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Abstract:  Single-crystals of YTaO4, partially substituted with Nb on the Ta site or Tb on the Y one, are potential alternatives to toxic CdWO4 single-crystal scintillators. Compared with UV-emitting YTO, these isovalently substituted Nb:YTO and Tb:YTO compounds emit in the visible, matching to Si-photodiode detectors. Upon Nb or Tb incorporation, a bandgap narrowing takes place. The present study elucidates its origin in detail based on single-crystal diffraction measurements and subsequent density-functional-theory calculations and high-resolution X-ray photoelectron spectroscopy. Nb 4d band overlaps with the conduction band bottom of YTO, causing a red-shifted emission. On the contrary, the Tb ground levels overlap with the top of the valence band, favoring the intraatomic Tb green emission.
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1. Introduction
    Homeland security based on high-energy radiography relies on CdWO4 (CWO) scintillators. Despite containing toxic Cd and an average light yield (LY) of ~ 14000 ph/MeV, CWO is still the material of choice due to its excellent stopping power (density×effective atomic number4, ρ∙Zeff4 = 134106), low afterglow, and broad visible emission matching well to Si-photodiodes (Si-PDs) detectors.1-4 The urge to find environmentally friendly materials is driving a renewed search for alternative compounds.5-8 Heavy tantalates with a high stopping power (ρ∙Zeff4 > 150106) such as Lu3TaO7, LuTaO4 (LTO), GdTaO4 (GTO), and AlTaO4 (ATO) have been considered.9 Lu3TaO7 and GTO can be grown by the Czochralski technique, however, their scintillation characteristics are by far insufficient.9-11 LTO melts incongruently, making its growth difficult.12 LTO and ATO possess low LYs.9 Another tantalate that has caught attention due to its relatively high LY (15200 ph/MeV) is YTaO4 (YTO, ρ∙Zeff4 = 121106).9 However, YTO could be synthesized only in ceramic form, and its UV emission does not match well with the most sensitive region of Si-PDs.9 To overcome this issue, isovalently substituted YTO singles-crystals grown by the floating zone (FZ) technique were recently investigated, showing notable scintillation characteristics.13-15 On the one hand, after Nb concentration optimization, 1%Nb:YTO improved the scintillation performance relative to YTO (~ 5% better considering Si-PD detectors), thanks to the red-shifted emission.16 On the other hand, Tb incorporation up to ~ 20% in YTO led to a high scintillation LY of ~ 24000 ph/MeV due to intraatomic Tb green-emission.17,18 Both promising scintillators, Nb:YTO and Tb:YTO, exhibit a bandgap narrowing whose origin and influence in scintillation performance is not well understood yet.
    The present study aims to gain insight into the electronic structure of isovalently substituted Nb:YTO and Tb:YTO to elucidate the bandgap narrowing. As previous studies on YTO are based on ceramics, precise single-crystal structure analysis on FZ single-crystals is carried out. Subsequently, density-functional-theory (DFT) calculations are undertaken to evaluate the density-of-states (DOS) of each atom (s, p, d, f orbitals) in the conduction band (CB) and the valence band (VB) using two different approaches. Due to the discrepancies between theoretical and experimental results in the case of Tb, additional X-ray photoelectron spectroscopy (XPS) measurements are conducted with a particular focus on the VB region.
 

2. Experimental
    Pure YTO, YNO (YNbO4), and TTO (TbTaO4), as well as mixed 15%Tb:YTO single crystals were grown by the FZ technique under reducing atmosphere as detailed in previous publications.16,18 Single crystal XRD analysis was performed at room temperature using a Rigaku VariMax Saturn diffractometer with Mo Kα radiation (λ = 0.71073 Å) and a CCD detector. Submillimeter-size single crystals were fixed on the tip of a thin glass fibers. Diffraction data were processed with the Rigaku Crystal-Clear suite (d*trek) and the structures were solved using the dual-space algorithm method (SHELXT). Refinements were carried out with full-matrix least squares on F2 using SHELXL-2018/3 in the WinGX package.19
    The XPS analysis was conducted using a PHI-5000 VersaProbe II (ULVAC-PHI) instrument with a monochromatic Al Kα source. Both survey and high-resolution spectra were recorded and calibrated with the C 1s peak, setting it at 284.8 eV. 
    DFT calculations were carried out first with the generalized gradient approximation (GGA) functionals and second with the additional Hubbard U parameter. In the study, we introduced a 2 × 2 × 2 supercell constructed with a total of 192 atoms for YTO, YNO, and Nb:YTO, and 1 × 1 × 1 cell constructed with 24 atoms for TTO and Tb:YTO. Special quasirandom structure (SQS) models were introduced to reproduce random atomic distributions in Y, Ta, and Nb for 2 × 2 × 2 supercell.20,21 To perform DFT calculations, we used the projector augmented wave method as implemented in the Vienna Ab Initio Simulation Package.22-24 The exchange-correlation energy was calculated within GGA proposed by Perdew, Burke, and Ernzerhof.25 The total energy was minimized over the degrees of freedom of both the electron density and the ionic positions and structural parameters. Electronic convergence was set as 10−5 eV for 2 × 2 × 2 supercell and 10−4 eV for 1 × 1 × 1 cell, and force convergence was set as 10-4 eV/Å for 2 × 2 × 2 supercell and 10-3 eV/Å for 1 × 1 × 1 cell. The cut-off energy for the plane wave expansion was taken as 500 eV for 2 × 2 × 2 supercell and 400 eV for 1 × 1 × 1 cell. Brillouin zone integrations were performed using a set of 4 × 4 × 4 k-points for 2 × 2 × 2 supercell and 8 × 8 × 8 k-points for 1 × 1 × 1 cell. In the test calculations, the Hubbard U model was introduced to improve the problem of band gap narrowing in DFT for Ta1-xNbxYO4 system as a test case.26 Even though the band gap value was somewhat improved, the composition dependence of the lattice constant showed a different trend from the experimental results. Therefore, in this study, the U parameter was not introduced.

3. Results and discussion
[bookmark: _Hlk202710872]    The results of single-crystal structure analysis for YTO, YNO, and TTO single crystals are summarized in Tables 1 and 2. All three compounds, synthesized from melt by the FZ technique, possess the same monoclinic structure upon cooling to room temperature. The space group I2/a agrees with that of ceramics reacted over the monoclinic-to-tetragonal transition at ~ 1450℃ 27,28 in contrast to the P2/c space group (also monoclinic) of ceramics synthesized at lower temperatures.29,30 The R-factors are all pretty small, indicating the high quality of grown YTO, YNO, and TTO single crystals after overcoming various growth difficulties.16,18,31-34 The corresponding CIF files are available in the supporting information. Figure 1 shows the crystal structure of the unit cell projected along the <001> direction. There are two distinct cationic sites: Ta/Nb occupy an octahedral site coordinated by six oxygen atoms, and Y/Tb a dodecahedral one coordinated by eight oxygen atoms. The two distinct oxygen sites lead to three Ta/Nb-O and four Y/Tb-O bond lengths (Å), as presented in Table 3. 

Table 1. Calculated crystal structure and refinement parameters of YTO, YNO, and TTO single crystals.
	Chemical formula
	YTaO4
	YNbO4
	TbTaO4

	Formula weight (g mol-1)
	333.86
	245.82
	403.87

	Temperature (K)
	296
	302
	300

	Crystal system
	Monoclinic
	Monoclinic
	Monoclinic

	Space group
	I2/a (no. 15)
	I2/a (no. 15)
	I2/a (no. 15)

	Lattice constants (Å)
	a=5.0556(3), b=10.9304(6), c=5.3283(3), β=95.477(6)°
	a=5.0786(2), b=10.9550(4), c=5.3029(2), β=94.544°
	a=5.0697(10), b=11.0187(3), c=5.3830(10), β=95.709(2)°

	Volume (Å3)
	293.1 (3)
	294.105 (19)
	299.211 (3)

	Density (g cm-3)
	7.566
	5.552
	8.965

	Z
	4
	4
	4

	F000
	576
	448
	680

	Absorption coefficient (mm-1)
	56.814
	23.339
	59.797

	Theta range (deg.)
	3.723-29.153
	3.677-37.647
	3.698-30.507

	Limiting indices
	-6  h  6, -14  k  9, -6  l  6
	-8  h 8, -18  k  18, -8  l  8
	-7  h  7, -15  k  15, -7  l  7

	Reflection number
	1470
	3634
	3222

	Unique/collected reflection number
	355/344
	751/732
	453/450

	Rint
	0.0463
	0.0412
	0.0449

	R/wR factors (I > 2(I))
	0.0306/0.0735
	0.0221/0.0528
	0.0141/0.0333

	R/wR factors (all data)
	0.0318/0.0748
	0.0230/0.0532
	0.0143/0.0333

	Goodness of fit
	1.126
	1.086
	1.105

	Largest difference peak/hole (e/Å3)
	3.463/-3.730
	1.239/-2.467
	2.183/-1.402



Table 2. Fractional coordinates, Wyckoff symmetry, and equivalent displacement parameters of atomic sites in YTO, YNO and TTO single crystals.
	Compound
	Atom
	Wyckoff position
	Occupancy
	x
	y
	z
	U (Å2)

	YTO
	Y
	4e
	1
	0.0000
	0.6313
	0.2500
	0.0033

	
	Ta
	4e
	1
	0.0000
	0.1018
	0.2500
	0.0026

	
	O1
	8f
	1
	0.2559
	0.4685
	0.2847
	0.0054

	
	O2
	8f
	1
	0.1552
	0.2039
	0.1613
	0.0041

	YNO
	Y
	4e
	1
	0.0000
	0.6287
	0.2500
	0.0037

	
	Nb
	4e
	1
	0.0000
	0.1062
	0.2500
	0.0033

	
	O1
	8f
	1
	0.2536
	0.4681
	0.2942
	0.0065

	
	O2
	8f
	1
	0.1582
	0.2102
	0.1604
	0.0062

	TTO
	Tb
	4e
	1
	0.0000
	0.6315
	0.2500
	0.0048

	
	Ta
	4e
	1
	0.0000
	0.1006
	0.2500
	0.0043

	
	O1
	8f
	1
	0.2603
	0.4686
	0.2888
	0.0067

	
	O2
	8f
	1
	0.1555
	0.2096
	0.1614
	0.0073
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Figure 1. Unit cell of YTO/YNO/TTO projected along the <001> direction.






         Table 3. Bond lengths of YTO, YNO, and TTO single crystals.
	Compound
	Bonds length (Å)

	YTO
	Y-O1i
	Y-O1ii
	Y-O2i
	Y-O2ii
	Ta-O1iii
	Ta-O1iiii
	Ta-O2ii

	
	2.324
	2.447
	2.307
	2.366
	2.334
	1.952
	1.842

	YNO
	Y-O1i
	Y-O1ii
	Y-O2i
	Y-O2ii
	Nb-O1iii
	Nb-O1iiii
	Nb-O2ii

	
	2.329
	2.410
	2.314
	2.373
	2.423
	1.929
	1.849

	TTO
	Tb-O1i
	Tb-O1ii
	Tb-O2i
	Tb-O2ii
	Ta-O1iii
	Ta-O1iiii
	Ta-O2ii

	
	2.360
	2.477
	2.320
	2.380
	2.326
	1.948
	1.863



    DFT calculations were performed based on the detailed crystal structures obtained from single-crystal diffraction. The Brillouin zone of the monoclinic I2/a space group of YTO is shown in Figure 2, together with the symmetry paths used to calculate the band structures.35,36
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Figure 2. First Brillouin zone of the monoclinic lattice with space group I2/a. Symmetry points and the paths along which the band structures are calculated are marked28,29: Γ—A—I2|I—M2—Γ—Y|L2—Γ—V2.
    
[bookmark: _Hlk202692152]    The calculated band structures of YTO and YNO exhibit the indirect bandgaps of 4.0 eV and 3.5 eV, respectively, as shown in Figures 3(a) and (b). These values are ~ 1 eV lower than the experimental bandgaps of YTO and YNO (5.0 eV and 4.4 eV, respectively) determined from transmittance Tauc plots.16 This commonly found underestimation, inherent to the GGA, arises from the over-delocalization of occupied states.37 Nevertheless, this physically well-established approach can estimate the change of properties upon cationic substitution, particularly in the present case, where the crystal structure remains the same. Total DOS of Figures 3(a) and (b) are deconvoluted in Figures 3(c) and (d), respectively. Y contribution (mainly through Y 4d orbitals) to CB and VB is relatively small. The VB in both compounds is dominated by the O 2p orbitals, while the CBs are dominated by the Ta 5d and Nb 4d orbitals, respectively. The YNO bandgap is smaller than that of YTO because the Nb 4d electrons have a lower energy than the Ta 5d ones. To elucidate how the bandgap changes with the Nb concentration, DFT calculations of Nb:YTO (YTNO) were carried out with various partial substitutions.
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Figure 3. Band structure and total DOS of (a) YTO and (b) YNO. Partial DOS of (c) YTO and (d) YNO.  

    The bandgap change from YTO to YTNO by the partial Ta substitution with Nb is due to the appearance of the Nb band below the CB minimum in YTO. With the increase in Nb concentration, the Nb 4d band broadens a bit, leading to a slight decrease in the bandgap as illustrated in Figure 4(a). Therefore, apart from the difference in absolute values, the experimental bandgap narrowing is pretty well reproduced by DFT calculations with the simple GGA approximation.16 Analogously, the estimated change in lattice parameters with the Nb content is compared in Figure 4(b) with the experimental one.16 From the structural point of view, a pretty good agreement is also found, as the lattice parameters’ dependence of a, b, and c is relatively close to the linear Vegard’s law in both theoretical and experimental cases. 
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Figure 4. Comparison of DFT-calculated and measured (a) bandgap and (b) lattice parameters’ change in YTNO crystals.

    After the successful DFT simulations of the YTNO solid-solution, the same DFT calculations were carried out for the Tb-substituted YTO (YTTO). In contrast to the YTNO case, the structural optimization is challenging due to the presence of the Tb 4f valence electrons. Strongly correlated systems arise from the d- and f-electrons, which exhibit both localized atomic-like and delocalized band-like behavior. This complexity, combined with the strong coupling between charge, spin, orbital, and lattice interactions, makes accurate calculations challenging for the current GGA and GGA+U approximation.38 Higher level of exchange and correlation approximations, such as metaGGA, hybrid functional, and the GW method, might be able to solve the optimization problem of the Tb case. However, the computational resources required for the higher-level approximations are significantly higher. 39-46 Figure 5 shows the estimated total DOS for 25%Tb:YTO and TTO considering the electrons’ spin. The appearance of Tb 4f orbitals, occupied majority spin ones within the VB and unoccupied minority spin ones within the bandgap of YTO, is clearly stated. The correlation between calculated and experimental results of bandgap and lattice parameters fails, as can be seen in Figures 6(a) and (b), respectively. The proper explanation for the observed bandgap narrowing with Tb content was found through XPS measurements.
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Figure 5. Total DOS of (a) 25%Tb:YTO and (b) TTO.
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Figure 6. DFT calculated (a) bandgap and (b) lattice parameters’ change of YTTO in comparison with experimental values. 

    XPS was carried out on three representative crystals: YTO, YNO, 15%Tb:YTO, and TTO. The results of the general surveys are given in Figure 7. The presence of all matrix cations is confirmed for the four crystals. Carbon, the only impurity found at the surface, was used for calibration of the energy axis. High-resolution XPS spectra of characteristic peaks are summarized in Figure 8.
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Figure 7. XPS survey spectra of YTO, YNO, 15%Tb:YTO, and TTO single crystals.
    
    In the case of YTO, the Y 3d peaks centered at 155.75 and 157.77 eV (Figure 8(a)) correspond to 3d5/2 and 3d3/2 states of Y3+, since these are consistent with reported values for Y2O347 and polycrystalline YTO.48 The Ta 4f7/2 and Ta 4f5/2 peaks at 25.86 and 27.76 eV of Figure 8(b) are in correspondence with those of Ta2O549 and a similar tantalate,50 thus confirming the presence of Ta5+. In YNO, the peaks of Y 3d centered at 157.14 and 159.18 eV (Figure 8(d)), are also assigned to 3d5/2 and 3d3/2 states of Y3+, respectively, and are identical to the reported for polycrystalline YNO.51 The peaks of Nb 3d centered at 206.79 and 209.52 eV are the 3d5/2 and 3d3/2 states of Nb5+, respectively, since they are equal to those of pure Nb2O5.52-54 In the case of TTO, Ta 4f of Figure 8(h) resembles the case of Ta in YTO (Figure 8(b)). The broad peak centered at 148.74 eV with shoulders on both sides at 145.08 and 154.24 eV, see Figure 8(g), agrees with the 4d signature of Tb3+ and confirms the absence of Tb in the tetravalent state.55-57 This conclusion is further supported by the double peaks in the range 1200-1300 eV of the survey spectrum, corresponding to 3d3/2 and 3d5/2 Tb3+ electrons.56,57 Furthermore, the high-resolution O 1s  XPS spectra of all three compounds in Figures 8(c), (f), and (i) exhibit a main peak at ~ 530 eV, which corresponds with the O2- in the crystals, and a broad peak at ~ 531 eV, which can be attributed to oxygen adsorbed at the surface.58,59
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Figure 8. High-resolution XPS spectra of YTO ((a)-(c)), YNO ((d)-(f)) and TTO ((g)-(i)). 

    The most relevant information obtained by XPS measurement lies in the VB region. Figure 9 depicts the VB spectra of YTO, YNO, 15%Tb:YTO, and TTO. According to the DFT results of Figure 3, the YTO and YNO VBs are mainly contributed by O&Ta and O&Nb, respectively, and stretch along roughly 5 eV. These VBs are found experimentally in Figures 9(a) and (b), and exhibiting similar features. The VBs are a bit broader than calculated ones, and the VB maxima close, at -2.8 and -2.6 eV from the Fermi level, respectively. These similarities are reasonable since these VBs are dominated by the same O 2p orbitals, and the smaller contributions of Ta 5d and  Nb 4d are relatively equivalent. The situation is entirely different when Tb substitutes Y partially or entirely. The approximate deconvolution of 15%Tb:YTO and TTO VBs is shown in Figure 9(c) and (d). Since the Ta and O concentration in these crystals is equal to that of YTO, the contribution of these ions is simulated from the results of Figure 9(a) as a red line, and the remaining, due to the Tb incorporation, is approximated by three broad peaks. These deconvolutions are justified by the fact that the O&Ta contribution (red line) is about the same in both 15%Tb:YTO and TTO, and that the Tb peaks rise equally and correspondingly with the Tb concentration. Comparing these results with that of DFT calculation of Figure 5, it is seen that the Tb contribution is not a broad peak within the range of O&Ta VB constituents. Tb 4f levels exhibit a complex distribution and go beyond the O&Ta band on both sides, extending over ~ 12 eV and resembling that of oxidized Tb metal VB.60 The maximum of the VBs is not determined anymore by the O 2p orbitals, but by the 7F6 ground level of Tb, and it lies at -1.4 eV below the Fermi level for TTO.
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Figure 9. High-resolution VB XPS spectra of (a) YTO, (b)YNO, (c) 15%Tb:YTO, and (d) TTO.  

    Considering the XPS and transmittance measurements together, Figure 10 illustrates schematically the YTO, YNO, and TTO energy levels around the bandgap. The initial YTO has a bandgap of 5.0 eV, given by the energy difference between O 2p (VB maximum) and Ta 5d (CB minimum) orbitals. Bandgap narrowing occurs immediately after the partial substitution of Ta by Nb or Y by Tb. In the first case, the Nb 4d band overlaps with the YTO CB bottom, while in the second case, the Tb ground state overlaps with the YTO VB top. These superposing bands broaden a bit with the Nb and Tb content, and consequently, pure YNO and TTO bandgaps are as small as 4.6 and 4.0 eV, respectively. The position of the Fermi level is not in the middle of the bandgap. For YTO and YNO, it is a bit above, while for TTO, it is below. The Nb:YTO bandgap narrowing leads to the observed red-shifted emission from self-trapped excitons,16 while the intragap levels in Tb:YTO favor the Tb green emission.17,18
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Figure 10. Schematic energy levels of YTO, YNO, and TTO.  

4. Conclusion
    YTO single crystals, partially substituted with isovalent Nb or Tb, are promising compounds for replacing the CWO scintillator in high-energy radiography applications. Previous studies on FZ-grown Nb:YTO and Tb:YTO single crystals proved the existence of bandgap narrowing upon cation substitution. In this study, the crystal structures of pure YTO, YNO, and TTO are analyzed by single-crystal diffraction. The subsequent DFT and XPS analyses elucidate the different origins of bandgap narrowing. By Nb incorporation, the 4d level partially overlaps with the CB bottom of YTO, leading to a red shift in the emission of self-trapped excitons. On the contrary, the Tb ground states partially overlap with the VB top of YTO, thus favoring the intra-atomic Tb green emission.
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