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Deliverable Description  

In this deliverable, we report on the synthesis and characterization of codoped Y2O3 
nanoparticles. The choice of the codopants, praseodymium (Pr3+) and neodymium (Nd3+), 
follows the conclusions of deliverable D2.1 (Readout/qubit ion candidates). Furthermore, 
the suitability of this codoping for quantum information processing is discussed. 
  

Introduction 

One of the most pursued rare-earth based quantum computing approaches considers the 
possibility of employing a separate rare-earth ion to read out qubit states [1, 2]. In such a 
scheme, the fluorescence emission from this so-called ‘readout ion’ is used as a probe 
since the system can be prepared such that fluorescence is only emitted when the qubit is 
found at one of its two possible quantum states. This binary response is achieved by 
utilizing the permanent electric dipole-dipole interaction between the qubit ions and the 
readout ion with the aim of inducing a state selective out-of-resonance energy shift for 
the readout transition. For further details, an exhaustive description of the envisioned 
readout mechanism is given by Y. Yan et al. [3]. The choice of the rare-earth dopants acting 
as qubit and readout ions is not trivial since an important number of requirements are to 
be fulfilled by the pair. Long optical and hyperfine coherence times constitute the main 
criterion for a rare-earth dopant to be used as qubits. On the other hand, the choice of the 
readout ion relies on a high fluorescence yield since, at the single-ion level [2,3], the 
photon rate is capital for the readout transition to be efficiently detected [3,4]. Besides 
the mentioned criteria, additional aspects that should be taken into account include the 
strength of the permanent dipole-dipole interaction between the qubit ion and the 
readout ion [3,5], the need of avoiding readout ions presenting energy levels which are 
resonant with the qubit optical transition, and finally, the need of ensuring a negligible 
impact of possible energy transfer mechanisms on the readout scheme efficiency [5].  
 
The 4f-4f transitions of the rare-earth ions present long optical population lifetimes (in 
the s and ms ranges) leading to low emission rates and making them unsuitable for 
readout purposes. For this reason, investigations had strongly focused on the Ce3+ 5d 
transition (40 ns lifetime) as one of the very few options among the rare-earth series to 
play the role of readout ion. Nevertheless, the pairing of Ce3+ with Pr3+ and Eu3+ as qubit 
ions was investigated and found not to fully fulfill the previously mentioned criteria [5]. 
In this context, NanOQTech’s approach of reducing the rare-earth lifetime in optical 
micro-cavities by means of Purcell effect (WP2) re-opens the choice of the readout ion to 
a much larger number of possibilities. In deliverable D2.1:Readout/qubit ion candidates, 
two codopings were concluded to be the most adapted for quantum computing purposes 
using rare-earth nanoparticles coupled to micro-cavities. These codopings are Pr3+-Nd3+ 
and Eu3+-Nd3+, in which Nd3+ is proposed as readout ion for Pr3+ and Eu3+ based qubits. 
 

Eligibility criteria 

In order to confirm the absence of overlap between the Nd3+ transitions and the Pr3+ and 
Eu3+ transitions, one of the important eligibility criterion evocated above, the low 
temperature absorption spectrum of a singly doped Nd3+:Y2O3 sample was recorded 
between 570 and 630 nm (Fig. 1).  The Pr3+ and Eu3+ optical transitions used for qubit 
initialization and manipulation are found within this range, more precisely at 618.90 nm 
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(3H41D2) and 580.88 nm (7F05D0) respectively (energy level diagram given in Annex, 
Supplementary Fig. 1). Thus, presence of Nd3+ absorptions at the mentioned wavelengths 
is highly undesired. As observed in Figure 1a, Nd3+ does present strong absorption peaks 
around 581 nm, coincident with the 580.88 nm Eu3+ qubit transition. In contrast, no Nd3+ 
absorption is observed at 618.90 nm (Fig. 1b), corresponding to the Pr3+ qubit 
wavelength. From this analysis, a choice is taken between the preliminary proposed 
codopings. Thus, the Nd3+-Eu3+ codoping is discarded for presenting qubit ion – readout 
ion transition overlap while the Pr3+-Nd3+ codoping is confirmed as a good candidate and 
further pursued.  
 

 
Figure 1: Low temperature absorption spectrum of Nd3+ in Y2O3 transparent ceramics (0.4%at.). 
(a) In the 570 - 615 nm spectral range, the observed absorption peaks correspond to the 
4I9/22G7/2 and 4I9/24G5/2 Nd3+ transitions. (b) Only weak absorption transitions are observed in 
the 615-630 nm range, associated to the 4I9/22H11/2 absorptions. The spectra were recorded with 
a Cary 6000i UV–Vis–NIR spectrophotometer. 
 
  

Pr3+- Nd3+:Y2O3 nanoparticles synthesis 

Monodispersed Pr3+-Nd3+ codoped Y2O3 spherical particles were synthetized by 
homogeneous precipitation [6]. Y(NO3)3.xH2O (99.99% pure, Alfa Aesar1), Nd(NO3)3.xH2O 
(99.99% pure, Alfa Aesar1) and Pr(NO3)3.6H2O (99.999% pure, Alfa Aesar) were used as 
starting materials. The same concentration was used for both Pr3+ and Nd3+codopants, 
equals to 0.1 at.%. In a typical synthesis, an appropriate amount of urea (CO(NH2)2, 99% 

                                                 
1 The exact water amount in the precursor is not stated by Alfa Aesar but estimated between 5 and 6. 

a 

b 

Eu 

Pr 
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pure, Sigma) was dissolved in a mixed Pr,Nd/Y aqueous nitrate solutions to make a total 
solution volume of 800 ml. The concentrations were 0.3 mol.l−1 for urea and 7.5 mmol.l−1 
for metals (Pr3+, Nd3+ and Y3+). The mixed solutions were heated at 85 °C for 24 h in a 
Teflon reactor. After this reaction time, the final suspensions were cooled to ambient 
conditions and the colloidal particles collected via centrifugation. The wet precipitates 
were washed with distilled water once to remove the byproducts, then rinsed twice with 
absolute ethanol, and dried at 80 °C for 24 h to yield a Pr3+, Nd3+: Y(OH)CO3 (YOC) powder. 
The Pr3+, Nd3+:Y2O3 nanoparticles were obtained by calcination of these original YOC 
powders at 1200 °C for 6 h under air atmosphere with a heating rate of 3 °C min−1. 
 
A scheme of this synthesis process is presented as follows: 
 
 

 
 
 
 

Structural and morphological characterizations 

The particles’ morphology, size and dispersion were determined by scanning electron 
microscopy (SEM) (Fig. 2). X-ray diffraction (XRD) analysis was used to confirm the 
crystalline phase of the particles. As displayed in Figure 3, the observed peaks are 
characteristic from the body-centered cubic (bcc) Y2O3 structure (Ia-3 space group) given 
in the standard reference. No additional peaks corresponding to parasitic phases were 
found.  
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Figure 2: (a) SEM image of the 0.1%Pr3+-0.1%Nd3+:Y2O3 codoped particles. (b) Size distribution 
histogram revealing an average particle diameter of 46878 nm. 

 

  
Figure 3: XRD pattern of the 0.1%Pr3+-0.1%Nd3+:Y2O3 codoped particles compared to the 
standard Y2O3 reference. 
 

Spectroscopic investigations 

Cathodoluminescence (CL) spectroscopy was performed on a single nanoparticle by using 
a 10 kV electron beam produced in a JEOL 7001F scanning electron microscope equipped 
with a field effect gun. The emitted light was collected by a parabolic mirror and focused 
with mirror optics on a monochromator (Horiba Jobin Yvon TRIAX550). The CL spectra 
were recorded with a UV-enhanced silicon CCD camera. Photoluminescence (PL) spectra 
were carried out with an optical parametric oscillator (OPO) pumped by the third 
harmonic (355 nm) of a Nd:YAG laser as excitation source. The light emitted by the sample 
was dispersed by a spectrometer (Acton SP2300) and detected by a cooled down CCD 
camera (Princeton Instruments). Fluorescence decay curves were detected with a 
photomultiplier tube (PMT). 
 
The CL spectrum of a single Y2O3:0.1%Pr3+-0.1%Nd3+ nanoparticle is displayed in Figure 
4. Emission peaks between 600 nm and 750 nm can be recognized as due to the Pr3+ 
dopants, in particular to 1D2 emissions [7]. On the other hand, the emission peaks between 

a b 

46878 nm 
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850 and 1000 nm were identified as due to Nd3+:4F3/24I9/2 emissions demonstrating the 
presence of both dopants in the particle. PL spectra obtained under selective Pr3+ and Nd3+ 
excitation, displayed in Figure 5, are in agreement with the CL results, confirming the peak 
assignment. 

 
Figure 4: Room temperature (RT) cathodoluminescence (CL) spectrum of a single Y2O3:0.1%Pr3+-
0.1%Nd3+ nanoparticle.  
 

 
 
Figure 5: (a) Low temperature emission spectrum of Pr3+ obtained under selective Pr3+ excitation 
at 448 nm compared to room temperature CL spectrum (b) Low temperature Nd3+ emission 
spectrum obtained under selective Nd3+ excitation at 603 nm compared to room temperature CL 
spectrum. Small shifts of the lines between CL and PL are attributed to the different temperatures 
used in the experiments. 

a 

b 
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Energy transfer  

Rare-earth ions are well-known for presenting multiple energy transfer paths [9]. These 
energy transfer paths are actively investigated as they can be exploited in benefit of 
numerous applications [10]. In contrast, energy transfers constitute a detrimental loss 
mechanism for quantum information applications [5]. The occurrence of efficient energy 
transfer mechanisms from the readout ion towards the qubit ion has two main negative 
effects. First, it provokes a decrease in fluorescence yield for the readout ion since energy 
transfer constitutes a non-radiative relaxation path, and secondly, the quantum 
information encoded in the qubit ion is lost when this one becomes the energy transfer 
acceptor. The other way around, when the energy transfer takes place from the qubit ion 
to the readout ion leads to uncontrolled fluorescence emission as well as the previously 
mentioned loss of quantum information. Despite this, the simple existence of energy 
transfer paths between a qubit ion and a readout ion is not enough in itself to discard a 
rare-earth codoping since it is the efficiency of the energy transfer mechanism which is 
critical and determines their effective impact on quantum computing schemes [5].  
 

 
Figure 6: (a) Nd3+ emission obtained under selective Pr3+ excitation evidencing the occurrence of 
energy transfer from Pr3+(1D2) to Nd3+. Low temperature Pr3+ 1D2 fluorescence decay showing a 
time constant of 130 µs. 
 
Evidence of energy transfer from Pr3+ (1D2) to Nd3+ was found in the Pr3+-Nd3+:Y2O3 
codoped particles by selectively exciting the Pr3+ 1D2 level at 618 nm while monitoring the 
Nd3+ emissions at 892 and 894 nm (Fig. 6a). The analysis of the energy level diagram 
(Suppl. Figure 1 in Annex) indicates that the Pr3+:1D23H6; Nd3+:4I9/24F5/2 cross-
relaxation, responsible for the observed energy transfer, is the most prominent energy 
transfer path which can be expected for Pr3+-Nd3+ pairs. The efficiency of the mechanism 
appears however to be low. The Nd3+ signal obtained after energy transfer from Pr3+ is 
very weak as it can be judged from the signal to noise ratio in Fig. 6a. In particular, the 
Nd3+ emission is three orders of magnitude weaker than signal obtained under direct Nd3+ 
excitation at 603 nm. Furthermore, no clear fluorescence lifetime quenching is observed 
for the 1D2 level (Fig. 6b). The 1D2 decay time was measured to 130 µs in agreement with 
values reported in literature for the same Pr3+ concentration in Y2O3 [7]. Further 
investigations are required to fully determine the impact of the observed energy transfer 
on the proposed readout mechanism. Nevertheless, this preliminary investigation points 

a b 
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to a low energy transfer efficiency which can be further limited by decreasing the doping 
concentration. The energy transfer efficiency is highly depending on the distance between 
ions (R-6) [11] and therefore on the doping rate. At concentrations typically used for 
quantum information processing (~hundreds of ppm), the observed energy transfer 
mechanism can be expected to be extremely weak or even negligible.  
 

Conclusion  

Pr3+-Nd3+ codoped Y2O3 nanoparticles were synthesized by homogeneous precipitation 
following the conclusions given in deliverable D2.1 (qubit/readout ions). The series of 
characterizations carried out confirmed the structural and spectroscopic features 
expected for the material. Single-particle cathodoluminescence was used to verify the 
homogeneous distribution of the codoping, with both codopants being present in a single 
particle. The occurrence of energy transfer from Pr3+ to Nd3+, a detrimental mechanism 
for the readout scheme, was evidenced. The transfer efficiency was however concluded 
to be low and possibly negligible at concentrations typically used for quantum 
information processing. Next steps include the production of codoped particles with 
concentrations in the ppm range.  
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Annex: Energy level scheme 

 

 

 

 
 
Supplementary Figure 1: Energy level diagram of the ions under discussion. Straight arrows 
indicate the Pr3+ and Eu3+ qubit optical transitions. The experimentally observed cross-relaxation 
path is highlighted by discontinuous arrows.  


