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Chapterr  6 

Zeemann studies of the 4f intrashell 

transitionss of ytterbium in indium phosphide 

Abstract t 

Zeemann measurements in magnetic fields up to 16 T have been performed on the 

no-phononn lines labelled #3, #4 and #8 of the spectrum of ytterbium impurities in 

indiumm phosphide. The luminescence lines show well-observable splittings and a 

strongg polarization effect and changes in intensities were observed. Also a 

completee change of the spectrum after some time of illumination was detected. 

Ann energy level diagram is presented that satisfactorily explains the magnetic 

fieldd effect and the relative intensities of the photo luminescence lines and is 

consistentt with experiments described in the literature. 

6.11 Introductio n 

Ytterbiumm in indium phosphide is one of the best-investigated systems of this kind 

[6.1-6.7].. Ytterbium in its trivalent state, Yb3+ (4f*3), most probably placed substitutional̂ on 

ann indium place in the InP lattice, always shows a characteristic luminescence spectrum. This 

iss presented in figure 5.3 for temperatures of 4 and 40 kelvin. The lines with labels #2, #3, #4 

andd #8, at 10064, 10018, 9982.5 and 9920.5 cm"1 or 993.6, 998.2, 1001.8 and 1008.0 nm, 

respectively,, are usually interpreted as zero-phonon transitions. The origin of other lines 

presentt in the spectrum, #5 - #7 and #9, is not completely established; they are described as 

phononn replica's [6.3] or assigned to a non-cubic centre [6.6]. Line #1 is attributed to a 

trigonall  Yb3+In - Xp centre [6.3]. The zero-phonon lines were shown to result from a cubic 

defectt centre and arise from transitions between the spin-orbit levels 2¥sa and 2Fm- Due to 

thee cubic crystal field the lower 2F7/2 level is split in three sublevels, of Te, Tj and T8 
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symmetryy type, respectively, and the higher 2F5/2 level into two sublevels, with T7 and T8 

symmetryy label. Zeeman measurements [6.3], which show an eightfold splitting of line #3 in 

highh magnetic fields, confirm that the origin of lines #2, #3, #4 and #8 is a cubic Yb centre. 

Followingg this study an energy level diagram for the 4f sublevels of the Yb3+ ion, as shown in 

figurefigure 6.1, has been established. This scheme displays an unusual reversal of the T7 and T8 

sublevelss at the excited state, which cannot be explained by the crystal-field calculations 

[6.7],, and is in contrast to the predictions of a point charge model for an ytterbium atom on a 

substitutionall  cation site [6.8]. Furthermore, in this scheme one cannot explain the relative 

intensitiess of the lines #3, #4 and #8 in photoluminescence and the surprising increase of the 

luminescencee intensity of line #3 observed for high magnetic fields, as will be discussed in 

sectionn 6.5. 

Inn chapter 5 the intensity, temperature and stress dependence of the luminescence spectrum 

andd the EPR spectrum are discussed and it is concluded that two models can best explain all 

thesee effects, these are also depicted in figure 6.1. 

5/2 2 

7/2 2 

#2" " 

#2' ' 

#2 2 

Masterov, , 
modell  4 

—— r8 

r 7 7 

#8 8 

#4 4 

#3 3 

9~C>o o 3"C;f f 

 r* 

r 6 6 

r 7 7 

Aszodii  Model 1 

r 7 7 

r 6 6 

r 7 7 

r 8 8 

r 7 7 

r 8 8 

r 7 7 

Figuree 6.1 The energy level diagram of InP.Yb with the level assignment according to 

MasterovMasterov et al. [6.1], Aszodi et al. [6.3J, and model 1 of chapter 5. The zero-phonon 

transitionstransitions observed in the photoluminescence spectra are indicated. 
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6.22 Experimental method 

Twoo samples, kindly provided by F. Scholz and B. Lambert, were used in this study. 

Onee crystal has been grown by metal-organic chemical vapour deposition (MOCVD). The 

totall  ytterbium concentration was 1018 atoms/cm3. The measured surface was a <100> plane. 

Thee other crystal has been grown by the high-pressure gradient freeze synthesis method. By 

thiss method, ytterbium was diluted in indium phosphide with a concentration of about 1017 

atoms/cm3.. The measured surface of this sample was off-axis oriented. Results of examining 

thee sample by x-ray are shown in figure 6.2. 

Figuree 6.2 The Laue patterns of the two indium phosphide samples. The left pattern is nearly 

invariantinvariant under a rotation of'2'n/4following from the four-fold symmetry of indium phosphide 

aboutabout a [100] axis. The right one shows that the crystal is multi-crystalline and not aligned in 

aa main direction. 

6.33 Theoretical analysis of the Zeeman splitting 

Ytterbiumm in the 3+ charge state, missing one electron in the 4f-shell, has electronic 

configurationn 4f13 resulting in orbital moment L = 3 and spin S = 1/2. Spin-orbit interaction 

leadss to two states: the 2F5/2 state with J = 5/2 and sixfold degeneracy, and the 2F7/2 state with 

J=J= 7/2 and eightfold degeneracy. In a cubic crystal field the degeneracy is partially lifted. The 

groundd state 2F7/2 splits in a doublet T6, a doublet T7 and a quartet T8; the excited state 2F5/2 

splitss in a doublet T7 and a quartet T8. In a magnetic field the remaining degeneracy is lifted 

completely.. For the sextet the magnetic quantum number TMJ can have the following values: 

+5/2,, +3/2, +1/2, -1/2, -3/2 and -5/2; these 6 states are called |5/2,+5/2>, |5/2,+3/2>, 
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|5/2,+l/2>,, |5/2,-l/2>, |5/2,-3/2> and |5/2,-5/2>. The magnetic moment in the direction of the 

magneticc field (z) is gm\iB, with u,B the Bohr-magneton, jaB = ehllmt, and g depending on gh 

andd gs, by 

11 k , .L(L + \)-S(S + \) 
^ 2 ^ ss + gJ-(Ss-gJ 2 J ( J - { )  (6.1) 

Forr gs = 2 and gL = 1 this formula transforms to the well-known formula for the g value of 

Lande: : 

,, J(J + l) + S(S + \)-L(L + \) 
2J(J2J(J + \) (6.2) 

Thee Lande formula gives g = 6/7 for the 2F5/2 state, and g = 8/7 for the %a state [6.9]. The 

splittingg in a small magnetic field is summarised in table 6.1. 

Tablee 6.1 Sublevels, eigenvectors and magnetic properties of the F5/2 and F7/2 states in a 

cubiccubic crystal field. The magnetic energy ( AE ) of the sublevels, in a small field, is given in 

cm'/T,cm'/T, m is the average value of the magnetic quantum value mj and p. is defined as equal to 

mjmj with the lowest (absolute) value. 

Level l 

F5/2 2 

Sub--

level l 

r7a a 

TT1b 1b 

Tga a 

Tgb b 

r 8c c 

Tgd d 

Eigenvector r 

(1/6)) V6 |5/2,+5/2>-(l/6) V30|5/2,-3/2> 

(1/6)) V6|5/2,-5/2>-(l/6) V3Ö |5/2,+3/2> 

(1/6)) V30|5/2,+5/2> + (l/6) V6|5/2,-3/2> 

(1/6)) V3Ö|5/2,-5/2> + (l/6) S |5/2,+3/2> 

|5/2,+l/2> > 

|5/2,-l/2> > 

H H 

-3/2 2 

+3/2 2 

-3/2 2 

+3/2 2 

+1/2 2 

-1/2 2 

m m 

-5/6 6 

+5/6 6 

+11/6 6 

-11/6 6 

+1/2 2 

-1/2 2 

AE AE 

(cnT'/T) ) 

-0.33 3 

+0.33 3 

+0.73 3 

-0.73 3 

+0.20 0 

-0.20 0 
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Level l 

F7/2 2 

Sub--

level l 

r6a a 

Töb b 

r7a a 

r7b b 

r8a a 

Tsb b 

r8c c 

T8d d 

Eigenvector r 

(1/6)VÏ5""  f7/2,+7/2> + (1/6) V2Ï|7/2 ,-l/2> 

(l/6)VÏI|7/2-7/2>> + (l/6) V2T |7/2,+l/2> 

(1/2)) S |7/2,+5/2>-(l/2) |7/2,-3/2> 

(1/2)) V3 |7/2,-5/2>-(l/2)|7/2,+3/2> 

(1/6)) V2T |7/2,+7/2> - (1/6) VÏ5 |7/2 -l/2> 

(l/6)V2l|7/2,-7/2>-(l/6)) VÏI|7/2,+ l/2> 

(1/2)) |7/2,+5/2> + (1/2) V3 |7/2,-3/2> 

(l/2)|7/2,-5/2>> + (l/2) 4Ï |7/2,+3/2> 

H H 

-1/2 2 

+1/2 2 

-3/2 2 

+3/2 2 

-1/2 2 

+1/2 2 

-3/2 2 

+3/2 2 

m m 

+7/6 6 

-1/6 -1/6 

+3/2 2 

-3/2 2 

+11/6 6 

-11/6 6 

-1/2 2 

+1/2 2 

(cnr'/T) ) 

+0.62 2 

-0.62 2 

+0.80 0 

-0.80 0 

+0.98 8 

-0.98 8 

-0.27 7 

+0.27 7 

Whenn a magnetic field along the z axis is applied, in the limit of a weak field (the Zeeman 

splittingg being small compared to the crystal-field splitting), the energy shifts in a field B are 

givenn by A£ = gm\x^B, and m the average value of the magnetic quantum value mj. The T7 

levell  will split into two and the T8 level into four, non-equidistant, lines. The parameter ji is 

definedd as equal to mj with the lowest (absolute) value. The parameter u, is also given in 

figuree 6.3 for the different sublevels. 

Inn a strong magnetic field the Zeeman energy is no longer small compared to the crystal field 

splitting.. The magnetic energy, gm\iBB, is added to the diagonal elements of the 

correspondingg matrix. The eigenvalues of this matrix supply the shifts of the energies. 

Whenn an atom is placed in a cubic crystal field with a strong magnetic field in a random 

directionn the treatment becomes more complicated. 

Forr the experiments considered in this chapter, the expected maximum Zeeman splitting for 

thee r8a - r8b states in the field B = 16 T is = 16 cm-1 which is still small compared to the F5/2 

-F7/22 spin-orbit splitting, ~ 10.000 cm"1. 

Inn this case the energy levels in one multiplet are calculated with the complete Hamiltonian of 
thee crystal field plus the magnetic field: 

7T7T Wxo, w(i-H) 
F(4) ) F(6) ) 

(6.3) ) 
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Thee vector B will be B (aiex + a2ey + a3ez), with (a,ex + a2ey + ct3ez) a unit vector, ai, 0:2, 0:3 

aree the cosines of the direction of the field. The complete Hamiltonian is now 

„„  WxOA W(\-\x\)06 

HH = + — + gpBB(almx + a2m + a3mz). (6.4) 
F(4 ))  F(6 )  ' 

-3/ 2 2 

-#-; . . 
++ 1/ 2 
-1/ 2 2 

+3/ 2 2 

~" ~~ -3/ 2 

-/-' . . 

-1/ 2 2 

++ 1/ 2 

-1/ 2 2 

+3/ 2 2 

-3/ 2 2 

++ 1/ 2 

-3/ 2 2 

+3/ 2 2 

Figuree 6.3 4̂ possible energy level diagram ofYb in InP in a magnetic field with the value of 

/i/i  given for all the sublevels. 
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Nott only Ö4 and 06 but also wx, my and mz are operators represented by matrices. mz is a 

matrixx with only diagonal elements with the value of m. mx en my are matrices with only 

valuess unequal to zero next to the diagonal with the values: 

m m *(m~l.m)*(m~l.m) = -mi(m.m'l)= ~ ^ - I H ) ( - / + OT + 1 ) . 

mmy(my(m-i,-i,mm,, myfmjR'i) - - — -J(J -m)(J + m + l) 

(6.5) ) 

(6.6) ) 

Soo for J= 5/2 these matrices wil l be: 

rr 0 VJ 0 

4s4s o 2V2 

oo 2V2 

00 0 

00 0 

00 0 

ff 0 -V5 

-v/55 0 

oo 2V2 

00 0 

0^ ^ 

0 0 

00 3 0 0 

33 0 2V2 0 

oo 2V2 0 V J 

0 0 

0 0 

2V2 2 

0 0 

00 V5 0 0 

0 0 

0 0 

- 3 3 

33 0 

oo 2V2 

00 0 

0 0 

0 0 

0 0 

2V2 2 

0 0 

mm7 7 

' - 5 5 

0 0 

0 0 

0 0 

0 0 

0 0 

00 0 0 0 0} 

33 0 0 0 0 

0 - 1 00 0 0 

00 0 1 0 0 

00 0 0 3 0 

00 0 0 0 5 

0 0 

0 0 

0 0 

V5 5 

0 0 

(6.7) ) 

(6.8) ) 

(6.9) ) 
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