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The alteration in surface color of metallic glasses (MGs) holds great significance in the context of microstructure
design and commercial utility. It is essential to accurately describe the structures that are formed during the laser and color
separation processes in order to develop practical laser coloring applications. Due to the high oxidation sensitivity of La-
based metallic glass, it can broaden the color range but make it more complex. Structure coloring by laser processing on the
surface of La-based metallic glass can be conducted after thermoplastic forming. It is particularly important to clarify the
role of structure and composition in the surface coloring process. The aim is to study the relationship between amorphous
surface structural color, surface geometry, and oxide formation by laser processing in metallic glasses. The findings revealed
that the periodic structure primarily determines the surface color at laser energy densities below 1.0 J/mm2. In contrast, the
surface color predominantly depends on the proportion of oxides that are formed when energy densities exceed 1.0 J/mm2.
Consequently, this study provides a novel concept for the fundamental investigation of laser coloring and establishes a new
avenue for practical application.
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1. Introduction
Compared to the traditional chemical pigments, struc-

tural colors offer a broader range of application opportunities
due to their high reflectivity, intensified saturation, and eco-
friendliness. These attributes confer distinct advantages, such
as simplified chemical compositions, simplified recycling pro-
cesses, improved mechanical properties, resistance to aging,
and a reduced environmental impact. Laser technology has
emerged as a promising method for producing structural col-
ors on metal surfaces as a result of its unique interaction with
materials.[1,2] Additionally, the high precision of laser pro-
cessing allows for the creation of ultra-high-resolution coat-
ings (several micrometers) while simultaneously maintaining
the integrity of untreated areas.[3,4] The underlying principle
is the formation of periodic micro-nanostructures on the metal
surface as a result of the interference of laser pulses with
surface plasma,[5–8] which enables the precise control of sur-
face characteristics. Laser-induced periodic surface structures
(LIPSSs) are recognized as the primary source of structural
colors generated by lasers.[9] LIPSSs find diverse applications
in surface chemistry, where they are used to improve wetta-
bility and hydrophobicity, and in biology, where they are used
to improve biocompatibility and biomimicry.[10–14] Although
the complex interaction between laser and metal presents chal-
lenges in LIPSSs formation, practical applications have signif-

icantly advanced through direct laser induction.[15] By utiliz-
ing metal nanoparticles and nanotubes to adorn LIPSSs,[16]

Guay et al. have demonstrated the creation of a broad color
spectrum in precious metals through grating effects,[17] while
Shi et al. have achieved multicolor impact on stainless steel
surfaces via plasma effects.[18]

The advent of femtosecond and picosecond laser tech-
nology offers new avenues for precise control of structural
colors. Femtosecond lasers are preferred for metal coloring
due to their ablative properties, allowing for producing sur-
faces with high absorption and specific colors.[18–23] How-
ever, color production is limited by the regular structure of
the underlying layer and its angle dependence.[24,25] Further-
more, the low pulse energy of femtosecond lasers necessitates
a significant amount of time. In contrast, picosecond lasers
with increased pulse energy provide cost efficiency and faster
processing speeds.[26–28] The role of LIPSSs in metal surface
coloring may be complicated by the rapid action of picosec-
ond lasers on metal surfaces, which may induce phase tran-
sitions, rearrangement of surface chemical states, and struc-
tural changes, despite the achievement of color diversity.[29,30]

Hence, it is essential to accurately describe the structures that
are formed during laser and color separation processes in order
to develop practical laser coloring applications.

Determining the structures and color separation that are
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formed during laser treatment necessitates a careful analysis
of the surface microstructure and chemical composition. In
contrast to conventional crystalline materials, metallic glass
is a prospective material for structural colors,[31–33] char-
acterized by its minimal defects and the absence of grain
boundaries.[34–36] Moreover, its outstanding properties, in-
cluding high tensile strength, exceptional hardness, and re-
markable corrosion resistance, make it an ideal candidate for
structural color applications. The formation of structural col-
ors on metallic glass surfaces is a relatively straightforward
process. For instance, the control of surface color in Zr-
based bulk metallic glass is attributed to the specific metal ox-
ide layer that is produced during femtosecond laser process-
ing and nanosecond pulsed laser irradiation.[36–38] Utilizing
nanosecond lasers, a variety of microscopic structures can be
formed on the surface of Fe nanoparticles primarily through
laser-induced enrichment of elements and mismatches with
substrate wettability.[39] An understanding of the principles of
structural color formation under laser action is indispensable
for practical applications.

This study investigated the structure and composition of
picosecond laser-induced coloring and color formation in La-
based bulk metallic glass after thermoplastic forming. Due to
its high oxidation sensitivity, it can broaden the range of sur-
face colors. Therefore, the objective of our discourse is to elu-
cidate the roles of structure and composition in the process of
surface coloration. Analysis from both perspectives revealed
that the structure predominantly influences surface coloration
at low energy densities. Conversely, at energy densities sur-
passing a certain threshold, coloration is primarily controlled
by the formation of surface oxides.

2. Experimental details
2.1. Picosecond laser processing

The La62Al14Cu24 (at.%) amorphous alloy plates were
prepared by die-casting a mixture of pure lanthanum (99.9%),
aluminum (99.9%), and copper (99.9%) from Zhongnuo Ad-
vanced Material (Beijing). The inductively coupled plasma
photometric emission spectrum (ICP-OES) was employed to
verify composition of amorphous plates. The die casting plates
(100 mm×100 mm×2 mm) were cut into samples (10 mm×
10 mm×2 mm) and polished to the mirror-like surface. A pi-
cosecond pulsed laser coloration irradiated the mechanically-
polished sample surface in the ambient atmosphere. We em-
ployed an all-solid-state ultraviolet pulse laser device in our
investigations, which had a wavelength of 355 nm, a repeti-
tion frequency of 100 kHz–2 MHz, and a pulse width of 7 ps.
The laser output power was fixed at 16 W. The laser pulses
were directed onto the sample surface through an objective
with a focal length of 100 mm. The surface was colorized by

repositioning the objective in the 2D-plane, thus, placing the
laser pulses over the surface. The final laser power on the sur-
face was determined by adjusting the power percentage (10%–
95%). The surface periodic structure was formed by applying
a laser beam to horizontally scan the surface. The laser energy
density (E) is calculated by power (P), scanning rate (ν), and
scanning period width (d) as

E =
P
dv

. (1)

The laser energy density is the energy per square millimeter of
the surface, with ν ranging from 200 mm/s to 1000 mm/s and
d fixed at 15 µm. The repetition frequency is fixed at 600 kHz,
and ν is 500 mm/s in this investigation. The laser scan area is
set to be 10 mm× 10 mm, which is identical to the samples.
The power percentage of the laser is adjusted to modify the
groove depth of the grating, which corresponds to the energy
absorbed by the metallic glasses.

2.2. Characterization

The colors were quantitatively evaluated by calculating
the chromaticity x and y using the CIE color space, which is
standardized by the international commission,[40]

x =
X

X +Y +Z
, (2)

y =
Y

X +Y +Z
, (3)

z = 1− x− y. (4)

Here, X , Y , and Z (trichromatic stimulus values) can be de-
termined through spectral reflectance, where λ represents the
wavelength,

X = k
∫ 800

300
S (λ )ρ (λ ) x̄(λ )d(λ ), (5)

Y = k
∫ 800

300
S (λ )ρ (λ ) ȳ(λ ) d (λ ) , (6)

Z =
∫ 800

300
S (λ )ρ (λ ) z̄(λ )d(λ ). (7)

A UV-vis-NIR spectrophotometer (HATACHI UH4150) with
a wavelength range of 300 nm–800 nm was used to de-
tect the reflectance spectra of different samples using an
integrating-sphere method. The morphology characteriza-
tions were performed by employing the scanning electron mi-
croscopy (SEM; IT500). The height and angle were measured
using laser scanning confocal microscopy (VK-X1100). The
phase of the samples after the treatment was identified us-
ing a D8-ADVANCE x-ray diffractometer equipped with Cu
Kα (λ = 0.25418 nm) radiation. X-ray electron spectroscopy
(XPS, Thermo Fisher ESCALAB XI+) was employed to de-
termine the chemical compositions.
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3. Results and discussion
3.1. Structure coloration

To explore the variation in surface structural color, the
patterned surfaces were analyzed using a UV-vis-NIR spec-
trophotometer and the results were summarized using the CIE
1931 XY chromaticity diagram, as depicted in Fig. 1. The
chromaticity diagram in Fig. 1(a) summarizes the surface col-
ors obtained at different frequencies and energy densities, with
each point representing the color of the sample under a pa-
rameter. Figure 1(b) is an amplified chrominance coordinate
diagram that is derived from Fig. 1(a), which more clearly il-
lustrates the multiple colors resulting from variations in en-
ergy density at different frequencies. Figure 1(c) presents a
photograph of the corresponding samples illuminated by natu-
ral light. As the energy density increases at each frequency, a
gradual shift in surface colors from cool to warm is observed.
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Fig. 1. The CIE XY chromaticity diagram. (a) The CIE 1931 of the samples
prepared using a picosecond laser. (b) The enlarged image of red portion in
panel (a). (c) Photographs of samples illuminated by natural light.

In particular, structural colors under 600 kHz include the
color spectrum at other frequencies, which are more universal;
thus, samples prepared at 600 kHz were primarily used to ex-
plore the reasons for their formation. Samples were produced
with energy densities of 0.6 J/mm2, 0.8 J/mm2, 1.0 J/mm2,
1.2 J/mm2, and 1.4 J/mm2. The red dotted box in Fig. 1(c)
illustrates a gradual shift in color from cooler to warmer tones
as the energy density increases. This color shift is also ev-
ident in the CIE chromaticity diagram (Fig. 2(a)), which is
accompanied by the corresponding reflection spectra depicted
in Fig. 2(b). In Fig. 2(b), the reflectance levels of each sample
vary across different wavelengths. Specifically, each sample
exhibits a high reflectivity within one wavelength band and

a low reflectivity within another, which leads to the appear-
ance of distinct observable colors. These colors correspond to
peaks or valleys within the reflection spectrum. For example,
the sample that was prepared with a laser energy density of
0.6 J/mm2 displays its highest visible light absorption peak be-
tween 380 nm and 460 nm and its lowest peak between 580 nm
and 700 nm, resulting in a blue-purple hue. When the energy
density is increased to 0.8 J/mm2, the highest visible light re-
flection peak between 460 nm and 510 nm is demonstrated as
turquoise.
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Fig. 2. (a) The CIE 1931 of the sample prepared with varying energy
densities at a frequency of 600 kHz. (b) Reflection spectra corresponding
to the samples in panel (a).

Conversely, the red sample prepared with an energy den-
sity of 1.0 J/mm2 exhibits its lowest absorption peak be-
tween 350 nm and 430 nm. It is most effective at absorbing
light between 670 nm and 720 nm, which corresponds to red
light. This material is characterized as crimson in color, as
it complements the blue-purple hues. When the energy den-
sity exceeded 1.0 J/mm2, the reflectivity intensity gradually
increased, indicating that the red color saturation gradually in-
creased, resulting in a redder sample color. The obtained chro-
maticity coordinates support our earlier analysis regarding the
perception of red-tone color. In addition, the stability of sur-
face color was also studied. Reflectivity of the colored surface
was measured again after exposure to atmospheric conduction
for 60 days (Fig. S1). It could be found that there was almost
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no change in reflectivity, indicating that the colored surfaces
have good stability.

3.2. Surface morphologies

To study the impact of surface morphology on color vari-
ation, surface topographies were characterized using SEM and
laser scanning confocal microscope, as depicted in Fig. 3. The
matrix is polished to a mirror prior to laser action, with a flat
surface and uniformly distributed elements (Fig. 3(a)). Fig-
ure S2 displays two broad haloes at 30◦ and 58◦ that are devoid
of sharp crystal peaks, thereby highlighting the amorphous na-
ture of the material before laser processing. The microstruc-
ture undergoes noticeable changes under various preparation
conditions. At low magnification in the laser scanning confo-
cal images, the surface periodic structure gradually distorts as
the energy density increases. For instance, the periodic struc-
ture appears relatively smooth at 0.6 J/mm2 (Fig. 3(b)), with
micro-gratings oriented parallel to the laser radiation direction.

However, the gratings no longer align parallel to the laser ra-
diation direction as the energy density rises to 1.2 J/mm2, as
shown in high magnification SEM (Fig. 3(e-1)). This is be-
cause under picosecond laser irradiation, the temperature in
the affected area of the material rises sharply, far exceeding
the melting and gasification temperature of the material in a
very short time, which causes the substance to undergo high
ionization and form a high-temperature, high-pressure, and
high-density plasma state. The inherent binding force inside
the material is no longer sufficient to prevent the rapid expan-
sion of ions and electron gases of this density, resulting in the
material in the laser irradiation area erupting outward in the
form of plasma. With the increase of the irradiation energy
density, the plasma density increases, the energy ejected out-
ward increases and the metal surface is more severely eroded,
resulting in severe distortion and deformation of the periodic
surface structure.

Fig. 3. Structural images of samples. (a) Surface morphology and element distribution after polishing. The low magnification microstructure
by laser scanning confocal microscope and high magnification microstructure of the surface by SEM are prepared under the energy densities of
0.6 J/mm2 (b), 0.8 J/mm2 (c), 1.0 J/mm2 (d), 1.2 J/mm2 (e), and 1.4 J/mm2 (f).
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Fig. 4. The microstructure of the surface as observed through a laser scanning confocal microscope. Three-dimensional contour diagrams of
samples subjected to energy densities of 0.6 J/mm2 (a), 0.8 J/mm2 (b), 1.0 J/mm2 (c), 1.2 J/mm2 (d), and 1.44 J/mm2 (e). (f) A schematic of the
morphology with randomly distributed nanoparticles. (g) Confocal cross-sectional profile diagrams of surfaces under different energy densities.
(h) The average degree and mean height of the morphology with the various energy densities.

Further increase in energy density intensifies the interac-
tion between the laser beam and the material surface, resulting
in a significant increase in plasma density, which forms larger
particles during rapid cooling. For example, larger droplets
appear on the surface at 1.4 J/mm2 (Fig. 3(f-1)). Although
the interaction time between laser and material is short and
the heat affected area is small, as the energy density increases,
the amount of plasma ejected increases, and the possibility of
combining in the laser processing area increases. This pro-
cess, illustrated in the upper right corner of Figs. 3(b-1)–3(f-
1), demonstrates that there is a corresponding increase in sur-
face particles as the energy density increases. Nevertheless, at
1.2 J/mm2 and 1.4 J/mm2, a notable reduction in surface par-
ticles accompanied by intensified droplet accumulation mor-
phology is observed. This indicates that the injected energy
and plasma density are too high, causing high-temperature
droplets to condense in the air and form stacks. Addition-
ally, the energy density (Fig. S3) influences the particle di-
ameter distribution, which initially increases and subsequently
decreases as the energy density increases from 0.6 J/mm2 to

1.2 J/mm2. The plasma density gradually increases with in-
creasing laser energy density, the tiny particles on the surface
gradually aggregate to form larger particles, affecting the sur-
face morphology and roughness.

To further examine the impact of the microstructure, the
mean height and average degree of the microgrooves were
quantitatively analyzed using a laser scanning confocal mi-
croscope, as illustrated in Fig. 4. Figures 4(a)–4(e) depict a
three-dimensional scanning diagram, indicating the evolution
of surface topography under different energy density condi-
tions. This evolution reveals a more organized gully structure
at a lower energy density of 0.6 J/mm2 (Fig. 4(a)). The gully
structure becomes increasingly indistinct as the energy den-
sity increases, resulting in significant morphological changes.
At energy densities of 1.2 J/mm2 and 1.4 J/mm2, the sur-
face is devoid of a distinct periodic structure. This obser-
vation is further supported by the sectional height depicted
in the diagram (Fig. 4(g)). The sinusoidal model introduced
in Fig. 4(f) is used to conduct a quantitative analysis of the
impact of the surface structure. The mean height is used to
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represent the average elevation from the valley base to its
peak. The average degree is determined by the angle be-
tween tangential lines at the valley base, which excludes the
influence of nanoparticles on the surface. To ensure the au-
thenticity of the sample, the data obtained from five tested
regions were averaged. The analysis of interface data pre-
sented in Fig. 4(g) and the graph in Fig. 4(h) illustrate the
relationships between the average angle, mean height, and en-
ergy density. The mean height of the grating groove decreases
from 10.5780±0.121 µm at 0.6 J/mm2 to 8.4442±0.179 µm
at 1.2 J/mm2. From 0.6 J/mm2 to 1.2 J/mm2, the average
angle increases from 55.4905◦± 0.516◦ to 62.203◦± 0.354◦.
After applying the logistic model fitting,[41] it is found that
the average degree increases rapidly below 1.0 J/mm2 and
gradually ascends to a stable value beyond 1.0 J/mm2. The
mean height decreases progressively with increasing energy
density and drops sharply after surpassing 1.0 J/mm2. These
findings indicate that the mean height and average angle be-
tween two grating grooves change nonlinearly with the en-
ergy density. The interaction between the laser and the surface
of samples in Fig. 4(f) produces periodic three-dimensional
grating structures with varying mean heights and average an-
gles, which significantly enhances the diffraction efficiency of
Bragg in comparison to the diffraction of the materials.[42]

Furthermore, the diffraction efficiency is influenced by the
mean height of the grating, which is inversely proportional to
the spectral bandwidth. The angle of the cone structure formed
between the gratings narrows and the seemingly porous shape
of the grating surface substantially improves the light trapping
effect, reducing the surface reflectivity.[43] Furthermore, when
it comes to the cases of 0.6 J/mm2 and 1.4 J/mm2, the energy
density increases, resulting in a greater number of particles on
the surface solidifying into larger particles and the formation
of a porous flocculent morphology on the surface. This in-
creases the roughness of the surface and reduces its density,
further decreasing the refractive index and causing the reflec-
tion spectrum to shift towards a longer wavelength. The for-
mation of surface color can be explained by the Bragg formula,
assuming the surface as a sinusoidal model, wherein the grat-
ing’s height is related to the spectral bandwidth[42]

∆λ =
2nd2 cosθ

h
, (8)

where ∆λ represents the spectral bandwidth, d denotes the pe-
riod of the grating, n refers to the refractive index of the ma-
terial, h signifies the mean height of the grating, and θ is the
Bragg angle. The grating’s height is greater at lower energy
densities, and fewer surface particles are observed (Fig. 3), re-
sulting in a surface color that is closer to the short-wave (blue)
end of the spectrum. Conversely, as the mean height of the
grating increases, the surface color shifts towards black. Dur-
ing this transition, the surface roughness gradually increases

and the refractive index decreases, leading to a relative change
in the surface’s appearance.

3.3. The effect of oxides

An understanding of the internal mechanism that under-
pins the evolution of structural color under varying energy
densities can offer valuable insights for the application of
metallic glasses in structural coloration. The results indicate
that the alteration in surface color is not solely due to struc-
tural differences. In the visible spectrum, the color wavelength
does not linearly correlate with the energy density in either the
short-wave and long-wave directions. It remains relatively un-
changed once the energy density surpasses a certain thresh-
old. Moreover, structural analyses reveal that the minimal
influence extends beyond 1.0 J/mm2. Thus, the relationship
between surface composition and energy density was further
explored through XRD patterns.
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Fig. 5. XRD spectra of the laser-irradiated samples.

In Fig. 5, the XRD spectra of post-laser processing sam-
ples reveal distinct Bragg peaks, indicating modifications in
their chemical compositions. Significant crystal peaks are not
observed at 0.6 J/mm2. Still, it is important to note that sharp
crystal peaks corresponding to La2O3, Cu2O, Al2O3, and CuO
phases emerge on the broad hump peak under other energy
densities. This suggests that oxides formed during this pro-
cess also contribute to the change in surface color. It is crucial
to acknowledge that the laser scans only once and has a very
brief action time. This implies that the observed peaks are
not the result of the overall crystallization of BMG, but rather
from the crystallization behavior of the surface. In addition,
the surface elements are evenly distributed without segrega-
tion (Fig. S4). As the energy density increases, so does the
energy delivered by the laser to the MG surface, causing an
instantaneous temperature rise that could potentially exceed
1000 ◦C. This process leads to the rapid oxidation of metals,
especially rare earth metals, in the presence of atmospheric
oxygen. Compared with other conditions, the La2O3 crystal
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peak intensity is the most intense, while the Al2O3 peak in-
tensity is the weakest at 1.0 J/mm2. Consequently, the type

and content of oxides can be modulated to produce specific
structural colors by adjusting the laser power.

930 940 950 960

Binding energy (eV)

Cu 2p

65 70 75 80
Binding energy (eV)

Al 2p

0.6 0.8 1.0 1.2 1.4
0

5

10

Energy density (J/mm2)

0.6 0.8 1.0 1.2 1.4
0

13

26

Energy density (J/mm2)

0.6 0.8 1.0 1.2 1.4
0

35

70

Energy density (J/mm2)

(b)(a) (c)

(e)(d) (f)

830 840 850 860
Binding energy (eV)

La 3d

525 530 535 540

Binding energy (eV)

O 1s

0 400 800 1200
Binding energy (eV)

Al 2p

La 3d Cu 2p

C 1s

O 1s

280 285 290 295

Binding energy (eV)

C 1s

(h)(g) (i)

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

P
e
rc

e
n
ta

g
e
 (

%
)

La2O3 Al2O3 CuO
Cu2O

Fig. 6. XPS spectra of the samples’ surface. The full spectra (a), high-resolution spectra of La 3d (b), Al 2p (b), Cu 2p (d), O 1s (e), and C 1s (f) of
the sample under the condition of 0.6 J/mm2. The doublet peaks are plotted with the same color. (g) Column diagram of La2O3 ratio with varying
energy densities. (h) Column diagram of Al2O3 ratio with varying energy densities. (i) Column diagram of CuO and Cu2O ratio with varying
energy densities.

To quantitatively assess the influence of surface oxides on
structural color, XPS analysis was conducted to characterize
the electronic structure and surface composition of the sam-
ples, thereby enabling the calculation of component propor-
tions. Figure 6(a) displays the full spectrum of a sample pre-
pared at 0.6 J/mm2, which suggests the presence of C, O, La,
Al, and Cu elements on the surface. A sub-peak fit is imple-
mented on a high-resolution map to evaluate the valence state
of each element. The high-resolution La 3d spectra are de-
convoluted into two doublets, which are subsequently divided
by multiplet splitting (Fig. 6(b)). The presence of La3+ is indi-
cated by the peaks corresponding to La 3d5 and La 3d3, which
are identified at 834.42 eV and 851.07 eV, respectively. The
4.17 eV energy difference between these split peaks is consis-
tent with the analysis indicating the presence of La2O3.[44,45]

Although the Al can be deconvoluted into four peaks, they all
correspond to Al3+. The Al 2p3 peaks are located at 74.38 eV
and 75.71 eV (Fig. 6(c)), which is because a part of Al is di-
rectly oxidized during the laser process, while the remaining
portion is not oxidized during the laser process. This oxida-
tion occurs on the Al in the air.[46] Furthermore, the Cu 2p
spectrum exhibits five distinct peaks (Fig. 6(d)), in which the
higher binding energies of Cu 2p1 and Cu 2p3 are attributed
to Cu2+ and the lower peaks at 952.83 eV and 933.08 eV are
attributed to Cu1+, alongside some satellite peaks within the
range of 840 eV to 847 eV.[47,48] The three peaks for O 1s
in Fig. 6(e), which are located at 530.02 eV, 531.22 eV, and
532.44 eV, can be ascribed to the La–O band, Al–O, and Cu–
O, respectively. In the C 1s spectrum in Fig. 6(f), the peak at
284.8 eV corresponds to the C–C band. These elements are
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prone to oxidation, with oxides forming directly under laser
action. The XPS spectra under alternative conditions are de-
picted in Fig. S5, and the peak fitting details are listed in Ta-
ble S1–S5. Although the valence states of each element re-
mained unaltered under varying energy densities, the relative
content of oxides did change. According to Fig. 6(g), the
proportion of La2O3 initially increases and subsequently de-
creases, with a nearly 50% reduction at 1.4 J/mm2. However,
the proportion of Al2O3 (Fig. 6(h)) remains nearly constant
below 1 J/mm2 and increases substantially beyond this energy
density. The composition with the most notable alteration is
Al2O3, while the change in Cu content during energy density
variations is not pronounced (Fig. 6(i)). A high-pressure envi-
ronment is generated during laser ablation. When the energy
reaches a certain threshold, aluminum particles transfer elec-
trons to the amorphous substrate at the interface. This high-
pressure environment restricts the migration of oxygen, lead-
ing to an increase in Al2O3.

In summary, the influence of oxides on surface color can
be quantified. When the laser energy is less than 1.0 J/mm2,
and the interaction between the laser and the material is
minimal, the periodic structure on the surface becomes pro-
nounced. The surface particles are small and hardly affect
the surface structure. The composition is primarily composed
of La2O3 and Al2O3, which are the result of mild oxidation.
Hence, the effect on the composition is minimal, and the main
coloration is determined by the periodic structure of the sur-
face. A complete cauterization of the substances on the sur-
face occurs as the laser energy density increases to a specific
threshold level. The nanoparticles on the surface gradually
merge under the influence of high temperature and pressure,
forming large solidified droplets in the air, as the interaction
between the laser and the substrate intensifies. This alters the
surface morphology, which no longer conforms to the Bragg
grating relationship. Simultaneously, the surface undergoes an
increase in the formation of oxides, which obscures the sur-
face morphology, predominantly due to the formation of var-
ious oxides in varying proportions. Therefore, when the laser
energy density exceeds 1.0 J/mm2, the surface color is pre-
dominantly influenced by oxides.

4. Conclusion
In conclusion, this analysis of the surface coloration of

La-based MG blocks treated with a picosecond laser in air and
its origin reveals that the laser-processed surface exhibits a di-
verse array of structural colors. Picosecond laser color rendi-
tion can be quantitatively defined through the periodic struc-
ture and surface oxide modulation. The periodic structure gov-
erns the capture of surface color when the energy density is
below 1.0 J/mm2, as evidenced by the surface morphology.
Based on the surface chemical composition, when the energy

density exceeds 1 J/mm2, the surface color is predominantly
influenced by the proportion of oxides formed. Hence, this
study provides a precise control strategy for picosecond laser
coloring, and this mechanism can be extended to other metal
surfaces, offering guidance for picosecond laser-induced col-
oring and potentially advancing its practical implementation
in laser coloring.
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[3] Antończak A, Stȩpak B, KoziołP and Abramski K 2013 Appl. Phys. A

115 1003
[4] Qi S, Jian Z Z, Xian K M, Jia N Y, Zhao H G, Ming Z and Shun G 2022

Rare Met. 41 1022
[5] Hedayati K and Elbahri M 2016 Plasmonics 12 1463
[6] Gu Y H, Zhang L, Yang J K, Yeo S P and Qiu C W 2015 Nanoscale 7

6409
[7] Kristensen A, Yang J, Bozhevolnyi S, Link S, Nordlander P, Halas N

and Mortensen N 2017 Nat. Rev. Mater. 2 16088
[8] Ma Y Q, Shao J H, Zhang Y F, Lu B R, Zhang S C, Sun Y, Qu X P and

Chen Y F 2015 Chin. Phys. B 24 080702
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