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Abstract: A sample of potassium bromide, doped with divalent europium ions, was stored at
200 °C for approximately six months and exhibited two emission bands at room temperature:
blue and cyan. These emissions are associated with two types of nanostructures (NS) that form
during annealing. The localized emission spectra were obtained in a scanning zone (SZ) 46 x 162
um? from a selected sample of 900 x 320 um? and 90 um in thickness using an experimental
light-scanning design implemented in our laboratory. While scanning the crystal, several changes
in the peak position and intensity of the emission spectra were observed. These changes corre-
sponded to the stable dihalide phase (SDP) and the metastable dihalide phase (MDP). In certain
regions, the intensity of the cyan emission band was slightly more significant than that of the
blue emission band. The concurrent observation of these two emission bands confirms the co-
existence of both phases within the single crystal.
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1. Introduction

Numerous research teams, including ours, have inves-
tigated divalent europium in solid host-type alkaline
halides (Hernandez etal., 1980; Mufioz-Santiuste etal.,
1990; Pérez-Salas etal., 1996; Mejia-Uriarte etal., 2003).
Its high luminescent efficiency and simple host make itan
ideal subject for testing how the europium ion responds
to different crystalline environments (Lopez et al., 1980;
da Cunha Andrade etal., 2014; de Carcer etal., 1988). In
recent years, research has also focused on how systems,
such as KBr:Eu®** (Mejia-Uriarte etal., 2009), NaCl:Mn?*
(Mejia-Uriarte etal., 2015), and NaCl:Cd?* (Barth & Henry,
2009), configure within nanostructures (NS) in the host.
When the impurities are precipitated, form impurity-va-
cancy (I-V) complexes that are grouped into structures
of variable size, shape, and composition. These struc-
tures modify the optical properties of the material and
are known as NS due to their nanoscale dimensions. As a
phosphorus material, divalent europium continues to at-
tract significant interest in previous and recent research.
Its versatility is evident in its current applications, which
range from LEDs to electronic devices (Hernandez etal.,
1980; Hossain et al., 2021; Luo et al., 2021), due to its high
efficiency and strong chemical affinity for binding with
various compounds. Some notable applications include
scintillator materials, X-ray scintillators (Wu etal., 2016;
Stand etal., 2019; Zhao etal., 2023; Zhang etal., 2024),
and a single-crystal scintillator for detecting UV (Nikl &
Yoshikawa, 2015). Halide Perovskites have strong blue
emission, and lead-free metal halide nanocrystalsarealso
gaining attention (Qiao etal., 2022; Huang etal., 2020).
The emission of divalent europium has been reported as
a single emission band due to the interconfigurational
transition 4/°5d'~4f” (Weakliem, 1972; Dorenbos, 2003;
Duan & Reid, 2003; Qin etal., 2017). Recent publications
have reported the observation of chemiluminescence
in blue and green, obtained from the oxidation of orga-
noaluminium compounds by oxygen in tetrahydrofuran
(Galimov et al., 2020). A double emission of divalent euro-
pium was obtained in a solid solution, which can be used
as a temperature sensor (Wu etal., 2019). Green emis-
sion in hydride chloride at low temperatures (10 - 30 K),
and perovskites with double emission violet and orange
were reported (Kunkel etal., 2015; Yuan etal., 2024). In
alkali halides, temperature and storage time are crucial
for the formation of different phases within the crystal.
Divalent europium ionsin a solid alkali halide matrix tend
to form one or more phases, depending on temperature
and storage time. 200 °C, a phase known as the dihalide

phase (DP) EuBr, took place. For example, Eu?* ions in
KBr (Aguilar et al., 1982; Mufioz-Santiuste et al., 1990), KCI
(Lopez, 1981), and NaBr (Lépez et al., 1981) form one sta-
ble dihalide phase and two metastable phases, except for
KBr, which has one stable dihalide phase (SDP) and one
metastable dihalide phase (MDP).

For the sample KBr:EuBr, in bulk, the emission band
peaking at 429.8 nm was associated with the SDP EuBr,,
while that peaking at 466.2 nm was to the MDP EuBr,. To
date, the KBr:Eu?* single crystal has not been examined
by X-ray and electron microscopy techniques. Howev-
er, the NaCl:EuCl, system for which these studies have
been performed suggests that the SDP and MDP emission
bands EuBr, can be assigned in accordance with those
of EuCl,. It should be noted that for this system, there is
one band in SDP and two bands in MDP, assigned to the
[111], and [310] planes of the matrix lattice. Another con-
sideration for making this assignment is that the dihalide
structure EuCl, should not be so different from EuBr,.
For precipitated phases, the Eu®*-Eu?* distance will be
greater in this sample, which allows the transfer of energy
(Stepien-Damm & Dubiel, 1980; Eick & Smeggil, 1971).

When the sample is scanned step-by-step and lumi-
nescence is collected, the intensity of the emission bands
changes along the way. These intensity changes are relat-
ed to the thickness of the NS and its quantity. Thus, the
intensity depends on the number of excited emitting ions.
Peak shift of the emission band of the sample in SDP and/
or MDP could be related to the diameter of the NS found
at each point and to the collective emission of all of them.
A similar behavior was reported in this same type of sam-
ple, but with NS formed in another phase. There, it was
reported that the shift of the emission peak was a func-
tion of the NS diameter, which depends on the amount of
europium impurities (Mejia-Uriarte etal., 2009).

Here, the purpose has been to study localized lu-
minescence and determine the relationship between
the emission band position and the NS in each phase.
Although this material had been previously studied, its
optical response had always been analyzed in volume,
presenting a broad emission band with an asymmetric
shape, and its component bands had only been deter-
mined by a deconvolution analysis. However, there has
not yet been a report of well-defined double simultane-
ous emission spectra for this material.

2. Materials and Methods

The single crystals used in this work were grown using
the Czochralski method. This technique has been used
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to produce all the crystals in our research on alkaline
halides doped with rare-earth or transition-metal ions
(Hernandez etal., 1980; Mejia-Uriarte etal., 2003; Lopez
etal., 1980). The KBr:Eu?* samples were heated in a fur-
nace at 550 + 5°C for one hour and then rapidly cooled in
liquid nitrogen. This process aims to dissolve any precip-
itated or aggregated phases that may have formed during
crystal growth and to evenly distribute the europium ions
within the crystal. The state of impurities dissolved in
the host is commonly known as the state of free dipoles
(FD). The samples were stored in a furnace at 200 + 5°C
for six months to form the DP. These samples contain
~240 ppm europium ions; the calculation was performed
using the method reported previously (Hernandez etal.,
1980). The sample measurements were 6 x 3 mm? with
1 mm in thickness and cut with a precision knife to obtain
micro-samples. A total of ten microsamples were select-
ed, with sizes ranging from hundreds of microns in area
to several microns in thickness. The emission spectrum
for each selected sample were analyzed, and the sample
with the best asymmetric emission distribution was cho-
sen (Kuzmin et al., 2024). This selected sample measures
900 x 320 um? with 90 um in thickness, and the scanning
zone (SZ) was 46 x 162 um?. The absorption spectra were
obtained in bulk with a spectrophotometer (Cary 5000,
Agilent), and emission spectrain bulk and localized mode
were collected using a spectrometer (HR-2000+, Ocean
Optics) calibrated to the line of an argon laser 514.5 nm.
Annealing forms nanostructures through aggregation
and precipitation. The area exhibiting the most intense
cyan emission was selected for light scanning to acquire
its image and emission spectra. Furthermore, the same
region on the [100] planes were examined using contact
mode with Atomic Force Microscopy (AFM) (AutoProbe
CP, Park Scientific Instruments) to obtain AFM images. To
analyze and obtain 2D and 3D images, the open source
software Gwyddion and WSxM 4.0 Develop 12.21 (Necas &
Klapetek,2012; Horcas et al., 2007) were used. The images
and luminescence spectra were acquired using a step-by-
step light-scanning method, which is briefly summarized
herein, as it is not the primary focus of this paper.

For the far-field regime, an objective microscope
was used to capture the image and emission spectrum
simultaneously. Figure 1 illustrates the experimental set-
up, where a digital camera (Industrial Camera, Thincol)
is utilized to locate the sample position by detecting its
reflection, thereby facilitating the identification of the
area of interest. A laser beam with a wavelength of 375
nm (KVANT, 75mW, TEM00, ND4116 LD, Niquia) is focused
through a microscope objective (CFI plan Achromat NCG,

Image from camera

~ ]

Camera

Image reconstruction

_'_,,-d
= Dichroic 375nmlaser
1 it ¢ — ()
Image sensor /
Bs2
Data 831
processing

Microscope
objective

s Optical fiber

~oanndiitin
.

q
/
1

Spectrometer

e X¥Z maotorized stage
Obtained spectra g

Figure 1. Experimental setup of step-by-step light scanning.
BS 1. Beamsplitter 50/50 and BS 2. Beamsplitter 70/30.

100X, NA 0.9, Nikon) concentrating the laser beam onto
the sample positioned on an XY platform (MT1/M) and
Z (MVS05/M), with step motors (ZFS13) and controllers
(KST201), these devices was acquired of Thorlabs Inc.

The fluorescence emitted from the sample is collect-
ed using the same microscope objective, with the light
being channeled to both detection systems. A portion
of the emitted light is used to form an image for data
processing, while another is sent to the spectrometer for
further analysis. The step-by-step light scanning method
involves the absorption, reflection, and scattering of in-
cident light on the sample. Irregularities on the surface
of the sample create a correlation between the incoming
and the reflected light. Differences in intensities enhance
contrast, resulting in a clearer and more defined image.
The photodiode is activated by the light emitted from
the sample, and employing a Data Acquisition (DAQ USB
6343, NI) device in conjunction with LabView software
2024 Q1 (Licensed), variations in voltage are transformed
into a data matrix. They are subsequently processed to
generate a corresponding image.

Figure 2 (a) presents the selected micro-sample,
characterized by a rectangular shape with certain irregu-
larities. Using a stereoscopic microscope (T670-PL-NL040,
AMSCOPE), a picture was taken with a digital camera
(DCU224C-BG, Thorlabs) of the microsample under illu-
mination from an LED light 365 nm (M365L2, 700 mA,
Thorlabs), which allowed the observation of fluorescence
emitted by europiumions. The entire sample was scanned
by micron steps, which facilitated the identification of an
area exhibiting higher intensity within the emission spec-
trum with an asymmetric Gaussian distribution. This area
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was subsequently selected for the step-by-step light scan-
ning method, with intervals of 92 nm for each step, as
illustrated in Figure 2 (b). Feature Generation and Regres-
sion (FGR) from Royerlab/Aydin (Solak etal., 2022) was
employed to effectively eliminate noise from the image,
amachine learning technique designed to enhance image
sharpness and clarity. Additionally, the Python PINK se-
quential color map, as implemented with Matplotlib, was
utilized, which provides a smooth transition from light to
dark colors. This feature is handy for highlighting different
data ranges within a single visualization. SZ displays a
detailed view of the crystal surface, highlighting the de-
fined growth terraces of the crystal and the irregularities
present on its surface.

In Figure 3, the corresponding absorption spectra ob-
tained over the entire micro-sample. Figure 3(a) presents
the absorption spectra in the FD state after having been
subjected to aheattreatmentat 550 °Cforone hourto dis-
solve the precipitated impurities, and the DP (stored for
sixmonthsat200 °C). Absorption spectra show significant
differences between them. For FD state, the high-energy
band is observed at 250.9 + 2 nm, while the low-energy
band appears at 344.33 + 2 nm. The separation energy
between them is a measure of the 10Dgq splitting of the 5d
orbitals by the crystal field into the e, and tay levels, cor-
responding to a value of 10814.60 + 288 cm™ In contrast,
the sample examined in DP shows a high-energy band
at 275+2nm and a low-energy band at 333.5+2 nm,
with a 10Dq value of 6378.62 + 169.30 cmL. The value of
10Dq decreased in ~4435.98 cm’!, when the sample is in
the DP. The 4f— 5d transitions are highly sensitive to the
surrounding chemical environment; as can be seen, the
high-energy band of the DP absorption spectrum has a
strong red shift. These significant changes are attributed
to the new phases in the crystal. These phases alter the
local symmetry, thereby affecting the crystal field split-
ting of the 5d electron (Poort etal., 1997; Henderson &
Imbusch, 2006). Figure 3(b) shows the second derivative
of the FD and DP absorption spectra, where the structure
of both bands can be seen more easily. This analysis helps
to resolve overlapping absorption bands and improve the
detection of changes in the crystalline environment. This
approach enables a more refined examination of the spec-
tral structure, revealing a clearer distinction between the
two spectra (Lopez et al., 1980; Aguilar et al., 1982) [5,29].

Figure 4 shows the emission spectrum of the entire
microsample in FD (fuchsia line), DP (black line), and
the convolution fit (red line). We analyze the full width
at half maximum (FWHM) of the emission spectrum of
the samples. The FD (impurity-vacancy dipoles and small
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Figure 2. a) Micro-sample of KBr: Eu®* (900 x 320 um?,
90 um thickness). b) SZ, Imagen in 2D obtained
by light scanning step-by-step (46 X 162 um?),
92 nm by step, (Gwyddion software). Note that A
indicates the orientation of the scanned zone.
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Figure 3. a) Absorption spectrum of KBr: Eu?* a single
crystal in bulk in free dipoles state (-FD), and dihalide phase
state (-DP); b) Second derivative of the absorption spectra;

free dipoles (- 2a FD) and dihalide phase (- 2a DP) states.

aggregates) correlated emission band is the only one that
remains after cooling the sample to 500 °C. Europium ions
are evenly distributed in the host; only one emission band
peaking at 418 nm (FWHM, 0.08 eV) is present. The oth-
er emission spectrum is from the sample in DP, whose
heat treatment to achieve this phase was previously
mentioned. This emission band becomes wide and pres-
ents a positive Gaussian asymmetric distribution, with a
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principal peak at 429.8 nm and a shoulder peak at about
466.2 nm. The deconvolution of the emission spectrum of
europium ions configured in the DP at room temperature
was performed using Origin 2017 (OriginLab Corporation,
USA). The red line refers to the convolution fit of the en-
tire emission spectrum. The “Peak Analyzer” tool assists
in the process of separating overlapping peaks, identi-
fying three distinct bands. One at 418 nm, with a FWHM
of 0.05 eV and 0.14 a.u. of total intensity. This band indi-
cates that there are remnants of europium ions that have
not participated in the formation of any phase (Hernan-
dez etal., 1980). One band at 429.8 nm, with a FWHM of
0.19 eV and 0.93 a.u. of total intensity, which is associated
with the SDP, and it is known as the coherent phase with
the host because it does not deform the crystal field, un-
like the second component at 466.2 nm with a FWHM of
0.27 eV and 0.46 a.u. of total intensity. That is associated
with the MDP, which is inconsistent with the host and dis-
torts it (Mufoz-Santiuste et al., 1990; Aguilar et al., 1982).
These results suggest that the crystal field at the Eu*? site
is larger when the impurity is dispersed into the lattice.

Figure 5 shows the schematic of the absorption, ex-
citation, and emission process of divalent europium in
DP obtained by the step-by-step scanning method. In Fig-
ure 5a, the optical absorption spectra from KBr:Eu?* in
DP; it has two bands associated to transitions from the
4]7[857/2) ground state to the ¢, (low energy band) and
e, (high energy band) components of the 4/°5d in the ex-
cited state (Hernandez et al., 1980). It is known that when
excitation occurs in either of these two bands, an emis-
sion band is produced. Its position and shape are directly
related to the thermal history and the components of the
host that contain it (Hernandez et al., 1980; Mufioz-Santi-
uste etal., 1990; Lépez et al., 1980; Poort et al., 1997). Any
reconfiguration in the crystalline environment causes
changes in the 4/°5d! transition because the 5d ener-
gy level is exposed to the outer layer. Figure 5b shows
three main emissions associated with: E at A = 418 nm,
FD, E1 = ~ 424.7 nm, SDP with blue emission, and E2 =
~469.2 nm, MDP with cyan emission (Mufoz-Santiuste
etal., 1990; Mejia-Uriarte et al., 2009; Aguilar et al., 1982).

The microsample (insert in Figure 6) was scanned to
determine the luminescent response of its different areas.
It was observed that the shape, peak position, and in-
tensity of the emission spectra changed according to the
position of the microscope objective on the micro-sample
along the X and Y axes. In this process, three main types
of emission bands were observed with different shapes
corresponding to the distribution: asymmetric Gaussian,
Gaussian, and double Gaussian.

1.0+ —FD
—DP

; 0.e Convolution fit
' — 413 nm
= —— 42981m
= 0.6+
o 0.4
=

0.24

0.04

3490 420 450 480 510 40
Wawvelength (nm)

Figure 4. Normalized emission spectrum of KBr:Eu?*
(4f°5d' - 4f7 transition of Eu®*) of the single crystal in
bulk under laser excitation 375 nm at room temperature.
Sample in - FD and deconvolution of the emission spectrum
of -DP, into three emission peaks by Gaussian fitting.
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Figure 5. a) Absorption spectrum of a sample in
the dihalide phase. b) Energy level of Eu?*.

Figure 6 illustrates the emission spectrum obtained
at six points (P,,..., P;) on the sample, using the same
excitation wavelength of a 375 nm laser beam. It has a
nonuniform thickness, with the left end thicker than the
right, revealing areas of greater luminescence on the left.
The emission spectra were collected at six points: P, (cen-
ter) and P, (lower left corner), are almost identical, and
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there is only a 0.5 nm peak shift of the P, concerning P,;
this could be related to the diameter of the NS in SDP, just
like the NS in Suzuki phase formed in this type of mate-
rial (Mejia-Uriarte etal., 2009). The two spectra exhibit a
similar asymmetric Gaussian distribution, predominantly
showing the blue band associated with SDP at a wave-
length of 424 nm, alongside a minor component from the
cyan band of MDP at ~470 nm. When only one emission
band is present, as P, P, and P, points indicate that at
that point NS are configured only in the SDP and their
emission spectrum corresponds to a symmetric Gaussian
distribution. The peaks shifted from ~ 423 to 424 nm; this
may be due to the diameter of the NS, previously men-
tioned. And approximately 0.13 a.u. of intensity between
them; these changes are related to the number and thick-
ness of each of them due to a greater number of emitting
ions. The emission spectrum at the P, point was ob-
served to have an asymmetric Gaussian distribution with
a greater contribution from the MDP (Aguilar et al., 1982).
Scanning around this point, significant spectral changes
between steps were observed, demonstrating the simul-
taneous presence of both phases (SDP and MDP). When
scanning, it was observed that at each step, the emission
spectra show changes; in some cases, only small shifts
in the position of the emission peak or the intensity are
seen, but the spectra collected around this point, P, have
a strong emission from the second band related to the
MDP. Therefore, a rectangular area was chosen for the
detailed study, SZ.

The XY motorized plates passed 92nm each step
and remained stationary at each point for 20 ms. This
movement was synchronized with the spectrometer
to facilitate the collection of the emission spectrum at
each predetermined position. The resolution determined
by the Rayleigh criterion is 254.16 nm, while the depth
of the field is approximately 100 nm. A motorized com-
ponent along the Z-axis, with a step size of 50 nm, was
employed to position the optical focus accurately. This
was achieved by adjusting the orientation of a mirror until
the maximum response of the photodiode was obtained.
The light was collected at stationary points every 92 nm
alongboth axes, with the scan conducted along the Y-axis
over 162 um.

Figure 7 presents a 3D image that shows the terrace
characteristics of alkali halides in the reconstructed im-
age of the sample surface. Only particular protuberances
can be observed, likely indicating the presence of precip-
itate in that area. Unfortunately, the software used was
unable to measure the height of the terraces. Their height
was determined using the AFM images shown below. In
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Figure 6. Micro-sample, 900 x 320 um?. Points
P, to P, represent the locations where emission
spectra are collected, A, . =375 nm. Insert
image: dotted rectangle, around P,, SZ.

Figure 7. Image 3D from the surface of one section,
46 X 162 um? (SZ) at different positions of the
crystal edge scanned (left), X;: 14 um, X ,: 24 um,
X;:34um, and X,: 44 um. The scan is on the
Y axis, 18.4 um. (Gwyddion software).

Supplementary Materials (SM), other zones are present-
ed (Figure S1, S2, and S3). The 3D images were obtained
using the Gwyddion software, which enables the anal-
ysis of various microscopy techniques, including SPM,
AFM, SNOM, and others. To visualize 3D images, it uses
an OpenGL 3D data display, which uses a false-color or
material representation, easily editable color maps, and
OpenGL materials (Necas & Klapetek, 2012).

The spectra were collected in all SZ; here, it shows
four scans at positions X, , and scanned at ¥, ,n=200
spectra. The SZ was 500 (X) x 1760 (Y), equivalent to
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Figure 8. Two hundred emission spectra at several positions along the X axis were scanned 18.4 um
over the Y axis, each 92 nm by step. Scan in X axis at a) X, 14 um, b) X,, 24 um, c) X, 34 um,
d) X,, 44 um. The insert in the figure is every 30 steps, which corresponds to 2.76 um.

46 X 162 um?, and 1760 emission spectra were collected
for each line in the Y axis. Consequently, only the spectra
from the region with the highest intensity exchange be-
tween the E1 and E2 bands were selected to show 200
emission spectra over 18.4 um. The microscope objective
collects the emitted photons from the laser beam focus
area; this way, the luminescence of the NS is obtained.
The peaks of the emission bands shift and change in in-
tensity, even disappearing and reappearing after being
displaced by only a few tens of nanometers. These chang-
es are related to the quantity, diameter, and thickness of
the NS in SDP and/or MDP found at each step, keeping
in mind that the sample is approximately 90 m thick and
there is enough space for thousands of NS. Throughout
the scanning of the sample, it is possible to observe the
coexistence of NS in both phases. Thus, the shape of the
emission spectrum depends on the number of NS in each
phase. Therefore, the emission spectrum corresponds to
a positively or negatively asymmetric Gaussian distribu-
tion depending on whether NS are present in the SDP or
MDP, respectively. When the number of NS is proportional

in both phases, the emission spectrum exhibits a double
Gaussian distribution. Blue emission predominated in
most of the samples, but there was an area where cyan
emission was greater than blue; this area was analyzed
and shown in Figure 8. The changes in real-time can be
seen in Supplementary Material videos (VS1 and VS2).

Figure 8 (a) illustrates the scan taken 14 um from the
origin in the X direction. The E1 and E2 bands exhibit
intensity variations of approximately between 0.25 and
0.34 a.u., respectively.

These modifications could be associated with changes
in quantity and so as size of NS in the micro-sample. The
increase in the E2 band is attributed to the higher con-
centration of NS in MDP. The insert showed that every 30
steps (equivalent to 2.76 um), the E1 band remains near-
ly stable in both intensity and wavelength. In contrast,
the E2 band intensifies, resulting in the formation of a
second emission band. The collection of the luminescent
response obtained step-by-step allowed us to locate the
type of NS that are emitting at each point. Figure 8 (b), at
24 um (X, line), presents an interesting behavior, as the
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intensities of the E1 and E2 bands exhibit minimal varia-
tion 0.06 a.u. During their path of 2.76 um, there is almost
no significant change, but over the next 15.64 microns,
the intensity of the E1 and E2 bands change by 0.19 and
0.15 a.u., respectively, as shown in the figure insert. From
spectrum 35 to 36, by shifting only 92 nm, the shape of
the emission band changes from a double Gaussian to a
positively asymmetric Gaussian distribution. The intensi-
ty at each point exhibits variability; it may be greater or
less than the preceding or following points. Furthermore,
certain regions along the path may demonstrate shifts
in wavelength while preserving the overall shape of the
spectral band. This can be detected by the field of focus
and depth of focus of the laser beam. In Figure 8 (c), it is
observed that the emission bands E1 and E2 show an
increase and decrease in intensity at each step. But there
is a region from the 78 to the 126 step where the E1 band
increases its intensity more than the E2 band, giving rise
to an “opening” in the sequence of spectra. The collection
of emissions indicates that there are more NS in SDP in
that X, line. As the trajectory progresses, the E1 band
decreases until the E2 band becomes predominant, as
shown in the inset graph. It can be observed that from
step 1 (-) to step 120 (-), the E1 band intensifies signifi-
cantly, losing its double Gaussian shape and transforming
into a positive asymmetrical Gaussian distribution. Sub-
sequently, at step 150 (-), it reverts to its previous state. At
18.4 um of travel, two emission bands alternate in inten-
sity between E1 and E2, however, the presence of both
emission bands remains. It is essential to note that the
E2 band becomes more intense only when the E1 band
almost disappears, thereby allowing the luminescence of
the E2 band to become more prominent. This observa-
tion suggests that the largest NS is present in the MDP,
and very few NS in the SDP are in the same area. These
changes are not necessarily sequential, indicating that at
each 92 nm increment, a variety of types or sizes of NS
are detected. The E2 band showed its most substantial
contribution 44 um from the edge of the scan (Figure 8
(d)). In this area, there is competition between the E1 and
E2 bands, with significant fluctuations in intensity direct-
ly linked to the random distribution of the NS formed in
both phases. In the insert of the same figure, to 18.4 um
of travel, the two emission bands are discerned, alter-
nating the intensity of the bands in E1>E2 or E1<E?2,
but always maintaining the double emission. In particu-
lar, the E2 band shows greater intensity with respect to
the E1 band only when the latter has decreased, there-
by allowing the luminescence of the E2 band to become
more prominent. The image obtained by light scanning
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Figure 9. The analysis of the emission spectra (peak
and wavelength) of Figure 8(d) is shown at every
two steps of 92 nm each one. E1 >E2 (---) step 148,
E1=E2 () step 180, and EI <E2 (- -) step 200.

(Fig. 7) shows bulges on the surface and more specifi-
cally from X, to X,. These irregularities are likely related
to a greater presence of NS in the MDP. Notable changes
were observed in the intensity, shape, and position of the
emission spectrum. The supplementary material shows
a path 36.8 um (equivalent to 400 spectra) after the 18.4
pum path shown in Figure 8. The strong presence of the E2
band is still detected in this region (see SM graphs FS4,
FS5, FS6, and FS7).

Figure 9 presents the main changes in emission spec-
tra recorded in the scanning process along 18.4 um from
Figure8(d) 44 umin X,.To prevent the graph from becom-
ing saturated, a selection of 100 spectra was made, with
samples taken at every two steps, equivalent to 184 nm
(in SM, the Tables TS1 and TS2 are shown with the data).
The E1 band has 7_~E1peak =424.7nm (from 420.9 to 429.4
nm) with o =2 nm. As mentioned previously, the position
of the emission band peak is related to the diameter of
the NS. In this case, there is a high degree of dispersion
in the diameter of the NS in SDP, and its intensity has
68% variability. The E2 band has XEzpeak =469.2 nm (from
465.5 to 478.6 nm) and ¢ =1.9 nm, with mode value at
468.7 nm. There are some spectra with peak positions
around this value, but they are mainly shifted to longer
wavelengths. Taking as a reference the effect of the di-
ameter of the NS on the position of the emission peak,
this result could be interpreted as that of most NS that
are in MDP have a similar diameter, and the intensity of
this band presents a variability of ~24.4% of the collected
light, which is less than the variation of the E1 band. In
step 148, the E1 band is larger than the E2 band (---), with
32% more intense than the E2 band, which corresponds
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to a spectrum close to step 150 shown in the insert of
Figure 8 (d). The line () represents the condition when
E1 equals E2 in step 180 (Y=16.56 um), and shows an
emission spectrum with a double Gaussian distribution
of equal intensity. The line (- -) indicates that E1 is less
than E2 in step 200 (Y = 18.4 um). In this position, the E2
band has 12% more intensity than the E1 band, and its
emission spectrum tends towards a negative, asymmetric
Gaussian distribution.

To understand the emission spectra and their rela-
tionship with different types of NS, Figure 10 illustrates
the deconvolution of the luminescence bands for the mi-
cro-sample from Figure 7. The scan reveals several areas
with an asymmetric Gaussian distribution (see Figure 10
(a), representative graph). The primary emission occurs
around 424.7 nm (E1, SDP), with a secondary component
at 469.2nm (E2, MDP) that has low intensity, typically
ranging from 10-30% of the total intensity of the E1
band.

The emission band observed 418 nm corresponds
to the FD (FWHM, 0.09 eV) present in the crystal, and
during the annealing treatment, this band decreases, giv-
ing rise to the formation of DP in samples. The spectrum
consistently exhibits this form of asymmetric Gaussian
distribution (Mufoz-Santiuste etal., 1990; Aguilar etal.,
1982). The scan performed X, presents a double Gaussian
distribution in most of the path. In Figure 10 (b), E2 the
intensity of the E1 band. Figure 10 (c) reveals that the
enveloping curve represents the combined intensity of
the E1 and E2 bands. The intensity of the bands is simi-
lar, which indicates that in that area, there are NS in SDP
and MDP in similar quantities. However, deconvolution
analysis indicates that the E2 band has already surpassed
the E1 band, suggesting a higher presence of NS in MDP,
corresponding to FWHM values of 0.18 and 0.3 eV for E1
and E2 bands, respectively.

The area where the E2 band is dominant is shown in
Figure 10(d). There are intervals where the E2 band ex-
ceeds the E1 band in intensity up to 27%. Nevertheless,
deconvolution analysis indicates that the contribution of
the E1 band is comparatively lower with 0.17 and 0.3 eV
as the value of the FWHM in E1 and E2, respectively. As
the intensity of the E1 band decreases, the profile of the
E2 band becomes noisy. This is most noticeable when
the intensities of the bands are equal and when E2 band
is greater than E1. This phenomenon could be related
to the previously reported vibronic behavior (Pérez-Salas
etal., 2003). Here, we demonstrate that both phases co-
exist and are randomly distributed within the crystal.
The changes in emission intensity are attributed to the
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Figure 10. Deconvolution of localized emission
spectra; a) In areas where the luminescent response
has an asymmetric distribution. Double Gaussian
distribution in X, line; b) At 148 step, E1> E2, c) At 180
step, E1=E2 and d) At 200 step, E1 > E2. Collected
spectrum (-), convolution fit (-), free dipoles with peak
at 418 nm (-), SDP (427.7 nm, (-), MDP (469.2 nm ().

quantity of NS in SP or MDP. The sample was analyzed by
AFM to observe the shape and distribution of the NS. The
scan area around the X, line was chosen because of the
E2 band had a higherintensity than the E1 band. The area
was located using reference marks in the image and spec-
trum collection from Figure 7. The resulting AFM image,
shown in Figure 11, reveals two distinct NS shapes within
the crystal. The first is a circular disc type with a diame-
ters <80 nm and a maximum height of 1 nm. The second
type is irregular lamellar, with values exceeding 80 nm;
some reach diameters of up to 200 nm and even 330 nm,
with a maximum height of up to 2.5 nm measured from
the surface. The height of the NS has not been precisely
determined because part of it is embedded within the
host. The single crystal has wide atomic flat terraces with
a height of 0.3289 nm, which is half of the lattice con-
stant, 0.6578 nm, on the [100] direction for the KBrsingle
crystal (Mejia-Uriarte et al., 2009). In our case, the terrace
profile of the KBr: Eu?* single crystal (shown in the same
figure) has a height of 0.325 nm, the lowest value found.
The average terrace height is 0.375 nm, and the highest
value was 0.425 nm. It should be noted that when grow-
ing NS on the terraces, they distort the lattice, so the
heights between terraces vary. Terraces are generally flat
with low-energy regions; for this reason, NS tend to grow
at their edges. By obtaining the AFM image of the mi-
cro-sample in the area where the E1 band is more intense
than the E2 band, it was found that most NS are small

Vol. 24, No. 4, August 2026 627



Al Noor / Journal of Applied Research and Technology 619-631

(see Fig. S8). The largest NS are mainly found between
terrace levels, making them unstable and incoherent with
the host. From the results obtained, emission spectra and
AFM images, and in agreement with the reported liter-
ature, we can associate the small NS with the SDP and
the larger NS with the MDP. When the sample is heated,
the E2 band is the first to disappear at 230 °C, indicating
that it tends to fracture when the host is distorted due to
temperature. Due to its characteristics, it is associated
with the MDP. In contrast, the E1 band remains stable up
to above 260 °C, and is related to the SDP (Aguilar etal.,
1982).

Figure 11 shows that the emission spectra change
continuously as the laser beam scans over the sample
surface. In each point examined, a different emission
spectrum is generated based on the specific type of
nanostructure found. Epifluorescence analysis of alkali
halide samples reveals distinct NS formed within the host
via precipitation and aggregation, particularly upon heat
treatments or extended annealing at room temperature
(Cordero-Borboa & Jiménez-Garcia, 2005).

Conclusions

Emission spectra were detected using a step-by-step
light-scanning method. The luminescence bands exhib-
ited three types of distribution: 1) Asymmetric Gaussian
distribution (424.7 nm and a component at 469.2 nm),
suggesting the presence of NS in SDP and MDP, coherent
and incoherent with the host, respectively. In this case,
stable nanostructures are predominant. 2) Symmetric
Gaussian distribution (424.7 nm) shows the presence of
nanostructures exclusively in SDP. 3) Double Gaussian
distribution (424.7 nm and 469.2 nm), indicating that NS
coexist in both phases. SDP is coherent with the host
and has been reported previously, whereas MDP is less
well-known and typically appears as a component of the
emission band. Samples stored for six months at tem-
peratures > to 200 °C, exhibit multiphoton emission from
the higher excited state to the lower excited state, with
an emission range of approximately 390 nm to 525 nm.
These Eu?* ions emissions originated from 4/°5d"' — 4f7
electronic transition inside of NS of different sizes and
configurations. This double emission of Eu?* in the KBr
host, specifically a blue and cyan band at room tempera-
ture, has been demonstrated.

Terrace Profile

3.2
£ 24 £
? 1.6 §
0. :

0 20 40 B0 80
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Figure 11. AFM imagen of KBr: Eu®*, 4 X 4 um?®. NS of

different sizes can be observed. Here, the blue rows

indicate a circular disc type of NS (diameter <80 nm),
while the circular shape in cyan indicates NS with
irregular lamellar (diameter >80 nm). The terrace
profile shows the unevenness of the single crystal,

with a height of approximately half the network
parameter, 0.325 nm (Wakaki etal., 2007).
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