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Abstract 

We present here new characteristics of the Fe
3+

 emission in feldspar using a combination of 

site/energy-selective spectroscopy and time-resolved photoluminescence at cryogenic 

temperatures. Although the variation in the peak energy of Fe
3+

 emission has been known to vary 

across feldspar samples depending on the composition and structure, it has never shown before 

that this emission can vary dynamically even within a single sample. We show that a strong 

excitation-energy dependent emission (EDE) occurs in Fe
3+

 for non-resonant excitation at 

cryogenic temperatures; this characteristic can be exploited for site discrimination within a 

complex feldspar sample. The radiative relaxation in Fe
3+

 (
4
T1 → 

6
A1) is shown to be a dynamic 

process depending on whether the ion is excited using resonant or non-resonant transition. We 

suggest that during resonant excitation, the excited state of Fe
3+

 undergoes a slow energy-

transfer, possibly a spin-lattice interaction, a process that leads to a non-first order effect in the 

radiative relaxation process. 

 

1. Introduction 

 

Feldspar is the most widely available mineral in the Earth’s crust (>50 % of crustal rocks). It is a 

tectosilicate comprising of a framework of AlO4 and SiO4 tetrahedra, and depending on the 

cation composition may occur in alkali feldspar series (KAlSi3O8 – NaAlSi3O8) or plagioclase 

feldspar series (NaAlSi3O8 – CaAl2Si2O8). Optically, feldspar is a direct, wide band gap material 

(~ 7.7 eV) [1]. Various impurity atoms and structural defects create local energy states, within 

the band gap, some of which participate in luminescence emissions from the ultraviolet (UV) to 
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the near infrared (IR) upon different modes of excitation [2, 3]. These optical properties of 

feldspar allow its use in optical dating relevant to last 0.5 Ma; the technique relies on 

measurement of electrons trapped within the defects during the geological time using, for e.g., 

using optically stimulated luminescence  [4-6]. The critical developmental aspects of the OSL 

method, such as improvement in accuracy and precision, increasing the age range, and ease and 

reliability of signal measurement, all require detailed understanding of the underlying 

mechanisms that generate luminescence [6-8].  

There are many techniques to induce luminescence in feldspar, such as, thermoluminescence 

(TL), optically stimulated luminescence (OSL) or infrared stimulated luminescence (IRSL), 

cathodoluminescence (CL), radioluminescence (RL) and photoluminescence (PL) (see review by 

Krbetschek et al. [2]). Techniques such as TL, CL, RL and OSL require exposure to ionizing 

radiations, typically high energy (keV – MeV range) electrons or photons, and are based on 

electron-hole recombination across different sites (or defects) in the lattice. In contrast, PL is 

induced from photons with energies smaller than the bandgap, which allow site/energy selective 

probing of a particular defect and its excited state interaction with the host lattice [3, 6]. Together 

these techniques provide a powerful tool to understand luminescence behaviour of unknown 

defects in natural minerals. 

The focus of this study is to obtain a detailed understanding of the deep red emission (~ 1.7 eV), 

which is well known to arise from the Fe
3+

 ion in feldspar [9-11]. This ion substitutes for Al
3+

 in 

the tetrahedral sites in the feldspar lattice, and it participates in processes involving ionising 

radiation, e.g., CL and TL [12, 13]. Spectroscopic investigations have revealed the energy levels 

of Fe
3+ 

ion in feldspar [14-17]. The emission peak of Fe
3+

 is generally located between 680-740 

nm (1.82 - 1.67 eV) depending on the composition ([2, 16]. This emission occurs from a spin 

forbidden 
4
T1 → 

6
A1 transition within the d

5 
electrons of the ion. Brooks et al. [9] reported 

variations in the CL/RL emission of Fe
3+

 on temperature as a result of changing Fe-O bond 

length due to potassium ions. It has been suggested that Fe
3+

 emission peak varies both in alkali 

feldspar and plagioclase feldspar depending on the K/Na ratio or the Ca/Na ratio, respectively 

[12]. Furthermore, the site occupancy of Fe
3+

 in alkali feldspars plays an important role in 

determining the emission wavelength. For example, Fe
3+

 substitutes for T1 tetrahedral site in 

ordered feldspar leading to red emission, or both T1 and T2 sites in disordered feldspar lattice 
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leading to IR emission [12, 18, 19]. The main causes of these variations are the crystal field 

effect and the changing bond lengths of Fe-O, both of which modify the 
4
T1 → 

6
A1 transition 

energy level.  

In terms of dosimetric research, it has been well documented that red TL undergoes very strong 

thermal quenching [13], and it has been suggested that this signal does not suffer from 

anomalous fading, both in TL [20] and IRSL [21-23]. There are two different views on the role 

of Fe
3+

 in luminescence dosimetry. One suggestion is that Fe
3+

 captures a free electron during 

ionising irradiation (converting to Fe
2+

), and a subsequent capture of a hole during heating 

results in an Fe
3+

 excited state, which then relaxes to give the red emission [e.g., 13]. Recently, 

Jain et al.  [7] based on their investigations on IRSL kinetics proposed an alternative view: Fe
3+

 

captures a free hole during ionising irradiation (leading to Fe
4+

), and a subsequent capture of free 

electron during the IRSL process gives rise to the excited state of  Fe
3+

, which subsequently 

relaxes to emit deep red photons.  

Despite a great interest in Fe
3+

, both in dosimetric and mineralogical studies [2, 9, 16, 20-23], the 

details of the Fe
3+

 system in feldspar are still missing. In contrast to the emission characteristics 

[2], the excitation energy dependence of the Fe
3+

 emission has not been studied in great detail. 

There is a general lack of understanding of: a) the site dependence of Fe
3+

 emission in a single 

sample (previous studies have focussed on relative spectral variations across samples of different 

compositions), b) the dependence of emission peak on temperature and excitation energy, c) the 

dependence of relaxation lifetime on temperature and/or excitation energy  (resonant vs. non-

resonant). Understanding these aspects will provide insights into the interactions of Fe
3+

 with the 

host lattice, and potentially lead to a better exploitation of this important emission in 

luminescence dosimetry. 

Here we use site/energy-selective spectroscopy combined with low temperature measurements, 

and time-resolved photoluminescence studies to understand the dynamics of the Fe
3+

 emission in 

feldspar. We show that this emission not just varies across samples, as shown in the previous 

studies, [12, 16, 18, 19], but it can also vary significantly within the same sample. We also give 

insight into the spin forbidden relaxation mechanism in Fe
3+

. 

2. Experimental  
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We measured Fe
3+

 emission and excitation spectrum in 11 different feldspar samples listed in 

Table 1. The sample were granular (~ 90-180 µm diameter grains) except for R28 which is a 

single crystal of 2 x 2 x 2 mm size. The Fe content of these samples was measured using Thermo 

X‐series II – Quadrupole inductively coupled plasma mass spectrometry (ICP-MS), and their 

bulk composition (KF, NaF and CaF) determined using the Risø X-ray fluorescence (XRF) 

system. The K/Na/Ca content of each sample (Table 1) represents the average composition of the 

entire sample area on an aliquot used for PL measurement. The sample geometry during the PL 

was designed such that there is full, uniform illumination of the aliquot.  

All the excitation, emission, and luminescence decay measurements were carried out using Risø 

Station for CryOgenic LUminecence Research (COLUR) at DTU Nutech, Technical University 

of Denmark. COLUR consists of Horiba Fluorolog-3 spectrofluorometer, a closed-loop helium 

cryostat, and several detectors and excitation sources for multi-probe measurements. The 

detectors used are photomultiplier tube (PMT) and cooled charged coupled devices (CCD), 

coupled to monochromator gratings or band pass filters. Various excitation sources include X-

ray tube (40 kV, 100 μA copper anode, 3ms shutter speed), and continuous wave or pulsed Xe 

lamp, lasers and light emitting diodes. Sample is mounted on the cold finger of the cryostat, and 

the temperature can be controlled between 7 - 300 K under vacuum (2.5 X 10
-5 

mb) using the 

Lakeshore temperature control unit (model 335).  

Specifically, PL emission spectra were measured using a liquid nitrogen cooled CCD detector. 

The excitation spectra were measured with a Cherny-Turner type monochromator in front of a 

photo multiplier tube (PMT) detector. The excitation wavelength was selected using the double 

grating Cherny-Turner type monochromator from a 450W Xenon lamp and a 610 nm long-pass 

filters was placed at the detection side to avoid any stray light. The results presented here are 

corrected for the instrument response and excitation flux. Phosphorescence decay was measured 

using a 450 W Xenon lamp operated in a pulsed mode, and detection of luminescence using a 

PMT with a multi-channel scaler. The integration time for phosphorescence collection was 100 

ms and the initial delay was 0.05 ms. The X-ray tube was used for used for investigating 

sample’s response to ionizing dose. X-ray irradiations were done at 295 K. 
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3. Results and Discussion 

Our investigations into the temperature and excitation energy dependence of the Fe
3+

 emission, 

and its decay characteristics are described below.  

3.1. Fe
3+

 excitation and emission: general characteristics 

The emission spectra of 11 different feldspars samples (Table 1), measured at room temperature, 

are shown in Figure 1 (a). The samples were excited with 4.67 eV photons, and the deep red 

emission was recorded between 1.4 and 2.1 eV. The corresponding excitation spectra were 

measured by scanning the excitation energy from 1.9 to 4.9 eV while detecting the emission at 

the peak emission wavelength of the individual samples (Figure 1 (b)). We observe that the 

emission peak position shifts across samples, from 1.67 eV in R58 to 1.8 eV in R64; the majority 

of the samples have their emission peak at ~1.7 eV. This emission arises from the forbidden 
4
T1 

→ 
6
A1 transition [11, 14]. The excitation spectra in Figure 1(b) show several resonant excitation 

peaks in the region 2.5 to 3.4 eV, and a non-resonant continuum up to > 4.5 eV. Similar to the 

emission peak positon, some (weak) resonant excitation peaks, as well as the rise of the non-

resonant continuum vary slightly with feldspar composition.  

Earlier studies have shown that the peak position of Fe
3+

 PL emission is related to the 

mineralogical composition [16-18]. However, we do not observe any obvious correlation 

between the emission peak position and the K content in our samples (Table 1); this suggests that 

the peak energy variations in our samples may perhaps be controlled by other factors such as the 

structural state of feldspar and the tetrahedral site dependence of Fe
3+

. 

We chose sample R56 (alkali feldspar with similar KF and NaF content) as a representative 

sample for detailed investigations; its emission peak position is similar to that for samples R44, 

R50, R57 and R63, and lies in close vicinity of the emission peaks of R42, R43, R47 and R49 

(Figure 1(a)). The purpose of these detailed measurements was to understand the temperature 

and excitation-energy dependence of the Fe
3+

 emission. 

3.2. Temperature and excitation-energy dependence of the Fe
3+

 emission in R56  

Figure 2 gives a closer view of the excitation and  the emission spectrum of R56 from Figure 1; 

the PL intensity is plotted on the log (intensity) scale for the excitation spectrum (right) and on 
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the linear scale for the emission spectrum (left). The excitation spectrum was obtained by fixing 

the emission at 1.7 eV, while the emission spectrum was obtained using 4.67 eV excitation. The 

inset of Figure 2 shows the energy level diagram for the isolated Fe
3+

 defect in the host [14, 15]. 

It can be seen that there are several excitation levels but the radiative relaxation occurs only from 

the lowest 
4
T1 (G) level; the exact energies depend upon the crystal field in the sample. Four of 

these transitions are marked against the dominant emission and excitation peaks in R56 (Figure 

2). The non-resonant continuum in the excitation spectrum shows an exponential dependence on 

energy from ~3.8 to 4.6 eV. 

Fe
3+

 emission is known to show a strong thermal quenching at room temperature [13-15]; 

however, there are not many studies of changes in emission energy as a function of temperature. 

A shift in the emission energy with temperature could occur because of changing crystal field 

due to shrinkage/expansion, and/or participation of different vibrational levels.  In order to 

examine the effect of cooling on R56, we measured PL emission spectra at different 

temperatures while exciting with 4.67 eV photons (Figure 3(a)). We observe a gradual blue shift, 

peak widening and a decrease in the emission intensity with temperature. The emission shift has 

a magnitude of 0.25 eV from room temperature to 7 K. The most plausible reasons for the peak 

shift and widening are phonon interactions and an increasing role of the higher energy 

vibrational levels at higher temperatures. We do not see any blue shift in the Fe
3+

 emission on 

cooling, a typical temperature dependent effect is semiconductors [Varshni effect; 24]. 

The effect of changing the excitation energy on the emission peak energy of Fe
3+

 has never been, 

to our knowledge, investigated before. Figure 3(b) shows the emission spectra measured at 295 

K, as the excitation energy was varied from 4.0 to 4.86 eV. Similar to the orange-green emission 

in feldspar [3, 25], we observe an excitation-energy dependent emission (EDE)
2
 (Figure 3(b)); 

there is a red shift in the emission peak with a decrease in the excitation energy (apparently 

similar to the red edge effect) [3, 25, 26]. Figure 4(a) shows the summary of the peak shift as a 

function of excitation energy in both K rich alkali feldspar (R56; black ‘plus’ symbol) and a Na 

rich alkali Feldspar (R58; red ‘cross’ symbol) samples at room temperature.  The reference 

excitation spectra for these samples are also plotted using the same colour scheme (black for R56 

and red for R58); these excitation spectra were obtained while fixing the emission at 1.7eV. 

                                                           
2
 EDE: Excitation-Energy Dependent Emission. This effect apparently violates the Kasha’s rule that the emission 

occurs from the lowest electronic/vibrational excited state and is independent of the excitation energy [see 26].  
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Figure 4 (b) is similar to Figure 4(a) except that the full width at half maximum (FWHM) of the 

PL emission peaks are plotted here. Figure 4(a) suggests that the EDE occurs both in Na and K 

rich feldspar (although with different magnitudes) in the non-resonant excitation continuum; 

there is a red shift of ~0.02 eV in R56 and ~0.04 eV in R58. There is also suggestion for a minor 

EDE across the resonance peak at 3.35 eV (Figure 4(a)). The FWHM decreases with an increase 

in the non-resonant excitation energy (Figure 4(b)).  

To gain insight into this EDE, we repeated the same experiment as described for Figure 4, but at 

ten different measurement temperatures between 7 and 295 K. These temperature-dependent 

measurements were carried out only for the K-feldspar sample (R56). Figure 5 shows the 

summary of the Fe
3+

 emission peak as a function of excitation energy and temperature; peak 

position and FWHM are shown in Figure 5(a), and Figure 5(b), respectively, for selected 

temperature (to avoid cluttering). Normalised peak area, with respect to the peak area at 7 K, is 

plotted in Figure 5(c).  

The EDE is significantly enhanced with cooling in the non-resonant excitation region (4.0 -4.86 

eV; Figure 5(a)). Furthermore, the temperature dependent red shift strongly varies with 

excitation energy in the region 3.9-4.4 eV; but it is nearly constant for resonant excitation (2.7- 

3.4 eV) and the high-energy end of non-resonant excitation (4.5 – 5.0 eV) (Figure 5(a).  

There occurs a significant overall reduction in the FWHM with sample cooling both in the 

resonant and non-resonant regions; this is the same as the temperature dependent phonon effect 

discussed for Figure 3(a). For the non- resonant region, the emission shows a systematic 

narrowing with excitation energies at room temperature, but this trend becomes non monotonic 

(peak shaped) at low temperatures (Figure 5(b)). 

Figure 5(c) shows that thermal quenching exists (reduction in the PL emission area with a rise in 

temperature) for all the excitation energies but the extent of thermal quenching varies with the 

excitation energy. 

To our knowledge, such effects of Fe
3+

emission on excitation energy and temperature have not 

been reported earlier. In summary, this section makes several new observations: a) a strong 

phonon effect, leading to a red shift and narrowing of Fe
3+

 PL emission, dependent on the mode 

of excitation (resonant vs. non-resonant), b) an excitation-energy dependent emission, which is 
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enhanced with sample cooling, and c) different thermal quenching behaviour of the Fe
3+

 

emission depending on the excitation energy.  

As discussed in the introduction, the emission peak in Fe
3+

 has been known to shift across 

samples because of variation in composition or the site occupancy of Fe
3+

. The sample R56 

contains roughly equal amounts of KF and NaF content; it is conceivable that EDE observed in 

our data arises from changes in the relative excitation of the T1 and T2 sites, or separate K and Na 

feldspar sub-phases within the sample. To confirm this hypothesis, we chose a pure K feldspar 

sample (R28) (Table 1). The emission spectra measured with three different excitation energies 

are shown in Figure 6. Unlike sample R56, we do not see any EDE in R28. The three peaks are 

very similar and can be described by a single Gaussian function. Figure 6 inset shows a single 

peak fitting for the case of 4.86 eV excitation. These data from R28 suggest that sample R56 

must contain mixed phases or two different sites of Fe
3+

 with different crystal field around them; 

what we observe is a summed PL emission from both the sites. On non-resonant excitation, the 

relative strength of the two emissions changes, giving rise to an apparent peak shift in the 

summed signal. With this insight, we re-analysed the data reported in Figures 3, 4 and 5 with a 

two-peak model, representing two Fe
3+

 sites or compositional sub-phases within the same 

sample. For convenience, we will refer to this as the two-site model.   

3.3. Testing the two-Fe
3+

-site model in R56  

Figure 7(a) shows the temperature dependent FWHM of the Fe
3+

 emission for all the excitation 

energies (4.0 - 4.86 eV) and measurement temperatures; note that Figure 5(b) represents only 

part of this excitation-emission-temperature matrix to avoid a clutter. The FWHM data show an 

apparent peak trend which begins to emerge at temperatures below 200 K. At temperatures 

below 100 K there exists a clear peak in the FWHM at ~ 4.3 eV excitation energy. These FWHM 

data support the two-site model, which becomes especially clearer at low temperatures because 

of reduction in the phonon induced broadening of the individual peaks. Thus, the end members 

on the excitation energy scale represent dominant excitation of a single Fe
3+

 site resulting in a 

narrow FWHM, whereas around 4.3 eV both the sites are excited with similar efficiency 

resulting in a wide FWHM. The overall result is a peak shaped variation in FWHM due to 

overlapping of the two peaks as a function of excitation energy. At higher temperatures, these 
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differences are systematically dampened because of a significant phonon induced broadening as 

well as thermal quenching of the individual peaks. 

With this qualitative confirmation of the applicability of two-site model to R56, we performed 

peak fitting of the emission spectra obtained from 4.86 eV excitation at 295 K (see Figure 7(b)). 

As expected, unlike R28, the data from R56 were best described by a sum of two Gaussian 

peaks. As a further qualitative test of the two peak model, we measured the excitation spectrum 

of R56 at 7 K while fixing the emission window at 1.79 eV or 1.57 eV, thereby, trying to obtain 

site specific excitation from a complex sample. The data are shown in Figure 7(c). The 7 K 

temperature was used to maximise the separation of the two peaks (Figure 7(a)) and thus obtain a 

significant EDE (Figure 5(a)). We observe a slight variation in the resonant peaks at ~ 2.9 eV 

and a clear shift of the non-resonant excitation, supporting the view that different sites of Fe
3+

 

are present in sample R56.  

Finally, to make a quantitative test of the two-peak model, we tried to fit a sum of two Gaussian 

peaks to all our excitation-emission-temperature data from R56. The positions of the peak 

components P1 and P2 are shown in Figure 7(d) for the data measured at 7 K and 295 K only (to 

avoid cluttering); as can be seen in the 7 K data, although, peak fitting helps to reduce the EDE, 

it does not completely eliminate it. We also tried to force-fit two shared peaks to all the data, but 

this attempt was unsuccessful; the obtained peak fits were poor suggesting that two common 

peaks do not completely describe the EDE in R56. Thus, it is possible that other effects may also 

play a role leading to an inhomogeneous broadening of the Fe
3+

 emission in R56; this needs 

further investigations. Nonetheless, it is clear from our analysis that the two-site model is a good 

first order approximation to explain the EDE in the Fe
3+

 emission in feldspar.  

3.4. Time resolved PL data 

We examined the temperature dependent lifetime of Fe
3+

 emission at 1.7 eV with excitations at 

4.77 eV (non-resonant) and 3.29 eV (resonant); the data are shown in Figure 8(a), and 8(b), 

respectively, and  fitting parameters are summarised in Table 2. All the phosphorescence data 

show a slow decay confirming the spin-forbidden radiative transition in Fe
3+ 

[e.g., 3]. 

Furthermore, there is a systematic decrease in the average lifetime with temperature, confirming 

the thermal quenching mechanism in Fe
3+

. The lifetime decreases because of increase in non-

radiative relaxation from the higher energy vibrational levels at higher temperatures.  
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The resonant PL decay data could not be fitted to either a single exponential, or a sum of two 

exponential functions as the data after ~ 4 ms shows an unusual kink (see Figure 8(b); this 

perhaps suggests a relatively short lived build-up process before the radiative relaxation begins 

to dominate. We interpret that relaxation from the resonant (excited) state may be a two step 

process: a) energy transfer between the excited state and the lattice, which results in reorientation 

of the spin (lattice-spin interaction), and b) excited to ground state relaxation. The non-resonant 

data on the other hand show clear single exponential decay until the temperature of 200 K, while 

at room temperature the decay shows two exponentials. As inferred from Figure 7(a), the 4.77 

eV photons are likely to excite only one of the Fe
3+

 sites at low temperature, but both the Fe
3+ 

sites at room temperature. Thus, the single exponential and double exponential PL decay in 

Figure 8(a), is likely related to the site-dependent excitation of Fe
3+

.  

The lifetime values (4.77) derived from exponential fitting of the non-resonant data (for 4.77 eV 

excitation) are summarised in Table 2. For the resonant data (3.29 eV excitation), we divided the 

curve in two parts (Figure 8(c)), before and after the kink, and fitted them individually to 

exponential functions; the lifetimes are in summarised in Table 2 as 3.3* and 3.3, respectively. It 

can be seen that the  values for the resonant and non-resonant excitations (3.3 and 4.77) are 

almost same; these must, therefore, reflect the lifetime of the radiative transition (
4
T1 → 

6
A1). 

The 3.3* values (before the kink) on the other hand, in our view, possibly reflect the time scale 

involved in interaction between the excited state and the crystal through energy transfer. A more 

sophisticated interaction model than a simple single exponential fitting is needed to determine 

the exact lifetime of this process. 

3.5. X-ray irradiation (dose) dependence of the Fe
3+

 emission 

Finally, we tested if the Fe
3+

 PL emission can be exploited to measure ionising radiation dose in 

feldspar. We expect that the Fe
3+

 concentration should decrease with radiation dose because of 

the conversion of this species to either Fe
2+

 [13] or Fe
4+

 [7]. We subjected an aliquot of R56 to 

different durations of X-ray exposure, while we intermittently measured the Fe
3+

 emission 

spectrum using 3.29 eV (377 nm) optical stimulation. Figure 9 shows the results; we do not 

observe any clear dosimetric PL signal up to 70 minutes of X-ray exposure (approximately 250 

Gy, dose rate of X-ray: 0.06 Gy/s). This is likely because of a huge background arising from a 



11 
 

large concentration of Fe
3+

 in feldspars (see Table 1), where irradiation changes the ionic state of 

only a negligible fraction of Fe
3+

.  

3.6. Discussion - dynamic behaviour of Fe
3+

 in feldspar 

We carried out site selective-spectroscopy of Fe
3+

 in a variety of samples, and chose an alkali 

feldspar sample for detailed investigations (R56). We observe that the Fe
3+

 emission peak varies 

significantly from sample to sample.  

We see a systematic red shift and a reduction in FWHM in the Fe
3+

 emission with cooling. The 

red shift in peak position on cooling is dependent on the excitation energy in the 3.9 - 4.4 eV 

range; this shift may be as much as 0.09 eV, for example, for non-resonant excitation at 3.9 eV 

(Figure 5(a)). But, we also see a second component of red shift that is independent on the 

excitation energy; this is nearly constant, of the order of about ~0.04 eV, and is visible for 

resonant excitation (2.7- 3.4 eV) and the high energy (flat) end of non-resonant excitation (4.5 – 

5.0 eV) (Figure 5(a)). We interpret that the first energy-dependent red-shift component is a result 

of the two-site model. Different rates of thermal quenching of the two Fe
3+

 sites give rise to an 

apparant peak shift. The second component of peak shift which is constant and independent of 

excitation energy, arises due to relaxation from the lower vibrational levels of the ion on cooling. 

The latter effect also explains the peak narrowing at lower temperatures. 

Our site-selective data for the first time demonstrate heterogeneity of Fe
3+

 within a single 

sample. We show a strong excitation dependent emission (EDE), apparently violating Kasha’s 

rule [25, 26], in both K rich and Na rich alkali feldspar. The EDE effect is systematically 

enhanced at cryogenic temperatures, which, together with the systematic variation in FWHM as 

a function of excitation energy and temperature, can be qualitatively explained in terms of 

different site occupancies of the Fe
3+

 ion or heterogeneous compositional sub-phases within a 

feldspar sample. The quantitative evaluation of EDE using two Fe
3+

 site model (two peak 

model), although quite successful compared to a single site model, does not fully account for the 

EDE. A minor excitation-energy dependence is still observed in peak 2 at 7 K (Figure 7(d)).  

This second order effect, perhaps suggests that there are more than just two components within 

the Fe
3+

 emission, e.g. related to lattice disorder, or that there are other energy interactions in the 

system related to non-resonant excitation, that are presently not known.  
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The exponential dependence of the non-resonant excitation spectrum (Figure 1(b)) may suggest 

presence of a charge transfer band with an exponential density of states [3, 25]. Such a band may 

arise due to local defect clustering of Fe
3+

 ions, thus forming a continuum of excited state levels, 

or show the effect of the sub-conduction (Urbach) band tail states [27]. However, the insights 

obtained from the two-site model suggest that the charge transfer band responsible for the non-

resonant continuum arises from an amalgamation of the higher energy levels of the both the sites, 

thus making the non-resonant excitation site selective. The exponential trend of the excitation 

spectrum may then possibly reflect the behaviour of ionisation cross-section with energy [28].  

The phosphorescence decay at room temperature and at 7 K using resonant or non-resonant 

excitation suggests that the 
4
T1 → 

6
A1 transition involves a dynamic interaction between the 

lattice and Fe
3+

 ion. During resonant excitation, an additional time step is involved, possibly due 

to an energy exchange between the excited state and the crystal resulting in a spin reorientation; 

apparently, the time scale for this process is of the order of milliseconds and it depends on 

temperature; this is a new insight presented by this study, which deserves further exploration. In 

the case of non-resonant excitation, this additional step is not involved in the relaxation process; 

a single exponential decay is observed at low temperatures (from single Fe
3+ 

site), while a double 

exponential decay is observed at room temperature (from two Fe
3+

 sites). The non-resonant PL 

decay data apparently support the existence of a two component Fe
3+

 system. It appears that 

lattice-spin interaction may be less important in the non-resonant excitation because of rapid 

thermalisation within the centre or within the charge transfer band [3]; this is interesting and 

requires further investigations. 

Since EDE is particularly sensitive to sample heterogeneity, a correlation of EDE with the dose 

measurement in single grains of feldspar can potentially provide an important tool for quality 

control in optical dating [4-6].  

4. Conclusions 

We report for the first time an excitation-energy dependent emission (EDE) in Fe
3+

 in feldspar, 

which is especially prominent for non-resonant excitation at cryogenic temperatures. The red 

shift in the peak of the emission can be as much as ~0.1 eV (730-780 nm) upon lowering the 

excitation energy by about 0.6 eV (275-320 nm). The EDE effect to a large extent can be 

explained by Fe
3+

 occupying two different sites within the feldspar lattice or within different 
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compositional sub-phases. This inference is supported by temperature dependence of the 

phosphorescence decay kinetics for non-resonant excitation. Interestingly, we observe an 

additional time constant involved in 
4
T1 → 

6
A1 relaxation during resonant excitation, which we 

tentatively attribute to transient energy transfer between the ion and the lattice. Our results 

suggest that EDE (especially at cryogenic temperatures) because of its site-selective nature could 

be a powerful tool to map mineralogical/structural complexity within a single feldspar sample. 
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Figure captions 

Figure 1 (a) emission and (b) excitation spectra of 11 different feldspars samples measured at 

room temperature. The emission spectra were obtained using the excitation at 4.67eV, whereas 

the excitation spectra were obtained by fixing the detection window at the peak emission for the 

individual samples.  

Figure 2. A detailed view of the emission and excitation spectra of sample R56. The inset shows 

the energy level diagram of an isolated Fe
3+

 within a host lattice. The main transitions following 

this diagram are marked against the peak data. 

Figure 3 (a) PL emission spectra of R56 at different temperatures using a 4.67 eV excitation. (b) 

PL emission spectra of R56 measured at 295 K using different excitation energies.  

Figure 4 (a) Dependence of the Fe
3+

 PL emission peak position (right ordinate) on the excitation 

energy for R56 (K rich feldspar) and R58 (Na rich feldspar) at 295 K. The reference excitation 

spectrum (left ordinate) is plotted for each sample using the same colour as the peak position. (b) 

Same as (a) but showing the full width half maximum (FWHM; right ordinate) of the Fe
3+

 

emission peak. 

Figure 5 (a) Dependence of the Fe
3+

 PL emission peak position on the excitation energy and 

measurement temperature for R56. The left ordinate refers to the excitation spectrum (dashed 

curve), while the right ordinate refers to the emission peak energies (coloured symbols) 

corresponding to different excitation energies (b) Same as (a) but for FWHM, plotted as coloured 

symbols (c) Dependence of integrated PL peak intensity on measurement temperature for 

different excitation energies. 
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Figure 6. PL emission of R28 for three different excitation energies. The inset shows the fit of 

the 4.86 eV data to a single Gaussian peak. 

Figure 7 (a) Temperature dependent FWHM of the Fe
3+

 PL emission for different excitation 

energies. (b) PL emission spectrum at 295 K (4.86 eV excitation) fitted to a sum of two Gaussian 

peak functions. (c) Excitation spectrum of R56 at 7 K for detection fixed at 1.79 eV or 1.57 eV. 

(d) Dependence of the two peak components (P1 and P2) of the Fe
3+

 emission on the excitation 

energy and the measurement temperature (295 K or 7 K).  

Figure 8. Temperature dependent PL decay measurements using (a) non-resonant excitation at 

4.77 eV, and (b) resonant excitation at 3.29 eV. The emission detection was fixed at 1.7 eV. (c) 

Separation of the phosphorescence decay curves before (left) and after (right) the kink shown in 

(b).  The curves are normalised to begin at unity and are fitted with single exponential function to 

derive temperature dependent lifetime. 

Figure 9. X-ray irradiation dependence of Fe
3+

 PL emission using a 3.29 eV excitation energy. 

The inset shows the area under the PL curve vs. X-ray irradiation time. 

Table 1: Feldspar samples used in this studies, their bulk composition as determined by XRF and 

Fe content evaluated using ICP-MS. S represents feldspars of sedimentary origin, and M 

represents museum samples. Here, KF: K-Feldspar, NaF: Na-Feldspar, CaF: Ca-Feldspar, #: 

single crystal sample, u/k: unknown and $: Not measured. The bold letters indicates that the Fe
3+

 

emission characteristics of this samples was explored in detail (see text). 

Sample 

code 

Type of 

Feldspar 

Provenance Composition on Unity Fe 

(ng/g) KF NaF CaF 

R28 M
#
 Switzerland 0.95 0.05 0 $ 

R42 S China 0.91 0.08 0.01 1185 

R43 S China 0.91 0.08 0.01 943.2 

R44 M Spain 0.91 0.08 0.01 753.4 

R47 S China 0.85 0.12 0.03 207.3 

R49 S China 0.83 0.16 0.02 691.9 

R50 M u/k 0.8 0.18 0.01 1597.4 

R56 M u/k 0.52 0.46 0.02 2124.5 

R57 M u/k 0.43 0.53 0.04 1537.3 
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R58 M u/k 0.27 0.63 0.1 1607.7 

R63 S Iceland 0.03 0.29 0.69 36790.7 

R64 S Iceland 0.01 0.15 0.85 11263.7 

 

 

Table 2 – PL decay lifetime data of Fe
3+

 measured using R56. 

Lifetime (ms) for non-resonant 

(4.77 eV) and resonant (3.29 

eV) excitations 

7 K 103 K 199 K 295 K 

4.77 eV 4.77 (ms) 5.07 4.43 3.79 2.97 

and  0.90 

 

3.29 eV 

3.3 (ms) 4.97 4.24 3.80 3.32 

3.3*(ms) 6.09 5.18 4.35 2.22  

 

 

 

Highlights:  

 Excitation-energy dependent emission in Fe
3+

  

 Fe
3+

 (
4
T1 → 

6
A1) relaxation  kinetics dependent on excitation energy 

 Dual origin of red-shifted Fe
3+

 emission at cryogenic temperatures 

 Potential for site-selective mapping in heterogeneous feldspar 
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