Theoretical Investigation of the EPR g-factors for Yb* in YBa,Cu,0,
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The EPR g factors 9,91 for YB3t in YBayCus0;_ s are studied with perturbation formulas based
on the cluster approach of the spin-Hamiltonian parameters for a 413 ion in tetragonal symmetry.
In these formulas, the contributions to the EPR parameters of the covalency effects, the admixture
between the J = 7/2 and J = 5/2 states and the second-order perturbation terms are all included.
The used crystal-field parameters are calculated with the superposition model and the local structural
data of Yb3* in YBayCus0;_g. The resulting EPR g factors for Yb®* ions in the superconductor

YBa,Cu307_s agree reasonably with the experimental values. The results are discussed.
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1. Introduction

YBay;Cus07_g (Y123) has extensively been stud-
ied as a well-known high-Tc superconductor [1-3].
Y3+ can be replaced by most trivalent rare-earth ions
(Re3+) without significantly affecting the supercon-
ducting behavior. YBa;Cu3O;_g can be obtained in
closely related orthorbombic and tetragonal structures
depending on the oxygen content. On the other hand,
electron paramagnetic resonance (EPR) studies of rare-
earth (Re®*) ions in high-Tc oxide superconductors
have attracted much interest because they can pro-
vide valuable information on the ground state proper-
ties of Re3* ions, which are further employed as sen-
sitive probes of the spin dynamics in high-Tc super-
conductors [4-6]. For example, EPR measurements
were performed on Yb3* in YBa,Cu3O;_5 [7]. From
the crystal field parameters obtained from other Re3*
(Ho®*, Dy®* and Er®* et al.) ions in YBa,CuzO_s,
and by considering only the interaction within the
ground 2H7/2 multiplets, S. K. Misra et al. have calcu-
lated the EPR g factors by using the conventional first-
order perturbation formulas [8]. The calculated values
are not suitable for the experimental findings, for in-
stance comparing with the experimental value 3.1 the
calculated ones g = 2.76, 2.51 and 1.40 by the crys-

tal field parameters taken from Ho%*, Dy3+, and Er3*t,
respectively [3,5,8]. So, in order to explain satisfac-
torily the g-factors of Yb3* in YBa,CuzO;_g, further
refinement of the crystal field parameters and more ex-
act calculations of g-factors are needed.

YBa,Cu307_s has _the lattice constants a ~
3.8177 A, b= 3.8836 A, c~ 11.6872 A [9], i.e., the
lattice constant of the c axis is about 3 times larger
than those of the a and b axes. However, since a
is close to b, many authors have choosen tetragonal
symmetry as a realistic approximation to study the
EPR spectra of Re3* ions in YBa,CuzO;_; [8,10].
We also choose the tetragonal symmetry to study the
EPR g-factors.

In this paper, we use the second-order perturbation
formulas of EPR parameters for the 4f%3 ion in tetra-
gonal symmetry. In these formulas the contributions to
the EPR parameters due to 1.) the J-mixing between
the ground 2F;, and the excited 2Fs, and the sec-
ond excited 6H9/2 states via crystal-field interactions
2.) the contribution due to mixtures between the low-
est Kramers doublet I'y and the other Kramers dou-
blets I’k via crystal-field and angular momentum inter-
actions, and 3.) the covalence reduction effects are all
considered. From these formulas and the crystal field
parameters obtained from the crystal structure by the
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aid of Newman'’s superposition model, the EPR para-
meters g factors for Yb3* in YBa,CuzO;_g are calcu-
lated. The results are discussed.

2. Calculation

YBa,CuzO;_s has the layered perovskite-type
structure which belongs to the Pnmm Space group. The
Y3+ jon is sandwiched by two CuO,-planes, which are
closely related to the superconductivity, and located
apart from CuO-chain site through the BaO layer [9].
For a free Yb3* ion, the electronic configuration is
4f13 with a 2F;/, ground state and a ?Fs, excited
state. When Yb3* ion is located on the Y3+ site of
YBa,Cu30-_g, the crystal field splits of the degenera-
cies of the 2F;/, and 2Fs), states into four and three
Kramers doublets, respectively. The lowest lying dou-
blet is I's or I7, corresponding to the average g ~ 2.667
or 3.429 to the first order [11]. According to the aver-
age value of g[= (gx + 9y + 9z)/3 ~ 3.433] for Yb3"
ions in YBa,Cu30O7 superconductor, the lowest lying
doublet of the system should be I'7. Because of the
J—mixing between the J =7/2 and J = 5/2 states
via crystal-field interaction, the basis function of the
ground doublet I"y can be obtained by diagonalizing
a 14 x 14 energy matrix for the 4f2 jon in tetragonal
symmetry. Thus, we have

[Fy(ory) =

MZC(ZFW;Fy(or Y )Ma1) PF72My1) 1)

+ 3 C(*Fs/2: Ty(or Y)My2)|*Fs sMa2),
M2

where the subscripts y and y’ denote the two compo-
nents of the I'" irreducible representation. M 3; and M,
are half-integers in the ranges —7/2 to 7/2 and —5/2
to 5/2, respectively.

Since the other (4+3 —1=6) Kramers doublets I"x
(which are obtained by diagonalizing the 14 x 14 en-
ergy matrix) may mix with the ground I"y doublet via
the crystal-field interaction Hcg and angular momen-
tum J, and so contribute to the EPR parameters, the
calculation of the EPR parameters for an 4f%2 jon in
tetragonal symmetry should include the second-order
contribution. Thus, the perturbation formulas of EPR
parameters can be written as
= 29s(I"y|%|T"y),

g =9%+g® g
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22 FY|HCF|FXYX><FXMJZ|FY>
E(Ix)—E(I) ’

gL :gL( )+9L( 3 2
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where the Lande factors g; and g} (note: the nondiag-
onal elements g; occur in the expansions of (3) for the
interactions between different 25*1L configurations)
for various states can be obtained from [11, 12]. Since
none of the six I"x has a non-zero matrix element with
the ground I"y for both HCF and the x or y component
of J, in above formulas g, @ = 0.

The perturbation Hamlltonlan for arare earth ion in
the crystal under an external magnetic field can be writ-
ten as

H’ = Hso + Hcr + Hz, 3)

where Hso is the spin-orbit coupling interaction and
Hce is the crystal field Hamiltonian.
Hso can be written as

Hso = ¢(L-9), 4)

where { is the spin-orbit coupling coefficient. For a
free Yb3*t ion, ¢ = 2950 cm~1. L and Sare the or-
bital and spin momentum operators, respectively. The
crystal-field interaction Hcr can be expressed in terms
of the tensor operators C,:

Hcr = BICY + BICY + B(CF +C, %)

000 | RA(C4 L 4 ()
+ BgCg +Bg(Ce +C5 ),
where the BE are crystal field parameters. The Zeeman
interaction Hz can be written as Hz = gyugH - J, with
their original meanings [11, 12].
According to the superposition model of New-
man [13], the crystal field parameters BE in (2) can be
expressed as

8= 3 AGR)(R/R)“KIG.0).  (6)

j=1
where the K/(6j,¢;) are coordination factors which
can be obtained from the local structural parameters
of the studied (YbOg)'3~ cluster. ty is the power law
exponent (here taken as that obtained from the similar
(YbOg)'3~ cluster in zircon-type crystals, i.e., t, ~ 7,
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Table 1. EPR g-factors for Yb3* in YBazCuzOg. x SUpercon-
ductor.

Cal?® CalP Cal.(tot.) Expt. [5]
g 2.4985 0.6048 3.103 31
g1 3.6051 0 3.6051 3.6°

a Calculated by using the first-order perturbation formula.? Calcu-
lated by using the second-order perturbation formula.© Here g, =

(gx+9y)/2.

ty = 12, tg ~ 11, [14]), A(Ro) is the intrinsic parame-
ter depend on the ligands, Ry is the reference distance
(here Ry ~ 2.343 A [14]) and R; is the impurity-ligand
distance. Considering the covalency reduction effect,
the orbital angular momentum L in (3) should be mul-
tiplied by an orbit reduction factor k. We take k~ 0.948
here. Generally, Rj # Ry (which is the cation-anion
distance in the host crystal) because of the different
ionic radii of Yb3* and the replaced Y3* ion. R; can
be reasonably estimated from the approximate formula
[14,15]

Ri=Ru+(ri—r)/2, @)

where rj and ry, are the ionic radii of the impurity
and the ho§t, respectively. For YBa,Cuz0;_5:Yb3*,
ri ~0.858 A, r ~ 0.893 A [16]. And from [9] we have
Ry ~ 2.4245 A. A (Ry) is taken as the adjustable pa-
rameter obtained by fitting the calculated EPR param-
eters with the observed values.

Thus, from the above formulas and parameters
we find that, to reach good fits between calculated
and experimental EPR g factors g, g, of Yb3* in
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