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Abstract

A Ramm microprobe and high resolution TEM have been used to analyze the rest+
Iidified region of liquid carbon generated by picosecond pulse Iaaer radiation. From the
relative “intensities of the zone center R-an-allowed mode for graphite at 1582cm- 1
and the disorder-induced mode at 1360cm- ‘, the average graphite crystallite size in the

resolidified region is detemined aa a function of position. By comparkon with Ruther-
ford backscattering spectra and Raman spectra from nanosecond pulsed lzwer melting
experiments, the disorder depth for picmecond pulsed l~er melted graphite is deter-
mined as a function of irradiator.g energy density. Comparkons of TEM micrographs for
nanosecond and picosecond pulsed l=er melting experiments show that the structure
of the hwer disordered regions in graphite are similar and exhibit similar behavior with
increasing lsuer pulse fiuence.

Introduction

Currently, the primary focus of pulsed laser irradiation studies L the interaction of a
high power ker pulse with a crystal lattice. The pulsed Ieser heating technique can also
be applied to the study of high temperature materials ud their ~5~se transformations.
Studies of the effects of pulsed Isaer xradiation on carbon have be~.1 . +“rtaken to deter-
mine the high temperature properties of graphite and liquid carbc. 2,3]. From these
studies different ~mcheions ●bout the properties of liquid cz -“ -.,..e been drawn.

A po~sible cause for the controversy might be that graph- .ltem different phases
depending upon the duration and power density of the heatir.G l-m pulse. lhnsitions
to different phaaea could then result from difference in the premure applied to the
surface induced by vaporisation. A phase diagrm proposed by Ferr= and March[q]
incorporating two liquid phases in given in Fig.. The metallic liquid phase was observed
by Bundy[5] during pulsed current heating of graphite rode ●t high pres~ure. Transient
electrical conductivity memtr~ments ●t low pressure by Jones[6~ indicated the insulating
liquid phase. The phase transition between the insulating end metallic liquid phases
haa ILd been observed experimmtally, but the trusition must be first order to account
for the radically different properties of the metallic and insulatin~ liquid phsaes[4]. The
existence of two separate liquid phsaee of carbon might then explain the conflicting
memtrements of the optical and thermal properties of liquid carbon and determine
whether liquid carbon hae both a liquid metai pheae[2,7] and a liquid semiconductor or
insulator phase[3,8].

Experimental Remlta

RamM microscopy and TEM have been used to study the structural properties
of the disordered region remaining ●fter graphite is irradiated with 20pBac FJd:YAG
laser pulses at . ;-l#m. Tha resultm have been compared with the resulto from similar
measurements on the disordered region remaining after irradiation with 30nnec ruby



laser pulses at 694n.m/9,10]. In addition, the disorder layer thickness is calibrated for
graphite irradiated by the 20psec pulses by comparisons of Raman spectra and Ruther-
ford backscattering data of pulsed ruby laser irradiated graphite[l].

The results of Rmmm maurements in both the picosecond sad nanosecond regime
are given in Fig. 2 as ● function of the inadiating energy densi~. Specifically, the
intensi~ of the disorder-induced mode, 11=, in graphite is compued to the intensity
of the Raman-active mode, 1160Z. The abscissas in the figure have been set so that
comparisons between the two irradiating conditions can be made easily. The ratio of
the intensities, llW/J1M2, has been related ta the average crystallite size in disordered
graphite by Tuinstra and Koenig~l 1] and is given on the right hand ordinate. As CIU-I
be men fkom Fig. 2, the general trend in both the nanosecond and picosecond regimes
is to create a highly disordered region at irradiating energy densities close to the melt
threshold. ti the irradiating energy density is increased further the average crystallite
sir’ reaches a minimum and then begina to increaue. It should be noted that the Raman
spectra for picosecond pulses betxwen 0.7 and 0.9J/cm2 were characteristic of amorphous
carbon and therefore no intensity ratio could be determined.

The disorder layer thickness remaining after l~er irradiation can be determined
by comparing the relative intensities of the Raman spectra for the nanosecond and
picose~ond pulse irradiated ssmplee and by correlating th ~ intensity ratios with RBS
meuw’ ~+nts of the disordered region of pulsed ruby luer irradiated graphite. A plot
of disorder layer thickness versus incident energy density using thio method is given in
Fig. 3. From Fig. 3 the disorder layer thickness remaining after 20psec pulse irradiation
appears to track the 30nsec pulse results well.

For both the nanosecond pulse and picosecond pulse regimes there is a well defined
threshold and a region where the disorder layer thickness grows nearly lin mr]y with
energy densi~. For energy densities above 2.OJ/cm’ md 0.5J/cma for the nanosecond
pulse and picosecond pulse regimes, re~pectively, ● saturation at ~ 2000A appears in
the disorder layer thickness. The saturation thicknesu for the picosecond puls- appears
smaller than for the nanosecond pulses. This is probably due to differences in the optical
properties of graphite ●t . f q~m and 6943A, reduced thermal transport on a picosecond
time scale (i.e. different unounts of vaporisation), and the crudeness of the technique.

The slmildty in behavior betweeri nanomcord and picosecond Irradiation is verified
by examining the irradiated region by transmission electron microcopy. As shown in
Fig, 4, the in-piane electron diffraction pattern shows both (001) rings and (hkO] rings.
Patterns of this nature Me indicative of a random dispersion of very fine turbostatic
graphite grabs (no 3-dimensional c~~~tallog~aphic correlations). The gr~in size in the
resolidified material csn bo determined indirectly by measuring ring widths in electron
diffraction patterns or by directiy imaging the grain ctructure. Real space imaging r-
-uIts on sunples irradiated in the picosecond regimeBhowrmdomly oriented turbostatic
grains with an a/c aopect ratio of ●bout 2. The grain tize on the ●-direction is ~10 nm
and i~l the c-direction is 4 nxn. A grain xcorpno]ogyof this nature is consistent with
surface energy minimization.

DlocuMlon

From our ualyuis, the stmcture of the resolidi9ed material created by both nanosec-
ond pulse and picosecond pulse l~er radiation is qualitatively tbe uame. For both c~es,
the resolidified material ia composed of small randomly oriented graphite crystallite
which increase in size aa the duration of the melt incresses. Becnuse of the structural



similarity of the resolidified material, the liquid phases created in both cases must be
similar.

The different properties of liquid carbon are based on the fundamental difference
in the structure of the liquid necessary for either a liquid metal or insulator phase. A

liquid metal model for liquid carbon assure= that the liquid is composed of atomic
carbon and that a large fraction of the valence electrons contribute to the electrical
trsmsport properties. A liquid insulator model assumes that the liquid is composed
of small molecular units where most of the valence electrons will be used in chemical
bonding and thus not cotltribute to electrical transport.

The observation of similar microstrcutures in the resolidified material and the ob-
servation of different liquid phases for the two heating reg”nes may be reconciled by
a closer examination of processes occurring during heating. During nanosecond pulse
heating there is the expulsion of particles from the surface during the laser pulse which
apply pressure to the surface. From a simple consermtion of momentum model for the
pressure from evolved particles during nanosecond pulsed l=er heating[12], the pres-
sure applied during nanosecond pulse lcuer heating can be as high as 1,5Kbar. From
the phase diagram by Ferraz and March, the phase generated by nanosecond pulse
lwer heating would be a metallic liquid. For the case of picosecond pulse laser heating,
the simple corwemation of momentum model does not apply because the energy in the
pulse will be transferred to the graphite lattice f~ter than vaporisation can increiue
the pressure on the surface. The pressure on the surface of the graphite heated in the
picosecond regime will hence be lower tkan for nanosecond pulse heating corresponding
to the low pressure region of the Ferraz-March phue diagram,

The similar appearance of the resolidified material may be accounted for by resuming
the insulating ph=e of liquid carbon is composed of small molecular units of carbon.
Small molecular units of two to six carbons could form a liquid and upon resolidifying
be indistinguishable from the resolidification of M atomic liquid. The properties of the
small molecular unit liquid would follow the liquid insulator model since most of the
valence electrons would still participate in chemical bonding for molecules as small as
c~.

Conclusions

Simi!ar structures are observed in the resolidified regions of melted graphite created
by 20psec pulse 1,06pxn Nd:YaG laser irradiation and by 30nsec pulse ruby laser irradi-
ation. Characterization by both Raman spectroscopy and TEM show that in both cases
randomly oriented microcrystalline graphite is created. By using Rutherford backscat-
tering data of the resolidi6ed ruby laser melted graphite u a gauge, we can for the
first time nondestructively determine the disorder layer thickness for regions irradiated
with laserpulses of picosecond duration using Raman spectroscopy. To resolve the
controversy in experimentally determined properties of liquid carbcn, s more careful
examination of the liquid state and solidification processes will be 1equired.
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Figure 1: Phase diagram proposed by Ferrazand Much for high temperature and low

pressure regime for carbon. The ph=e transition at - lKbar w= wumed so that the

two phxes of the !iquid may De incorporated in the ph=e diagram.

Figure 2: Intensity ratio ll~m/1158: for Figure 3: Disorder layer thickness = a

ltier irradiated graphite as a function function of incident energy density for

l=er energy density. for 30nsec ruby l~er 20psec 1.06pm Nd:YaG I=er pulses and

irradiation (lower abscissa) and 20psec for 30nsec ruby ker pulses. Note the sim-

N’d:YaG laser pulses (upper abscissa). ilar behavior including what appears to be

saturation near 2000A.

Figure 4: Selected Mea electron diffraction pattern from the damaged region of a sample

irradiated with 1.7 J cm-’ picosecond pulse
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