6 At sufficiently high inten-
sity, phenomena like ultrafast phase transitions, thermal, and
nonthermal structural transformations and melting dynamics
have been attracting significant attention.7–10 In the “high
intensity” regime, ultrashort laser pulses have been instru-
mental in understanding the properties of solid plasmas un-
der conditions of extreme temperatures and high
densities11,12that resemble stellar interior conditions. The dy-
namics of solid evolution for laser pulse intensities
ù1014 W cm−2 has immediate importance in view of the in-
creasing application of femtosecond laser pulses for preci-
sion micromachining and material processing.13–15

As a general framework, it has been established that
when a short laser pulse hits a solid, the electrons are el-
evated to 1–2 orders higher temperature than the lattice.1,2

Within the electron subsystem the energy exchange times-
cales are of the order of 10−14 s for Te.1 eV; thus electrons
are in local thermodynamic equilibrium and can be charac-
terized by a single temperature value. Strongly coupled ions
can also be similarly described by a single temperature
value. Thus, the situation can be approximately modeled as a
two-temperature nonequilibrium system. The understanding
of laser energy absorption under such situations is crucial as
it can help determine electron and thermal transport, equa-
tion of state, structural properties, and phase transitions. As
the energy deposition by the pump laser occurs very rapidly
the temperature is expected to reach 50–100 eV before any

bulk motion of target material can take place. Thereafter the
interplay of lattice and electron dynamics collectively de-
cides the behavior of the material. This makes the modeling
of thermal and electrical conductivity both complex and
highly interesting from the physics point of view. To our
knowledge, there exists no general theoretical formalism to
encompass the transition from hot plasma to cold solid over
picosecond timescales. Time resolved reflectivity is thus a
powerful tool to extract dynamical information about such
nonequilibrium systems. A very interesting example of the
application of time resolved reflectivity is the demonstration
and measurement of the properties of the fluid phase of car-
bon, which exists only in very high temperature and pressure
regimes.16

Here, we determine the electrical and thermal properties
of copper using time resolved femtosecond pump–probe re-
flectivity to study the entire range of evolution from hot
plasma to a cold solid. We address the question of time taken
for the disintegration of regular crystalline structure of the
solid after interaction with intense ultrashort laser pulse. We
monitor the interband absorption in copper to establish a
time scale for lattice disordering. We classify our study of
time resolved reflectivity into three temperature regimes,
namely, high temperature hot plasma limit, low temperature
limit, and the intermediate case. We carry out a time resolved
study to establish the mechanisms of energy damping and
temperature scaling of various processes over the time scale
0–30 ps. We obtain the evolution of collision frequency
(which determines laser energy dissipation), dc-electrical re-
sistivity, and thermal conductivity as a function of time and
electron temperature. We observe that the collision frequency
snd scales asTe

−3/2 in the hot plasma limit, as expected, where
Te is the electron temperature. For very low temperature
equilibrium conditions, dissipation is expected to arise from
electron–phonon collisions mainly andn~Ti, whereTi is ion
temperature. However, when the electron temperature
is more than the Fermi temperature and ion temper-
ature, electron–electron scattering, which goes asTe

2, is gen-
erally assumed to dominate over the electron–phonon
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contribution.17–19We verify this phenomenon experimentally
under the above temperature conditions. The intermediate
transition regime exhibits the phenomenon of “resistivity
saturation,” where the electron mean free path becomes of
the order of interparticle spacing. In this intermediate tem-
perature regime our results on electrical resistivity and ther-
mal conductivity are different in the sense that there exist no
established scaling laws to estimate material properties in
this regime. The difficulty in understanding the intermediate
regime stems from the fact that one cannot use a simple
weakly coupled plasma description and the collision fre-
quency has to be determined rigorously, taking care of strong
coupling between electrons as well as between ions.20

II. GOVERNING EQUATIONS

The behavior of a metal under the action of laser pulse,
i.e., energy absorption processes, and the concomitant evolu-
tion of electron and ion temperature, can be modeled by the
following set of equations:2

CesTed
]Te

]t
= k¹2Te − gsTe − Tid + Asr,td, s1d

Ci
]Ti

]t
= gsTe − Tid, s2d

d2E

dx2 + k2sn2 − sin2 udE = 0, s3d

d2B

dx2 + k2sn2 − sin2 udB − i
4p

ckn2

ds

dx

dB

dx
= 0. s4d

Equations(1) and (2) are coupled equations for the electron
and ion temperatures, respectively. HereCe sCid is electron
(ion) heat capacity,g is electron–phonon coupling constant,
k is thermal conductivity, andA represents the laser energy
absorption. Equations(3) and(4) are Helmoltz equations for
propagation ofs- and p-polarized laser pulses, respectively,
in a finite scale length density gradient inside the metal. The
refractive indexn for Drude (intraband) absorption is of the
form, n2=1+i4ps /v; v is the laser frequency ands is the
conductivity given bys=1/4psn+ ivdfvp

2/ sv2+n2dg, where
vp=4pnee

2/me, the plasma frequency.

III. EXPERIMENT

For our experiment we obtain high intensity(3
31015 W/cm2, 100 fs, 806 nm) pulses from a custom built
chirped pulse amplification Ti:S laser which is described in
detail elsewhere.21 A small part of the laser light is frequency
doubled in a thin BBO crystal to produce a 403 nm probe
pulse. The laser pulse contrast ratio was 10−5 at 1 ps for the
fundamental and is expected to be 10−10 for the second har-
monic probe. The targets used in these experiments were
polished metal discs with flatness better thanl /5. The delay
between pump and probe is changed in small steps using a
precision translation stage. The pump and probe spot sizes
were 30 and 20mm respectively. The incident pump isp
polarized and incident at 50° with respect to the target nor-

mal. The 403 nm probe is at near normal incidences,5°d
and is alsop polarized. The probe intensity is 1012 W cm−2,
i.e., 3000 times weaker than the pump. In the data presented
here we monitored the temporal behavior of probe reflectiv-
ity from −5 to +30 ps time delay. The reflectivity of the
probe was found to remain specular within our range of in-
terest. This was checked by collecting light from nonspecular
directions onto a photodiode and monitoring the signal as a
function of time delay. Two similar photodiodes were used to
measure the specularly reflected laser energy and input laser
energy variation, respectively. The pump–probe reflectivity
was obtained for copper. Copper is not a “simple metal” like
aluminum and has not been studied in this intensity and tem-
poral regime. Aluminum reflectivity is, however, also ob-
tained here to serve as a comparison with copper.

IV. RESULTS AND DISCUSSION

Figure 1 shows the time resolved reflectivity of a weak
403 nm probe from metal irradiated by 806 nm, 3
31015 W cm−2 pump laser. On the negative delay side,
where the probe is ahead of the pump, the reflectivity is 50%,
which is the same as room temperature reflectivity of copper
at 403 nm. The low value of reflectivity is due to strong
interbands3d-4pd absorption in copper. In comparison, alu-
minum behaves as a simple metal at 403 nm, and has 92%
reflectivity at negative delay(Fig. 2). The absorption in alu-

FIG. 1. Time resolved reflectivity of probesl=403 nm,I=1012 W cm−2d
from copper irradiated by 331015 W cm−2, 806 nm pump pulse incident at
50°.

FIG. 2. The higher resolution reflectivity for copper and its comparison with
aluminum near zero time delay position.

023526-2 Sandhu, Dharmadhikari, and Kumar J. Appl. Phys. 97, 023526 (2005)

Downloaded 30 Jan 2005 to 158.144.1.214. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



minum is solely due tointerbandtransitions(Drude model),
whereasintraband transitions play a prominent role in cop-
per. The interesting feature of Copper reflectivity is the sharp
rise near zero delay(Fig. 1). In order to understand this bet-
ter we also carried out higher resolution runs for both copper
and aluminum near zero delay and raw data are shown in
Fig. 2. In the case of copper we see a sharp rise from 0.5 to
almost 0.9 in about 400 fs, and then reflectivity starts to de-
crease again. In aluminum, reflectivity rather than showing
any increase shows expected Drude behavior and falls rap-
idly from 0.9 to 0.3 in about 400 fs, thereafter followed by a
slower decrease. The reason for the sharp increase in copper
is thus related to interband transitions because any other ef-
fect related to intraband or Drude absorption should have
been similar in both metals. Thus, we here isolate the effect
of intense laser irradiation on the band structure of a solid,
which is a measure of crystalline order. Near the zero delay
position, metal experiences intense conditions that lead to
high temperatures and ionization. One can expect these
strong excitation conditions to induce lattice instability,
which grows very fast and leads to complete suppression of
interband absorption processes. Increasing temperature by it-
self can lead to larger separation of the atomic levels, and,
hence reduced 3d-4p absorption.12 The sharp reflectivity
change from 0.5 to 0.9 is thus a clear demonstration of the
disintegration of regular crystalline order in a metal induced
by intense ultrashort laser pulse. Our results in Fig. 2 show
that the time taken for complete loss of order is 400 fs, i.e.,
more than the pulse width of the laser pulse. The lattice
structure is also disordered to some extent via an ultrafast
melting process, but that is not the major mechanism as dis-
cussed below.

At the peak of probe reflectivity the pump laser has com-
pletely vanished, leaving behind a hots,50 eVd, expanding
plasma. Now intraband or Drude processes basically govern
the absorption in the plasma. In this regime the temperature
and collision frequency will change with time, and together
with increasing length scale, will result in reflectivity behav-
ior as shown in Fig. 1. For quantitative understanding we
numerically solved the Helmoltz equation, following Milch-
berg and Freeman,22 for the p-polarized probe propagating
inside hot evolving plasma. The atomic density profile is
assumed to be parabolic, of the formN=N0s1−x/Ld2, where
N0 is the atomic density of the solid. The electron density is
determined usingnesxd=nsolidNsxd /N0. As indicated in Ref.
22, the calculation for reflectivity does not vary much be-
tween this method and using the local thermodynamic equi-
librium method to deducene from N and Te. The plasma
scale lengthLstd is estimated from Doppler shift measure-
ments of the probe and is also consistent with electron tem-
perature profiles discussed later. The collision frequency is
also assumed to be dependent onx via the functional form
n /v~ s1−x/Ld2. Then for each reflectivity value, we solve
Eq. (4) above for the value of collision frequency parameter
n needed to get corresponding reflectivity at that instant of
time as shown in Fig. 3(x axis on top andy axis on right).
The collision frequency is seen to first increase fast from 6
31015 to 1.531016 s−1, in a span of 1–3 ps. Then it shows
a broad plateaus3–15 psd before falling off again. We use

the collision frequency information to deduce the dc resistiv-
ity rdc, a more important and commonly used parameter that
is related to collision frequency asrdc=nm/nee

2. This, and
other parameters henceforth, were obtained at an electron
density equivalent to a solid density of 8.4731022 cm−3. The
resistivity obtained varies between 200 and 500mV cm in
the same fashion as collision frequency. The regime of broad
maxima is called the resistivity saturation regime.23 Before
discussing resistivity further it is very useful to estimate elec-
tron and ion temperatures corresponding to time scales in-
volved. For the evolution of temperature we solve coupled
diffusion equations for electron and ion temperatures. The
thermal conductivityk is taken to be of the form24 k
=k0sTe/nd, where k0=7.531013 Jm−1 K−2, obtained as in
Ref. 25. The electron specific heatCe varies as
96.6Te Jm−3 K−1 at low temperatures5 and as 1.5kBne at
high temperatures.18 We use harmonic interpolation for inter-
mediate temperatures. The ion specific heatCi =3 kBni and
coupling constantg is taken25 as 1017 Wm−3 K−1. The laser
energy absorption is incorporated assuming a Gaussian in-
tensity profile of the laser pulse with the half width of 100 fs.
The resulting electron and ion temperature profiles at solid
density are shown in Fig. 4. The approximation we use here
for electron and ion specific heat modeling is somewhat
crude, but in absence of the exact knowledge of the specific

FIG. 3. The electrical resistivity and collision frequency as a function of
time delay(top axis) and electron temperature(bottom axis). The solid lines
are for appropriate scaling laws and the dotted curve is the theoretical upper
bound on resistivity.

FIG. 4. The electron(line) and ion(open squares) temperature evolution as
a function of time delay.
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heat behavior these approximations are widely used under
temperature and intensity conditions similar to ours.18 How-
ever, despite this fact, the main conclusions of this work are
unaffected, as we here illustrate the fundamental concepts
and scaling of short pulse matter interaction in different re-
gimes. The electron temperature sharply increases to about
50 eV in less than a picosecond while ions are still two or-
ders of magnitude lower in temperature, thus resulting in a
highly nonequilibrium situation. The dynamics after the
pump pulse is determined by electron lattice coupling and
electron thermal conductivity. As seen from Fig. 4, the elec-
tron temperature decreases fast, and substantial equilibration
of the electron-ion system takes place in 25 ps. It is interest-
ing to note that the ion temperature reaches melting tempera-
ture of copper before the intensity maximum of the pump
pulse is reached. This is expected at our laser intensity. Thus
the structural changes due to “ultrafast melting” that occur
on the rising edge of the pump laser pulse can also contribute
to decrease of interband absorption near zero delay. How-
ever, that alone cannot obliterate band structure, as evi-
denced by the relatively large absorption at 100 fs duration
as shown in Fig. 2. This is indicative of the fact that ion
correlations are preserved to a sufficient extent even in the
transition from a solid to a liquid state occurring on a very
short time scale.

We obtain the bottom axis for Fig. 3 usingTe as a func-
tion of time from Fig. 4. Thus we now obtain dc-electrical
resistivity and collision frequency as a function of both elec-
tron temperature and time. Two limiting cases can be clearly
seen within our study, a high temperature limit where resis-
tivity falls with temperature from 500mV cm to 200mV cm
and a low temperature limit where resistivity rises with in-
creasing temperature. This is not unexpected as in the hot
plasma limit whereTe@EF /kB (EF is Fermi energy), the col-
lision frequency and, hence, the resistivity goes almost as
Te

−3/2. The solid line on the right side of the graph indicates
the exact Te

−3/2 behavior. At the lower temperature side
sTe,EF /kBd, the resistivity varies asTe

2 (solid line on the
right side of Fig. 3). This indicates that the electron–electron
scattering, which goes asTe

2, dominates over the electron
phonon scattering, which should vary asTi. However, it is
important to note that the system spends most of its time
s3–15 psd in the intermediate temperature regime, thus mak-
ing this regime even more important.

The intermediate transition regime shows very little
variation and represents saturation of resistivity around
450 mV cm. The maximum value for resistivity(collision
frequency) can be determined by the condition that the mean
free pathle, between two collisions is greater than the inter-
particle distancer0, which can be calculated ass3/4pned1/3.
This condition can also be written asnøVe/ r0, whereVe is
the characteristic electron velocity, and can be deduced from,
Ve=ÎVFermi+kBTe/m;VFermi is the Fermi velocity. The esti-
mated maximum ofn andr is plotted in Fig. 3 as the dotted
line. The experimental saturation behavior is evidently in
good agreement with this simple theoretical estimate for
maximum of resistivity.

The thermal conductivityk=k0sTe/nd, which was de-
duced above, is as shown in Fig. 5. The high temperature

shows the expected behavior,Te
5/2. On the lower side of the

temperature scale,k goes asTe
−1, again as expected fromk

~Te/n. In order to observe the scaling asTe/Ti, i.e., where
electron–phonon interaction starts dominating momentum re-
laxation, one has to access even lower temperatures.

V. CONCLUSION

In conclusion, time resolved pump–probe reflectivity has
enabled us to measure the time duration for the structural
disintegration process to be approximately four times the la-
ser pulse width. We have deduced the collision frequency,
the dc-electrical resistivity, electron and ion temperature evo-
lution, and thermal conductivity of a solid irradiated by an
intense ultrashort laser pulse. At high temperatures, the col-
lision frequency goes asTe

−3/2, as expected for a hot plasma.
At lower temperatures we establish the importance of
electron–electron scattering, which goes asTe

−2, as the prin-
ciple energy dissipation mechanism over electron–phonon
scattering. The behavior of metals in the intermediate, unex-
plored, temperature regime is obtained in detail. The satura-
tion resistivity values,450 mV cmd in the intermediate re-
gime agrees well with theoretical estimates. We believe that
knowledge of temperature and time dependent evolution of
these parameters would be useful for emerging applications
that involve the use of ultrashort laser interaction with
metals.
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