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Pulsed excimer laser irradiation effects (A = 308 nm, 7 = 10 ns, w = 3 J/cm?, N = 2 laser pulses/
spot, repetition rate 1 Hz) on the magnetic properties and phase composition of thermally annealed
FeosCo,5B,5Si, metallic glass have been studied by transmission and conversion electron Moss-
bauer spectroscopy (CEMS). Radiation-driven surface modifications were examined by scanning
electron microscopy (SEM). Excimer laser induced amorphization was observed in partially crystal-
lized FegsCo,4B,5Si, samples (T, = 648 K, 7, = 1 hour) and was found to be accompanied by the
development of laser-induced magnetic anisotropy. In totally crystallized Fe,,Co,¢B,Si; speci-
mens (T, = 723 K, t, = 1 hour), the effect of excimer laser induced amorphization exhibited phase
selectivity with respect to the crystalline components of the alloy system. When compared
to bulk data, a different behavior of the surface magnetic texture and relative abundance of
alloy phases was observed. The laser-induced phase transformation of thermally annealed
FeqsCo,4B,sSi, specimens was shown to consist of partial amorphization and surface oxidation of
the irradiated material.
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Introduction

In order to understand and modulate the funda-
mental properties of advanced magnetic materials, a
promising approach is to establish and correlate the
mechanisms and controlling factors of microstructure,
magnetic texture, and selective phase transformations
in amorphous systems during laser processing.

Recently, we proposed the use of pulsed excimer
laser radiation to study unconventional aspects of ma-
terials response by selectively inducing localized
changes in the system under investigation [1—7]. Fun-
damental effects underlying the interaction of excimer
laser radiation with amorphous metals, such as ex-
cimer-laser-induced magnetic anisotropy [1, 3—5] and
excimer-laser-induced crystallization [2, 5] were
demonstrated and found to depend on the values of
the irradiation parameters and materials properties.
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The present study has been performed in order to
explore the possibility of controlling the magnetic
texture and phase equilibrium in thermally annealed
Fe-Co based metallic glasses by means of excimer
laser irradiation. Due to its local-probe character and
the possibility of investigating both bulk and surface
characteristics separately, Mossbauer spectroscopy
was used to monitor the changes in magnetic an-
isotropy and phase composition, induced by employ-
ing different thermal annealing and laser irradiation
treatments. Complementary information on related
morphological changes was obtained using SEM.
Excimer-laser-induced amorphization effects were
demonstrated in partially and completely crystallized
FegsCo,3B,5Si; samples and found to exhibit selec-
tivity with regard to the crystalline phases in the alloy
system.

Experimental

Amorphous alloy FegcCo,gB,5Si; (Metglas 2605
CO) was supplied by Allied Signal Inc. in the form of
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20 pm thick ribbons. The material has a Curie tem-
perature T = 688 K, a crystallization temperature
T.=703K, and a magnetostriction constant of
35 ppm.

Partially and completely crystallized FegqsCo,g
B, sSi, samples were prepared by annealing the amor-
phous specimens for t, =1 hour at T, = 648 K and
723 K, respectively. These samples were further ex-
posed to the 4 =308 nm radiation generated by a
XeCl excimer laser (Lambda Physik), with the pulse
width 7=10ns, capable of giving an energy
W,=75ml/pulse. A single-pulse energy density
w=3J/cm? corresponding to a laser fluence
@, =5 x 10*8 photons/cm? was achieved by focusing
with a cylindrical fused-silica lens to a spot size of
0.5 x 5mm? Thermally annealed samples of
FegcCo,4B,sSi; were irradiated with 2 laser pulses
per spot at a repetition rate of 1 Hz. An acceptable
degree of homogeneity was obtained by laser-beam
scanning of the sample surface, which was placed on
an x-y-z micrometer translation stage.

Room-temperature transmission Mossbauer spec-
tra were recorded with the y-ray perpendicular to the
ribbon plane using a constant acceleration spectrome-
ter (Ranger Scientific). The 25 mCi y-ray source was
37Co diffused in Rh matrix, maintained at room tem-
perature.

CEMS spectra of as-annealed and laser-treated sur-
faces of the metallic samples were collected using a
flowing He-CH, electron counter [8]. The back-scat-
tered electrons into 27 solid angle were recorded, so
that the behavior of surface layers of ~ 100 nm could
be detailed.

Least-squares fitting of the Mssbauer spectra cor-
responding to thermally annealed and laser irradiated
samples was performed with the NORMOS DIST
program [9] in the assumption of Lorentzian line-
shapes. The program uses the constrained Hesse-
Riibartsch method to extract the hyperfine field distri-
butions and can analyze superpositions of field
distributions and crystalline sites. The relative areas of
the outer:inner line pairs of the amorphous compo-
nent were constrained to the ratio 3:1.

SEM investigations were performed without further
surface preparation using a JEOL electron micro-
scope at 25 keV, operating in the secondary-electron-
emission mode.
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Results and Discussion

Figure 1a shows the room-temperature transmis-
sion Mossbauer spectrum of the FegcCo,gB,sSi,
sample, after thermal annealing at 648 K for 1 hour.
The sharp six-line pattern in the Mossbauer spectrum
exhibits a hyperfine magnetic splitting of 362.1 kOe
and corresponds to the a-(FeCo) crystalline phase.
This result is in agreement with the previous identifi-
cation of a-(FeCo) in the primary crystallization pro-
cess of Fe,5_,Co,SigB,; amorphous alloy, based on
differential thermal analysis [10].

For the 14.4 keV y-rays of 37Fe, the relative inten-
sity of the second (fifth) to the first (sixth) lines is given,
in the thin absorber approximation, by R,, = 4 sin? a/
[3(1 4 cos? a)], where « is the angle between the y-ray
propagation direction and the direction of the net
magnetic moment. The ratio R,, varies from O to 4/3
as o changes from 0° to 90° and for a completely
random distribution of magnetic-moment directions,
takes the value 0.67. Thus, the R,, values in Table 1
indicate that the magnetic moments of the a-(FeCo)
crystalline phase are preferentially oriented in the
plane of the foil. The hyperfine magnetic field distribu-
tion shown in Fig. 1 A corresponds to the remaining
amorphous matrix. The partially-crystallized sample
was further exposed to pulsed-excimer-laser irradia-
tion (@, = 5 x 108 photons/cm?) with 2 laser pulses
per spot at a repetition rate of 1 Hz. The room-tem-
perature transmission Mdssbauer spectrum and hy-
perfine magnetic field distribution of the irradiated
FegcCo,4B,5Si; sample are shown in Figs.1b and
1B, respectively. It can be inferred from Table 1 that
the a-(FeCo) content decreased from 11.5% in the
thermally-annealed system to 7.1% in the laser-ex-
posed specimen. At the same time, a pronounced out-
of-plane reorientation of the magnetic-moment direc-
tions resulted as an effect of the laser irradiation
performed. Consequently, excimer-laser-induced re-
vitrification was evidenced in the partially-crystallized
FesCo,sB,5Si, system and was found to be accom-
panied by the development of laser-induced magnetic
anisotropy.

In order to obtain a complete characterization
of the laser-induced phase transformation in
FegcCo,gB,sSi; glassy ferromagnet, a separate sur-
face analysis of the partially-crystallized and laser-ir-
radiated specimens has been performed. Figures 1c¢
and 1d show the conversion electron Mdssbauer spec-
tra of the FegsCo, B, sSi; samples, after thermal an-
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Fig. 1. Room-temperature Mdssbauer spectra of the Fe,Co, 4B, sSi, samples, after thermal annealing at 648 K for 1 hour
and subsequent pulsed-excimer-laser irradiation: (a) transmission Md&ssbauer spectrum of thermally-annealed sample;
(b) transmission Mdossbauer spectrum of thermally-annealed and excimer-laser-irradiated sample; (c) CEMS spectrum of
thermally-annealed sample; (d) CEMS spectrum of thermally-annealed and excimer-laser-irradiated sample. The correspond-
ing hyperfine magnetic field distributions extracted from the Mdossbauer spectra are presented in (A)—(D).
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Table 1. Hyperfine magnetic field H,, isomer shift d (relative to a-Fe at 300 K), quadrupole splitting AE 5,
and relative areas corresponding to component patterns in the transmission and conversion electron K’[
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intensity ratio R, ,
Ossbauer spectra of

FeqsCo,¢B,sSi; samples, thermally-annealed at 648 K for 1 hour and excimer laser irradiated.

Treatment Type Subsp. H 0 AE, R,, Relative Assignment
of samples of data no. (kOe) (mmy/s) (mm/s) areas (%) of phases
thermally bulk I 362.1 0.04 1.25 11.5 a-(FeCo)
annealed II 2793 0.03 0.95 88.5 amorphous
surface I 356.9 0.05 0.92 46.1 a-(FeCo)

11 231.7 0.04 0.78 539 amorphous
thermally bulk I 360.9 0.05 0.88 | a-(FeCo)
annealed 11 278.9 0.02 0.36 929 amorphous
and dl.aste; surface I 362.0 0.04 0.41 242 -(FeCo)
R 11 0.15 0.78 1.00 7.3 FeO

111 2421 0.04 0.99 68.5 amorphous
Errors: 345 +0.015 +0.02 +0.02 +1.0

nealing at 648 K and subsequent pulsed-excimer-laser
treatment. The hyperfine magnetic field distributions
extracted from these spectra are given in Figs. 1 C and
1 D, respectively. It can be observed in Table 1 that the
a-(FeCo) content of the 100 nm thick surface layer
probed decreased from 46.1% in the partially-crystal-
lized system to 24.2% in the laser-exposed specimen.
As indicated by the corresponding R,, values, the
magnetic-moment directions in the upper surface
layer exhibit a preferred in-plane orientation, similar
to that observed for the as-quenched ribbon. When
compared to bulk measurements, this result demon-
strates a different behavior of the surface magnetic
texture upon irradiation, suggesting the occurrence of
a distribution of magnetic-moment directions through
the thickness of the foil [2]. In addition to the six-line
pattern corresponding to the a-(FeCo) crystalline
phase and the magnetic field distribution associated
with the remaining amorphous matrix, CEMS analy-
sis reveals the presence of a quadrupole-split doublet
in the spectrum of the laser-irradiated sample, which
has been assigned to nonstoichiometric iron oxides [2,
11]. Indeed, an oxidation mechanism of Fe® to Fe?*,
which initially leads to precipitation of FeO particles,
can be assumed [12]. Consequently, the nature of the
laser-induced phase transformation in partially-crys-
tallized FeqCo,gB,sSi; specimens was elucidated
and found to consist of partial amorphization and
surface oxidation of the irradiated material. One may
note that the effect of excimer-laser-induced crystal-
lization, recently observed [2] in a Fe,,Cr,B,¢Sis
amorphous alloy at high repetition rates and laser

fluences, was also shown to be accompanied by the
precipitation of FeO particles on the irradiated surface.

Correspondingly, the SEM examination of the par-
tially-crystallized FegcCo,4B;sSi; system after
pulsed-excimer-laser irradiation reveals intriguing
features in the region of laser-pulse incidence on the
surface of the thermally-annealed alloy sample (upper
left corner of the micrograph in Figure 2). The uni-
form aspect of the laser-irradiated area is indicative of
amorphous phase formation, due to laser-induced
melting and rapid solidification. This demonstrates
that the laser treatment performed resulted in redisso-
lution of most precipitate particles. The molten zones
which subsequently resolidified following pulsed-laser
irradiation give rise to complex internal stresses,
which are responsible for the observed out-of-plane
reorientation of the bulk magnetization direction. An
additional morphological feature observable in the
SEM micrograph of Fig. 2 is represented by the for-
mation of droplets on the laser-irradiated surface. One
may note that the single-pulse energy density em-
ployed was above the reported threshold of ~ 2 J/cm?
for the ablation of transition metals [13]. The droplet
effect is attributed to laser-induced shock waves [2, 14,
15], which determine boiling of the metal surface and
plasma production, due to a dramatic increase in the
surface temperature and a simultaneous decrease in
the metal’s reflectivity. Expulsion of droplets from the
laser-induced melt on the irradiated surface demon-
strates an enhanced momentum transfer from plasma
to target material [16], due to the recoil pressure of the
breakdown plasma expansion. On these grounds, it
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Fig. 2. SEM examination of the Fe,Co,¢B,sSi, sample, af-
ter thermal annealing at 648 K for 1 hour and subsequent
pulsed-excimer-laser irradiation (4= 308 nm, t=10ns,
&, =5 x 10'® photons/cm?, repetition rate 1 Hz).

can be inferred that ablation pressures are high
enough to change interatomic distances and cause
revitrification of the laser-irradiated material.
Aiming at a complete characterization of the ef-
fects associated with the interaction of pulsed laser
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radiation with Fe-Co based metallic glasses, in what
follows we present investigations of the influence of
excimer laser treatment on the phase composition
and magnetic behavior of totally-crystallized
FecsCo,sB,5Si; samples.

Figure 3a shows the room-temperature transmis-
sion Mossbauer spectrum of the FegqCo,gB,5Si;
sample, after thermal annealing at 723 K for 1 hour.
The spectrum was analyzed considering two six-line
patterns, corresponding to the a-(FeCo) and
(FeCo),(BSi) crystalline phases. The relative abun-
dance of crystalline phases (Table 2) is different for
the upper 100 nm surface layer. Moreover, an addi-
tional crystalline phase, identified as (FeCo),(BSi)
was revealed by CEMS spectrum analysis (Figure 3c).
The phase identification results obtained in the pres-
ent study are in good agreement with the crystalline
phase formation observed by radiofrequency anneal-
ing of Fe Co,5_,SigB,; amorphous alloy [17]. The
totally-crystallized FeqsCo,4B,5Si; sample was fur-
ther exposed to pulsed-excimer-laser irradiation
(@, =5 x 10'® photon/cm?) with 2 laser pulses per
spot at a repetition rate of 1 Hz. The room-tempera-
ture transmission and conversion electron Mdssbauer
spectra of the irradiated FegcCo,gB;sSi; specimen
are shown in Figs. 3b and 3d, respectively. It can be
observed in Table 2 that the bulk a-(FeCo) content
decreased from 66.3% in the completely-crystallized
sample to 30.3% in the laser-exposed specimen. The
most interesting result obtained from phase analysis
of the laser-irradiated FesCo,gB,5Si, system, how-
ever, is the absence of the (FeCo),(BSi) crystalline

Table 2. Hyperfine magnetic field H,,, isomer shift § (relative to a-Fe at 300 K), quadrupole splitting AE&, intensity ratio R, ,

and relative areas corresponding to component patterns in the transmission and conversion electron

Gssbauer spectra of

FeoCo,4B,5Si; samples, thermally-annealed at 723 K for 1 hour and excimer laser irradiated.

Treatment Type Subsp. Hy, 0 AE, R, Relative Assignment
of samples of data no. (kOe) (mm/s) (mm/s) areas (%) of phases
thermally bulk I 360.5 0.05 0.54 66.3 a-(FeCo)
annealed I 2325 0.09 0.84 33.7 (FeCo),(BSi)
surface I 362.9 0.05 0.83 53.8 a-(FeCo)

II 295.9 0.11 0.83 247 (FeCo),(BSi)

111 219.9 0.08 0.83 21.5 (FeCo),(BSi)
thermally bulk I 361.8 0.06 0.35 30.3 a-(FeCo)
annealed II 275.0 0.04 0.41 69.7 amorphous
and laser
: : surface I 359.1 0.05 0.48 30.3 a~(FeCo)
irradiated 11 0.15 0.78 1.00 6.1 FeO

III 208.1 0.03 0.16 63.6 amorphous
Errors: +1.5 +0.015 +0.02 +0.02 +1.0
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Fig. 3. Room-temperature Mo0ssbauer
spectra of the Fe¢,Co 4B, Si; samples,
after thermal annealing at 723 K for
1 hour and subsequent pulsed-excimer-
laser irradiation: (a) transmission Moss-
bauer spectrum of thermally-annealed
sample; (b) transmission Mdssbauer
spectrum of thermally-annealed and ex-
cimer-laser-irradiated sample; (c) CEMS
spectrum of thermally-annealed sample;
(d) CEMS spectrum of thermally-an-
nealed and excimer-laser-irradiated sam-

ple.
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component, formed in the second stage of the crystal-
lization process by thermal annealing. Instead, the
balance of the composition is represented by an amor-
phous phase, in which a pronounced out-of-plane re-
orientation of the magnetic-moment directions re-
sulted as an effect of the laser irradiation performed.
Consequently, the present study shows that the effect
of excimer-laser-induced amorphization in totally-
crystallized Fe4cCo, B, sSi, system exhibits phase se-
lectivity with respect to the crystalline components of
the ferromagnetic alloy. As in the case of partially-
crystallized Fe¢,Co, B, sSi; system, the laser-induced
amorphization was found to be accompanied by the
development of an out-of-plane magnetic anisotropy.
CEMS surface analysis of the totally-crystallized,
laser-irradiated FegcCo, B, sSi, system (Fig. 3d) sup-
ports the bulk Mdssbauer results: the (FeCo);(BSi)
and (FeCo),(BSi) crystalline phases are absent, due to
excimer-laser-induced amorphization, from the com-
position of the irradiated specimen. In the upper
surface layer, the relative abundance of the stable
a-(FeCo) crystalline phase, formed in the primary
crystallization process of the FegcCo,B,sSi; alloy,
decreased from 53.8% in the completely-crystallized
sample to 30.3% in the laser-exposed specimen. In
addition to the dominant amorphous component,
CEMS analysis reveals the presence of the quadru-
pole-split doublet corresponding to FeO particles.
Consequently, the nature of the laser-induced phase
transformation in totally-crystallized FessCo, B, 551,
specimens is found to consist of partial amorphization
and surface oxidation of the irradiated material. Ex-
cimer-laser-induced revitrification exhibits selectivity
with regard to the component crystalline phases in the
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Conclusions

The main results obtained in the present study can
be summarized as follows:

(i) Pulsed-excimer-laser irradiation causes revitrifi-
cation of partially-crystallized FegqCo,gB,5Si,
samples. The effect of excimer-laser-induced
amorphization is accompanied by changes in the
bulk magnetization direction.

(i) In totally-crystallized FegcCo,5B,5Si; speci-
mens, laser-induced partial amorphization ex-
hibits phase selectivity relative to the crystalline
components in the alloy system. Differences be-
tween surface and bulk behavior of the magnetic
texture and phase composition were observed.

Excimer laser irradiation of metallic glasses offers

the intriguing opportunity of obtaining hybrid

materials with select structural and magnetic
characteristics.
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