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Inelastic neutron scattering has been employed to study in detail the full crystalline-electric-field
(CEF) energy scheme in the ground-state J multiplet of Er** in ErBa,Cu;0, as a function of the oxygen
content x. We have been able to resolve the seven ground-state transitions for a series of samples cover-
ing the superconducting phase as well as the semiconducting one. J-mixing and intermediate-coupling
effects as well as geometrical considerations are shown to be necessary to determine unambiguously the
nine CEF parameters of the orthorhombic symmetry. 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 from the chains to the planes, the actual charge transfer being in excellent
agreement with results derived from bond-valence-sum considerations of diffraction data. The CEF pa-
rameters are also used to calculate the magnetization and the field-dependent Schottky anomaly of the
heat capacity, which yields remarkable agreement with the experimental data. A mean-field calculation
allows us to estimate the x dependence of the saturated moment of the Er** ion in the ordered phase,
which perfectly agrees with the results obtained by means of Mdssbauer measurements, but considerably
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deviates from diffraction values.

I. INTRODUCTION

In the perovskite-type compounds YBa,Cu;0, (1:2:3)
(6 <x <7) it is well known that the replacement of the Y
ions by most of the magnetic rare-earth (R) ions does not
have a detrimental effect on superconductivity,! in con-
trast to conventional superconductors. In most cases the
oxygen stoichiometry has been shown to have drastic
influences on the physical properties of these compounds.
As the oxygen content x decreases from 7 to 6, the 1:2:3-
type systems show structural transitions, changes in the
superconducting transition temperature 7, (two-plateau
structure of T,), as well as a metal to semiconductor tran-
sition. For R substituted compounds, at temperatures
below 3 K, transitions to two- and three-dimensional an-
tiferromagnetic order of the R ion sublattice have been
reported. Despite extensive studies performed by means
of several techniques such as magnetic’ and transport
measurements,3 photoemission spectroscopy,4 and neu-
tron diffraction,’ the detailed understanding of the rela-
tion between the above-mentioned phase transitions and
superconductivity remains controversial.

In this work we propose a different approach based on
the analysis of the energetic level splitting of the ground-
state J multiplet of the R ion as a function of oxygen con-
tent x. In the 1:2:3 compounds the R ions are
sandwiched between two superconducting copper-oxide
planes. The (2J +1)-fold degeneracy of the ground-state
J multiplet of the R ion will be partially lifted under the
action of the crystalline-electric-field (CEF) potential
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where Z,e denotes the charge at the site R; of the ith
ligand ion and e is the electronic charge. Equation (1) im-
plies that the CEF energy-level scheme is a direct func-
tion of both the structural (denominator) and the charge
distribution (numerator) parameters in the vicinity of the
R ion. Thus, any modification of the environment of the
R ion will significantly affect its energy-level scheme, i.e.,
the CEF offers a good opportunity and a very clean way
to look at the properties of the superconducting planes in
the 1:2:3 compounds under various conditions (oxygen
deficiency, external pressure, Zn or Ni doping of the Cu
sites, irradiation, etc.).

Since very detailed information about the CEF interac-
tion can be obtained from inelastic neutron-scattering
(INS) experiments, considerable effort has been involved
to study the RBa,Cu;0, systems by means of this tech-
nique.®”° In this paper we present INS experiments on
ErBa,Cu;0, (6<x <7). In these compounds the Er’*
ions have a total angular momentum J=4. The CEF
will split the 16-fold degeneracy of the ground-state mul-
tiplet *I 5, into eight Kramers doublets. We have mea-
sured for several oxygen concentrations x all seven
ground-state CEF transitions (energies and intensities)
and in addition some excited-state CEF transitions. The
observed energies and intensities are used to determine
the CEF potential. This is a complicated task, since, first,
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the low symmetry at the rare-earth site (tetragonal for
X 6.4 and orthorhombic for x = 6.4) renders difficult a
unique determination of the five and nine independent
CEF parameters, respectively. To overcome this problem
we make use of geometrical coordination considerations.
Second, the large overall CEF splitting of these com-
pounds makes it necessary to take into account inter-
mediate coupling as well as J-mixing effects in our calcu-
lations. It was then possible to determine a unique set of
CEF parameters for each oxygen content. In order to
check the reliability of this procedure, our results are
used to calculate various thermodynamic magnetic prop-
erties of ErBa,Cu;0,, which are found to be in excellent
agreement with the experimental data.

Significant changes have been observed in the CEF pa-
rameters as a function of oxygen content x, which cannot
be related to structural changes alone. These changes,
however, can be explained by introducing the concept of
charge transfer from the chains to the planes. Using an
effective point-charge model, a quantitatively good agree-
ment is obtained with bond valence sum arguments, ' and
confirmation is given that the change of T, is directly
connected to the amount of charge being transferred to
the planes.

II. EXPERIMENT

The polycrystalline single-phase starting material of
ErBa,Cu;0; was prepared by a standard sintering pro-
cedure. We treated the powdered material by a tempera-
ture controlled oxygen desorption-absorption procedure
to yield final oxygen contents of x =6.09, 6.34, 6.45, 6.53,
6.78, 6.91, and 6.98. Each sample was characterized by
means of both dc magnetic susceptibility and neutron-
diffraction techniques. The samples show the well known
two-plateau structure of 7, (Fig. 1),'! and neutron-
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FIG. 1. Superconducting transition temperature T, vs oxy-
gen content x for ErBa,Cu;0,.

diffraction experiments proved the single-phase character
of the samples. Only the samples with x =6.09 and 6.34
turned out to be nonsuperconducting. The structure in-
vestigations were performed at the reactor Saphir at
Wiirenlingen (Switzerland) with use of a double-axis
multi-counter diffractometer. The structural results are
listed in Table I.

The low-energy transfer (AE <15 meV) INS experi-
ments were performed with use of the time-of-flight
(TOF) spectrometers INS and IN4 at the high-flux reac-
tor of the Institut Laue-Langevin (ILL) at Grenoble with
incident neutron energies of 3.27 and 17.21 meV, respec-
tively. We achieved an instrumental resolution (full
width at half maximum) of 0.15 meV at AE =0.4 meV on
IN5 and, using a very good collimation, 0.4 meV at
AE =10 meV on IN4. The ErBa,Cu;0, powdered sam-
ples were enclosed into cylindrical aluminum containers
of 10 mm diameter and 50 mm height. The high-energy
transfer (50 < AE < 100 meV) INS experiments were per-

TABLE I. Structural parameters of ErBa,Cu;0, derived in the present work.

Atom Parameter 6.98 6.91 6.78 6.53 6.45 6.34 6.09
T (K) RT 10 RT RT RT 10 10
Er B (;\2) 0.36(7) 0.26(6) 0.49(7) 0.47(6) 0.56(5) 0.28(8) 0.22 (6)
Ba B (;\2) 0.45(7) 0.15(6) 0.45(7) 0.43(7) 0.59(5) 0.24(9) 0.15(7)
V4 . 0.1842(3) 0.1830(3) 0.1868(3) 0.1891(2) 0.1904(2) 0.1932(3) 0.1948(3)
Cu(l) B (1}2) 0.56(8) 0.23(6) 0.91(9) 0.88(7) 0.73(5) 0.27(8) 0.36(6)
Cu(2) B (A") 0.28(5) 0.05(5) 0.23(5) 0.29(4) 0.45(3) 0.07(5) 0.08(4)
VA . 0.3561(2) 0.3559(2) 0.3577(2) 0.3586(2) 0.3600(2) 0.3612(3) 0.3618(2)
O(1) B (A") 0.56(8) 0.270(6) 0.86(9) 0.96(7) 1.29(5) 0.59(8) 0.81(8)
z .5 0.1587(3) 0.1586(3) 0.1568(3) 0.1551(3) 0.1548(3) 0.1542(4) 0.1530(3)
0O(2) B (A") 0.52(5) 0.270(6) 0.68(5) 0.75(5) 0.63(5) 0.17(7) 0.14(5)
z "> 0.3798(4) 0.3800(3) 0.3804(4) 0.3803(4) 0.3805(3) 0.3798(6) 0.3798(8)
0Q@3) B (A") 0.52(5) 0.14(6) 0.68(5) 0.75(5) 0.91(5)
z - 0.3780(4) 0.3781(3) 0.3783(4) 0.3785(4) 0.3783(3)
0O4) B (A) 2.1(3) 2.1(4) 2.3(4) 2.5(4) 2.1(3) 1.9(5) 1.8(3)
n (‘070) 98(2) 91(2) 78(2) 53(2) 45(2) 34(2) 9(2)
a (.,) 3.8213(2) 3.8140(2) 3.8259(2) 3.8354(2) 3.8379(1) 3.8452(6) 3.8500(5)
b (o ) 3.8876(2) 3.8794(2) 3.8861(2) 3.8788(2) 3.8697(1)
c (A) 11.6955(8) 11.6899(7) 11.7197(8) 11.7510(6) 11.7558(6) 11.7643(8) 11.7878(7)
Rp 3.03 8.99 3.12 2.45 5.54 3.11 2.55
Rwp 3.89 9.19 3.97 3.29 7.4 3.88 3.21
Rex 1.28 3.19 1.83 0.9 2.78 1.91 1.14
RF 2.89 3.32 3.19 3.62 6.57 3.53 3.40




47 NEUTRON-SPECTROSCOPIC STUDIES OF THE CRYSTAL . .. 6029

formed with the use of the TOF spectrometer HET at the tor, E, the energy of the nth CEF state with irreducible

spallation neutron source ISIS of the Rutherford Ap-  representation I',, and J, the component of the total an-
pleton Laboratory at Didcot. We used an incident ener-  gular momentum operator perpendicular to the scatter-
gy of 100 meV in order to achieve an instrumental resolu-  ing vector Q. The remaining symbols have their usual
tion of less than 2 meV at AE=80 meV. The meaning. We should note that in the case of Er®",
ErBa,Cu;0, powdered samples were filled into a rec- (T, |J,|T, »7O0 for all n and m, which gives us the possi-

tangular aluminum container of 65X 65X5 mm? volume.  bility to observe all the CEF transitions. It follows from
All the experiments were performed in the temperature = Eq. (2) that the intensities of the CEF transitions are
range from 10 to 100 K using a conventional helium cry-  governed by Boltzman statistics, and they are decreasing
ostat. The raw data have been corrected for absorption,  with increasing modulus of the scattering vector Q due to
detector efficiency, and background effects using standard  the form factor, in contrast to phonon intensities, which

procedures. usually increase with |Q| and temperature (Bose statis-
tics). Figure 3 shows the temperature and Q dependence

III. RESULTS of the low-energy transitions of the x =6.98 compound.

The intensities decrease by 50% when raising the temper-

A. ErBa,Cu;04 g4 ature from 10 to 100 K as expected from the Boltzman

_ o . factor. We observe a decrease of 25% between the low-Q
The energy spectra taken at T =10 K exhibit seven in- ((Q, )=0.8 A~!) and the high-Q ((Qp)=2.4 A

elastic lines, which are considerably separated in energy:
We observe three inelastic lines A, B, C in a low-energy
window (AE <12 meV) and four inelastic lines D,E,F,G
in a high-energy window (65 <AE <82 meV) as shown in
Figs. 2(b) and 2(c). The gap between the two windows is
structureless. There is no doubt about the magnetic ori-
gin of these inelastic lines, since the intensities observed
for the reference sample YBa,Cu;0, turned out to be at
least one order of magnitude smaller in these two energy
windows. A more detailed understanding of the observed

energy spectra is obtained by considering the differential he low- d the high-ene CEF states
neutron cross section for the CEF transition between the low-energy and the high-energy aes.

T ) IT_ ), which is gi in the dipol e At the same time the ground-state intensities of the tran-
"5 12 m /> WHICILIS gIven 1n the dipole approXima- — giiions D, E, F, G decrease with increasing temperature.

data, in excellent agreement with magnetic form factor
calculations using the values tabulated by Freeman and
Desclaux.!> A similar behavior was observed for the
high-energy transitions. We can thus interpret all seven
lines A—G in terms of CEF transitions out of the ground
state, since at low temperature only the CEF ground state
is populated. The high-energy window (Fig. 4) is slightly
more complicated, since with increasing temperature new
peaks are appearing between 55 and 75 meV, which cor-
respond to a superposition of 12 interwindow transitions

tion by Figure 2(a) shows intrawindow transitions between the
%o N | ye? 2k, ) states A,B,C. As explained in the following, all these
3000 Z | m.c? k—exp{ —2W(Q)IFYQ) transitions (energies as well as relative intensities) have
¢ 0 been considered for the determination of the CEF param-
i eters.
X exp (T, |J, T, )*(E,, —E, +ho) .
kB r B. Dependence upon oxygen concentration x
@) Figure 5 shows the oxygen stoichiometry dependence
Z is the partition function, F(Q) the magnetic form fac- of the observed energy spectra. When going from x =6
. —yr —————— — T . T T . .
| ErBa,Cus0695 | B A ok ©) f
E;=17.21 meV
~t INS
2 H 80K ¢
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FIG. 2. Energy spectra of neutrons scattered from ErBa,Cu;Oq¢ ¢3. The solid lines represent the calculated spectra, which result
from a convolution of the intrinsic Gaussian functions (dashed lines) with the instrumental resolution function.
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FIG. 3. Temperature and Q dependences of the IN4 data tak-
en for ErBa,Cu;0q o3 (E; =17.21 meV).

to x =7, the transitions B,D,E shift slightly to lower en-
ergies, and the transitions A,F,G move up to higher ener-
gies, whereas the energy of the transition C remains un-
changed. Note that the linewidth of the transitions
B,C,D,E,F,G is a monotonic function of x, in contrast to
the linewidth of the transition A4, which shows an in-
teresting behavior. It is very well defined for x =6.98,
x =6.53, and x =6.09, while it is much more broadened
for the other concentrations x. In the data analysis we
simply considered the center of gravity and the integrated
intensity of each peak. In order to reduce the number of
parameters we assumed a linear energy dependence of the
intrinsic linewidth. We then convoluted the intrinsic
function (Gaussian) with the instrumental resolution
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function, in order to compare the calculated energy spec-
tra with the experimental data.

IV. CRYSTAL-FIELD CALCULATION

The degeneracy of the J multiplets of a magnetic ion
embedded in a crystal lattice is partly removed by the
CEF potential produced by the charge distribution of the
surrounding ions. The corresponding CEF potential at
the R sites takes the form given by Eq. (1). Using the ten-
sor operator equivalents method we can construct the fol-
lowing Hamiltonian:

3 n
Hegr= 23 X A3y, (3)

n=1m=0

where the Y3™ are spherical tensor operators'* and the
A3™ denote the CEF parameters.

Usually the CEF potential is treated as a perturbation
of the ground-state multiplet >*!L; alone. For the
present case this approximation is not able to yield pa-
rameters that correctly reproduce the observed energies
and intensities, since the overall CEF splitting of the
ErBa,Cu;0, compounds (~100 meV) is comparable in
magnitude to the intermultiplet splitting energies (~ 800
meV for Er*™). This leads to a mixing of the different J
multiplets through the CEF interaction (J mixing). Fur-
thermore, due to the spin-orbit coupling, S and L are no
longer good quantum numbers. Indeed every J multiplet
is contaminated by states of different L, S but same J (in-
termediate coupling). Therefore, in the present investiga-
tion we have performed a simultaneous diagonalization of
the electrostatic, spin-orbit, and crystal-field interactions.
The Hamiltonian is now written

H=Hg +Hgo+Hcgr » (4a)
with
3
Hg = 3 E*e (4b)
K=0
HSO:§A50 . (40)

ErBa,Cu,O HET
2~-U36 08 . T =100 K
E; =100 meV

Intensity (arb. units)

FIG. 4. High-temperature
(T'=100 K) energy spectrum of
neutrons scattered from
ErBa,Cu;O4 43 taken at HET.
E; =100 meV. The lines are as
in Fig. 2.

40 50 60 70

Energy transfer (meV)

80 90
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FIG. 5. Energy spectra obtained for ErBa,Cu;O, at T=10 K taken at IN4 (left part, E;=17.2 meV) and HET (right part,
E; =100 meV). The lines indicate the x dependence of the observed ground-state transitions.

The adjustable free ion parameters E* and & correspond
to Slater electrostatic and spin-orbit integrals, respective-
ly; they have been taken from Wybourne.'s e, and 4,
represent matrix elements for the angular parts of these
electrostatic and spin-orbit interactions, which have been
tabulated by Nielson and Koster.!” In the case of
ErBa,Cu;0, J-mixing and intermediate coupling effects
are similar in magnitude (note that these two effects
enhance the separation between the low-energy and
high-energy window), and all together they produce
changes of the order of 5% in the CEF energy-level

——— J mixing+Intermediate coupling

— J mixing

Ground-state multiplet only

scheme (Fig. 6). This is far outside our experimental ac-
curacy, thus all the multiplets with J=2, 13 and 4 have
been considered in our calculations.

The energies and intensities of the seven CEF 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 parameters 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 used
the following procedure for the two extreme concentra-
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tions x =6.09 and x =6.98. In the point-charge approxi-
mation, the CEF parameters are explicitly given by:

2"’—elei(rz")zly i, (5a)
with
ZM(G_ ¢)
my sy — 2n Vi Wi
%n(l)——(;w . (5b)

1

The sum [ runs over all nelghbormg ions at position
R;=(R;,0,,¢;), Vamw/(4n +1)f37(0;,¢;) are tesseral
harmonics, (r2") is the 2nth moment of the radial distri-
bution of the 4f electrons, Z; is the charge of the ith ion
in units of the electron charge |e|, and y27(i) are the
geometrical coordination factors as defined, e.g., by
Hutchings.!> For tetragonal symmetry the parameters
with m =1 and m =3 vanish. In a first step we con-
sidered a model with only three independent CEF param-
eters A9, A9, A%, whereas the remaining CEF parame-
ters were fixed at their geometric coordination values:

A¥m= A9 v3™(0(2),0(3))/75,(0(2),0(3)) . (6)
The coordination factors y37, Eq. (5b), were calculated
from the nearest-neighbor oxygen polyhedron determined
by neutron diffraction. An attempt was made to start
with values determined by the nearest-neighbor copper
coordination, but this failed totally to provide agreement
between observed and calculated intensities. Similar re-
sults have been obtained in the case of the HoBa,Cu;0,
compound.'® This is not unexpected, since the large CEF
splitting of these systems is very similar to the one ob-
served in the garnet compounds!® where the CEF split-
ting has its origin in the eight nearest-neighbor oxygen
ligands. Therefore, we can conclude that the CEF in-
teraction in the high-7, perovskite compounds is mainly
governed by the charge distribution of the nearest-
neighbor oxygen shell, with the exception of the second-
order CEF potential, for which also more distant neigh-
boring coordination shells have to be taken into account.
Following Lea, Leask, and Wolf*® we introduced the pa-
rametrization

B(z)FzzAngFz:W(
BYF,=

1=y

A, F,=Wxy , (7)

BYF o= A F,=W(1—|x|)y ,

with F,=2, F,=60, F¢=13860, —1=<x,y <1, and W is
a scale factor. The y, are the reduced matrix elements as
tabulated by Hutchings'® and relate our notation to the
CEF parameters B," as used in Ref. 20. Equation (7) cor-
responds to the most general combination of second-,
fourth-, and sixth-order CEF parameters. For only one
parameter set x,y reasonable agreement between the ob-
served and calculated energies and intensities was ob-
tained, namely for x = —0.45 and y =0.8. In fact, the
observed separation of the CEF states into a low- and
high-energy window can only be achieved for x =~ —0.45
(see Fig. 1 in Ref. 20).

In the second step of the least-squares fitting pro-

cedure, after having determined the most reasonable start
values of the diagonal CEF parameters, all the leading
‘“tetragonal” parameters (m =0,2) were allowed to vary
independently, whereas the remaining “orthorhombic”
CEF parameters (m =1, 3) were still fixed at their geome-
trical values according to Eq. (6). The procedure con-
verged to a modified set of parameters which, however,
deviated by less than 109% from the values obtained in the
first step. Thus our parametrization (five independent pa-
rameters fitted to seven energies and intensities of
ground-state transitions) can undoubtedly be considered
to be a unique solution. At this point the procedure was
fully satisfying to reproduce all ground-state energies and
intensities of the x =6.09 sample, since all the ortho-
rhombic parameters are set to zero in the tetragonal case.
Nevertheless, in order to obtain a good fit of the x =6.98
data, a third step, where all nine parameters were simul-
taneously refined, was necessary; in this procedure the
leading tetragonal parameters remained essentially un-
changed, whereas the orthorhombic CEF parameters de-
viated from the geometrical values by less than a factor of
two. In order to test the reliability of our parameters, we
calculated the energy spectra for ErBa,Cu;O¢ g at high
temperature where inter and intrawindow excited CEF
transitions are appearing, which are found to be in good
agreement with the experimental data as shown in Figs.
2(a) and 4. The resulting energy level scheme for Er’*
ErBa,Cu;Og o5 is displayed in Fig. 7.

We then used the final parameters of the x =6.09 and
x =6.98 samples as starting values for the other oxygen
concentration samples. The final result does not depend

A
80.14 f\
76.48 ?
48 h
72.50 yy
68.90| /
A
~ |2
5 5|8
:
EN H
5 - SlE
63}
10.81
9.76 ”" J
H
9.32 )
A B C D E F G
0

FIG. 7. Observed transitions and resulting CEF level scheme
of ErBa,Cu;0g o5.
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TABLE II. CEF parameters A4, (in meV) of ErBa,Cu;0, derived in this work. Our notation is related to the Stevens formalism in
the following way: A4,"=B,"/x,, where y, are the reduced matrice elements as tabulated by Hutchings (Ref. 15).

x A9 A3 A9 A?

43 43 A2 At A8

6.09 6.30+0.22 O —33.61+0.11 0

156.31+0.66

3.57+0.02 0 104.47+0.11 O

6.34 7.46+0.20 O —33.54+0.13 0 156.27+0.59 3.5940.02 0 104.524+0.10 O

6.45 8.85+0.34  2.48+2.8 —33.224+0.16 3.63%3.3 155.77+0.51 3.64+0.03 —0.11+0.09 104.47+0.16 0.18+0.08
6.53  9.37+0.18  4.81%£2.2 —33.14+0.09 4.89%+2.2 156.08+0.56 3.66+0.02 —0.25+0.08 104.47+0.08 0.41+0.10
6.78 11.97+0.28  7.74+2.5 —32.41%0.15 8.37+2.1 157.28+0.86 3.68+0.02 —0.48+0.10 104.60+0.11 0.60+0.11
6.91 12.59+0.34  9.62+2.8 —32.38+0.12 9.69+1.2 157.31+1.03 3.66+0.03 —0.51+0.12 104.59+0.14 0.63+0.11
6.98 13.93+0.73 11.644+3.1 —32.25+0.19 10.26+3.2 156.81+1.42 3.67+0.04 —0.57+0.15 104.59+0.27 0.64+0.14

on whether we started with the high- or the low-oxygen
concentration parameters, showing that we have found
the correct set of parameters. The resulting CEF param-
eters are listed in Table II. The CEF parameters deter-
mined for ErBa,Cu;0, are found to vary considerably as
a function of oxygen content x, which is quantitatively
discussed in Sec. VI.

V. MAGNETIC PROPERTIES

The CEF parameters may now be used to calculate the
magnetic properties of ErBa,Cu;O,. The magnetic
single-ion susceptibility turns out to be extremely aniso-
tropic, with the y axis as the easy axis of magnetization in
agreement with the results of a neutron-diffraction study
of the long-range antiferromagnetic ordering in
ErBa,Cu;0,.2! As shown in Fig. 8, the magnetization
calculations are in very good agreement with high-field
magnetization measurements on a powder sample.?? On
the other hand, they deviate by typically 30% from
single-crystal measurements,?® which is most likely due to
incomplete field penetration. Nevertheless, the high an-
isotropy between the in-plane and out-of-plane com-
ponents observed in bulk magnetization measurements is
well reproduced. The zero-field moment at saturation is
drastically reduced below the free ion value of 9uy. For
ErBa,Cu;O¢ g3 the calculation yields 4.19up, which
favorably agrees with the Mossbauer value of 4.2+0.1ug
(Ref. 24) and to a lesser extent with the diffraction value
of 4.8+0.2up.2! The calculated change of the magnetic
moment between the x =6.98 and x =6.09 samples is
0.34up. While this result agrees perfectly with the
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FIG. 8. Observed and calculated magnetization curve of
ErBa,Cu;0g o5.

Modssbauer values,?* it is in disagreement with diffraction
measurements, which yield a reduction of 1.1y, between
x=7and x =6.5.2!

The comparison with heat-capacity measurements
offers another possibility to check the reliability of the
CEF parameters determined in the present work. A very
detailed study was performed by van der Meulen et al.?
and by Dunlap et al.?® Some of their results are shown in
Fig. 9 together with our calculations, which are in excel-
lent agreement. Particularly, the shape of the Schottky
anomaly in a field of 5 T is nicely reproduced. This
anomaly originates from the splitting of the Kramers
doublet ground state in the presence of a magnetic field.

VI. DISCUSSION

Equation (5) shows that the CEF parameters are func-
tions of both the structure and the charge distribution.
The point-charge approximation, however, has severe
shortcomings and often provides physically unrealistic
ligand charges Z. This is due to effects such as screening,
shielding, antishielding, and covalent bonding. To over-
come these problems, we proceed in two steps.

(1) Since we have shown previously that we can restrict
our considerations to the nearest-neighbor oxygen shell,
Eq. (5) transforms then into

AZM(x)=elel{(r*")Z(0(2),0(3))y3™(x) . 8)
The geometrical factors y37(x) depend on the O(2) and

O(3) positions.
(2) Considering relative changes of the CEF parame-
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FIG. 9. Observed and calculated Schottky anomaly of the
heat capacity of ErBa,Cu;Og o5.
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ters, we obtain from Eq. (8), assuming only structural
modifications:

A5(x)

AT

2m 2n+1
(x)
Yan X0 <1 for 6<x<7.

Ty

r—R(7)
r—R(x)

9

Since under a decrease of the oxygen content x the dis-
tances R-O(2) and R-O(3) are increasing (see Table I and
Ref. 11), we expect a decrease of all the CEF parameters
as a function of decreasing oxygen content x.

Figure 10 shows the observed and expected changes of
the CEF parameters 49, 44, 42, and 4¢. Obviously the
observed CEF values behave very differently from the
values extrapolated according to Eq. (9). The nicest ex-
ample is obtained by the behavior of the parameter 49.
While the structure parameters are increasing with de-
creasing oxygen content, the value of the CEF parameter
AY increases, in total contradiction with any structural
expectation. This means that structural considerations
alone are not sufficient to reproduce these changes. An
increase of the charge Z(0(2),0(3)) upon reduction of
the sample could act as a compensation of the structural
effects. This is consistent with the idea of charge transfer
mentioned by Cava et al.,'” since an increase of the elec-
tronic charge Z(0(2),0(3)) may be interpreted as a de-
crease of the hole concentration in the CuQO, planes. In
order to quantify these results we consider the point-
charge relation

A3M(x)=ele[{r")Z(0(2),0(3))[1+8(x)]y3™(x) , (10)

where 8(x) describes the relative charge transfer. Taking
the compound ErBa,Cu;O44 as a reference [i.e.,
5(6.98)=0], a quantitative estimate of the actual charge
transfer Z(0(2),0(3))|e|8(x) can be obtained from Eq.
(10):

AYM(x)/ AT =[14+8(x) 173" (x) /y3™(T) . (11)

Since ¥2™(x) is known from crystallographic measure-
ments and 4 37(x) from CEF spectroscopy, it is very easy
to determine 8(x). We treated in this way only the lead-
ing fourth- and sixth-order parameters, since the second-
order parameters are long-range parameters and the sta-
tistical uncertainty of the remaining orthorhombic pa-
rameters is rather large. In Fig. 11 we plot the resulting
charge transfer (Z|e|8(x)),,, as a function of the oxygen
concentration x [assuming Z(0(2),0(3))=—2]. We
find that a charge of 0.07 |e|/O is transferred into the
planes when going from x =6 to x =7, which means that
about 28% of the created holes go into the planes. This
is slightly less than the value of 40% derived from resis-
tivity measurements,?’ and slightly more than the charge
transfer 0.04 |e| /O (0.08 |e| /Cu) derived from diffraction
data by means of the bond valence sum formalism'® for
the related Y 1:2:3 compound (see Fig. 11). Our results
show a linear dependence of the charge transferred as a
function of x, in contrast to Cava et al.!° who deduce a
close relation between the two-plateau structure of T,
and the charge transfer with a pronounced discontinuity
at x~6.4. In the bond valence sum formalism a
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(non-)linear charge transfer is a direct consequence of a
(non-)linear decrease of the cell parameter ¢ with increas-
ing x. In this respect the data by Cava et al.!” are at
variance with recent diffraction work published by Ra-

daelli et al.,”® who observed a linear relation between the
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FIG. 10. Leading fourth- and six-order CEF parameters
determined for ErBa,Cu;0, in the present work (triangles and
solid curves). The values extrapolated from the structural
changes alone are indicated by the dashed curves.
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FIG. 11. Charge transfer vs oxygen content x derived for
ErBa,Cu,0, in the present work, in comparison with the results
obtained for YBa,Cu;O, from bond valence sum considera-
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lattice parameter ¢ and the oxygen concentration x for
ErBa,Cu;0, (6 <x <7), which nicely supports the results
of our CEF analysis.

VII. CONCLUSION

We have presented the results of inelastic neutron-
scattering measurements of the CEF transitions of Er’?t
in ErBa,Cu;0, for seven different oxygen concentrations.
The determination of the CEF parameters, evaluated in
the intermediate coupling approximation including J
mixing, allows one to calculate several thermodynamic
properties, which are in excellent agreement with experi-
mental data. The comparison of the field-dependent
properties turned out to be particularly useful, since the
external field predominantly probes the ground-state
wave functions of the CEF states.

The variation of CEF parameters with oxygen
stoichiometry is shown to be the consequence of a linear
charge transfer from the chains to the planes. We find
that the decrease of T, from 90 to 60 K is associated with
a charge transfer of the order of 0.04 e /O, while an addi-
tional transfer of 0.03 e /O is needed to reach the insulat-
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ing state. This type of analysis has been applied to other
systems, such as HoBa,Cu;O, (Ref. 29) and
Nd,_,Ce,CuO, (Ref. 30), where similar results were
found.

In the present work we have analyzed the observed en-
ergy spectra in an integral manner, i.e., we have not con-
sidered deviations from an ideal crystal structure which,
however, is known to be distorted particularly upon vari-
ation of the oxygen content from x =6 to x =7. Devia-
tions from this ideal case are certainly reflected in the
anomalous linewidth behavior of the lowest-lying CEF
transition A, as mentioned in Sec. III. Indeed, a detailed
analysis shows that this transition is composed of a super-
position of three components whose spectral weights dis-
tinctly depend on the oxygen content x. With the CEF
interaction being a local probe, there is no doubt that
these substructures originate from different local environ-
ments of the Er®™ ions, which obviously coexist in the
compound ErBa,Cu;O,. Similar effects have been ob-
served for ErBa,Cu;O, in the composition range
6.25<x <6.45.22 We interpret the three components in
terms of local regions of either semiconducting or metal-
lic character. The superconductivity can then be shown
to result from the formation of a two-dimensional per-
colative network. As a consequence the two-plateau
structure of T, is closely related to the variation of the
proportions of each component versus the oxygen con-
tent x. A preliminary account of these ideas will be pub-
lished elsewhere.’!

Note added in proof. Recently, an independent
inelastic-neutron-scattering study of the crystalline elec-
tric field in ErBa,Cu;0; was reported by L. Soderholm,
C.-K. Loong, and S. Kern in Phys. Rev. B 45, 10062
(1992). Our results obtained for ErBa,Cu;Og4 45 as de-
scribed in Sec. IIT A are consistent with the data obtained
by Soderholm, Loong, and Kern.
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