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In many cuprate superconductors rare-earth (R) ions can be placed close to the superconduct-
ing copper oxide planes; thus, the crystal-field interaction at the R site constitutes an ideal
probe of the local symmetry as well as the local charge distribution and thereby monitors
directly changes of the carrier concentration induced by doping. For several compounds
the crystal-field spectra observed by inelastic neutron scattering separate into different local
components whose spectral weights distinctly depend on the doping level, i.e., there is clear
experimental evidence for the formation of clusters which make the systems inhomogeneous.
Moreover, it is found that the intrinsic linewidths of crystal-field transitions vary with tempera-
ture, which is essentially a reflection of the density of states associated with the charge carriers
at the Fermi energy. Linewidth studies can therefore reveal information about the energy gap.
For underdoped systems there is evidence for the formation of a pseudogap at T*>T..
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1. INTRODUCTION

High-temperature superconductors are basically
different from classical superconducting compounds
in the sense that superconductivity is usually realized
through doping, i.e., the homogeneous parent com-
pound is structurally distorted by the doping ele-
ments. As a consequence high-temperature
superconductors are intrinsically inhomogeneous, and
the superconductivity is realized through a percola-
tion process [1]. Such inhomogencities have actually
been observed by a variety of experiments [2] and
most convincingly by local techniques such as
Madgssbauer spectroscopy [3], muoen spin rotation [4],
NMR spectroscopy [5], and EXAFS experiments [6].
In this paper we discuss an alternative local technique
which is based on the fact that in most cuprate super-
conductors rare-earth (R) ions can be introduced into
the system close to the superconducting CuQO, planes;
thus, the crystal-fleld interaction at the R site consti-
tutes an ideal probe of the local symmetry as well as
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the local charge distribution and thereby monitors
directly changes of the carrier concentration induced
by doping. Neutron spectroscopy is particularly
suited to observe crystal-field effects in the optically
opaque cuprate systems. Moreover, as the relaxation
behavior of crystal-field exitations is predominantly
governed by the interaction with the charge carriers,
their intrinsic linewidths reflect the density of states
at the Fermi energy similar to nuclear magnetic reson-
ance experiments which reveal information on the
energy gap. In neutron scattering experimenis, how-
ever, the local susceptibility y(q, o) is probed on a
meV energy scale, i.e., many orders of magnitude
larger than in NQR and NMR experiments.

In Section 2 we give an example of the cluster
formation in underdoped Pr;.,Ce,CuQ,.;. Section
3 presents neutron spectroscopic results obtained for
Er.Ca, - Ba;Cu;0, - ; which provides the first experi-
mental evidence for cluster formation in an overdoped
compound. In Section 4 we discuss the relaxation
behavior of crystal-field excitations in the slightly
underdoped compounds HoBa,Cu.O; and Er;Bas-
Cu,0;5 and compare our results with similar data
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obtained for optimally doped Hos Yo sBa,CusO7- 5
[7]. We find that for underdoped compounds a
pseudogap is formed in the normal state at T*> T,
which was also reported from ARPES experiments
performed for Bi,Sr.CaCu;Os.:5 [8]. The currently
controversial situation with the superconducting
energy gap, the pseudogap, and the spin gap is dis-
cussed in Section 5.

2. UNDERDOPED Pr,..Ce Cu0,_;

In Pr;-.Ce,CuQy4-; the crystal-field interaction
of tetragonal symmetry splits the ground-state J-
multiplet *H, of the Pr’* ions into a singlet ground
state Iy, a first excited doublet I'5 at 18 meV, and
further excited states at around 80 meV [9]. Upon
doping with Ce'* ions the crystal-field transitions
exhibit substructures which are most pronounced for
the lowest excitation I'y—1's [10]. As shown in Fig. 1
for x=0.10 the I';—T's transition can be decomposed
into four lines. The crystal-field transitions A, B
(=B, + B», splitting due to local symmetry which is
lower than tetragonal ), and C can be associated with
undoped, intermediately doped, and highly doped
character, respectively. For a critical volume fraction
of 50% the doped regions are infinitely connected by
a two-dimensional percolative network [11], and the
system 1s predicted to undergo a transition from the
insulating to the metallic state (with T,x25 K) for
x=0.14 [10], in excellent agreement with the observed
onset of superconductivity. Our neutron spectro-
scopic resuits have been confirmed by Raman experi-
ments [12].
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Fig. Y. Low-energy part of the neutron spectrum observed for

Pry90Ces16Cu0y - 5 at T'=10 K [10]. The lines denote the decompo-
sition into individual Gaussian peaks.
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It is important to note that diffraction techniques
indicate a tetragonal symmetry for Pr;-,Ce,CuQ,
independent of the doping level. However, local pro-
bes demonstrate that the symmetry of the doped clus-
ters 1s lower than tetragonal as clearly evidenced by
the splitting of the I';—T's transition A (undoped
regions with tetragonal symmetry) into two lines B,
and B; (intermediately doped regions with lower
symmetry).

3. OVERDOPED Er, -,Ca . Ba,Cu;0;_5

In ErBa,Cu;O;_; the crystal-field interaction
splits the ground-state J-multiplet *I, sz of the Er*t
ions into eight Kramers doublets. The detailed cry-
stal-field level structure has been established by neu-
tron spectroscopy [13]. The three low-lying crystal-
field transitions observed for § =0.08 (T.=92 K ) are
shown in Fig. 2a. Upon oxygen reduction the energies
of the lines B and C remain roughly unaffected,
whereas the line A shifts markedly to lower energy
[13]. Moreover, the transition A splits into three
different lines [14] which originate from different local
environments of the Er’" ions, i.e., there is clear evi-
dence for the formation of clusters (similar to
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Fig. 2. Epergy spectra of neutrons scattered from (a)
ErBa;CusOges {14] and (b) ErpgaCayi6BaCusOg e at T=10K.
The lines are as in Fig. 1.
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Pr._ .Ce CuO,- s, see Section 2). The volume frac-
tions of the three cluster types vary distinctly with
oxygen reduction and correctly predict the critical
oxygen contents associated with the two-plateau
structure of 7, in terms of two-dimensional bond per-
colation [13].

Optimum doping for the RBa,Cuy0;.5 com-
pounds is realized for §~0.05 [15]. The stoichio-
metric compounds are therefore slightly overdoped.
Partial substitution for R*" with Ca”" makes these
systems accessible far into the overdoped region {16].
This motivated us to study the crystal-field interaction
in the compound series Er-,Ca,Ba,Cus0y-;
(0<x<0.2 with Ax=0.04;, §<0.16). The inelastic
neutron scattering experiments were performed with
use of the triple-axis spectrometer IN3 at the high-flux
reactor of the Institute Laue-Langevin at Grenoble.
A typical energy spectrum covering the ground-state
transitions to the three lowest crystal-field states of
ET()_34C304;5B33CU307~ 8 (5 =(.16, Tcz 62 K) 15 shown
in Fig. 2b. While the energies and intensities of the
crystal-field transitions A and B are independent of
the Ca doping (see Fig. 2a), the crystal-field excitation
C is clearly split into two components. More specifi-
cally, upon raising the Ca concentration the intensities
of the lines C, and C, are decreasing and increasing,
respectively. Obviously, the strengths of the crystal-
field transitions C, and C; are directly related to the
volume fractions of the optimally doped and over-
doped regions, respectively. We have analyzed the
observed energy spectra separately for the optimally
doped and overdoped clusters on the basis of a crys-
tal-field Hamiltonian of orthorhombic symmetry {13]
and found that the crystal-field potential of Er'" is
reduced by 2% for the overdoped regions as compared
to the optimally doped regions. This difference can be
gxplained by the slight increase of the interatomic Er-
0(2,3) distances [16] as well as the increased number
of carriers associated with the overdoped regions.

4. LINEWIDTH OF CRYSTAL-FIELD
TRANSITIONS

The linewidth of crystal-field excitations in metal-
lic systems is mainly governed by relaxation effects
with the charge carriers. For superconducting mat-
erials the temperature dependence of the linewidth
therefore yields information on the energy gap A, pro-
vided the excitation energies Am <2A. Crystal-field
relaxation studies are similar to the most prominent
relaxation methods NMR and NQR; however, crys-
tal-field relaxation has the advantage to work in zero
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magnetic field (NMR needs a static external field) and
at THz frequencies {(NMR and NQR work at MHz
frequencies). The linewidth of a transition with energy
he; between the crystal-field states |) and /) is [17]
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where J. is the exchange integral between the charge
carriers and the f-electrons of the R’ ions and M
the transition matrix element. y”(@) is the same local
susceptibility as used in nuclear relaxation. For a non-
interacting Fermu liquid

2" (@)= x[NO)'w (2)

where N(0) is the density of states at the Fermi energy.
We immediately recognize that the linewidth of crys-
tal-field excitations is zero in the superconducting
state, since N(0) vanishes due to the formation of
Cooper pairs. This has been demonstrated in the first
neutron spectroscopic study on a classical supercon-
ductor. The linewidth of the lowest-lying crystal-field
transition observed for La; -/ Th. Al [18] was indeed
zero below T, raised exponentially around T,, and
followed the behavior described by Eq. (1) above T..
Very recently a detailed study of the crystal-field line-
width was performed for the optimally doped high-
T, superconductor Hog 1 Yp9Ba,CusOy-5 (T,=92 K)
[7]. The linewidth was observed to be zero only at the
lowest temperatures, started to increase far below T,
and converged into the Korringa behavior described
by Eq. (1) above T.. The unusual linewidth behavior
below 7. was ascribed to a high degree of gap

anisotropy.
We have performed linewidth studies for the
slightly underdoped  high-7, superconductors

HoBa,CuyOy (T.=80K) and ErBa,Cu,Ops (T,.=
89 K) by measuring crystal-field excitations at
hox~1meV and A =x10meV, respectively. The
inelastic neutron scattering experiments were per-
formed with use of the triple-axis spectrometer IN3 at
the ILL. The temperature dependence of the observed
linewidths is displayed in Fig. 3. Any deviation from
the constant ratio I'os/T';=1 1s a signature for the
formation of Cooper pairs. The temperature depend-
ence of the linewidths is highly unusual for both com-
pounds. Firstly, the linewidths increase already far
below T, consistent with a large gap anisotropy as
observed for Hoy Yo9Ba,CusO; -5 [7]. Secondly, the
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Fig. 3. Temperature variation of the reduced linewidths T, /Ty

determined from crystal-field transitions observed for HoBa,Cu,Oy
and Er;BayCusOy5.

Korringa behavior described by Eq. (1) is only
observed for temperatures T>7T*x200K, ie., the
systems have developed a pseudogap below which the
density of states of the charge carriers is obviously
suppressed. Thirdly, the relaxation behavior depends
distinctly on the cnergy sw at which we probe the
local susceptibility y"(w).

5. CONCLUSIONS

We have shown that neutron crystal-field spec-
troscopy is a valuable tool to investigate the inhomo-
geneous character of underdoped and overdoped
high-T, superconductors. For underdoped systems,
the origin of the inhomogeneities is believed to lie in
the small hole density which gives rise to a strong
enhancement of phase fluctuations [19]. A direct con-
sequence of the phase fluctuations is the appearance
of two crossovers (as observed by ARPES [8], NMR
[20], and neutron crystal-field {present work]} experi-
ments) which merge at the optimum doping level (see
Fig. 4). At T* the systems develop a pseudogap below
which the spectral weight of the charge carriers is
suppressed, but only at 7.< T™ is long-range phase
coherence achieved, giving rise to bulk superconduc-

tivity. It has been suggested [20] that the pseudogap
may be associated with the spin gap Eg observed in
neutron investigations of the spin fluctuations {21,22].
However, the characteristic temperature where the
spin gap opens is increasing with increasing doping,
ie., its temperature evolution 1s opposite to the
behavior of the pseudogap temperature 7%, which
means that the origin of the characteristic tempera-
tures associated with the charge and spin excitations
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Fig. 4. Schematic phase diagram of high-T, superconductors as a
function of doping. Full and empty symbols denote 7, and 7%,
respectively. Circles and squares stand for Bi,SryCaCusOy. 5 8]
and HoBa,CuOy4 and Er;BayCus0, s, respectively.

may be basically different. So far a detailed under-

standing of the connection between T, T*, and Eg
is missing.
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