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Abstract

Single crysteds of rubidium chloride, bromide and iodide were doped with substititiond]
divalent viterbium, Y ions, by heating them in ytterbium atmosphere. The absorption
specira of the Y& oped crystals were measured at room and liquid witrogen
em;)z/mzm{' f he @pm ra were /()wm’ 0 ff)nmf a/ lﬂ[(’ﬁ%{’ 1)/0(1@? é{fm}; ;}fmr/ iwm’s
dz;m!e aiiowecf iransition Qf ihe }b z(m,;fmm fize .-iff ( g.‘a,j) g;ﬁ(_}mm’ stare 1o ﬁmm Q;‘ﬂz::{fmz
excited 4f7'5d configuration of the ions in the crystals. On the basis of the experimentel
data obtained from the study, an energy level structure has been derived for the 417 5d
configuration of YB* ions inrubidium chioride, bromide and iodide crystals.

Eeywords: Rubidium halides, ubsorption spectra, divalent yiterbium ions and metul
vapour phase diffusion.

%ii{;g:ﬁj{f one of the few rare earth Kyropoulous (Aguilar. ¢/ af., 1974, E {ubio,

et al.. 1976 and ,%:u,mm 1970) and
metals that easily exist in the divalent
state when combined with non-metallic
elements to form inorganic compounds.
Thishas motiv -ated a number of studies on
the spectral characteristics of transparent
inorganic compound insulators such as
alkaline earth fluorides and chlorides
doped with divalent yiterbium, Yb*, ions
{(Kaplyanskii and Feofilov, 1962, Piper, e¢f
al., 1967, Loh. 1968, 1969).

Bridgeman (Piper, ef al., "36’7} methods,
The absorption spectra of Yb' ions in
these crystals are usually found to consist
of strong broad bands located in the visible
and ultraviolet. A theoretical interpretation
of the results of these studies reveals that
the spectral bands could be ascribed to the
Laporte allowed 41°('S,)-—>141"5d
electronic transitions of Yb™ ions i the
; crystals.

The doping method adopted in most of
these studies s the conventional bulk
doping technique, This  consists in

In their study of the absorption spectra of
Yb" ions in sodium and potassium halide

. <, . rrvetale Mland 7 Sy it SR T et
incorporating some quantities of a crystals. Bland and Smith (1983) were
trivalent viterbium halide into the melt of  able to dope the crystals with Yb™ jons by

o

the desired host crystal. By some  heating the pure crystals in yuerbium
reduction process the trivalent yiterbium 311“?{3“15’?'““3”‘3 The absorption spectra of the
jons are reduced to the divalent state. YD ions in the sodium and potassium
Doped single crystals are then grown halide crystals consist of groups *ﬁf WW&'/
from melt by using any of the crysta]  bands, whichalso are located in the visible

growing methods such as t the Crochralsks and ultraviolet. The optical zz%e;wpm‘zzt
(Hernandez. er al., 1979. 1980),  spectrum of NaCLYb™ obtained by
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Tsuboli.eral , 1981, has a structure similar
to that mm’mzwj by Bland and
Smith, 1985 There 15 one mdm difference
between the spectra of Yb" - doped
sodium and potassium halide erystals and
those of Yb" - doped alkaline earth
fluoride and chloride crystals, however.
The absorption spectra of Yb" - doped
crystals of sodium and potassium halides
have three broad bands in the lower
energy mﬁ'f spectral range 25 000 -33 333
cnt) of the spectra. On the other hand, the
spectra of Yb* - doped alkaline earth
fluorides and chlorides, contain only one
bmad band i in the spectral range 25 000 -

33 333 em’’. Several theoretical studies
{Piper, ef m’M 1967, Fremin, 1970, Bland

’md Smith, 1985, Mejeha and Smith,
1998a) clearly predict ihcm, experimental

resuils,

This work, which is an extension of the
study of Yb" - doped alkali halide
crystals, represents an attempt to study the
spectral characteristics of Yb" ions in
_rubidivm chloride, bromide and iodide
crystals.

Theoretical Considerations

The strong absorption bands of the Yb™ -
doped sodium  and potassium  halide
crystals studied by Bland and Smith
(1985) have been ascribed to the Laporte
allowed transitions of the Yb™ ions from
he 407°CSOY
the first excited 417 5d configuration of the
v ions in the crystals. It is considered
that the states of the 417°5d configuration
of the ¥Yb® ions in the crystals are
perturbed by a number of interactions,
including:

I The interelectronic interaction between
sairs of electrons in b(: iim ;q resented
W the operator H {f¢ e 47 core
configurationis a,f.}zznzw;rué to be adthole.
Consequently, the 417'5d configuration is
equivalent o a configuration pf two non-

ot

p
b

the operator He,.

} groun dw state 1o the states of

e’;%quim,lzﬁm electrons. Accordingly, the
operator Hy(f.d) simply represents the
interaction %‘mmwn the 41 émi«w and the
lone 5d electron

i, Spin-orbit 1;3.1@3753@1‘%0% represented by
This consists of two
components H () and H{d) which
respectively act on the 41 and 5d sub-
spaces of the electronic wave functions.

il Crystal field interactions, which exist

between the ytterbium ions and the
surrounding ligand fons. The interactions
are represented by the operators H_{d) and
H(f). They act in the d-electron and f-
electron (hole) states respectively.

It has been pointed out that for the 4£135d
configuration of the Yb" ions in free space
spin-orbit coupling is indeed very b'ii”{)‘é“zgm
{' Bryant ( 196 ’%}‘i izz crystalf chzidﬂ; therefore,

Ho (D H(d), H (d) and H(fd) cause
energy ig, vel tf»p,;ht ings of ,hc: same order of
magnitude, and are therefore treated on the
same footing (Piper, ef al.. 1967, Eremin.
1970, Bland and Smith 1985, Mejeha and
Smith, 1998a).

Experimental Procedure

The single crystals of rubidium chloride.
bromide and 1odide used in this study were
obtained from BDH Chemuicals Ltd, Poole.
Fngland. Ingots of vtterbium used were
suy mimi by Rare-Barth Products Lid,
Cheshire, England. The certified purity
level of the sublimed metal ingots was
99.99%.

A small dise of the crystal 1o be doped and
a veterbium metal ingot were placed in a
specially  designed  device known as
primary diffusion ampoule, (PDA). which
was then evacuated to ultra-high vacuum
by means of a diffusion pump. The PDA
was then lowered into a secondary
diffusion ampoule (SDA) pre~heated in an
upright é‘"umacaz Details of the special
features of the PDAL SDA. the upright
furnace . and the special pi'm,mmra,f»,,,
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adopted during the doping can be found
elsewhere (Bland and Smith 1985, and
Mejeha and Smith, 1995). The doping
temperature was set at about 25° C below
the melting point of the host crystal to be
doped. Doping times ranged from 4 hours
10 6 hours for RbCl and RbBr erystals and
8 hours for Rbl crystals. At the end of the
doping time, the PDA wag lowered into a
dewar of liquid nitrogen to quench the
doped crystal. During doping, atoms of
ytterbium deposited on the crystal surface
were oxidized to the divalent state. The
resulting Yb™ ions diffuse into the crystal
bulk from the surface. The doping
technique just described is known as the
metal vapour phase diffusion, MVPD,
technique.

The Yb"' - doped rubidium halide crystals
were found 1o be coloured as a result of'the
presence of colour defect centres, such as
F-centres, F-aggregate centres, U-centres
or some other light absorbing defect
centres. In order to eliminate the colour
centres or reduce their concentration, the
doped crystals were thermally bleached

using the procedure described by Mejeha

and Smith (1995). The procedure also
prevented the formation of Yb™ ion
precipitates or the aggregation of Yb™ -

ion cation-vacancy complexes.

The absorption spectra of the Yb™ - doped
crystals were measured at room
temperature (RT) as well as at liquid
nitrogen temperature (LNT) using a Varian
DMS-90-UV-visible-NIR
spectrophotometer with wavelength range
190 nm - 900 nm. In addition, the second
derivative absorption spectra of the doped
crystals were measured at RT and LNT in
order to locate the peak positions of the
absorption bands more precisely.

Results and Discussion

Thermally bleached RbBr:Yb™ and
Rbl:Yb* crystals were found to be
colourless indicating that colour defect
centers whose absorption bands occur in
the visible have been eliminated.
However, RbCl:Yb* crystals could not be
thermally bleached completely and exhibit
bluish colour.

The optical absorption spectra of
RbCl:Yb™, RbBr:Yb” and RbI:Yb”
crystals obtained at room and liquid
nitrogen temperatures are shown in Figs 1-
3. Each absorption specfrum consists of a
number of broad bands appearing partly in
the visible but mostly in ultraviolet. The
absorption bands have been categorized
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Fig. 1. Optical absorption spectra of ¥b* jons in RbCl crystals at room

and liquid nitrogen temperatures.
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Fig. 2: Optical absorption spectra of Yb* ions in RbBr crystals at room.
and liquid nitrogen temperatures. '
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Fig. 3:0ptical absorption spectra of Yb** ions in Rbl crystals at room
and liquid nitrogen temperatures. -
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nto three groups: namely A, Band C. The A2~ band which has been normalized to

%wmd, in each band group have %“m.(,,n
distinguished by attaching numeral labels -
on the letters identifying each band
group. The choice of numeral will be
explained later.

Table 1. Shows the peak positions and
relative transition intensities of the major
absorption bands in the spectra of the
RbX:Yb™ (X = Cl, Br, I) crystals. In each
LNT spectrum, thc, wmzmwntdl
transition mtum(v of a band is derived
relative to the transition intensity of the

100. Inall the épeetra. the intensities of the
AZ and A6 bands relative to each other
follow the same trend, with the A2- band
always more intense than the A6- band.
Interestingly, the separation of the peak
positions of the A2- and A6 bmd%u,main
fairly the same across the RbX:Yb", (X =
CL Br, D crystal series. The separations are
2989 em’', 2983 ¢m-1 in the LN spectra
of ROCLYD™, RbBr:Yb* and ,Eib'[:Yb'””
cry stals rmpguwely{

Another interesting feature of  the
absorption spectra is that the peak position
of a given absorption band tends to

Table 1 Spectral positions and relative transition infensities of main bands in the absorption spectra of
RbX:Yb" (X=CI, B, I) crystals at room and liquid nitrogen temperatures

Host Crystal RbCl RbBr RbI
Spectral position | Relative [ Spectral position | Relative | Spectral position | Relative
(cmr’) - Intensity (em’) Intensity | (em’) Intensity
at LNT atLNT | at LNT
Band RT LNT RT INT RT LNT
DI 6m9 D : :
R s 494, 13 qe 495
Soo |- Jawmoam B
q 856 4100 638 FE I 7T R KU R €
(2 | i
B 9206 39139 106 36697 36765 85
B3 : - - - e w3
B 866 36900 8 | 3364 - g0 A -
Bl w6 B80S | s a5 R dl 3448 U
El 305 3188 2% | 0912 M8 36 (3146 M 10
A6 V60 9532 50 | s w4 ST TR 28860 7
A2 26649 26548 100 | 26560 2%4B 100 | 26040 25907 100
N\
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decrease in wavenumber (or energy) as
the lattice parameter, d, of the host crystal
increases. In this respect. ones notes that
Grr < A < diye When a Yb* ~doped
rubidium halide crystal is cooled {rom RT
to LNT, the absorption bands become
sharper: the A-bands shift to lower
energies. For the C-bands, the, matter is
more complicated. In the absorption
spectra of RbCL Y™ crystals, the C bands
shift to higher energies while the in the
RbBr:Yb” and RbL:Yb™ crystals. the C-
bands in general shift to lower energies
when the crystals are cooled. In general,
the B bands tend to be weaker than the A
and C- bands while the C- bands are the
most intense in all the spectra studied.

The structure of the absorption spectra of

RbX:YD™, (X = CL Br, I) crystals as well
as the various featuresofthe A~ B-and C-
bands already highlighted have striking
similarities with corresponding bands in
the absorption spectra of Yb" -doped
sodium and potassium halide crystals
obtained in an earlier study (Bland and
Smith. 1985). In that study, the
mvestigators convincingly showed that
the absorption spectra obtained could be
ascribed to the 4f('S,) - 4f75d
electronic transitions of the Yb™ ions in
the erystals. Accordingly, the A-, B- and
C- bands identified in the absorption
spectra of RbX:YB", (X = Cl, Br. D
crystals obtained in this study are hereby
attributed to the 4£%('S,)) —» 4f’5d
electronic transitions of the Yb™ ions in
the crystals.

Some theoretical studies of Yb* fons at

substitutional sites in cubic crystals have
predicted four groups of energy levels for
the 4£°5d configuration of Yb* ions in an
octahedral crystal field (Piper. et af.
1967, Eremin, 1970, Bland and Smith.
1985, Mejeha and Smith, 1998a). [tcanbe
shown that the A -, B- and C-bands

Cl, Br, D) crystals in this study correspond
to the lowest three of the four groups of
energy levels predicted by Mejeha and
Srith, 1998a, for Yb™ ions in octahedral
crystal field. The energy spectrum
predicted by these authors is shown in
Fig.4: in that figure, the numbers across
the spectral lines of the spectrum at chosen
values of Dq are transition intensities of
the lines. It has already been pointed out
that the separation of the peak positions of
the A2~ and- A6 bands remain fairly the
same across the spectra of the RbX:Yb".
(X = Cl, Br, ) crystal series. This fact. as
well as the verious features of the A2- and
A6 bands already mentioned suggests that
the A bands correspond to the lowest group
of energy levels in the theoretical energy
spectrum of the 4175d configuration of
Yb* ions in octahedral crystal fields.

The lowest group of theoretical energy
levels consists of six levels. The second
lowest of these is the most infense while
the sixth is the next in intensity in the
region of the spectrum for which Dg, the
crystal field parameter is larger than
800cm”. It is therefore reasonable to
assign the A2- band. the most prominent of
the experimental A~ bands to the most
intense of the six energy levels in the
lowest group of the theoretical energy
levels. This happens to be the second
lowest level. The A6- band, which is the
next in intensity in the experimental A
bands is assigned to the sixth energy
levels, since the sixth theoretical energy is
the next in intensity to the second
theoretical energy level. Itisremarkable o
note that the separations between the
theoretical energy level corresponding to
the experimental A2~ and A6- bands in the

theoretical energy spectrum are practically

constant as Dq increases within the
field regime for which Dg > 800¢m " T
is consistent with the expe
observation that the separation beow
the peak positions of the A2-
bands remain fairly constant across the

and A2Z-

% Nigerian Journal of Physics, 19 (2), (2007)
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Fig. 4 Variation of T4, energy levels of the 41f*s5d configuration of Yb?'
ions with erystal field parameter Dqg in octahedral crystal field. The
energy parameters Fa, Fy, G, Gs, Gs, ar, and {54, are set at free ion
values [After Mejeha and Smith (1998a)]. :

rubidiunt halide series. In this respect, itis
worth noting  that the crystal field
parameter, g A0, where A is 2
measure of the erystal  field splitting of
the 5d electron orbitals of the Yb™ jons in
an octahedral environment. For
RbCl:YH" crystals. Dg = 1550cm’ while
it has values 1057cm-1 and 931em™ for
RbBr:Yb* and RbL:Yb' crystals
respectively (Mejeha and Smith, 1998a).
A close scerutiny of the experimental
energy spectra of Yb'' jons in RbX:Yb",
K= Br, ) erystals and the theoretical
energy spectrum (Fig.4) shows that the B
and C bands correspond to the second and
third group of theoretical energy levels
respectively,

,”,
<

In the LNT absorption spectrum of
RbBr:Yb” crystal. a weak high energy
band has been identified as the DI band. [t
has been assigned to the lowest energy
level in the fourth group of levels in the
theoretical energy level spectrun. It is note
worthy that in the absorption spectra of
KCLYDY, KBr:Yb', and NaBrYb~
crystals, some absorptions bands were
fabeled Dbands (Bland and Smith. 1985).
These were found to correspond to the
fourth group of theoretical encrgy levels
computed by the investigators just cited. It
15 possible that the D-bands in the
absorption spectra of RbCLYbB and
RbLYb" crystals have been masked by the
onset of the intrinsic absorption edge of the

Nigerian Journal of Physics, 19 (2), (2007)



Absorption spectra

Mejeha

%
H

host «zwm% 1118 also possible that their
ions may be located in the
bands of the crystals and

suv’fﬁ iﬁh@ ran '}:? Wf“ optical

The "i)"“”é:‘;"»i{}i}%'idi’;fw{‘: of the absorption
bz maf; identitied in the spectra studied to
the first three groups of the theoretical
energy levels pz‘c:dﬁg:%‘xi for the 4£°5d
configuration of Yb™ ions in an octahedral
ystal field zugzzm% éazz*‘%%&@r comments.
o start with, it has to be noted that the site
symmetry of a substitutional Yb" ionin a

-

cr
T

zzéii i halide  crvstal dg m‘}i‘ truly
setabedral, Oh, rmmi symmetry, Rather. it

is orthorhombic, O,y point symmeiry.

ertheless. ithas been shown that when
dealing with the first excited
configurations of doubly ilonized rare-
earth ions at substitutional s
halide wwmi 5, it 15 a good approximation
1 the - site symmetry of the
b zmim al divalent impurity ions as
setghedral (Hernandez. et af ., 1980, 1981.
Teuboi, er ., 1981, Bland and Smith,
1985, Mcj cha and Smith, 1998b). The
octahedral @;"ﬁprw}xz{zsézu;“ %\’;i therefore
be adopted in the analysis that follows.

Tl
Nl

re b ased

%ﬂ@aﬁ&;tig};miém {/ %i ee the
g (i 2] f’j/ ;i {[

u{i%w 4175d é;:amﬁgu m i o W ’ i(.‘m:_v; i
Oh crystal field ( ?@’%c‘:ﬁsﬁm and  Smith,
19982} led the investi gators to purpose an
interaction model depicted schematically
in Fig.5. Basically, the model recognizes
the strong influence of the spin-orbit
interaction operator H_ () on the
elgenstates of the 47 hole and of the crystal
electron “orbitals. There effects are
however moderated by the actions of the
spin-orbit interaction operator H (d) and

Coulomb and cxchange

the direot
inferactions operators H (Ld)
the latter operator is to couple the

sites in alkali

Piu =1, 2..05) of
follows: .

The ‘subscript u

he rule of

multiplet states 2F1. J = 772, 572 of the 41
hole {(that is the Tocore sub-
configuration) to the cryst d splitand
spin-orbit perturbed 5d ¢ 1 states, It
zzz‘»;e;} ff;g.. o %ia the energy thereby
j een the
ener '«w iczw;-:f STOUPS zmzz? ting f“wrz the
actions of the interaction operators H (1),
H (d)and H (d)on the é"iﬁzuii;"\/‘siﬁiaﬁ of the
4175d configurations of the Yb” ions in
octahedral environment, In column a:é. of
Fig.5, only those energy levels associated
with crystal field states which transform as
the irreducible representations [du of the
0, point group are shown for reasons to be
explained shortly,

In free space. the 4" 5d configuration of

i

Yb' ions consists of 20 free energy levels.

These are slitinto 58 crystal feld levels in
0, crystal field. These levels are
associated with crystal field states
spanning the ;zre:,du,,,;bhz representatives
point group as

2u 121 3ul | «ézz(w 1815u
@Eimh d 1o the
representalions 't shows that the
associated crystal field states are of odd
parity.

61 u®

In the O,
transitions are allowed from the 41" ¢

clectrie {é‘z;% ¢

Ty
NP |
=207

crystal field,

I"1g ground state to only the 181 4u crystal
field levels which can be {;zizf:g},mz/c d mto
four groups labeled as A" B, Cand I
from the lowest energy group in that order.
Group theory predicts that there are 61 4y
levelsinthe A: group. “’ﬂ”"ﬂ?u%m’@is&in {!z@ B3
group while the C and D groups consist of
4T4u and 304u levels res gzs,:a,u m%;’y,
"‘%a’;aﬂﬁ; %‘hz; mmﬁa% correctly predicts the
iewi sineach of the four
ffalﬁ?it/ 1% §

;sm

1

s,ma;rg;y .%:%*f)ﬁ%l?ii"i.%i'ii (see Fig.4).
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=x -

The model is quite valid if the 5d electron Yb" ions in RbX (X = CL Br, I) crystals.

orbitals are strongly sphit into 173(e,) and The scheme is tHustrated i Fig 6. Colunmn

(1) components by the crvstal field {23 in the figuwre shows the calculated
nteraction operator H7{(d) as when Dg 181 ff»u ”,““rwéﬂvl‘ff?f;” v i gu‘li’ 4175d
e for RbCIYDL g/q;;,z*iiz.%%uf¢1%1<,}a{; :ii Y b_; lons 1n RbBr ery z.‘}mi
. o i s . Y g ,'} iy ' ] r_3 ,: P i A. ‘ (y‘zb
crystals for which Dg = 1550 om | W fm Dy E‘}“.j cm (Mejeha and %?”,?
he intermediate crystal 1998a). In column b, the caleulated Au

- 2888 ok b 8A G e St I .

S DR U N S Y S e
R T evels were merely assigned fo the free o
D < 1400 om™). the 5d fevels w 4 fiiﬁdé,&,izj} ‘ﬂ{"};’zi i%}é rec ion
clectron states can no loi states of the 417°5d configuration from
W - R & - ) ' - Aviedy thes wwmrs orerroo o ""'w s clerg o
unambiguously described by using the which they were genealogically derived.
= ’ 4 The last three column show the
crystal fleld guantum numbers I3 and '3, N ; rov level struct l 5‘”‘”55
This is the case applicable 1o the f"\;)‘”fhtﬁw;‘; ;{n{c;g} (i?% :,i;;,&,zm? (; iz;
R i AN S i ions in the RbX (X = CL Br. ) crystals. The
RbBr:Yb™ and RbI:YD™ for which Dg has e
values of 1057 em” and 931 om’ experimental energy level structure shows

values of 1057 om™ and 931 con R ‘
respectively ) that the B~ and C- bands in the absorption
- spectra of RbBr: Yb and RbLiYb

e (b e o f 1h e et i crysta ~alogi

Ory the basis of the above considerations, ‘E‘ g ed .
. ; he admized “F,,5d,,. and
an energy level scheme is hereby Hie d i,ﬂ /,, R E}A’ N
proposed for the 4"Sd configuration of ~ States n the crysta e matiix. lowever,
in the spectra 0 RbCEHYD crystals, the B-

However, in
ficlds (800 cm”

Is are penenlogically derived from

i, free fon

3

H
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bands are derived from “F.,5d,. free ion  They have since been ascribed to the
states which in the strong crystal field  forbidden 4£7('S))® 4{"6s transitions of
correspond to the “F,I', and cerystal  the Yb' ions in the crystals (Bland. er. of
field states, while the C-bands are derived ~ (1996}].

from the “F,,5d,,. free ions states which
LU crystal field

The bands labeled I in the LNT spectrum
states. of RbI:Yb™ crystal and the Pl and }1*"}

bands in the LNT spectrum of RbCEYD™
crystals were identified to be due to
unknown impurities present in the
nominally pure crystals. Their transition
intensities relative to the AZ -band vary
from sample to sample. The absorption
bands labeled N1 and N2 on the high
energy side of the LNT spectrum of the
CRBCLYD erystals are not due to Yb™ ion
transitions. Their intensities relative to the
A2-band also vary from samiple to sample.
They probably are colour centre bands

correspond  to the

Mention has not been made of the
absorption bands labeled Bl and E2.
These have been identified as due 1o
electronic transitions of Yb* ions but of
different nature from those giving rise to
the A-, B~ and C(-bands. They show
similar features as the 17 and B2 bands
wentified by Bland and Smith (1985) in
the spectra of Yb™ - doped spectra of
sodium and. potassium halides crystals.

CEL CFIS Rbl : RbBr RbCl

50.0 T » ' B
E/25d3/2
45.0 T 1
= | \ e
«)O 40.0 _ 7/25 d3/2 R a——— T
2 — and
_ 2 —= —_— -_—
é v——— 5/25d5/2 — ———
> 350 T _— -+
2
®
0 N i = -——- E1
300 +  —m}7 —_— —_—
———— 2 <
P 7/25d5/2 .
25.0 + i N

i (a) (b) ©) %

Fig. 6: Theoretical and experimental energy levels of Yb™ jons in
rubidium halide crystals; (a) Calculated energy levels (CEL) in RbBr
crystals, values of which were obtained from Mejeha and Sinith, 1998a;
(b) Corresponding free - ion states (CFIS); (¢) Last three columns show
the experimental energy levels of Yb*" ions in the crystal hosts indicated.
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