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EPR and optical spectra of Y&t in CsCdBr;:  Charge-transfer effects
on the energy-level structure of YB* in the symmetrical pair centers
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Electron paramagnetic resonan¢EPR), optical absorption, fluorescence, and excitation spectra of
CsCdBg: 1% Yb*" single crystals were taken at 4.2 K. An analysis of the dependence of the EPR spectrum on
the magnetic-field direction and a comparison of the recorded signal shapes with simulated envelopes over the
magnetic dipole transitions of the expected dimers containing all ytterbium isotopes were performed. This
allowed us to assign the measured EPR spectra unambiguously to the symmetrical pair center of the type
Ybe"-Cd?* vacancy-YB" substituting for three adjacent &dions in the bromine octahedra chains. A dis-
tance of 0.596 nm between the magnetically equivalerit Ybns was determined from the line splitting due
to magnetic dipole-dipole interaction. An interpretation of the optical spectra in compounds containing
(YbBrg)®~ complexes is presented, which is based on a crystal-field theory accounting for an interaction
between the ground 4% Yb®")[4p®(Br )]s and excited 4*%(Yb?")4p%(Br)[4p®(Br)]s charge-transfer
configurations. The observed large splitting of the excited,(4f%%) crystal-field multiplet is explained on
the basis of a quasiresonant hybridization of tHehéle state with the spin orbitals of the charge-transfer
states. With physically reasonable values of the fitted model parameters, the calculated energy level diagram of
the 4f*2 configuration and thg tensor of the YB" ion in the crystal-field ground state are in good agreement
with the experimental data.

. INTRODUCTION (RE**-CP* vacancy-RE") substituting for three adjacent
C?* ions in the chair(the point symmetry at the RE sites is

Doped with trivalent rare-eartfRE) ions the diamagnetic C, ). However, several other RE minority centers of trigo-
double bromide CsCdBris extensively studied in many nal andC, symmetry were identified in the optical and EPR
laboratories as a promising material for upconversion lasersgpectrs:8-4too. In particular, it was supposed that trigonal
The effective upconversion is due to the specific dimer strucgimer centers of the asymmetric tyfRE>"-RE*"-C* va-
ture of the RE centers in this compound. Of further interest;ancy are formed as well with a spectrum of the central
are some peculiarities of the crystal-fi¢ldF) splitting inthe  RE3* jon very similar to that of the symmetric dimel&®
octahedral environment (RE§F~ [RE=Tm*>", Yb**] asin  The existence of these asymmetric pair centers, which might
CsCdBg, " Cs;Yh,Bro,® and bromo elpasolitéswhich can-  play an essential role in quantum upconversion due to the
not be interpreted in the framework of conventional CFclose proximity of the RE ions, could not be proved by EPR
theory. A fundamental understanding of the interactions bespectré* From calculations of the local lattice structure
tween the localized # electrons and the crystal lattice is and from estimates of the CF parametetgollows that the
necessary to explain the unusual CF splittings as well as tgrystal fields in the symmetric and asymmetric dimers should
elucidate the role of electronic excitations of the host crystabjiffer substantially, a fact which could not be proved experi-
in nonradiative relaxatiohand fast quantum upconversfon mentally. Some of the observed spectral lines can be identi-
of RE ions in the double bromides. fied with quasi-single-ion centers of the typRES"-Cd?*

The crystal lattice of CsCdBrbelongs to theDyg,, space vacancy-Cé"-RE®").14
group. It consists of linear chains of face-sharing slightly For EG*,*® Ho®*", 't P+, ' Nd®** and EF*,'® the ener-
deformed(CdBr)*~ octahedra arranged along the crystallo-gies and symmetries of a large number of the CF states,
graphicc axis and connected through parallel chains of Cs determined by polarized site-selective laser spectroscopy of
ions. Electron-paramagnetic-resonan@PR) spectra of the symmetric pair centers, were successfully described in
CsCdBg crystals doped with Kramergad®* (Ref. 7] and  the framework of conventional CF theory. However, consid-
non-KramerdHo®", Tm®" (Ref. 8] ions taken in the micro- ering the CF states of T, the authors of Ref. 1 had to
wave and submillimeter ranges of wavelengths, respectivelyintroduce term-dependent CF parameters. To describe the
gave direct evidence that the REions preferentially form  measured energy-level pattern of i@, CF multiplet, it was
charge compensated symmetric dimer centers of the typeecessary to use parameters of the one-particle CF Hamil-
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tonian that were about two times larger than the correspond
ing parameters obtained from the splittings of all other CF
multiplets. The difference between the measured total split- a)
ting of the G, multiplet and the calculated one with the A q
parameters from the other multiplets is so lafgd.50 cm %) 0.2026 0.3128
that it cannot be attributed to any known correction of the
one-particle CF modddue to electron-phonon interaction or E
correlated CF, for exampleln Ref. 1 it was proposed that .2 B M
this singular increase of the CF splitting 1, is caused by
quasiresonant scattering of lattice excitons by thé Tians. b)
However, no reasonable estimate for this effect was pre-
sented.

Generally, the most basic information about the CF expe-
rienced by RE ions in a given host lattice can be obtained
from the theoretically most simple analysis of the*YIspec-
tra because in this case the one-particle approximation is FIG. 1. Measured(a) and simulated(b) EPR spectra of
approved(one hole in the electronicf4shell. The absorp- CSCdBE:Yb®". Magnetic fieldBIIC;, v=9.282GHz, T=4.2K,
tion and emission spectra of CsCgB¢b3* were studied in  ¢=1%.
Refs. 2 and 17 and an energy-level scheme of th& Yans
in the symmetric dimers was proposed. But the CF states=9.282 GHz and for static magnetic fields up to 1.3 T. The
were not characterized by symmetry and no attempts werangular dependence of the spectra was studied rotating the
made to analyze them in terms of a set of CF parameters. sample around the microwave magnetic fi#@¢t), which

In this paper, EPR as well as optical absorption, fluoreswas fixed normal to the plane containing the static magnetic-
cence, and excitation spectra of CsCgtBb®* were taken at  field B and the crystallographic axis.
liquid-helium temperature. The EPR signals could unam- There are three Yb isotope&’®vb (nuclear spinl =0),
biguously be identified as magnetic dipole transitions be’*Yb (I =1/2), and*"3yb (I1=5/2) with natural abundances
tween the Zeeman components of the ground state of thef 69.5%, 14.3%, and 16.2%, respectively. The®Ybeso-
symmetric dimers by their specific dependence on thanance signals are easily recognized by their characteristic
magnetic-field direction and by the hyperfine structure due tdyperfine structure. The spectra measured in the magnetic-
the odd ytterbium isotopes. The measugeéactors of the field rangeB from 0.20 to 0.32 T, contain two main lines and
ground state and the CF energies of the’Yibns are ana- a large number of satellites with amplitudes 15 to 20 times
lyzed in terms of a semiempirical model taking into accountsmaller. The behavior of the intense lines under rotation of
the configuration mixing (#34f1?5d') by the odd CF as the magnetic field fronB parallel toB perpendicular to the
well as the quasiresonant mixing of the ground configuratiorsymmetry axis is typical for a spectrum of a pair of identical
4F13(Yb®H)[4p®(Br~)]e with the 36 symmetrized molecular ions. The difference between the resonance fields of the two
spin orbitals of the charge-transfer configurationmain lines is largest for the magnetic fidddparallel to thec
Af¥(Yb?)4p3(Br)[4p®(Br7)]s. In earlier studies of axis[Fig. 1@]. Increasing the angle between the magnetic
charge-transfer effects on the CF splitting df'4nultiplets,  field and thec axis, these lines move together and coincide at
the fine structure of the charge-transfer bands and their po$4.5°. ForB.L c [Fig. 2(@)], the lines approach their second
sible overlap with the excited states of th&'4onfiguration  extremum position with half the distance between them as
were not taken into accoultff. A systematic study of the for Blic. The low-intensity satellite lines separate into two
charge-transfer bands of the lanthanide halides demonstrates
a general trend of decreasing transfer energies with increas
ing charge of the RE nuclei and increasing size of the ligands

>

(F-CI-Br-1).° Thus, low energies for charge-transfer excita- a)
tions in the(YbBrg)®~ complexes can be expected. We sup-
pose that charge-transfer states can come into quasiresonan 4 ) ; - 1
with the excited stat€’Fs,(Yb3") causing anomalous CF 0.2026 0.2987
splittings of this state in the bromo elpasolites;¥0%,Brg —_
and CsCdBy:Yb®". g
ot e
’ B (T
Il. EXPERIMENTAL RESULTS b)

The experiments described below were performed on
single crystals grown by the Bridgeman method. The proce-
dure is described in Ref. 6.

A. EPR spectra and spin-Hamiltonian parameters
P P P FIG. 2. Measured(a) and simulated(b) EPR spectra of

The EPR spectra in CsCdBYb**(1 mol %) were taken CsCdBg:Yb3*. Magnetic fieldBL C5, »=9.282 GHz, T=4.2K,
at 4.2 K with an E 12 Varian spectrometer at the frequency=1%.
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TABLE |. Ground stateg factors and crystal-field energiésm cm™1) of Yb®* in the (YbBr)3~ complexes.
Cs,NaHoBI5:Yb%* Cs;Yb,Brg CsCdBg:Yb3"
Theory Experiment Theory
Theory
Experimert  4f®  +4f“Br Experimert  4f® Refs.2and 17  This paper % +4f%d' +4f“Br
1 2 3 4 5 6 7 8 9 10 11
g 2.667 2.666 2.693 2.5@90.004 2.634 2.523 2.540
9. 2.667 2.666 2.640 2.6140.002 2.676 2.725 2.706
Fopl 0l 0 0 0 0 0 0 0 0 ay,
2R, 2 215Ig 188 215 114 142 114, 115 159 146 144 151
2F,;, 3 140 212 161, 167 198 200 201 27
Fop4d 4761, 428 478 441 438 464 466 418 421 461
%Fgp1 10144 10296 10144 10119 10119 10121, 10122 10125 10280 10277 10,120
T2 10146 10146 10138 10139 10300 10301 10140
%Fg,3 106290, 10586 10623 10590 10438 10596, 10599 10598 10576 10578 10,591

%Reference 4.
bReference 3.

groups with line shifts correlated to the shift of one of theand perpendicular to the symmetry axis The four elec-
two main lines under rotation of the sample in the magnetidronic states of the dimer are characterized by the total spin

field. For low fields (0.12-0.15 7 an additional low-
intensity signal appearf@amplification increased up to b@t
finite angles between the magnetic fi@dand thec axis.

S=0,1 and its projectioi®g on the direction of the magnetic
field. For the magnetic fieldllc and the microwave field
B(t)L B, magnetic dipole transitions are allowed\§

The ground state of the ¥b ion in CsCdBg is well =0,ASz==*1) at the resonance fields,; andB,,, which
separated from the other CF stafese Table)l So, we can satisfy the equations
use the spin-Hamiltonian approximation to describe the EPR
spectra. In the crystallographic system of coordinates, the
spin-Hamiltonian of a dimer parallel to the crystal symmetry
axis can be written as

2whv=gyugBa+ (K, —K)/2;

2mhv=g ugBr— (K, —K)/2. (4)

For the magnetic fieldB.L c, transitions are allowed at the

H=HyHHo K (SuSact SiyS) +KiS1zS22, - (1) resonance fieldB,; andB,, given by the equations
where
2mhv=[(g, ueBx1)?+ (K, —K;)216]"+ (K, —K)/4,
Hi=0,18B.Si,+ 9, ua(BSit BySy) +AS,l ®)
+Bi(Siclix+ Siyliy) + Vi[3I1Z = 1i(1;+1)] 2 ZWhV:[(gLMBBX2)2+(KL_K\\)216]1/2_(KL_KH)/4-( )
6

is the spin-Hamiltonian of a single ion with the effective spin .

S=1/2 (we neglect here the nuclear Zeeman energy an&'om the measured values of the resonance fiBlgsand
small contributions nonlinear in the magnetic field andBzi» We can obtain they factors of the YB ion in the
nuclear-spin component® ug is the Bohr magnetory; is ~ ground-state doublefable I, column 8 and the anisotropic
the quadrupole hyperfine constant, which is nonzero for th@art of the interionic interactionK, —K;=(3975+5)
173y isotope?* A=g,A, /g, andB=g, A, /g, are the mag- <10 °cm ™. If we assume that the ions in the dimer are

netic hyperfine constants that are expressed through tHgoupled by magnetic dipole-dipole interaction, we can obtain
known values of the magnetic hyperﬁne Constahgs of their interioniC d|StanC&:05962 nm from the Value Of the

17y (887 MH2) and 173Yb (—243.4 MH2,%* and the Lande anisotropy constank, —K;. This value is consistent with
factor g, in the free-ion ground statéF,. the correspondinlg distances in the symlgwetric dimers of thu-
The contributions to the Hamiltonian due to the magnetidium (0.5943 nm,” holmium (0.5937 nm,~" and gadolinium

dipole-dipole interaction in a dimer with distanReare given ~ (0.593 nm.” The small increase of the interionic distances
by*4 with decreasing ionic radii of the RE ions is consistent with

calculations on the local deformation of the lattice structure.
At the magnetic-field directions considered abox&g

=+ 2 transitions are strictly forbidden; but they become al-

lowed (and have been observeifl the field B is inclined to

The two most intense lines in the observed spectra are athe c axis. In agreement with the experimental results, the

signed to the dimers consisting of two equivaléftyb®* calculated maximum intensity of these transitions is about

ions with zero nuclear moment. The simplicity of the corre-two orders of magnitude lower than the intensity of the al-

sponding spectra allows us to determine the spinlowed transitions atv=9 GHz. It is noteworthy that from

Hamiltonian parameters solely from the data Biparallel these measurements we cannot find an exact value of a gap

- (gims)?
g K2 @
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between the singleB=0 and tripletS=1 levels that may TABLE Il. Crystal-field parameters (cm™) in (a)

contain a contribution from isotropic exchange interaction. CsCdBg:RE*" (symmetric pair centeys (b) Cs;Lu,Bre:EF*, (c)
We can present an additional confirmation of the observe&s:Yb,Bre, and(d) Cs,;NaHoBF;:Yb*".

EPR spectra as belonging to the symmetric pair centers by

comparing the stimulated and recorded spectral envelopesye Ho Er Tm Yb
Assuming Gaussian line shapes for the individual electron-gk o BP € ad c d a
nuclear transitions with half-widths (In%®JéBj; in a dimer " 5 3 4 5 6 7 8
containing™Yb3" and ™ Yb3* ions, the shape of the corre-

sponding EPR signal at the fixed frequencis given by B, —756 -1306 —-675 —814 —-111.5 0 -684

BY -943 -106.4 —98.4 —820 -88.7 —846 —816
Bg 12.75 10.2 8.7 1126 6.35 8.51 8.69

S,(B[mm’)=— % Wi (B ) (B =B i) (9Bip) 2 B3 2841 3230 2993 2362 2333 2393 2323
’ ‘ B, O ? 0 0 -127 O 0
B-By ) \? B} 2162 1745 209 153 579 105 589
xexp | g, M B* o0 ? 0 0 5.8 0 0
' B 1498 982 874 1059 54 82 299
Here Bs® O ? 0 0 -137 0 0
Wit (By o) = (1191 (Sy1+ Sy0)[F)? (8  "Reference 14.

bReference 26.
is the relative integral intensity of the magnetic dipole tran-°Reference 16.
sition between the initiali) and final (f) electron-nuclear 9Reference 1.
states of a dimer at the frequeneyinduced by the ac mag-

netic field B,(t). B, is the resonance magnetic field for smaller interionic distance close @2=0.34nm. We ob-
this transition. served several additional unidentified EPR lines in the
By numerical diagonalization of the Hamiltoniah) for  magnetic-field range from 0.05 to 0.45 T but all these signals
all dimers made up by all different isotope combinationswere about two orders of magnitude weaker than the main
(%b-1"%p, Oyp-l7lyp 170h-1yp, ypl7lyh EPR lines. Itis possible that due to a large zero-field splitting
1yp-173yb, 13vp-1"%vb), we obtained the magnetic-field (more than 60 GHz induced by strong anisotropic exchange
dependencies of the resonance frequencies and the relativethe asymmetric dimers, one has to apply magnetic fields
integral intensities of all possible magnetic dipole transitionshigher than 1.5 T to observe the corresponding EPR signals.
The minimum rank of the Hamiltonian matrix is 4 for two
17%vb3* ions, the maximum rank 144 for twh3Yb®" ions.
The values of the factors used in the calculations are given
in Table I. The corresponding magnetic hyperfine constants The theoretical discussion of Yb spectra is much easier
are AY"*Yb)=1948 MHz, B'’*Yb)=2029 MHz, A(}"3vb)  than of the other RE ions because there are only 14 differ-
=—-534MHz, andB(}"®b)=—-557 MHz. The quadrupole ent quantum states in thef%# ground configuration. The
hyperfine constan¥/(*’3Yb)=—5.9 MHz has been obtained free-ion ground-stat€F,, and the excited statéFg, are
from the electronic quadrupole moment of the CF groundsplit by the CF into four and three Kramers doublets, respec-
state determined by means of the CF parameters presentedtively, transforming according to the irreducible representa-
column 8, Table Il. The contribution of the host lattigwint  tionsI", andI 5 of the point symmetry double groups, of
chargg to the quadrupole constant was estimated to be 0.the RE™ ions in the dimer centers.
MHz. The simulated spectral envelopggB) in Figs. 1 and From our studies of the absorption and excitation spectra
2 represent sums over the spectra of all possible dimers witbf CsCdBg doped with 1 mol % of ytterbium, we determined
statistical weights determined by the concentratiofra) of  the energies of the CF sublevels of the excited st&tg, at

B. Optical spectra and the energy-level diagram

the ytterbium isotopes: 4.2 K (Table I, column 8 which are very close to the values
given in Refs. 2 and 17. These energies are also very similar
c(m)c(m’)S,(Blmm’) to those measured in ©&,Brq Ref. 3 (Table I, column %
S,(B)= > : . 9) : B ¥ ; umi
= [21(m)+1][21(m") +1] having a stoichiometric dimer structure with the3/hons in

a sixfold bromine coordination closely resembling that of

Varying only the widths of the individual electron-nuclear Yb®* in CsCdBg.??> The excitation spectrum of the total
transitions (the final valueséB;;=0.00135T forBlic and fluorescencéFig. 3 shows several sharp lines and a broad
0.00185 T forBLc are close to the linewidths of the mea- vibronic sideband up to 10800 ¢rh The most pronounced
sured signalwe were able to reproduce very well the shapespeak is situated at+ 10600 cm*. The insert shows the peak
of the measured spectteompare Figs. 1 and)2This result  to consist of several lines yielding different fluorescence
and the absence of any other intense EPR signal confirm thgpectra(not presented heyeOut of those excitation lines we
the YB*" ions, similarly to other RE" ions in CsCdBs,  selected the one at 10598 thshowing the best resolved
form preferentially symmetric dimer centers of the typefluorescence transitions with the least overlap with other
[Yb3'-Cd?* vacancy-YB*]. lines.

It was assumed in Ref. 2 that as much as 20% of thi&' Yb  The unpolarized fluorescence spectr(fiy. 4) was taken
ions in CsCdBj form asymmetric dimers with a significantly at 4.2 K by laser excitation at 10598 ¢h This spectrum
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contains three well-resolved lines corresponding to transirescence spectrum differs remarkably from the one presented
tions from the lowest CF sublevell'} of the excited state in Refs. 2 and 17columns 7 and 8, Table.llt is noteworthy
2F¢, to the sublevels of théF -, ground statéthe irreduc-  that the authors of Refs. 2 and 17 followed Ref. 3, construct-
ible representations of the energy levels were taken from Ckhg the energy-level scheme of thd,, CF multiplet in
calculation$. The fluorescence line at 10 125 chis attrib-  Cs;Yb,Brg (column 5, Table ), which disagrees with the
uted to the transition to the CF ground stdf,,(1I',). The  theoretical models considered below.

doublet structured emission from the next highgg sub-

2 . .
level of “F5/,, observed at 15.5 K in Ref. 17, was absent in Il CALCULATIONS OF THE ENERGY-LEVEL
our spectra. The emission spectrum in the range from 9800 STRUCTURE
to 10100 cm? has a very complicated structuigee Fig. 4
The zero-phonon transitions to the second’ (R and third The Hamiltonian of an electron localized in theshell (n

(3I'se) sublevel of 2F, are superimposed on the vibronic is the principal quantum number ahds the orbital angular
sideband of the transition to the lowest sublevel{l. The  momentum of the YI®* ion can be written as follows:

most intense line in this spectral region at 9966 ¢nis

assigned to the transitiofF s, (1I" ;) —2F,,(2I',) and the H(nl)=E(nl)+Hsgnl)+Henl), (10)
line at the extreme left in this regic@t 9927 cm?), which

lies well behind the boundary of the phonon spectrum, isvhere E(nl) is the orbital energyHso(nl) is the Hamil-
assigned to the’Fg,(11',)—2F;,(3Isg transition. The tonian of the spin-orbit interaction, ardc(nl) is the CF
lowest line at 9659 cm' reported by othefs-” as well, is not ~ Hamiltonian. In principle, we can introduce two different
shown in the spectrum. It is assigned to thEs,(1I,) spin-orbit interaction constants for impurity centers of trigo-
—2F,,,(4T',) transition. Thus, our interpretation of the fluo- nal symmetry:

Excitation: 10597 cm-1
150007
2 s 2
F5/2(1F4) > F7/2(2r4)
s 2
2F5/2(1r4) > F7/2(1r4)
10000 -
@
c
3
O FIG. 4. Fluorescence spectrum  of
E 2R p(1T) > 2F, (L) CSCdBQZYb3+, T=4.2K, c=1%.
2
& 50004
9800 9900 10000 10100 10200

Wave number (cm-1)
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Hso(nD =X (nD1,s,+ N, (nD(1xse+1ysy) (11) nent of the CF responsible for the radiative electric dipole

transitions can contribute to the CF splitting. To elucidate the

(sis the electron spin momenfThe CF Hamiltonian of a##  role of this mechanism, we considered explicitly the effect of
electron in the symmetric dimer is determined by the sixmixing of the ground (4% and the first excited (#-%5d*)

even CF parameteBE: configurations on the CF splitting of ¥b in CsCdBs. In
the free ion, the excitation energies of the 910 states belong-
Hcr(4f )=B503+B30%+B20S+ B303+ B20O3+ BSOS, ing to the 4%5d* configuration are in the range from 78 500

(12  to 129000 cm'?® Due to this large energy gap, we can
neglect the inner structure of thef# configuration as well

where theO'; are the Stevens operators corresponding tas the spin-orbit and CF splittings of thel States and can
spherical polynomials formed from the directional cosines ofcalculate the energy levels of thé*4 ground configuration
the electron radius vecto{The reduced matrix elements are considering the #-5d interaction only up to the second
incorporated in thé)';). As a starting point of our analysis, order. In this case the calculations can be simplified by in-
we take the observed CF splitting of the stafds;, and  troducing an effective one-hole Hamiltonian
2F,), of the 4f1=4f1%"1 electron configuration, which is
equivalent to the eigenstates of the one-hole Hamiltonian H=H(4f 1)+ H(5d 1)+ Hc fd), (13
H(4f~1). We can expect that the CF parameters fo? ‘Yo
not differ substantially from those determined earlier forwhich operates within the manifold of the twenty-fouf 4
Ho®", Er', and Tni" in the same crystal ho¢Table Il). It  and & states. Here
has been proved that the octahedral component of the CF in
the symmetric pair center dominates over the trigonal Hce(fd)=B%0%+ B303+ B303+B202+B30Z (14)
component:1*23So, we can compare the CF energies of the
Yb3* ions inside the deformed Broctahedra in the dimer is the odd CF Hamiltonian. The parametd§=—1232,
centers(columns 5, 7, and 8, Table With those in the per- Bg=153, Bg: — 750, Bg: —82, and B§=45 cm! have
fect octahedra in the elpasolifé (column 2, Table)l This  peen calculated in the framework of the exchange charge
comparison shows that the total CF splittings of tf&;  modef® using the local lattice structure obtained in Ref. 1.
states(J=7/2 and 5/2 have comparable values. There is a The matrix element$4f,l,=m|HcLfd)|5d,l,=m), which
direct correspondence between tH€;,1, *F74, and  substitute for the matrix elements Hf-(fd) in the space of
’F5,3 levels ofl', symmetry in the trigonal and thié; and  Slater determinants, include the additional phase factor
I'; doublets in the cubic fieldTable ). The cubicl's qua-  (—1)™"1, The HamiltonianH(5d~ %) in Eq. (13) is pre-
druplets are split by the trigonal field into doubletslofand  sented by a diagonal matrix with 10 nonzero elements equal
I'sg symmetry. The most remarkable difference between theg the parameter of the excitation energ§(5d)

energy levels in the trigonal dimer centefs’ and in the  =70000cm™ of the 5d state relative to the reference en-
cubic centers is the pronounced downshift of #e,(I's)  ergy E(4f)=0. The energies calculated from the Hamil-
levels in the dimers. tonian(13) are given in column 10, Table I. Comparing them

We found that there is no chance to achieve an agreemeqjith the data in column 9, Table |, obtained with the same
between the calculated and measured CF energieg éa@  CF parameters but without configuration mixing, shows only
tors of the YB™ ion in the bromine coordination using the slight shifts of the CF levelgless than 5 cit). The dis-
Hamiltonian (10) with reasonable values of the CF param- agreement between the calculated and measured energies of
eters. Particularly, the calculated total splitting of the excitedthe CF states, originating basically from the anomalous large
’Fs, State becomes less than the measured one by at leagflitting of the excited CF multiplet in the octahedral field, is
150 cni . Examples of energy-level structures calculated innot removed. It seems likely that this problem is related to a
the framework of the conventional CF theory are given inspecific property of the (RﬁgBrg) complex and that it is
columns 3, 6, and 9 in Table I. For these calculations thgommon to RE ions (B, Tm*", Yb®") having low-
spin-orbit coupling constants(4f ) =2911cm* for the cu-  excitation energies of the Br—RE charge-transfer stdtes.
bic and\(4f )=2913.5,\ | (4f )=2911cni* for the trigo-  Hence, we come to the conclusion that there have to be ap-
nal centers(which are close to the free-ion value of 2918 preciable contributions from other interactions, especially

cm H?® and the CF parameters as given in Table Il havefrom interactions between the ¥b ground configuration
been used. The disagreement between the calculated apg13 and the charge-transfer configuration

measured CF energies of ¥bin the bromo elpasolites has Yb?* (4114 Br(4p®)[Br~ (4p®)]s of the (YbBr)3~ com-
already been noted beférécolumns 2 and 3, Table).IA lex.

sim+ilqr disagreement arose calcula£i7ng the CF splittings of The Hamiltonian of this complex, operating within the
Er* in the iodide compound G¥,lo,”" even going beyond manifolds of the 4% and 4f'25d! configurations of the
the framework of the one-electron CF approximation takingyp3+ jon and the charge-transfer states of the 36 spin orbitals
into account electron correlations: The observed total splityf 5 hole in the 4 shells of the 6BF ions, can be written as

tings of the excited CF multiplets above 18000 ¢neould  fojlows (it is implicitly supposed that the one-electron wave
not be described. The reason was attributed to the configyynctions are initially orthonormalized

ration mixing (4f"-4f"~15d') due to the decreasing energy

of the &d electron states in the Cl-Br—I sequence of ligands. H=H(4f 1+ H(5d Y +H~ fd

In the cubic bromo-elpasolites, configurations of different ( ) ( )+ Her(fd)

parity cannot mix. But in the dimer centers the odd compo- +H(ch—t)+H(4f,ch—t). (15
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The position and structure of the charge-transfer band is deRE ion). The results of the calculations presented below

termined by the Hamiltoniahl (ch—t) represented by a ma- were obtained with the parametag(4p)=4125 cm?,

trix of dimension 36< 36, which contains the gafp between The wave functions of thef4and & states were used in

the energy of a g hole at the ligand site and a hole inthe 4 the YB*" system of coordinates with the axis along the

shell, the spin-orbit interaction in thep4shell (we use the trigonal axis[111] of the octahedron. The same axis was

spin-orbit coupling constant of a free Br atoi(4p) taken as quantization axis for the spin moments. To obtain

=2400cm %),% the hopping integrals corresponding to the the matrix elements of the spin-orbit interaction of the 4

movement of a hole over the ligands, and the CF interactioimoles at the bromine sites, we performed transformations of

at the Br sites. The Hamiltonigd(4f,ch—t) corresponds to the local Br coordinates to the coordinates of the central ion.

the off-diagonal terms connecting the charge-transfer statébhe matrix elements of the Hamiltoniat(4f,ch—t) were

with the ground configurationWe neglect terms that mix assumed to be proportional to the overlap integrals between

charge-transfer states with the exciteé'%d* configura- the |4fm)(Yb®*) and the|4pa;)(Br) orbitals, wherem cor-

tion.) responds to the projection of the orbital momentum onzthe
For simplicity we start with the charge-transfer states inaxis of the central ion. In particular,

the octahedral complex containing the RE ion in the center.

The matrix ofH(ch—t) is constructed on the basis of the (4f3|H(4f,ch—t)|4px,)=(4f3|H(4f,ch—t)|4py,)*

real bromine 4 orbitals oriented along the local coordinate

axes ;,yi,z) parallel to the tetragonal axes of the octahe-

dron, thez; axes directed to the center. For the ligand sites

with the coordinates £R00) (i=1,1), (0+=R0) (i (4f3|H(4f,ch—1)|4pz)=T,qs, (20)

=2,2), (00£R) (i=3,3), we have 18 orbitals ) )
|4px,),|4py.),|4pz), where wherety=\10(1+iv3)/12 andq,=30/18 are linear com-
binations of the elements of the Wigner rotation matrices
—z1l|z1/ | = YallyarlIxsllxs]|x; DY, andD{Y. Similar expressions for all other matrix el-
ements of the Hamiltoniakl (4f,ch—t) were obtained by
yill=yull =zl zo/ | = yallysrlly;  xallxalIxalx2 | = z3l|za/[z. transforming the spherical harmoni¥s,, from the coordi-
. . L nates of the central ion to the local coordinates of the
The intersite hopping integrals are assumed to be propor"—gands
tional to the overlap integrals. So, for the nearest sites we The'

have

(4pz|H(ch—1)[4pz,) = —(4pyi|H(ch—1)[4py,)

= T7Tt3;

hopping integrals T,=(536+14)cm !, T,
=—(287+7) cm tin CsCdBg:Yb®" (plus and minus signs
correspond to bonds with the bridging and terminal bromine
ions in the pair center, respectivglgnd T,=590cm %, T

=(J,+3,)02; =-205cm?! in Cs,NaHoBr:Yb®", the energy gapA
=12000cm?, as well as the final values of the CF param-
(4pxq|H(ch—=1)|4px)=J.; (16)  eters presented in the columns 7 and 8 of Table II, were
found from fits to the experimental CF levels. The values of
—(4pzi|H(ch—1t)|4py,)=(4pyi|H(ch—t)|4pz,) the parameterécm ) J,=200, J/ =20, J,,=100, andJ’.
=10 were kept fixed and used only to check the symmetry
== 3212, 17 properties of the electronic wave functions. They cause only

a negligible effect on the energy levels of the ground con-
figuration. The calculated energy levétolumns 4 and 11,
(4pzy|H(ch—1)|4pzy)=J.; Table 1 obtained from our model Hamiltoniafl5) agree

very well with the experimental dataolumns 2 and 8, Table

1). A further confirmation of the model might be obtained
from optical-absorption experiments on the charge-transfer
The CF terms of the @ hole can be introduced using only states. In the octahedral field, the charge-transfer states have
one model parameter given by the quadrupole field compothe  following  energies (cm %) and  symmetries:
nent along the RE ion-ligand bond direction; particularly, 12631(nbl'g), 12987(’g), 13045(g), 13441(nbl’s),

16 895(nbl'g), 16909(";), 17181(g), 17 365(nbl’;),

and along the octahedral body diagonals

(4pxy[H(ch—=1)[4px;)=J;. (19

(4pxH[(ch—1)[4px;)=(4pyi|H(ch—t)|4pzy) 19668(nbl's),  19885(g),  20047(nbl'g),  and
L _ 20058( ). The energy levels marked by nb correspond to
=~ 0.54pz|H(ch-1)[4pz) spin orbitals of nonbonding type formed fronp 4ole mo-
:0_433(4p)_ (19 lecular orbitals ofai4(o), e4(a), tig(m), andtyg(m) sym-

metry. Of course, the predicted positions of the charge-
In the point-charge approximation, taking into account thetransfer levels are obtained using crude approximations and
excess electron transfered onto the RE ion, we can estimaigight not be very accurate. Corresponding absorptions may
the value of the CF parameté!‘§(4p)=e2<r2>/2R,3 to be  be superimposed on the broad absorption spectra of pure
4550 and 5650 cit for the terminal and bridging bromine CsCdBg at wave numbers higher than 20 000 ¢
ions, respectively ({2)=0.0179 nr is the second moment The CF calculations must account for the measigyéat-
of the 4p radial wave function presented for the bromine iontors, which are close to the isotropicfactor of the YB*
in Ref. 30, andR, is the distance between the ligand and theground doublef’g in the octahedral fieldcolumn 3, Table
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). Theg factors were calculated within the framework of the by EPR technique$,we have no direct arguments for the
models introduced above taking only into account the magidentification of the optical lines with a specific center in this
netic moment of the # hole (columns 9-11, Table)l The  paper. We assign the most intensive optical transitions to the
results agree satisfactorily with the experimental data. Comsymmetric dimers because no other impurity centers of com-
paring the theoretical and experimengefactors one has to  parable concentration could be found.

keep in mind the covalent reduction of the orbital angular \We have shown that taking into account the charge-
momentum of the # hole. A corresponding study of cova- transfer states of the quasioctahedMBrg)®~ coordination
lence effects for YB" ions in a perfect octahedral environ- ynits, it is possible to achieve a satisfactory description of the
ment was presented in Ref. 31. The ground sfdteetor was  gptical spectra. The data compiled in Table | demonstrate
given in the formg(I'e) =2k, +2/3, wherek, ; <1 is the  clearly the pronounced effects due to the charge-transfer
reduction for orbitals oft;, symmetry. The differences of states. In addition to its influence on the energy levels, the
about 1.2%-3.4% between the measured and calcuptedstrong interaction between thef# configuration and the
factors are in qualitative agreement with the structure of theharge-transfer states can be considered as an important
ground-state wave function containing an admixture ofmechanism for an effective interaction between the’'Yb
0.39% from the charge-transfer states. ions and the host lattice. Furthermore, this mechanism can be
the reason for unusually fast and efficient nonradiative relax-
ation and upconversion processes in RE activated bromides.
But these items are beyond the scope of the present paper.

IV. CONCLUSIONS

The EPR spectra in CsCdBY¥b®" crystals have shown

unambiguously that most of the ¥bions form symmetric
) 4 )
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