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Abstract

Based on the crystal-field theory, the EPR parametdestorsg,, g, of Yb®* and hyperfine structure constartg A, of "*Yb%* and
173yp3* isotopes in zircon-structure YVQHfSIO, and ThSIQ crystals are calculated by the perturbation formulae. In the calculations, the
contributions of various admixtures and interactions such ag-thiing, two-order perturbation term, the covalency as well as the local
lattice relaxation are all considered. The crystal field parameters used in the calculations are obtained from the superposition model. Th
calculated results are in reasonable agreement with the observed values.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ground?F7)» and excited?Fs)» states via crystal field inter-
action, the admixture among the other Kramers doulilets
The zircon-structure crystals doped with trivalent rare- and the ground doublet via crystal-field and orbital angu-
earth ions have received much attention for their extensive |ar momentum (or hyperfine structure) interactions and the
applications as optical and electronic materiglls4]. S0 covalency reduction effect are all considered. From these for-
many studies of optical and EPR spectra for rare-earth ionsmulae, the EPR parameters for3lin above zircon-structure
in zircon-type compounds have been reported. For instance crystals are calculated. In the calculations, the tetragonal
the EPRg factorsg, g1, of Yb®* and hyperfine structure  crystal-field parameters are estimated from the superposition
constantst, A forisotopes'’tYb3* and'3Yb3* in zircon- model and the structural data of ¥bcenters. The results
structure YVQ, HfSiO4 and ThSiQ crystals were measured  including the local lattice relaxation and superposition model
[5-6]. But up to now, no theoretical studies related to the parameters are discussed.
structural data of YB" centers have been made for these
EPR parameters. The zircon-type compounds have tetragonal
structure[7]. In this paper, we use the perturbation formulae 2. Calculations
of EPR parameters for #f ion in tetragonal symmetry to
study these experimental values. In these formulae, the con- Yb3* has a 4% electronic configuration with &F7,
tributions to EPR parameters from thenixing between the  free ion ground state and%ks), excited state. The tetrag-
onal crystal-field splits théF7;» and 2Fs), states into four
and three Kramers doublets, respectively. The lowest dou-
* Corresponding author. Tel.: +86 23 62487840; fax: +86 23 62460513. blet can bel's or I'z, corresponding to the average value
E-mail address: donghn@cqupt.edu.cn (H.-N. Dong). g [= (g +2g1)/3] of about 2.667 or 3.429, respectively
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[8-9]. According to the observeg for Yb3* in YVOu,
HfSiO4 and ThSiQ crystals[5,6,9], the lowest doublet is
Is.

In order to establish the perturbation formulas of the EPR A = ZPZ

parameters for a 4% ion in tetragonal symmetry, the zeroth-
order Hamiltonianflp and the perturbation Hamiltoniaf’
for the system under an external magnetic fisiccan be
written as
Ho = Hiree, H' = Hcr+ Hz + Hpg 1)
where the free-ion termifsee contains Coulombic repulsion
and spin—orbit coupling interactions eticg denotes the
crystal-field interaction. The Zeeman interactiip can be
expressed in terms of the Lande facggrand the orbital
angular momentum operatdras Hz = gjugHJ [9]. The
hyperfine interaction term can be written Ag; = PN N,
whereN is the hyperfine-structure equivalent operator (with
the diagonal eleme;) andP is the dipolar hyperfine struc-
ture parameter.

Because of thé&-mixing betweeny = 7/2 and 5/2 states via
crystal-field interaction, the basis function of ground doublet
I', can be obtained by diagonalizing a £4.4 energy matrix
for 4f13 ion in tetragonal symmetry. Thus, we have

|Fy(0r3/))

=" CCFz2; Iy(0ry )M 1)[* F7/2M 1)
My

+ Y C(Fsy2; Iy(ory')M2)|* Fs;2M 2)
M2

)

where the subscripyy and y/ denotes the two compo-
nents of I' irreducible representation;; and M;, are
half-integers in the ranges7/2 to 7/2 and -5/2 to 5/2,
respectively.

Considering that the other (4+3 =6) Kramers dou-
bletsT', (which are obtained by diagonalizing the £4.4
energy matrix) may mix with the grountl, doublet via
crystal-field interaction dr and orbital angular momentum
L (or hyperfine structure equivalent operaioy interaction
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2, A = 2PN (1 INZI Ty,

A= A\(|1)
(Iy|Herl Txyx) (DxyxINZI Ty
E(I'x) — E(I") ’

AL =AD+ a9 AW =2pN, 1INk I,

AP =0 @
where the parametegs, g/;, N; and N, [Noteworthily, the
nondiagonal elements, and N, may occur in the expan-
sions of Eqs(3) and (4)Yor the interactions between different
2S+1y,; configurations] for various states can be obtained
from Refs[9,10]. P is the dipolar hyperfine structure con-
stant. In the above formulae, the second-order t@t@and

A(Z) vanish because none of the $ix nonzero matrix ele-
ment with ground™,, for both Hcr andx or y component of
L andN operators.

In these zircon-type RX® (R=Y3*, Hf** or TH*;
X=V>*or Si**, respectively) crystals, Y& ions replace the
R ions and they occupy the sites having noncentrosymmetri-
cal Doq point symmetnjf11]. So, the YB* ion is surrounded
by atetragonal dodecahedral array of eight neighbouring oxy-
gens: four of these are at one distai®geand the other four
at a slightly different distanc®,. The structural parameters
R; andg; (6; is the angle betweeR; and G, axis)[11] of the
studied zircon-type compounds RX@re shown ifTable 1
The crystal field Hamiltonian in the tetragonal symmetry can
be expressed 49]

Her = B3CG + B3Cg + B3CS + B3(Cy + C2y)

and so they make the contributions to EPR parameters, the

calculation formulae of EPR parameters fof4bn in tetrag-
onal symmetry should include the second-order contribution.
The perturbation formulas of EPR parametgfs g, Ay
andA for 413 jon in tetragonal symmetry can be written
as[10]

@ 4 (2) (1)

gr=gi’+g » & =2e/Iy|IzIT}),

@ 1 Iy | Herl Txyx) (Txyx | zIT)

si'=2) E(Ty) — E(T ’
" (I'x) — E(I)

gL —g(j) (2), g(f)=2gJ, (Fy|-}X|Fy/>a

GR

®3)

4 ~6 6
+B5(C3 + C2y) (5)
whereB,‘f are the crystal-field parameters.
Table 1
Structure data for Y& in zircon-structure crystals
Compounds Rl(A) Rl(A) 01 02
12 e 12 1ne

VO4 2.291 2.274 2.433 2.416 101.90 32.84
HfSiO4 2.10 2.139 2.260 2.299 101.37 32.33
ThSIOy 2.460 2.289 2.500 2.329 104.48 28.60

@ The values in pure crystals given in REf1].
b Estimated by considering the local lattice relaxation.

Table 2
The orbital reduction factar and intrinsic parameters  (Ro) for Yb3* in
zircon-structure crystals

k A, (RO) As (RO) Ag (RO)
(em™1) (cm™1) (cm™1)
YVO,4 0.920 285 29.1 19.2
HfSiO, 0.927 285 15.9 28.6
ThSiOy 0.962 285 84.2 20
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Table 3
EPR g factors and hyperfine structure constants (it 1) for Yb3* in YVO4, HfSiO4 and ThSiQ crystals
] g1 A” Al Isotope
Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental
[5,6] [5,6] [5,6] [5,6]
YVOg4 6.128 6.08(1) 0.899 0.85(5) 1632 1607 2382 225(12) 17lyps3+
4641 443(3) 648 63(5) 173yp3+
HfSiO,  6.996 6.998(6) 0.676 0.4(3) 5427 - 5374 - 17lyp3+
14883 — 1474 _ 173y p3+
ThSiO,  0.946 0.91(3) 3.520 3.519(2) 797 - 27460 - 17lyps3*
1968 - 7531 - 173yps3*

From the superposition modgL2], the crystal-field
parameters can be expressed as

n tk
B =3 A(o) (’;0) K10, 9,) ©)
j=t /

where the coordination factak}(6;, ¢;) can be obtained
from the local structural data of the studied systeip(Ro)
are the intrinsic parameters with the reference distange R
1, are the power law exponents. For_ (Y®® cluster, the
exponents, =7, 14=12, tg=11, andA, = 285cnT! with
Ro=2.343A, are taken as those obtained from 3Ykion

in zircon-type orthophosphatd40]. A4 and Ag are the

3. Discussions

FromTable 3itcan be seenthatthe calculated EPR param-
eters for YB* ions in YVOy, HfSiO4 and ThSiQ crystals,
based on the perturbation formulae of the EPR parameters for
4f13jons in tetragonal symmetry, are in good agreement with
the observed values, indicating that the perturbation formulae
and the related parameters adopted in this work are reason-
able.

According to the calculations, we find that the contribu-
tions tog) or A arising from the second-order perturbation
terms are about 15% those from the first-order perturbation
terms. This means that neglecting of the second-order pertur-

adjustable parameters obtained by fitting the calculated EPRbation terms in the previous works is not suitable. Therefore,

parameterg, g1, A; andA | to the observed values. In the
calculations, the free-ion values of spin—orbit coupling coef-
ficientggf (~ 2950 cnT1[9]) and dipolar hyperfine structure

constantPg (=~ 388.4(7)x 104 and 106.5(2x 10~*cm™!
for isotopes!’1Yb3* and 173Yb3*, respectively{9]) should
be multiplied by the orbital reduction factbbecause of the
covalence effect for Y ion in crystals. Here we also take
it as an adjustable parameter.

Generally,R; # Rg(where is the cation—anion distance in
the host crystal) because of the different ionic radii of¥b
and the replaced host ion. Considering the local lattice relax-

ation due to the size mismatch, we can assume reasonably

the angles; being unchanged. The; can be reasonably
estimated from the approximate formtﬂle]

RH+(2ri — ) 7

whereRy is the corresponding distance in the host crystal
YVQOy, HfSiO4 and ThSiQ crystals,r; andr, are the ionic
radii ofimpurity and the host, respectively. According to Ref.
[13], ;~0.858A, andr, ~ 0.893A, 0.780A or 1.02A, for
YVOy, HfSiO4 or ThSiQy, respectively. Thus, we can esti-
mate the YB*—0?~ distances®; andR> for Yb3* in various
zircon-structure crystals. They are also showfiable 1

By using these local structural data to above formulae and

Rj =

in order to explain the EPR parameters for’Ylzenters in
crystals to a better extent, the second-order perturbation con-
tributions should be taken into account.

The observed values 4ff andA ;. for Yb3*ion in HfSiO4
and ThSiQ crystals were not reported. The above-calculated
results (se€Table 3 remain to be checked by the further
experimental studies.
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