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Exchange interactions of Yb31 ions in YbxY12xBa2Cu3Oy
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The EPR spectrum of Yb31 ions in YbxY12xBa2Cu3Oy (x51.0, 0.5! is studied as a function of temperature.
In the oxygen-deficient superconducting phase, the Yb31 EPR spectrum comprises a broad EPR line described
by a rhombicg tensor and anisotropic linewidths along the principal axes. Analysis of the EPR linewidth
provides an estimate for the effective isotropic exchange interaction,J/kB'0.3 K, between Yb31 ions, indi-
cating that the magnetic ordering of the Yb31 sublattice is determined by the interplay between the short-range
exchange interactions and the long-range dipole-dipole interactions.@S0163-1829~98!06737-X#
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One of the interesting features of th
RBa2Cu3Oy (R123) (R5rare earth! compounds is the coex
istence of superconductivity with the antiferromagne
~AFM! ordering of the rare-earth sublattice,1 which is be-
lieved to be the result of the relative isolation ofR31 ions
from the CuO2 superconducting layers. Theoretical work h
shown that the dipole-dipole coupling ofR31 ions is the
dominant long-range interaction~Ref. 2! which, however,
only partly accounts for the observed AFM ordering of theR
layers, implying the presence of significant exchan
interactions.3 EPR spectroscopy has been employed to elu
date the origin of the magnetic coupling of Gd31 ions in
GdxY12xBa2Cu3Oy.

4–11 It was established that the EPR lin
width for high Gd concentrations is mainly determined
the dipole-dipole and exchange interactions~Refs. 6–8! and
to a lesser extent by the coupling with the charge carriers.9–11

In the present paper, an EPR study
YbxY12xBa2Cu3Oy (x51.0, 0.5! compounds has been ca
ried out in order to trace the exchange interactions of Yb31

ions. Polycrystalline samples of YbBa2Cu3Oy and
Y0.5Yb0.5Ba2Cu3Oy (y'0.95,Tc'93 K) ~samplesA! have
been prepared by the solid-state method.12 Part of the
samples has been subjected to annealing in He at 850 °C
4 h, followed by fast quenching at room temperature in
atmosphere~samplesB!. The latter samples as monitored b
the nonresonant microwave absorption~MWA ! signal re-
tained part of their superconducting properties. Further s
pression of superconductivity was obtained by increasing
annealing temperature to 900 °C and the annealing tim
24 h ~samplesC!. Samples were characterized with powd
x-ray diffraction using a D5000 Siemens diffractometer w
Cu Ka radiation, while temperature-dependent EPR m
surements were carried out using anX-band Bruker 200D
spectrometer with an Oxford flow cryostat.

EPR measurements carried on samplesA in the tempera-
ture rangeT54 – 100 K, have not given any appreciable si
of the Yb31 EPR spectrum mainly due to the interference
the intense MWA signal. The latter absorption inherent to
high-Tc superconductors atT,Tc produces a highly nonlin-
ear baseline which severely distorts the EPR spectra. Su
quently, EPR measurements were carried out on samplB
PRB 580163-1829/98/58~13!/8244~4!/$15.00
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where the MWA signal has been substantially reduced
least in the higher temperature range@Figs. 1~a! and 1~b!#.
The EPR spectra for both samplesB comprise the contribu-
tion of an intense, almost ‘‘isotropic’’ EPR line in theg
'2 region, more pronounced at low temperaturesT
54 – 30 K), which can be related to the EPR signal fro
localized clusters in oxygen-deficientR123 compounds,13 a
weak anisotropic Cu21 EPR spectrum and an intense bro
EPR signal atgeff'3.42 overlapping with MWA at low tem-
peratures, which results from the EPR absorption of Yb31

ions.
According to the crystal-field interaction of Yb31 (4 f 13)

in YbBa2Cu3O7 ~Ref. 14! that splits the eightfold degenera
2F7/2 ground term in fourG5 Kramers doublets, the EPR
spectrum of the ground doublet is described by a rhom
spin Hamiltonian (D2h) for effective spinS51/2 with prin-
cipal g valuesgx53.44,gy53.47,gz53.36, where thex, y, z
axes correspond to thea, b, c crystallographic axes. The
effective average valuegeff5(gx1gy1gz)/353.423 is very
close to the experimentalgeff value. The line shape of the
Yb31 EPR signal is close to the full Lorentzian which tak
into account both absorptions at1Hr and 2Hr caused by

FIG. 1. Temperature dependence of theX-band EPR spectra fo
YbxY12xBa2Cu3Oy samplesB ~a! x51.0, ~b! x50.5. The spectra
are in arbitrary scale.
8244 © 1998 The American Physical Society
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the two oppositely rotating components of the linearly pol
ized rf field. However, the EPR spectrum cannot be ac
rately fitted with single Lorentzian line shape. Powder sim
lation has been performed using theMONOQF program~Ref.
15! for spin S51/2, allowing for the two odd isotopes o
Yb31( 171Yb, I 51/2, 14.31%, 173Yb, I 55/2, 16.13%!, at
high temperatures where the interference of MWA is s
pressed. The results of the simulation for samplesB after
correcting for a superimposed sloping baseline are show
Fig. 2, while the correspondingg values and linewidths are
shown in Table I. The hyperfine parameters not included
Table I, have been kept constant to the values predicted
gi /Ai5gJ /AJ ( i 5a,b,c), with gJ andAJ being the Landeg
factor and the hyperfine coupling constant for the2F7/2
ground term, due to the smallJ mixing of the different en-
ergy terms for Yb31 ions.

The linewidthDH for both samplesB remained constan
within experimental error~650 Gs!, at least in the range o
T560– 100 K, since at lower temperatures the spectrum
severely masked by the MWA signal. The absence of th
mal broadening ofDH indicates that Korringa-like relax
ation of the localized Yb moments through the coupling w
charge carriers is weak, complying with Mo¨ssbauer results
which showed low conduction-electron density at the
site.16 Considering the Korringa thermal rates reported
Gd31 EPR spectrum in Y123 and Eu123 compoun
DHK /T'0.5 G/K ~Refs. 9–11!, we derive a thermal broad
ening of '50 Gs up toT5100 K, which is comparable to

FIG. 2. Simulation of theX-band Yb31 EPR spectra in
YbxY12xBa2Cu3Oy ~a! x51.0, sampleB, T5100 K, ~b! x50.5,
sampleB, T577 K, ~c! x50.5, sampleC, T510 K.
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the experimental error in the measurement ofDH. Previous
Mössbauer and EPR studies on Yb-doped Y123 samples16,17

showed that spin-lattice relaxation lead to linewidths vary
nonlinearly~Orbach and/or Raman processes! from '500 to
'800 MHz in the range ofT550– 90 K, which are consid-
erably smaller than the experimentalDH values. Therefore,
it is plausible to consider that the anisotropic Yb31 EPR
linewidth in YbxY12xBa2Cu3Oy (x51.0, 0.5! compounds is
determined by Yb31 spin-spin coupling.

In the case of samplesC, the MWA signal was drastically
reduced indicating the suppression of superconductiv
while the intensity of the copper EPR spectra was grea
enhanced in comparison with that of the Yb31 EPR spec-
trum. An approximate simulation of the Yb31 EPR spectrum
due to its superposition with the intense Cu21 EPR signal, in
Yb0.5Y0.5Ba2Cu3Oy sampleC ~Fig. 2!, indicates the presenc
of considerableg shift and a substantial increase ofDH
~Table I! complying with previous EPR and Mo¨ssbauer re-
sults which have been interpreted in terms of a fluctuat
molecular field caused by the interaction of Yb31 with the
adjacent CuO2 planes.16,17

Were Yb31 ions coupled only by the dipole-dipole inte
action, the line shape would be Gaussian and the EPR l
width would be determined from the value of the secu
second momentM2

(0) .18 Applying the arguments of Kittel
and Abrahams~Ref. 19! for the concentration dependence
the lattice sums involved in the second moment, the sec
M2

(0) in the high-temperature approximation (kBT@hn) has
been calculated as a function of Yb31 concentration~x!. Tak-
ing into account the rhombicg tensor,M2

(0) along the prin-
cipal axes is a function of six lattice sums, independent
the orientation of the magnetic field, which have been n
merically calculated within a 6a36b rectangular block with
lattice parametersa53.800 Å andb53.872 Å.20 Due to the
relatively large distance between theR layers along thec axis
(c;3a) in the R123 structure, in the preceding derivatio
we have considered only Yb31 ions lying in the sameab
plane withaÞb, which makes some of the elements of t
dipolar tensor zero. The half width at half height for a Gau
ian spectral line along the principal directions, in frequen

units, is expressed asDHi5A2 ln 2AM2i
(0), (i 5a,b,c)

which result in the dipolar EPR widthsDHd listed in Table I.
These values are considerably larger than the EPR linewi
for samples B, attesting that exchange narrowing
effective.18,21

In this case, we introduceHex5( j ,k JjkSj•Sk to describe
the exchange interaction of Yb31 spins with Jjk being the
isotropic exchange coupling constant between two near
e
TABLE I. The g values and linewidths along the principala,b,caxes derived from the simulation of th
Yb31 EPR spectra in YbxY12xBa2Cu3Oy . The calculated dipolar EPR linewidths are also included.

Simulated Dipolar

ga gb gc

DHa

~GHz!
DHb

~GHz!
DHc

~GHz!
T

~K!
DHa

~GHz!
DHb

~GHz!
DHc

~GHz!

YbBa2Cu3Oy ~B! 3.45~5! 3.85~5! 3.10~5! 6.5~1! 6.7~1! 2.8~1! 100 8.30 8.84 4.77
Yb0.5Y0.5Ba2Cu3Oy ~B! 3.50~6! 3.90~6! 3.20~6! 3.9~1! 4.2~1! 1.8~1! 77 5.88 6.25 3.38
Yb0.5Y0.5Ba2Cu3Oy ~C! 3.7~1! 3.9~1! 3.5~1! 9.0~2! 7.5~2! 3.0~2! 10 5.88 6.25 3.38
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neighbor~NN! effective spinsj andk. It should be noted tha
the assumption of isotropic exchange between the real Y31

spins is arguable, due to the orbital contribution in the ra
earth ground state which introduces nonzero anisotropic c
tributions in the exchange integral.22 Assuming thatn0
@nex ~adiabatic approximation!, wherenex is the cutoff~ex-
change! frequency which corresponds to the rate at which
exchange interaction modulates the dipolar perturbation
n0 is the resonance frequency, the half width at half hei
for a Lorentzian line is given byDH5(p/2))(M2 /m)1/2

5(p/2)(M2 /nex), where M4 is the fourth moment of the
resonance line andm5M4 /M2

2 with m@3. Using the values
of DHi determined from the simulation of the Yb31 EPR
spectrum for x51.0 ~Table I! and the derivedM2i

(0) ( i
5a,b,c), we obtain the values of 11 860, 12 650, and 99
MHz for nex along thea, b, c axes. These values do no
comply with the conditionn0@nex (n059430 MHz), indi-
cating that the adiabatic condition is not fulfilled. In the ca
of nex'n0 a frequency-dependent linewidth is expected23

Following Kubo and Tomita~Ref. 23! we may approximate
the frequency dependence of the second moment byM2

'M2
(0)1M2

(1) exp(2n0
2/2nex

2 )1M2
(2) exp(22n0

2/nex
2 ), which

for nex@n0 reaches the total second momentM2
( f )5M2

(0)

1M2
(1)1M2

(2) . Subsequently, the fullM2
( f ) which is a func-

tion of seven lattice sums, has been calculated including
nonsecular terms of the dipolar tensor.24 Then, using the val-
ues of the contributionsM2

(0) , M2
(1) , andM2

(2) in M2 and the
nex values determined from the experimental linewidths
x51.0, we approximate the second moment along the p
cipal axes as M2a'1.2M2a

(0) , M2b'1.2M2b
(0) and M2c

'1.6M2c
(0) .

The secularM4
(0) (kBT@hn) for spinS51/2,18 reduces to

M4
~0!5

x2

16h4 (
k,lÞ

@3Bjk
2 Bjl

2 12Ajk
2 ~Bjl 2Bkl!

2

12AjkAkl~Bjl 2Bjk!~Bjl 2Bkl!

12AjkBjk~Bjl 2Bkl!
2#1

x

8h4 (
k

Bjk
4 , ~1!

where Ajk5Jjk2 1
2D jzkz8 and Bjk5 3

2D jzkz8 with D jzkz8
5(2D jzkz2D jxkx2D jyky)/3 and D j mkn(m,n5x,y,z) being
the elements of the dipolar tensor in the Zeeman represe
tion. In Eq. ~1! the implicated lattice sums over random
filled sites are converted to sums over all sites, whilek, l are
taken as summation indices andj labels a fixed lattice with
the restriction thatj ÞkÞ l . TakingJjk5J, if j andk are NN
ions along thea or b axes, the computation ofM 4

(0) which
can be separated in two parts, the purely dipolar contribu
M4,d

(0) and that comprising the exchange interactionM4,ex
(0) ,

involves a large number of summations. The latter have b
carried out assuming for simplicity a square lattice with l
tice constant (a1b)/253.836 Å, the calculation being per
formed for a radius of seven lattice constants, and axiag
tensor with g'5(ga1gb)/2 and gi5gc . Simplifications
such as the negligence of the linear terms inJjk or that of the
dipolar contribution toAjk,18 have not been made since th
latter terms give a small but not negligible contribution
-
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M4
(0) . Assuming the same frequency dependence forM2 and

M4 ,25 we derive the ratiom parallel to thea andc axes,

md
~a!51.8261

0.66

x
, md

~c!51.9391
0.364

x
,

mex
~a!5~48.8J2245 490J!~1029 MHz2!, ~2!

mex
~c!5~133J2278 000J!~1029 MHz2!,

wheremd5M4,d /M2,d
2 andmex5M4,ex/M2,d

2 . From Eqs.~2!
the values ofm turn out to be not much larger than thre
indicating that the conditionm@3 required for Lorentzian
line shape is not fully justified. In this case, we make use
the formula, previously applied in the analysis of the Gd31

EPR linewidth,11 covering the transition from the Gaussia
to Lorentzian line shape according to the value ofm,

DH5Ap

2 S M2

m21.87D
1/2

.

Substituting in the previous relation the simulatedDH values
for samplesB ~Table I!, ma and mc are determined. Then
substituting in Eqs.~2! the latter values form which is de-
fined asm5md1mex, the positive roots corresponding to th
AFM interaction according to the present notation ofHex,
provide the exchange interaction constants~Table II!. The
values ofJ thus derived from the two orientations of th
magnetic field and for the two Yb concentrations are con
tent with each other, though a small increase ofJ is derived
for x50.5, which might be associated with a slight contrib
tion of spin-lattice relaxation in the corresponding EPR lin
width.

Although, there have not been any reports on the mag
tude of the exchange coupling for Yb31 ions in Yb123, the
value ofJ/kB'0.3 K is reasonable regarding the Ne´el tem-
peratureTN'0.33 K reported for the AFM ordered Yb31

sublattice.26,27 In a previous theoretical work the low
temperature ordered states of theR123 compounds have
been calculated, taking into account the dipole-dipole a
exchange interactions ofR31 ions.2 Using the exchange cou
pling constant derived for Yb31 ions in the present work, we
find that the dipolar contribution for the predicted lowes
lying ordering configurations with the magnetic mome
along theb axis, becomes comparable to the exchange c
tribution. Moreover, neither of the lowest-lying energies p
dicted for the orthorhombically distorted tetragonalR123

TABLE II. Exchange coupling constantsJ of Yb31 ions in
YbxY12xBa2Cu3Oy samplesB for magnetic field along thea andc
axes.

x

Hia Hic

ma mex
(a) J ~meV! mc mex

(c) J ~meV!

1.0 4.07 1.59 25.7 7.13 4.83 26.1
0.5 4.93 1.78 27.1 7.90 5.23 27.2
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structure corresponds to the experimental configurat
q(6y), of the Yb31 sublattice. The latter discrepancy may
due to the exchange contribution which turns out to be c
parable to the dipolar one.

In conclusion, the present EPR study
YbxY12xBa2Cu3Oy (x51.0, 0.5! compounds provides evi
dence for the presence of exchange coupling between
Yb31 ions with an effective isotropic exchange constant
J/kB'0.3 K. Accordingly, it is deduced that the low
o

d

y

s

t

n,

-

N
f

temperature ordered state of Yb31 comprises a substantia
exchange contribution comparable to the dipolar one, in
cating that the magnetic ordering of the Yb31 sublattice is
determined by the interplay between the short-range
change and the long-range dipole-dipole interactions.
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