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A B S T R A C T   

Photoluminescence from Nd3+ and Nd2+ ions was observed in polycrystalline NaMgF3:Nd synthesised via a high- 
temperature melt, slow-cooling technique. The spectral features of Nd3+ were directly attributed to known 
intraconfigurational 4f3 → 4f3 transitions, where numerous emissions occurred in the infrared spectral region 
840 nm–1390 nm. Additional emissions were observed over the range 850 nm–1500 nm that could not be 
attributed to Nd3+. The additional emissions were attributed to specific intraconfigurational 4f4 transitions of 
Nd2+ via comparison of the photoluminescence features with the known transitions of the isoelectronic Pm3+ ion 
in similar host compounds. The energies of the Nd2+ 4f4 levels were compressed by a factor of 1.09 relative to the 
Pm3+ ion. X-ray irradiation produced a radiophotoluminescence effect whereby the Nd2+ emission intensities 
increased for optical stimulations below 450 nm. Continuous stimulation at 400 nm reversed this effect. This 
phenomenon could be useful for applications in infrared lasing, radiation detection, and optical information 
storage.   

1. Introduction 

The series of lanthanides (Ln), comprised of the elements lanthanum 
through lutetium, possess distinct magnetic and optical properties that 
have provided the basis for numerous technologies, including lasers [1], 
light-emitting diodes [2,3], scintillators [3,4], biological imaging 
nanoparticles [3,5] and electric motors [6]. The properties of the Ln 
elements are primarily determined by their electronic configurations, i. 
e., by the number, n, of electrons in the 4f orbitals, where the partial 
filling of these orbitals can produce very high magnetic moments [6] and 
rich electronic structures [7,8]. The 4fn electrons are well-shielded from 
external environments and are not strongly influenced by crystal field 
effects [9]. Consequently, the 4fn energy levels of the various Ln ions, 
when incorporated into different host compounds, are very similar to 
those of the free Ln ions. All Ln form trivalent ions, Ln3+, and the optical 
and magnetic properties of Ln3+ ions have been studied in many thou-
sands of host compounds [9,10]. As divalent Ln ions (Ln2+) are signifi-
cantly less stable than their Ln3+ counterparts, analyses of the various 
Ln2+ ions are lacking in comparison [9,11]. The notable exceptions to 
this rule are Eu2+, Sm2+, and Yb2+, which are commonly observed in a 
range of materials [12–16]. It is of interest to study the remaining series 
of Ln2+, due in part to their more readily accessible 4fn-15d orbitals that 
are strongly affected by crystals fields, and their potential electron 

trapping properties in insulating materials [17,18]. 
Recent research evaluating the luminescence properties of Ln-doped 

NaMgF3 has revealed that the fluoroperovskite host is an excellent 
model compound through which spectral information on various diva-
lent lanthanides may be obtained [19–23]. In some cases, mixed valence 
luminescence from both divalent and trivalent lanthanides is observed 
in as-made samples, as with Sm-, Yb-, and Eu- doped NaMgF3 [19,20]. 
Additionally, exposure of the compound to X-ray irradiation often cau-
ses the reduction Ln3+ → Ln2+, allowing photoluminescence studies of 
uncommon Ln2+ ions to be performed, as was recently reported for the 
NaMgF3:Dy compound [21]. The host-referred binding energy (HRBE) 
diagram for the various NaMgF3:Ln systems suggests that a range of 
additional Ln2+ ions, including Pr2+, Nd2+, Ho2+, Er2+, and Tm2+ will be 
stable in the host after X-ray exposure [19]. Of particular interest is the 
Nd2+ ion, due in part to its rich 4f4 electronic structure that allows op-
tical transitions ranging from the visible to the infrared that could be 
used for infrared lasing [24,25]. Additionally, Nd2+ is isoelectronic to 
the highly unstable and seldom studied Pm3+ ion [24–26], and a relative 
lack of spectral information is currently available for both Pm3+ and 
Nd2+ ions, encouraging attempts to better characterise the luminescence 
properties of Nd2+. 

Nd2+ luminescence has been observed in very few compounds thus 
far. Like many divalent lanthanides, Nd2+ has a proclivity to oxidise to 
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the trivalent state, where the Nd3+/Nd2+ reduction potential is − 2.62 V 
in aqueous solution [9]. Consequently, it is expected that Nd2+ can only 
be stabilised in very wide-bandgap compounds (εg ≈ 10 eV). To our 
knowledge, spectroscopic data related to Nd2+ have thus far been pre-
sented only for CaF2:Nd [27,28], SrF2:Nd [28], BaF2:Nd [28], LiCl–KCl 
melts [29], SrB4O7:Nd [30], SrCl2:Nd [11,31], SrI2:Nd and SrBr2:Nd 
[32], and KMgF3:Nd [33], in contrast to the several thousands of com-
pounds for which other divalent lanthanides, such as Eu2+ [9,12,17], 
have been studied in detail. In the majority of the aforementioned cases, 
only 4f4 → 4f35d1 absorptions were observed [28–30], precluding any 
detailed analysis of the various intraconfigurational 4f4 → 4f4 transi-
tions. To date, experimental energy levels of the intraconfigurational 4f4 

transitions have not been presented, and their relation to the energy 
levels of Pm3+ has not been explored in detail. 

Here we present a photoluminescence study of NaMgF3:0.5%Nd 
before and after exposure to X-ray irradiation. We show that the ma-
jority of Nd substitutes in the trivalent state, though a fraction of the Nd 
occupies the divalent state in as-made samples. Via comparison with 
data available in the literature regarding the electronic structure of 
Pm3+, we attribute the various excitations and emissions observed from 
the Nd2+ ion to specific electronic transitions. Finally, we show that X- 
ray exposure results in an optically-reversible increase in the Nd2+

emission intensities upon excitation below 450 nm. This radio-
photoluminescence (RPL) effect provides a mechanism through which 
optical and radiation sensing can be performed, and therefore NaMgF3: 
Nd may find applications in optical information storage and dosimetry. 

2. Experimental 

Samples of polycrystalline NaMgF3:Nd with a nominal concentration 
of 0.5 mol% Nd were synthesised via a high-temperature melt technique. 
Precursor fluorides NaF (Sigma-Aldrich 99.99%), MgF2 (Sigma-Aldrich 
≥99.99%), and NdF3 (Cerac 99.9%) were mixed in stoichiometric ratios 
in a low-oxygen low-humidity MBRAUN UNIlab glovebox, subsequently 
transferred to a Sigradur GAZ2 glassy carbon crucible, and placed in a 
custom-built RF furnace in an Ar atmosphere. The mixture was then 
heated to 1100 ◦C over 1 h, cooled to 1035 ◦C over 1 h, then slow-cooled 
through the melting point of NaMgF3 to 1015 ◦C over 12 h. The sample 
was then left to cool to room temperature prior to retrieval. Transparent 
pieces were then cut from the sample with dimensions of approximately 
5 mm × 5 mm × 1 mm for further analysis. Photoluminescence mea-
surements were performed using a Jobin-Yvon Fluorolog-3 spectroflu-
orometer where the spectra were corrected for variations in the 
excitation intensities. X-ray irradiations were performed using a modi-
fied Philips PW1730 X-ray generator with a W tube operated at 40 kV 
and 20 mA. The X-ray beam was hardened using a 0.9 mm Al filter, such 

that the average X-ray energy was 24.7 keV and the approximate 
absorbed dose rate at the sample surface was 0.1 Gy s− 1. 

3. Results and discussion 

Photoluminescence spectra of the as-made NaMgF3:Nd sample are 
shown in Fig. 1, where the major excitations and emissions occurred due 
to the presence of Nd3+ ions. Based on previous studies of NaMgF3:Ln 
materials, it is expected that the Nd3+ ions substitute the Na+ sites of the 
NaMgF3 host [34–36]. This interpretation is reinforced by the relevant 
ionic radii, where in 8-fold coordination the ionic radii of Nd3+ and Na+

are 1.11 Å and 1.18 Å, respectively [37]. In contrast, the Mg2+ site in 
6-fold coordination has ionic radius 0.72 Å and the Nd3+ ion in the same 
coordination has ionic radius 0.98 Å [37], such that the substitution of 
Nd3+ for Mg2+ is unlikely as a significant lattice distortion would be 
required to incorporate the dopant. As the substitution Nd3+ ↔ Na+

requires charge compensation, additional defects must be incorporated 
into the lattice, likely in the form of O2− impurities and Na+ vacancies 
[38,39]. The presence of these defects produces multiple Nd3+ sites with 
distinct crystalline environments leading to slightly different optical 
transition energies, though the small influence of crystal fields on 4fn ↔ 
4fn transitions results in only minor splitting or broadening of the 
excitation and emission bands. 

Fig. 1(a) shows the emission spectrum of the NaMgF3:Nd compound 
where λex = 575 nm. Three infrared emission clusters were observed, 
spanning 840 nm–945 nm, 1000 nm–1140 nm, and 1275 nm–1390 nm. 
The λex = 575 nm stimulation excited the Nd3+ electrons from the 4I9/2 
ground state to the 4G5/2, 2G7/2 excited states, after which the electrons 
non-radiatively decayed to the 4F3/2 level, prior to radiative decay to the 
4I9/2, 4I11/2, and 4I13/2 levels that produced the three emissions bands in 
order of decreasing energy. Fig. 1(b) shows the excitation spectrum 
where λem = 1061 nm, corresponding to the peak of the aforementioned 
4F3/2 → 4I11/2 emissions. Various line excitations were observed over the 
range of wavelengths accessible to the spectrometer, from approxi-
mately 300 nm–800 nm, all of which are readily attributed to intra-
configurational 4f3 → 4f3 transitions of Nd3+. The large number of 
excitation energies available in the production of Nd3+ infrared emis-
sions may be useful in any context where infrared emissions are desir-
able, e.g., infrared lasing. As there are several possible transitions via 
which the Nd3+ ion can relax from the various excited states to the 4I9/2 
ground state, it was of interest to observe whether any evidence of 
quantum cutting, a form of downconversion, was present in the NaMgF3: 
Nd spectra [40]. For example, multiple radiative decays could occur via 
excitation into the 4G9/2 level (e.g. 4G9/2 → 4F3/2 → 4I9/2, yielding two 
photons at 1170 nm and 900 nm). However, exciting into higher energy 
levels did not produce any new emissions over the wavelength region 

Fig. 1. (a) Photoluminescence emission spectrum of NaMgF3:Nd where λex = 575 nm. (b) Photoluminescence excitation spectrum of NaMgF3:Nd where λem =

1061 nm. 
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studied. 
While it was expected that Nd3+ could be reduced to Nd2+ in 

NaMgF3:Nd via stimulation with ionising radiation, whereby conduction 
band electrons would be trapped by Nd3+ ions, it was of interest to 
determine whether any Nd2+ existed in the as-made samples. An attempt 
to resolve additional weak luminescence features was performed by 
systematically varying the PL excitation and emission wavelengths 
across the wide spectral range 300 nm–1500 nm, and subsequently 
refining the selected wavelengths in order to maximise the luminescence 
intensities of all features that could not be attributed to Nd3+. Fig. 2(a) 
shows the PL emission spectrum where λex = 595 nm, for which multiple 
line emissions were observed in the range 800 nm–1500 nm that do not 
resemble those emissions previously attributed to Nd3+, though Nd3+

emissions were superimposed upon the new emissions. Fig. 2(b) shows 
the PL excitation spectrum where λem = 935 nm, selected as it corre-
sponds to an emission seen in Fig. 2(a) with relatively high intensity, and 
because the emission wavelength does not significantly overlap the 
emissions from Nd3+, in comparison to the alternative emissions. The 
excitation spectrum exhibited transitions attributed to Nd3+ super-
imposed with new excitations that could not be attributed to Nd3+. The 
relative peak intensities of the new excitations and emissions were less 
than 10% of those observed in the Nd3+ spectra in Fig. 1, suggesting that 
the luminescent centre incorporates in a significantly lower concentra-
tion. The sharp lines are characteristic of 4fn transitions, and resemble 
the emissions attributed to Nd2+ in the irradiated KMgF3:Nd compound 
[33]. Consequently, these transitions are attributed to intraconfigura-
tional 4f4 ↔ 4f4 transitions of Nd2+. The ionic radius of Nd2+ in the 
8-fold configuration is 1.29 Å [37], indicating that it must also substitute 
for the Na+ site of the NaMgF3 host. Again, the requirement for charge 
compensation likely produced multiple Nd2+ sites, depending on the 
configuration of nearby defects, leading to splitting of the various 
excitation and emission bands. 

Fig. 3 summarises the luminescence features of Nd3+ and Nd2+. In 
order to justify the attribution of the additional PL emissions and exci-
tations to Nd2+ centres, a comparison of the transition energies was 
attempted regarding the isoelectronic Pm3+ ion. Pm3+ is an incredibly 
challenging ion to study in any detail as all isotopes are highly radio-
active [24]. However, Carnall provided a list of transitions and their 
corresponding energies for the LaF3:Pm compound [41], and the sub-
sequent analysis and attributions are primarily based on that list, 
alongside data obtained for the LaCl3 compound [26]. In order to better 
separate the PL contributions of Nd2+ from those of Nd3+ (Fig. 3(a)), a 
PL normalisation and subtraction technique was employed. The PL 
emission spectra where λex = 595 nm and λex = 575 nm were first 
normalised to the Nd3+ emission peak at 856 nm. The difference spec-
trum, PLex(595 nm) – PLex(575 nm), was then taken (Fig. 3(b)). 

Similarly, the PL excitation spectra where λem = 935 nm and λem = 900 
nm were normalised to the Nd3+ excitation peak at 353 nm, and the 
difference spectrum, PLem(935 nm) – PLem(900 nm), then taken (Fig. 3 
(b)). The resultant spectra showed contributions solely arising from the 
luminescent centre attributed to Nd2+. The emission and excitation 
peaks were then obtained from the spectra and the energies were 
compared to those of Pm3+, as shown in Table 1. 

All emissions and excitations energies observed in Fig. 3(b) correlate 
with those observed in Pm3+, compressed by 1.09×, as shown in Fig. 3 
(c). The compression was expected based on the relative nuclear charges 
of the Pm and Nd ions. While Pm3+ and Nd2+ possess the same electronic 
configuration (4f4), the lower nuclear charge of the Nd ion results in a 
reduced spin-orbit coupling strength, decreasing the energies of the 
various 4f4 levels in Nd2+ relative to Nd3+ [9]. The transitions that 
produced the various Nd3+ and Nd2+ emissions and excitations are 
labelled in Fig. 3(a) and (b), and are also contained in Table 1, along 
with the Pm3+ transitions. 

It was of interest to compare the compression (1.09×) of Nd2+

relative to Pm3+ with other mixed-valence Ln3+/Ln2+ systems, in 
particular for the NaMgF3:Ln compounds, where possible. In the first 
case, Sm2+ and Eu3+ are isoelectronic and have been studied in detail in 
the NaMgF3 host [19,20,42], where the Sm2+ 4f6 excitations were 
compressed by 1.12× relative to the Eu3+ 4f6 excitations. In the second 
case, Dy2+ and Ho3+ are isoelectronic, where the Dy2+ ion has been 
studied in the NaMgF3 host [21]. Via comparison with the Ho3+ tran-
sition energies in the similar fluoroperovskite host KCaF3, and YAG [43, 
44], the compression of the Dy2+ 4f10 transitions relative to the Ho3+

transitions was calculated to be 1.13×. These compression factors are 
given in Table 2, where the compression factor increased with atomic 
number and number of 4f electrons. The increased compression factor 
throughout the Ln series correlates with the increased spin-orbit 
coupling energies (ζ) throughout the series. Using the ζ values for the 
free Ln3+ ions provided by Dieke [8], and taking the ratio 
ζ(Ln1

3+)/ζ(Ln2
3+) for the isoelectronic Ln1/Ln2 pairs, we obtained the 

following: ζ(Pm3+)/ζ(Nd3+) = 1.22, ζ(Eu3+)/ζ(Sm3+) = 1.1, and 
ζ(Ho3+)/ζ(Dy3+) = 1.14. It should be noted that the values for the 
Eu/Sm and Ho/Dy pairs are in close agreement with the compression 
factors previously discussed, while the disagreement for the Pm/Nd pair 
may arise from errors in accurately determining ζ for the Pm3+ ion. 
However, further studies of the isoelectronic Ln2+/Ln3+ pairs in the 
NaMgF3 host are required to better understand this correlation. 

The revised HRBE diagram for the various NaMgF3:Ln systems pre-
dicted that the Nd2+ ground state lies 2.73 eV below the NaMgF3 con-
duction band, suggesting that greater concentrations of Nd2+ may be 
produced via the radiation-induced valence conversion Nd3+ → Nd2+, 
where Nd3+ acts as an electron trap [19,23,45]. In general, the greater 

Fig. 2. (a) Photoluminescence emission spectrum of NaMgF3:Nd where λex = 595 nm. (b) Photoluminescence excitation spectrum of NaMgF3:Nd where λem =

935 nm. 
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the difference between the energy of the conduction band of a host 
compound and the ground state energy of the Ln2+ ion in that com-
pound, i.e., the trap depth energy, the more likely that significant con-
centrations of the Ln2+ ion will be observed in Ln-doped compounds 
[18]. This is readily observed in the various NaMgF3:Ln compounds, 
where the Ln2+ ions with the largest trap depth energies (Eu2+ (5.13 eV), 
Yb2+ (4.66 eV), and Sm2+ (3.96 eV), in order of decreasing trap depth 
energy) are observed in significant concentrations, potentially 
exceeding 10% the total Ln dopant concentration [19,22]. In contrast, 
Dy2+ in NaMgF3:Dy has a trap depth energy of 2.88 eV, and there was no 
evidence of Dy2+ centres in the PL of the compound prior to irradiation 
[21]. It is interesting that Nd2+ was observed in the as-made NaMgF3:Nd 
samples, as the trap depth energy of Nd2+ is lower than that of Dy2+ in 
the compound. It is also interesting that Nd2+ 5d absorptions were not 
clearly observed in the PL excitation spectra, where the first 5d ab-
sorption was predicted to occur at approximately 760 nm [19,45]. 

It was possible to make a rough estimate of the fraction of total Nd 
incorporated as Nd2+ using the relative peak intensities of the 4I4 → 5F4 
and 4I9/2 → 4F7/2 excitations of the Nd2+ and Nd3+ ions, respectively, 
and the oscillator strengths of the same transitions as experimentally 
determined for HClO4:Ln3+ (Ln3+ = Pm3+, Nd3+) [46]. The peak in-
tensity of the 4I4 → 5F4 excitation was approximately 2% that of the 4I9/2 
→ 4F7/2 excitation. The oscillator strengths of the transitions are given as 
2.29 × 106 and 8.9 × 106, respectively [46]. Thus, approximately 8% of 
the total Nd dopant concentration incorporated as Nd2+ in the as-made 
samples, while the remainder incorporated as Nd3+. 

In order to test the predicted electron trapping properties of the Nd3+

ion, a sample was exposed to a cumulative X-ray dose of approximately 
720 Gy, and luminescence spectra of Nd3+ and Nd2+ obtained before 
and after each irradiation. The PL excitation spectra where λem = 1061 
nm, corresponding to the 4F3/2 → 4I11/2 emission of Nd3+, are shown in 
Fig. 4(a). As expected, the previously attributed Nd3+ excitations were 
observed prior to X-ray exposure. No additional excitations were 
observed after irradiation. However, the peak intensities of all excita-
tions decreased after irradiation, where the peak intensity of the exci-
tation at 575 nm (4I9/2 → 4G5/2,4G7/2) reduced by 20%. A reduction in 
the Nd3+ PL intensities after irradiation correlates with the expected 
radiation-induced valence conversion Nd3+ → Nd2+, as the number of 

Fig. 3. (a) Photoluminescence excitation and emission spectra where λem = 1061 nm and λex = 575 nm, respectively. The intraconfigurational 4f3 → 4f3 transitions of 
Nd3+ are labelled. (b) Normalised difference photoluminescence excitation and emission spectra where PLem(935 nm) – PLem(900 nm) and PLex(595 nm) – PLex(575 
nm), respectively. The intraconfigurational 4f4 → 4f4 transitions of Nd2+ are labelled. (c) Energy diagrams for Pm3+, as adapted from the literature [26,41], and Nd2+

and Nd3+ in NaMgF3:Nd. The asterisk marks the predicted position of the first 4f35d1 absorption of Nd2+. 

Table 1 
Energies of the transitions from the ground state (5I4) to various excited states for 
Pm3+ in LaF3:Pm (obtained from Ref. [41]) and Nd2+ in NaMgF3:Nd, and from 
the ground state (4I9/2) to various excited states for Nd3+ in NaMgF3:Nd.  

Transition 
5I4 → 

Pm3+ (from Refs. [26, 
41]) 
(eV/nm) 

Nd2+ (eV/ 
nm) 

Transition 
4I9/2 → 

Nd3+ (eV/ 
nm) 

5S2 1.80/688 1.60/774 
1.62/764 
1.65/752 

4F5/2 1.57/792 
1.58/786 

5F4 1.83/675 1.67/743 4F7/2 1.69/733 
1.71/727 

5F5 2.00/619 1.82/680 4F9/2 1.85/672 
5G3 2.24/554 2.09/593 

2.13/582 
2.17/572 

2H11/2 1.99/624 

5G5 2.51/494 2.32/535 
2.36/525 

4G5/2, 2G7/ 

2 

2.15/576 
2.17/571 

3G3 2.72/455 2.46/504 
2.51/495 

4G7/2 2.38/520 

5D0 3.72/333 3.39/366 
3.45/359 

2G9/2 2.44/508    

4G9/2, 2D3/ 

2 

2.63/472    

4G11/2 2.71/458    
2D5/2 2.90/427    
4D5/2 3.51/353 

3.56/348    
4D7/2 3.77/329  

Table 2 
Compression of the energy levels within the 4fn configurations of Ln2+ relative to 
Ln3+ for particular isoelectronic Ln2+/Ln3+ pairs in NaMgF3:Ln. †Data for Ho3+

were obtained from KCaF3:Ho3+ [43] and YAG:Ho3+ [44].  

Isoelectronic Ln2+/ 
Ln3+ pair 

Electronic 
configuration 

Atomic number 
(Ln2+/Ln3+) 

Compression 
factor 

Nd2+/Pm3+ 4f4 60/61 1.087×
Sm2+/Eu3+ 4f6 62/63 1.117×
Dy2+/Ho3+ 4f10 66/67 †1.133×
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Nd3+ sites capable of producing luminescence decreases. The PL exci-
tation spectra where λem = 1126 nm, corresponding to the Nd2+ 5F1 → 
5I5 emission, prior to and after X-ray exposure are shown in Fig. 4(b). 
Prior to irradiation the spectrum was dominated by Nd2+ excitations, 
with weak contributions from Nd3+ excitations. After irradiation, the 
excitation peaks above 450 nm decreased, where the peak intensity of 
the excitation at 595 nm (4I4 → 5G3) was reduced by 30%. The reduction 
in the Nd2+ PL intensities after irradiation is inconsistent with the 
typical radiation-induced Ln3+ → Ln2+ conversion process seen in 
similar Ln-doped NaMgF3 compounds [19–21]. However, a broad 
excitation band appeared at wavelengths below 450 nm after irradiation 
that could be due to newly created Nd2+ sites or radiation-induced de-
fects that yield Nd2+ emissions via energy transfer or optically stimu-
lated luminescence. The energy of the band is much greater than the 
predicted lowest energy Nd2+ 5d band (760 nm), though it is possible 
that the band represents higher energy 5d absorptions. 

The PL emission spectra where λex = 400 nm, corresponding to an 
excitation into the radiation-induced band in the Nd2+ excitation spec-
trum (Fig. 4(b)) where no significant Nd2+ or Nd3+ 4fn → 4fn excitations 
exist, are shown in Fig. 5, prior to irradiation and after exposure to total 
X-ray doses of 360 Gy and 720 Gy. Prior to irradiation, only weak Nd3+

emissions were observed. After irradiation, the emission spectra were 

dominated by Nd2+ emissions that increased in intensity after successive 
irradiations. The specific mechanism via which the Nd2+ emissions 
occur is unclear. As the radiation-induced excitation resembles that 
attributed to F-centres in NaMgF3 [20,38], it may be that hole-trapping 
sites preferentially form nearby the existing Nd2+ ions, such that irra-
diation produces semi-localised (Nd2+ + h+) centres. Upon stimulation 
into the F-centre band, electrons released from fluorine vacancies may 
recombine with the trapped holes, resulting in Nd2+ emissions that 
decrease in intensity during the stimulation period. If the excitation 
arises from higher energy 5d states of newly converted Nd2+, then 
excitation into this band should revert the Nd2+ back to Nd3+, where the 
Nd2+ trap depth is predicted to be 2.72 eV (455 nm). To test these hy-
potheses, the irradiated sample was stimulated with 400 nm light and 
the emission at 1126 nm monitored over 3000 s (Fig. 5 inset). The Nd2+

emission intensity decreased over time, indicating that the Nd2+ radi-
ophotoluminescence was optically bleached, and demonstrating that the 
radiation-induced changes to the luminescence were optically revers-
ible. Consequently, NaMgF3:Nd could find applications in radiation dose 
detection and optical information storage. 

4. Conclusion 

In conclusion, we observed luminescence features in NaMgF3:Nd that 
were attributed to Nd2+, alongside standard Nd3+ emissions. The 
observation of divalent Nd in compounds is relatively rare, and lumi-
nescence properties of Nd2+ are not well understood, especially 
regarding the various intraconfigurational 4f4 → 4f4 transitions of the 
ion. We reported on the synthesis of Nd-doped NaMgF3, where NaMgF3 
is known to be a valuable host compound in the study of divalent lan-
thanides. We demonstrated that the majority of the Nd dopant incor-
porated into the host compound in the trivalent state, where the Nd3+

ion exhibited photoluminescence line emissions over the range 840 
nm–1390 nm with corresponding line excitations over the range 300 
nm–800 nm, all of which were attributed to specific 4f3 → 4f3 transi-
tions. Additional, weaker photoluminescence excitations and emissions 
were observed over similar wavelength ranges that could not be 
attributed Nd3+ ions. Via comparison with the electronic structure of the 
seldom studied isoelectronic Pm3+ ion the additional photo-
luminescence features were attributed to a small concentration (<10% 
of total Nd) of Nd2+ ions that incorporated during synthesis. The Nd2+

photoluminescence features were directly correlated with the transi-
tions of Pm3+ such that the various 4f4 → 4f4 transition energies were 
attributed to particular Nd2+ states. The 4f4 energy levels were com-
pressed by a factor of 1.09×, relative to those of the Pm3+ ion, where the 
compression was due to the lower effective nuclear charge of Nd2+. This 
compression factor was compared to those seen in similar divalent- 

Fig. 4. (a) Photoluminescence excitation spectra where λem = 1061 nm prior to X-ray exposure (black) and after an X-ray dose of 720 Gy (red). (b) Photo-
luminescence excitation spectra where λem = 1126 nm prior to X-ray exposure (black) and after an X-ray dose of 720 Gy (red). 

Fig. 5. Photoluminescence emission spectra where λex = 400 nm prior to X-ray 
exposure (black), and after total X-ray doses of 360 Gy (red) and 720 Gy (blue). 
Inset: Photoluminescence intensity over time, where λex = 400 nm and λem =

1126 nm (black squares). The green line is a guide to the eye. 
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trivalent isoelectronic pairs, where it was demonstrated that the 
compression factor increases with atomic number. X-ray irradiation 
resulted in decreased photoluminescence intensities from both Nd3+ and 
Nd2+ when exciting into the 4fn levels. A broad Nd2+ excitation 
appeared below 450 nm after irradiation, such that the Nd2+ emission 
intensities increased for higher energy optical stimulations. Continuous 
stimulation into the radiation-induced band resulted in a reduction of 
the Nd2+ emissions, demonstrating that the radiation-induced changes 
are optically reversible. Ultimately, we obtained valuable spectral in-
formation related to the infrequently observed Nd2+ ion that will pro-
vide a reference for fingerprinting the ion in alternative hosts, and a 
reference for the isoelectronic Pm3+ ion. Finally, the radiation-induced 
changes to the Nd2+ luminescence indicate that the compound may 
find applications in luminescence dosimetry and optical information 
storage. 
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