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The splitting of the two 2F states of Yb~+:YA1G and Yb 3+:YGaG, have been determined 
from fluorescence and absorption spectra at low temperatures. The levels of the ground states 
of yb3+:u are at: 0, 388, 613, 778 em -1, those of Yb3+:YGaG at 0, 308, 567, and 672 em-L 
Crystal field calculations yield the following values for Yb~+:u A ~ = 270cm -1, A ~ 
= -165cm -1, A~= -1155cm -1, A ~  -1, A~= -304cm -1 and for Yba+:YGaG: 
A ~  -1, A ~  -125em -1, A~= -1250cm -1, A ~  -1 and A~= - t 4 2 c m - L  
A satisfactory agreement has been found for calculated and observed splitting patterns. 

Die Aufspaltung der 2F-Zustiinde von Yb3+:YAIG (I) und yb3+:YGaG (II) wurde bei 
tiefen Temperaturen aus Fluoreszenz- und Absorptionsspektren bestimmt. Die Niveaus des 
Grundzustandes von (I) liegen bei 0, 388, 613, 778 cm -1, die yon (II) bei 0, 308, 567 und 
672 cm -1. Die Ligandenfeldtheorie ergibt folgende Werte ffir die Kristalffeldparameter: fiir (I) 
A ~ = 270 cm -1, A ~ = -165 cm -1, A~ = - t t 5 5  cm -1, A ~ = 21 cm -1, A~ = -304 cm -2 nnd 
fiir (II) A ~ = 110 cm -~, A ~ = -125 em -x, A~ = - t250 cm -~, A = t0 cm -~ und A~ = -142 
em -1. Die Obereinstimmung zwischen berechneter nnd beobachteter Aufspaltung war be- 
friedigend. 

La division, par le champ de ligandes, des 4tats 2-~V7/2 et  2/~5/2 duns u165 et 
Yb3+:YGaG a 4t4 d4termin4e des spectres de fluorescence et d'absorption. Les sous-niveaux 
de l'6tat fordamental se situcnt s 0, 388, 6i3, 778 cm -1 dans Yba+:u s 0, 308, 567, 
672 cm -1 Yb s+:YGaG. Le calcul fournit les valeurs suivantes pour les parametres: Yb~+:YA1G 
A ~  -1, A~= - t 6 5 e m  -1, A~= -1155cm -1, A6 ~  -1, A~= -304cm-1; 
yb3+:YGaG A ~ = l 1 0 c m  -1, A ~  -125cm -1, A~= - t250em -I,  A ~  -1 et A~ 
= ~142 cm -1. L'accord entre les spectres calcul6 et observ6 est satisfaisant. 

I. Introduction 

The de te rmina t ion  of the position of Stark components  of the 2F5/~ and  ~F7/2 
states of the t r iva lent  y t t e rb ium ion in garnet  host lattices, has been the subject  
of some invest igat ions [1 - 3, 6, 12 - 13, 15  - 17]. Considerable a t t en t ion  has been 
paid to the theoretical  in te rpre ta t ion  of the spectrum of u  8+ in YaGa 2 (Ga04) 3 
[Yb3+:YGaG]. PAP~ALARDO and  WOOD [12] and  WOOD [17] for ins tance reported 
the four Kramers '  doublets  of the ground state at 0, t12, 308 and  550 cm -1. 
These positions do not  agree with susceptibi l i ty data  [1, 3]. I n  a very recent  paper  
tIUTC~rXGS and  WOLF~ [5] assembled all available exper imental  da ta  and  in 
employing a crystal field calculation, found tha t  the ground state should be split 
in  four Stark levels at  0, 517, 697 and  796 cm -1 in obvious disagreement  with 
WooDs assignment.  Much less a t t en t ion  has been paid to the spect rum Yb a+ : YA1G 
[17]. 

* Present Adress: Chemistry Department, Carleton University, Ottawa, Ont., Canada. 
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In some recent papers, KONINOSTEI~ and GEvSIO [ 7 -  9] showed that  the 
crystal field which the ions Nd 8+, Eu a+, Tb 3+ and Er a+ experience in the host 
lattice YA1G deviates slightly from tctragonal symmetry. Employing crystal field 
parameters A~ = <rn} ~ for ybs+:YA1G which are approximately equal to the 
values reported for Er s+: YA1G [9] it thus becomes possible to calculate the splitting 
of the ~FT/~ and zFs/~ manifolds of Yb s+: YA1G. These calculations reveal that  the 
calculated and observed splitting patterns of the ~Fs/2 state are in agreement; 
however, this is not the case for the ground state. 

In an attempt to understand these discrepancies we have re-examined the 
optical spectra of ybS+:YA1G and Yba+:YGaG at 300~ and 77~  while new 
absorption and fluorescence measurements were made at 4.2 ~ K and 1.9 ~ K. From 
the new experimental data we have determined the position of the four Stark 
components of the 2F7/2 states. Crystal field calculations yielded parameters which 
values were acceptable ff compared with values of these parameters reported in 
previous communications. The experimental results suggest that  not all Yb ~+ ions 
do replace the ys+ ions in the garnet host lattices. 

II. Experimental procedure 
Absorption and fluorescence spectra of Yb3+:YA1G have been studied at 300 ~ K, 77 ~ K, 

4.2 ~ K and 1.9 ~ K. A 1/2 meter Jarrell Ash spectrometer was used to record the absorption 
spectrum, while a I meter Jarrell Ash spectrometer was used to examine the fluorescence 
spectrum. The fluorescence was excited with a filtered ttg light source. All spectra were 
recorded under an average resolution of <1 cm -i. The samples of Yba+:YAIG and 
u contained 3 - l0 at ~o Yba+, while spectrum were also studied of the compound 
YbA1G. 

III.  Experimental results 

The fluorescence spectrum of Ybs+:u at 1.9 ~ K is shown in Fig. I. Transi- 
tions of the fluorescence spectrum at 77 ~ K and even more so at 1.9 ~ K should 
originate in the lowest lying level of the ~Fs/~ state and terminate in Stark com- 
ponents of the u Fv/~ state. Instead of a maximum of four transitions one observes 
about l0 lines. The strong emission at i0324 cm -i  coincides with a strong absorp- 
tion at that  frequency in the absorption spectrum of this particular sample. This 
emission line which has not been observed by Wood [17] terminates in the ground 
state. Like the fluorescence spectrum, the absorption spectrum at 77~ and 
4.2 ~ K shown in Fig. 2 reveals the presence of many extra lines. The fine structure 
which appears on the low frequency side of the peak absorptions at 10634 cm -i  
and 10610 cm -i  does not disappear in the low temperature absorption spectrum. 
These bands cannot be assigned to transitions which originate in vibrational levels 
on the electronic ground state or other Stark component of the ~F~/~ state. We 
suspect that  these extra lines may be due to transitions of 4f electrons of u  a+ ions 
which occupy positions in the host lattice other than the yttrium site. 

The strong emission line and absorption band at 10324 cm -i  do not show this 
complicated fine structure. The fluorescence spectrum at 1.9 ~ K as shown in Fig. 
gives thus direct information about the position of the Stark components of the 
~FT/2 state. I f  one assumes that  the strong fluorescence lines (and also absorption 
bands) belong to the transitions of 4f electrons of ytterbium ions which occupy 
the appropriate site for rare earth ions in YA1G then the positions of the Stark 
components are directly mapped out (see Fig. 2). Evidence for the existence of a 
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Stark component at 387 cm -1 above the ground state was also obtained by study- 
ing the absorption spectrum of YbA1G at 77 ~ K. Transitions from a series of levels 
posi t ioned a t  ~ 3 8 0  em -~ to  an exci ted  s ta te  a t  10630 cm -1 could be de tec ted .  
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Fig. 2. The absorp6ion spectrum of u - :YAIG at 77 ~ K and 4.2 ~ K 

W o o d  [17] has r epor t ed  levels of  the  ground  mani fo ld  a t  0, 140, 390* and 620 cm -1. 
Our exper iments  do no t  show the  presence of  a level a t  140 cm -1. It shall be 

* There appears  to be an ari thmeticM error in ]~'ig. 2, Ref. 17. Dr. WOOD though t  it  a 
good idea to point  this ou~. 
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Fig. 1. The fluorescence spectrum of Yb 3§ : YA1G a~ 1.9 ~ K. The emission line at  10324 cm - 1  represents the transi- 
t ion between the lowest lying level of the ~F5/2 manifold and the ground state. Also indicated are the positions of 

the other Stark components of the ~v712 ground manifold 
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shown that crystal field calculations predict only levels above 400 cm -1. I t  is very 
well possible that  a level at 140 cm -1 above the ground manifold is associated 
with transitions of ytterbium ions which do not occupy the appropriate sites for 
rare earth ions in YA1G. 

The fluorescence spectrum of Yb 8§ YGaG has also been investigated. Although 
quite similar, the fluorescence spectrum at 4.2 ~ K is less complicated than that of 
Yba§ Three lines at 9702 cm -1, 9762 cm -1 and 10329 cm -~ have the same 
intensity distribution as the lines at 9548 cm -~, 97i i  cm -1 and 10324 cm -~ of the 
fluorescence spectrum of Yb s+ :u The line at i0329 cm -1 coincides with an 
absorption at approximately that  frequency reported by PArPAL~mDO and WOOD 
which was assigned to the transition of the ground state and the lowest lying level 
of the 2F5/2 state. According to these authors, the energy difference between the 
two lowest lying level Stark components of the 2F5/2 state is 290 em -1. Hence 
transition of the fluorescence spectrum at 4.2 ~ K should predominately arise in 
the level of Ybs+:YGaG at i0329 cm-L 

The lines at 9762 cm -1 and 9702 cm -1 terminate then in levels which are 
567 em -1 and 627 cm -1 above the ground state of Yb~+:YGaG. From an intensity 
comparison of the fluorescence spectra follows that  the corresponding levels of 
YbS+:YA1G at 0, 613 and 788 cm -1 are of Ybs+:YGaG at 0, 567 and 627 cm-L 
The over-all splitting of the ground manifold of Yba+:YGaG is thus smaller than 
the splitting of this manifold of Yb3+:YA1G. This has also been observed for 
identical J manifolds of Eu 3+ and Nd ~+ in these host lattices. An estimate can be 
made of the position of the fourth and missing component of the 2F7/2 state of 
YbS+:YGaG. The centers of gravity of the J = 5/2 and J = 7/2 manifolds of 
Yb3+:YA1G are at 10618 cm -~ and 444 cm-L The centers of gravity of these 
manifolds of Yb ~+: YGaG are at i0562 cm -I and x § 567 § 627 cm -~, where x is the 
energy of the missing level. I f  one assumes that  the spin orbit coupling constant 
is the same for the Yba+ ion in both host lattices then the center gravity of the 
J = 7/2 manifold of Yb ~+: YGaG should be at:  10562 - (106i8 - 444) -~ 308 em -1. 
Relating the two expressions for the center of gravity one evaluates a value of 
358 cm -1 for the position of the fourth Kramers doublet. I t  should be remembered 
that a change of 0A% in )t results in a change of ~50  cm -1 in the calculated posi- 
tion of this level. 

IV. The Crystal field for Yb~+:YA1G 

The experimental results on the split manifold of Yba+:YA1G indicate that  
the J § 1/2 fold degeneracy of the 2F5/~ and ~FT/2 states is removed by the crystal- 
]ine field. This is in agreement with previous results on the ions Nd 3+ and Er3+ in 
the same host lattice. 

The author [7 -- 9] has shown that  the symmetry of the crystal field which 
some of the trivalent Lanthanide ions experience in YA1G and YGaG deviates 
slightly from tctragonal symmetry. I f  A ~'~, A~, A~ and A~ are also small for 
Yb~+:YA1G and Yb3+:YGaG then the perturbing Itamiltonian Hc  due to the 
crystal field can then be written as: 

~c  ~,A ~  ~  ~  ~  ~ ---- A, O4] § 7 [A~ O~ § A~ 0~] (l) 

vch~I'e 
f/z__ 
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O~ are angular  m o m e n t u m  opera tors .  
cr and  7 are  opera to r  equiva len t  cons tan ts  [4--13]. 
Values of the  second and  four th  order  pa rame te r s  are mos t  easi ly ob ta ined  

from the  sp l i t t ing  of  a J = 5/2 manifold.  I n  a previous  pape r  on c rys ta l  field 
calculat ions for N d  s+ : YA1G i t  was shown [7] how values  of  the  second and  four th  
order  c rys ta l  field pa rame te r s  m a y  be eva lua ted  f rom the  sp l i t t ing  of  a J = 5/2 
manifo ld  in a t e t r agona l  field. 

Equa t ions  4a, b, 5 ( a - d )  and  6 given in Ref. 7 have  been appl ied  to the  
posi t ion of  the  S t a rk  components  of  the  2F5/~ s ta te  of  Yb 8+: YA1G. One evalua tes  
A ~ = 270 cm -1, A ~ = - t 6 5  cm -1 and  A~ = +1155 cm -1. Values of the  s ix th  order  
pa rame te r s  are eva lua t ed  f rom the  sp l i t t ing  of  the  2_F7/z s ta te  of  Ybs+:YA1G. 

Table ~. Energy levels of Yba+:YA1G 

OBS (cm -1) 

0 
388 
613 
778 

10324 
10622 
10910 

eale (em-~) 

0 
399 
612 
789 

10324 
10622 
10910 

A (em -1) 

0 
11 
1 
11 

Average Deviation cm -1 
Spin-orbit coupling )~ = -2907 cm -~ 

Assignment 

2F2/o 

Energy (em -1) 

10173 

:From the  re la t ions  given b y  Eqs.  7a, 7b and  7e the  following values are ob ta ined :  
w i t h  A ~ = 270 em-1 ,  A o = - - 1 6 5  era- l ,  A1 = -1 55 cm-1 ,  = 21 om-  a n d  

A ]  = - 3 0 4  cm -1. The ca lcu la ted  sp l i t t ing  p a t t e r n s  of  the  ~F~/~ and  2F5/~ s ta tes  
of  Ybs+ :u  with  c rys ta l  field pa r ame te r s  given above  is compared  wi th  the  
observed  sp l i t t ing  in Tab.  1. 

V. Energy  levels and Crystal field for Ybs+:YGaG 

The same t y p e  of  calculat ions have  also been appl ied  to  the  spl i t t ings  
of  the  J = 5/2 and  J = 7[2 manifolds  of  y b s + : Y G a G .  One eva lua tes  the  

Table 2. Energy levels of Yb3+: YGaG 

OSB (em -1) 

0 
308 ~ 
565 
627 

103t5~ 
10605~ 
10765~ 

ealc (cm -1) 

0 
322 
550 
627 

10315 
10605 
10765 

Average 

A (cm -1) Assignment 

0 
14 ~F7/2 
17 
0 

0 
0 2F5/2 
0 

Deviation 3 cm -1 
Spin-orbit coupling ,~ = -29 t0  cm -~ 

Energy (era -1) 

10186 

Values reported by WOOD and PAPPALARD0. 
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crystal field parameters: A ~ = t10 cm -i, A ~ = - i 2 5  cm -i, A~ = - t 2 5 0  em -1, 
A ~ = l0 cm -i  and A~ = - i 4 2  cm -i. The fourth Stark component of the 2FT/2 
state is calculated at 322 cm -~ above the ground state which is in reasonable 

-14o~ agreement with an estimated 

- 1 2 0 0  

-I000 
T 

-800 

-600 

-400 

-200 

0 
60 65 70 

ATOMIC NUMBER 

Nd EU Tb Er Yb 

I 
RRE3+~ Ry 3§ 

o o A o Fig. 3. Values of the crystal field parameters A~, A~ and for 
different rare earth ions in YA1G 

300 

20C 

I0(] 

0 

-I00 

-200 

-30C 

o o 

I t [ I 
60 65 70 

ATOMIC NUMBER 

Nd EU Tb Er Yb 

T 
RRE~§ ~ Ry 3+ 

Fig. 4. Values of the parameters A~ and A 6 for ~he different rare 
earth ions in u 

value of 358 cm -i  given in the 
above. Wood concluded from 
absorption measurements at 
different temperatures that low 
lying levels of the ground mani- 
fold are at i12 cm -i  and 308 
em -1. We believe that  the level 
at l i 2  cm -i  is associated with 
transitions ofyt terbiums which 
do not occupy the appropriate 
sites in the gallium garnet host. 
Furthermore, the concentration 
of ytterbium ions which occupy 
these improper sites is less then 
the concentration of the rare 
earth ions which replace the 
yttrium ions. This for instance 
can be seen from the absorption 
spectrum of Yb 3+ :YA1G at 4.2 ~ 
K (Fig. 2). The intensities of the 
bands decrease if the peak ab- 
sorptions move away from the 
absorptions which are due to 
~Fv /3 -  2F~/a transitions of 
ytterbium ions which occupy the 
proper site. The level at 308 cm -i  
is probably the position of the 
fourth stark component of the 
2F7/~ manifold of Yb a+: YGaG. 
A comparison of calculated and 
observed splitting of the two J 
manifolds of Yb a+:YGaG is 
given in Tab. 2. HVTCm~GS 
and WoLr~ concluded from cry- 
stal field calculations that  levels 
of the ~FT/2 state of Yb a+ : u  
are at 0, 5i7, 697 and 797 em -i. 
These results are in disagree- 
meat with the experimental and 

theoretical results presented in this article. It is perhaps worthwhile to note 
that the signs of our parameters A ~ A ~ and A ~ are in agreement with the results 
of a point charge calculations reported by these authors. 

In some earlier publications we have given values of crystal field parameters 
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of  the  ions N d  8+, E u  a+, Tb ~+ and  Er~+ in YA1G. I t  is in te res t ing  to  compare  the  
A ~  s of  the  different  ions in the  hos t  l a t t i ce  u This compar ison  can be seen 
in Figs.  3 and  4 where the  plots  are shown of  the  pa rame te r s  as a funct ion  of  the  
a tomic  m e m b e r  of  the  rare  ea r th  ions. The p a r a m e t e r  A~ is mos t  sensit ive,  A2 ~ is 
leas t  sensi t ive to  a change in the  value  of  Z in the  series of  the  Lan than ides .  
I f  all t r i va l en t  ra re  ea r th  ions experience a c rys ta l  field of  the  same s y m m e t r y  
then  the  ra t ios  A4/A 4 4  0 and  A6/A 9 4  0 should  be constant .  This is no t  the  case i f  
YA1G is t h e  hos t  la t t ice .  Bo th  ra t ios  increase in fact  slowly. The  radi i  of  the  
t r i va l en t  ions decrease as the  a tomic  number  Z increases,  while r~bS+ ~ rye+. 
I t  is ve ry  well possible t h a t  th is  change of  the  rad ius  of  the  centra l  ra re  ea r th  ion 
causes a r eor ien ta t ion  of  the  closest neighbors.  This in t u r n  resul ts  in a change of  
the  ra t ios  m e n g o n e d  in the  above.  
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