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Abstiacr EPR and magnetic measurements were carried out on specially p r e p a d  samples 
of the EuBaz-,Eu,Cu,Ol-s "pound in the tetragonal phase, m the temperature 
range 100-4.2 K The EPR spectra of Eu2+, Cuz+, mupled pairs of divalent copper 
ions and the superexchange interaction between CU ions over aqgen bridges have teen 
observed. Tne EPR spec" of europium ions indicates the existence of a aystal-field 
splitling of the 8%/2 ground state of Enz+ ions with a value of the spin-Hamiltonian 
parameter bg of about 14x an-]. This parameter is analysed within the Iramework 
of N m a n ' s  superposition model. Anomalies m the temperature variation of the 
magnetic susceptibility are attributed to the presence of divalent and trivalent europium 
ions. 7he susceptibility of Ex3+ ions is non-zero because the excited states are thermally 
populated and they mnlribute to the k u l t  of the ground sale with J = 0. 

1. Introduction 

Of the various polycrystalline oxides REBa,Cu,O,-, (where RE I rare-earth ions), 
compounds containing europium atoms attract particular interest for many reasons. 
Firstly, there is evidence that EuZt ions substitute for BaZ+ ions (Alebeevski et 
a1 1989, Guskos er ai 1992). Euzt ions have a ground state 8S,12 ((L) = 0) and 
can easily be studied by the EPR technique. Secondly, compounds with Eu atoms 
usually exhibit the highest T, of the various members of the RE 1:23 series (Guskos 
et d 1991b, c). Thirdly, a signal presumably arising from superexchange interaction 
between EuZ+ ions over oxygen bridges has been reported (Guskos ef a1 1992). 

Causa el a2 (1988) have reported a determination of the crystal-field splitting of the 
gound state of Gd3t ions in dilute Gd,Eul-,BazC~O,-, compounds. Additionally, 
they analysed the microscopic origin of the measured spin-Hamiltonian parameters 
using Newman's superposition model (Newman and Urban 1975). 

We report here magnetic and EPR results of specially thermally treated 
EuBa,-,Eu,Cu,O,-, compounds in the tetragonal phase, in the temperature range 
1 U . 2  K This thermal treatment could destroy the superexchange bonding between 
divalent europium ions over oxygen bridges and make it possible to analyse the 
crystal-field splitting. We also report the effect of the Euzt and Eu3t ions on the 
magnetic susceptibility. 
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2. Experimental results 

Samples with the nominal composition EuBa,Cu,O,-, were prepared by sintering 
mixed powders of E%O,, BaCO, and CuO in appropriate concentrations, as 
previously reported in detail (Guskos et a1 1992). After the initial XRD and EPR 
measurements the samples were reannealed at 450T for 12 h under an Oz gas flow 
and then they were slowly "led to room temperature (m). In order to obtain the 
tetragonal phase, they were submitted to further annealing at 450'C in flowing He 
for 5 h following fast cooling to RT in a reducing atmosphere. 

The samples were identified at RT using a powder diffractometer with CO Ka 
radiation (m). The XRD pattern could be indexed (Guskos a al 1992) on the basis 
of a tetragonal unit cell with the same values of lattice constants %ces of BaCuO, 
were identified which have a negligible contribution to the magnetic susceptibility 
( G a m a n a d e  et a1 1992). 

The measurements of the magnetization versus temperature were carried out using 
a PAR 155 vibrating-sample magnetometer. These measurements did not reveal any 
transition to the superconducting state. 

Figure 1 presents the plot of the reciprocal static susceptibility x-' as a function 
of temperature for the EuBa,-,Eu, Cu,07-, compound in the tetragonal phase. 
The trivalent europium ions are in the 7F0 ground state with a magnetic moment 
p = g J ( J  + 1) = 0. However, an experimental value of 3 . 4 ~ ~  is generally accepted 
(Kittel 1966) which is in good agreement with calculations according to the %n Vleck 
model giving a value of 3 .51 .~~ .  Fbr EuBa,Cu,07-, a paramagnetic susceptibility was 
reported (Hioba a ~l 1987) above 100 K ascribed to the thermal population of the 
low-lying states of the 7FJ manifold of the Eu3+ ion. The magnetic susceptibility 
measurements indicate a Curie-Weiss law (figure 1) above 200 K From this high- 
temperature region the derived paramagnetic Curie temperature T and the effective 
magnetic moment 1 . ~ ~ ~  obtained by least-squares fitting are 5 2 and 4.10~~ per 
formula unit, respectively. This value is different from that expected for Eu3+ ions 
including contributions from the thermally excited state. The discrepancy could be 
explained if one assumes that a small fraction of Ba2+ ions are substituted by EuZt 
ions which have pd = 7.94~~. This assumption is supported by EPR observations 
of divalent europium ions, as reported below. Our compound should be of the 
type EuBa,-,Eu,Cu,O,-,. From the contribution of Euzt ions to the magnetic 
susceptibility their concentration is estimated to be approximately 2 Y 0.07. 

Below UM K the graph deviates from the Curie-Weiss law and below 50 K there 
exists a strong decrease in x-l with decreasing temperature. The measurements 
were performed under applied fields of 0.2, 2 and 10 kOe only at around 100 K 
Above this temperature the measurements were carried out only for an applied field 
of 2 kOe. For the field of 0.2 kOe the susceptibility remains constant above 35 K 
but measurements above this temperature were not possible as the signal obtained 
was within the limits of the resolution of the apparatus. The behaviour below 50 K 
might be explained by the crystal-field effect, as has been pointed out in a study using 
similar measurements by Ghamaty et al (1991). 

The EPR measurements were performed with a Bruker X-band (v = 9.47 GHz) 
spectrometer type 2COD using 100 kHz field modulation. The modulation amplitude 
was chosen to be 1.2 x T while the level of the microwave power on the sample 
was kepi at 31 mW. Rmperature dependence measurements were performed using an 
Oxford flow cryostat system operating between 4.2 and 100 K The magnetic induction 
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B and the EPR linewidths were measured using a digital NMR magnetometer, whereas 
the microwave frequency was controlled with a high-Q wavemeter. The measuremen& 
were performed on powder (30 mg) samples of cylindrical shape. 

Figure 2 shows the temperature dependence of the EPX spectra of the 
EuBa,.,,Euo,,7Cu,07-8 compound in the tetragonal phase. Below 10 K the 
superposition of two EPR spectra was observed. The first arises from the exchange 
interaction between pairs of copper ions (Guskos et al 1990, 1991e). The spin- 
Hamiltonian parameter g and linewidths A H  are summarized in table 1. The second 
comes from Euz+ ions. The Euz+ spectrum is satisfactorily described by the separate 
spin-Hamiltonian 

where the fust term accounm for the Zeeman energy and 0; are the Stevens (1952) 
operators describing the crystal-field interaction. Eu2f ions have axial symmetry 
owing to the tetragonal unit cell (figure 3) and their spectra could be described by 
the spin-Hamiltonian parameters b:, by  and 67.  In the analysis below, only 0; terms 
have been taken into account since, for powder samples, terms of higher order are of 
negligible importance. According io the powder spectrum analysis for paramagnetic 
centres ~ t h  spin $ in axial symmetry, resonance mnsitions (besides the -$  ti + i) 
arise from divergence of the probability distribution P ( H )  at 0 = 90'. For e = On, 
each transition is also expected to give rise to a shoulder in the spectrum of weak 
intensity and thus is not observable. The position of the resonance lines determined 
in this way are given by second-order perturbation theory (Odermaat 1981): 

H,,, = H , + b ~ ( ~ s - 4 ) - ( b ~ ) 2 / 8 H , [ 2 S ( S + 1 )  -6Ms(Ms-1)-3] (2) 

where H, (= h v / g F B )  is the central field and M ,  is the component of the spin. 
Using equation (Z), a value of b; cz 14 x lo-* cm-I was estimated. 

Inclusion of semnd-order terms in equation (2) tums out to be necessary, allowing 
for the large mlue of 6: which is not so small compared with the Zeeman energy 
at that frequency. This explains why the resonance transition lines are not equally 
separated as expected, if only first-order perturbation theory is taken into account. In 
our case an anisotropic -: C) +f transition should also be observed owing to two 
divergences of P( H) at differen; values of e, but this was impossible as the transition 
was completely masked by a very intense line arising from exchange-coupled pairs of 
copper ions (figure 2). 
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Figure 2 Temperature dependence of the Figure 3. The log1 slrucNre of Eu2+ ions 
EPR spectra d EuBa,.93Euo,oGus07-s in the accupying tsrium atom positions. 
kmgonal phase. 

Tshk 1. The values of lhe spin-Hamiltonian parameters g and the linewidths AH. 

T A H  
6) 9 0 
5 zzqs) aosi(i) 

10 2230(5) 0.045(1) 
17 2 1 8 5 0  0.045(1) 
28 2185fS 0.054(1) 

According to the superposition approximation of Newman's model, by is 
expressed as 

4" = E K ( g i t ~ i ) G ( R i )  (3) 
i 

where R,, d,, 'pi are the spherical coordinates of the ith ligand (Newman and Urban 
1975). The second-order spin Hamiltonian b; could be witten as 

b ~ = ~ f ( 3 c o s Z d i - l ) ~ ~ ( R ; )  (3Q) 
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where 
- 
b(Ri) = 4(%)(Ri/&)' ' .  (3) 

- 
b, is the 'intrinsic' spin-Hamiltonian parameter and Ri is the metal-ligand distance. 
In figure 3 the local structure of Euz+ ions occupying barium atom positions is 
indicated. The metal-ligand distances and angles have been calculated using the 
experimental data of Jorgensen el ai (1987). The following values were obtained: 

2.787 R"' - 2.94 8.; Si = lW, S; = 139.35' and Ri = 
f f y  = 41.3". Substituting these values mto (30) the following expression for b! is 
deduced: 

= 2.98 
3 :  

(4) 
4 -I, -I,, 

b: = -1.8b2 f 1.446, + 1.4b2 . 

The wlues of the 5, parameters were estimated using their radial dependence 
corresponding to equilibrium spacing in the zircon systems where the ordinate scale 
is appropriate to 0,- ligands (Stedman and Newman 1974). In our case we find 
that e -0.12 an-', resulting in a 
value of b; z -5 x IO-, cm-', which is in good agreement with the experimental 
value that we found above. However, since O(1) sites are only partially occupied, a 
smaller value of the respective b! parameter is expected which furthermore slightly 
reduces the clystal-field splitting. The same model was used to make an estimate 
of the z4 parameter. Bking into account contributions from the three oxygen sites 
and their symmetry around europium atoms we obtained an approximate wlue of 
b! e 0.3z4. The order of g4 at these distances is at least an-' or smaller 
(Stedman and Newman 1974) yielding a value of b! ~r lo-' anW1 which justifes OUT 
initial assumption to neglect this term in comparison with b!. 

At 17 K a new, very broad and intensive line appears centred at g = 2.14(1) 
with increasing linewidth A H  when the temperature increases. TBis broad tine might 
originate from an exchange interaction over oxygen bridges between copper ions 
(Guskos et al 1991a). At 40 K, at the centre of this broad tine the EPR spectrum of 
Cuz+ ions in the axial local symmetry appears (figure 2). 

At low temperatures below 10 K an EPR line arising from the exchange interaction 
between coupled pairs of divalent copper ions appears. Its intensity I may be 
described by the following formula (Abraham and Bleaney 1970): 

4,, 
s -0.13 cm-', i? U -0.08 an-' and b 

I = 1/T[3 + exp(J/kT)] (5) 

where J is the exchange interaction constant and estimated to be about 29 an-', a 
value which is in good agreement with those for the other RE 1:2:3 compounds in 
the tetragonal phase (Guskos er a1 1591e). The g parameter initially decreases with 
increasing temperature and then becomes constant at about 17 K (table 1). Also, as 
the temperature increases, an anomalous variation in the linewidth A H  is observed 
(table l), indicating some hnd of magnetic ordering (Guskos et ai 1991d). 

In summary, our results indicate that divalent europium ions could substitute 
for Ba2+ ions. This justifies the high effective moment observed by susceptibility 
measurements. Another explanation for this might be the effect of the crystalline 
field on the positions of the 7F7,2 levels of Eu3+ ions. This effect is not expected 
to increase the effective moment considerably. The crystal-field splitting of the 
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ground state of Euz+ ions could be described by Newman’s superposition model. 
It seems that the special thermal treatment could destroy the superexchange bonding 
between divalent europium ions over oxygen bridges. The anomalous behaviour of 
the magnetic susceptibility versus temperature is ascribed to the existence of both 
divalent and trivalent europium ions. 
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