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Abstract 

Inelastic neutron scattering has been employed to study the perovskite-type high Tc superconducting compounds 
RBa2Cu3Ox (R = Er, Ho; 6 <x ~< 7). For ErBa2Cu3Ox, we have determined the crystalline electric field (CEF) level 
scheme as a function of the oxygen content x. The variation of the energies and intensities of the CEF transitions 
versus x is shown to be predominantly related to a charge transfer process between the chains and the planes. 
The observed energy spectra are the result of a superposition of two different metallic components and a 
semiconducting one, i.e. there is clear experimental evidence for phase separation. A two-dimensional bond 
percolation model explains the appearance of superconductivity as well as the critical oxygen concentrations 
associated with the two-plateau structure of To. For HoBa2Cu307, we have measured the low-lying magnetic 
excitations of n o  3+ ions in a grain-aligned sample. From the dispersive behavior of the spin-wave excitations, 
we derive the nearest-neighbor magnetic coupling parameters in the Heisenberg approximation. From complimentary 
experiments on a magnetically diluted Hoo.lYo.9Ba2CuaO7 compound, we have been able to observe Ho 3+ dimer 
excitations which allow a direct determination of the magnetic coupling strength in the (a,b) plane. The line 
shapes of the Ho 3÷ excitations turn out to be highly asymmetric which we interpret in terms of an exchange 
interaction between the Ho 3÷ spins and the fluctuating Cu 2÷ spins. 

1. Introduction 

The discovery of high T¢ superconductivity in the 
perovskite-type copper oxide compounds has given rise 
to a large amount of materials research. Of particular 
interest in determining the nature of the supercon- 
ductivity is the effect of substituents at various sites in 
these compounds. It has been realized that the su- 
perconducting transition temperature is essentially un- 
changed upon replacing the Y and La ions by "magnetic" 
rare earth (R) ions. This surprising observation is in 
contrast to conventional superconductors, for which 
paramagnetic ions usually have a large detrimental 
effect on superconductivity. It is therefore important 
to achieve a detailed understanding of the low energy 
electronic properties which define the magnetic ground 
state of the R ions. In particular, information on the 
crystalline electric field (CEF) interaction at the R site 
is highly desirable, for the following reasons: 
(i) For many high T~ compounds, superconductivity and 

long-range three-dimensional magnetic ordering of 
the R ion sublattice co-exist at low temperatures. 
An understanding of both the nature of the magnetic 
ordering and its apparent lack of influence on T~ 
requires a detailed knowledge of the CEF states 
of the R ions. 

(ii) In most high Tc compounds, the R ions are situated 
close to the CuO2 planes where it is widely believed 
that the superconducting carriers are located, thus 
the CEF interaction at the R site constitutes an 
ideal probe of both the local symmetry and the 
charge distribution of the superconducting planes 
and thereby monitors directly changes of the carrier 
concentration induced, e.g. by oxygen non-stoichi- 
ometry, pressure and disordering effects. 

(iii) The temperature dependence of the linewidth of 
CEF excitations provides information on the su- 
perconducting energy gap. 

Very detailed and direct information about the CEF 
interaction results from inelastic neutron scattering 
(INS) experiments, particularly for optically opaque 
materials like the high Tc compounds. There has been 
considerable effort made to study the CEF interaction 
in these systems by the INS technique, and a complete 
quantitative understanding of the CEF level structure 
has been obtained for a large number of high T~ 
compounds of type RBa2Cu306, RBa2Cu307, 

RBa2fuaOs ,  R2_xCexCuO4, and  BizSr2Cal_xRxCu208 
by various groups working at the neutron sources in 
Argonne (IPNS-ANL), Didcot (ISIS-RAL), Gaithers- 
burg (CNRF-NIST), Grenoble (HFR-ILL), and Wiir- 
enlingen (Saphir-PSI) [1-5]. In addition, changes in 
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the CEF interaction induced by oxygen non-stoichi- 
ometry, pressure, and doping at the copper sites have 
been studied in detail [6]. INS measurements of the 
temperature dependence of inelastic CEF transitions 
have brought important information about the opening 
of the energy gap [7]. 

Of equal importance towards understanding the in- 
terplay of magnetism and superconductivity in the per- 
ovskite-type copper oxide compounds is the knowledge 
of the coupling mechanism between the R 3 + ions. As 
recently discussed by Misra and Felsteiner [8], several 
mechanisms could be involved in the coupling of the 
R 3+ ions to form two- or three-dimensional spin 
structures: dipolar, Ruderman-Kitte-Kasuya-Yosida 
(RKKY) and superexchange interactions. Calculations 
based on dipolar interactions alone result in N6el 
temperatures which are much lower than the observed 
ordering temperatures, and there are controversies as 
to the importance of either RKKY or superexchange 
interactions. Some qualitative information on the cou- 
pling of the R 3+ ions has been obtained from mag- 
netization and low temperature specific heat measure- 
ments which indicate large anisotropies of the exchange 
interaction in the (a,b)-plane [9]. A more detailed 
insight into the coupling mechanism results from study- 
ing the spin dynamics through the measurement of the 
collective magnetic excitations or spin waves which 
inherently contain information on the nature and size 
of the magnetic coupling between the R 3 + ions. Again, 
the INS technique provides the most direct access to 
this property and thereby allows a very direct deter- 
mination of exchange parameters; however, so far, INS 
measurements have only been performed for a grain- 
aligned sample of HoBazCu307 [10]. 

In this review, we present neutron spectroscopic data 
obtained for RBa2Cu30~ (R=Er ,  Ho; 6<x~<7). In 
ErBazCu30~, the CEF interaction splits the ground state 
J multiplet 4I~5/2 of the Er 3+ ions into eight Kramers 
doublets F~. We have been able to resolve the seven 
ground state transitions for a series of samples covering 
the superconducting phase as well as the semiconducting 
one [11]. J-mixing and i~atermediate coupling effects as 
well as geometrical considerations are necessary to 
determine the CEF parameters unambiguously. The 
large energy shifts and intensity changes of the observed 
CEF spectra as a function of the oxygen content x are 
shown to be related predominantly to a charge transfer 
process between the chains and the planes. The observed 
energy spectra are found to be the result of a super- 
position of three stable states, which we interpret in 
terms of local regions of semiconducting and metallic 
character, i .e. there is clear experimental evidence for 
phase separation. The superconductivity is shown to 
result from the formation of a two-dimensional per- 
colative network. A two-dimensional bond percolation 

model correctly predicts the critical oxygen content 
associated with the two-plateau structure of T~ [12]. 
For HoBazCu30~, the low-lying CEF excitations exhibit 
significant dispersion effects from which we derive 
information on the magnetic coupling parameters [10]. 
The results are compatible with a methodologically 
different experiment on a magnetically diluted 
Ho0.1Yo.9BazCu307 compound which allows the direct 
determination of the magnetic coupling strength of 
Ho 3+ pairs in the (a,b)-plane through the observation 
of Ho 3+ dimer excitations. The observed line shapes 
turn out to be highly asymmetric and can be modelled 
by an exchange interaction between the Ho 3+ spins 
and the fluctuating Cu 2+ spins. Our results strongly 
support the magnetic polaron picture in the under- 
standing of high To superconductivity in perovskites 
[131. 

2. Crystal field excitations in ErBa~Cu30~ (6 < x  <7)  

The energy spectra observed for ErBazCu30 ~ at 
T= 10 K exhibit seven inelastic lines which are con- 
siderably separated in energy: we observe three inelastic 
lines A, B, C in a low energy window (Z~ < 12 meV) 
and four inelastic lines D, E, F, G in a high energy 
window (65 < ~ < 8 2  meV) as shown in Fig. 1. The 
gap between the two windows is structureless. A detailed 
analysis of the temperature and momentum transfer 
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Fig. 1. Energy spectra  of  neu t rons  sca t tered  f rom ErBa2Cu3Ox 
at T =  10 K, measured  with use  of  the time-of-flight spec t romete rs  
IN4 (left part,  Ez = 17.2 meV)  and H E T  (right part ,  E / =  100 meV)  
installed at the Inst i tute  Laue-Langevin,  Grenoble ,  and at the  
Ru the r fo rd  App le ton  Laboratory,  Chil ton,  respectively. The  lines 
indicate the x d e p e n d e n c e  of  the observed ground state C E F  
transitions. The  top of  the figure shows the result ing C E F  level 
scheme for x = 6.98. 
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dependence of these transitions allows us to interpret 
all seven lines in terms of CEF excitations out of the 
ground state. Thus, the CEF level structure is completely 
determined. 

Upon oxygen increase, the transitions B, D, E shift 
slightly to lower energies, and the transitions A, F, G 
move up to higher energies, whereas the energy of the 
transition C remains unchanged (see Fig. 1). Note that 
the linewidth of the transitions B--G is a monotonic 
function of x, in contrast to the linewidth of the transition 
A which shows a highly unusual behavior; it is rather 
narrow for x=6.98, x=6.53 and x=6.09, but for the 
other concentrations x, it is considerably broadened 
and even exhibits substructures. These unusual features 
are discussed in detail in Section 3. 

We base the analysis of the observed energy spectra 
on the CEF Hamiltonian 

3 

HCEF= E ~ A ~ ( Y ~  + y~z~) (1) 
n ~ l  m = 0  

where A ~  denote the CEF parameters and Y ~  are 
spherical tensor operators [14]. The center of gravity 
and the integrated intensity of each of the seven observed 
ground state transitions A-G  have been considered for 
the fitting of the CEF parameters. Although this is 
sufficient to determine unequivocally all five CEF pa- 
rameters of the tetragonal phase, some more information 
is needed to achieve a unique determination of the 
nine orthorhombic CEF parameters. In order to solve 
this problem, we first imposed strict conditions based 
on geometrical relations determined by the nearest- 
neighboring oxygen shell [5,11]. In a second step, we 
progressively released the constraints until all param- 
eters were simultaneously refined. We then used the 
final parameters of the x=6.09 and x=6.98 samples 
as starting values for the other oxygen concentrations. 
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Fig. 2. Leading fourth- and sixth-order CEF parameters deter- 
mined for ErBa2Cu3Ox in the present  work (triangles and solid 
curves). The values extrapolated from the structural changes 
alone are indicated by the dashed curves. 

The final result did not depend on whether we started 
from the high or the low oxygen concentration param- 
eters, which proves that we arrived at the correct set 
of parameters. Moreover, the reliability of the CEF 
parameters was checked by calculating some thermo- 
dynamic magnetic properties of ErBa2Cu3Ox which were 
found to be in remarkable agreement with the exper- 
imental data [11]. The leading CEF parameters are 
displayed in Fig. 2. 

3. Charge transfer, phase separation, and percolative 
superconductivity in ErBa2Cu3Ox 

The CEF parameters are related by definition to 
both the structural arrangement and the charge dis- 
tribution of the ligand ions. In the basic definition of 
the CEF potential, 

VcEF(r) = Jp(R/)/Ir- R,I (2) 

where p(Ri) denotes the charge distribution at the ligand 
site Ri (p(~) = Zie[e[ in the point-charge approximation), 
the structure and charge aspects are decoupled, so that 
we can differentiate between them by writing the CEF 
parameters in the form 

A ~  = ele](r~)~ Z, yZ~ (l~ -) (3) 
i 

Here, (r ~ )  is the 2nth moment of the distribution of 
the 4f electrons, Z~ is the charge of the ligand ion at 
site Ri in units of the electron charge [el and 
7z~ (R~) are geometrical coordination factors as defined, 
e.g. by Hutchings [15]. Restricting to the nearest-neigh- 
boring oxygen coordination shell for the definition of 
yz~ (1~-) in eqn. (3), we found that structural consid- 
erations alone are not sufficient to reproduce the ob- 
served variation of the CEF parameters versus the 
oxygen content x. As an example, the modulus of the 
CEF parameter A ° increases upon oxygen reduction, 
while the structure expands. An increase of the plane- 
oxygen charge, however, can reproduce the experimental 
findings. This is consistent with the mechanism of 
electronic charge transfer from the chains to the planes 
[16]. A quantitative analysis [11] yields a charge transfer 
of 0.07le]/O when going from x = 6  to x = 7  (see Fig. 
3), which means that about 28% of the created holes 
go into the planes. This is slightly less than the value 
of 40% derived from resistivity measurements [17] and 
slightly more than the charge transfer 0.04 le]/O (0.081e]/ 
Cu) derived from diffraction data by means of the bond 
valence sum formalism [16] for the related YBaaCu30, 
compound. Our results suggest a linear dependence of 
the charge transferred as a function of x, in contrast 
to Cava et al. [16] who deduced a close relation between 
the two-plateau structure of Tc and the charge transfer 
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Fig. 3. Charge transfer versus oxygen content x derived for 
ErBazCu30~ in the present work, in comparison with the results 
obtained for YBazCu30 ~ from bond valence sum considerations 
(ref. 16). 
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Fig. 4. Low energy part of the neutron spectra observed for 
ErBagCu3Ox at T = 10 K. The lines are the result of a decomposition 
into individual Gaussian peaks as explained in detail in ref. 12. 

with a pronounced discontinuity at x = 6.4. In the bond 
valence sum formalism, a (non-)linear charge transfer 
is a direct consequence of a (non-)linear decrease in 
the cell parameter  c with increasing x. In this respect, 
the data by Cava et al. [16] are at variance with recent 
diffraction work published by Radaelli et al. [18] who 
observed a linear relation between the lattice parameter  
c and the oxygen concentration x for ErBazCu30~ 
(6 <x < 7), which nicely supports the results of our CEF 
analysis. 

As mentioned in Section 2 and shown in Fig. 4, 
there is evidence for substructures associated with the 
CEF transition A. More specifically, the CEF transition 

A appears to be decomposed into three individual 
transitions A1, A2 and A3 as indicated by the dashed 
lines in Fig. 4. The main characteristics can be sum- 
marized as follows: 
(i) Intensities: The transitions A1, A2 and A3 have 

maximum weight close to x = 7.0, x = 6.5 and x = 6.0, 
respectively. With the CEF interaction being a local 
probe, there is no doubt that the above substructures 
originate from different local environments of the 
Er  3 + ions which obviously co-exist in the compound 
E r B a z C u 3 O x .  

(ii) Energies: Whereas all the CEF transitions are in- 
dependent  of energy for oxygen contents x > 6.5, 
within the experimental error, they shift slightly 
when going from x ~ 6.5 to x ~ 6.0. This may be due 
to the structural discontinuities at the orthorhombic 
to tetragonal phase transition at x~6.4 .  

(iii) Linewidths: The intrinsic linewidths of the tran- 
sitions Ai are much smaller for oxygen contents 
where these transitions individually reach their 
maximum weight, namely for x ~ 6.0, 6.5 and 7.0. 
The lincwidths obviously reflect the structural ho- 
mogeneity around the Er 3+ ions which is well 
defined when only one particular cluster type dom- 
inates. The rather high degree of homogeneity 
around x ~ 6.5 may also be related to superlattice 
ordering of the CuO chains. 

These findings provide clear experimental evidence 
for cluster formation or phase separation. It is tempting 
to identify the three clusters associated with the tran- 
sition A1, A2 and A3 by two local regions of metallic 
(Tc =90 K, To= 60 K) and a local region of semicon- 
ducting character, respectively. Figure 5 shows the 
fractional proportions of the three cluster types which 
correspond to the observed intensities of the transitions 
Ai corrected by the corresponding matrix element. They 
exhibit a continuous behavior versus the oxygen content 
x, consistent with our earlier findings that the transfer 
of holes into the CuO2 planes is linearly related to the 
oxygenation process. The continuous increase in the 
metallic states A, and A2 can also explain the increase 
in the superconducting volume fraction as observed by 
magnetic susceptibility measurements [18] when the 
oxygen content is raised from x =  6 to x = 7 .  

Our current understanding of the superconducting 
properties of ErBazCu3Ox (and more generally all the 
RBa2Cu3Ox compounds) involves a percolation mech- 
anism of electric conductivity as recently discussed in 
both theoretical [19] and experimental [20] work. For 
x = 6 ,  the system is a perfect semiconductor. When 
adding oxygen ions into the chains, holes are contin- 
uously transferred into the CuO2 planes [6,11]. By this 
mechanism, the number of local regions with metallic 
character (associated with the CEF transition A2) rises, 
which can partially combine to form larger regions. For 
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Fig. 5. Proportions of the lowest-lying CEF transitions A,. of 
ErBazCu3Ox as a function of the oxygen content x. The lines 
refer to geometrical probability functions as explained in the 
text. 

some critical concentration, a percolative network is 
built up, and the system undergoes a transition from 
the semiconducting to the conducting state (with 
To= 60 K). Upon further increasing the hole concen- 
tration, a second (different) type of metallic cluster 
(associated with the CEF transition A1) is formed which 
start to attach to each other and at the percolation 
limit induce a transition into another conducting state 
(with Tc = 90 K). For a two-dimensional square structure, 
the critical concentration for bond percolation is 
pc = 50% [21]. From the fractional proportions of A= 
and A1 displayed in Fig. 5, we can then immediately 
determine the critical oxygen concentrations for the 
transitions from the semiconducting to the To=60 K 
superconducting state and to the Tc = 90 K supercon- 
ducting state to be x2 = 6.42 and Xl = 6.86, respectively, 
which is in excellent agreement with the observed two- 
plateau structure of T¢ [16,22]. For three-dimensional 
structures, on the other hand, the critical concentration 
for bond percolation is 20% (face-centered cubic)< 
pc<30% (simple cubic) [21]. From Fig. 5, we derive 
6.21 <x2 < 6.31 and 6.64 <x~ < 6.73, which is inconsistent 
with the observed two-plateau structure of To. This 
reinforces the well known fact that the superconductivity 

in the perovskite-type compounds has indeed a two- 
dimensional character. 

Combined statistical and geometrical considerations 
may be useful to understand the x-dependent profiles 
of the fractional proportions of the three cluster types 
visualized in Fig. 5. In an earlier publication [23], we 
have developed a local symmetry model and defined 
the following probabilities Pk(Y), for a given oxygen 
content x = 6 + y ,  k of the four oxygen chain sites (0,1/ 
2,0), (1,1/2,0), (0,1/2,1) and (1,1/2,1) nearest to the 
Er 3+ ion occupied: 

ek(Y) = (2)yk(1 _y)4-k (0 ~< k ~< 4) (4) 

The fractional proportion of the cluster type A1 
exhibits the behavior predicted by the probability func- 
tion P4(Y) (i.e. all the oxygen chain sites occupied). 
Similarly, the fractional proportions of the cluster types 
A2 and A3 follow the sum of the probability functions 
P3(,V)-t-Pz(y ) (/.e. one or two empty oxygen chain sites) 
and PI(Y)+Po(y) (i.e. one or no oxygen chain site 
occupied), respectively. The above probability functions 
are shown in Fig. 5 by solid lines which excellently 
reproduce the experimental data. 

4. Exchange interaction in HoBazCu307 

We have chosen HoBa2Cu307 to study the magnetic 
coupling within the rare earth sublattice for three specific 
reasons. Firstly, a recent low temperature neutron 
diffraction study [24] of HoBazCu307 indicates the 
existence of three-dimensional correlations associated 
with the Ho 3+ sublattice below TN=0.19 K, as well as 
a three-dimensional or mean-field-type behavior of the 
zero-field magnetization with a critical exponent 
/3=0.4+0.1, so that we may expect the magnetic ex- 
citations to exhibit dispersion effects (contrary to some 
other RBa2Cu307 systems with essentially two-dimen- 
sional Ising character, i .e./3= 0.125). Secondly, a recent 
theoretical analysis of the low temperature ordered 
states of RBa2Cu307 [8] revealed the importance of 
exchange interactions for R = H o .  Thirdly, and most 
importantly, the CEF level scheme of HoBazCu307 is 
characterized by a series of low-lying states [5] which 
can be sufficiently resolved within the small range of 
energy dispersion anticipated for these systems. 

We have studied in great detail the dispersive behavior 
of the low-lying magnetic excitations associated with 
the Ho 3 + sublattice in a grain-aligned sample. Prelim- 
inary results have been published in ref. 10. Here we 
present new experimental data taken under improved 
energy resolution. A polycrystalline HoBazCu307 sample 
of 1 cm 3 volume was grain-aligned under the action of 
an external field H = 5  T. This procedure resulted in 
an alignment of the grains along the z-axis, whereas 
the x- and y-axes remained randomly oriented. Our 
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INS experiments covered a large region of reciprocal 
space for scattering vectors Q=2~x ' /a ,  z/c) with 
x '=  ~/(x 2 +y2) (assuming a =b). The ground state CEF 
excitation/'3 ~ F4 showed up as a well resolved inelastic 
line as exemplified in Fig. 6. The energy of maximum 
peak intensity of this excitation varies considerably when 
following Q along the x'-axis, whereas it remains more 
or less constant upon variation of Q along the z-axis. 
in the random phase approximation [25], the excitation 
energies are given by 

Here, A corresponds to the energy separation between 
the CEF ground state F3 and the first excited CEF 
state 1"4, and M is the dipole transition matrix element 
between the two CEF states [5]. For the calculation 
of J(Q), we took into account Heisenberg-type exchange 
parameters J~, Jb and J~, coupling the central Ho 3+ ion 
pairwise with the Ho 3+ ions at the nearest-neighbor 
positions _+a, +b, and +_c along the x-, y- and z- 
directions, respectively. From the absence of dispersion 
along the z-axis we immediately conclude that 

J~ = 0_+0.2 p~eV 

as actually expected from the large separation of the 
Ho 3 + ions along that axis. Information on J, and Jb is 
more difficult to obtain because of the random ori- 
entation of the x- and y-axes in our sample, thus the 
magnetic excitation spectra cannot be analysed directly 
according to eqn. (5), but we have to average eqn. (5) 
in the (x,y)-plane as discussed in detail in ref. 10. We 
obtained 
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Thus, our data analysis resulted in an enormous spatial 
anisotropy of the magnetic coupling parameters, which 
are weakly ferromagnetic, antiferromagnetic and almost 
zero for nearest-neighbour H o  3+ pairs along the a-, b- 
and c-axes, respectively, which nicely confirms the par- 
ticular type of long-range magnetic ordering recently 
established for HoBa2Cu307 [24]. 

In a methodologically different approach, we have 
also investigated the magnetic excitations in the diluted 
compound HooJYo.9Ba2Cu307, which according to sta- 
tistics contains 66% monomers, 29% dimers, and less 
than 5% trimers, tetramers, etc. of Ho 3+ ions. The 
spectral response of H o  3+ m o n o m e r s  corresponds to 
the CEF energy level sequence which has been estab- 
lished in detail [5]. The magnetic coupling of the Ho 3+ 
ions in the dimers produces a splitting of the CEF 
states. Trimers, tetramers, etc. will produce a more 
complicated splitting pattern, however we can neglect 
them in the present investigation due to their small 
statistical probability. We therefore assume the energy 
spectrum of Ho0.~Yo.9BaaCu307 to be a superposition 
of CEF transitions (due to HO 3+ monomers) and pair 
transitions (i.e. split CEF transitions due to H o  3+ 

dimers). Figure 7 shows that our expectations are clearly 
supported by the experimental data. The energy splitting 
associated with the pair transitions amounts to about 
0.15 meV which is directly related to the nearest-neigh- 
bor H o  3÷ coupling. A detailed calculation based on 
the dimer spin Hamiltonian 

#a =/QCEF(1) +/~CEF(2) -- ?-JS," 82 (6) 

yields [26] 

14o~ . . . .  I . . . .  E . . . .  I . . . .  I . . . .  E . . . .  j 

t ~ / • Q=12M I q 
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energy transfer [meV] 

Fig. 7. Energy spectra of neutrons scattered from 
Ho0JY0.9Ba2Cu307 at T= 1.5 K, measured with use of the high 
resolution spectrometer IRIS at the Rutherford Appleton Lab- 
oratory, Chilton. The background for the low Q data is enhanced 
by 200 neutron counts. 
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Ja = -Jb = 1.3 + 0.2 ~eV 

From these values we calculate the molecular field 
parameter to be A=5.2+0.8 ~eV, which is in good 
agreement with A = 5.6/zeV derived by fitting the zero- 
field magnetization data [24]. The analysis of the data 
for grain-aligned HoBazCu30 7 clearly underestimated 
the ferromagnetic coupling (Ja = 0.5 + 0.1/xeV), but gave 
a reasonable value for the antiferromagnetic coupling 
(Jb = -- 1.6 ___ 0.2 ~eV). 

A characteristic of the observed spectra displayed in 
Figs. 6 and 7 is the asymmetric line shape with a 
pronounced tail on the high energy side. An anomalous 
line shape of CEF transitions has already been observed 
in the very first neutron scattering experiments on 
HoBa2CuaOx [5]. At that time, the conjecture was made 
that this effect is most likely due to local distortions 
of the charge distribution caused by the oxygen vacancy 
concentration x. This idea has recently been confirmed 
for ErBa2Cu3Ox through the observed co-existence of 
different types of local regions whose spectral weights 
distinctly depend on the oxygen content x (see Section 
3). For the presently studied fully oxygenated com- 
pounds noBa2Cu307 and Hoo.lYo.9Ba2Cu307, however, 
this explanation does not hold. An obvious modelling 
mechanism for the line shape is then the exchange 
interaction between the Ho 3+ spins and the fluctuating 
Cu 2+ spins in the superconducting CuO2 planes. We 
have treated the Cu 2+ spin fluctuations in the dynamic 
effective field approximation [27] which indeed produces 
a line shape compatible with the experimental findings 
(see Figs. 6 and 7). The variance of the (Gaussian) 
probability distribution for the fluctuating field, left 
free as a fitting parameter in the least-squares procedure, 
turned out to be of the order of 1 T, which nicely 
confirms the results obtained by EPR measurements 
in aligned powders of Yo.99Ro.oaBa2Cu306.85 (R = Er, Yb) 
[28]. 

5. Concluding remarks 

We emphasize the role of neutron spectroscopy among 
all experimental techniques as a unique and powerful 
tool to determine the CEF interaction in the low 
symmetry high Tc compounds. Any attempts to unravel 
the CEF level structure from the bulk properties are 
likely to fail because of the complexity of the CEF 
interaction in these systems. The CEF parameters de- 
rived from INS studies on high T¢ compounds essentially 
reflect the charge distribution in the superconducting 
CuO2 planes. The changes in the CEF parameters 
versus oxygen deficiency observed for the "123" com- 
pounds can then be interpreted in terms of charge 
redistribution in the CuO2 planes, i.e. the concept of 

electronic charge transfer between the chains and the 
planes is confirmed in a very direct way. The same 
kind of results presented in Section 3 for ErBazCu3Ox 
have also been observed for HoBa2Cu3Ox by neutron 
CEF spectroscopy [29]. 

In addition, neutron spectroscopy reveals phase sep- 
aration effects in these compounds which cannot be 
studied for example by diffraction measurements due 
to the rather small localization range anticipated for 
the different clusters. Indeed, a recently proposed fer- 
romagnetic cluster model [19] predicts the local phases 
in La2_~(Ba,Sr)~Cu04 and RBa2Cu3Ox compounds to 
include thirteen and five plane copper ions, respectively, 
i.e. the localization range is restricted to a few unit 
cells only. While the semiconducting to metal transition 
may also be understood and related to the recently 
reported phase separation effects at x=6.4 [18], the 
co-existence of two different metallic clusters can only 
be detected by local probes such as neutron CEF 
spectroscopy as outlined in the present work. 

The INS technique is also a unique tool towards the 
determination of the magnetic coupling strength as- 
sociated with the rare earth sublattice as demonstrated 
by the observation of both dispersion effects for grain- 
aligned HoBa2Cu307 and Ho 3+ dimer excitations in 
magnetically diluted Hoo.JY0.9Ba2fu307. For these com- 
pounds, we observe a strong magnetic anisotropy in 
the (a,b)-plane which cannot be reproduced either by 
dipolar or by RKKY interactions, thus the coupling of 
t h e  n o  3+ ions is presumably dominated by nearest- 
neighbor superexchange interactions mediated by the 
0(2) and 0(3)  ions as oxygen bridges, which - at the 
same time - also take part in the superconducting 
processes. The charge distribution at the plane oxygen 
sites is therefore one of the most crucial quantities 
towards a detailed understanding of the relevant physical 
properties of the RBa2Cu307 compounds. The obser- 
vation of highly asymmetric line shapes of the H O  3+ 

excitations is another feature of current interest. Our 
interpretation in terms of fluctuating magnetic fields 
at the HO 3 + sites due to plane copper spin fluctuations 
is consistent, e.g. with the magnetic, polaron model of 
high Tc superconductivity in perovskites [13,19] which 
predicts the occurrence of hole-induced ferromagnetic 
clusters (ferrons) in the CuO2 planes. 
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