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Understanding band gaps of lanthanide niobates via first-principles calculations
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The optical properties of rare-earth niobates play a crucial role in determining their performance as lumines-
cent materials or host materials. In this study, we performed first-principles calculations based on the hybrid
density functional to examine the electronic structures of LnNbO4 (Ln = La–Lu). We found that the usual
parameter settings for the functional could not adequately handle the localization and correlation of 4 f electrons
in these full-concentration lanthanide systems, prompting us to adopt a “doping” approach as a more suitable
approximation. Our results provide a systematical interpretation of the experimental results on the absorption
edge of LnNbO4 (Ln = La–Lu): in addition to the common O2−−2p to Nb5+−4d transition in the [NbO4]3−

group at near 5 eV, the redshifted absorption edge in EuNbO4 is due to O2−−2p to Eu3+−4 f charge transfer
absorption, while in CeNbO4, PrNbO4, and TbNbO4, the lower energy absorption edges are attributed to the
ionization of Ln3+−4 f to conduction bands with a mix of Ln3+−5d compositions. This study also provides a
general yet simple approximate approach for studying the electronic structures of full-concentrated insulating
lanthanide compounds.
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I. INTRODUCTION

Lanthanide-containing luminescent materials have broad
applications, including phosphor-converted light-emitting
diodes, laser crystals, optical thermometry, biological detec-
tion and scanning, and field emission display devices [1–5].
More generally, rare-earth niobates have garnered consider-
able interest and have been extensively utilized in luminescent
materials. Compounds such as (Y/La/Lu/Gd)NbO4, which
have full or half-filled outer shells in rare-earth elements,
are frequently chosen as hosts for lanthanide dopants. Their
wide O→Nb charge transfer (CT) band offers an effective
nonradiative method to absorb and subsequently transfer the
energy to Ln3+ dopants, resulting in efficient luminescence
[6–12].

The electronic band gap plays a decisive role in the lu-
minescent properties. Recently, a systematic experimental
study on the lanthanide niobates reported the band gaps of
3.25 eV for CeNbO4, 4.35 eV for LaNbO4, 4.55 eV for
YNbO4, 4.73 eV for EuNbO4, and 4.90–4.95 eV for SmNbO4,
GdNbO4, DyNbO4, HoNbO4, and YbNbO4 [13]. However,
there are conflicting reports on the electronic properties of
LnNbO4 niobates [14–24]. Moreover, the nature of the elec-
tronic transitions that contribute to the absorption edges is not
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fully understood. In order to interpret the underlying mecha-
nisms of the relevant experimental results, reliable theoretical
and computational studies are essential to unravel the decisive
factors for the band gaps of the LnNbO4 series.

First-principles calculations based on the supercell method
have been effectively used to investigate the electronic prop-
erties of semiconductors and insulators, particularly those
transitions involving defect levels and host bands [25–34].
Specifically, the projected density of states (PDOS) of each
element and orbital has been employed to decipher the
composition of bands and to facilitate the interpretation of
experimental optical spectra [35–38]. However, the traditional
treatment of the orbitals of the elements often gives qual-
itatively incorrect behaviors when electron localization and
related correlation effects are not treated properly.

In this work, the electronic structures of the LnNbO4

niobates are studied via first-principles calculations by tak-
ing the locality of Ln−4 f orbitals and electron correlation
between them into consideration. Based on our calcula-
tion results, we analyze the experimental absorption spectra
and interpret the transitions contributing to the band gaps
[13–24], in conjunction with Dorenbos’ semiempirical chem-
ical shift model [39–41]. Furthermore, the adapted scheme
provides a general yet straightforward approximate approach
to handle the localization and electron correlation involving
Ln−4 f orbitals. This approach is anticipated to be use-
ful in the study of full-concentrated insulating lanthanide
compounds.
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II. COMPUTATIONAL DETAILS

The first-principles calculations based on density-
functional theory (DFT) are performed using the Vienna
ab initio simulation package (VASP) [42,43]. Spin-polarized
calculations are carried out with the projector augmented
wave [44,45] pseudopotentials for atoms, which are obtained
from the VASP database as recommended in the manual. The
standard pseudopotentials, in which 4 f orbitals are treated as
valence states, are used in calculations involving 4 f electrons,
while the special 4 f -in-core pseudopotentials for trivalent
lanthanides (denoted as Ln_3 in VASP), in which the 4 f
electrons are kept frozen in the core, are used in some specific
cases for trivalent Ce–Lu ions, which are denoted as Ln by
adding an underline in the following text.

The structure and symmetry of compounds play decisive
roles in the band structures [46]. Since the monoclinic struc-
ture (space group no. 15, C2/c) is generally observed for
LnNbO4 and YNbO4 at room temperature in experiments
[47], we adopted the monoclinic structures in our calcula-
tions. Each LnNbO4 primitive cell contains 2 Ln atoms, 2
Nb atoms, and 8 O atoms. To obtain the lattice parameters
of the primitive cells, we use the strongly constrained and
appropriately normed (SCAN) [48] meta-GGA method with
rVV10 nonlocal vdW-DF functional [49] to perform the geo-
metric structure optimizations (atomic positions, cell volume,
and cell shape are all allowed to relax). We use an energy
cutoff for the plane-wave-basis set of 520 eV and a �-centered
4 × 4 × 4 k-point grid. The geometric structures are fully
relaxed until the energy change is less than 10−6 eV and the
maximum Hellmann-Feynman force exerted on each atom
is less than 0.01 eV/Å. During the optimizations of lattice
parameters, the 4 f -in-core pseudopotentials Ln of trivalent
lanthanides are chosen, because the 4 f states have little effect
on the lattice parameters. The optimized lattice parameters are
fixed for the subsequent calculations.

In order to obtain the correct band gaps, we perform
the hybrid functional calculations using the Heyd-Scuseria-
Ernzerhof (HSE) [50] density functional with the fraction of
exact exchange α = 0.25 and the range-separation parameter
μ = 0.2 [51] based on the Perdew-Burke-Ernzerhof revised
for solids (PBEsol) [52] exchange-correlation functional,
which is referred to as the HSEsol hybrid functional [53].
The HSEsol calculations are performed with a �-centered
2 × 2 × 2 k-point grid and an energy cutoff of 400 eV, using
the standard pseudopotentials with the 4 f states treated as
valence states for all lanthanides. The HSEsol optimization
calculations start from the structure obtained from the SCAN
method and only the atomic positions are allowed to relax
while the lattice parameters are fixed. Based on the optimized
structures, we calculate their band structures and density of
states (DOSs) with the HSEsol method.

For calculations involving charged or doping systems, we
use a supercell that is expanded from the primitive cell by a
transformation (a′ = −2a + 2b − 2c, b′ = −a − b, and c′ =
2c). Such a supercell contains 96 atoms and is approximately
cubic in shape, with lattice parameters α′ = γ ′ = 90◦, β ′ ≈
94◦, and a′, b′, c′ are all around 11 Å. The calculations on
supercell are performed using a single � k point to sample
the Brillouin zone and the other parameters and convergence

conditions of all the calculations on supercell are the same as
those of the HSEsol calculations on primitive cells.

The charge transition level (CTL) of a defect X between
charge states q1 and q2 is defined as the Fermi level of the
defect systems when the formation energies of defect X in
charge states q1 and q2 are equal [26]:

X (q1/q2 ) = Etot[X q1 ] − Etot[X q2 ]

q2 − q1
, (1)

where Etot[X q] is the total energy calculated on a supercell
containing the defect X in charge states q, with both image-
charge interaction correction (EIIC) and potential alignment
correction (q�VNAP) included for charged defects, follow-
ing the method proposed in Ref. [54], which also applies
to anisotropic dielectrics and noncubic cells. The spin-orbit
coupling is not considered in our VASP calculation, but in-
troduced by post hoc corrections in the same ways as our
previous work [55]. For thermodynamic CTL, the Etot[X q1 ]
and Etot[X q2 ] are calculated at their respective equilibrium ge-
ometric structure, respectively. The relative position between
the thermodynamic CTL and valence band maximum (VBM)
or conduction band minimum (CBM) can be used to estimate
the adiabatic charge transfer (CT) transition energy between
X state and CBM or VBM.

In order to calculate the absorption and emission energies
of such CT transitions, it is necessary to obtain the optical
CTL. We use X q2

@X q1 to represent the electronic ground state
of X q2 calculated at the equilibrium geometric structure of
(the electronic ground state of) X q1 . The optical CTL of a
defect X from charge states q1 to q2 (denoted as X (q1/q2 )

opt ) is
similarly defined, but both the q1 and q2 charge states are
calculated at the frozen equilibrium geometric structure of
the q1 charge state, i.e., replace Etot[X q2 ] with Etot[X

q2

@X q1 ] in
Eq. (1). The optical CTLs can be calculated by changing the
electron number in the equilibrium structures before or after
the transition.

The thermodynamic CTL is independent of the direction
of charge change (order of q1 and q2), while the optical CTL
X (q1/q2 )

opt is typically higher (when q1 > q2, adding electrons to
X q1 ) or lower (when q1 < q2, removing electrons from X q1 )
than the thermodynamic CTL, i.e.,

X (q2/q1 )
opt < X (q2/q1 ) = X (q1/q2 ) < X (q1/q2 )

opt

when q1 > q2. The differences between X (q1/q2 )
opt and X (q2/q1 )

opt
caused by the relaxation energies are related to the Stokes shift
(the energy difference between optical absorption and emis-
sion peaks) of CT transitions [26]. Specifically for Lnq, the CT
absorption involves the transfer of an electron from VBM to
Lnq (Lnq → Lnq−1 + hVBM) and its photon energy can be es-
timated via the Frank-Condon principle as Lnq/(q−1)

opt − EVBM.
On the other hand, the CT emission involves the recombina-
tion Lnq−1 + hVBM → Lnq, with an emitted photon energy
of approximately Ln(q−1)/q

opt − EVBM. Similarly, the photon
ionization of Lnq to CBM requires a photon energy of approx-
imately ECBM − Lnq/(q+1)

opt , while the radiative recombination
of an electron at CBM with Lnq+1 emits a photon energy of
approximately ECBM − Ln(q+1)/q

opt .
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FIG. 1. Primitive cell of CeNbO4 as an example of the geometric
structures of the isostructural LnNbO4 series.

III. RESULTS AND DISCUSSION

Figure 1 shows the crystal structure of the LnNbO4 prim-
itive cell (space group no. 15, C2/c). The coordination
numbers of Ln3+ and Nb5+ ions are 8 and 4, respectively.
The calculated lattice parameters of the primitive cells deviate
from the experimental data by about or less than 1% (Supple-
mental Material Table S1 [56]).

We have calculated the band structures of the LnNbO4

series with the HSEsol method, using 4 f -in-core pseudopo-
tentials for lanthanide ions to simulate the cases where the
Ln−4 f electrons do not participate in transitions. In these
hypothetical cases, the results have similar features to those
of YNbO4 (refer to Supplemental Material Figs. S1 and S2
[56] for the details). The valence bands (VBs) are mainly
composed of the 2p states of O2− with the VBM located at
the � k point, while the conduction bands (CBs) are mainly
composed of the 4d states of Nb5+ with the CBM located at
the Y k point. The band gaps are approximately 5.2–5.3 eV
(refer to Supplemental Material Fig. S1 [56]), representing
CT transitions from the O2−−2p state to the Nb5+−4d state
(hereafter denoted as O→Nb).

To account for the 4 f -related transitions, we have used
standard pseudopotentials that incorporate 4 f valence states.
This approach may result in additional bands with 4 f char-
acters appearing in the forbidden gap that we previously
obtained using 4 f -in-core pseudopotentials. We will now
proceed with detailed discussions on EuNbO4 and CeNbO4,
whose experimental optical band gaps significantly deviate
from those of other lanthanide niobates, suggesting potential
involvement of 4 f states in the optical transitions.

A. EuNbO4

The DOSs of EuNbO4 calculated with the HSEsol method
are shown in Fig. 2(a). Ignoring the highly localized 4 f states,
the energy gap between the highest O−2p states (VBM) and
the lowest Nb−4d states (CBM) is 5.18 eV, consistent with
the result obtained from the calculation using the 4 f -in-core
pseudopotential. The lowest unoccupied 4 f states of Eu3+ are
located in the forbidden gap and the energy gap read off from
the difference between the VBM and the lowest unoccupied
Eu−4 f states is only 2.57 eV (refer to Supplemental Material
Fig. S5 [56] for detailed band structures and PDOSs).

To calculate the absorption energy of the CT transition
from the O2−−2p state to the Eu3+−4 f state (O→Eu), we
added one electron to the EuNbO4 supercell to calculate the

FIG. 2. DOSs of (a) EuNbO4, (b) EuNbO4:Eu3+,
(c) EuNbO4:Eu2+

@Eu3+ , (d) EuNbO4:Eu2+, (e) YNbO4:Eu3+, (f)
YNbO4:Eu2+

@Eu3+ , and (g) YNbO4:Eu2+. The energies are aligned
according to the inner shell Nb−4s orbitals. The PDOSs of the
Eu−4 f states in (b)–(g) are magnified for clarity. The optical and
thermodynamic CTLs of Eu(3+/2+) in EuNbO4 and YNbO4 are also
shown for reference.

optical CTL of Eu(3+/2+)
opt. However, in this calculation, the

electron that transferred to the Eu3+−4 f state is not localized
around a single Eu ion to form a Eu2+ with 4 f 7 configuration,
but is uniformly distributed among all Eu ions with 4 f 6+δ con-
figuration (δ is the reciprocal of the number of Eu ions in the
supercell). The position of the CTL thus obtained is 2.56 eV
(prior to energy correction) relative to the VBM, which aligns
closely with the position of the lowest unoccupied Eu−4 f
states as mentioned earlier, conforming to the characteristic
expected of a delocalized electron. This illusion is caused by
the inability of the adopted calculation to effectively handle
the localization and electron correlation related to highly lo-
calized 4 f electrons. Using larger mixing parameters in the
hybrid functional calculations might be able to produce the
localized Eu2+ 4 f 7 solution, but would lead to significantly
overestimated band gaps [66].

Here we will present an alternative method to estimate
the correct CTL of Eu ions. Since the Eu ions are not in
close proximity to each other in EuNbO4, given the highly
localized nature of the 4 f orbitals, the overlap between the
4 f orbitals of two different Eu ions is negligible and can be
disregarded. Consequently, the O→Eu CT transition can be
considered as involving only a single Eu ion. The alternative
strategy is to use the 4 f -in-core pseudopotential of Eu (de-
noted as Eu, or Eu_3 in VASP), in which the 4 f electrons are
kept frozen in the core, for all Eu3+ ions in the supercell,
with the exception of one Eu3+ ion using the standard Eu
pseudopotential in which the 4 f states are treated as valence
states. This method, referred to as the “doping” approach in
the subsequent discussions, can be perceived as doping a Eu3+
ion with 4 f valence states into the EuNbO4 host supercell
devoid of 4 f valence states (frozen). The addition of one
electron to the unoccupied 4 f orbital of the Eu3+ ion at the
fixed equilibrium structure results in a Eu2+ ion with 4 f 7

configuration, costing an energy termed Eu(3+/2+)
opt optical

CTL, which is 4.59 eV relative to the VBM. Upon relaxing the
positions of atoms in the EuNbO4:Eu2+ supercell, we obtain

235165-3



XU, CAI, JING, WEI, AND DUAN PHYSICAL REVIEW B 108, 235165 (2023)

the Eu(3+/2+) thermodynamic CTL to be 3.87 eV relative to
the VBM [Figs. 2(b)–2(d)]. It should be noted that the CTL
cannot be directly compared with the generalized Kohn-Sham
(gKS) eigenvalues [67,68] in the DOS plot. Only in an exact
DFT functional should the (generalized) Kohn-Sham eigen-
values of the highest occupied state be consistent with the
ionization energy, i.e., the optical CTL at the given structure.
As an illustration, the difference between the highest occupied
state of Eu2+ and the optical CTL Eu(2+/3+)

opt in Fig. 2(d) can
be attributed to the functional adopted being not exact.

Additionally, we also calculate the CTLs of Eu(3+/2+) in
the YNbO4:Eu3+ supercell. The optical CTL of Eu(3+/2+)

opt

is obtained to be 4.66 eV relative to the VBM and the ther-
modynamic CTL of Eu(3+/2+) to be 3.97 eV relative to the
VBM [Figs. 2(e)–2(g)]. The O→Eu CT absorption energy in
the YNbO4:Eu3+ thus obtained is consistent with the exper-
imental absorption edges (4.6–4.7 eV [7,69]) of the O→Eu
CT transition in the excitation spectrum of YNbO4:Eu3+,
validating our calculation results. The experimental excita-
tion spectra of GdNbO4:Eu3+ also exhibit excitation peaks at
4.84 eV [20] and 4.73 eV [12].

Given the similar structures of YNbO4, GdNbO4, and
EuNbO4, with only minor differences in lattice parameters
and bond lengths, the O→Eu CT transition energies should
also be similar among them. These results indicate that the
doping approach, which involves freezing the 4 f electrons of
all Eu3+ ions except one to circumvent the DFT-related self-
interaction errors, is close to the actual situation for obtaining
the O→Eu CT energy. We note that this doping approach can
be adapted only if the states are highly localized.

Therefore, we attribute the 4.73 eV absorption edge ob-
served in EuNbO4 absorption spectra [13] to the O→Eu CT
transition, whose transition energy is smaller than that of the
O→Nb CT transition (approximately 5.18 eV) according to
our calculations.

B. CeNbO4

The DOSs of CeNbO4 calculated with the HSEsol method
are shown in Fig. 3(a). Ignoring the 4 f states, the energy gap
between the VBM and CBM is about 5.37 eV. The highest
occupied 4 f states of Ce3+ are located in the forbidden gap
and the energy gap between the highest occupied Ce−4 f and
CBM is about 2.77 eV (refer to Supplemental Material Fig. S4
[56] for detailed band structures and PDOSs).

In a manner akin to the discussion on Eu, we also employed
the doping approach to calculate the Ce(3+/4+) CTL positions
in CeNbO4. Specifically, we use the 4 f -in-core pseudopo-
tential of Ce (denoted as Ce, or Ce_3 in VASP) for all Ce3+
ions in the supercell, with the exception of one Ce3+ ion
using the standard Ce pseudopotential with 4 f valence states.
The positions of the Ce(3+/4+) optical and thermodynamic
CTLs are 4.02 eV and 3.11 eV below the CBM, respectively
[Figs. 3(b)–3(d)]. Since the 5d orbitals are dispersed in the
CBs, it is difficult to directly obtain the Ce3+−5d excited
state. When the 4 f electron is excited, the 5d components
will drop to near CBM [refer to Figs. 3(c) and 4]. Therefore,
we can approximate the Ce3+ 4 f →5d excitation energy by
the energy difference between the CBM and the Ce(3+/4+)

opt

optical CTL.

FIG. 3. DOSs of (a) CeNbO4, (b) CeNbO4:Ce3+,
(c) CeNbO4:Ce4+

@Ce3+ , (d) CeNbO4:Ce4+, (e) YNbO4:Ce3+, (f)
YNbO4:Ce4+

@Ce3+ , and (g) YNbO4:Ce4+. The energies are aligned
according to the inner shell Nb−4s orbitals. The PDOSs of the
Ce−4 f states in (b)–(g) and the Ce−5d states in (a)–(g) are
magnified for clarity. The optical and thermodynamic CTLs of
Ce(3+/4+) in CeNbO4 and YNbO4 are also shown for reference.

We have also calculated the CTLs in YNbO4:Ce3+ and
obtained the Ce(3+/4+)

opt optical CTL to be 3.57 eV below
the CBM and the thermodynamic CTL to be 2.72 eV below
the CBM [Figs. 3(e)–3(g)]. The Ce(3+/4+)

opt optical CTL in
YNbO4:Ce3+ is 0.45 eV higher than that in CeNbO4.

The optical absorption band of CeNbO4 was reported at
3.25 eV [13]. Similarly, the lowest Ce-related absorption band
in YNbO4:Ce3+ was reported at a smaller energy of 2.82 eV
(440 nm in wavelength) [70]. Based on our calculations on
CeNbO4 and YNbO4:Ce3+, we attribute the absorption in
CeNbO4 to the electric-dipole allowed Ce3+ 4 f →5d transi-
tion, with Ce3+−5d dispersed in the conduction band. This
is analogous to the assignment in YNbO4:Ce3+, where the
Ce−5d orbitals are scattered in the conduction band. Con-
sequently, no emission of Ce3+ is observed in YNbO4:Ce3+
[70], since the excited Ce3+ ionizes its 5d electron to the
CB and eventually recombines nonradiatively with the Ce4+
leftover to return to the ground state of Ce3+.

FIG. 4. Square of the absolute value of the wave function of the
lowest CB in CeNbO4:Ce4+

@Ce3+ . The lowest CB is mainly composed
of the Nb5+−4d states (yellow) and mixed with some Ce3+−5d
(blue) components. The gray-white Ce ions represent the 4 f -in-core
Ce3+ ions.
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FIG. 5. DOSs of YNbO4 and LnNbO4 for each lanthanide. The lowest unoccupied and the highest occupied 4 f states of Ln3+ in LnNbO4

are represented by solid polylines with circle (green) and square (magenta) markers, respectively. The dashed polylines depict the positions of
the Ln2+ 4 f n levels and the Ln3+ 4 f n−1 levels for lanthanides, as per Dorenbos’ semiempirical model, marked with triangle (red) and diamond
(yellow) markers, respectively. The energies are aligned according to the inner shell Nb−4s orbitals. Ignoring the states made of the 4 f orbitals
of lanthanides, the VBs consist of the O−2p states and the CBs consist of the Nb−4d states. The horizontal gray dotted line indicates the
reference experimental optical gap of O→Nb CT transitions in [NbO4]3− groups, estimated as the average energy of LnNbO4(Ln = Sm, Gd,
Dy, Ho, Yb) optical absorption edges.

In addition, the Ce−4 f →CBM transition energies in both
CeNbO4 and YNbO4:Ce3+, determined from our CTL calcu-
lations, are both about 0.8 eV larger than the energies read off
from the experimental optical absorption spectra. We attribute
this discrepancy to the employed density functional calcula-
tions and inaccuracies in the pseudopotential of Ce.

C. LnNbO4 series

Only those charge transition levels located in the band gap
can be directly obtained using Eq. (1). By identifying the op-
tical transitions in CeNbO4 and EuNbO4 and confirming their
similarity to isolated activators in YNbO4, we can construct a
diagram of the Ln−4 f levels using Dorenbos’ semiempirical
chemical shift model [40,41]. This enables us to evaluate the
PDOS results obtained from a conventional calculation for the
LnNbO4 series.

Figure 5 depicts the DOSs of YNbO4 and LnNbO4 for each
lanthanide calculated with the HSEsol method. The energy
reference points for different systems are aligned according
to their respective energies of the inner shell Nb−4s orbitals.
By either disregarding the localized 4 f bands or employing
the 4 f -in-core pseudopotentials, the fundamental gaps [68]
derived approximately from the gap between the gKS eigen-
values of the highest occupied band of O2−−2p nature and the
lowest unoccupied band of Nb5+−4d nature are 5.0–5.4 eV.
This aligns with the gap of 4.93 eV on average mea-
sured by optical absorption spectra in Ref. [13] for LnNbO4

(Ln = Sm, Gd, Dy, Ho, Yb), given that optical gaps are
typically smaller than the fundamental gap [68]. Actually, in
Dorenbos’ semiempirical model applied to YNbO4 [40], the
energy of the optical absorption edge is set at 4.9 eV, while
the fundamental gap (i.e., the CBM relative to the VBM)
is estimated to be 5.3 eV. On the other hand, by using a
smaller mixing parameter α of the hybrid density functional,
the predicted band gap can be adjusted to a lower value [66].
In this study, we did not aim to fine-tune the α parameter based
on band gap values.

Figure 5 also shows the gKS eigenvalues of the highest
occupied 4 f states (magenta solid curve) and the low-
est unoccupied 4 f states (green solid curve) of Ln3+ in
LnNbO4 obtained from our PDOS calculations. In the full-
concentration LnNbO4 system, the trends of these gKS
eigenvalues also exhibit a zigzag pattern, similar to the case
of lanthanide doping [39].

As references, the positions of the ground state 4 f lev-
els of Ln2+ (red dashed curve) and Ln3+ (yellow dashed
curve) obtained from Dorenbos’ semiempirical model [40]
at Ln3+ structures are also shown in Fig. 5. The location of
the Ln3+ curve is established similarly to that of YNbO4 [40]
and the location of the Ln2+ curve with respect to VBM is
established from the CT O→Eu CT absorption energy [13].
The gKS eigenvalues of the highest occupied and the lowest
unoccupied 4 f states obtained from the DOS plot are similar
in trends to the 4 f levels obtained from the semiempirical
model, differing by an overall shift. It should be noted that
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Dorenbos’ semiempirical model describes the trends of lan-
thanides doped in the same hosts, while the hosts correspond-
ing to the full-concentration cases have slight differences in
lattice parameters and bond lengths.

Relative to the semiempirical curve, the gKS eigenvalues
of the unoccupied 4 f states of lanthanides with less-than-half-
filled 4 f shells (La–Eu) are on average about 1.9 eV lower,
while those in the right half (Gd–Yb) are about 0.5 eV to
1.5 eV lower. The gKS eigenvalues of the occupied 4 f orbitals
are close to those of the semiempirical curve for Ce–Tb, but
about 1.0 eV higher for Dy–Tm and Lu, with the exception
of Yb, which is lower than that of the semiempirical curve.
The overall relative overestimation of those lanthanides with
more-than-half-filled 4 f shells has also been observed in our
previous work on SrB4O7 doped with lanthanides [55].

It should be noted that the comparison between the gKS
eigenvalues of 4 f states obtained from the PDOS plot and
the 4 f levels obtained from the semiempirical model is only
intended to demonstrate the similarity in their trends. The
numerical differences between them depend on the functional
used and have no physical significance. A much larger mixing
parameter α would be required for LnNbO4 systems to pro-
duce the frontier 4 f orbitals closer to fulfilling the generalized
Koopmans’ theorem [71] under the scheme of gKS formal-
ism. However, the current HSEsol hybrid density functional
parameters have produced sufficiently reasonable estimation
of the O−2p to Nb−4d CT transition energies along the
lanthanide niobates, while a much larger α would significantly
overestimate these energies, incompatible with experimental
observations.

Combining our calculations and experiments, we attribute
the absorption edge of EuNbO4 to the CT transition from
O2− to Eu3+. This is substantiated by the lower absorption
edge of EuNbO4 compared to those of most other LnNbO4

in the experimental absorption spectra [13]. Furthermore, it
is consistent with our calculations that O→Eu CT absorption
energy is smaller than the O→Nb energy gap. Additionally,
the positions of the Yb−4 f states are anomalously lower in
our calculations. This can be attributed to the deficiencies in
the troublesome pseudopotential of Yb with an almost full 4 f
shell. We have calculated the O→Yb CT absorption energy
via the optical CTL in the YbNbO4 supercell and obtained the
value of 5.31 eV, which is slightly higher than the O→Nb
CT absorption energy. Therefore, we attribute the absorption
edge of YbNbO4 to the O→Nb CT absorption, with the
possible overlapped contribution of the O→Yb CT absorp-
tion. The experimentally measured band gap of YbNbO4 is
similar to those of other LnNbO4 [13], which supports our
assignment.

The absorption edge of CeNbO4 is attributed to the tran-
sition from Ce3+−4 f to CB via 4 f →5d transition and the
transition energy can be approximated by the energy differ-
ence between the lowest Ce−4 f states and the CBM (Nb−4d
mixed with Ce−5d). Moreover, the experiments conducted
on YNbO4:Pr3+ reported the Pr3+ 4 f 2→4 f 15d1 excitation
at 4.20 eV (295 nm [70]) and the Pr3+ intervalence charge
transfer (IVCT) band at 4.17 eV (33600 cm−1 [72]), while
the experiments conducted on YNbO4:Tb3+ reported the
Tb3+ 4 f 8→4 f 75d1 excitation at 4.13 eV (300 nm [73]) and
the Tb3+ IVCT band at 4.00 eV (310 nm [74]). Similarly,

combining these experiments and Fig. 5, the absorption edges
of PrNbO4 and TbNbO4 are also attributed to the transitions
from Ln3+−4 f to CB (both 4 f →5d transition and IVCT
are possible), which are smaller than O→Nb CT absorption
energy.

For the remaining lanthanide elements (Ln = La, Nd,
Pm, Sm, Gd, Dy, Ho, Er, Tm, Yb, Lu), the energies of the
O→Ln CT absorption are predicted to be higher than those
of the O→Nb CT absorption, as shown by the red triangle
markers being above the Nb−4d CBM in Fig. 5. Therefore,
we attribute the reported absorption edges of these LnNbO4

(except for Ln = Pm being radioactive without experimental
result) to the CT transitions from O2− ligands to central Nb5+
atoms in the [NbO4]3− groups. This is also consistent with
the experimentally reported band gaps of SmNbO4, GdNbO4,
DyNbO4, HoNbO4, and YbNbO4, which are all in the range
of 4.90–4.95 eV [13].

Additionally, the experimentally reported band gaps are
4.35 eV for LaNbO4 and 4.55 eV for YNbO4 [13], which
are smaller than the energy range of the O→Nb CT tran-
sition in the [NbO4]3− groups. However, according to our
PDOS calculations in the pure LaNbO4 and YNbO4 crys-
tal (Supplemental Material Figs. S2 and S3 [56]), the 4 f
or 5d orbitals of La3+ and the 4d orbitals of Y3+ are
well above the CBM of Nd−4d nature. Considering the
possible influence of defects on experimental samples and
combining with other experimental reports [16], we attribute
the reported smaller band gap of LaNbO4 to the presence
of distorted NbO7−

6 octahedrons (with absorbing edges at
300 nm [16]) in the LaNbO4 sample synthesized at 1200 ◦C.
With regard to YNbO4, various unidentified defects, such
as vacancies and antisites, can produce defect states in the
band gap.

IV. CONCLUSIONS

In this work, we have systematically studied the electronic
structures of lanthanide niobates via the HSEsol version of
the hybrid density functional. Based on our calculation results,
we analyzed the experimental absorption spectra and provided
a consistent interpretation of the measured absorption edges.
For LnNbO4 (Ln = La, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb,
Lu), the absorption edges are attributed to the CT transi-
tion of the [NbO4]3− group, where an electron is transferred
from O2−−2p to Nb5+−4d . However, the absorption edge of
EuNbO4 is attributed to the CT transition from O2−−2p to
Eu3+−4 f , while the absorption edges of CeNbO4, PrNbO4,
and TbNbO4 are attributed to the transitions from Ln3+−4 f
to CB, which contains the compositions of Ln3+−5d orbitals.
In addition, the absorption in PmNbO4 is predicted to be the
CT of [NbO4]3−.

We noted that, due to strong electron correlation and lo-
calization of 4 f orbitals, adding or removing a 4 f electron
should be considered as happening to a single Ln ion at a
time, rather than fractionally to many Ln ions. Hence a more
appropriate choice is to use the 4 f -in-core pseudopotentials
for all lanthanide ions in the supercell except one lanthanide
with standard pseudopotential. This mimics the change in
number of localized 4 f electrons only for the designated Ln
ion.
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