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Abstract 

In this study, the energy transfer mechanism in Cr,Nd,Yb:YAG (yttrium aluminum garnet) materials was investigated. 

Based on the emission/excitation spectra and the temporal evolutions of the donor and acceptor ions in Cr,Nd:YAG, 

Nd,Yb:YAG, and Cr,Nd,Yb:YAG materials, the role of the cascaded Cr3+→Nd3+→Yb3+ energy transfer was 
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elucidated in terms of Yb fluorescence enhancement. The quantum yield balance among Cr, Nd, and Yb 

fluorescences was determined by solving rate equations, which utilized parameters such as the lifetimes of Cr3+, Nd3+, 

and Yb3+ ions and the energy transfer parameters related to these materials. The quantum yield for Yb fluorescence 

was determined to be 35-81% at a Yb concentration of 1–7 at%. 

 

Keywords: yttrium aluminum garnet, Yb-doped YAG, multiple doping, rare-earth, energy transport, cascaded energy 

transport 

 

Highlights: 

 Cr,Nd,Yb:YAG powders were synthesized by the sol-gel method. 

 The temporal evolutions of the donor and acceptor ions were measured. 

 The energy transfer parameters were experimentally determined. 

 The number densities of the excited Cr3+, Nd3+, and Yb3+ ions are discussed. 

 The quantum yield balance among Cr, Nd, and Yb fluorescences was determined. 

 

Abbreviations 

energy transfer (ET): yttrium aluminum garnet (YAG): crystalline silicon photovoltaic (c-Si PV): inductively 

coupled plasma spectroscopy (ICP): X-ray diffraction (XRD).  
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1. Introduction 

Many studies have been conducted on the energy transfer (ET) in doubly doped yttrium aluminum garnet 

(YAG) materials in terms of the sensitization of emission in the near-infrared region. Cr and Nd co-doped YAG 

(hereafter abbreviated as Cr,Nd:YAG), for example, has been extensively studied for realizing solar-pumped lasers 

and improving the efficiency of lamp-pumped lasers [1, 2]. Nd3+ ions (trivalent rare-earth ion), with a 4f electron 

configuration, occupy the dodecahedral Y3+ sites in the YAG lattice. On the other hand, the majority of Cr3+ ions 

with 3d configurations occupy the octahedral Al3+ positions. The efficient ET from the excited Cr3+ ions to the Nd3+ 

ions occurs because the absorption spectrum of the acceptor (Nd3+ ions) is widely overlapped by the emission 

spectrum of the donor (Cr3+ ions). The efficiency of the Cr3+ to Nd3+ energy transfer (hereafter abbreviated as 

Cr3+→Nd3+ ET) depends on temperature because of the thermal population distribution between the 4T2 and 2E states 

of Cr3+ ions [3–5]. Hong et al. showed that an electric dipole-dipole interaction was adequate for describing this ET 

process for temperatures up to ~400 K [6]. Lupei et al., on the other hand, quantitatively analyzed the de-excitation 

of the Cr3+ ions and excitation of the Nd3+ ions in Cr,Nd:YAG transparent ceramics using a theoretical model based 

on the dipole-dipole interaction approximation and found the Nd emission quantum efficiency to be 52% and 77% 

for 1-at% and 2-at% Nd concentration, respectively [7]. 

A similar ET mechanism for a different donor-acceptor combination was also demonstrated for Nd,Yb:YAG, 

showing that the efficiency of the Nd3+→Yb3+ ET increased linearly up to ~83% with increasing Yb concentration 

[8]. For another dopant combination, Cr,Yb:YAG was found to improve the efficiency of crystalline silicon 



 

 4 

photovoltaic (c-Si PV) cells [9]. The spectral sensitivity of c-Si PV is maximum at ~1000 nm because of the band 

gap energy of Si (1.12 eV), and it decreases with decreasing light wavelength to ~1/3 of the maximum at ~400 nm. 

The mechanism of the Cr3+(2E state) → Yb3+(2F5/2 state) r ET was thought to be a multi-phonon-assisted process, and 

the estimated efficiency increased from ~15% at a Yb3+ concentration of 2 mol% to ~60% at a Yb3+ concentration of 

10 mol%. 

Several studies have been published on triply doped YAG materials to date. Ce,Cr,Nd:YAG materials with 

a variety of combinations of Ce and Cr concentrations were investigated for improving the efficiency of solar-pumped 

lasers, showing that Ce3+ ions act as effective sensitizers for Nd3+ ions [10]. As for Cr,Nd,Yb:YAG, Cr3+ ions can 

sensitize the emission of Yb3+ ions via both Cr3+→Nd3+→Yb3+ and Cr3+→Yb3+ ETs [11]. However, the cascaded 

process of the Cr3+→Nd3+→Yb3+ energy transport is not well understood. The purpose of this study is to analyze 

Cr,Nd,Yb:YAG materials using a database of emission/excitation spectra and the temporal evolutions of the donor 

and acceptor ions for Cr,Nd:YAG, Nd,Yb:YAG, and Cr,Nd,Yb:YAG materials. Based on this database, the quantum 

yield balance among Cr, Nd, and Yb fluorescences is estimated by solving rate equations that utilize the lifetimes of 

Cr3+, Nd3+, and Yb3+ ions and the ET parameters related to these materials. 

 

2. Fabrication and spectroscopic properties of Cr3+, Nd3+ and Yb3+ co-doped YAG powders 

2.1 Preparation of the sample powder 
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We fabricated the sample powders using the sol-gel method, which is suitable for pre-evaluating rare-earth ion-doped 

YAG materials [12]. The reagents used were a mixture of Al(O-sec-C4H9)3 and (CH3)2CHOH (97%), 

Y(CH3COO)3·4H2O (yttrium acetate tetrahydrate, 99.99%), Cr(CH3COO)3·xH2O (chromium acetate hydrate), 

Nd(CH3COO)3·H2O (neodymium acetate monohydrate, 99.9%), Yb(CH3COO)3·H2O (ytterbium acetate 

monohydrate, 99.99%), and anhydrous 2-propanol. Furthermore, ultra-pure water with a resistivity of over 13 

MΩ/cm was used. The concentration of each element in the fabricated powder was measured by inductively coupled 

plasma spectroscopy (ICP, Seiko Instruments Inc. SPS7800). The crystal phase of the fabricated powder with the 

anneal treatment at 1400˚C was identified by x-ray diffraction (XRD; Rigaku RINT2500). The measured diffraction 

patterns agreed well with those of the YAG crystal [13]. We did not observe peaks corresponding to the YAM 

(Y4Al2O9) and YAP (YAlO3) phases except for very weak peaks corresponding to the corundum Al2O3. The doping 

concentration (at%) is shown as the ratio of the number of exchanged Nd3+ or Yb3+ ions to that of Y3+ sites as well 

as the ratio of that of exchanged Cr3+ to the number of Al3+ sites. The maximum concentration of Cr3+ was fixed at 1 

at% in order to avoid the deformation of the YAG crystal structure, and the concentration of Nd3+ was also set to be 

1 at% to suppress concentration quenching [2], whereas the concentration of Yb3+ was changed in the range of 0–7 

at%. Hereafter, the sample notations are defined such that the doping concentrations (CCr, CNd, and CYb) of 

Cr(x),Nd(y),Yb(z):YAG correspond to CCr = x, CNd = y, and CYb = z at% for Cr3+, Nd3+, and Yb3+ ions, respectively. 

 

2.2 Excitation spectra of 1030-nm Yb fluorescence 
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Figure 1 shows a schematic illustration of the energy level diagrams of the Cr3+, Nd3+, and Yb3+ ions. Cr3+ ions are 

photo-excited to the 4T1 or 4T2 state, and then they decay nonradiatively to the 2E state. The inherent lifetime of the 

2E state is relatively long (8.8 ms) [6] because the transition from the 2E state to the ground state 4A2, which 

corresponds to the R line fluorescence at a wavelength of 688 nm, is spin-forbidden. On the other hand, the ions in 

the 4T2 state rapidly relax to the ground state by emitting broad spectral fluorescence in the 600–850 nm wavelength 

range. Because the energy difference (E) between 2E and 4T2 is as small as 700–800 cm-1, these two states are 

thermally coupled with the same lifetime of a few ms [5–7]. Nd3+ ions have many absorption bands corresponding 

to the transitions from the ground state 4I9/2 to 4F3/2, 4F5/2, and other higher excited states, and the fluorescence occurs 

in the wavelength ranges of 850–950 nm (4F3/2→4I9/2 transition), 1050–1150 nm (4F3/2→4I11/2 transition), and 1300–

1400 nm (4F3/2→4I13/2 transition). The Yb3+ ion is a simple quasi-three-level system consisting of only two manifolds 

(2F7/2 and 2F5/2), and the wavelength of the peak fluorescence intensity is approximately 1030 nm. 
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Fig. 1. Schematic illustration of the energy level diagrams of the Cr3+, Nd3+ and Yb3+ ions. Thick arrows denote the 

possible energy transfer (ET) and the quantum cutting processes between the different ion species. 

 

Among these three ions, the upper state energy of Cr3+ is the highest, followed by Nd3+ and Yb3+. Therefore, 

one can hypothesize that the energy of the excited Cr3+ ions is transferred to the Nd3+ ions and/or Yb3+ ions, and the 

energy of the excited Nd3+ ions is transferred to the Yb3+ ions as schematically shown in Fig. 1. In addition to the 

Förster–Dexter energy transfer, the quantum cutting process may exist in the combination of Cr3+ and Yb3+, since the 

bottom energy of the 4T1 state of Cr3+ is almost twice as high as the 2F5/2 state of Yb3+. As a result, a large amount of 

energy absorbed by the Cr3+ ions is accumulated in the Yb3+ ions. 

To examine this hypothesis, we measured the excitation spectra at 1030-nm fluorescence for 

Cr(1),Nd(0,1,3),Yb(1):YAG powders at room temperature using a high-resolution spectrophotometer (JASCO SS-
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25), as shown in Fig. 2. Hereafter, all experiments were performed at room temperature. In the case of Cr,Yb:YAG, 

the excitation spectral peaks around 940 nm and 970 nm correspond to the Yb3+ absorption band originating from the 

2F7/2→2F5/2 transition. It should be noted that the Yb absorption band coincides with the spectral gap due to absorption 

by H2O molecules in the solar spectrum (AM 1.5), as indicated by the dotted green line in Fig. 2. Therefore, Yb:YAG 

does not degrade the efficiency of c-Si PV cells. The broad visible spectral bands around 450 nm and 600 nm, which 

correspond to Cr3+: 4T1 and 4T2 levels, respectively, significantly contribute to the Yb fluorescence. This observation 

shows efficient ET from Cr3+ to Yb3+. When Nd3+ ions were co-doped to Cr,Yb:YAG, the Nd absorption bands shown 

in Fig. 2 also contributed to the Yb3+ fluorescence, in proportion to the Nd3+ concentration, suggesting that the energy 

stored in the excited states of Nd3+ was efficiently transferred to Yb3+. Moreover, the contribution of the Cr3+: 4T2 

level to the Yb3+ fluorescence was enhanced by Nd3+ions, which implied that a part of the energy stored in the 4T2 

level of Cr3+ was transferred to Yb3+ via Nd3+ excited states. As seen in Fig. 2, the excitation spectra of the Yb 

fluorescence of Cr,Nd,Yb:YAG widely cover the solar spectrum, as expected. 
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Fig. 2. Excitation spectra of 1030-nm Yb emission for Cr,Yb:YAG powder (black line) and Cr,Nd,Yb:YAG powder 

(blue and red lines). The solar spectrum (AM 1.5, dotted green line) is shown for reference. 

 

2.3 Typical features of fluorescence with the excitation of Cr3+ ions 

Hereafter, the doping concentration of Nd3+ ions was fixed at 1 at% to reduce concentration quenching [14]. To 

understand the role of Cr3+ and Nd3+ ions in the mechanism of Yb3+ excitation, we measured the fluorescence spectra 

of Cr(1):YAG, Cr(1),Nd(1):YAG, and Cr(1),Nd(1),Yb(1):YAG powders pumped at 440–450 nm. As shown in Fig. 

3(a), the fluorescence spectrum of Cr3+ consisted of R lines at ~688 nm (2E→4A2 transition), Stokes and anti-Stokes 

components of vibrational (phonon-assisted) side bands, and a broad band due to the 4T2→4A2 transition. We 

observed a line emission at 694 nm, which was most likely due to Cr3+:Al2O3 phase resulting from the preferential 

crystallization during the anneal treatment [15, 16]. The net energy content of the 694-nm line emission was not 

significant (~3.2% of the total fluorescence energy) and did not contribute to the ET to the Nd3+ and/or Yb3+ ions. 

This observation suggested the presence of localized Cr3+:Al2O3 phase with a very low volume content. When Nd3+ 

ions were added (Fig. 3 (b)), except for the 694-nm line emission, the intensity of Cr3+ fluorescence significantly 

decreased owing to the Cr3+→Nd3+ ET, resulting in the appearance of Nd fluorescence corresponding to the 

transitions 4F3/2→4I9/2 and 4F3/2→4I11/2. Moreover, the Yb fluorescence became significant because of the direct 

Cr3+→Yb3+ ET and cascaded Cr3+→Nd3+→Yb3+ ET in the Cr,Nd,Yb:YAG, as shown in Fig. 3(c). 
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Fig. 3. Fluorescence spectra of Cr:YAG (a), Cr,Nd:YAG (b), and Cr,Nd,Yb:YAG (c) powders in a wavelength range 

of 600–1200 nm. The peak intensities are normalized to the same value for all the graphs. The excitation wavelength 

was 440–450 nm. 

 

3. Dynamics of the ET process 

3.1 Transition dynamics in Cr,Nd,Yb:YAG 
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The quantum cutting ET from the Cr3+ ions excited in the 4T1 state to Yb3+ ions is of great interest. Although the 

possibility of quantum cutting has been previously reported for Cr3+, Nd3+, and Yb3+ co-doped zinc fluoroborosilicate 

glass [17], this effect was not significant. To clarify the evidence of quantum cutting in the YAG host material, we 

compared the time evolution of Yb fluorescence at 1030-nm wavelength by selective excitation of either 4T1 or 4T2 

absorption bands of Cr,Yb:YAG powder, as shown in Fig. 4. As a result, the time histories for both the cases were 

almost identical, especially the rising parts, which suggests that the Cr3+→Yb3+ quantum cutting ET is unlikely in 

YAG host materials. 

 

 

 

 

 

 

 

 

Fig. 4. Time evolution of Yb fluorescence with the excitation of 4T1 or 4T2 absorption bands in Cr(1),Yb(1):YAG 

powder. 
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To quantitatively understand the Yb fluorescence assisted by Cr3+ and Nd3+ ions, we investigated the 

transition dynamics of Cr,Nd,Yb:YAG by measuring the temporal evolution of fluorescence from these ions. The 

time evolutions of the number densities of the excited Cr3+, Nd3+, and Yb3+ ions [NCr(t), NNd(t), and NYb(t)] after the 

very fast excitation of Cr3+ ions are expressed by the rate equations below: 

𝑑

𝑑𝑡
𝑁Cr(𝑡) = − [

1

𝜏Cr
+

𝑑

𝑑𝑡
𝑃Cr-Nd(𝑡) +

𝑑

𝑑𝑡
𝑃Cr-Yb(𝑡) +

𝑑

𝑑𝑡
𝑃Cr-Cr(𝑡)] 𝑁Cr(𝑡), (1) 

𝑑

𝑑𝑡
𝑁Nd(𝑡) =

𝑑

𝑑𝑡
𝑃Cr-Nd(𝑡)𝑁Cr(𝑡) −

1

𝜏Nd
𝑁Nd(𝑡) − ∫ [

𝑑

𝑑(𝑡−𝑡′)
𝑃Nd-Yb(𝑡 − 𝑡′)]

𝑡

0
[

𝑑

𝑑𝑡′ 𝑃Cr-Nd(𝑡′)] 𝑁Cr(𝑡′)𝑑𝑡′, (2) 

and 

𝑑

𝑑𝑡
𝑁Yb(𝑡) =

𝑑

𝑑𝑡
𝑃Cr-Yb(𝑡)𝑁Cr(𝑡) + ∫ [

𝑑

𝑑(𝑡−𝑡′)
𝑃Nd-Yb(𝑡 − 𝑡′)]

𝑡

0
[

𝑑

𝑑𝑡′ 𝑃Cr-Nd(𝑡′)] 𝑁Cr(𝑡′)𝑑𝑡′ −
1

𝜏Yb
𝑁Yb(𝑡), (3) 

with the initial conditions: NCr(0)=N0, NNd(0)=0, and NYb(0)=0. In these equations, Cr, Nd, and Yb are the lifetimes 

of the thermally coupled 2E and 4T2 states of Cr3+, 4F3/2 state of Nd3+, and 4F5/2 state of Yb3+, respectively, in the 

absence of ET. P(t) is the transfer function [11, 18] which describes the effects of direct ET from the donor to the 

acceptor. In Eqs. (1)–(3), for example, PCr-Nd(t) denotes a transfer function of the ET from Cr3+ donors to Nd3+ 

acceptors. In Eqs. (2) and (3), the time integrations describe the cascaded ET from Cr3+ to Yb3+ via Nd3+ ions. At the 

beginning of the donor decay, P(t) can be approximated by a linear function of time as 

 𝑃(𝑡) = 𝑊𝑡, (4) 

where W describes the contribution of the nearest-neighbor ET. Later, the Förster–Dexter model [19, 20] shows that 

P(t) becomes 

 𝑃(𝑡) = 𝛾𝑡3/𝑠. (5) 
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Here,  is the ET parameter, and s is determined by the multipole interaction as s = 6, 8, and 10 for electric dipole-

dipole, dipole-quadrupole, and quadrupole-quadrupole interaction mechanisms, respectively [6, 21]. As described 

later, PCr-Nd(t), PCr-Yb(t), and PNd-Yb(t) are approximated as follows: 

 𝑃Cr-Nd(𝑡) = 𝛾Cr-Nd𝑡1/2, 𝑃Cr-Yb(𝑡) = 𝛾Cr-Yb𝑡1/2, and 𝑃Nd-Yb(𝑡) = 𝛾Nd-Yb𝑡1/2, (6) 

where the subscripts of  denote the same meaning as that of P(t), and s are constants depending on the acceptor 

concentration. For the ET between Cr3+ pairs, the quadrupole-quadrupole interaction is assumed as [22] 

 𝑃Cr-Cr(𝑡) = 𝛾Cr-Cr𝑡3/10.  (7) 

Because all the parameters (lifetimes and ET parameters) should be independently defined, we first measured 

the temporal fluorescence characteristic of pure Cr:YAG at room temperature for the determination of Cr and Cr-Cr 

by curve fitting. In the same manner, we measured Nd:YAG for Nd and Yb:YAG for Yb. As described in the 

following sections, the measured lifetimes were Cr = 1.85 ms, Nd = 0.235 ms, and Yb = 0.95 ms, respectively, and 

the estimated ET parameter for Cr3+ pairs was Cr-Cr = 0.95 s-3/10. Regarding other ET parameters, the decay 

characteristic of the Cr fluorescence of Cr,Nd:YAG was studied for the estimation of Cr-Nd, whereas the Nd 

fluorescence of Nd,Yb:YAG was used for estimating Nd-Yb. Finally, the overall performance of the ET to Yb3+ (Cr-

Nd,Yb) was evaluated using Cr,Nd,Yb:YAG at different Yb doping concentrations. 

 

3.2 Fluorescence decay characteristics of donor ions and ET parameters 
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The temporal fluorescence decay characteristic of the donor varies depending on the presence of the acceptor, where 

the ET parameter can be estimated by fitting a solution to Eq. (1) or (2) for the experimental data. In this experiment, 

the light source of the spectrophotometer (JASCO SS-25) was switched to a Xe flash lamp to measure the time history 

of wavelength-resolved fluorescence excited at a selective wavelength. The overall detector system response was 

approximately 20 µs (full width at half maximum). For Cr,Nd:YAG, the decay curve of Cr fluorescence can be 

inferred from the solutions of Eq. (1) as 

 𝐼Cr(Nd)(𝑡) = 𝐼Cr,0 ∙exp[−𝑡/𝜏Cr − 𝛾Cr-Cr𝑡3/10 − 𝛾Cr-Nd√𝑡], (8) 

where ICr,0 is the fluorescence intensity immediately after the very short excitation. Here, we ignored a small sharp 

drop in fluorescence intensity due to the nearest-neighbor ET (W in Eq. (4)), which cannot be resolved in our 

experiment. The efficiency of the ET from the excited Cr3+ ions to Nd3+ ions in Cr,Nd:YAG is estimated by the 

following equation: 

 𝜂Cr-Nd = 1 −
∫ exp[−

𝑡

𝜏Cr
−𝛾Cr-Cr𝑡

3
10−𝛾Cr-Nd√𝑡]𝑑𝑡

∞

0

∫ exp[−
𝑡

𝜏Cr
−𝛾Cr-Cr𝑡

3
10]𝑑𝑡

∞

0

. (9) 

A similar decay curve for the Nd fluorescence of Nd,Yb:YAG with a very short pumping at 808-nm wavelength is 

derived as 

 𝐼Nd(Yb)(𝑡) = 𝐼Nd,0 ∙exp(−𝑡/𝜏Nd − 𝛾Nd-Yb√𝑡). (10) 

The efficiency of ET from the excited Nd3+ ions to Yb3+ ions in Nd,Yb:YAG is expressed as: 

 𝜂Nd-Yb = 1 −
∫ exp(−

𝑡

𝜏Nd
−𝛾Nd-Yb√𝑡)d𝑡

∞

0

∫ exp(−
𝑡

𝜏Nd
)𝑑𝑡

∞

0
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 =
𝛾Nd-Yb

2
 √𝜋𝜏Nd exp [(

𝛾Nd-Yb

2
)

2
𝜏Nd] [1 − erf (

𝛾Nd-Yb

2
√𝜏Nd)]. (11) 

 

 

 

 

 

 

 

 

Fig. 5. Normalized temporal decay characteristics of fluorescence. (a) Cr3+ fluorescence at 630-nm wavelength in 

Cr(1):YAG and Cr(1),Nd(1):YAG powders excited at 440-nm wavelength. The red dashed lines are the curve fittings 

using Eq. (8). (b) Nd3+ fluorescence at 1064-nm wavelength in Nd(1):YAG and Nd(1),Yb(1):YAG powders excited 

at 808-nm wavelength. The red dashed lines are the curve fittings using Eq. (10). 

 

The black and blue lines in Fig. 5(a) show the time histories of Cr fluorescence at 630-nm wavelength 

(4T2→4A2 transition) measured for Cr(1):YAG and Cr(1),Nd(1):YAG powders, excited by 440-nm light at room 

temperature. The red dashed lines correspond to the model-fitting curves obtained using Eq. (8). For Cr(1):YAG 

powder, the decay curve is slightly different from a single exponential function, as denoted above. From the fitting 
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of Eq. (8) to this data, with Cr-Nd = 0, the lifetime and the parameter for ET in Cr pairs were estimated to be Cr = 

1.85 ms and Cr-Cr = 0.95 s-3/10. The measured lifetime is consistent with that reported in Ref. [6]. By applying the 

same analysis to the data for Cr(1),Nd(1):YAG powder (blue line), we obtained Cr(1)-Nd(1) = 41.2 s-1/2, where the 

subscript [Cr(1)-Nd(1)] denotes the 1-at% doping concentrations of the Cr3+ and Nd3+ ions. Hereafter, the subscripts 

of  and  have the same meaning as described previously. The ET efficiency, estimated using Eq. (9), was as high 

as Cr(1)-Nd(1) ≈ 72%. The black and blue lines in Fig. 5(b) show the time histories of Nd fluorescence at 1064-nm 

wavelength (4F3/2→4I11/2 transition) measured for the Nd(1):YAG and Nd(1),Yb(1):YAG powders, excited by 808-

nm light (4I9/2→4F5/2 transition) at room temperature. The lifetime of the Nd3+: 4F3/2 level was estimated to be Nd = 

0.235 ms from an exponential fitting to the decay curve for Nd(1):YAG. Using this lifetime, Nd(1)-Yb(1) was evaluated 

to be 42.5 s-1/2 by fitting Eq. (10) to the decay curve for Nd(1),Yb(1):YAG powder (blue line in Fig. 5(b)).The ET 

efficiency was estimated to be Nd(1)-Yb(1) ≈ 41% using Eq. (11). Cr(1)-Nd(1) was higher than Nd(1)-Yb(1), despite the 

reversal relation between Cr(1)-Nd(1) and Nd(1)-Yb(1), which was due to the fact that Cr was much longer than Nd, as is 

expected from Eq. (11). 

To test the effect of simultaneous doping of two kinds of acceptors (Nd3+ and Yb3+) in 

Cr(1),Nd(1),Yb(z):YAG, similar measurements were performed for various doping concentrations of Yb3+ ions. The 

measured fluorescence decay curves were fitted using an equation similar to Eq. (8), where Cr-Nd was replaced by 

Cr(1)-Nd(1),Yb(z) to estimate the overall ET from Cr3+ to both Nd3+ and Yb3+. Thus, the estimated Cr(1)-Nd(1),Yb(z) is plotted 

in Fig. 6, which shows a nearly linear dependence on the Yb concentration. From this data, Cr-Yb, depending on Yb3+ 
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concentration, was inferred as Cr(1)-Yb(z) = Cr(1)-Nd(1),Yb(z) − Cr(1)-Nd(1), assuming that Cr-Nd was independent of the Yb 

concentration. In Fig. 6, the solid line corresponds to the least square fitting of the experimental data plotted by closed 

circles. The overall transfer parameters for Cr(1),Nd(1),Yb(z):YAG are expressed as Cr(1)-Nd(1),Yb(z) = 6.97CYb + 41.23. 

 

 

 

 

 

 

 

Fig. 6. Parameters Cr(1)-Nd(1),Yb(z) of the overall ET from Cr3+ ions to Nd3+ and Yb3+ ions for Cr(1),Nd(1),Yb(z):YAG 

powders. Yb concentration, z, was changed in a range of 0–7 at%. The solid line corresponds to the least square 

fitting. 
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Yb3+ ions were numerically solved using the fourth order Runge–Kutta method with the initial conditions: NCr(0) = 

1, NNd(0) = 0, and NYb(0) = 0. The radiative lifetime of Yb3+ ions, Yb, was set to be 0.95 ms, which was measured 

for the Yb(1):YAG powder. The ET parameters were assumed to be Cr(1)-Yb(z) = Cr(1)-Nd(1),Yb(z) – 41.2. In this numerical 

calculation, the behavior of the transfer function P(t) immediately after the prompt excitation of Cr3+ ions is unknown 

because of the limited time response of our measurement system. Therefore, we assumed that W in Eq. (4) obeys the 

equation W(t) = W0 exp[-ln(2)(t/t)2], and W0 and t were accordingly inferred so that the temporal variation of the 

calculated NNd(t), especially the rising part, replicates the experimentally observed Nd fluorescence. The red line in 

Fig. 7(a) shows the calculated NNd(t) after the excitation of the Cr3+ ions for Cr(1),Nd(1):YAG and was characterized 

by rapid growth until it peaked, followed by a relatively slow decay. This calculation result reproduces the time 

evolution of the Nd fluorescence plotted by open circles. In this calculation, W0 and t were 1104 and 20 µs, 

respectively. For comparison, if the nearest-neighbor transfer was not taken into account, the timing of the peak 

number density of NNd(t) would be delayed by approximately 70 µs, and therefore, the fast buildup of Nd fluorescence 

would not be explained. When 1-at% Yb3+ ions were co-doped into Cr(1),Nd(1):YAG, the fluorescence intensity, 

shown by open squares in Fig. 7(a), reached its peak earlier than the case without Yb3+ doping (open circles), which 

suggests the fast cascaded ET from Cr3+ to Yb3+ ions via Nd3+ ions. This time behavior of Nd fluorescence was 

predicted well by the calculation result shown by the blue line in Fig. 7(a). Figure 7(b) shows a comparison between 

the experimentally observed time history of Yb fluorescence (closed circles) with the corresponding calculation result 

of Yb3+ number density (NYb(t)). Both time evolution features agreed well with each other. Therefore, numerical 
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calculations predicted the physical processes in Cr and Nd co-doped Yb:YAG materials. The contribution of the 

nearest-neighbor process can be ignored for the secondary process of Nd3+→Yb3+ ET, because the buildup of the 

number density of excited Nd3+ ions is a gradual process. For the Cr3+→Yb3+ ET, the contribution of the nearest-

neighbor process is minor because Cr-Yb is smaller than Cr-Nd. 

 

 

 

 

 

 

 

 

Fig. 7. Experimentally observed time histories of Nd fluorescence (1064 nm) and Yb fluorescence (1030 nm) were 

compared with the calculated temporal characteristics of the Nd and Yb number densities. (a) Normalized temporal 

evolutions of Nd fluorescence for Cr(1),Nd(1):YAG (open circles) and Cr(1),Nd(1),Yb(1):YAG (open squares). Red 

and blue lines correspond to the calculation results of the normalized NNd(t). (b) Normalized temporal evolutions of 

Yb fluorescence for Cr(1),Nd(1),Yb(1):YAG (closed circles). The blue line corresponds to the normalized NYb(t). 
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Based on the calculation benchmarking described above, we estimated the efficiency of Yb fluorescence, 

which would be sensitized by the direct Cr3+→Yb3+ ET and cascaded Cr3+→Nd3+→Yb3+ ET in the Cr,Nd,Yb:YAG. 

In the following calculation, the doping concentrations of the Cr3+ and Nd3+ ions were fixed at 1 at%, and that of Yb3+ 

was varied in the range of 0–7 at%. To depict the effect of the doping concentration of the Yb3+ ions, we compared 

the temporal changes in NCr(t), NNd(t), and NYb(t) for Cr(1),Nd(1),Yb(1):YAG and Cr(1),Nd(1),Yb(3):YAG, as shown 

in Fig. 8. In the case of Cr(1),Nd(1),Yb(1):YAG (dashed lines), NCr(t) rapidly decreases compared with the 

exponential decay with Cr (1.85 ms), and then NCr(t) rapidly increases to its maximum, followed by decay due to the 

ET to Yb3+ ions. When the Yb concentration is increased to 3 at% (solid lines in Fig. 8), the decay speed of NCr(t) 

becomes slightly faster, while the changes in NNd(t) and NYb(t) are significant. It can be clearly seen that the growth 

of NNd(t) is strongly suppressed, whereas NYb(t) is enhanced by a factor of approximately 2 compared with that of 

Cr(1),Nd(1),Yb(1):YAG. 
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Fig. 8. Typical calculated time evolutions of the number densities of the Cr3+, Nd3+ and Yb3+ ions for 

Cr(1),Nd(1),Yb(1):YAG and Cr(1),Nd(1),Yb(3):YAG. 

 

Figure 9 shows the balance of the quantum yield of fluorescence (QCr, QNd, and QYb) for 

Cr(1),Nd(1),Yb(z):YAG. QNd and QYb are defined as 𝑄Nd = ∫ [𝑁Nd(𝑡)/𝜏Nd]𝑑𝑡
∞

0
 and 𝑄Yb = ∫ [𝑁Yb(𝑡)/𝜏Yb]𝑑𝑡

∞

0
, 

respectively, for the Nd3+ and Yb3+ ions. QCr is estimated as 1 − (QNd + QYb). In the case without Yb doping, QNd 

exceeds 70%, as expected from Fig. 5(a), which is consistent with the analysis done using Eq. (9). When 1-at% 

Yb3+ ions are doped, QYb is ~35% with a decrease in QNd from ~70% to ~40%. Thus, QNd decreases with increasing 

Yb concentration, whereas QYb increases. QYb reaches a very high value of more than 80% for CYb of 7 at%. To 

elucidate the effectiveness of the cascaded Cr3+→Nd3+→Yb3+ ET, the QYb values calculated for Cr(1)Yb(z):YAG 
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are also plotted by red open squares in Fig. 9. The differences between QYbs with and without the co-doping of Nd3+ 

ions are attributed to the cascaded ET process, which increases the QYb by 10–20% depending on the Yb 

concentration. 

 

 

 

 

 

 

 

 

Fig. 9. Calculated quantum yield balance corresponding to the Yb concentration of Cr(1),Nd(1),Yb(z):YAG. 
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Cr,Nd:YAG and Nd,Yb:YAG. This process was explained well by the dipole-dipole interaction model between the 

donor and acceptor ions, while the quantum cutting process from the Cr3+:4T1 state was unlikely for the excitation of 

Yb3+ ions. The ET parameters for doubly doped YAGs were estimated to be Cr(1)-Nd(1) = 41.2 s-1/2 and Nd(1)-Yb(1) = 

42.5 s-1/2 for Cr(1)Nd(1):YAG and Nd(1)Yb(1):YAG, respectively. The corresponding ET efficiencies for the former 

and latter materials were 72% and 41%, respectively. The overall ET parameters, including donor-acceptor 

combinations of Cr3+-Nd3+ and Cr3+-Yb3+ for Cr,Nd,Yb:YAG, increased linearly with increasing Yb concentration. 

Using the estimated ET parameters, the rate equations for the number densities of the excited states of Cr3+, Nd3+, 

and Yb3+ ions were numerically solved, showing good benchmarking results for predicting the temporal behavior of 

fluorescence intensity for Nd3+ and Yb3+ ions. The quantum yield of Yb fluorescence in Cr,Nd,Yb:YAG with the 

excitation of Cr3+ ions was enhanced by the cascaded Cr3+→Nd3+→Yb3+ ET, which was assisted by the co-doping of 

Nd3+ ions with only 1-at% content, and the estimated quantum yield was 35–81% for Yb concentrations of 1–7 at%. 

Therefore, Cr,Nd,Yb:YAG is a very useful material for light emission at ~1000-nm wavelength by pumping with 

visible light, and it would be a promising material for applications in crystalline Si photovoltaic cells and solar-

pumped short-pulse lasers. 
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Figure captions 

Fig. 1. Schematic illustration of the energy level diagrams of the Cr3+, Nd3+ and Yb3+ ions. Thick arrows 

denote the possible energy transfer (ET) and the quantum cutting processes between the different 

ion species. 

Fig. 2. Excitation spectra of 1030-nm Yb emission for Cr,Yb:YAG powder (black line) and Cr,Nd,Yb:YAG 

powder (blue and red lines). The solar spectrum (AM 1.5, dotted green line) is shown for reference. 

Fig. 3. Fluorescence spectra of Cr:YAG (a), Cr,Nd:YAG (b), and Cr,Nd,Yb:YAG (c) powders in a 

wavelength range of 600–1200 nm. The peak intensities are normalized to the same value for all the 

graphs. The excitation wavelength was 440–450 nm. 

Fig. 4. Time evolution of Yb fluorescence with the excitation of 4T1 or 4T2 absorption bands in 

Cr(1),Yb(1):YAG powder. 

Fig. 5. Normalized temporal decay characteristics of fluorescence. (a) Cr3+ fluorescence at 630-nm 

wavelength in Cr(1):YAG and Cr(1),Nd(1):YAG powders excited at 440-nm wavelength. The red 

dashed lines are the curve fittings using Eq. (8). (b) Nd3+ fluorescence at 1064-nm wavelength in 

Nd(1):YAG and Nd(1),Yb(1):YAG powders excited at 808-nm wavelength. The red dashed lines 

are the curve fittings using Eq. (10). 
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Fig. 6. Parameters Cr(1)-Nd(1),Yb(z) of the overall ET from Cr3+ ions to Nd3+ and Yb3+ ions for 

Cr(1),Nd(1),Yb(z):YAG powders. Yb concentration, z, was changed in a range of 0–7 at%. The 

solid line corresponds to the least square fitting. 

Fig. 7. Experimentally observed time histories of Nd fluorescence (1064 nm) and Yb fluorescence 

(1030 nm) were compared with the calculated temporal characteristics of the Nd and Yb number 

densities. (a) Normalized temporal evolutions of Nd fluorescence for Cr(1),Nd(1):YAG (open 

circles) and Cr(1),Nd(1),Yb(1):YAG (open squares). Red and blue lines correspond to the 

calculation results of the normalized NNd(t). (b) Normalized temporal evolutions of Yb fluorescence 

for Cr(1),Nd(1),Yb(1):YAG (closed circles). The blue line corresponds to the normalized NYb(t). 

Fig. 8. Typical calculated time evolutions of the number densities of the Cr3+, Nd3+ and Yb3+ ions for 

Cr(1),Nd(1),Yb(1):YAG and Cr(1),Nd(1),Yb(3):YAG. 

Fig. 9. Calculated quantum yield balance corresponding to the Yb concentration of 

Cr(1),Nd(1),Yb(z):YAG. 

 


