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Abstract. The unique character of inelastic neutron scattering in the study of magnetic
excitations of rare-earth-containing high-temperature superconductors is summarized. It is
exemplified for single-ion, cluster and collective magnetic excitations which are directly related
to the fundamental interactions associated with the rare-earth sublattice. Crystalline-electric-
field and cluster excitations are discussed for HoxY1−xBa2Cu3O7 which provide information
on the electrostatic potential and the magnetic pair coupling at the rare-earth site, respectively.
The study of collective magnetic excitations in both grain-aligned samples(HoBa2Cu3O7) and
single crystals(Nd2−xCexCuO4) yields more detailed information on the exchange coupling. In
particular, we show how Ce doping affects the spin-wave dispersion of Nd2CuO4, i.e., a strong
softening of the excitation spectra is observed which explains the huge Sommerfeld coefficients
in Nd2−xCexCuO4 (x > 0.1).
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1. Introduction

A large number of high-temperature superconducting materials contain rare-earth (R) ions.
The most prominent examples are the hole-doped RBa2Cu3O7 and the electron-doped
R2−xCexCuO4 compounds. Soon after the first synthesis of the YBa2Cu3O7 substance [1, 2]
it was realized that Y can be replaced by rare-earth ions, except for R= Tb,Ce. In contrast
to conventional superconductors, a coexistence of superconductivity (except for R= Pr) and
long-range magnetic order of the R sublattice was observed. In the R2−xCexCuO4 materials
crystallizing in the T′ structure superconductivity has been found for R= Pr,Nd,Sm and

0953-8984/98/122579+18$19.50c© 1998 IOP Publishing Ltd 2579
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Eu [3]. In the case of R= Nd and Sm, the R ions show long-range antiferromagnetic
order coexisting with superconductivity. In Nd2−xCexCuO4 the rare-earth magnetism leads
moreover to a huge linear term in specific heat at low temperatures [4].

To understand the intriguing coexistence of long-range magnetic order and
superconductivity in copper-oxide perovskites as well as the heavy-fermion-like behaviour
in Nd2−xCexCuO4, detailed knowledge of the magnetic properties of the rare-earth sublattice
is required. Essential information on the rare-earth magnetism becomes available through
neutron-scattering studies. For most of the known rare-earth-based high-Tc superconductors,
the static order of the rare-earth magnetic moments has been established by neutron
diffraction. Inelastic neutron scattering (INS) gives direct information on the crystalline-
electric-field (CEF) interaction at the R site which defines the magnetic single-ion properties.
Moreover, a measurement of the wave-vector dependence of the magnetic excitation energies
allows the determination of the exchange-coupling constants between the magnetic moments
of the R ions.

In the present work we present different examples of INS experiments on rare-earth-
based superconductors which demonstrate the potential of inelastic neutron scattering
in the study of these compounds. The cross-section for magnetic neutron scattering
is given in section 2 which constitutes the basis for the interpretation of experimental
data of single-ion excitations, cluster excitations and collective excitations as exemplified
for HoxY1−xBa2Cu3O7 and Nd2−xCexCuO4 in sections 3–5, respectively. Some final
conclusions are given in section 6.

2. Neutron cross-section for magnetic neutron scattering

Experimental results obtained by inelastic magnetic neutron scattering are most conveniently
analysed according to the cross-section formula [5]

d2σ

d� dω
= (γ r0)2k

′

k
F 2(Q) exp{−2W(Q)}

∑
α,β

(
δαβ − QαQβ

Q2

)
Sαβ(Q, ω) (1)

whereSαβ(Q, ω) is the magnetic scattering function:

Sαβ(Q, ω) =
∑
i,j

exp{iQ · (Ri −Rj )}
∑
λ,λ′

pλ〈λ|Ŝαi |λ′〉〈λ′|Ŝβj |λ〉δ(h̄ω + Eλ − Eλ′). (2)

γ = −1.91 is the gyromagnetic ratio of the neutron,r0 = 0.282× 10−12 cm the
classical electron radius,k andk′ the wavenumbers of the incoming and scattered neutrons,
respectively,Q the scattering vector,F(Q) the dimensionless magnetic form factor defined
as the Fourier transform of the normalized spin density associated with the magnetic ions,
exp{−2W(Q)} the Debye–Waller factor,|λ〉 and |λ′〉 the initial and final states of the
sample with energiesEλ andEλ′ , respectively,pλ the thermal population factor, and̂Sαi
(α = x, y, z) the spin operator of theith ion at siteRi .

There are two factors which govern the cross section (1) in a characteristic way: Firstly,
the magnetic form factorF(Q) which usually falls off with increasing modulus of the
scattering vectorQ. Secondly, the polarization factor(δαβ − QαQβ/Q

2) tells us that
neutrons can only couple to spin fluctuations perpendicular toQ which unambiguously
allows to distinguish between different polarizations. The essential factor, however, is the
magnetic scattering functionSαβ(Q, ω) defined by (2). Using the integral representation of
the δ-function Sαβ(Q, ω) transforms into a physically transparent form:

Sαβ(Q, ω) = 1

2πh̄

∑
i,j

∫ +∞
−∞

exp{iQ · (Ri −Rj )}〈Ŝαi (0)Ŝβj (t)〉 exp{−iωt} dt. (3)
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〈Ŝαi (0)Ŝβj (t)〉 is the thermal average of the time-dependent spin operators. It corresponds
to the van Hove pair correlation function [6], and gives essentially the probability that, if
the magnetic moment of theith ion at siteRi has some specified (vector) value at time
zero, then the moment of thej th ion at siteRj has some other specified value at timet . A
neutron scattering experiment measures the Fourier transform of the pair correlation function
in space and time, which is clearly just what is needed to describe a magnetic system on
an atomic scale.

The van Hove representation of the cross section in terms of pair correlation functions
is related to the fluctuation-dissipation theorem [5]:

Sαβ(Q, ω) = Nh̄

π

{
1− exp

(
− h̄ω

kBT

)}−1

Imχαβ(Q, ω) (4)

whereN is the total number of magnetic ions. Physically speaking, the neutron may be
considered as a magnetic probe which effectively establishes a frequency- and wave-vector-
dependent magnetic field,Hβ(Q, ω), in the scattering sample, and detects its response,
Mα(Q, ω), to this field by

Mα(Q, ω) = χαβ(Q, ω)Hβ(Q, ω) (5)

where χαβ(Q, ω) is the generalized magnetic susceptibility tensor. This is really the
outstanding property of the neutron in a magnetic scattering measurement, and no other
experimental technique is able to provide such detailed microscopic information about
magnetic compounds.

(2) and (3) strictly apply to cases where the orbital angular momentum of the magnetic
ions is either zero or quenched by the crystal field. An approximate result can be obtained
for ions with unquenched orbital moment such as the rare-earth ions for modest values of
Q [7]. One has to replace the spin operatorŜαi in (2) and (3) by

Ŝαi = 1
2gĴ

α
i (6)

where

g = 1+ J (J + 1)− L(L+ 1)+ S(S + 1)

2J (J + 1)
(7)

is the Land́e splitting factor andJ the total angular momentum quantum number resulting
from the spin–orbit coupling which combines the spin and orbital angular momentumS

andL, respectively.

3. Single-ion excitations in HoxY1−xBa2Cu3O7

If the coupling between the magnetic ions is weak, we are left with a single-ion problem, thus
the excitation energies will be independent of the scattering vectorQ. Typical examples are
rare-earth-based high-temperature superconductors which usually exhibit very low magnetic
ordering temperatures. In this case the dominant mechanism is the crystalline electric field
(CEF) interaction.

The CEF potential can be described by the Hamiltonian

HCEF =
6∑
n=1

n∑
m=0

Amn (Ŷ
m
n + Ŷ−mn ) (8)

where theAmn denote the CEF parameters and theŶ mn are spherical tensor operators [8]. The
effect of the CEF on the rare- earth ions is to partially or totally remove the(2J + 1)-fold



2582 W Henggeler and A Furrer

degeneracy of theJ multiplets, i.e., there is a splitting into different CEF states0i . From
the sequence of the energy levels, properly identified by their irreducible representations0i ,
the CEF potential can be unambiguously determined. For a detailed description of the CEF
interaction in high-Tc superconductors we refer to a recent review article [9].

In evaluating the cross-section for the CEF transition0i → 0j we start from the
scattering lawSαβ(Q, ω) defined by (2). Since we are dealing with single-ion excitations,
we havei = j . For N identical magnetic ions we can even drop the indexi. Sαβ(Q, ω)
then reduces to

Sαβ(ω) = Np0i 〈0i |Ĵ α|0j 〉〈0j |Ĵ β |0i〉δ(h̄ω + E0i − E0j ) (9)

wherep0i is the Boltzmann population factor. From the symmetry relations associated with
the matrix elements we find the cross section

d2σ

d� dω
= N( 1

2gγ r0)
2k
′

k
F 2(Q) exp{−2W(Q)}p0i

∑
α

(
1− Q

2
α

Q2

)
|〈0j |Ĵ α|0i〉|2

×δ(h̄ω + E0i − E0j ). (10)

For experiments on polycrystalline material (10) has to be averaged inQ space:

d2ω

d� dω
= N( 1

2gγ r0)
2k
′

k
F 2(Q) exp{−2W(Q)}p0i |〈0j |Ĵ⊥|0i〉|2δ(h̄ω + E0i − E0j ) (11)

where Ĵ⊥ = Ĵ − (Ĵ · Q)Q/Q2 is the component of the total angular momentum
perpendicular to the scattering vectorQ, and

|〈0j |Ĵ⊥|0i〉|2 = 2

3

∑
α

|〈0j |Ĵα|0i〉|2. (12)

Figure 1 shows energy spectra obtained for polycrystalline HoBa2Cu3O7 [10]. The
CEF interaction of orthorhombic symmetry D2h splits the(2J + 1)-fold degeneracy of the
ground-stateJ multiplet 5I8 into 17 singlet states as indicated on top of figure 1. The ten
observed ground-state transitions as well as their intensities were sufficient to determine
the nine independent CEF parameters (all terms with odd indicesn andm vanish) of the
Hamiltonian (8). They were used to calculate the magnetization as well as the Schottky
anomaly of the heat capacity which turned out to be in good agreement with the experimental
data [11]. Moreover, the CEF parameters correctly predict the turnover of the easy axis of
magnetization which changes from thea axis for T 6 100 K to thec axis for T > 100 K
as experimentally verified. This means that the electronic ground state of the Ho3+ ions is
correctly described by the analysis of the CEF spectra as outlined in [10] and [11].

In high-resolution neutron spectroscopic measurements the widths of CEF transitions
are usually found to exhibit line broadening. This is exemplified for the lowest-lying CEF
transition of HoBa2Cu3O7 in figure 2(a). In metallic systems the major sources of line
broadening are relaxation effects of thef electrons with the charge carriers; however, this
mechanism has to be excluded here since the charge carriers are bound to Cooper pairs
located at twice the gap energy1 above the Fermi level and therefore not available for
relaxation mechanisms. The line broadening must then be attributed to magnetic coupling
effects between the Ho3+ ions, even for a system like HoBa2Cu3O7 with an extremely
low magnetic ordering temperature of the Ho sublattice [12]. This can immediately be
proven by partially replacing the Ho3+ ions with ‘non-magnetic’ Y3+ ions as demonstrated
in figures 2(b) and 2(c) which show the lowest-lying CEF transition for the corresponding
diluted compounds with Ho contents of 10% [13] and 1%, respectively. The effect of
dilution is clearly to reduce the intrinsic linewidth of the CEF excitation, see figure 2(c). The
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Figure 1. Energy spectra of neutrons scattered from polycrystalline HoBa2Cu3O7 at T = 1.5 K.
The top of the figure shows the resulting sequence of CEF levels.

Figure 2. Energy spectra of neutrons scattered from polycrystalline HoxY1−xBa2Cu3O7 at
T = 1.5 K for (a) x = 1, (b) x = 0.1 and (c) x = 0.01.

line drawn in figure 2(a) is a calculation of the expected scattering intensity for the simplified
case of isotropic exchange coupling between Ho ions (see section 5.2). A particularly
interesting case occurs for 10% Ho content for which the CEF excitation is accompanied
by sidelines, see figure 2(b). Assuming a statistical distribution of Ho3+ ions we derive
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the following cluster probabilities in the(a, b) plane: 66% monomers, 29% dimers and less
than 5% trimers, tetramers etc. This means that only two-thirds of the scattering contributes
to the central line associated with the single-ion CEF excitations, whereas the sidelines are
due to the presence of Ho3+ dimers as discussed in the following section.

4. Cluster excitations in HoxY1−xBa2Cu3O7

The spin Hamiltonian of a Ho3+ dimer in HoxY1−xBa2Cu3O7 reads

Hd = HCEF (1)+HCEF (2)− 2J Ĵ1 · Ĵ2 (13)

where the first two terms are given by the single-ion Hamiltonian (8) for a CEF of
orthorhombic symmetry D2h, and the third term is the exchange Hamiltonian in the
Heisenberg approximation. The symmetry designation of the dimer states is also in D2h.
The dimer wavefunctions have the general form

|0i〉 =
∑
J,M

ai(J1J2JM)|J1J2JM〉 (14)

with J = J1+ J2 and−J 6 M 6 J . Eigenvalues of (13) can be obtained as described in
[14]. This is illustrated in figure 3 for both ferromagnetic(J > 0) and antiferromagnetic
(J < 0) exchange on the two lowest-lying CEF states03 and04. The symmetry properties
of the wavefunctions yield the following selection rules for the dimer transitions:

|01〉 → |0(1)2 〉:1J = ±1 1M = ±1; |01〉 → |0(2)2 〉:1J = 0 1M = ±1.

Thus both transitions have transverse character(1M = ±1), but they can be distinguished
from each other through theQ dependence of the cross section which can be derived from
(1) and (2) by settingi, j = 1, 2 and|λ〉 = |0i〉. For polycrystalline material we find

d2σ

d� dω
= N(γ r0)2k

′

k
F 2(Q) exp{−2W(Q)}p0i I1M1J (Q)|〈0j‖T̂ 1M |0i〉|2δ(h̄ω + Ei − Ej).

(15)

with

I1M=±1
1J (Q) = 2

3 − (−1)1J
[

sin(QR)

(QR)3
− cos(QR)

(QR)2
− sin(QR)

QR

]
T̂ 0 = Ĵ z T̂ ±1 = ∓ 1√

2
(Ĵ x ± Ĵ y)

whereN is the total number of dimers andR denotes the separation between the two
Ho3+ ions within the dimer. The structure factorI1M=±1

1J is illustrated in figure 4.
TheQ dependence of the two observed dimer transitions does not exhibit the oscillatory

nature predicted by the cross-section formula (15), but rather shows the conventional form-
factor behaviour [13]. This apparent discrepancy can be explained by the fact that the
coupling of the Ho3+ ions along thea axis is ferromagnetic, whereas it is antiferromagnetic
along the b axis, as evidenced by neutron diffraction studies [12]. A change from
ferromagnetic to antiferromagnetic coupling interchanges the excited dimer states0

(1)
2 and

0
(2)
2 , see figure 3. Since the number of Ho3+ dimers with their axis alonga and b are

equal, there is a complete cancellation of theQ dependence of the structure factor, see
figure 4. A comparison of the observed dimer splitting with figure 3 therefore yields
Ja = −Jb = 1.3± 0.2 µeV. From these values we calculate the molecular-field parameter
J (0) = 2(Ja−Jb) to be 5.2±0.8 µeV, which is in good agreement withJ (0) = 5.6 µeV
derived by fitting the zero-field magnetization data [12].
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Figure 3. Exchange-induced splitting of the low-lying CEF states of a Ho3+ dimer in
HoxY1−xBa2Cu3O7. The arrows denote the observed transitions.

Figure 4. Q dependence of the structure factorI1M=±1
1J (Q) of transverse Ho3+ dimer excitations

in HoxY1−xBa2Cu3O7.

5. Collective excitations

In the previous section it was shown that experiments on dimer compounds provide
information about the intradimer exchange interaction; however, a more detailed knowledge
of the coupling constant is difficult to obtain. The best way to determine the exchange
interactions is experiments on single crystals. With the help of inelastic neutron scattering
experiments the dispersion of the spin-waves or CEF excitations can be measured. In
combination with a model, the exchange couplings can then be deduced. In section 5.1
such a model calculation will be introduced. In sections 5.2 and 5.3 it will be shown how
this model can be applied to describe experimental data on HoBa2Cu3O7 and R2−xCexCuO4

compounds.
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5.1. Random-phase approximation model

In an extended, undiluted system, the spin Hamiltonian is assumed to have the following
form:

H =
∑
i

HCEF,i −
∑
i>j

ĴiJ (ri − rj )Ĵj (16)

where the exchange tensorsJ (ri − rj ) describe the coupling between the ions at positions

ri and rj , and Ĵi are the total angular momentum operators. In general, theJ (ri − rj )
are anisotropic. The many possible causes of two-site exchange anisotropy have been
summarized in [15]. In the cases treated below the experiments could be described by a
diagonal (HoBaCuO) or even isotropic (NdCuO) exchange tensor. Additionally, anisotropy
can be due to crystal-field effects. In this case the angular momentum contribution toĴi
can lead to single-ion anisotropy.

A convenient way to calculate directly from (16) the wave-vector-dependent
susceptibility is the mean-field random-phase approximation (RPA). A description of this
method is given in [16]. The approximation consists in neglecting longitudinal fluctuations
of Ji , therefore it is clearly best justified when the fluctuations are small, i.e. at low
temperatures. The susceptibility for a system withn magnetic ions per magnetic unit
cell is given by

χ(q, ω) = 1

2

∑
rs

χrs(q, ω) (r, s = 1, . . . , n) (17)

where theχrs(q, ω) are the building blocks of the 3n× 3n tensor

χ(q, ω) =


χ11(q, ω) . . . χ1n(q, ω)

...
. . .

...

χn1(q, ω) . . . χnn(q, ω)

 (18)

which has to be determined by the RPA equation

χ(q, ω) = (1− χ0(ω)J (q))−1χ0(ω). (19)

χ0(ω) is built up of the single-ion susceptibility tensorsχ0
r (ω) (r = 1, . . . , n):

χ0(ω) =


χ0

1(ω) 0

. . .

0 χ0
n(ω)

 . (20)

For ω 6= 0 theχ0
r (ω) are given by

(χ0
r )
αβ(ω) =

∑
i,j

Ei 6=Ej

〈i|Ĵ α|j〉r〈j |Ĵ β |i〉r
Ei − Ej − ω (pj − pi). (21)

The exchange coupling tensor is constructed from the Fourier-transformed coupling

constantsJ (q)r,s (r, s = 1, . . . , n) of the exchange between ions of sublatticesr ands:

J (q) =


J (q)11 . . . J (q)1n
...

. . .
...

J (q)n1 . . . J (q)nn

 . (22)



Rare-earth-based high-temperature superconductors 2587

The magnetic excitation energies are the poles of the wave-vector-dependent susceptibility
χ(q, ω). In many cases it is possible to analytically calculate these poles and therefore
to determine the dispersionω(q). For a two-level system with one ion per unit cell, the
energies are given by

ωα(q) = [12− 2M2
α1(Jα(q)]1/2 (23)

with Mα = 〈i|Ĵ α|j〉 and1 = Ei − Ej .
In the case of two ions per unit cell, but identical single-ion susceptibilities (para- or

ferromagnet), the energies of the resulting two excitation branches can be expressed by

ωα(q) = [12− 2M2
α1(Jα(q)±ν|J ′α(q)|)]1/2. (24)

ν is defined as the sign ofJ ′(0). Jα(q) and J ′α(q) are the Fourier-transformed intra-
sublattice and inter-sublattice exchange functions. The+ and− sign corresponds to the
acoustic and optical branch, respectively.

In section 5.3 experiments on Nd2CuO4 will be discussed, where a noncollinear magnetic
order of Nd is observed, which leads to eight magnetic sublattices. Even in this case it is
possible to obtain closed expressions for the excitation energies. They are more complex
and given elsewhere [17, 18].

The wave-vector-dependent susceptibility can directly be determined by inelastic neutron
scattering (see (4)). For a two-level system with one ion per unit cell, the scattering function
is given by

Sαα(Q, ω) = Nh̄

π

(
1− exp

(
− h̄ω

kBT

))−1

M2
α

1

ωα(q)
. (25)

In the case of two ions per unit cell, but identical single-ion susceptibilities (para- or
ferromagnet) it can be expressed by

Sαα(Q, ω) = Nh̄

2π

(
1− exp

(
− h̄ω

kBT

))−1

M2
α(1± cosϕ)

1

ωα(q)
. (26)

The+ and− sign corresponds to the acoustic and optical branch, respectively, and the phase
ϕ is defined throughJ ′(Q) = J ′(q) exp(−iτ · r) = ν|J ′(q)| exp(−iϕ), with τ = Q − q
the reciprocal lattice vector andr a vector connecting the two sublattices.

In the case of the noncollinear magnetic structure of the Nd ions in Nd2CuO4 closed
expressions forS(Q, ω) are given in [17].

5.2. Experiments on HoBa2Cu3O7 grain-aligned samples

The most convenient way for an investigation of the exchange interactions of Ho in
HoBa2Cu3O7 would be a measurement of the dispersion of the03–04 CEF excitations
in a single crystal. Unfortunately no sufficiently large and perfect crystals are available so
far. A different approach is a measurement on grain-aligned samples [19], which provides
more detailed information on the exchange interactions between the Ho ions than the powder
experiment presented in section 4.

The method of producing such samples consists in applying a magnetic field on a
polycrystalline sample mixed into heptane and sarcosyl-O. The grains then align along the
easy axis of magnetization, which in case of HoBa2Cu3O7 is thez axis at room temperature.
The organic material is evaporated after the alignment. The rocking curve for(00l) has then
a half-width at half-maximum of typically 10◦. Thea andb axes remain of course randomly
oriented. Therefore it is impossible to distinguish between the in-plane components of a
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Figure 5. Normalized and form-factor-corrected energy spectra of neutrons scattered from grain-
aligned HoBa2Cu3O7 at 1.5 K forQ parallel and perpendicular to thec axis. The full lines
correspond to the calculated excitation spectra as explained in the text. The broken, dash–dotted
and dotted lines representx, y andz polarizations, respectively.

Table 1. Refined parameters for both anisotropic and isotropic magnetic coupling in
HoBa2Cu3O7.

Anisotropic model Isotropic model

J a⊥ = 3.2± 0.7 µeV

J a = 2.2± 1.1 µeV

J a‖ = 0± 0.2 µeV

J b⊥ = −2.4± 0.8 µeV

J b = −2.4± 1.2 µeV

J b‖ = −6.9± 1.6 µeV

1 = 0.52± 0.02 meV 1 = 0.52± 0.02 meV

M2
x = 11.4± 2.4 M2

x = 14± 0.5

M2
y = M2

z = 7.8± 1.2 M2
y = M2

z = 6.5± 2.5

χ2 = 2.4 χ2 = 3.3

reciprocal lattice vectorQ = 2π(h/a, k/b, l/c), and one introduces an actual scattering
vectorQ = 2π(h′/a, l/c), with h′ = √h2+ k2, assuminga = b.

Figure 5 shows four out of twenty-one spectra of the experiments performed on the cold
triple-axis spectrometer V2 installed at the Hahn-Meitner-Institute Berlin. Because one is
dealing with a two-level system, the energies and intensities of the excitations are given by
(23) and (25), respectively. The Fourier-transformed coupling constant is given by

Jα(q) = 2J aα cos(2πh)+ 2J bα cos(2πk)+ 2J cα cos(2πl) (27)

where J aα , J bα and J cα denote the exchange couplings between nearest-neighbour ions
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along thea, b and c direction, respectively. Due to the mixing of differentQ vectors in
the plane, the dispersion cannot directly be deduced from these experiments. One has to
fit simultaneously all the spectra, while doing a proper superposition of the excitations in
the (x, y) plane. The lines in figure 5 show the results of this fitting procedure. The origin
of the asymmetric line-shape is still an open question. It is also observed in highly diluted
compounds, which shows that it is a single-ion effect (see figure 2(c)).

From the absence of a dispersion along thec direction it follows directly thatJ cα ≈ 0.
This proves that the assumption made in section 3 of negligible exchange coupling along
the c direction is justified. In table 1 the results of the investigation are shown, for both
isotropic and anisotropic exchange interactions. The Heisenberg model is clearly inferior
to the model with anisotropic magnetic coupling parameters. There is a good agreement of
these coupling constants to the ones determined by dimer excitations.

5.3. Experiments on Nd2−xCexCuO4 single crystals

In contrast to the RBa2Cu3O7 compounds, there are large enough R2−xCexCuO4 single
crystals available for inelastic neutron scattering investigations. The first such experiment
was a determination of the dispersion of the Pr04–05 CEF excitation in Pr2CuO4 [20]. In
this compound no spin-waves can be observed because the CEF ground state is a singlet.
Here the results of inelastic neutron scattering investigations of the spin-waves and the
dispersion of CEF excitations in Nd2−xCexCuO4 are discussed.

In Nd2CuO4, the tenfold degenerateJ = 9/2 ground-state multiplet of Nd is split by
the CEF interaction into a magnetic ground-state doublet(0

(1)
6 ) and four Kramers doublets

at 14 meV(0(1)7 ), 21 meV(0(2)6 ), 27 meV(0(2)7 ) and 93 meV(0(3)6 ) [21–26]. The exchange
interaction between the Nd leads to a dispersion of these levels. Due to the two-ion basis of
the Nd in this substance, one observes two excitation branches (see (24)). Figure 6 shows
the results of measurements performed on the triple-axis spectrometer IN8 at the Institute
Laue–Langevin, Grenoble [27]. As expected from (24), the dispersion for the0

(1)
6 –0(2)6

CEF transition is larger than for the0(1)6 –0(2)7 CEF transition due to the bigger matrix
element. Figure 7 shows the measured dispersion of the0

(1)
6 –0(2)6 CEF excitation. The

lines correspond to the model calculation. The energies (24) as well as the intensities (26)
are perfectly described with one set of exchange constants, which are indicated in figure 8,
and have the following size:

J1 = −7 µeV J2 = −19 µeV J3 = −2.5 µeV.

Below the Nd ordering temperature of approximately 1.5 K, spin-waves are observed
[18, 28, 29]. These excitations can be regarded as transitions within the ground-state doublet,
which is split by the exchange field. Figure 9 shows a measurement of spin-wave excitations
performed on the triple-axis spectrometer V2 installed at the Hahn-Meitner-Institute, Berlin
[28]. Because of the low ordering temperature, a dilution refrigerator was used. Due to
the noncollinear AF structure [30] with eight magnetic Nd sublattices (four per chemical
sublattice) the spin-wave dispersion consists of eight modes, four acoustical (A) and four
optical (O) branches. Figure 10 shows the determined dispersion [28]. To index the positions
in reciprocal space the magnetic unit cell which is obtained by a

√
2×√2 expansion and

45 degree rotation of the chemical unit cell basal plane is used. The lines correspond to a
model calculation [17, 18]. The model gives a good description of the energies as well as of
the intensities. Figure 11 shows the measured and calculated intensity of the optic branch
along [001], normalized to the total magnetic scattering. A broadening of lines observed
at some reciprocal lattice positions indicates that the degeneracy of the excitations may be
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Figure 6. Energy spectra of neutrons scattered from Nd2CuO4 at 4 K for two different
Q positions.

Figure 7. Measured dispersion of the0(1)6 –0(2)6 Nd CEF excitation in Nd2CuO4 at 4 K. The
lines correspond to the RPA model calculation (——, acoustic branch; — — —, optic branch).

further lifted than predicted by the model calculation. A possible reason for this could be
a small tilting(≈1◦) of the Nd with respect to Cu moments [17].

The large gap of the spin-waves originates from the Nd–Cu exchange interaction which
creates a staggered magnetic fieldhcu ≈ 0.5 meV at the Nd site. The Nd–Nd exchange
constants which lead to the dispersion have the following size:

J1 = −33 µeV J2 = 18 µeV J3 = −8 µeV J4 = −4 µeV.

Note that these exchange constants, especiallyJ2, differ from the ones obtained
previously [31] with another model [32]. Here a description is used where the difference
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Figure 8. Crystal structure of Nd2CuO4 with the various Nd–Nd exchange constants indicated.

Figure 9. Energy spectra of neutrons scattered from Nd2CuO4 at T = 50 mK at two different
M points. A stands for the acoustic, O for the optic excitation. The lines are the result of a
least-squares fitting procedure as explained in the text.

of the single-ion susceptibilities in the eight magnetic sublattices is explicitly taken into
account. Recently a model has been presented where the interactions of the Cu spins
have been included [33]. The two dispersions deviate however only close to the gamma
point. Moreover, four-site exchange interactions may lead to Cu spin gaps [34] which
have indeed been observed at 12 meV and 14 meV at 5 K [20, 35, 36]. This justifies the
assumption that the only consequence of the Cu–Nd exchange interaction is the creation
of a staggered magnetic field at the Nd site. The case is different for the0

(1)
6 –0(2)6 CEF

excitation. At approximately 21 meV, Cu spin-waves are unquestionably present. We
performed a numerical calculation of the wave-vector-dependent susceptibility including
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Figure 10. Measured dispersion of the Nd spin-waves in Nd2CuO4 at T = 50 mK. The lines
correspond to the model calculation with the exchange constants given in the text.

Figure 11. Measured intensity of the optic spin-wave branch along [001], normalized to the
total magnetic scattering. The line corresponds to the RPA model calculation.

Cu–Cu, Cu–Nd and Nd–Nd exchange interaction. The result shows that the dispersion of
the CEF excitation is indeed affected at the X point, where the Cu spin-waves cross the
CEF level. The anomaly at this point is however only small, and could not be resolved by
neutron scattering experiments. Apart from that, the results of these calculations correspond
to (24).

Remarkably the exchange constants of the spin-wave dispersion considerably deviate
from the ones of the CEF excitation. This shows that the exchange interaction is dependent
on the initial and final state of a transition. This has also been observed in the case of a
dimer compound [37].

Finally the results of experiments on Ce-doped samples are presented [38]. In figure 12
the spectra of doped samples at a temperature of 50 mK atQ = (0 0 1.5) are compared with
the spectrum of the undoped sample. The lines correspond to damped harmonic oscillators
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Figure 12. Spectra of neutrons scattered from Nd2−xCexCuO4 (x = 0, 0.09, 0.15, 0.18) at
T = 50 mK andQ = (0 0 1.5).

convoluted with the resolution function. It is obvious that there is a significant softening
of the spin-wave excitations upon Ce doping. Figure 13 shows the excitation energies as a
function of doping for a selection of four different momentum transfers. The same amount of
softening is observed for all the measured excitations at allQ positions where experiments
have been performed. This implies that the splitting of the spin-wave branches remains
constant for all doping levels. Because this splitting is defined by the Nd–Nd exchange
interaction, this signifies that the Nd–Nd exchange constants are almost unaffected by the
doping process. The softening must therefore originate from the reduction of the Nd–Cu
exchange field at the Nd site. This reduction is easily explained by the decrease of the Cu
magnetic moment due to the doping of electrons into the copper oxide planes. The very
small line-widths of the excitations indicate that the samples are very homogeneously doped.
An inhomogenous doping would lead to a distribution of different sizes of Cu moments, and
consequently to varying Cu–Nd exchange fields at the Nd site. In anx = 0.13 compound
a large line-width was indeed observed [38], indicating a bad sample quality.

The effect of the observed softening of spin-wave branches for the specific heat can
easily be calculated. The softening shifts the spin-wave branches and accordingly the peaks
in the density of states to lower values. At a critical Nd–Cu exchange field, corresponding
to hCu = 0.38 meV in the calculation, one spin-wave branch shows a complete softening.
In figure 14 the density of states forhCu = 0.52 meV andhCu = 0.38 meV is shown. In
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Figure 13. Energies of the spin-wave excitations of Nd in Nd2−xCexCuO4 as a function of
Ce doping at different positions in reciprocal space.

Figure 14. Density of states of the spin-wave excitations. ——,hCu = 0.52 meV;
- - - -, hCu = 0.38 meV.

figure 15 the calculatedγ = C/T values for three differenthCu are shown and compared
with the experimental results of Bruggeret al [4]. Note that the spin-wave model is only
valid for T � hMF/kB ≈ 5 K, wherehMF is the combined Nd–Cu and Nd–Nd exchange
field. For values ofhCu lower than 0.38 meV the observed continuation of the spin-wave
softening upon further doping will lead to an even higher density of states at low energies,
and consequently to the observed higherγ values. This clearly shows that the Nd–Nd
correlations significantly affect the specific heat and explain the highγ values.
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Figure 15. Specific heat coefficientγ = C/T . Symbols correspond to experimental data of
Brugger et al [4]: •, x = 0; ◦, x = 0.1; 1, x = 0.15; ×, x = 0.2. The lines show
calculations described in the text: ——,hCu = 0.50 meV, — — —, hCu = 0.42 meV;
- - - -, hCu = 0.39 meV.

6. Conclusions

We have shown that INS is a unique tool to determine the electronic ground state of the
R3+ ions as well as the magnetic coupling between the R3+ ions in superconducting materials
containing rare-earth ions. Experiments on polycrystalline material are sufficient to achieve
a precise knowledge of the CEF interaction as well as the intra-dimer coupling at low R
concentration as demonstrated for HoxY1−xBa2Cu3O7. More detailed information on the
magnetic coupling between the R3+ ions requires the use of ordered crystalline materials
which may be either partially ordered (grain-aligned samples) or more preferably completely
ordered (single crystals). The magnetic coupling between the R3+ ions gives rise to a
dispersion behaviour of the spin excitations which can be measured over the whole Brillouin
zone. The RPA theory has proven to be a very efficient tool to describe such measurements.
Analysing the experimental data the RPA model yields direct information on the exchange
couplings between the rare-earth magnetic moments. This allows the calculation of the
density of states of magnetic excitations and consequently of thermodynamic properties
like the specific heat. This was demonstrated in detail for the compound Nd2−xCexCuO4

in which a softening of the spin waves upon doping with Ce was observed. Spin-wave
softening leads to enhancedγ = C/T values which very well explain the heavy-fermion-
like behaviour reported in these substances.
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