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[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: _Hlk516828841][bookmark: _Hlk516755309][bookmark: OLE_LINK54]In contrast to well-known upconversion (UC) emission from Yb3+-Mn2+ co-doped crystal, a room-temperature intense broadband UC phenomenon was first observed both in Yb3+-Mn2+ co-doped fluorosilicate glasses and transparent glass ceramics under 980 nm pumping. The obtained photoluminescence (PL) ranged from yellow to white to blue. We attributed this effect to the cooperative UC of Yb3+ and to the formation of Yb3+-Mn2+ pairs. After heat treatment, KZnF3 nanocrystals appeared in the glass matrix, as identified by X-ray diffraction (XRD) and transmission electron microscopy (TEM), and the emission intensity increased 45 times. We believe that Yb3+-Mn2+ co-doped glasses or glass ceramics show great potential as a material for multi-color displays.
OCIS codes: (140.3460) Lasers, (190.7110) upconversion; (300.6550) Spectroscopy, visible; (160.4670) Optical materials; (160.6990) Transition-metal-doped materials; (160.5690) Rare-earth-doped materials.

[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK64][bookmark: OLE_LINK65]Upconversion (UC) refers to a nonlinear mechanism in which the sequential absorption of two or more photons leads to the emission of light at a shorter wavelength than the excitation wavelength [1-3]. Although this concept was first considered to be only a theoretical possibility [4], UC was later demonstrated in a number of materials, and shows potential for many applications such as biodetection [5], bioimaging [6], solar cells [7], 3D display technologies [8], and lasers [9, 10]. 
Most investigations of upconversion materials has focused on rare earth ions doped crystals [11-15], typically with Yb3+ as the sensitizer ion, which absorbs infrared radiation and non-radiatively transfers its excitation to activator ions such as Er3+, Tm3+ or Ho3+. Yet, the narrow emission band and the relatively unchanged emission wavelength limit their applications. Compared to rare earth ions, transition metal ions are closely associated with their surrounding chemical environment, resulting in a broadband emission and changeable emission peaks, desirable features for broadband tunable lasers. 
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 Fig. 1. Progress in upconversion of Mn2+ doped materials, digital photo: obtained glasses doped with different concentration of Yb3+. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK70][bookmark: OLE_LINK71]Mn2+ is one of the transition metal ions that plays an important role in inorganic phosphors. The first example of upconversion between transition metal and rare earth ions was reported by R. Valiente et al. in 2000 [16]. Recently, Mn2+ doped and Yb3+-Mn2+ codoped materials have received increased attention because of the broadband tunable emission associated to the forbidden d-d transition 4T1(4G)→6A1(6S) [17,18]. Fig. 1 shows the progress of UC from Mn2+ doped materials, highlighting some breakthrough contributions. In 2001, R Valiente et al. firstly demonstrated Mn2+ UC in CsMnCl3 and RbMnCl3 monocrystal at the temperature T~12K [19]. In 2009, Martin-Rodriguez et al. broke through the temperature limit, obtaining broadband UC in LaMgAl11O19: Mn2+, Yb3+ monocrystal [20] at room-temperature. In 2016 Enhai Song et al. showed that single crystal is not necessary, by using a Yb3+-Mn2+ codoped fluoride perovskites ABF3 nanocrystals [21]. As distinct from the traditional Yb3+ sensitizer, Yb3+-Mn2+ pairs absorb 980 nm pump energy and obtain visible (VIS) broadband emission at room-temperature by achieving energy transfer (ET) directly from the energy level 2F5/2 [22]. Compared to crystal materials, glasses or glass ceramics have better light transmission, easier processing and thus lower preparation costs. Yet, there is little reported in the literature about Mn2+-Yb3+ co-doped glasses or transparent glass ceramics.
In this letter, we prepared both glasses and transparent glass ceramics containing Yb3+-Mn2+ codoped KZnF3 nanocrystals. Under λ~980 nm laser excitation, intense broadband UC emission from Mn2+ and Yb3+ was observed at room-temperature. When the Yb3+ content was changed, a multi-color emission from blue to white to yellow was observed, as shown in the inset of Fig. 1.
[bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: _Hlk516758641][bookmark: OLE_LINK63][bookmark: OLE_LINK66][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Glass samples of 22.5KF-(54.7-x)SiO2-22.5ZnF2-xYbF3-0.3MnO (x= 0, 0.1, 0.3, 0.6, 0.8 in mol%) were prepared by a conventional melt-quenching method. 40 g of pure KF (99.9%), SiO2 (99.9%), ZnF2 (99.9%), YbF3 (99.99%) and MnO (99.99%) powders were mixed in an agate mortar for at least 15 mins, stored in a platinum crucible and then put in an electric furnace at 1500 oC for 30 mins. The melt was cast onto a brass plate and pressed into a flake, annealed at 420 oC for 3 h to eliminate the inset press and to obtain the precursor glass (PG). The PGs were heated at 540 oC for 5 h, 10 h, 20 h to obtain the glass ceramics (GC) containing KZnF3 nanocrystals [23, 24]. To confirm the crystallization phase, X-ray diffraction (XRD) patterns were recorded by a D8 advance X-ray diffractometer (Bruker, Faellanden, Switzerland) with Cu-Kα irradiation. Nanocrystals morphology and size distribution were measured by transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) (Tecnai G2, FEI, USA). The transmission and PL spectra of the obtained samples were recorded with a UV/VIS/NIR spectrophotometer (Lambda-900, PerkinElmer, USA) and a fluorescence spectrometer (FLS920, Edinburgh Instruments, UK), respectively.
Fig. 2 (a) shows the XRD patterns of the 0.3 Yb3+-0.3 Mn2+ codoped PG and GC samples with different heating treatment times. The broadband peak is attributed to the amorphous phase in the samples. The sharp peaks in the XRD patterns are distinguishable and both show features which match perfectly with the Joint Committee on Powder Diffraction Standards (JCPDS) Card of KZnF3 (No: 06-0439) crystal phase. The main crystal peaks at 2θ = 20.901o, 31.167o, 44.657o, 50.271o, 64.998o, 73.84o correspond to the crystal planes (100), (110), (200), (210), (220), (310), respectively. With increased heating treatment time, the diffraction peaks were more distinguishable. Fig. 2 (b) demonstrates the transmission spectra of 0.3Yb3+-0.3Mn2+ codoped PG and GC treated at T~540 oC for 20 h. The digital photo in the inset shows that the GC sample gets a little darker after thermal treatment, resulting in a transmittance attenuation of about 10% in the VIS wavelength region due 
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Fig. 2. (a) XRD patterns of 0.3Yb3+-0.3Mn2+ PG sample, 0.3Yb3+-0.3Mn2+ GC samples of different heating treatment and KZnF3; (b) Transmission spectra of the PG and the GC (treated at T~540 oC for -20 h) GC samples, inset: digital photo of PG and GC samples with 2 mm thickness; (c) TEM image of the GC sample; (d) HRTEM image of the same GC sample.
to scattering. Fig. 2 (c) and (d) show the TEM and HTEM patterns of the same GC samples. KZnF3 nanocrystals are distributed uniformly in the glass phase and their sizes are in the range of 5 ~ 20 nm. This ultra-fine particle size allows these materials to be polished as they are in the glass state and then crystallized without any significant degradation of the surface quality. Fig. 2 (d) shows a series of lattice fringes of the KZnF3 crystal. The d-spacing of these crystal facets was measured to be 0.407 nm, which correspond to the crystal plane (100) of KZnF3. 
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Fig. 3. (a) PL spectra of 0.3Yb3+-0.3Mn2+ doped PG and GC in the VIS wavelength region excited by 980 nm light, the inset is the PL spectrum of PG sample; (b) Schematic energy level diagram of the UC process.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Fig. 3 (a) shows the PL spectra of the 0.3Yb3+-0.3Mn2+ codoped PG and GC samples under the excitation of 980 nm LD. The emissions at '~480 nm and '~585 nm are attributed to the typical Yb3+-Yb3+ cooperative UC luminescence [25] and to the Yb3+-Mn2+ pairs UC processes [21] shown in Fig. 3 (b). The emission at '~585 nm was observed in the PG sample, shown in the inset of Fig. 3 (a), which has not been reported previously. The intense emission was attributed to the structure of our samples. Phase separation in fluorosilicate glasses has already been confirmed by molecular dynamics (MD) simulations [26] and experiments [23]. In the fluoride-rich region, phonon energy and distance of ions are smaller than in the oxygen-rich region, thus it is possible to achieve ET between Yb3+-Mn2+ pairs. However, relatively high non-radiative probability still exists in the oxygen-rich region, as it is also in the glass form, resulting in weak luminescence. In the GC samples, KZnF3 nanocrystals provide a strong crystal field environment for both Mn2+ and Yb3+, thus the non-radiative probability is much lower compared to the PG, producing the enhanced emission. The intensity of the Mn2+ broadband emission of GC is 45 times higher than that of the PG. With increasing the treatment time, the size of KZnF3 becomes bigger and the crystal field becomes stronger, resulting in the enhanced emission. The mechanism of broadband emission was shown in Fig. 3 (b). When the distance between Yb3+ and Mn2+ was small enough, the Yb3+-Mn2+ pair is formed, leading to the establishment of a series of new energy levels. The energy levels |2F7/2, 6A1(6S)> , |2F5/2, 6A1(6S)> , |2F7/2, 4T1(4G)> were the ground state, intermediate hybrid excited state and emitting state, respectively. Under the excitation of the ~980 nm laser, the ground state absorption (GSA) produced excitation of the Yb3+-Mn2+ pairs into the |2F5/2, 6A1(6S)> state. Meanwhile, the excited state absorption (ESA) occurred, populating the emitting state |2F5/2, 6A1(6S)>, which then emits a photon in the visible.
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[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK23][bookmark: OLE_LINK24]Fig. 4. (a) emission spectra of 0.3Yb3+-0.3Mn2+ codoped PG samples upon different pump power; (b) double-logarithmic plots of the pump-power dependent on UC emission of Mn2+ and Yb3+; (c) emission spectra of 0.3Mn2+-xYb3+ (x=0.1, 0.3, 0.6, 0.8) codoped PG samples(d) CIE chromaticity coordinates of different content of Yb3+. All excitation:980 nm LD.
[bookmark: OLE_LINK96][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK102][bookmark: OLE_LINK105]To obtain more detailed information about the UC emission of Mn2+, the pump power-dependent UC emissions were investigated, as shown in Fig. 4 (a). The luminescence intensities both increase with increasing pump powers. The relationship between the UC intensity (IUC) and the pumped power (Ipump) can be fitted as: Iuc ∞ (Ipump)n, where n represents the absorbed photon numbers per VIS or near-infrared (NIR) photon emitted, and the values can be obtained from the slope of the fitted line of the plot of log IUC versus log (Ipump)n, as shown in Fig. 4 (b) [27, 28]. Therefore, the higher is the pump power density of the laser, the higher is the emission intensity achieved. The linear fits slopes of log (IUC) - log (Ppump) for the λ~480 nm and λ~580 nm are 1.6173 and 1.6419, respectively, involving a two-photon process in the UC emission. Fig. 4 (c) shows the normalized PL spectra of xYb3+-0.3Mn2+ codoped PG samples (x=0.1, 0.3, 0.6, 0.8). Fig. 4 (d) gives the CIE chromaticity coordinates based on their UC emission spectra, shown in Fig. 4 (c). The UC emission color can be tuned from blue to white to yellow with decreasing the content of Yb3+.
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]In summary, a series of Yb3+-Mn2+ codoped glasses and transparent glass ceramics containing KZnF3 nanocrystals were fabricated. Under 980 nm LD pumping, two room-temperature UC emission centered at around λ~480 nm and λ~585 nm were observed, with the emission intensities increasing when the KZnF3 nanocrystals appeared in glass matrix. These emissions can be interpreted by two photon UC mechanism based on the coupled Yb3+-Yb3+ and Yb3+-Mn2+ pairs. The relative intensity of the two emission peaks can be adjusted by changing the concentration of Yb3+ ions to achieve a tunable multicolor emission. This kind of material shows promise for applications in various fields, such as tunable lasers, lighting, displays, imaging, and biosensors.
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