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Chapterr  5 

Energyy levels of ytterbium 
inn indium phosphide 

Abstract t 

Inn its regular charge state Yb3+, the ytterbium impurity in indium phosphide has 
thee electronic configuration 4f13, orbital momentum L = 3 and spin S = 1/2. 
Groundd and excited states with the total spins J = 7/2 and J = 5/2, respectively, 
aree formed by spin-orbit interaction. The EPR spectrum of the centre provides by 
resolvedd hyperfine interactions with the isotopes 17tYb (nuclear spin I = 1/2, 
naturall  abundance a = 14%) and 173Yb (I = 5/2, a = 16%) direct evidence for a 
one-ytterbiumm centre in a high-symmetry environment. The optical transition 
betweenn the excited and ground states with an energy around wavenumber a = 
99855 cm-1 (wavelength A,= 1.0015 jam) is easily observed in photo luminescence. 
AA cubic crystal field lifts the eight-fold degeneracy of the ground state 2F7/2 into a 
T66 doublet, a T7 doublet and a r8 quartet, whereas the excited state 2F5/2 is split 
intoo a T7 doublet and a Tg quartet. The ordering of the crystal-field levels is still a 
matterr of discussion, both for the ground and excited spin-orbit multiplets. 
Severall  experiments providing information on the ordering will be briefly 
discussed.. These include the luminescence intensity, temperature and stress 
dependence,, and magnetic resonance, together with a crystal-field analysis. A 
conclusionn towards a T7 - T6 - Tg ordering for the ground state multiplet and T7 -
fgg for the excited state multiplet, known as the Masterov model, will be drawn. 

5.11 Introductio n 

Amongg rare-earth impurities in semiconductors the system of ytterbium in indium 

phosphidee has been frequently investigated. The optical and magnetic properties are to first 

orderr determined by the atomic states of the 4f inner-shell electrons. In a Russell-Saunders 

schemee the orbital and spin momenta of individual electrons couple separately to total L and 

S.S. By spin-orbit interaction multiplets characterised by total momentum J are formed. The 

crystall  field of the semiconductor environment lifts the degeneracies of the spin-orbit levels. 
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Duee to shielding by outer 5s and 5p electrons these splittings are relatively small and can be 

treatedd as a perturbation on the atomic level diagram. As regards the ordering of the levels of 

InP:Ybb some different schemes have been derived [5.1, 5.2]. In this paper experimental 

resultss providing relevant information on the crystal-field effect will be discussed. 

5.22 Energy levels 

5.2.11 Spin-orbit interaction 

Inn the case of ytterbium in indium phosphide, in the regular charge state Yb3+ with 

electronn configuration 4fl35s25p6, the one hole in the otherwise full 4f shell leads to orbital 

momentumm L = 3 and spin S = 1/2. By spin-orbit coupling iK^ = AL.S the multiplets 2F5/2 with 

JJ = 5/2 and 2F7/2 with J = 7/2 are formed. Ground and excited states are separated by (7/2)A, 

experimentallyy determined as 9985 cm"1. As A < 0, the eight-fold degenerate 2Fm multiplet 

formss the ground state. Figure 5.1 illustrates the spin-orbit level diagram. 
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Figuree 5.1 Energy level diagram ofInP:Yb3+ illustrating spin-orbit (so) and crystal-field (cj) 

splittings,splittings, with level assignment following Masterov et al. [5.1]. The labeling of zero-phonon 

transitionstransitions is also indicated. 
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5.2.22 Crystal-field interaction 

Whenn embedded in a host crystal the atomic states of the rare-earth impurity will be 

affectedd by the crystal field. Although the crystal field acting on an Yb atom in InP has 

tetrahedrall  symmetry, which is less than cubic symmetry, it has been shown [5.3] that, as long 

ass 4f- 4f transitions only are considered, the relevant terms in the crystal field are those with 

fulll  cubic symmetry only, and terms of lower symmetry have (to first order) no effect on the 

displacementss of the optical lines. As following from group-theoretical considerations the 

groundd state 2F7/2 will be split into three levels of doublet T6, doublet T7, and quartet Tg 

character,, respectively; the excited state will be separated into a T7 doublet and a Tg quartet. 

Thee Hamiltonian can be given with parameters W and x [5.4] related to b4 and bb by b4 = Wx 

andd b6 = W(\ - \x\), with -1 < x < +1. The level diagram for the case W= +1 and W= -1 as a 

functionn of x, covering the full range -1 < x < +1, is illustrated by figures 5.2(a) and 5.2(b), 

respectively. . 

InIn an equivalent alternative form a quantitative description the suitable general crystal-field 

Hamiltonian,, applicable to a centre of cubic symmetry is 

IHcff  = B404 + B(>0(,. /^ j \ 

Operatorss 04 and 06 represent the 4th- and 6th-order angular momentum operators, 

respectively;; B4 and B6 are the corresponding coefficients, whose values have to be 

determinedd experimentally. It is customary to introduce bt = B,¥(i), F(/) is a round number, 

dependingg on the quantum number J of the wave functions in question, chosen arbitrarily in 

orderr to reduce the eigenvalues of 0,/F(/) to small integer numbers. When these operators are 

appliedd to f-type functions with 7= 7/2 it is standard to choose F(4) = 60 and F(6) = 1260. On 

applicationn of operator H=f the crystal-field levels of the ground state are obtained as 

£(2F7/2,r6)) = + (3/2)i + 1464 - 20b6, 

£(2F7/2,r7)) = + (3/2)A - 1864 - 1266, 

£(2F7/2,rg)) = + (3/2)A + 2b4 +\6b6, 

andd of the excited state as 

E(E(22FF55aXi)=-2A-aXi)=-2A- (44/3) 4̂ 

and d 

(5.2) ) 

(5.3) ) 

(5.4) ) 
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Figuree 5.2 Diagram of crystal-field energy levels as a function ofx, in the range -1 

<x<x < +1, forW= + / (right page) and W = -1 (left page) for both excited state 

FF sa and ground state 2F7/2 following Lea et al.[5.4]. The solution of the six models 

isis indicated. 



£(2F5/2,r8)) =-2A + (22/3)64. <5-6) 

Forr the six possible transitions the energy differences are: 

£(2F5/2,r7)) - £(2F7/2,r6) = - (7/2)4 - (86/3)04 + 20b6, (5.7) 

£(2F5/2,r7)) - E(%aXi) = ~ (7/2)4 + (10/3)64 + 1 2^ (5.8) 

£(2F5/2,r7)) - £(2F7/2,r8) = - (7/2)4 - (50/3) 4̂ - 16fc, (5-9) 

£(2F5/2,r8)) - £(2F7/2,r6) - - (7/2)4 - (20/3)Z>4 + 20fc6, (5-10) 

£(2F5/2,r8)-£(^7/2X7)) = - (7/2)4 + (76/3)fc4 + 12A6 (5.11) 

and d 

£(2F5/2,r"8)) -£(2F7/2,r8) ^ - (7/2)4 + (16/3) 4̂ - \6b6. (5.12) 

5.2.33 Transition energies 

Transitionss between these levels are observable in a photoluminescence experiment; a 

spectrumm is given in figure 5.3. At liquid-helium temperature only the lowest crystal-field 

levell  of excited state 2¥5/2 is populated and a total of three transitions is available. In the 

experimentall  spectrum these are identified with the zero-phonon transitions labeled #3, #4 and 

#88 at the energies £(#3) = 10018 cm'1, £(#4) = 9982.5 cm"1 and £(#8) - 9920.5 cm"1. From 

thesee observed energies the parameters 4, h and h (alternatively 4, W and x) can be 

calculated.. The six possible solutions, corresponding to different ordering of levels in the F7/2 

groundd state, are given in table 5.1. It remains to be decided which of these models fits best to 

availablee experimental and theoretical data. In the next section this will be discussed. 

5.33 Energy level ordering 

5.3.11 Photoluminescence intensity 

Onn comparing intensities of zero-phonon emissions it is apparent that the intensity of 

thee luminescence line labeled #3 is much smaller than those of #4 and #8. For transitions 

whichh are electron-dipole induced the probability is given by a matrixelement <Tt I £diP I r}>. 
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Figuree 5.3 Photoluminescence spectrum oflnP.Yb measured at temperature T = 4 K (dashed 

curve)curve) and T = 40 K (solid curve). The zero-phonon transitions are labeled #2, #3, #4 and #8. 

Thee initial state T„  to be taken from the 2Fsa multiplet, has symmetry type T7 or Tg. The final 

state,, in the ground state 2¥m is from representations T6, T7 or  r8. Among all possibilities, 

matrixelementt <r7 | Eap | T7> is vanishing for symmetry reasons, all others have a finite value. 

Onn this basis the luminescence line #3 is assigned to a I"7 to T7 transition. This, as can be 

verifiedd in table 5.1, holds for models 1 and 4. 

5.3.22 Photoluminescence temperature dependence 

Att higher temperatures the upper crystal-field level of the excited state 2F5/2 will 

becomee populated. This will lead to additional lines in the emission spectrum, so-called hot 

lines,, labeled #2, #2'and #2" in the diagram o f figure 5.1. In the actual luminescence the weak 

liness #2 and #2' at wavenumbers 10064 and 10025 cm~', respectively, appear upon increasing 

thee temperature from 4 to 40 K, as can be seen in figure 5.4, which reproduces a detail of 

figuree 5.3 in the range 990 - 1000 nm on an expanded scale. 
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Figuree 5.4 Photoluminescence spectrum of InP.Yb in the wavelength region of the high-

temperaturetemperature lines shown on an expanded scale. 

Fromm these observations the crystal-field splitting of the 2F5/2 multiplet is calculated as E (#2) 

-- E (#3) = +46 cm"1 or E (#2') - E (#4) = +43 cm"1. In the crystal-field analysis this splitting 

iss given by E (2F5/2, r8) - E (2F5/2, T7) = 22i4- The result bA * +2.0 cm"1 matches best with 

modelss 1, 4 and 5. Observation of the hot line #2' is reported here for the first time. Transition 

#2""  (the hot line of #8, expected at « 9966 cm"1) is hidden under the strong emission #4 and 

remainss invisible. 

5.3.33 Photoluminescence hydrostatic-stress dependence 

Underr hydrostatic pressure the luminescence transitions were observed to change their 

energiess linearly [5.5]. E.g., the transition #4 increases in energy by +7.80 cm" /GPa. 

However,, at pressures of 4.1 GPa and above line #4 is no longer present. It appears to be 

replacedd by a different line, labeled #F, with a different amplitude and width, and a pressure 

dependencee of-0.32 cm"'/GPa. Extrapolating line #F to zero pressure, as shown in figure 5.5, 

thee intersection happens close to the energy of line #2'. This suggests that line #2', the hot line 

att pressures below 4.1 GPa, becomes the "cold" line above 4.1 GPa. Line #4, originally a 

strongg line, transforms into a hot line. A similar effect occurs for transition #3. At a pressure 
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Figuree 5.5 Positions of the luminescence lines as a function of hydrostatic pressure, after 

StaporStapor et al. [5.5]. Dashed lines are extrapolations of the high-pressure emissions #E and #F 

toto zero pressure. Positions of lines #2, #2', #3, and #4 at zero stress are indicated along the 

ordinateordinate axis. 

beloww 4.1 GPa this line is observed, at a high-pressure transition #E appears with an 

extrapolationn to hot line #2 at zero stress. The two crystal-field levels of the 2F5/2 state cross at 

stresss 4.1 GPa and move towards each other by 8.12 cm"'/GPa. They are therefore separated 

att zero stress by 33.3 cm-1. Equating the splitting to the crystal-field expression 22b<\, one 

obtainss b  ̂= 1 cm"'. This result is in best agreement with models 2 and 4, as marked in 

tablee 5.1. 

5.3.44 Magnetic resonance 

Thee electron paramagnetic resonance (EPR) spectrum of the InP:Yb centre, shown in 

figurefigure 5.6, has been frequently observed. By the resolved characteristic hyperfine interactions 
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forr the isotopes 171Yb, with nuclear spin I = 1/2 and natural abundance a = 14%, and the 

isotopee Yb, I = 5/2 and a = 16%, the centre is unambiguously identified as a one-ytterbium 

centre.. The spectrum is isotropic indicating an undistorted substitutional or a tetrahedral 

interstitiall  position for the ytterbium ion. The experimental Zeeman splitting factor is g = 

3.291.. From a theoretical treatment of their magnetic properties, the crystal field states in the 

F7/22 multiplet are characterised by electron spin S = 3/2 and anisotropic g tensor for the r8 

quartet,, spin 5=1 /2 with isotropic g value g = 8/3 for the T6 doublet and spin 5=1 /2 with 

isotropicc g value g = 24/7 for the T? doublet. This provides solid evidence for the 

identificationn of the ground state as the T7 doublet, as offered in models 1 and 4. The 

reductionn of the experimental g value by a few percents compared to the theoretical value is 

evidencee for some delocalisation of the 4f electrons of Yb in the InP crystal. 

c c 
3 3 

3 3 

c c «u u 

a. a. 

4500 500 550 

Magneticc Field (mT) 

Figuree 5.6 Electron paramagnetic resonance (EPR) spectrum ofYb3+ in InP recorded at the 

microwavemicrowave frequency v &23 GHz, temperature 4 K. 

5.3.55 Coordination 

Thee crystal field as experienced by the ytterbium ion depends on its surrounding by 

ionss of the indium phosphide crystal. In case the ytterbium ion occupies a substitutional site 

thee crystal field is determined by interaction with the four nearest-neighbour phosphorus 

atoms,, in a tetrahedral configuration. In a point-charge model the 4th-order potential will be 
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representedd in Eq. (5.1) by the parameter B4 = V60 = - (7/36)(Ze2/tf5)< r4># the coefficient 

forr 06 will be given by B6 = VI260 = + (l/18)(Ze2/tf7)< r6>y [5.4]. Although a point-charge 

approximationn may not always give exact quantitative results, it is generally observed to yield 

thee correct signs of parameters. The constants (3 and yare the Stevens multiplicative factors 

withh the values J3 = - 2/1155 = - 0.001732 and y = + 4121021 = + 0.000148 for the 4f*3 

configurationn of Yb3+ in the 2F7/2 state [5.6]. The argument shows that both b4 and b6 are 

positive,, from where it follows that also x > 0 and W > 0. This complies with level model no. 

4.. In a similar manner one derives for an interstitial site of Yb3+, with a six-fold octahedral 

coordination,, B4 = £4/60 = + (7/16)(Ze2/i?5)< r4>/? < 0 and B6 = V1260 = + (3/64)(Ze2//?7) 

<< r6>y > 0, and correspondingly x < 0, W > 0. This is the situation for model no. 3. 

Conclusionss are represented in table 5.1. 

Tablee 5.1 Summary of the analysis relevant to the ordering of crystal-field levels in the 

groundground state 2F7/2 and excited state 2F5/2 of Yb3+ in InP. For each of the six models 

consideredconsidered the crystal-field parameters of Hamiltonian equation (J), either b4 and b6 or W 

andx,andx, are given. In the lowest five rows of cells best agreement with experiments or theory is 

indicatedindicated by the + symbol. 

Modell  no. 

22Fsa Fsa 

F7/2 2 

bb44 (cm-1) 

bebe (cm"1) 

X X 

W(cinW(cinll) ) 

-(7/2)/L(cm-') ) 

Intensityy #3 

Hott lines #2 and #2' 

Stresss effect 

Magneticc resonance 

Co--

ordination n 

44 fold 

66 fold 

1 1 

r8 8 

r7 7 

r6 6 

r8 8 

r7 7 
+2.85 5 

-0.77 7 

-0.79 9 

-3.62 2 

+10017 7 

+ + 

+ + 

+ + 

2 2 

r« « 
r7 7 

r6 6 

r7 7 

r8 8 
+1.37 7 

-2.25 5 

-0.38 8 

-3.62 2 

+10005 5 

+ + 

3 3 

r7 7 

r8 8 

r8 8 

r7 7 

r6 6 
-0.47 7 

+2.55 5 

-0.16 6 

+3.02 2 

+9964 4 

+ + 

4 4 

r8 8 

r7 7 

r8 8 

r6 6 

r7 7 

+1.68 8 

+2.28 8 

+0.42 2 

+3.96 6 

+9985 5 

+ + 

+ + 

+ + 

+ + 

+ + 

5 5 

r7 7 

r8 8 

r7 7 

r6 6 

r8 8 

-2.38 8 

-1.78 8 

+0.57 7 

-4.16 6 

+10002 2 

+ + 

6 6 

r7 7 

r8 8 

r7 7 

r8 8 

r6 6 

-3.05 5 

-€.03 3 

+0.99 9 

-3.09 9 

+9998 8 
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5.44 Conclusions 

Inn the presented analysis the splitting of spin-orbit levels of Yb3+ in InP has been 

consideredd assuming the validity of a crystal-field description. Evidence from several 

experiments,, such as the effects of temperature and hydrostatic pressure on the 

photoluminescencee spectrum, have given the most probable crystal field parameters. The 

modelss number 1 and 4 are both possible candidates. For the preferred model, number 4 as 

apparentt by an inspection of table 5.1, these are W = +3.96 cm-1 and x = +0.42. The level 

orderingg is T7 - T6 - Tg, from low to high energies, for the 2F7/2 spin-orbit ground state 

multiplett and T7 - T8 for the 2F5/2 excited state multiplet. This result confirms the earlier 

assignmentt of Masterov et al. [5.1]. Crystal-field parameters are consistent with an 

undistortedd substitutional site for the Yb ion on the indium sublattice. In the course of the 

experimentss a new hot line, labeled #2', was observed at a measuring temperature of 40 K. 

Neww lines appearing in the luminescence spectrum under hydrostatic stress above 4 GPa were 

interpretedd as arising from a crossing of the two sublevels in the 2F5a state. 
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