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The controllable incorporation of the dopant element with strictly designed
coordination geometry into the target host merits untold scientific and
technological potential, yet it has been met with limited success in a disordered
matrix. Here, we present a general route for precisely tuning the coordination
geometry of the transition metal dopant based on the collaborative element
hybridization and crystallization. We experimentally realize the effective switch of
tetrahedral and octahedral geometry by using the proof-of-concept Co?* dopant
in hybrid glass. We identify that the crystal field stabilization energy should be
genetic dominating the above process. The stabilization of high-yield [Co0a4]®"
tetrahedron and [CoFs]*~ octahedron in glass enables it to exhibit unique
photon—electron—photon effects, including the efficient radiative transition in the
blind region of rare earth-doped materials from 2200 to 2600 nm with new record
bandwidth (570 nm) and dynamic optical modulation for pulse generation with
the duration of 280 ns. The results demonstrate that the proposed strategy
provides an effective avenue to construct novel photonic components with
multifunctional applications from broadband telecommunication, medical

diagnostics, and military countermeasure to trace gas monitoring.
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INTRODUCTION

Transition metals are closely related to a variety of fascinating chemical and physical
properties including superconductivity, magnetism, multiferroics, catalysis, and
luminescence.r® These properties are mainly governed by the coupling manner
between the central transition-metal and donor species through the outmost d-electrons.
To achieve the desired coupling configuration, the most successful methodology is
dedicated to control the coordination geometry around transition-metal centers with a
given number of d-electrons. Benefiting from the ordered structural framework of
crystalline solids, various types of regular ligand arrangements such as tetrahedral,
octahedral, and even square-planar coordination have been accessed in the field of
transition-metal chemistry.>:"8 In stark contrast, the rational control of the coordination
geometry in an amorphous matrix remains a formidable challenge, which has been a
long-standing significant issue in condensed matter physics and material science.
Here, we present the evidence that highly efficient switch of coordination geometry
around transition-metal dopants can be realized by the collaborative element
hybridization and crystallization in nanostructured glass. The element hybridization
here means that the elements and structure units are rationally introduced for enhancing
the thermodynamic driving force to trigger transition-metal orientation. We have found
that this intriguing process helps us to achieve a new structure and energy balance
between the central metal and the surrounding ligand and can overcome the widely
reported unavoidable chaos of coordination geometry in amorphous materials. As a

proof of the concept, it has been attainable to achieve [Co04]® tetrahedron and [CoFg]*"
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octahedron geometry with a high ratio in nanostructured glass. These two extreme
structure units have gifted the glass with unprecedented optical response, including

broadband emission and optical pulse generation at the infrared waveband.

EXPERIMENTAL SECTION

Sample Preparation. The samples were prepared by the melt-quenching method. The
employed glass systems were designed based on the standard phase diagram, and their
composition was optimized by the orthogonal trial and error test. The final systems of
56.5S102-19.5Ga203-6.5A1,03—7Na20-10.5MgO—0.2Co0O(G), 25KF-25ZnFo—
50Si02-0.2Co0 (KZF), and 50Si02—20Al203-10NaF-20MgF2—0.2Co0O (MF) (molar
basis) were selected.®!! The high purity SiO2, Ga20s, Al,03, Na2CO3, MgO, KF, ZnF,
NaF, MgF2, and CoO were used as raw materials. Especially, Na,O, MgO, Al.O3, and
NaF were employed as flux and glass network modifiers, which may greatly modify
the glass relaxation and crystallization behavior.*?? In a typical synthesis procedure,
approximate 40 g of raw materials were mixed thoroughly and melted in Pt—Rh
crucibles in the temperature ranges from 1450 to 1600 °C for 30 min in air. The
homogeneous melts were quenched on the copper plate and pressed with another brass
brick immediately to form the rapidly quenched samples. The thermal behaviors of the
samples were investigated by using differential thermal analysis (DTA), and the results
were used to guide the design of procedure for in situ thermal activation of Ga;Os,
KZnF3, and MgF. crystalline nanoparticles. After heat treatment, the nanostructured
samples were cut into pieces and polished for further characterizations.
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Optical fibers were fabricated by the unique melt-in-tube strategy. The core glass was
polished into cylindrical rods with the diameter of 3.8 mm. The rods with super optical
quality were sleeved into cylindrical silica glass tubes (99.999%) with the inner
diameter of 4 mm, external diameter of 20 mm, and length of 150 mm. One end of the
tube was sealed to form a preform. Finally, this preform assembly was drawn into
optical fibers in the fiber-drawing tower at the temperature of 1900 °C. The parameters
were optimized based on the in situ feedback system.

Sample Characterization. Thermal behavior analysis was performed on a NETZSCH
STA449C differential thermal analyzer with a heating rate of 10 K min™t. The phases
of the samples were investigated on a PANalytical X’Pert Pro X-ray diffractometer with
Cu Ko radiation at 40 mA and 40 kV (A = 1.5406 A). Microstructure and microanalysis
of samples were examined through transmission electron microscopy (TEM) on a FEI
Tecnai G2 F20 with a field emission gun operated at 200 kV. The topological structure
features of the samples were studied on a Renishaw inVia Raman spectrometer. The
chemical state and coordination geometry of the dopant were characterized with X-ray
absorption spectroscopy (XAS), which was recorded at 1W1B beam line (XAFS station)
at the Beijing Synchrotron Radiation Facility. The storage ring energy was operated at
2.5 GeV with a maximum current of about 250 mA. The fabricated samples were
measured in the transmission mode using a Si(111) double-crystal monochromator, and
the reference samples were recorded in the fluorescence mode using an ionization
chamber. The extended X-ray absorption fine structure (EXAFS) data were extracted

from the measured absorption spectra by standard methods using the ATHENA module

5
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implemented in IFFEFIT software package. The absorption features were measured
using a Lambda 900 UV/vis/NIR spectrophotometer. The luminescence properties and
the corresponding decay dynamics were studied on an Edinburgh FLS980 spectrometer.
The optical fiber was examined by the electron probe micro analysis (EPMA) on a
Shimadzu EPMA-1600 electron probe microanalyzer.

Theoretical Simulations. The calculations were performed by using the Vienna Ab
initio Simulation Package in the framework of density functional theory.!*'® The
electronic exchange—correlation functional was described by the projector augment
wave  method  with  generalized gradient  approximation  of  the
Perdew—Burke—Ernzerhof functional.X® The supercell with 1 x 1 x 1,3 x 3 x 2, and 3
x 2 x 2 times the primitive unit cells was adopted. The cut-off energy of a plane-wave
basis set was set as 520 eV. The meshes of 5 x5 x 5,4 x4 x 6, and 7 x 7 x 7 obtained
by the Monkhorst—Pack method were used to sample the Brillouin zone,!’ and all the
force criteria is 0.02 eV AL,

The formation energies of all the possible intrinsic defects were calculated based on the

following equation®°

&;;’[ri.'f:l — ED{ri.'f:l - -Ep + Z ”I(ﬂ-ﬂl + _Ih'lwhd}

where q is the charge state of defect o, Ep*% is the total energy of supercells with defect
a, Ep is the total energies of supercells containing just the host, nj is the number of each

element, Ay is the atom chemical potential of constitute i referred to its most stable
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phase with energy usolid i, Evewm is referenced to the valence-band maximum (VBM) of
the defect free system, and Er is the Fermi level relative to the Evem. AV is a potential
alignment correction term used to align the VBM energy in systems with different

charged states.?°

RESULTS AND DISCUSSION

Design and Construction of Material Candidates. We initiated the research in the
silica-derived glass system because it has been widely recognized as the most promising
platform for developing advanced-generation photonics. Cobalt (Co) species was
selected as the porotype of the transition metal, taking into account its interesting
multiple physical properties, while unmanageable coordination configuration.>?22 Qur
design principle is to further seek elements and structure units with enhanced
thermodynamic driving force to trigger transition-metal orientation. In the search for
the appropriate candidates, we considered that they should be: (1) geometrically
matched as much as possible to the desired coordination and (2) potentially favorable
for relaxation and crystallization after incorporation into the glass matrix. For the first
feature, we are particularly interested in tetrahedral and octahedral coordinations
because they potentially endow the transitionmetal elements with fascinating properties.
For the second feature, we regard the field strength (FS) as the key indicator, and an
increase in FS magnitude represents the trend of enhanced relaxation and crystallization.
By following these two essential criteria, we conducted a systematic element screening

and identified four suitable candidates, that is, Ga, Zn, Mg, and F that simultaneously
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satisfy the geometric feature (strong tetrahedral or octahedral preference) and
crystallization habit (large FS with FSGa®*" = 63.83, FSZn?" = 27.03 and FSMg?* =
27.78). F was additionally introduced as the so-called “clustering catalyst” because of
its strong network breaking ability. We reasoned that introduction of these elements
may trigger the crystallization of the disordered matrix and transition-metal orientation
(Figure 1a).

To validate the proposed design principle, we incorporated Ga®*, Zn?*/K*/F~, and
Mg?*/F~ into the glass matrix. The rapidly quenched samples are denoted as G, KZF,
and MF, and the corresponding nanostructured samples after relaxation and
crystallization are indicated as G-NS, KZF-NS, and MF-NS, respectively.
Nanocrystallization means that the host matrix is still glass phase and dense
nanocrystals are in situ precipitated and embedded in the glassy matrix. The glass
relaxation and crystallization behavior was studied by using DTA. The inclusion of Ga®*,
Zn?*/K*/F~, and Mg?*/F~ was found to generate prominent exothermic peaks (Figure
S1), which stem from the release of cohesive energy during local structure arrangement.
Notably, all of the exothermic peaks locate just slightly above the glass transition
regions with the characteristic temperatures estimated to be 815, 552, and 745 °C for
G, KZF, and MF, respectively. The results indicate the significantly enhanced
crystallization tendency when element hybridization occurs. The activation energy of
crystallization can experimentally fitted to be 401.46, 201.01, and 410.92 kJ mol?,
respectively (Figure S2). The glass crystallization proceeds in the corresponding
exothermic region, and the resultant microstructures were systematically studied. All
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samples were first examined by X-ray powder diffraction (XRD) (Figure 1b—d) and
Raman scattering spectroscopy (Figure S3). The XRD patterns of G-NS, KZF-NS, and
MFNS samples can be well indexed as the spinel phase of Ga;Os, perovskite phase of
KZnFs3, and the combination phases of rutile MgF and sillimanite Al,SiOs, respectively.
The Raman scattering spectra show several characteristic peaks at 641 cm™ and 766
cm ! for sample G-NS, 580 cm ™ for sample KZF-NS, and 293 and 408 cm™* for sample
MF-NS, which can be assigned to the regular Ga—O, Zn—F, and Mg—F structure units,
respectively. The TEM images (Figure 1e—g) reveal that the uniform nanostructures are
dispersed in the glass matrix, with the spherical shape of the Ga>Os particles (~2 nm)
and KZnF;z particles (~5 nm), and rodlike morphology of MgF. (~3 x 3 x 35 nm).
High-resolution TEM images exhibit lattice fringes with the estimated d-spacing of
0.205, 0.203, and 0.333 nm, which match well with the lattice spacing in the (400)
planes of Ga;0s, (200) planes of KZnF3, and (110) planes of MgF», respectively. In
stark contrast, the amorphous structure of the rapidly quenched samples is maintained

because of an extremely high quenching rate (~500 K s) during the fabrication
process (Figure 1b—d). Taken all together, these results unambiguously suggest the
critical role of element hybridization in cultivation of the desired crystallization habit
and subsequently, intentional manipulation of the precipitated phases in the disordered
matrix.

Experimental Investigation of the Coordination Geometry of Dopant. In addition
to the effect on the crystallization process, controllable element hybridization also
creates significant changes in the coordination geometry of transition-metal dopant.

9
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Steady-state absorption spectroscopy investigation reveals that Co element occupies
tetrahedral coordination in the nanostructured sample of G-NS, namely the
characteristic absorption at 558, 594, and 646 nm in the visible region and broadband
bands in the infrared 1000—2000 nm region can be well indexed to the *Ax(*F) —
ZA1(2G), “A2(*F) — *T1(*P), *A2(*F) — 2E(®G), and *Ax(*F) — *T1(*F) transitions of
tetrahedral Co?*, respectively (Figure 2a,b).% Interestingly, Co element switches to
octahedral coordination in nanostructured KZF-NS system: the fingerprint absorption
at 525, 591, and 650 nm in the visible region and 1345 nm in the infrared region
correspond exactly to the *T1(*F) — *T1(*P), *T1(*F) — 2T2(3G), *“T1(*F) — *Ax(*F), and
‘T1(*F) — “*T2(*F) transitions of octahedral Co?*, respectively (Figure 2a,b).?* In
addition, we compare the absorption spectra of G-NS and KZF-NS samples with the
same size (width x length x thickness: 8 mm x 5 mm x 1.5 mm) and same dopant
concentration (Figure S4). As shown in Figure S4, the intensity of Co absorption in
tetrahedral symmetry (G-NS) is larger than in octahedral symmetry (KZFNS). In
contrast, the absorption features of Co element in nanostructured MF-NS and all of the
rapidly quenched samples cannot be solely correlated with a specific ligand, indicating
their chaos in the coordination geometry around Co dopant. We further performed
calculations on the electronic transitions of regular tetrahedral and octahedral Co dopant
based on the Tanabe—Sugano theory, and the corresponding energy level configurations
are sketched (Figure 2c,d).?® The observed characteristic absorption peaks and the
calculated energy levels are compared in Figure 2e,f. It can be found that the theoretical
predications are in perfect accord with the experimentally observed spectral features,

10
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suggesting the selective incorporation of Co dopant into tetrahedral and octahedral
positions in nanostructured G-NS and KZF-NS samples, respectively. To gain an insight
into the accurate chemical state and coordination geometry of Co dopant, XAS
characterization including X-ray absorption near edge structure (XANES) and EXAFS
was performed. From the XANES spectrum, the absorption edge energy can be
calculated and used to distinguish the chemical state of the targeted species. Figure 3a
exhibits the XANES spectra of the rapidly quenched and nanostructured samples. The
XANES spectra of the rapidly quenched samples resemble each other, and a
representative XANES curve is presented here. It can be found that the absorption edge
position of all of the fabricated samples is identical to those of the CoAl>O4, CoF,, and
KCoF3 reference samples, and the corresponding energy (Eo) is calculated to be ~7717
eV. In contrast, EO of Co-foil is estimated to be ~7709 eV. The results demonstrate that
the average chemical state of Co in all of the fabricated samples should be +2, which is
well consistent with the spectral data in Figure 2. The EXAFS spectrum, which is
resulted from the interference of the photoelectron scattered by surrounding atoms, can
indicate the chemical coordination environment of the central atom. Figure 3b,c shows
the k® weighted EXAFS signals and Fourier transform modulus of the Co dopant in
nanostructured G-NS, KZF-NS, MF-NS, and various reference samples. The results
reveal that the EXAFS signals of Co element in nanostructured MF-NS and all of the
rapidly quenched samples are nearly identical to each other and characterized by the
single low frequency oscillation with weak intensity and small amplitude, indicating
high distortion of the first coordination around Co dopant. Significantly, the EXAFS
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signals of Co dopant in nanostructured G-NS and KZF-NS samples exhibit multiple
oscillation modes and intermediate-range fingerprint scattering, suggesting the ordered
framework around Co dopant. The coordination geometry reproduction was performed
by fitting the Fourier transform of Co K-edge EXAFS spectra of the rapidly quenched
and nanostructured G-NS, KZF-NS, and MF-NS samples. The fitting parameters,
including the interatomic distance R, the coordination number N, and the Debye—Waller
factor value ¢, are summarized in Figure 3d. The rapidly quenched sample and
nanostructured MF-NS exhibit similar small Co—O distance (~2 A) and rather low
coordination number of Co (~4), indicating the disordered geometry of Co dopant in
these two samples. For nanostructured G-NS, the reproduced structure unit is [CoO4]®
tetrahedron with the interatomic distance of first, second, and third shells fitted to be
2.05, 2.92, and 3.43 A, which are well consistent with the Co—O, Co—Ga, and Co—Ga
bonding, respectively. In the case of nanostructured KZF-NS, the simulated structure
can be well indexed to the [CoFs]* octahedron. The fitted characteristic bonding with
the length of 2.02, 3.58, and 4.14 A is associated with Co—F, Co—K, and Co—Zn
coordination shells, respectively; the corresponding coordination number of the first
shell around Co dopant is close to 6. Hence, these fitted results collaboratively
demonstrate the implement in building the [CoO4]® tetrahedron and [CoFe]*
octahedron geometry in the designed nanostructured glass.

Theoretical Simulation of the Coordination Geometry of Dopant. Another key issue
left open is the physical mechanism for the observed hybridization induced
coordination geometry switching. In our cases, the structure relaxation in

12
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nanostructured glass was fully processed, and it can be anticipated that the principle of
lowest crystal field stabilization should dominate the event. To shed more details on it,
we performed first-principle quantum mechanical calculations on the stabilization
energy of Co dopant in regular (Ga203)x, (MgF2)x, and (KZnF3)x clusters (Figure 4a—d).
For Co dopant in (Ga203)x, two distinct sites, four-fold (A), and six-fold (B), as
indicated in Figure 4a, can be potentially occupied. In order to avoid the formation of
competing secondary phases, the chemical potential was restrained to a reasonable
range in the theoretical calculations. Significantly, the calculated formation energy of
Co dopant in the four-fold (A) site is estimated to be only three-fifths of that in six-fold
(B) position, demonstrating that Ga hybridization is highly beneficial for formatting
[Co04]% tetrahedron in sample G-NS (Figure 4c). In the case of (MgF2)x and (KZnFs)x,
it is difficult to directly compare the stability of CoZn with CoMg because of the
chemical potentials of different elements involved. Fortunately, there is a chemical
potential balance between AuK and ApF in KZnF3, so we can analyze the stability of
Cozn and CoMg with reference to AuF. The calculations suggest that only six-fold site
is available for Co dopant and the Gibbs free energy for its incorporation into [ZnFe]*
is generally smaller compared with that in [MgFs]* units (Figure 4d), indicating the
obvious promotion effect of Zn/K/F hybridization on the creation of [CoFs]*
octahedron. The significant implication of the above calculation results is that the
crystal field stabilization energy should be genetic dominating the final coordination
geometry and element hybridization provide an effective avenue for rationally
manipulating it.
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The electronic structure and the partial densities of states (PDOS) of Co dopant in
(Gaz203)x and (KZnF3)x are computed and shown in Figure 4e,f. It can be clearly
observed that the Co dopant introduces additional electronic levels into the band gap of
both (Ga203)x and (KZnF3)x. The PDOS indicates that these impurity levels stem from
Co 3d orbitals, and the corresponding bands exhibit great splitting, suggesting the
strong interaction between Co ions and the host units. The simulated single-particle
splitting in to/tog and e/eg orbitals of Co dopant is qualitatively consistent with its
tetrahedral or octahedral surrounding obtained via substituting Ga(A) or Zn ion position,
respectively (Figure 4a,b). Notably, the calculated energy difference between t,/t,g and
eleq states are estimated to be 0.37 and 1.04 eV for Co dopant in (Ga20z3)x and (KZnF3)x,
respectively. The values are in accordance with the experimental values of 0.47 and

1.03 eV, which are estimated directly from the spectroscopic measurements in Figure

Construction of Optical Fibers. In addition to the bulk nanostructured glass, we also
attempted to construct optical fibers. According to the DTA analysis (Figure S1), the
designed glass is a metastable hybrid system which exhibits great crystallization
tendency. To well prevent it, the fiber drawing was processed under low-viscosity
conditions and with relatively high speed to keep away from the overlapping region of
the nucleation and growth curves. Based on a thorough optimization of various
parameters, the fiber with 100 m length can be fabricated within ~7 and 5 min for the
sample G and KZF. The constructed optical fibers exhibit superior light-guiding
properties which are benefited from the formation of perfect core—clad configuration

14



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

(Figure 5). It can be confirmed by the element mapping analysis which indicates that
the hybridization elements (e.g., Ga and Zn/K/F) and active dopant (Co) are
homogeneously distributed in the core region (Figures 5 and S5).

Coordination Geometry Engineering for Novel Photon—Electron—Photon
Conversion Process. The success in the engineering of the coordination geometry of
transition-metal elements in the disorder system provides a unique opportunity for
bringing about novel photon—electron—photon conversion process. For example, a
careful examination on the strong energy splitting and the resultant rich energy level
configuration (Figure 6a,b) suggests that the small energy-gap between *T1(*F) and
4T2(*F) levels in [CoFs]* octahedron may potentially support the radiative transition in
the near-/mid-infrared waveband region. To verify it, we pumped the electrons in the
“T1(*F) ground state to the *T1(*P) excited state by using 532 nm photons and monitored
the radiation in the infrared region (Figure 6¢) in sample KZFNS. Encouragingly,
intense broadband luminescence covering the wavelength region from 1400 to 2800 nm
can be detected, and it should be originated from the “T,(*F) — *T1(*F) transition after
nonrelaxation transition of electrons from the “T1(*P) level (Figure 6d). This optical
phenomenon is exciting because to the best of our knowledge, it is the first time to
report the near-/mid-infrared luminescence in Co doped photonic glass. The bandwidth,
which is represented as the full width at half-maximum (fwhm), is estimated to be 570
nm, with a new record compared with the conventional rare-earth doped active
materials.26 The temperature dependent luminescence from 10 to 300 K indicates that
the spectroscopic profile is highly stable and the strong midinfrared luminescence can
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be clearly observed at room temperature. The luminescence decay dynamics exhibit
nonexponential characteristics at each temperature, and the decay lifetime varies from
394 to 54 ps with change of the temperature. According to the above spectral feature,
the stimulated emission cross section o, which is recognized as the critical physical
parameter of functional light source, can be calculated by the Fuichtbauer—Ladenburg

equation?’

.»iﬂ!!.f » (ln 1]]':1 « 1
T ALy 2 (2)

4ean’t
where Ao is the central wavelength in the band, n is the internal quantum efficiency that
can be defined as t3ook/tsK, € is the velocity of light, n is the host refractive index, t is
the emission lifetime, and Aviy is the fwhm of the emission. The decay lifetime was
fitted to a parabolic function and extrapolated to 0 K. From this extrapolation, the
lifetime at 5 K was estimated to be about 394 ps. Based on the above relation, we can
obtain ¢ = 4.17 x 102° cm?, with Ao = 2040 nm, n = 0.137, n = 1.466, T = 54 ps, and
Avi, = 1467 cm L. The 6 of KZF-NS is higher than that of the °I; — °lg transition of
Ho** doped photonic glass (9.52 x 102* cm?).28 Furthermore, as the figure of merit for
valuation of active materials, the product of ¢ and t (o) at 300 K was calculated to be
2.2 x 1072* cm?.s, which is larger than that of Al,O3:Ti** (1.4 x 102 cm?.s).%° The above
results demonstrate that the present Co doped photonic glass can provide high
amplification gain and low laser oscillation threshold in the near-/mid-infrared

waveband. More importantly, the achieved radiative transition bridges the near-infrared

and mid-infrared wavebands and also covers the blind region of commercial rare-earth
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activated photonic glass and fiber from 2200 to 2600 nm where no active material is
available (Figure S6), pointing to promising applications in the field of medical
diagnostics, military countermeasure, and trace gas monitoring.3° 32

The achievement of coordination geometry with high level of uniformity further
prompts us to consider the photonic glass as a smart modulator for pulse laser
generation. In this case, the energy level with superior capability for management of
the dynamic energy storage and its controllable release is critical. The theoretical
analysis on the energy level configuration indicates that the energy level pairs of *T1(*F)
and *Az2(*F) in nanostructured G-NS may satisfy this requirement because they can
potentially offer high absorption cross section, weak excited-state absorption, and fast
energy recovery time (Figure 6f). To prove the proposed concept, the nonlinear optical
response corresponding to these two levels was investigated by the Z-scan method, and
it can be represented by the internal power-dependent transmittance (Figure 6g). A
femtosecond (400 fs) Er¥*: glass fiber laser with a repetition rate of 43 MHz and a
central wavelength of 1550 nm was used in the experiment. The result clearly shows
that the optical transmission increases with the incident energy intensity and reaches to
saturation at ~0.05 MW cm™2. Furthermore, the process can be well fitted by using the

saturable model®

-1
oo xef )

sat

(3)
where Ts is the modulation depth, Tns is the nonsaturable loss, | is the input peak

intensity, and lsxt stands the saturation intensity. The corresponding parameters of Ts,
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Tns, and lsat are estimated to be 64.0%, 26.8%, and 0.01 MW cm 2, respectively. The
above fitting results firmly demonstrate the occurrence of the expected dynamic energy
storage and release. As the input laser power increases, the electrons in the *Ax(*F)
energy level are excited into “T1(*F) energy level. This produces a population inversion,
and some energy is stored in the G-NS sample. At sufficiently high incident energy
intensity, the stored energy will reach a maximum level and the sample subsequently
saturates, finally leading to the pulse generation through the electron “avalanche”
process. The attractive photon management function further invites us to build a novel
pulse laser device. Significantly, the pulsed laser can be realized, and the repetition rate
was estimated to be about 200 kHz (Figure 6h). In stark contrast, no pulse can be
detected in the rapidly quenched sample, mainly due to the serious unexpected energy
loss caused by transition-metal element with irregular coordination geometry. The pulse
duration was calculated to be 280 ns which can be further improved when optimizing
the optical setup. Moreover, the generated pulse trace is highly stable, and no
appreciable degradation can be observed even after keeping for two years,

demonstrating its great potential for future all-fiber integration.

CONCLUSIONS

The proposed coordination geometry engineering strategy provides an excellent
platform for transition-metal doping studies in the disordered matrix. It possesses the
distinct features including (i) generality, (ii) controllability, and (iii) scalability. The
avenue can be applied to switch the coordination geometry of a wide range of transition-
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metal dopants (e.g., Mn?*), and the configuration of [MnO4]®" tetrahedron (Figure S7)
can be achieved at a high yield level. The coordination geometry engineering strictly
relies on the selected hybridized elements and crystallization conditions. Thus, precise
control over the parameters (codopants, crystallization temperature, and duration)
effectively tunes the types of coordination geometry, their relative ratio and the spatial
distribution. The protocol with easily tunable fabrication parameters is suitable for
large-scale manufacturing of material candidates with a wide range physical size. For
example, in addition to the micrometer-size fiber with high production speed of ~15m
min~%, the bulk photonic glass with the size of 100 mm x 100 mm x 3 mm (width x
length x thickness) has also been successfully fabricated in the laboratory. Moreover,
the strategy facilitates to engineer delectrons dominant strong correlations between
electrons, spins, and lattices, and the resultant functional characteristics such as
magnetic, optical, electric, and catalytic properties, thus potentially leading to broad

technological applications-8
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Figure 1. Microstructure evolution after element hybridization and crystallization. (a)
Schematic illustration of the element hybridization induced crystallization of glass and
transition-metal orientation. Because the raw materials will be melted at high
temperature and the chemical bonding will be totally broken, the species involved in
the reactions are represented as individual elements. (b—d) XRD patterns of the rapidly
quenched and nanostructured samples. Patterns of Ga,O3 (JCPDS file number 00-020-
0426), KZnF3 (JCPDS file number 01-078-1962), MgF2 (JCPDS file number 01-072-
1150), and Al2SiOs (JCPDS file number 01-083-1566) are also shown. (e—g) TEM

images of the nanostructured samples. Insets show the corresponding high-resolution

TEM images.
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Figure 2. Coordination geometry of Co dopant studied by the spectroscopic method.
(a,b) Absorption spectra of the rapidly quenched and nanostructured samples in the
visible/infrared waveband region. The insets exhibit the photographs of the fabricated
samples. (c,d) Ligand field energy level diagram of tetrahedral and octahedral Co
dopant was calculated based on the Tanabe—Sugano theory. The dashed curves indicate
the crystal field of Co dopant in G-NS (c) and KZF-NS (d). The insets present the
corresponding structure units. (e,f) Comparison of experimentally observed and

theoretically simulated energy levels of Co dopant in G-NS (e) and KZF-NS (f).
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Figure 3. Chemical state and coordination geometry of Co dopant confirmed by XAS

techniques. (a—c) Co K-edge EXAFS spectra (a), k3>-weighted y(k)-function (b), and

Fourier transformed k3-weighted y(k)-function (c) of EXAFS spectra for the rapidly

quenched and nanostructured G-NS, KZF-NS and MF-NS samples. The standard

samples, including Co metal, KCoFs, CoF2, and CoAl.Q4, are also characterized for

comparison. (d) Local structural parameters obtained by the curve fitting of the

experimental EXAFS spectra.
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Figure 4. Theoretical investigation on the physical mechanism of coordination
geometry switching. (a,b) The structure model of regular (Ga203)x (a) and (KZnF3)x (b)
clusters derived from spinel and perovskite structures. (c,d) Calculated formation
energy for the selective incorporation of Co dopant into Ga (c), Mg, and Zn (d) lattice
positions. (e,f) Computed electronic band dispersion and PDOS of Ga,0Os: Co (e) and
KZnFs: Co (f).
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Figure 6. Coordination geometry engineering for near-/mid-infrared luminescence and
optical modulation. (a,b) Schematic drawings illustrating the coordination geometry
switch (a) and energy level splitting change (b) of Co dopant. (c—€) Proposed electronic
transition mechanism (c), near-/mid-infrared luminescence (d), and decay curves (e)
from 10 to 300 K in Co-doped photonic glass under excitation with 532 nm photons.
(f—h) Proposed electronic transition mechanism (f), dynamic optical absorption (g), and

the achieved laser pulse (h) in Co-doped photonic glass.

31





