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Emission studies of Ba-hexaferrite plume produced by a KrF excimer laser
P. Papakonstantinou,a) M. C. O’Neill,b) R. Atkinson,c) R. Al-Wazzan, T. Morrow,
and I. W. Salter
Department of Pure and Applied Physics, The Queen’s University of Belfast, BT7 1NN, North Ireland,
United Kingdom

Optical emission measurements and intensified charge coupled detector images of a plasma
generated by the interaction of a KrF excimer laser with a Ba-ferrite target have been used to study
the laser ablation deposition of Ba ferrite thin films. Time integrated spectra were collected as a
function of distance above the target surface and as a function of oxygen pressure. Temporal profiles
showed that close to the target the plume is insensitive to ambient oxygen pressure and at greater
distances a much more pronounced influence is observed. Time resolved images of the overall
optical plasma emission clearly demonstrated how the presence of oxygen confines the plasma and
enhances its emission. ©1998 American Institute of Physics.@S0021-8979~98!29711-8#
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I. INTRODUCTION

The M -type hexaferrites are an important class of ma
rials for microwave, high-density magnetic and magne
optical ~MO! recording technologies.M -type Ba and Sr-
hexaferrite with perpendicular magnetic anisotropy ha
been previously grownin situ on ~001! oriented single crys-
tal substrates of Al2O3,

1 yttria stabilized zirconia~YSZ!, and
Si2, using pulsed laser deposition~PLD!. Our earlier studies
revealed that hexaferrite films prepared from stoichiome
targets at 840 °C, and 0.1 mbar for a target substrate dist
of 30 mm exhibited the highest degree of crystalline qua
and nearly bulk magnetic and magneto-optical properties
reduced oxygen pressures (,0.1 mbar) the films, which
where grown at 840 °C, displayed an enhanced fraction o
plane oriented (ci) crystallites while at increased oxyge
pressures
(.0.1 mbar) the surface was populated with outgrow
which also contributed negatively to the perpendicular
isotropy and made the surface rough.

We describe the propagation of excimer laser abla
plasma into background oxygen pressures, used for
growth, as observed by emission spectroscopy and inte
fied charged coupled detector array~ICCD! photography.
The emission characteristics of the plume were correla
with the quality of the Ba-hexaferrite films synthesized
PLD. First, we report on temporally integrated, spatially
solved emission spectra from plasmas along the direc
perpendicular to the target surface. The data were colle
for plasmas propagating both in vacuum an in an amb
oxygen, from which the composition and state of ionizati
of the emitting species could be deduced. We have also
vestigated the effect of oxygen pressure on the spatial
temporal behavior of a number of atomic and ionic specie
the plume. Effective species velocities were derived from
time dependent profiles and plasma temperatures were

a!Current address: FORTH, Institute of Electronic Structure & Laser, G
711 10 Heraklion, Greece.

b!Current address: Seagate Technology, Disc Drive, Springtown, L
donderry, N. Ireland, United Kingdom.

c!Electronic mail: Ronald.Atkinson@QUB.AC.UK
6850021-8979/98/83(11)/6858/3/$15.00

Downloaded 12 May 2013 to 143.117.16.36. This article is copyrighted as indicated in the abstract.
-
-

e

c
ce

y
t

in

s
-

d
m
si-

d

-
n

ed
nt

n-
nd
in
e
sti-

mated from the integrated line intensity ratios of ionic sp
cies. Furthermore, the expansion of the plasma in vacu
and oxygen ambient has been photographed with a ga
intensified CCD array camera system.

II. EXPERIMENTAL PROCEDURES

The apparatus used in the present experiments has
described previously.3 All measurements were carried out o
plasmas produced following KrF excimer laser~l
5248 nm, full width at half maximum~FWHM!520 ns! ab-
lation, in vacuum and oxygen pressures up to 0.5 mbar,
laser fluence of 2 J/cm2, with the laser beam incident at 45
to the rotating BaFe12O19 target. Temporally integrated emis
sion spectra were recorded by imaging, at a 1:1 magnifi
tion, the luminescent plume onto the entrance slit~25 mm
wide, 3.7 mm high! of a compact spectrograph~Oriel Mul-
tispec! fitted with a 1024 element photodiode array~Oriel
Intaspec!. The plasma was viewed perpendicular to its ma
expansion direction,z. The compact spectrograph/diode a
ray assembly was mounted on a micrometer driven tra
verse slide enabling the spectrograph slit to select light fr
sections of the plasma adjacent to the target (z,0.5 mm) to
sections 30 mm along thez axis. The detection system pro
vided wavelength coverage from 350–700 nm at a spec
resolution of;1 nm. All recorded spectra were integrate
over 100 consecutive laser pulses, accumulated at a re
tion rate of 10 Hz.

For temporally resolved measurements a gated inte
fied 1024 photodiode array and a digital delay genera
~DDG! was employed. This detection system had a tempo
resolution of;100 ns and a spectral resolution of;1 nm.
All spectra data were corrected for a wavelength variation
the intensified photodiode array system.

Temporally resolved two-dimensional~2D! imaging of
the total laser-induced plasma emission of a BaFe12O19 target
was performed using a fast gated, ICCD camera system

III. RESULTS AND DISCUSSION

Figure 1 presents a typical spectrum of the tempora
integrated plasma emissions observed 2 mm from the ta

-

-

8 © 1998 American Institute of Physics
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surface at a base pressure of 1025 mbar. Only emission lines
from Ba and Fe neutrals and singly ionized Ba species w
observed. Note that no lines could be assigned to ionized
species in this highly ionized region. This is not surprisi
since Fe1 does not have any strong emission lines in
studied wavelength range; presumably its presence is
scured by strong overlapping emissions emanating fr
other species.

Furthermore, no bands attributable to diatomic ox
molecules such as BaO and FeO could be detected eith
vacuum or under oxygen atmospheres along the plasma
pansion axis. The reaction of Ba with O2 to form ground-
state BaO is exothermic by 0.55 eV for low energy Ba ato
and would occur readily for more energetic Ba atoms wit
the plume.4 The BaO formed may undergo collisional exc
tation but its weak extended emission band system over
range of 450–750 nm renders identification difficult. T
absence of any identifiable strong BaO in the emission sp
tra is not therefore unexpected.

Conversely, the formation of excited FeO from oxidati
reactions of atomic Fe species at the plume oxygen inter
is considered unlikely. The reaction of Fe with O2 is endot-
hermic by 0.92 eV and does not occur for normal collisi
energies. Some gas phase oxidation might be expected
ing the earlier energetic phases of plume expansion but
FeO formed could dissociate rapidly~dissociation energy o
FeO is 4.18 eV! by collisions with energetic electrons in th
high temperature plasma or by single laser photon abs
tion. It is therefore likely that the ultimate Fe content in t
laser deposited films is mainly incident on the growing fi
in the form of atomic Fe and that appreciable oxidation
curs on the surface.

In the neighborhood of the target surface (z,0.5 mm),
Stark broadened ionic and atomic lines were superimpo
on a continuum background. The continuous emission, p
duced from a hot dense core has been reported5 during abla-
tion of several materials.

In vacuum the intensities of all species fell off by
factor greater than 10, over the first 10 mm. The decline

FIG. 1. Temporally integrated emission spectrum recorded at 2 mm fro
BaFe12O19 target at a base pressure of 1025 mbar.
Downloaded 12 May 2013 to 143.117.16.36. This article is copyrighted as indicated in the abstract.
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attributed to a reduction in electron impact excitation of t
plasma species as the ion and electron number densitie
crease due to free expansion into vacuum.

Introduction of oxygen caused a marked enhancemen
the emission at all wavelengths. This is due to confinem
of the plasma material within a smaller volume by the high
ambient oxygen pressure, hence enhancing the rate of c
sional excitation and the corresponding visible emission
continuous increase in emission with oxygen pressure
observed in the 0<z,20 mm region. However, for distance
of 20 to 30 mm, the radiated emission increased and reac
a maximum at 0.1 mbar above which it fell off. Havin
previously recognized, that the best quality hexaferrite fil
are obtained at 30 mm and 0.1 mbar, it can be insinuated
the excited state species provide the necessary surface
bility to promote perpendicularly (c') oriented growth.

It is interesting to examine the nature of the emitti
species and effective plasma temperatures along the ax
the plume at 0.1 mbar. Beginning at 2 mm, the main spec
characteristics were similar to those found in vacuum~Fig.
1! i.e., predominant radiation from Ba1 with less prominent
emissions from neutral Ba and Fe. However, at distan
further away from the target, this dominance of Ba1 transi-
tions slowly receded and stronger emissions from Ba and
neutrals emerged as a result of collisional recombination p
cesses. Assuming local thermodynamic equilibrium con
tions, the effective temperature of the plasma, as estim
from the temporally integrated Ba1 emission line intensity
ratios decreased over the range 1.4–0.8 eV as the co
front of the plume expanded from 2 to 30 mm. The hi
temperatures~9500 K! of the species incident on the growin
film are thought to facilitate film crystallization and oriente
growth.

Further insight into the ablation process was gained
recording the temporal evolution of the Ba~553.5 nm!, Fe
~438.3 nm!, and Ba1 ~614.2 nm! emissions at positions 5, 10
and 20 mm from the target, in different oxygen pressur
The delay time, at which peak radiation was attained, yield
straightforwardly the most probable front axial velocityyz .
The results indicated that at small distances from the ta
surface (z55 mm), the Ba1 species outnumbered the Ba an
Fe neutral population in agreement with the time integra
data. Moreover, the intense ion emission front was obser
in advance of the corresponding neutral front by 10%–20
Increasing the oxygen pressure up to 0.5 mbar caused
increase in the emission intensities and a minor shift in
corresponding temporal profiles towards greater delay tim
It appears, that the dense plasma expands virtually un
dered by the background oxygen at this region. The exp
nation for the nondependence of the species velocity on
oxygen pressure is to be found on the mass of the abl
products which is large compared to that of the backgrou
gas, set in motion by the plume.6

Increase in oxygen pressure had a more pronounced
fluence on the temporal profiles at greater distances from
target. Figure 2 shows the Fe~438.3 nm! time traces at 20
mm. Evidently the emission maximum is increasingly d
layed by an increase in oxygen pressure which implies
the plasma expansion is slowed by the higher oxygen p

a
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sures. Moreover, comparable maximum velocities (yz) were
obtained for the emission fronts of all the species~;8.4
3105 cm/s at 0.1 mbar and;4.63105 cm/s at 0.5 mbar!. A
closer inspection of the temporal profiles recorded at 20
revealed a fast and slow component, the latter being e
nently intensified with oxygen pressure.

At 0.5 mbar the plasma front was cooled to such
extent that a decrease in the peak emission was observ
the location of 20 mm~Fig. 2!. It is apparent that a furthe
decrease in the peak emission is expected at the longer
tance of 30 mm for the same oxygen pressure. At 0.5 m
the luminous plume length is smaller than the targ
substrate distance of 30 mm and mainly thermalized no
minous species, transported by diffusion, reach the subst
The low kinetic energies of the species, together w
changes from the stoichiometric arrival cation ratio, are
sponsible for the presence of misaligned grains and/or
eign phase in the films grown at pressures much higher
0.1 mbar.1 Nevertheless, optimum crystalline and morph
logical properties could be obtained for a target subst
distance of about 30 mm at a pressure of 0.1 mbar, i.e., f
substrate position within the end of the fully expand
plume.

In Fig. 3 are shown 2D images depicting expanding v
ible Ba ferrite plume in vacuum and 0.1 mbar 1 and 2ms
after the laser impact. It is clearly shown that the backgrou
oxygen pressure confines the plasma slows its expansion
enhances the emission particularly at its expansion front.
bright luminance at the expansion front, is correlated prin
pally with the delayed intense peaks of Fig. 2.

A qualitative picture of the plasma plume dynami
emerges from these spectroscopic results. In vacuum
‘‘hot’’ highly ionized material expands rapidly in essential
a free collisionless expansion, strongly forward directedyz

;6.63106 cm/s), leaving behind it, cooler, slower, main
neutral material. In an oxygen atmosphere, the fast com
nents at the contact front are progressively slowed down

FIG. 2. Temporally resolved emission profiles of Fe recorded 20 mm f
the target, in 1025, 0.1, and 0.5 mbar oxygen.
Downloaded 12 May 2013 to 143.117.16.36. This article is copyrighted as indicated in the abstract.
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sulting in collisional redistribution of highz directed veloci-
ties intox andy directions7 producing a more homogeneou
plasma with an equilibrated temperature smaller than 1 e

IV. CONCLUSIONS

Temporal emission profiles and time resolved ICCD o
tical images of the plasma clearly demonstrate, how incre
ing the oxygen pressure confines the plasma, slows its
pansion and enhances the emission particularly at
expanding front. It is concluded that the role of oxygen pr
sure is not only to supply the oxygen constituent to the fi
but also to slow down the highly energetic species wh
otherwise will cause damage to the deposited layer.
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FIG. 3. ICCD images of the visible plasma emission recorded 1 and 2ms
after laser impact upon a BaFe12O19 target in an oxygen pressure of 1025 ~a!
and ~b! and 0.1~c! and ~d! mbar.
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