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Pulsed-excimer-laser irradiation effects (\=308 nm, 7=10 ns) on the magnetic properties and phase com-
position of FegsCo,3B5Si metallic glass have been studied by transmission and conversion electron Mossbauer
spectroscopy, scanning electron microscopy, and energy-dispersive x-ray analysis. Depending on the number of
applied pulses, excimer laser irradiation of amorphous FegsCo,gB5Si was found to induce controlled changes
in the magnetic anisotropy without onset of bulk crystallization. Excimer-laser-induced amorphization was
observed in partially crystallized FegsCo;3B5Si samples (7,=648 K, ¢,=1 h) and was found to be accompa-
nied by the development of laser-induced magnetic anisotropy. In completely crystallized FegsCo01gB5Si speci-
mens (7,=723 K, t,=1 h), which contained two crystalline phases of a-(FeCo) and (FeCo);(BSi), the effect
of excimer-laser-induced amorphization exhibited phase selectivity with respect to the crystalline components
of the alloy system. By a combination of complementary methods, the laser-induced phase transformation of
thermally annealed FegsCo1gB5Si specimens was shown to consist of partial amorphization and surface oxi-
dation of the irradiated material. When compared to bulk data, a different behavior of the surface magnetic
texture and relative abundance of alloy phases was observed. In both as-quenched and excimer-laser-irradiated
amorphous FegCogB1sSi, the hyperfine field H,«(7) exhibited a temperature dependence of
H,((0)[1—B3,5(T/T)¥?], indicative of spin-wave excitations. The value B3, =0.32+0.05 of the temperature
coefficient for the amorphous specimen is twice that obtained for the laser-irradiated FegsCo;gB5S1 system. It
is concluded that laser-induced quenching stresses reduce the fluctuations of exchange interactions in the
irradiated sample. This study suggests that excimer-laser irradiation of glassy ferromagnets offers the intriguing
opportunity of designing materials with specific combinations of magnetic and structural properties, not ob-
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tainable by conventional methods.

I. INTRODUCTION

The study of structure, magnetic properties, and phase
stability of amorphous ferromagnetic alloys has been under-
taken as part of developments seeking to elucidate the nature
of the microscopic structure-property relationships relevant
to rational construction of new magnetic materials. In par-
ticular, amorphous iron-cobalt-based alloys have been the
subject of intensive theoretical and experimental
investigations,'~” due to their interesting soft magnetic prop-
erties, combined with high permeability and saturation in-
duction over a wide composition range. The larger exchange
splitting of Fe is considered a key factor in determining the
magnetic behavior of Fe-Co systems.!

In order to address the evolution of phases and micro-
structure in amorphous and nanocrystalline ferromagnetic
systems, we have recently proposed a complex methodologi-
cal approach.g"11 It relies on the use of pulsed-excimer-laser
radiation to study unconventional aspects of materials re-
sponse by selectively inducing localized changes in the sys-
tem under investigation. Fundamental effects underlying the
interaction of excimer laser radiation with amorphous met-
als, such as excimer-laser-induced ma§netic anisotropy® and
excimer-laser-induced crystallization,” were demonstrated
and found to depend on the values of the irradiation param-
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eters and materials properties. The present study has been
performed in order to explore the possibility of controlling
the magnetic texture and phase equilibrium in amorphous
and crystallized 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 charac-
teristics separately, Mossbauer spectroscopy was used to
monitor the changes in magnetic anisotropy and phase com-
position, induced by employing different thermal annealing
and laser irradiation treatments. Related morphological
changes were examined by scanning electron microscopy
(SEM) and resultant crystalline precipitates were character-
ized by energy-dispersive x-ray analysis (EDX). Excimer-
laser-induced amorphization effects were demonstrated in
partially and completely crystallized FegsCo,3B;5Si samples
and found to exhibit selectivity with regard to the crystalline
phases in the alloy system. Low-temperature magnetic be-
havior of amorphous and irradiated FessCo,3B5Si specimens
was studied and conclusions about laser-induced modifica-
tions to the fluctuations of exchange interactions are pre-
sented.

II. EXPERIMENT

Amorphous alloy FegCo1gB;5Si (Metglas 2605 CO) was
supplied by Allied Signal Inc. in the form of 20 wm thick

16 086 © 1995 The American Physical Society
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FIG. 1. Room-temperature transmission Mossbauer spectra of the FegsCo,3BsSi samples: (a) in the amorphous as-quenched state and
after pulsed-excimer-laser irradiation (\=308 nm, 7=10 ns, ®; =5X 1018 photons/cmz, repetition rate 1 Hz) with (b) 2 laser pulses/spot; (c)
5 laser pulses/spot; (d) 10 laser pulses/spot. The hyperfine magnetic field distributions derived from these spectra are shown in (A)—(D).

Velocity scale is calibrated relative to a-Fe at 300 K.

ribbons. The material has a Curie temperature 7,=688 K, a
crystallization temperature 7,=703 K, and a magnetostric-
tion constant of 35 ppm. Square samples (2X2 cm) were cut
from the foils and exposed on the shiny side to the A=308
nm radiation generated by a XeCl excimer laser (Lambda
Physik), with the pulse width 7=10 ns, capable of giving an
energy W,=75 ml/pulse. A single-pulse energy density
w=3 J/cm?, corresponding to a laser fluence ®; =5%10'®
photons/cm? was achieved by focusing with a cylindrical
fused-silica lens to a spot size of 0.5X5 mm?. Amorphous
samples of FegCo3B;5S1 were irradiated with 2, 5, and 10
laser pulses per spot at a repetition rate of 1 Hz. An accept-
able degree of homogeneity was obtained by laser-beam
scanning of the sample surface, which was placed on an
x-y-z micrometer translation stage.

Partially and completely crystallized FeggCogB;5Si
samples were prepared by annealing the amorphous speci-
mens for ¢,=1 h at T,=648 and 723 K, respectively. These
samples were further exposed to pulsed-excimer-laser irra-
diation (A\=308 nm, 7=10 ns, <1>L=5><1018 photons/cm2,

N=2 laser pulses/spot, repetition rate 1 Hz). All laser treat-
ments were performed in air.

Room-temperature transmission Mossbauer spectra were
recorded with the 7y ray perpendicular to the ribbon plane
using a constant acceleration spectrometer (Ranger Scien-
tific). The 25 mCi 7y-ray source was >'Co diffused in Rh
matrix, maintained at room temperature. Low-temperature
transmission Mossbauer measurements in the temperature
range of 15 to 70 K were performed with a closed-cycle
refrigerator system (Cryo Industries of America). The sample
was mounted in a copper T-style holder and placed in ex-
change gas. The silicon diode sensor accuracy was better
than 0.5 K. Conversion electron Mossbauer spectroscopy
(CEMS) spectra of as-annealed and laser-treated surfaces of
the metallic samples were collected on the shiny side using a
flowing He-CH, electron counter.'? The back-scattered elec-
trons into 27 solid angle were recorded, so that the behavior
of surface layers of ~100 nm could be detailed. Least-
squares fitting of the Mossbauer spectra corresponding to the
amorphous, annealed, and irradiated samples was performed
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TABLE I. Relative intensity of lines R,;, average hyperfine
magnetic field (Hy), mean hyperfine field (Hyg),,, width of the
hyperfine magnetic field distribution AH, and total absorption
area in the Mossbauer spectra of the FegsCo,3B;5Si system, as a
function of the number of applied laser pulses N.

N (Hy) (Hpp,, AHpe Resonant area
(laser pulses) Ry (kOe) (kOe) (kOe) (au)
0 1.10 278.8 283.6 45.1 0.496
2 0.25 2769 284.5 47.4 0.495
5 0.31 277.8 284.2 49.6 0.513
10 0.39 279.7 285.8 49.7 0.502
Errors: +0.02 =25 +2.5 *+2.5 *+0.005

with the NORMOS DIST program!® in the assumption of
Lorentzian line shapes. The program uses the constrained
Hesse-Rubartsch method to extract the hyperfine field distri-
butions and can analyze superpositions of field distributions
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and crystalline sites. The relative areas of the outer:inner line
pairs of the amorphous component were constrained to the
ratio 3:1.

SEM investigations were performed without further sur-
face preparation using a JEOL electron microscope at 25
keV, operating in the secondary-electron-emission mode.
Chemical analysis of select microvolumes in the partially
crystallized samples was carried out with a Tracor Northern
EDX spectrometer. The technique employed was sensitive to
chemical elements Z>11 and provided an average chemical
composition over a volume of a cubic micron.

III. EXCIMER LASER IRRADIATION EFFECTS
IN Fe“ColsBISSi AMORPHOUS SYSTEM

Room-temperature transmission Mossbauer spectra of the
FegsCo,3B15Si samples, in the amorphous as-quenched state
and after pulsed-excimer-laser irradiation (\=308 nm, =10
ns) with 2, 5, and 10 laser pulses per spot at a laser fluence of
5x10'8 photons/cm? and a repetition rate of 1 Hz, are shown
in Figs. 1(a)-1(d). The broad absorption lines in the Moss-
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FIG. 2. Room-temperature Mossbauer spectra of the FegsCo,3B;5sSi samples, after thermal annealing at 648 K for 1 h and subsequent
pulsed-excimer-laser irradiation: (a) transmission Mossbauer spectrum of thermally-annealed sample; (b) transmission Mossbauer 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 corresponding hyperfine magnetic field distributions extracted from the Moss-

bauer spectra are presented in (A)—(D).
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bauer spectra are due to various nearest-neighbor configura-
tions of the resonant atoms in the amorphous structure. The
different inequivalent sites determine fluctuations of the hy-
perfine parameters, which are described in terms of the cor-
responding distributions. Figures 1(A)—1(D) show the hyper-
fine magnetic field distributions extracted from the
transmission Mossbauer spectra. The fitted values of the hy-
perfine parameters corresponding to the as-quenched and
pulsed-laser-treated FegsCo 3B 5Si samples are listed in
Table I.

For the 14.4 keV 7y rays of >'Fe, the relative intensity of
the second (fifth) to the first (sixth) lines is given, in the thin
absorber approximation, by'*

R, =4 sina/[3(1+ cos’a)], 1)

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 « changes from 0° to 90° and for a
completely random distribution of magnetic-moment direc-
tions, takes the value 0.67. It can be seen in Fig. 1(b), for the
FeeCo,3B 551 sample irradiated with 2 laser pulses per spot,
that laser-induced effects have resulted in a pronounced de-
crease of the intensity ratio of the second to the first line. The
corresponding value of the magnetic texture parameter R,
(Table I) shows that a rotation of the average magnetic-
moment direction from the in-plane to an out-of-plane orien-
tation has taken place. For the FegsCo,3B5Si samples irradi-
ated with 5 and 10 laser pulses per spot [Figs. 1(c) and 1(d),
respectively], the areal intensity ratio R,, progressively in-
creases as compared to the spectrum in Fig. 1(b), but remains
different from the value indicating the random distribution of
magnetic-moment directions. Consequently, the average di-
rection of bulk magnetization in FegCo3BsSi maintains a
preferred out-of-plane orientation upon increasing the num-
ber of applied pulses during excimer laser irradiation. This
behavior is in qualitative agreement with the dependence of
the intensity ratio R,; on the repetition rate, as determined
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by isochronal excimer laser annealing of iron-based and
nickel-iron-based alloy samples.” The average hyperfine
magnetic field (Hypg), width of the field distribution AHyy,
and total absorption area in the Mossbauer spectra (Table I)
show no significant variations during the laser treatment per-
formed, suggesting the absence of crystallization effects in
the irradiated FegsCo1gB5Si samples. As in the case of laser-
treated iron-based and nickel-iron-based metallic glasses,g‘ll
it can be assumed that the high heating and cooling rates
associated with pulsed laser irradiation determined the for-
mation of compressive stresses in the surface and tensile
stresses in the bulk. Since it has been shown that in magnetic
specimens, due to magnetoelastic effects, internal stresses
generated by surface modifications may dramatically change
the bulk magnetic properties,'® the out-of-plane reorientation
of the average magnetization direction observed in the
present irradiation study gives further support to the forma-
tion of closure domain structure®® in the laser treated
samples. Moreover, these results show that the direction of
bulk magnetization in the FegCo0,3B;5Si amorphous system
can be controlled by appropriate selection of irradiation pa-
rameters.

IV. EXCIMER LASER IRRADIATION EFFECTS
IN PARTIALLY CRYSTALLIZED FegCo,3B;5Si SYSTEM

In order to gain additional information on the fundamental
effects underlying the interaction of laser radiation with
glassy ferromagnets, the present study further investigates
the influence of pulsed-laser treatment on the magnetic and
structural properties of thermally annealed FegqsCogB;5Si
samples.

Figure 2(a) shows the room-temperature transmission
Mossbauer spectrum of the FeqsCo,3B;5Si sample, after ther-
mal annealing at 648 K for 1 h. The sharp six-line pattern in
the Mossbauer spectrum exhibits a hyperfine magnetic split-
ting of 362.1 kOe and corresponds to the a-(FeCo) crystal-

TABLE II. Hyperfine magnetic field Hy;, 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 Mossbauer spectra of FegCo,3B5Si samples, thermally annealed at 648 K for 1 h and

excimer laser irradiated.

Treatment Type of  Subsp. Hye o AE, Relative  Assignment
of samples data no. (kOe) (mm/s) (mm/s) Ry, areas (%) of phases
Bulk I 362.1 0.04 1.25 11.5 a-(FeCo)
II 279.3 0.03 0.95 88.5 Amorphous
Thermally
annealed Surface I 356.9 0.05 0.92 46.1 a-(FeCo)
II 231.7 0.04 0.78 53.9 Amorphous
Bulk I 360.9 0.05 0.88 7.1 a-(FeCo)
Thermally II 278.9 0.02 0.36 92.9 Amorphous
annealed
and laser Surface 1 362.0 0.04 0.41 24.2 a-(FeCo)
irradiated I 0.15 0.78 1.00 7.3 FeO
I 242.1 0.04 0.99 68.5 Amorphous
Errors: *1.5 *+0.015 +0.02 +0.02 *+1.0
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FIG. 3. (a) SEM micrograph of the FezsCo,3B5Si sample, after
thermal annealing at 648 K for 1 h; (b) SEM examination of the
FegCo13B15Si sample, after thermal annealing at 648 K for 1 h and
subsequent pulsed-excimer-laser irradiation (A=308 nm, 7=10 ns,
®; =5%10'"® photons/cm?, repetition rate 1 Hz); (c) EDX analysis
of the crystalline precipitates observed in the SEM photograph of
the thermally annealed FegsCo;gB;5Si sample.

line phase. This result is in agreement with the previous
identification of a-(FeCo) in the primary crystallization pro-
cess of Fe,g_.Co,SigB,; amorphous alloy, based on differ-
ential thermal analysis.” As indicated by the corresponding
R,, values in Table II, the magnetic moments of the
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a-(FeCo) crystalline phase are preferentially oriented in the
plane of the foil. The hyperfine magnetic field distribution
shown in Fig. 2(A) corresponds to the remaining amorphous
matrix. The partially crystallized sample was further exposed
to pulsed-excimer-laser irradiation (®,=5%x10"8
photons/cmi?) with 2 laser pulses per spot at a repetition rate
of 1 Hz. The room-temperature transmission Mossbauer
spectrum and hyperfine magnetic field distribution of the ir-
radiated FegsCo,4B;5Si sample are shown in Figs. 2(b) and
2(B), respectively. It can be inferred from Table II that the
a-(FeCo) content decreased from 11.5% in the thermally an-
nealed system to 7.1% in the laser-exposed specimen. At the
same time, a pronounced out-of-plane reorientation of the
magnetic-moment directions resulted as an effect of the laser
irradiation performed. Consequently, excimer-laser-induced
revitrification was evidenced in the partially crystallized
FegsCo,3B 551 system and was found to be accompanied by
the development of laser-induced magnetic anisotropy.

In order to obtain a complete characterization of the laser-
induced phase transformation in FegCo3B5sSi glassy ferro-
magnet, a separate surface analysis of the partially-
crystallized and laser-irradiated specimens has been
performed. Figures 2(c) and 2(d) show the conversion elec-
tron Mossbauer spectra of the FegsCo,gB;5Si samples, after
thermal annealing at 648 K and subsequent pulsed-excimer-
laser treatment. The hyperfine magnetic field distributions
extracted from these spectra are given in Figs. 2(C) and 2(D),
respectively. It can be observed in Table II that the a-(FeCo)
content of the 100 nm thick surface layer probed decreased
from 46.1% in the partially crystallized system to 24.2% in
the laser-exposed specimen. As indicated by the correspond-
ing 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 demonstrates 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.” In ad-
dition to the six-line pattern corresponding to the a-(FeCo)
crystalline phase and the magnetic field distribution associ-
ated with the remaining amorphous matrix, CEMS analysis
reveals the presence of a quadrupole-split doublet in the
spectrum of the laser-irradiated sample, which has been as-
signed to nonstoichiometric iron oxides.>!® Indeed, an oxi-
dation mechanism of Fe® to Fe?*, which initially leads to
precipitation of FeO particles, can be assumed.'® Conse-
quently, the nature of the laser-induced phase transformation
in partially crystallized FegcCo,3B5Si specimens was eluci-
dated and found to consist of partial amorphization and sur-
face oxidation of the irradiated material. One may note that
the effect of excimer-laser-induced crystallization, recently
observed® in a Fe,;Cr,B ¢Sis amorphous alloy at high repeti-
tion rates and laser fluences, was also shown to be accompa-
nied by the precipitation of FeO particles on the irradiated
surface.

Distinctive features regarding the laser-induced surface
modifications can be observed in the SEM examinations of
the FegsCogB5Si sample (Fig. 3). These investigations dem-
onstrate the presence of crystalline precipitates on the surface
of the FegcCo,4BsSi sample annealed at 648 K for 1 h [Fig.
3(a)]. The nature of these surface precipitates was identified
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by EDX analysis of the corresponding microvolumes [Fig.
3(c)], which supported the Mossbauer spectroscopy observa-
tion of the a-(FeCo) phase as the first crystalline product in
FegsCogB5Si amorphous alloy. SEM examinations of the
partially crystallized FegCo,3B5Si system, after pulsed-
excimer-laser irradiation (w =3 J/cm?) with 2 laser pulses per
spot at a repetition rate of 1 Hz were also performed [Fig.
3(b)]. One may note that the single pulse energy density
employed was above the reported threshold of ~2 J/em? for
the ablation of transition metals.'” Correspondingly, the SEM
micrograph reveals intriguing features in the region of laser-
pulse incidence on the surface of the thermally annealed al-
loy sample (right side of the micrograph). The uniform as-
pect of the laser-irradiated area is indicative of amorphous
phase formation, due to laser-induced melting and rapid so-
lidification. This demonstrates that the laser treatment per-
formed resulted in redissolution 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 reorien-
tation of the bulk magnetization direction. An additional
morphological feature observable in the SEM micrograph of
Fig. 3(b) is represented by the formation of droplets on the
laser-irradiated surface. This effect is attributed to laser-
induced shock waves,”!®1® which determine boiling of the
metal surface and plasma production, due to a dramatic in-
crease in the surface temperature and a simultaneous de-
crease in the metal’s reflectivity. Expulsion of droplets from
the laser-induced melt on the irradiated surface demonstrates
an enhanced momentum transfer from plasma to target
material,?® due to the recoil pressure of the breakdown
plasma expansion. On these grounds, it can be inferred that
ablation pressures are high enough to change interatomic dis-
tances and cause revitrification of the laser-irradiated mate-
rial.
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V. EXCIMER LASER IRRADIATION EFFECTS
IN TOTALLY CRYSTALLIZED FegCo,5B,sSi SYSTEM

Aiming at a complete characterization of the effects asso-
ciated with the interaction of pulsed laser radiation with
Fe-Co based metallic glasses, in this section we present in-
vestigations of the influence of excimer laser treatment on
the phase composition and magnetic behavior of totally crys-
tallized FeggCo,3B5Si samples.

Figure 4(a) shows the room-temperature transmission
Mossbauer spectrum of the FegqCo,gB5Si sample, after ther-
mal annealing at 723 K for 1 h. The spectrum was analyzed
considering two six-line patterns, corresponding to the
a-(FeCo) and (FeCo);(BSi) crystalline phases. The relative
abundance of crystalline phases (Table III) is different for the
upper 100 nm surface layer. Moreover, an additional crystal-
line phase, identified as (FeCo),(BSi) was revealed by
CEMS spectrum analysis [Fig. 4(c)]. The phase identification
results obtained in the present study are in good agreement
with the crystalline phase formation observed by radio fre-
quency annealing of Fe,Co,g_,SigB;5 amorphous alloy.® The
totally crystallized FegCo,3BsSi sample was further ex-
posed to pulsed-excimer-laser irradiation (P, =5x10'®
photons/cm?) with 2 laser pulses per spot at a repetition rate
of 1 Hz. The room-temperature transmission and conversion
electron Mossbauer spectra of the irradiated FegqCo,4B,sSi
specimen are shown in Figs. 4(b) and 4(d), respectively. It
can be observed in Table III 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
FegCo1gB5S1 system, however, is the absence of the
(FeCo)4(BSi) crystalline component, formed in the second
stage of the crystallization process by thermal annealing. In-
stead, the balance of the composition is represented by an
amorphous phase, in which a pronounced out-of-plane reori-
entation of the magnetic-moment directions re-

TABLE III. Hyperfine magnetic field Hy¢, 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 Mossbauer spectra of FegCo0,3B5Si samples, thermally annealed at 723 K for 1 h and

excimer laser irradiated.

Treatment Type of  Subsp. Hy¢ ] AE, Relative Assignment
of samples data no. (kOe) (mm/s) (mm/s) Ry, areas (%) of phases
Bulk 1 360.5 0.05 0.54 66.3 a-(FeCo)
I 232.5 0.09 0.84 33.7 (FeCo);(BSi)
Thermally
annealed Surface 1 362.9 0.05 0.83 53.8 a-(FeCo)
I 295.9 0.11 0.83 24.7 (FeCo),(BSi)
I 2199 0.08 0.83 21.5 (FeCo);(BSi)
Bulk 1 361.8 0.06 0.35 30.3 a-(FeCo)
Thermally I 275.0 0.04 0.41 69.7 Amorphous
annealed
and laser Surface I 359.1 0.05 0.48 30.3 a-(FeCo)
irradiated I 0.15 0.78 1.00 6.1 FeO
111 208.1 0.03 0.16 63.6 Amorphous
Errors: *+1.5 +0.015 +0.02 +0.02 *+1.0
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FIG. 4. Room-temperature Mossbauer spectra of the
FegCo,gB5Si samples, after thermal annealing at 723 K for 1 h
and subsequent pulsed-excimer-laser irradiation: (a) transmission
Mossbauer spectrum of thermally annealed sample; (b) transmis-
sion Mossbauer 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.

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
FegsCogB5Si system exhibits phase selectivity with respect
to the crystalline components of the ferromagnetic alloy. As
in the case of partially crystallized FegsCo,4B5Si system, the
laser-induced amorphization was found to be accompanied
by the development of an out-of-plane magnetic anisotropy.

The morphology of the crystallized phases formed in the
thermally annealed FegsCo,gB;5Si system and the character-
istics of the laser-induced surface modifications in the totally

FIG. 5. SEM micrographs of the FegqCo,3B5Si sample: (a) after
thermal annealing at 723 K for 1 h; (b) after thermal annealing and
excimer laser irradiation (A=308 nm, 7=10 ns, ®,=5X 10'8
photons/cm?, repetition rate 1 Hz).

crystallized specimen can be observed in the SEM micro-
graphs of Figs. 5(a) and 5(b), respectively. The amorphiza-
tion process originates in the molten zones subsequently
quenched due to pulsed-excimer-laser irradiation, while the
mechanical stresses associated with rapid heating and cool-
ing are suggested to be responsible for the reorientation of
the easy magnetization axis.

CEMS surface analysis of the totally crystallized laser-
irradiated FegqcCo;gB5Si system [Fig. 4(d)] supports the bulk
Mossbauer results: the (FeCo);(BSi) and (FeCo),(BSi) crys-
talline phases are absent, due to excimer-laser-induced amor-
phization, from the composition 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 FegsCo,3B;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
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FIG. 6. Low-temperature transmission Mossbauer spectra of the FegsCo,3B5Si as-quenched amorphous: (a) T=15 K; (b) T=35 K; (c)
T=55 K; (d) T=70 K. The corresponding hyperfine magnetic field distributions are shown in (A-D).

of the quadrupole-split doublet corresponding to FeO par-
ticles.

Consequently, the nature of the laser-induced phase trans-
formation in totally crystallized FegsCo,3B5Si specimens is
found to consist of partial amorphization and surface oxida-
tion of the irradiated material. Although the present laser
irradiation treatment was carried out in air, it would be inter-
esting to further investigate the effect of various ambient
atmospheres on the laser-induced phase transformations in
metallic glasses. Excimer-laser-induced revitrification was
found to exhibit selectivity with regard to the component
crystalline phases in the FegsCo,3B;5Si annealed system and
was accompanied by laser-induced reorientation of the aver-
age bulk magnetization direction. The present results suggest
that excimer laser irradiation of glassy ferromagnets pro-
motes selective control over important structural and mag-
netic characteristics of the material, which has not been
achieved using conventional processing methods.

VI. LOW-TEMPERATURE MAGNETIC BEHAVIOR OF
AMORPHOUS AND EXCIMER-LASER IRRADIATED
F966C018B158i SYSTEM

The investigations described in this section were per-
formed in order to determine the temperature dependence of

the average hyperfine magnetic field of amorphous and laser-
irradiated FegsCo,3B;5Si system. Typical Mossbauer spectra
of FegCo.gB 551 amorphous alloy at low temperatures are
shown in Fig. 6, along with the corresponding hyperfine
magnetic field distributions. In contradistinction to the pre-
ferred in-plane orientation of the average magnetization di-
rection at room temperature, Mossbauer spectra analysis
(R,;=0.66) indicated that the magnetization axis of the
FegsCo,3B5Si as-quenched sample was altered to more ran-
dom directions at low temperatures (15-70 K). It should be
mentioned that the FezCo;3B;5Si sample studied was not
subjected to any stresses, except for those inherent to the
cooling process from room temperature to the temperature of
measurement. Similar investigations were performed for the
Fe¢sCo,3B5Si amorphous alloy irradiated with 2 laser pulses
per spot. The temperature dependence of the hyperfine mag-
netic field of amorphous and excimer-laser-irradiated
FegCo,3B 551 system is shown in Fig. 7(a). Figure 7(b) pre-
sents the fractional change of hyperfine field as a function of
(T/T:)¥?* for both amorphous and irradiated specimens. For
amorphous ferromagnets, the magnetic hyperfine field de-
creases with increasing temperature according to?!

[Hyw(T) — Hy(0) )/ Hy(0) = — B35 (T/T ). )
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FIG. 7. (a) Temperature dependence of the magnetic hyperfine
field of as-quenched amorphous and pulsed-excimer-laser irradiated
FegsCo13B15Si alloy; (b) fractional change of hyperfine field versus
(T/T)*? for amorphous and irradiated FegsCo,4B;5sSi. The solid
line is the result of least-squares fit of the data points.

This temperature dependence originates in the excitations of
long-wavelength spin waves, for which detailed atomic ar-
rangements are not important. A least-squares fit of Eq. (2) to
the magnetic hyperfine field data gave B;,,=0.32%0.05,
value which is much larger than those obtained for crystal-
line ferromagnets (for example, B3, =0.12 for a-Fe). More-
over, the temperature coefficient of the FegsCo,3B5Si amor-
phous specimen is twice that obtained for the laser-irradiated
system (B3,=0.16+0.03).

Magnetization and Mossbauer sgectroscopy measure-
ments in several glassy ferromagnets®! show that the mea-
sured hyperfine field H 4(7T) and the magnetization M (T)
are proportional. Thus the temperature dependence of the
reduced hyperfine field reflects the temperature dependence
of the reduced magnetization. Several theoretical calcula-
tions of the magnetization of noncrystalline ferromagnets
considered a random fluctuation of the exchange constants in
the Heisenberg interaction and used the molecular field ap-
proximation. Thus the reduced magnetization of a glassy fer-
romagnet has the form??

o=M(T)/M(0)=(1/2){Bs[(1+ 8)x]+Bs[(1— )x]},
(©)
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FIG. 8. Reduced hyperfine field as a function of reduced tem-
perature for amorphous and laser-irradiated FeggCo,gBsSi. The
solid curves are computer plots of Eq. (3).

with
x=38(S+1)Tco/T. 4

Here By is the Brillouin function for spin S, 7 is the Curie
temperature, and 0<<6<(1 is the root-mean-square fluctuation
of the exchange constant in the Heisenberg interaction.
Equation (3) retains the well-known form for crystalline
ferromagnets®® by setting 6=0:

o=Bg(x). ()

These relations make it possible to compare the experimental
data with the calculated results in order to estimate the value
of 6. On these grounds, we find that the experimental curve
corresponding to the FegsCo,3B5Si amorphous ferromagnet
approached the theoretical one for §=0.7, while the value
6=0.5 was closest for the laser-treated alloy (see Fig. 8).
These results show that excimer-laser-irradiation reduces the
fluctuations of exchange interactions in the FegsCogB;5Si
ferromagnetic system, due to laser-induced quenching
stresses. The conclusion supports similar findings of de-
creased fluctuations in the exchange interactions and free
volume of a heat-treated Feg;B 3 5Si; sC, metallic glass.??

VII. CONCLUSIONS

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

(i) In addition to inducing controlled magnetic anisotropy
in the FegCo 3B 5Si amorphous system, pulsed-excimer-
laser irradiation was shown to cause revitrification of par-
tially crystallized FegsCo,3BsSi samples. The effect of
excimer-laser-induced amorphization was found to be ac-
companied by changes in the bulk magnetization direction.

(ii) In totally crystallized FegsCo,4B5Si specimens, laser-
induced partial amorphization was shown to exhibit phase
selectivity relative to the crystalline components in the alloy
system. Differences between surface and bulk behavior of
the magnetic texture and phase composition were observed.
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(iii) Low-temperature studies showed that laser-induced
quenching stresses prevented the fluctuations of exchange
interactions in the excimer-laser-irradiated FegqqCogB5Si
sample.

(iv) Excimer laser irradiation of glassy ferromagnets of-
fers the intriguing opportunity of obtaining hybrid materials

16 095

with select structural and magnetic characteristics.
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FIG. 3. (a) SEM micrograph of the Fey,Co,3B,5Si sample, after
thermal annealing at 648 K for | h: (b) SEM examination of the
FegoCo 4B 5Si sample, after thermal annealing at 648 K for 1 h and
subsequent pulsed-excimer-laser irradiation (A=308 nm, 7=10 ns,
P, =5% 10" plmluns/cm:. repetition rate 1 Hz); (¢) EDX analysis
of the crystalline precipitates observed in the SEM photograph of
the thermally annealed FegCo 4B |5Si sample.



FIG. 5. SEM micrographs of the FegCo,3BsSi sample: (a) after
thermal annealing at 723 K for | h; (b) after thermal annealing and
excimer laser irradiation (\=308 nm, 7=10 ns, ®,=5x10"
photons/em?, repetition rate 1 Hz).



