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Effects of devitrification in metallic glasses are of particular interest for their utilization in various applications as
the phase transformation from amorphous to crystalline state is known to significantly change their properties. In
this work, we study the effect of devitrification on the optical properties of metallic glasses using the spectro-
scopic ellipsometry technique. Ellipsometry measurements on isothermally crystallized samples at controlled

temperatures between the glass transition temperature and the crystallization temperature revealed character-
istic dependence of the complex index of refraction on the controlled devitrification temperature, suggesting an
effective optical approach which can be prospectively used for characterization of structural changes during
devitrification. The crystallinity of devitrified samples was verified using a combination of differential scanning
calorimetry and X-ray diffraction measurements.

1. Introduction

Metallic glasses (MGs) are a broad family of metal alloys that are
specifically designed to prevent crystallization at relatively low cooling
rates [1]. They exhibit unique mechanical and thermo-physical prop-
erties owing to their metallic and glassy nature including high strength,
superior corrosion and wear resistance, and large elastic strain limit
[2-5]. Most importantly, MGs show a metastable supercooled liquid
state in the temperature range between the glass transition temperature
(Ty) and the crystallization temperature (T,) [4]. The supercooled liquid
state enables the MGs to be thermoplastically formed to generate com-
plex geometries and surface patterns spanning from centimeter to
nanoscale [2,3,6]. Thermoplastic forming of MGs has been utilized for
applications in micro-nano-electromechanical systems [7,8], electro-
chemical catalysis [9,10], biochemical and biomedical systems [11,12],
and photovoltaics [13]. It has been recently demonstrated that low
optical reflectance (<2%) in the visible range can be achieved using
nanotextured MG surfaces [14]. Also, it has been shown that a localized
photo-thermal heat conversion in the near-infrared region can be real-
ized with MG nanowires made by thermoplastic embossing [15,16].
Despite the growing recent interest in MGs for potential applications
that involve photo-thermal energy conversion [16,17], and high

absorption [14,18], the optical properties of different types of bulk MGs
that are suitable for thermoplastic forming remain largely unexplored.

The properties of materials depend on the atomic structure and
microstructure besides the surface topology. In our previous study, we
demonstrated distinct index of refraction (n) and extinction coefficient
(k) of amorphous and crystallized Pt-based MGs [14,19]. Recently, the
optical constants of Pd-based amorphous and crystalline glass formers
have been reported using spectroscopic ellipsometry (SE) [20]. MGs
devitrify into a wide variety of phases and microstructures depending on
the crystallization conditions. Considerable efforts have been dedicated
to understand the microstructural effects of crystallization on the me-
chanical properties of MGs [21-23]. However, it remains unclear if the
optical properties of devitrified MG formers are also sensitive to the
microstructure devitrification conditions. Here, we propose to use SE to
investigate the effects of temperature-dependent devitrification of MGs
on their optical properties.

To achieve this, we investigated the complex refractive index
dispersion relations of MGs that are isothermally crystallized at tem-
peratures between Ty and Ty. The optical properties combined with X-
ray diffraction results suggest the formation of distinct microstructures
during isothermal annealing. To gain further insight into the properties
associated with crystallization, we calculated the complex optical
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conductivity of our samples based on the Drude model using the
measured complex refractive index dispersion relations. The ability to
distinguish the microstructural differences using optical properties
provides a new non-destructive characterization technique for MGs that
are subjected to heat treatments.

2. Sample fabrication

Amorphous samples of Ptsy 5Cui4.7Nis 3P22 5 (Pt-MG) investigated in
this study were synthesized by water quenching. Details of the Pt-MG
synthesis process can be found elsewhere [3]. All samples were
pressed against an ultrasmooth silicon surface during devitrification to
achieve a mirror-like surface finish for ellipsometric analysis. Amor-
phous samples were devitrified by isothermal annealing in the super-
cooled liquid region based on the time-temperature-transformation
(TTT) diagram reported previously [4]. The samples were annealed at
temperatures T; = 265 °C, T, = 270 °C, and T3 = 280 °C to achieve the
crystalline state as per the TTT diagram. The crystallinity of devitrified
samples was confirmed using the differential scanning calorimetry
(DSC) and X-ray diffraction (XRD) measurements. All our ellipsometric
measurements were cross-checked using multiple samples that were
prepared using the same surface treatment and devitrification protocol.
Measurements in different areas of the same sample revealed no
noticeable differences in the complex refractive index indicating excel-
lent macroscopic material uniformity both in amorphous and crystalline
states.

3. Spectroscopic ellipsometry

All SE measurements were performed using a Horiba Jobin Yvon
UVISEL Ellipsometer (spectral range 250-2100 nm). Light emitted from
a Xenon lamp at a fixed 70° angle from the incident plane is collimated
into an elliptical spot with major and minor axis lengths of 3.3 mm and
1.0 mm, respectively, at the sample surface. The SE measurements are
representative of the entire sample because the beam size is significantly
larger than any structural or compositional heterogeneity present in
amorphous and crystallized MGs. The fundamental ellipsometry equa-
tion is expressed in terms of the intensities of the p- and s-polarization
coefficients of the reflected beam. Ellipsometer angles A and ¥ are
related to the phase difference and R, and R; are the Fresnel reflection
amplitude coefficients along the p- and s-polarization directions,
respectively. Measured intensities related to the second (I;) and the first
harmonic (I.) of the reflected beam can be expressed in terms of the
ellipsometer angles A and ¥ using the equations I; = sin 2¥ sin A and
I, = sin 2% cos A.

To determine the optical constants, a physical model of the material
composition and structure was developed. The measured wavelength-
dependent intensities I; and I, are then fitted to the model to deter-
mine the wavelength dispersions of n(A) and k(A). In the SE analysis of
both amorphous and devitrified MG samples, we used the Drude model
in which the frequency-dependent complex dielectric function e() is
given by:

?
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where &, is the dielectric constant in the high-frequency limit, o}, is the

plasma frequency, I'p is the free electron damping factor, and ¢(w) =

(o) + ik(w)]?.
4. Results and discussion

After measuring the parameters I; and I, of the Pt-MG in the amor-
phous state, the sample was devitrified by annealing at Ts = 280 °C for
~15 min. A second SE measurement was performed on the same sample
in the crystalline state after devitrification. The Drude parameters
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determined for the amorphous and the crystalline states were ¢, = 1.2
eVand 1.5 eV, w, = 22 eV and 25 eV, and I'p = 15.2 eV and 13.5 eV,
respectively, and they are in good agreement with previously reported
values for Pt-MGs [14]. Variation in Drude parameters among the
devitrified samples was determined to be <6% based on our model.

In order to investigate the microstructural dependence of n and k
dispersions, we compared Pt-MG samples devitrified at three different
temperatures [4]. Fig. 1 shows the DSC curves of Pt-MG samples after
devitrification at 265 °C, 270 °C, and 280 °C. The DSC curve of amor-
phous sample is also shown for comparison. The T and Ty are clearly
visible in the amorphous sample whereas no such transitions are
observed in the devitrified samples. A small exothermic event remains in
the range of 310-320 °C. It is known that 100% crystalline state is
typically not observed in isothermally annealed MGs over laboratory
timescales [24]. However, for all practical purposes, the three samples
can be considered crystalline with no apparent difference. This
assumption can be further verified using the XRD analysis of the devit-
rified samples.

The XRD patterns of the Pt-MG samples devitrified at different
temperatures are shown in Fig. 2. All three samples exhibited sharp
diffraction peaks with no diffuse background corresponding to a sig-
nificant residual amorphous phase. Therefore, the volume of remaining
amorphous phase causing the exothermic event in the DSC curves should
be less than 5% detectable limit of XRD. Furthermore, the diffraction
peaks are identical in all three samples suggesting the formation of the
same crystalline phases. A slight narrowing of the diffraction peaks with
increasing devitrification temperature is noticeable which is typical in
MGs due to formation of coarse grains at higher temperature. Overall,
the DSC and XRD results indicate that the isothermal devitrification of
Pt-MG at three different temperatures results in formation of the same
phases but different microstructures.

The corresponding n and k wavelength dispersions for both amor-
phous and devitrified Pt-MGs are shown in Fig. 3. Both the index of
refraction (n) and the extinction coefficient (k) for amorphous and
crystalline Pt-MGs exhibit a featureless monotonic increase in the
investigated wavelength range. The transition from amorphous to
crystalline state results in structural heterogeneity and periodicity. Thus,
higher n and k values observed in the crystalline states likely stem from
the higher mass density due to crystallization into an ordered structure
from a liquid-like disordered structure as a result of localized changes in
composition, as reported in previous investigations [14,20]. Another
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Fig. 1. DSC thermogram for amorphous Pt-MG and the Pt-MGs crystallized at
temperatures T; = 265 °C, T, = 270 °C, and T3 = 280 °C.
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Fig. 2. XRD patterns of the Pt-MGs crystallized at temperatures T; = 265 °C, T,
= 270 °C, and T3 = 280 °C.

distinct trend observed in Fig. 3 is that, both n and k increase throughout
the entire spectrum as the devitrification temperature is increased. This
may be attributed to the relation between the size of grain formation and
the temperature during devitrification as shown in previous studies
[25-29]. Pt-MG in the crystalline state is comprised of many crystalline
phases of different sizes that are developed within the amorphous matrix
and are separated by disordered grain boundaries [30]. At lower crys-
tallization temperatures, the formation of smaller grains likely results in
a volumetric increase of the grain boundaries and a degree of disorder in
the structure. As the crystallization temperature is increased, the for-
mation of larger grains leads to a higher effective optical constant for the
medium as has been observed in our ellipsometric analysis [31]. Thus,
different crystallization temperatures result in the formation of distinct
microstructures according to which different optical responses are
revealed among the investigated samples.

To further understand the effects of devitrification on the material
properties, we have calculated the complex optical conductivity of
samples crystallized at different temperatures. The frequency-dependent
complex dielectric function ¢(®) can be expressed in terms of the com-
plex optical conductivity o(w) based on the Drude model using the
equation:

e(@)=1+i°) @
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where o(w) = o,(w) + io;j(w) and o, and o; represent the real and imag-
inary part of the optical conductivity, respectively. The calculated
values of 6, and o; for the amorphous and crystallized Pt-MG samples are
shown in Fig. 4(a) and (b). The real parts of the optical conductivities
exhibit featureless and monotonic curves that increase with the
increasing devitrification temperature. Distinct conduction responses
among the crystalline samples may also be rationalized in terms of
temperature-dependent microstructure formation upon crystallization
[32]. While crystallization introduces structural periodicity and homo-
geneity compared to disordered amorphous Pt-MG, emerging crystal
grains limit electron mobility due to scattering from the boundaries. As
the crystallization temperature is increased, the formation of larger
grains results in a higher degree of order and smoother grain boundaries
within the structure that leads to higher conductivity.

The real optical conductivity values are known to be in good
agreement with the DC conductivity values in the higher wavelengths of
the spectrum for conducting materials. Since we have limited our
spectral range to 2100 nm in our SE analysis, we measured the DC re-
sistivity of both amorphous and crystalline samples using the conven-
tional 4-point probe technique. Our resistivity measurements for
amorphous Pt-MGs are in good agreement with the known value re-
ported elsewhere [33] and are consistently higher than of isothermally
crystallized Pt-MGs due to increased scattering of the conduction elec-
trons from the disordered structure [34].

5. Conclusions

We have investigated the dispersion relations of Pt-MGs in the
amorphous and devitrified states using the SE technique. The higher
optical constants of devitrified Pt-MG compared to the amorphous Pt-
MG are attributed to the higher material density in the crystalline
state due to the formation of structural order upon crystallization. We
further expanded our spectroscopic analysis to the Pt-MGs that are
devitrified isothermally at different temperatures. Our SE measurements
showed that the dispersion relations obtained from these samples
exhibit similar monotonic curves but distinct n and k dispersion values
that increase with increasing devitrification temperature. We calculated
the complex optical conductivity of both amorphous and crystallized Pt-
MGs based on the Drude model using the measured complex index of
refraction values. The dependence of the optical constants and con-
ductivities on the crystallization temperature is attributed to the for-
mation of different sizes of crystal grains during devitrification. We
anticipate that the crystallization temperature dependence of the
dispersion relations of Pt-MGs can potentially be utilized as a comple-
mentary method to study the microstructural effects of devitrification
for MGs.
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Fig. 3. (a) Index of refractions and (b) extinction coefficients as a function of wavelength for the amorphous Pt-MG and the Pt-MGs crystallized at temperatures T; =

265 °C, T, = 270 °C, and T3 = 280 °C.
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Fig. 4. (a) Real and (b) imaginary parts of complex optical conductivity as a function of wavelength for the amorphous Pt-MG and the Pt-MGs crystallized at
temperatures T; = 265 °C, T, = 270 °C, and T3 = 280 °C.
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