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The article is devoted to the study of the excitation capture efficiency of Eu3+ emission levels in

Gd1−xEuxNbyTa1−yO4 (x = 0.01−0.4, y = 0−1) solid solutions. On the basis of the luminescence spectra analysis,

it was shown that the main phase modification of the studied materials was monoclinic (M-polytype, I2/a). The
quantitative describe of the excitation capture efficiency for these materials has been obtained for the first time.

It was found that for all solid solutions containing Nb the excitation capture efficiency of 5D0 Eu3+ level was the

same within the measurement error (about ∼ 2500 µm2ms−1nA−1). In gadolinium tantalates the capture efficiency

was about 15% higher. This phenomenon was associated with different excitation channels of 5D0 Eu3+ level in

gadolinium tantalum niobates with various Nb/Ta ratio.
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Introduction

Scintillators and phosphors are widely used in various

fields, such as science, mining and nuclear industries, and

medicine [1,2]. Complex oxides, including those activated

by rare-earth ions (REI) [3,4], enjoy great popularity as such

materials. In this case, REI act as efficient luminescence

centers.

In the development of new promising scintillators and

phosphors, an important question is the study of mech-

anisms for converting high-energy excitation into optical

emission. The efficiency of these mechanisms directly

affects the key parameter of such materials — luminescence

yield. Luminescence intensity depends on the probability of

excitation capture by emission levels and the probability of

excitation relaxation. It is quite difficult to experimentally

separate these two processes. However, a method was

previously proposed that allows quantitative assessment of

the excitation capture efficiency by radiative levels of lumi-

nescence centers [5]. The method is based on determining

the dependence of the rise rate of cathodoluminescence

(CL) band intensities on excitation power density [6].

Studying the excitation capture efficiency of REI lumi-

nescence centers can contribute to the development of new

cascade schemes for excitation energy transfer in scintilla-

tors or phosphors. For example, in YAG : Tm3+,Cr3+ and

YAG : Eu3+ it was shown that sensitizers or defects (grain

boundaries) can influence this parameter [5]. Additionally,

it has been established that for different excited levels of

the same rare-earth ion in YAG :Eu3+ the capture efficiency

may differ [7].
An interesting question is how the gradual substitution of

one element in the complex oxide matrix by another will

affect the excitation capture efficiency by REI activators.

In other words, how this parameter will change in solid

solutions. Gadolinium tantalum niobate solid solutions

are well suited for studying such substitution. They are

interesting because Nb and Ta in their composition have

nearly identical ionic radii [8]. Moreover, these materials

exhibit intrinsic luminescence bands associated with NbO3−
4

or TaO3−
4 groups [9,10], and gadolinium ions can actively

participate in excitation energy transfer to activators [11,12].
There are a limited number of studies on REI-activated

gadolinium tantalum niobates. Solid solutions activated

by Tb3+, were investigated in [13]. However, materials

activated by europium are of greater interest. Europium

has a rich luminescence spectrum with well-resolved narrow

bands, making it suitable as a luminescent probe for

studying the local environment [14]. Luminescence spectra

and CL decay kinetics in Eu3+, activated gadolinium

tantalum niobates were examined in detail in [15]. The

influence of the Nb/Ta ratio on the fine structure of CL

spectra was also considered [16]. However, the excitation

capture efficiency of Eu3+ levels in these materials has not

been studied previously, and no model of excitation energy

transfer in them has been proposed.

The aim of this work was to investigate the efficiency

of high-energy excitation capture by the emission levels of

Eu3+ in gadolinium tantalum niobate solid solutions.

1051



1052 G.A. Gusev, S.M. Masloboeva, M.V. Zamoryanskaya

575 580 590

0

0

2

2

4

4

8

8

10

Wavelength, nm

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s
In

te
n
si

ty
, 
ar

b
. 
u
n
it

s

6

6

600 610

Powder

Powder

Ceramic

Ceramic

5 7D – F0 1

5 7D – F0 1

5 7D – F0 2

5 7D – F0 2

620 630585 595 605 615 625 635

12 a

b

0

2

3

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s

5 7D – F0 2

0

1

580 581 582
λ, nm

2

3

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s

5 7D – F0 2

0

1

580 581 582
λ, nm

Figure 1. Photoluminescence spectra of powders and ceramics of compositions (Gd0.94Eu0.06)Nb0.9Ta0.1O4 (a) and

(Gd0.94Eu0.06)TaO4 (b) .

Samples and methods of investigation

A detailed scheme of the coprecipitation method for

obtaining europium-activated gadolinium tantalum niobate

powders is presented in [17]. The methods for preparing

ceramic samples, as well as studies of their elemental and

phase compositions and structural parameters, are described

in [15,16].

This work investigated the series

(Gd1−xEux)NbyTa1−yO4 (x = 0.01−0.4; y = 0−1).

Photoluminescence (PL) spectra at an excitation wave-

length of 260 nm, as well as PL excitation spectra, were

obtained using a Fluorolog-3
”
Horiba“ spectrofluorimeter

(spectral resolution about 0.25 nm).

Cathodoluminescent (CL) properties of the materials

were studied on a Camebax setup (spectral resolution —
0.1−0.2 nm, temporal resolution — up to 0.3µs). For

measurements, an original-design optical-range spectrometer

was used [18]. The accelerating voltage for obtaining

CL spectra and kinetic dependencies was 20 kV, absorbed

current — 10-50 nA, electron probe diameter — ∼ 2µm.

CL spectra were measured several times at random points

on the sample and averaged.

Kinetic dependencies of Eu3+ CL were obtained in the

electron beam deflection mode. Several local measurements

were performed in random areas of each sample, followed

by averaging.

All described studies were carried out at room tem-

perature. The excitation capture efficiency by emission

levels was determined based on measuring the dependence

of the rise time of the emission band on the primary

electron beam current density. The method is based on

the assumption that the emitting center can be considered

as a two-level system [5]. The main conditions for the

applicability of this approximation are strong localization

of the excited and ground states and the absence of

interaction between excited levels. These requirements

are approximately satisfied for Eu3+ emission levels in the

matrix at low activator concentrations. Within this model,

the luminescence intensity is proportional to the content

of excited centers. The rate of change in the number of

excited centers is determined by two processes: excitation

capture and spontaneous deactivation. This process can be

described by the following expression [5]:

dn1

dt
= LJn0 − n1P,

where n0, n1 — the numbers of excited and unexcited

luminescence centers, L — a coefficient proportional to

the excitation capture efficiency by the emission level

(m2s−1A−1) under electron beam irradiation, J — primary

electron beam current density (A/m2), P — spontaneous

transition rate (s−1). In solving the equation, it was

taken into account that the sum of excited and unexcited

centers equals the total content of luminescence centers

Optics and Spectroscopy, 2025, Vol. 133, No. 10



Excitation capture efficiency of 5D0 europium emission level in Gd0.94−xEuxNbyTa1−yO4 1053

0 2 4 6
0

20

40

10

t, ms

In
te

n
si

ty
, 
ar

b
. 
u
n
it

s

30

8 10

a

–1I  ~ 1 – exp(–(τ  + LJ )t)rise

0 0.2 0.4 0.6

2

4

3

5

0.8 1.0

b

–
1

1
/τ

, 
m

s
ri

se

–3 2J, 10  nA/µm

Figure 2. Examples of CL kinetics for the (Gd0.94Eu0.06)NbO4 sample (a) and the rise rate dependence of 1/τrise on the primary beam

current density J for (Gd0.94Eu0.06)Nb0.3Ta0.7O4 (b).

N = n0 + n1. The solution to this equation yields the

following dependence of the number of excited centers (CL
intensity) from the start of excitation:

I ∼ n1 =
LJNτ −1

LJ + τ −1

(

1− exp(−(LJ + τ −1)t)
)

,

where τ — the lifetime of the radiative transition. As seen

from the equation, the rise rate τ −1
rise = LJ + τ −1 depends

not only on the lifetime of the excited level but also on the

primary electron beam current density and the coefficient L.

This coefficient indicates the number of excitation acts of

luminescence centers per unit time (1 s) at a current density
of 1A/m2. It allows assessment of the excitation efficiency

of the luminescence center for different energy levels of the

activator.

Rise times were determined by approximating the ob-

tained kinetic curves with an exponent for the CL intensity

rise sections. The excitation capture efficiency L for different

REI emission levels in gadolinium tantalum niobates was

estimated from the slope of the rise rate dependence 1/τrise
on the primary beam current density J .

For CL measurements, the ceramics were fixed in

cassettes using Rose alloy. After that, a thin carbon film

was sputtered onto their surfaces using a JEE-4C vacuum

universal post to ensure electrical conductivity.

Results and Discussion

Phase composition

For the correct determination of the coefficient L for REI

levels in solid solutions, it is necessary to be confident

that all samples have the same structural modification.

Gadolinium tantalum niobates can have three main phase

modifications: high-temperature tetragonal T and two

different low-temperature monoclinic — M (I2/a) and

M ′ (P2/a). It is known that trivalent europium ions

can be used as a luminescent probe to study their local

environment [14]. For this purpose, PL spectra in the range

575−635 nm were obtained, an example of which is shown

in Fig. 1. Their interpretation was performed using literature

data [19,20] and the Dieke diagram [21]. The spectra

showed only low-energy transitions from the 5D0 level to

the 7F0,
7F1 and 7F2 levels. Importantly, the 5D0−

7F0

transition line was also observed, which cannot be resolved

in CL spectra due to its overlap with bands belonging to the
5D1 energy level. This transition was of particular interest.

The maximum number of Stark splittings for it is 1 [16].

Consequently, the presence of two 5D0−
7F0 transition lines

in the PL spectrum should indicate the presence of two

different luminescent phases in the material composition. In

the spectra of some studied samples, such as the powder

and ceramic of (Gd0.94Eu0.06)Nb0.9Ta0.1O4 (Fig. 1, a) or the

ceramic of (Gd0.94Eu0.06)TaO4 (Fig. 1, b), two 5D0−
7F0

lines were observed. This indicated the presence of

luminescent impurity phases in these samples. The observed

differences in the 5D0−
7F1 and

5D0−
7F2 bands in the Eu3+

PL spectra matched existing literature data related to the M

and M ′ polytypes [22]. They allowed determination of

the main phase of europium-activated gadolinium tantalum

niobate based on the spectrum shape. The shape of

most spectra corresponded to the monoclinic M polytype.

Powder samples of the tantalate series (Gd1−xEux )TaO4

exhibited a spectrum shape different from the other samples,

corresponding to the M polytype. At the same time, these

samples showed only one 5D0−
7F0 transition, indicating the

predominance of M ′ phase luminescence. Additionally, in

some powder samples, an extra Eu3+ band was observed

around 610 nm. It was most likely associated with

gadolinium oxide impurity phase luminescence, since the

rest of the PL spectrum shape remained unchanged, and

two lines related to the 5D0−
7F0 transition were present

around 612 nm.
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Figure 3. CL spectrum section of the (Gd1−xEux )Nb0.3Ta0.7O4

series with a broad band associated with the NbO3−
4 group

(inset — dependence of the maximum intensity of the broad band

associated with the NbO3−
4 group on Eu3+ content).

Values of the coefficients L for (Gd0.94Eu0.06)NbyTa1−yO4 samples

with various Nb/Ta ratios

Ceramic sample L, µm2ms−1nA−1

(Gd0.94Eu0.06)NbO4 2300−600

(Gd0.94Eu0.06)Nb0.9Ta0.1O4 2300−300

(Gd0.94Eu0.06)Nb0.3Ta0.7O4 2700−150

(Gd0.94Eu0.06)TaO4 3400±400

The PL data on phase composition obtained agree

well with data from X-ray diffraction phase analysis

(XRD) [15]. Thus, it was confirmed that the studied

ceramic (Gd1−xEux)NbyTa1−yO4 samples have the same

main phase modification — the M polytype with space

group I2/a .

Excitation capture efficiency

CL spectra of (Gd1−xEux)NbyTa1−yO4 were studied in

detail in [15,16]. These spectra showed not only transitions

from the 5D0 level but also higher-energy transitions

from the 5D1,
5D2 and 5D3 levels. For the emission

band corresponding to the most intense 5D0−
7F2 Eu3+

transition in the ceramic series (Gd0.94Eu0.06)NbyTa1−yO4

the excitation capture efficiency was evaluated for ceramic

samples with various Nb/Ta ratios. Importantly, the

excitation capture efficiency by the activator’s emission level

does not depend on the activator concentration [7]. For

each sample, kinetic dependencies of the 5D0−
7F2 Eu3+

CL band were obtained (Fig. 2, a). After processing,

dependencies of the inverse CL intensity rise time from

the start of excitation on the primary electron beam current

Figure 4. Excitation spectra (for the 612 nm band)
(Gd0.94Eu0.06)NbO4 (a), (Gd0.94Eu0.06)Nb0.9Ta0.1O4 (b) and

(Gd0.94Eu0.06)TaO4 (c).

density in the range 10−4
−10−3 nA/µm2 were derived. The

experimental inverse rise time dependencies on current

density for all measured samples were linear (Fig. 2, b).
The L coefficients — excitation capture efficiencies — were

obtained from their slopes. Values for samples with various

Nb/Ta ratios are presented in the table.

From the obtained results, it can be concluded that

for all compositions containing Nb, the excitation cap-

ture efficiency of the 5D0 Eu3+ level is the same

(L ∼ 2500µm2ms−1nA−1) within the measurement error.

For gadolinium tantalate, the capture efficiency is higher by

∼ 15%.

The difference in the 5D0 Eu3+ level excitation cap-

ture efficiencies in (Gd0.94Eu0.06)NbyTa1−yO4 at y = 0

and all other solid solution compositions could be re-

lated to different excitation energy transfer channels to

the activator. In [5], it was shown that the presence

of a sensitizer for the emitting center can increase the

capture efficiency of its emission levels. CL spectra

in the range 350−530 nm were obtained to study the

behavior of the broad intrinsic luminescence band in

(Gd1−xEux)NbyTa1−yO4. For materials containing Nb and

Eu3+ at concentrations up to 0.2 form. un., a broad intrinsic

luminescence band in the 350−550 nm range with a

maximum intensity around 450 nm was observed (example

for the (Gd1−xEux)Nb0.3Ta0.7O4 series — Fig. 3). NbO3−
4

groups responsible for this band can participate in excitation

energy transfer to the REI activator [12]. This process

was indirectly confirmed by the obtained dependencies

of the broad band maximum intensity on Eu3+ content

(inset in Fig. 3). As europium concentration increased,

the broad band intensity decreased. It is also known that

the higher the Ta content in the solid solution, the weaker

the intrinsic luminescence of the NbO3−
4 group [8]. In the

gadolinium tantalate series (Gd1−xEux)TaO4, bands related

to TaO3−
4 groups were not observed even at low activator

ion concentrations. This could be due to more efficient

excitation energy transfer from TaO3−
4 groups to Gd3+

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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Figure 5. Scheme of excitation energy transfer between various energy levels for (Gd1−xEux )NbyTa1−yO4.

atoms in gadolinium tantalates [22] and thermal quenching.

Apparently, these processes in gadolinium tantalate ensure

more efficient excitation energy transfer to Eu3+.

For a more detailed study of the 5D0 Eu3+ excitation

channels, excitation spectra for the 612 nm band were

obtained (Fig. 4). The lines corresponding to energy

transitions in the excitation spectra were interpreted using

literature data [20,23]. It is evident that for all studied

samples, 5D0 Eu3+ level excitation occurred from the 5D1,
5D2,

5L6 and
5L8 Eu

3+ levels. However, in the 280−330 nm

region, the spectra shapes differed significantly. For

gadolinium tantalate, capture actively occurred from Gd3+

levels in this region. For gadolinium niobate, these levels

were not observed, and a broad band associated with

oxygen vacancies appeared in the 280−330 nm region [23].
The intensity of this broad band decreased significantly as

soon as Ta was added to the composition. Intermediate

solid solutions exhibited mixed excitation channels, but

gadolinium-related bands were less pronounced than in

(Gd0.94Eu0.06)TaO4.

It can be assumed that more active energy transfer from

gadolinium to the activator in gadolinium tantalates accounts

for the higher excitation capture efficiency of the 5D0 Eu3+

level in this material.

Thus, although the 5D0 level excitation channels for

gadolinium niobates and tantalates are well studied, quan-

titative investigation of the excitation capture efficiency

through these channels was conducted for the first time.

The excitation transfer model for

(Gd1−xEux)NbyTa1−yO4 based on experimental data

and incorporating CL data from [15], is presented in Fig. 5.

The scheme shows that 5D0 Eu3+ level excitation occurs

via gadolinium ions (for GdTaO4), oxygen vacancy levels,

and NbO3−
4 group luminescence levels (for GdNbO4).

The position of oxygen vacancy levels is highly uncertain.

Determining their more precise position requires further

studies.

Conclusions

Samples of (Gd1−xEux)NbyTa1−yO4 were investigated.

(x = 0.01, 0.02, 0.06, 0.1, 0.2, 0.4; y = 0, 0.3, 0.9, 1).

Based on photoluminescence spectrum analysis, it was

confirmed that the main structural modification of the

ceramic samples is the monoclinic modification with space

group I2/a (M-polytype).

For materials containing Nb and Eu3+ at concentrations

up to 0.2 form. units, a broad intrinsic luminescence band

associated with NbO3−
4 groups was observed. As europium

concentration increased, the intensity of this band decreased.

This indirectly confirmed excitation energy transfer from

NbO3−
4 groups to Eu3+.

A quantitative description of the excitation capture effi-

ciency for the 5D0 Eu3+ level in (Gd1−xEux)NbyTa1−yO4

was obtained for the first time. For all samples containing

Nb, the 5D0 Eu
3+ level excitation capture efficiency was the

same (L ∼ 2500µm2ms−1nA−1) within the measurement

error. For gadolinium tantalate, the capture efficiency was

higher by ∼ 15%.

The difference in the 5D0 Eu3+ level excitation capture

efficiencies in (Gd0.94Eu0.06)NbyTa1−yO4 at y = 0 and

all other solid solution compositions could be related to

different excitation energy transfer channels to the activator.

This was demonstrated based on analysis of the excitation

spectra of the same samples.

Optics and Spectroscopy, 2025, Vol. 133, No. 10
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The results of this work can aid in understanding

excitation energy transfer mechanisms in solid solutions.

Such studies may be useful in developing new efficient

phosphors and scintillators.
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