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Inelastic neutron scattering has been employed to study in detail the full crystalline-electric-field
(CEF) energy-level scheme in the ground-state I multiplet of Ho'+ in HoBa2Cu30„as a function of the

oxygen content x. We have been able to resolve ten ground-state transitions for a series of samples cov-

ering the superconducting phase as well as the semiconducting one. Jmixing and intermediate coupling
effects are shown to be necessary to determine unambiguously the nine and five independent CEF param-
eters of the orthorhombic and tetragonal symmetry, respectively. 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 be-

ing in good agreement with results derived from both bond valence sum considerations for YBa2Cu30„
and similar CEF data for ErBa,Cu30„.

I. INTRODUCTION

In the perovskite-type compounds YBa2Cu30„(123)
(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. The oxygen
stoichiometry has been shown to have a drastic inffuence
on the physical properties. As the oxygen content x de-
creases from 7 to 6, the 123-type systems show structural
transitions, changes in the superconducting transition
temperature T, (two-plateau structure of T, ), as well as a
metal-to-semiconductor transition. For most
substituted compounds, at temperatures below 3 K, tran-
sitions to two- and three- dimensional antiferromagnetic
order of the R ion sublattice have been reported. Exten-
sive studies performed by means of several techniques
such as magnetic and transport measurements, photo-
emission spectroscopy, neutron diffraction, and particu-
larly neutron crystal-field spectroscopy contributed to-
wards a detailed understanding of the relation between
the above-mentioned phase transitions and the supercon-
ductivity.

In the 123 compounds the R ions are sandwiched be-
tween two superconducting copper-oxide planes. The
(2J+ 1)-fold degeneracy of the ground-state Jmultiplet of
the R ion will be partially lifted under the action of the
crystalline-electric-field (CEF) potential which in the
point-charge approximation is given by

Z, e/ef
(1)

)r —R,

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 123 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 RBa2Cu30 systems by means of this tech-
nique. " In this paper we present INS experiments on
HoBa2Cu30„(6&x &7). In these compounds the Ho +

ions have a total angular momentum J=8. The CEF will

completely lift the 17-fold degeneracy of the ground-state
multiplet I8 in the orthorhombic phase; in the tetragonal
phase some singlets will combine to doublet states. We
have measured for several oxygen concentrations x ten
ground-state CEF transitions and in addition some
excited-state CEF transitions. The observed energies are
used to determine the CEF potential. This is a compli-
cated task since, firstly, 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.
More specifically, in the least-squares fitting procedure
we need good start values for the CEF parameters which
are available from previous studies of the CEF interac-
tion in HoBa2Cu30 . ' ' Secondly, the large overall
CEF splitting of these compounds makes it necessary to
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take into account intermediate coupling as well as J-
mixing effects in our calculations. It was then possible to
determine a unique set of CEF parameters for each oxy-
gen content.

Signi6cant 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 a similar analysis performed for
ErBa2Cu30„(Ref. 6) as well as bond valence sum argu-
ments, ' and confirmation is given that the change of T,
is directly connected to the amount of charge being
transferred to the planes.

II. EXPERIMENT
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FIG. 1. Superconducting transition temperature T, vs oxy-
gen content x for HoBa2Cu30„.

The polycrystalline single-phase starting material of
HOBa2CU30 was prepared by a standard sintering pro-
cedure. We treated the powdered material by a
temperature-controlled oxygen desorption-absorption
procedure to yield Snal oxygen contents of x =6.11, 6.39,
6.49, 6.61, 6.66, 6.89, 7.05. Each sample was character-
ized by means of both dc magnetic susceptibility and
neutron-diffraction techniques. The samples showed the
well known two-plateau structure of T, (Fig. 1),' and
neutron-diffraction experiments proved the single-phase
character of the samples. Only the samples with x =6.11
and 6.39 turned out to be nonsuperconducting. The
structure investigations were performed at the reactor
Sapir at Wurenhngen (Switzerland) with use of the
double-axis multicounter diffractometer. The structural
results are summarized in Ref. 15.

The INS experiments at low-energy transfer (b,E &5
meV) were performed with use of the triple-axis spec-
trometer IN2 at the reactor Saphir in Wiirenlingen. The
energy of the outgoing neutrons was kept fixed at 5 meV,
giving rise to an energy resolution of 0.15 meV at zero en-
ergy transfer. To gain intensity, the measurements were
carried out with use of a doubly bent graphite monochro-
mator as well as a horizontally bent graphite analyzer,
both with (002) scattering planes. Consequently, no col-

limations were used from neutron source to detector. A
beryllium filter was inserted between sample and analyzer
to eliminate higher-order contamination.

For the intermediate energy range (3 meV&EE & 12
meV) we used the time-of-fiight (TOF) spectrometer IN4
at the high-flux reactor of the Institute Laue-Langevin
(ILL) at Grenoble with incident neutron energy 17.21
meV. We achieved an instrumental resolution full width
at half maximum of 0.7 meU at AS=10 meU. For the
measurements at low- and intermediate-energy transfers
the HoBa2Cu30„powdered samples were enclosed into
cylindrical aluminum containers of 10 mm diameter and
50 mm height.

The high-energy transfer (50&hE & 100 meV) INS ex-
periments were performed with use of the TOF spectrom-
eter MARI at the spallation neutron source ISIS of the
Rutherford Appleton Laboratory at Didcot. We used an
incident energy of 100 meV in order to achieve an instru-

ental resolution of less than 2 meV at EE=70 meV. In
these experiments the samples were fiBed into a rectangu-
lar aluminum container of 65X65X5 mm volume. All
the experiments were performed in the temperature range
from 1.5 to 10 K with use of a conventional "orange
ILL-type" helium cryostat. The raw data have been
corrected for absorption, detector eSciency, and back-
ground effects using standard procedures.

III. RESULTS

The energy spectra taken at T= 1.5 K exhibit ten in-
elastic lines which are considerably separated in energy:
we observe three inelastic lines A, S,C in a low-energy
window (hE &5 meV), three inelastic lines D, E,F in an
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FIG. 2. Energy spectra of neutrons scattered from
Hol a2Cu30„ taken on IN2 at T=1.5 K, Q=1.1A ', and
Ez =5 meV. To separate the different spectra, the background
is consecutively enhanced by 500 neutron counts.
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FIG. 3. Energy spectra of neutrons scattered from
HoBa~Cu, O„ taken on IN4 at T=2.5 K, (Q) =1.3 A at 8

meV energy transfer and E;=17.21 meV. To separate the
different spectra, the background is consecutively enhanced by
2500 neutron counts.

intermediate-energy window (5 (b,E ( 15 meV), and four
lines G, H, I,E in a high-energy window (55 (b,E &75
meV} as shown in Figs. 2 —4. The gap between the
intermediate- and high-energy window is structureless.
There is no doubt about the magnetic origin of these in-
elastic lines, since the intensities observed for the refer-
ence sample YBa2Cu307 turned out to be at 1east one or-
der of magnitude smaller in these three energy windows.
Moreover, the intensities of all the lines followed the
magnetic form factor and the Boltzmann statistic, thus
we could ensure that they are of magnetic origin. Figure
5 shows the Q dependence of the high-energy transitions
of the x =6.89 compound, and Fig. 6 shows the tempera-
ture dependence of the 6rst-excited transition L in

Hoaa2Cu306». We can thus interpret all ten lines A -K
in terms of CEF transitions out of the ground state, since
at low temperature (T=1.5 K} only the CEF ground
state is populated.

Figures 2-4 show the oxygen stoichiometry depen-
dence of the observed energy spectra. When going from
x =7 to x =6, the transitions B,D,F,H, I,EC shift slightly
to lower energies, the transitions A, c move up to higher
energies, whereas the energy of the transitions E,G
remains unchanged. At the phase transition from ortho-
rhombic to tetragonal symmetry, some of the CEF transi-
tions merge pairwise into a single line (e.g., A+B~ A')
and some disappear (e.g., C). Note that some transitions
(e.g. , A, B,C) exhibit an asymmetric line shape. In the
data analysis we simply considered the center of gravity
and the integrated intensity of each peak. A possible in-
terpretation of the asymmetry of the line shape will be
given in Sec. V.
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FIG. 4. Energy spectra of neutrons scattered from
HoBazCu30„ taken on MARI at T=1.5 K, (Q) =2.68 A at
60 meV energy transfer and E;=100 meV. To separate the
different spectra, the background is consecutively enhanced by
1500 neutron counts.
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FIG. 5. Q dependence of the MARI data taken for
HoBa, Cu306 89 at T= 1.5 K and E; =100meV. To separate the
different spectra, the background is consecutively enhanced by
1500 neutron counts.



NEUTRON SPECTROSCOPIC STUDIES OF THE CRYSTAL. . . 4071

VJ

c
0
V
C0

I
C

I I
6QQ I I I I I I ~ ~ ~

1
~ I ~ ~ ~ I ~ I I

1
l I ~ ~ I ~ ~ ~ I

o T=10K
~ T=1.5K500

H
400 4g

300
c, C

200 ()- OOO
& Ie
e eee ee eeeeee k I-ayao& q II

0 I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I

I I

-4.5 -3.5
energy transfer [meV]

-3

FIG. 6. Temperature dependence of the first excited transi-
tion L 1 4"~I'3 ' taken for HoBa2Cu306» on IN2 with Q = 1.1

A and E, =5 meV.

IV. CRYSTAL-FIELD CALCULATIONS

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 1l

Hca~= X X ~2~(Yz. +Ye.' » (2)
n=1m=0

where the Yz„are spherical tensor operators' and the
A z„denote the CEF parameters.

Usually the CEF potential is treated as a perturbation
of the ground-state multiplet +'LJ alone, however,
Goodman, Loong, and Soderholm' have shown that for
HoBazCu30„ the higher J multiplets have to be taken
into account, since the overall CEF splitting is compara-
ble in magnitude to the intermultiplet splittings. There-
fore, in the present investigation we have performed a
simultaneous diagonalization of the electrostatic, spin-
orbit and crystal-field interactions. In the case of
HoBazCu3O„J mixing enhances the separation between
the low-energy (b,E (15 meV) and high-energy window

by typically 5%, and intermediate coupling efFects pro-
duce changes of the individual CEF energy levels of the

V. DISCUSSION

In the point-charge approximation, the CEF parame-
ters are explicitly given by

A,'„=e~e~(r'"& +Z, y,'„(i), (3a)

order of 1 meV. This is considerably outside our experi-
mental accuracy, thus all the multiplets with J=8, 7, 6,
and S have been included in our calculations.

The energies of both the CEF ground-state transitions
A -E and the excited CEF transition L have been con-
sidered for the fitting of the CEF parameters, thus the
number of observables is sufficient to determine une-

quivocally all nine CEF parameters in the orthorhombic
phase as well as the five parameters in the tetragonal
phase. As start values in the least-squares fitting pro-
cedure we used the parameters obtained from an earlier
study of HoBazCu30, . ' ' We fitted first the two oxygen
concentrations x=6.11 and x=7.05. We obtained a
good agreement between the calculation and the experi-
mental data as exemplified for x =7.05 in Fig. 7. In par-
ticular, the calculated intensities of the CEF transitions
approximated by Gaussian lines nicely agree with the ob-
served intensities to within 10%. The resulting CEF
energy-level schemes for the two oxygen contents are
shown in Fig. 8.

We then used the final parameters of the x =6.11 and
x =7.0S samples as starting values for the other oxygen
concentration samples. The final result did not depend
on whether we started from 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 I. The CEF parameters deter-
mined for HoBazCu30„are found to vary considerably as
a function of oxygen content x, which is quantitatively
discussed in Sec. V.

The CEF parameters derived in the present work are
clearly more precise then earlier data' ' due to the
much better energy resolution achieved in the INS exper-
iments as well as the extended Hamiltonian including the
electrostatic and spin-orbit interactions. A similar Ham-
iltonian was used in Ref. 17, however, the proposed set of
the CEF parameters considerably di5'ers from that de-
rived in the present work, giving rise to subtle incon-
sistencies with respect to both the energetic ordering of
the CEF levels and the intensities of the CEF transitions.
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TABLE I. CEF parameters (in meV) of HoBazCu30 derived in this work.

7.05
6.89
6.74
6.66
6.60
6.48
6.39
6.11

17.6+0.8
16.3+0.9
14.4+1.0
14.0+0.9
13.8+0.8

10.620.9
8.0+1.1

7.0+0.8

12.0+1.0
13.7+1.2
9.9+1.3
6.2+1.5
6.2+1.2
7.4+1.5
0
0

AO4

—34.0+0.2
—34.1+0.2
—33.9+0.2
—34.3+0.2
—34.3+0.2
—34.0+0.2
—33.820.3
—33.8+0.2

3.6+0.8

0.3+1.1

2.8+1.0
3.1+0.9
1.7+0.8

1.3+0.8
0
0

A 44

161.3+1.7
164.3+1.9
165.3+2. 1

164.9+2. 1

165.1+1.9
169.9+2. 1

169.9+2.7
168.2+2.3

3.97+0.05
3.95+0.07
3.86+0.06
3.78+0.06
3.80+0.06
3.74+0.07
3.75+0.07
3.68+0.05

—2.5+0.8
—2.4+0.9
—1.1+0.9
—2.6+0.8
—2.8+1.0
—0.9+0.8

0
0

W4,

116.5+0.2
117.0+0.2
117.1+0.2
116.8+0.2
116.7+0.2
116.7+0.2
116.9+0.3
116.8+0.2

—0.4+0.2
—0.2+0.2

0.0+0.3
0.4+0.3
0.2+0.3

0.3+0.4
0
0

with

fan

(r R )2n+1
l

(3b)

The sum i runs over all neighboring ions at positions
R; =(R;,8;,P;), &4nl(4n+. 1)fz„(8;,P, ) are tesseral har-
monics, (r ") is the 2nth moment of the radial distribu-
tion of the 4f electrons, Z, is the charge of the ith ion in
units of the electron charge ~e~, and y2„(i) are the
geometrical coordination factors as defined, e.g., by
Hutchings. ' Equation (3) shows that the CEF parame- Az„(x)=e~e~(r ")Z(O(2),O(3))y2„(x) . (4)

ters are functions 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 bond-
ing. To overcome these problems, we proceed in two
steps:

(a) As previously' shown we can restrict our con-
siderations to the nearest-neighboring oxygen shell, thus
Eq. (3) transforms into

HOBa2Cu307 Q5
K
Ik

HOBa2Cu30g. ~ g

p (2)
3

The geometrical factors y2„(x) depend only on the O(2)
and O(3) positions.

(2) Considering relative changes of the CEF parame-
ters, we obtain from Eq. (4), assuming only structural
modifications:

71" ~4
p(4)

2

67
"

r (')
5 A 2„(x) y2„(x)

g 2m(7) y2m(7)

r —R (7)
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FIG. 8. Energy-level scheme of Ho'+ in HoBazCu30 calcu-
lated from the CEF parameters for x =6 (tetragonal) and x =7
(orthorhombic). The arrows denote the observed CEF transi-
tions.

From the calculation of the geometrical factors we expect
a decrease of all the CEF parameters as a function of de-
creasing oxygen content x.

Figure 9 shows the observed and expected changes of
the CEF parameters A4, A4, A6, and A6. Obviously the
observed CEF values behave very differently from the
values extrapolated according to Eq. (5). The best exam-
ple is obtained by the behavior of the parameter A4.
While the structural parameters are increasing with de-
creasing oxygen content, the value of the CEF parameter
A4 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(O(2),O(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(O(2),O(3)) may be interpreted as a de-
crease of the hole concentration in the Cu02 planes. In
order to quantify these results we consider the point-
charge relation

A 2„(x)=e ~e
~
(r")Z(O(2), O(3))l 1+5(x)]y2„(x), (6)
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g 2ltl(7} y2ltl(7)
=[1+5(x)] (7)

Since yz„(x) is known from crystallographic measure-
ments and A 2z„(x) from CEF spectroscapy, it is very easy
to determine 5(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. 10 we plot the resulting
charge transfer (Z~e~5(x)) „as a function of the oxygen
concentration x [assuming Z(O(2),O(3))= —2]. We find
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FIG. 10. Charge transfer vs oxygen content x derived for
HoBa2Cu30„ in this work, in comparison with similar results
obtained for ErBa2Cu30„(Ref. 6) and for YBa2Cu30„derived
from bond valence sum considerations (Ref. 14).

where 5(x) describes the relative charge transfer. Taking
the campound HoBa2Cu307 0~ as a reference [i.e.,
5(7.05)=0], a quantitative estimate of the actual charge
transfer Z(O(2},O(3)) ~e~ can be obtained from Eq. (6):

that a charge of 0.08 ~e~/0 is transferred into the planes
when going from x =6 to x =7, which means that about
32% of the created holes go into the planes, in good
agreement with a similar analysis performed for
ErBa2Cu30„. This is slightly less than the value of 40%
derived from resistivity measurements, ' and slightly
more than the charge transfer 0.04 ~e~/0 (0.08 ~e~/Cu)
derived from difFraction data by means of the band
valence sum formalism' for the related Y123 compound.

It is well known that in metallic systems the linewidth
of the CEF transitions is connected with the number of
carriers. 0 Therefore we expect the linewidths of the
CEF transitions to change at T=T, as observed in
TmBa2Cu307. However, upon increasing the tempera-
ture the energy spectra of HoBa2Cu30„become consider-
ably contaminated by excited-state CEF transitions, so
that a straightforward interpretation in terms of single
Gaussians is no longer feasible.

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. In
fact, the CEF linewidths of the HoBa2Cu30, compounds
with x =6.11 and x =7.05 (corresponding very closely to
the ideal tetragonal and orthorhombic symmetry, respec-
tively) are distinctly smaller than for the intermediate ox-
ygen contents, see Figs. 2—4, which clearly rejects distor-
tions of the local structure. More specifically, a detailed
analysis performed for ErBa2Cu30„(Ref. 7) has shown
that the CEF transitions in the 123 high-T, compounds
are composed of a superposition of three components
whose spectral weights distinctly 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 environments of the R+ ions which obvi-
ously coexist in the RBa2Cu30 compounds and for
R =Er have been interpreted as being evidence for phase
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separation. The spectroscopic information obtained for
HoBa2Cu30 in the present work, however, does not al-
low such an a priori data analysis.

Considering the above comments it is therefore surpris-
ing that even for the fully oxygenated compound
HoBa2Cu307 Q5 some CEF transitions are found to exhib-
it pronounced line-shape asymmetries. Here the superpo-
sition hypothesis clearly does not hold. Possible model-
ing mechanisms in terms of fluctuating fields at the Ho +

sites have recently been discussed. '

VI. CONCLUSION

CEF parameters in the intermediate coupling approxima-
tion including Jmixing.

The variation of the CEF parameters with oxygen
stoichiometry is shown to be the consequence of a 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/0, while an addi-
tional transfer of 0.04 e/0 is needed to reach the insulat-
ing state. This type of analysis has been applied to other
systems such as RBa2Cu30„(Ref. 6} (R =Er} and
Nd2 „Ce„Cu04, where similar results were found.

We have presented the results of inelastic neutron-
scattering measurements of the CEF transitions of Ho +

and HoBazCu30„ for eight different oxygen concentra-
tions. We were able to determine all nine independent
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