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Optical properties of the modified structures
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Modification of the microrelief and structure of a Co-based amorphous metal alloy
ribbon surface layers after thermal treatment at elevated and cryogenic temperatures and
under an external magnetic field has been studied using light scattering method and
atomic force microscopy. The surface roughness parameters were calculated from the
experimental light scattering indicatrices. It is shown that heating of the metal ribbons to
T = 350-475°C relieves partially the stresses arising in the course of the ribbon prepara-
tion and increases the surface roughness as compared to that of as-prepared samples.

Mogudukamua Murpopenabeda U CTPYKTYPHI HOBEPXHOCTHBIX CJIOEB JIEHT aMOP(HBIX
cniaaBoB Ha ocHoBe CO mocie TepMHUuecKoil o6paboOTKM IPH IIOBBIIMIEHHBIX M KPHOT€HHBIX
TEeMIIEpATypPaX, IIOJ AeHCTBUEM IIPHUJIOMKEHHOIO MAarHUTHOTI'O IOJIA M3y4YeHa METOJOM pacces-
HHUS CBeTa M AaTOMHO-CHJIOBOM MUKpocKomueii. Ilapamerpsl II€poxX0oBaTOCTH IIOBEPXHOCTU
JIEHT PACCUMUTAHBI U3 DKCIEPUMEHTAJIHHO IHOJYUYEHHBIX MHINKATPUC MHTEHCUBHOCTU PACCEIH-
HoTO cBeTa. IloKasaHo, UTO HarpeBaHue MeTaJindecKux JeHT no T = 350—475°C uacTuyHO
CHUMaeT HaNPAKEeHUs, BOSHUKAIOIIE BO BPeMs M3TOTOBJIEHUS JIEHTHI, U IIOBBIIIAET IIIePOXO-
BATOCTH IIOBEPXHOCTH II0 CPABHEHUIO C TOI, KOTOpasd XapaKTepHa [JA CBEeKEU3TOTOBJIEHHBIX
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Cobalt-based amorphous metallic alloys
(AMAs) are under intense study in view of
their wide practical application as recording
media. The magnetic and electronic proper-
ties of such materials prepared as ribbons
formed by the melt spinning differ signifi-
cantly from the properties of corresponding
crystalline analogues. The differences are
defined not only by the structure formed in
the course of the material preparation but
also by subsequent thermal and cryogenic
treatments. When amorphous metal alloys
are thermally treated, external fields or
stresses also change the surface relief,
which is related to the surface diffusion
and structural phase transformations in the
surface layer. Such processes are accompa-
nied by migration of both individual atoms
and aggregates thereof (including hundreds
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and thousands of atoms) to the surface [1].
In this case, the surface re-building occurs
mainly at the nano- and microlevels, since
much lower energy is required to change
the size, shape, and location of microscopic
irregularities as compared to macroscopic
surface irregularities. It is to note that in
most studies of amorphous metallic alloys,
the main attention was given to the atomic
structure. At the same time, the surface-
layer microrelief modifications due to heat
treatment remain unstudied in many as-
pects. The highly informative method of
light scattering was used to study the sur-
face layer microrelief and elastically
strained state of amorphous alloy ribbons.
It is well known that the spatial distribu-
tion and polarization characteristics of scat-
tered light are completely defined by the
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surface state [2]. The investigation of the
scattered light field provides information
on the optical properties and statistical dis-
tribution of surface inhomogeneities within
relatively large areas (thousands of square
micrometers).

The light scattering from a surface char-
acterized by low root-mean square rough-
ness (much less than the wavelength of the
probing light) is linear. The light scattered
from individual relief components can be
singled out of the scattered light spatial
distribution and analyzed independently.
For that analysis, the surface relief is rep-
resented in the form of a two-dimensional
sum of diffraction gratings with different
periods, amplitudes, and phases [2]. The
scattering from one diffraction grating with
a fixed spatial frequency (the inverse period
of the grating) occurs in a certain angular
range. Hence, the light scattering method
provides information on the set of such
gratings. In this case, it is convenient to
represent and analyze the scattering data
according to the spatial frequency value in
the expansion of the surface relief f that is
related to the polar scattering angle 6 by
the expression f = sin6/A. The experimental
light scattering data for a low roughness
surface can be used to calculate the power
spectral density (PSD) functions for the
surface roughness. The PSD function yields
information on the statistical distribution
and size of surface asperities with different
spatial frequencies; it is equal to the
squared magnitude of the Fourier transform
of the function A(p), which describes the
surface microrelief:

PSD(®) = | [ h(p)ei®)dp

—o0

where p is the radius vector extending from the
origin of coordinates to a point in the surface.

For investigations, ribbons of the amor-
phOUS metal alloy CO59F€5N|108|11B15 were
prepared using the melt spinning method [3].
There were two series of the samples. The
first one consisted of the samples annealed at
T, =350, 400, 425, and 475°C for 10 min,
while the second one included the samples
subjected to cryogenic treatment at liquid ni-
trogen temperature (T = 78 K) for four hours
followed by heating up to room temperature or
to the cryogenic treatment in a magnetic field
(B ~ 30 mT) directed perpendicularly to the
ribbon surface as well as to the laser treatment
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He-Ne laser
1=632.8 nm

lo

Fig. 1. Scheme of experimental setup to
measure angular distribution of light scatter-
ing intensity.

(A = 1064 nm). The cryogenic treatment was
performed as follows. The amorphous alloy
samples were immersed for 4 h in a Dewar
flask with liquid nitrogen and then heated
to room temperature in air.

The microrelief of the amorphous alloy
ribbons was studied by analyzing the spatial
intensity distribution of the light scattered
from the surface under study. The circu-
larly polarized light with the intensity I
generated by the He—Ne laser (the wave-
length L = 632.8 nm) was incident normally
on the sample surface (Fig. 1). Such a po-
larization was chosen to exclude the contri-
bution of scattering anisotropy associated
with the polarization effects. The light spot
diameter did not exceed 100 um. The scat-
tered light (intensity I,.,;) was detected by
a photomultiplier rotated with respect to
the point of measurement in the azimuthal
and polar directions using stepper motors.
Such a variation of the photomultiplier an-
gular position made it possible to measure
the scattered light distribution within the
hemisphere above the sample surface. Along
with measurements of the light scattering
within the hemisphere, we also analyzed the
polar dependences of the scattered light in-
tensity at a fixed azimuthal angle ¢. Such
measurements were performed for several
surface areas located close to the axial line
of a ribbon, then the scattering data for
different areas were averaged. The light
scattering data were used to calculate the
scattered light normalized intensity ARS
(angle-resolved scattering) as a function of
the angles 6 and ¢ by the relation [2]

dl. 0,
ARS(G,(P) = Ilo ( _Scadtgt)( (P)J,
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where dI,.,;; is the intensity of light scat-

tered within the solid angle dQ.

The surface microrelief of amorphous
alloy ribbons as-cast and thermally annealed
at T, = 850, 400, 425 and 475°C for 10 min
was investigated by AFM, too. The study
was carried out using a TopoMetrix SPM
Atomic Force Microscope. The experiments
were fulfilled using contact regime in air.
The 10x10 um? areas of ribbon surface were
studied. The roughness parameters Rq, R,,
R, and R,, were determined for surfaces of
these ribbons. These parameters were calcu-
lated by means of TopoMetrix SPMLab pro-
gramme. After mathematical data process-
ing, the quantitative characteristics of
roughness were obtained. Among those, the
most widely-used one is the root-mean
square surface roughness height [4]:

n
Rq :%Z ‘(Zi —32 ’

i=1

where z is average profile (the mean plane)
of the surface as well as average (arithme-
tic) roughness parameter R, which is a
measure of the absolute deviation of the
profile ordinate heights Z; from the mean
(reference) plane:

R, =

S =

Zi—Z‘.

:

1%

The value R, as a difference between
heights of the highest and lowest points of
the surface or peak-to-valley roughness
height and the value R,, as a maximal
height of the surface have been incorpo-
rated into often measured magnitude.

The surface under study contains asper-
ity of two types. There are (1) macroscopic
irregularities of heights comparable to the
probing light wavelength and characteristic
dimensions in the lateral direction of a few
tens of micrometers and (2) micro-irregu-
larities of heights much lower than the ra-
diation wavelength. The macroscopic asper-
ity arises upon preparation of the amor-
phous alloy samples due to the melt
spreading over the rotating disk and the
subsequent fast quenching [5]. Due to this
specific features of the sample preparation,
the macroscopic asperity had the shape of
linear depressions oriented along the direc-
tion of the melt spreading. The characteristic
size of the micro-irregularities is several tens

156

PDS, mcm4\

1.0E-6|

1.0E-7

1
0.0 0.4 0.8 1.2 fg,1/mem
Fig. 2. PSD functions calculated for amor-
phous  CogzgFezNiy(SijBys alloy samples
as-cast (1) and annealed at T, (°C): 350 (2),
375 (3), 400 (4), 425 (5), 450 (6) and 475 (7).

times smaller, and those are located within
the macroscopic irregularities.

Since the surface macroscopic irregulari-
ties are oriented along the longitudinal axis
of the amorphous alloy ribbon, the light
scattered from those shows an anisotropy
with a maximum in the indicatrix at the
azimuthal angle ¢ = 90°. The scattering oc-

curs within the range of polar angles 6 from
0° to 12°, which correspond to low spatial
frequencies (from 0 to 0.4 um™1!), and ex-
ceeds the scattering from micro-irregulari-
ties by several orders of magnitude. As a
result, a significant change in the scatter-
ing intensity is observed in the vicinity of
the polar angle 6 = 12°, which made it dif-
ficult to measure the scattered light within
the entire hemisphere. Since the processes
of surface re-building caused by thermal
treatments and the action of external fields
occur mainly at the nano- and microlevels,
it was of interest to study the height pa-
rameters of the surface microrelief, i.e., the
micro-irregularities characterized by high
spatial frequencies. Therefore, in this
study, we have analyzed the scattered light
field in the range of polar angles from 12°
to 90° where no scattering from the macro-
scopic surface irregularities is observed.
The indicatrices of the normalized scatter-
ing intensity ARS (6, ¢) for amorphous
alloy CoggFesNiygSij1By5 ribbon have been ob-
tained. The azimuthal distribution ARS(0, ¢)
is described by closed curves (isophotes) in-
dicating the equal intensity levels of the
scattered light. For a surface of this as-cast
ribbon that was not thermally treated, any
optical anisotropy was not observed . More-
over, despite of results on Fe-based amor-
phous alloys [6], for the investigated Co-
based ones after both cryogenic treatment
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Fig. 3. Dependence of root-mean square
roughness parameter on the annealing tem-
perature for non-contact ribbon surfaces of
amorphous CogzgFesNi (Si;1B;5 alloy in ac-
cordance with light scattering data.

without and with applied magnetic field as
well as laser annealing after the mentioned
treatment, the optical anisotropy was not
found, too. In our opinion, this result for
Co-based amorphous alloy may be related to
zero magnetostriction of such alloy and its
weak temperature dependence.

When considering the light scattering
measurement data expressed as PSD de-
pendences (Fig. 2), the appropriate curves
are seen to have the same slope for as-cast

samples (at several probing areas by the
mentioned optical method) and those an-
nealed at temperatures up to 425°C. This
means that the ribbon surfaces are homoge-
neous and possess isotropic optical proper-
ties. But after annealing of the ribbons at
450°C, some small changes in low spatial
frequency range due to enhancement of the
PSD curve slope are observed. This is con-
nected with a slight surface layer structure
modification and changes in the statistical
distribution character of the macroscopic ir-
regularities. Similar behavior of the PSD
curve is also observed at T = 475°C. The
measurement of the light scattering inten-
sity as a function of 6 (¢ = const) as corre-
sponding PSD function yields the roughness
parameters which can be calculated basing
thereon. The obtained values of the rough-
ness parameters are presented in Fig. 3, and
then were confirmed by atomic force mi-
croscopy data.

Figs. 4a—4d, present the 3D-images of
the non-contact side surface of a ribbon of
amorphous metallic alloy C059Fe5N|108|11B15
as-cast and subjected to isochronic thermal
annealing. At vertical axis, the parameter
R, which corresponds to maximal height of
the surface microrelief roughness is pre-
sented. It is to note that along ordinate axis

d)
€=108.38 nm

opum Opm

Fig. 4. Atomic force microscopy data for a 10x10 um?2 area at the non-contact surface of as-cast (a), and
thermally annealed at T' (°C): 350 (b), 425 (c) and 475 (d) amorphous CogzgFesNi;;Si;,B,5 alloy sample.
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Fig. 5. Dependences of roughness parameters Rq, R, (a,b) and R,, R,, (c,d) on annealing temperature
for non-contact (a and c) and contact (b,d) ribbon surfaces of amorphous CoggFesNi;(Sij4B5 alloy in

accordance with AFM data.

in Fig. 4d, a smaller scale is selected to
describe the appropriate surface roughness.
It is seen from Fig. 4a that the noncontact
surface of as-cast ribbon shows a rather
smooth microrelief with periodic alternation
of peaks and valleys at the maximal rough-
ness of 4.8 nm. The occurrence of such sur-
face microrelief must be explained by pecu-
liarities of the melt spreading at its quench-
ing during the ribbon preparation by
spinning method. The annealing of a ribbon
at T, = 350°C (Fig. 4b) causes the appear-
ance of microrelief features as peaks of
about 10 nm height and lateral profile size
of 1 um or less on the surface that has the
characteristics similar to those for as-cast
ribbon. Thermal annealing at higher tem-
perature T, = 425°C (Fig. 4c¢) causes the ap-
pearance of smaller peaks of about the same
height as at T, = 3850°C. As a result, the
number of such peaks on the area investi-
gated increases considerably. Thermal anneal-
ing at the highest temperature T, = 475°C
(Fig. 4d) results in isolated peaks of more
than 100 nm height with lateral dimensions
of about 1 pm. Such changes of the amor-
phous ribbon surface morphology under
thermal annealing agree with the results ob-
tained by scanning tunneling microscopy in
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[7] for binary metal-metalloid amorphous
system.

As to the microrelief of as-cast Co-based
amorphous ribbon surface that was in con-
tact with disk-cooler during quenching, iso-
lated valleys and peaks of larger than
100 nm height and lateral dimensions of
several micrometers are characteristic. Such
peculiarities could be explained by air cap-
ture during melt quenching resulting in
formation of bubbles at the disk-cooler/rib-
bon interface. At the non-contact surface of
as-cast sample, no similar features are pre-
sent. The annealing at elevated tempera-
tures causes a gradual enhancement of the
roughness parameter for control surface
without essential evolution of the surface mi-
crorelief (T, =350 and 475°C) as compared
to data for as-cast ribbon. The only except is
the ribbon annealed at T, = 425°C where the
peaks higher than 300 nm with lateral di-
mensions of several micrometers are ob-
served.

The dependences of ribbon surface
roughness parameters on the annealing tem-
perature for non-contact and contact ribbon
surfaces are shown in Fig. 5. It is seen that
roughness parameters R, and R, of non-con-
tact ribbon surface (Fig. 5a) rise monoto-
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nously from R, = 0.7 nm, R, = 0.5 nm for
as-cast rapidly quenched sample (T = 20°C)
to R,=1.8-2.4 nm, R, =0.9-1.8 nm for
the ribbon surface annealed at T, = 850—
450°C. As the annealing temperature rises
up to T, = 475°C, an appreciable increase of
both root mean square (Rq) and average (R,)
surface roughness parameters is observed and
these parameters become R, =11 nm and
R, = 4.9 nm, respectively. The parameter R,
for non-contact ribbon surface (Fig. 5c¢) in-
creases monotonously from 2.3 nm for as-cast
sample to 14 nm for the sample annealed at
the highest temperature T, = 475°C. Similar
changes are typical of the parameter R,, but
for the sample annealed at 475°C, this pa-
rameter increases up to 109 nm.

The obtained microrelief evolution for
non-contact surface at thermal annealing
and the dependence of roughness parame-
ters on annealing temperature evidence the
initiating crystallization of the Co-based
amorphous alloy at the highest annealing
temperature, because for alloy being stud-
ied, the crystallization temperature T, in
accordance with X-ray analysis data is
492°C. It is beyond doubt that the monoto-
nous rise of the non-contact surface rough-
ness parameters at increasing annealing
temperature is due to structural relaxation
of the Co-based amorphous alloy. The re-
laxation process of such type takes place in
the temperature interval T, = 350-475°C.
It is of importance that the microrelief evo-
lution obtained after pre-crystallization an-
nealing for amorphous alloy
C059F65N|108|11B15 COI'I'eSpOIldS to the Crys-
tallization onset of the ribbon beginning
from its surface. Similar changes, namely the
crystallization onset in amorphous ribbon
within its surface layer with conservation of
amorphous structure in the bulk was observed
in [8] for amorphous alloy FegyByg-

For the contact surface (Fig. 5b and 5d)
of as-cast Co-based amorphous alloy, the
roughness parameter values exceed by more
than one order their values for non-contact
surface. The characteristic difference in
temperature dependence of the roughness
parameters for contact surface consists in
that all the determined parameters increase
during annealing at T, = 850°C, their fur-
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ther decrease at T, =400°C and show a
sharp jump at T, = 425°C. Only the parame-
ter R, does not show such sharp changes.
Thus, the roughness parameters for contact
ribbon surface change more chaotically
under thermal annealing than those of the
non-contact surface.

Thus, using the atomic force microscopy,
it has been shown that thermal annealing of
amorphous alloy results in monotonous rise
of the roughness parameters for the ribbon
non-contact surface. The changes may be
explained by the incipient crystallization
process at the highest annealing tempera-
ture. For the ribbon contact surface, the
roughness parameters show oscillations with
maximal increase at T, = 425°C. The spec-
tral magneto-optical research has been also
carried out for such Co-based amorphous
alloys. The experimental values of polar
Kerr rotation 0, and ellipticity My for Co-
based ribbons in the incident photon energy
range 0.6<h0<2.2 eV have been determined.
Our results are in good agreement with data
of magneto-optical study of similar Co-
based alloy system [9] which has shown a
high density of hep Co grains in the an-
nealed ribbon film.
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OnTuuHi BJacTHBOCTI MOAU(PIKOBAHUX CTPYKTYP
NMMOBEPXHEBUX NMIAPiB CTPiUOK aMOp(HOTr0o MeTajeBOro
cILjIaBa

JI.B.Ilonepenxo, B.I'.Kpaseyw, C.I.Jlucenxo, K.JI.Binnivenkxo

Mopudikania mikpopenbeda i CTPYKTypu NOBepXHeBUX IIapiB CTPivyoK aMophHUX
cniaBiB Ha ocHOBL CO micasa TepmiuHOI 0GPOOKM IpHM MiABUIIEHHMX TA KPiIOreHHHX TeMIepa-
Typax, MOif mgiel0 IPUKJIAJeHOr0 MAarHiTHOro II0Jid BMBUYEHA METOJOM pPO3CifsHHS cBiTaa i
aTOMHO-CHJIOBOI0O MiKpockoiiero. Ilapamerpu IIOPCTKOCTI IIOBEPXHI pPO3PaxOBaHO i3 eKclepu-
MEHTaJbHO OTPUMAHUX IHAMKATPHUC iHTeHCUBHOCTI poscisuus csirama. [lokasamo, mo Ha-
rpiBanHA MeTajeBUX cTpiuok no T = 350—475°C yacTKOoBO 3HiMae HaANPYKEeHHA, [0 BUHUKAE
nig yac BUTOTOBJIEHHS CTPiUKW, 1 MiABUIYye IIOPCTKiCTh ITOBEepPXHi IOPiBHAHO 3 Tielo, AKa
XapaKTepHa [IJId IOMHO BUTOTOBJIEHUX 3PasKiB.
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