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We report on a inelastic-neutron-scattering study of the crystal-field excitations in Nd,CuO, and
Pr,CuO,, and in the related electron-doped, high-temperature superconductors Nd, 3sCeq sCuO,,
Pr, 55Ceo.15Cu0,, and Nd,CuO; ;F; ;. The crystal-field splittings of the ground-state multiplet were stud-
ied in each of the compounds and supplementary information on the crystal field was obtained from in-
termultiplet excitations measured in the energy range 250-300 meV. We present a detailed theoretical
analysis of the crystal field in the nonsuperconducting compounds. The calculations employ a
spherical-tensor technique which allows for the mixing of the intermediate-coupling ground state with
all excited J multiplets up to an energy of 2 eV. We have also incorporated a molecular-field term into
the model to account for exchange interactions. We propose consistent crystal-field parameters for
Nd,CuO, and Pr,CuO,, which achieve good agreement between the calculated and experimental transi-
tion energies, intensities, and magnetic susceptibilities. The excitation spectra of the superconducting
compounds are found to exhibit some features in common, and we have deduced the presence of a
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molecular-field interaction with a magnitude of 0.10 meV in Nd, g;Cep 15CuO,.

I. INTRODUCTION

The compounds L,CuO,, where L is one of the
lanthanides Nd, Pr, or Sm, came into prominence several
years ago when it was discovered that the substitution of
Ce onto the L site, and subsequent annealing in a reduc-
ing atmosphere, could induce superconductivity.!"? Su-
perconductivity can also be achieved for L =Eu,® with
Th doping instead of Ce in certain cases,>* or with the
substitution of a small amount of fluorine for oxygen.’
Electronically, these superconductors differ in a
significant way from the first cuprate superconductors to
be discovered® which were based on La,CuO,. In the
latter materials, a divalent dopant (Sr** or Ba’*) re-
moves electrons from the Cu-O planes, leaving holes
predominantly in the oxygen 2p orbitals which are re-
sponsible for carrying the supercurrent. In contrast, the
ability of cerium to exist in the tetravalent state, com-
bined the observation of a negative Hall coefficient and
thermoelectric power,? led to the suggestion that, in the
newer materials, electrons are doped onto the planes,
converting some of the Cu?" ions into Cu'*, and produc-
ing a superconductor with negative charge carriers. This
possibility has serious implications for magnetic mecha-
nisms of high-temperature superconductivity since Cu?*
carries a spin (S =1) whereas Cu'" does not. From a
theoretical point of view, it is not clear whether a system
with holes on some of the oxygen ions and a full comple-
ment of copper spins behaves in the same way as one with
missing spins and extra electrons on some of the copper

sites.
Apart from the sign of the charge carriers, the n-type

family of superconductors and their parent compounds
have other attributes which make them worthy of study.
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In particular, these compounds have the simplest crystal
structure of all the cuprate superconductors, with
genuinely planar copper-oxide layers and no apical oxy-
gen. Thus, in spite of their relatively low superconduct-
ing transition temperatures (T, =24 K), the n-type super-
conductors are, in a sense, the most fundamental of all
the high-T, superconductors, and the most theoretically
tractable. These materials deserve a great deal of experi-
mental effort to obtain detailed and reliable information
on their microscopic properties.

Crystal-field spectroscopy is a sensitive probe of local
electric and magnetic fields. This technique has been in-
formative in the field of high-7, superconductivity, where
it has been possible in certain materials to incorporate
rare-earth ions carrying a magnetic moment into the
structure in such a way that only a very weak interaction
takes place with the electrons at the Fermi surface and
the superconducting properties are hardly influenced by
the substitution.’

Because superconductors are optically opaque at tem-
peratures below T, neutron inelastic scattering is the ap-
propriate technique to measure the crystal-field excita-
tions. Neutron measurements of the crystal-field excita-
tions in high-7, superconductors can be useful in several
ways. The most obvious application is to obtain the in-
teraction of the rare-earth ion with the crystal field. This
is necessary for an understanding of the magnetic proper-
ties at low temperatures, such as the nature of the rare-
earth magnetic ordering and the size of the ordered mo-
ment. Detailed measurements and analyses of the rare-
earth-doped YBa,Cu;0, series have now established a
consistent model of the crystal field at the rare-earth site
in this compound.8~10 For the anomalous, nonsupercon-
ducting compound PrBa,Cu;0,, the observed crystal-
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field spectrum has contributed strong evidence in support
of the view that the Pr ions are trivalent but that they
strongly interact with their environment.’ ! A more
unusual application of crystal-field measurements has
been to study charge transfer during the hole- or
electron-doping process as revealed by the changes in
crystal-field spectra as a function of dopant concentra-
tion.!»'3  Finally, accurate measurements of the
linewidths of crystal-field excitations in
Tmg Y, sBa,Cu;0; as a function of temperature have
been used to study the energy gap and the spin suscepti-
bility of the Cu-O planes.'

Encouraged by the development of a new generation of
time-of-flight neutron spectrometers at pulsed spallation
neutron sources, we undertook the present series of mea-
surements with the aim of providing a thorough and reli-
able account of the crystal field in the n-type supercon-
ductors and parent materials. In particular, we have
measured accurately the energies and the intensities of
the crystal-field excitations and, because of the large in-
cident energies available, we have also been able to ob-
serve excitations to the first excited J multiplets. These
intermultiplet transitions can provide extra information
in support of a model of the crystal field, and are particu-
larly helpful with the light rare earths where the number
of observable energy levels in the ground state is relative-
ly small compared with the number of crystal-field pa-
rameters.

Neutron inelastic-scattering measurements of the
crystal-field excitations in Nd,CuO, (Refs. 15-18) and
Pr,CuO, (Refs. 19 and 20) have been reported by several
groups, and preliminary accounts of our data for
Nd, g5Cey 5CuO, and Nd,CuO; ;F, ; have also been pub-
lished.!”?! With a view to a quantitative description of
the crystal field in these compounds, we attempted initial-
ly!'”?! to analyze the results in the traditional way with
Stevens’ operators,?? considering only transitions within
the Hund’s-rule ground-state multiplet. Others'®?* have
criticized this analysis, pointing out that, since the
ground-state splittings in these compounds are of order
100 meV and the energy separation to the next J multi-
plet is about 250 meV for Nd and Pr, a significant admix-
ture of the higher J states is expected. Alternative models
were proposed by these authors for Nd,_ ,Ce, CuO, and
Pr,CuO, which included the lowest two multiplets in the
crystal-field Hamiltonian.!®2%%3 These later calculations,
while no doubt representing an improvement over the
simplest analysis, should, in turn, be treated with some
caution, since they themselves neglect a number of other
corrections of similar magnitude.

Given the importance of the materials under investiga-
tion, and the success of the neutron experiments, we
wished to undertake a more refined theoretical analysis
that matched the statistical quality of the data. Our ap-
proach follows that described by Goodman and co-
workers,?* who have developed the basis for diagonaliz-
ing the full Hamiltonian for a rare-earth ion in a crystal-
line environment in the intermediate-coupling scheme,
including interactions between states in other J multi-
plets. We have added to this framework an extra interac-
tion corresponding to the molecular field associated with
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exchange interactions between the ions. As will be seen,
not only do the values of the crystal-field parameters
differ from those derived in previous calculations for
Nd,CuO, and Pr,CuQO,, but for the latter material we
have also found it necessary to reconsider the ordering of
the energy levels given previously.!® %

II. EXPERIMENTS

Polycrystalline samples were used for all the neutron
experiments. These were prepared in the standard way
by a solid-state reaction of the appropriate starting ma-
terials: Nd,O; or PrgO;; and CuO for the parent materi-
als, with the addition of CeO, or NdF; to make the su-
perconductors. With the exception of the fluorinated
compound, the materials were reacted at 950°C for be-
tween 2 and 10 days with intermittent regrindings. The
powders were then pressed into cylindrical pellets of di-
ameter 16 mm and thickness 3 mm, and sintered at
around 1050-1100°C for the undoped, or 1100-1150°C
for the doped materials, followed by an anneal in argon at
950-1000°C. For the fluorine-doped material, the reac-
tion and sintering took place at a temperature of 900°C
for a total time of 25 h, and the anneal was in nitrogen at
the same temperature for 15 h. The samples were single
phase to within the sensitivity of x-ray powder diffraction
patterns, and superconductivity was observed in all the
doped samples, with onset temperatures of around 21 K
measured by ac susceptibility.

For the neutron measurements, the pellets were
stacked together in an approximately square array with
cadmium spacers separating each pellet, and with the
cylinder axes perpendicular to the incident neutron beam.
We have found that the use of cadmium to absorb neu-
trons scattered sideways between the pellets helps to
reduce the level of the nonmagnetic (mainly Bragg -+ one-
phonon) background in samples which are much broader
than they are thick. The array of pellets was contained in
an aluminum can which was mounted inside a pumped
helium cryostat, capable of achieving a base temperature
of 1.6 K. The total mass of sample in the neutron beam
was between 50 and 100 g.

The neutron measurements were made on the high-
energy transfer (HET) spectrometer at the spallation neu-
tron source ISIS, part of the Rutherford Appleton Labo-
ratory. HET is a direct-geometry, time-of-flight spec-
trometer?> which uses a rotating Fermi chopper phased
to the source proton pulse to select the incident neutron
energy. The scattered neutrons are detected in two ar-
rays of *He gas detectors situated at 4 and 2.5 m from the
sample, and covering the angular ranges 3°-7° and
9°-29°, respectively. All the data presented in this paper
were recorded in the 4-m detectors, for which the energy
resolution is between 1.5 and 2.5 % of the incident ener-
gy, depending on the energy transfer.

After subtraction of a time-independent background
the spectra were converted from time-of-flight to energy
transfer, and corrected for detector efficiency and for the
k;/k; phase-space term in the cross section (see below).
No attempt was made to put the scattering on an abso-
lute scale as we are only interested in the relative intensi-
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ties of the crystal-field excitations. However, because in
the time-of-flight method neutrons are recorded in detec-
tors at fixed scattering angle, the scattering vector varies
with energy transfer, so to compare intensities we
corrected all sgectra for the magnetic form factors of
Nd** or Pr**.%627 To establish the integrated magnetic
intensity under each peak, a good estimate of the non-
magnetic background is required. This background is
largely due to multiple scattering involving an elastic-
scattering event and a one-phonon process, and therefore
it reflects the phonon density of states.”® Thus, a good in-
dication of the structure in the background may be ob-
tained from the spectrum measured at large angles (large
Q), and with this as a guide it is possible to make a
reasonable estimate of the integrated background under
each peak. A single detector located at a scattering angle
of 136° on HET may be used for this purpose. Neverthe-
less, it is the uncertainty in the background subtraction
which contributes most to the uncertainty in the relative
intensities of the excitations.

In order to characterize fully the excitations within the
ground-state multiplet, various incident energies between
40 and 180 meV, and several temperatures between 1.6
and 200 K, were used. The intermultiplet transitions
were measured at a temperature of 5 K, and with in-
cident energies of 350, 500, and 600 meV.

III. CRYSTAL-FIELD ANALYSIS

Until quite recently, neutron scatterers have only been
able to study the crystal-field splitting of the ground-state
multiplet of lanthanide ions in solids. In the analysis of
the spectra it has in many cases been sufficient to treat
the crystal-field interaction as a small perturbation on a
pure Hund’s-rule ground state, and to neglect the effects
of intra-atomic interactions which were hitherto within
the realm of optical spectroscopy. The new generation of
neutron spectrometers has made it possible to measure
the energies and transition probabilities of crystal-field
excitations with high precision, and to observe transitions
between different multiplets up to energies of more than 1
eV.?” For a detailed interpretation of such spectra it is
necessary to consider a more sophisticated atomic model.
The programs used to analyze the data reported in this
paper are based on those developed at Argonne and de-
scribed in Refs. 9 and 10. We give a summary of the
method here.

The atomic model is based on the assumption that the
41" configuration of the lanthanide ion is well removed in
energy from other electronic configurations, and the basis
states are then one-electron wave functions calculated
within the Hartree-Fock approximation. For the
lanthanide ions the most important interaction is the
Coulomb repulsion between the 4f electrons, which splits
the 4f" configuration into Russell-Saunders terms diago-
nal in L and S, the combined orbital and spin angular
momenta. The degeneracy of these states is further split
by the spin-orbit interaction into states of well-defined J
(the combined total angular momentum) but which are
now of mixed L and S character. The resultant energy
levels are relatively insensitive to the crystalline environ-
ment of the lanthanide ion, and the parameters of the
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Coulomb and spin-orbit interaction may be obtained by
fitting the model to optical data from ionic solids. In this
study we have taken the free-ion parameters (including a
number of others related to weaker interactions) from the
work of Carnall et al.’® on the spectra of lanthanides
doped into LaF;.

Although these so-called ‘intermediate-coupling”
wave functions are linear combinations of Russell-
Saunders terms, it is found that the ground states of the
lanthanide ions are dominated by a single term, the
Hund’s-rule ground state, which is often taken to be the
pure ground state in elementary crystal-field theory.
However, at the present level of analysis, we must consid-
er the full intermediate-coupling ground state (and excit-
ed states also), which for the ion Pr’+ is (in spectroscop-
ic notation)

|5*1L,),=0.986/°H, ) +0.166|°F,) —0.031|'G, )

and for the ion Nd3™ is
[2*1L;)=0.984|%I, , ) —0.165*H", )
+0.057|2H, ) —0.017°G{!),
+0.0152°G{, ) +0.008/G, ,, )
+0.003|*F,,, ) .

Each of the intermediate-coupling wave functions is a
multiplet of 2J +1 degenerate states. In solids, these
multiplets can be split by the crystalline electric field, and
the extent to which the degeneracy is lifted depends upon
J and upon the symmetry of the electric field. If the
crystal-field splitting of the ground state is much smaller
than the energy separation to the first excited multiplet,
as is often the case with the heavier lanthanides, then it is
a good approximation to diagonalize the crystal-field
Hamiltonian within the basis of the ground-state J multi-
plet, and to neglect the existence of the excited states.
However, as we shall see, the crystal-field splittings of the
ground states of the compounds reported here are about
90 meV, and the first excited multiplets of Pr’* and

Nd** are typically 250 meV above the ground state, so
the higher levels must be included in the diagonalization
if we are to be consistent in the level of accuracy of the
analysis. For the case of Pr’", we chose to include all 13
J multiplets in the calculation, but for Nd** the complete
set of multiplets is too large to handle, so we included
only the first 11 levels, extending 2.2 eV above the ground
state.

The crystal-field Hamiltonian may be written in the
form

zﬂkck (1)

HCEF q g

where C; % is the gth component of a spherical tensor of
rank k, and the Bk are the corresponding crystal-field pa-
rameters. To a ﬁrst approximation, the B, k can be ex-
pressed as the product of two factors,

Bf=(r¥) Ak, @)

of which the first is the kth moment of the 4 f radial wave
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function, and the Aqk are intrinsic crystal-field parame-

ters, independent of the particular lanthanide ion. Equa-
tion (2) provides a means of estimating the crystal-field
parameters of different lanthanide ions doped into the
same compound. We note that the crystal-field parame-
ters defined by Egs. (1) and (2) are sometimes confused
with the symbols B{ used in the Stevens’ operator formal-
ism,?? which is strictly valid only when H .y is diagonal-
ized within the ground-state multiplet. The two sets of
parameters are related by numerical scaling factors which
have been tabulated.’! The number of nonzero crystal-
field parameters depends upon the point group of the
lanthanide site, which, for the 7T'-phase structure of the
present compounds, is D4,. Accordingly, the crystal-field
parameters are’? B3, B¢, B§, B§, and B§.

Up to this point the analysis has been concerned with
electrostatic interactions with the crystalline environ-
ment of the lanthanide ion. There also exist weak mag-
netic interactions which must be taken into consideration
if the low-temperature physical properties, such as the
magnetic susceptibility and specific heat, are to be fully
understood. These interactions have been incorporated
into our model by the addition of a molecular-field (MF)
term

Hyp= —ppl-Byr 3)

onto the Hamiltonian to represent the energy of the
lanthanide ion in an effective molecular field, By, from
the neighboring ions. In Eq. (3), & is the magnetic mo-
ment operator in dimensionless units, and pp is the Bohr
magneton. The molecular-field term is relevant to the
present investigation because of the existence of static
magnetic order in the compounds. For instance, long-
range antiferromagnetic order of the Nd moments has
been observed by neutron diffraction in Nd,CuO, at
about 4 K (Refs. 33-35) and in Nd, 4sCe; ;5CuO, at 1.2
K, and the antiferromagnetic order of the Cu moments
below 255 K has been shown®’ to induce a moment on
the lanthanide ion proportional to the magnitude of the
Cu moment in both Nd,CuO, and Pr,CuO,. In the mag-
netically ordered phases, the rare-earth and copper mo-
ments lie parallel to the tetragonal [110] direction. We
assume that this is also the direction of the molecular
field, and therefore rewrite Eq. (3) as

huE as defined in Eq. (4) is a molecular-field parameter in
energy units, but note that it differs from the equivalent
parameter used in our previous paper!’ where hyy was
defined to include g;, the Landé factor. With the molecu-
lar field perpendicular to the quantization axis, the
crystal-field eigenvectors and matrix elements of the mag-
netic moment operator become complex. Care must then
be taken to calculate the magnetic properties correctly.

In view of the size of the induced rare-earth moment
and the low ordering temperature, the molecular-field in-
teraction was expected to be much smaller than the
crystal-field splitting, so it was treated by perturbation
theory with terms included up to second order in A .
The perturbed eigenfunctions were then used to calculate
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the transition probabilities, magnetic susceptibility and
ordered moments.

The quantity measured by neutron inelastic scat-
tering is the double-differential cross section (in
mbsr~!meV™!), given by38

d*o

Kk
L9 - 2 oan s
10 d7e) ~ 2 SFHQlexp(—2W) 7 -S(Qa) ,  (5)

1

where Q is the scattering vector, fiw is the energy
transfer, F(Q) is the magnetic form factor, exp(—2W) is
the Debye-Waller factor (which we took to be unity in
view of the small-Q values and low temperatures used in
this experiment), and k; and k, are the magnitudes of the
incident and scattered neutron wave vectors. S(Q,w) is
the response function, which is determined entirely by
the temperature and the eigenfunctions of the system:

S(Q0)= 3 p;|{jla,li)*8(E,— E; — #iw) . (6)
ij
In Eq. (6), |i) and |j) are the initial and final eigenfunc-
tions of the system corresponding to the eigenvalues E;
and E;, respectively, I, is the component of the magnetic
moment operator perpendicular to Q, and p; is the
thermal population factor of the initial state.
To sum up the analysis procedure then, the Hamiltoni-
an of the 4" configuration is taken to be of the form

H=H,+H, +Hcgr+Hyg , (7)

where H, is the one-electron Hamiltonian, H,, accounts
for intra-atomic interactions, mainly due to Coulomb
repulsions and spin-orbit coupling, Hgg is the crystal-
field interaction, Eq. (1), and Hyy includes all exchange
interactions via a molecular field, Egs. (3) and (4). The
molecular field was estimated from a number of different
experimental quantities, as described below, and with the
free-ion parameters treated as fixed constants the
crystal-field parameters were adjusted by a weighted,
least-squares-fitting procedure to achieve the best agree-
ment between the calculated and observed transition en-
ergies and intensities. The crystal-field parameters de-
rived in previous studies were used as starting parameters
for the fit.

IV. RESULTS

A. Nd,CuO, and Pr,CuO,

The crystalfield spectra of Nd,CuO, and Pr,CuO,
measured by neutron scattering have been published on
several occasions previously.!>”?° For reference, we
show in Fig. 1 the low-energy excitations in Nd,CuO,,
measured at a temperature of 1.6 K with neutrons of in-
cident energy 40 meV, and in Figs. 2(a) and 2(b) the exci-
tations in Pr,CuO, measured at 5 K with 250-meV neu-
trons, and at 150 K with 120-meV neutrons. We have de-
scribed the excitations in Nd,CuO, previously,!” and we
simply list the observed transition energies and relative
intensities in Table 1.

Our measurements on Pr,CuO, are more revealing. As
well as the strong ground-state transitions shown in Fig.



45 CRYSTAL-FIELD EXCITATIONS IN Nd,CuQ,, Pr,CuQ,, . .. 10 079
5 T + T T T T T T 10 T T T T T
) =
g ur Nd;Cu0, J - el foPpouo,  @T=sK
5 z ¢
g 3 t } ﬂ . R X 1
& i ' ;“é ¢
3 2 t N :f s 4 :b. [ T
s + 3
I ’ .0. ¢ ', t N s 2 tle ¢ - —
(Y » ] o eler o ‘
0 b’ MR AT "Eﬁ B 0 A T o s dlk S
10 5 0 5 10 15 20 25 30 X 20 0 20 40 60 80 100 120
Ko (meV) ko (meV)
FIG. 1. Neutron-scattering spectrum of Nd,CuO, measured 20 — — ————T—
at a temperature of 1.6 K with neutrons of incident energy 40 £ Pr,Cu0, (b) T = 150K
meV at an average scattering angle, ¢, of 5°. ; 1.5 + H “ =
§ 1.0 + + + + 4
2(a) at 18 and 88 meV (the latter of which comprises two 3 ++++ ++++{ +++{ H‘ﬂH
peaks, giving rise to the observed asymmetric line shape), s Okt ' # #H’% ' N
several extra peaks appear in the 150 K spectrum @ 0o ¢ I’ o ﬂ“ﬂw

clustered around 65 meV, and one at 73.5 meV, Fig. 2(b).
These peaks correspond to transitions from the thermally
populated 18-meV level to higher levels, some of which
are not evident in the 5-K spectrum. For instance, the
peak at 73.5 meV (which we have verified as magnetic
from the reduction in intensity with |Q|, and have also
observed in another run at 150 K with 150-meV incident
neutrons) implies the existence of a crystal-field level at
91.5 meV situated above the highest level observed in
Fig. 2(a) and connected to the ground state with a zero-
transition matrix element. Such a level is not included in
the scheme presented by Allenspach et al.?° and caused

50 55 60 65 70 75 80 8 90 95 100

ko (meV)

FIG. 2. Neutron-scattering spectrum of Pr,CuO, measured
(a) at a temperature of 5 K and with the neutrons of incident en-
ergy of 250 meV, and (b) at 150 K and an incident energy of 120
meV. The neutrons were detected at an average scattering angle
of 5°.

us to reconsider the order of the energy levels in the fit.
The energies and relative intensities of all the excitations
deduced from the spectra of Pr,CuO, are listed in Table
II.

TABLE 1. Observed and calculated crystal-field transitions within the ground-state multiplet of
Nd,CuO,. The calculated relative intensities correspond to a temperature of 1.6 K, the same as used in
the experiment. The levels joined by brackets are doublets not split by the crystal field.

I s I a1 Calculated transition
Level E,? E_,. (Intensities relative probabilities, |{j|f,|i)]?
j (meV) (meV) to 21 meV level) i=0 i=1
0] 0.0 0.0 1.27 1.31
1 0.5° 0.5 1.31 1.17
2] 161+0.5° 14.5 <5 6 0.07 0.08
3] 14.9 0.10 0.11
4] 20.9+0.2 21.2 100 100 2.65 0.02
5| 21.5 0.02 2.65
6] 27.0+0.2 27.1 86+L5 82 1.10 1.14
7] 27.5 1.07 1.11
8] 93.3+0.2 92.9 14+4 14 0.07 0.32
9] 93.3 0.31 0.06

*Some of the energies have been revised slightly since the publication of Ref. 17 following more recent

experiments.

®The splitting of the ground-state doublet by approximately 0.5 meV at low temperatures has been ob-
served in a high-resolution, neutron experiment (Ref. 16).
“The existence of a doublet at around 16 meV was deduced from the presence of a peak at 11+0.5 meV

in the spectrum measured at a temperature of 200 K.
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TABLE II. Observed and calculated crystal-field transitions within the ground-state multiplet of
Pr,CuO,. The calculated intensities correspond to a temperature of 5 K, the same as used in the experi-
ment. The levels joined by brackets are doublets not split by the crystal field.

I s I o Calculated transition
Level E E_ . (Intensities relative probabilities, |{jla,]i)]?
j (meV) (meV) to 18 meV level) i=0 i=1 i=2
0 0.0 0.0 0.00 2.95 2.95
1] 18.1+0.2 18.1 100 100 2.95 0.00 1.88
2| 18.2 2.95 1.88 0.00
3 81.6 0.00 0.48 0.50
4) 84+1 84.4 0.18 1.06 0.00
5] 84.4 2413 29 0.20 0.01 1.02
6 88+0.5 87.6 1.32 0.03 0.06
7 87.9 0.00 0.53 0.53
8 91.5+0.5* 91.5 0.00 1.11 1.11

*Deduced from the presence of a peak at 73.5+0.5 meV in the spectrum measured at a temperature of

150 K, Fig. 2(b).

The crystal-field parameters which gave the best
description of the experimental data for Nd,CuO, and
Pr,CuO, are presented in Table III. These parameters
were used to obtain the calculated energies and intensities
in Tables I and II. In Table II, we have also given the
calculated transition probabilities to each level from the
ground state and from the 18-meV doublet levels to
demonstrate that the proposed level scheme is entirely
consistent with the energies and relative intensities of the
excited-state transitions observed in Fig. 2(b). For com-
parison, we list in Table III in the tensor operator nota-
tion the parameters given previously for Nd,CuO, by
Boothroyd et al.,'” Staub et al.,'® and Nekvasil,?® the
parameters scaled from Nd** to Pr’" according to the
approximate factorization given by Eq. (2), and the pa-
rameters for Pr,CuO, according to Allenspach et al.?°
Considerable differences are seen between the earlier sets
of parameters and the present results, and in view of the

sophistication of the present model we attribute these
differences to the approximations made in the previous
calculations. We note also that, within the present mod-
el, the parameters scaled from Nd** to Pr’** are very
close to the best-fit parameters for Pr3" determined in-
dependently from the neutron data.

In Table III we have given a molecular-field parameter,
hyE, of 0.18 meV for Nd,CuO, since this raises the de-
generacy of the ground-state doublet by 0.5 meV, as ob-
served by neutron scattering,'® and also because the
Schottky specific-heat anomaly associated with such a
splitting has a maximum at 2.3 K, in agreement with ex-
periment.> We chose a molecular-field parameter of 0.16
meV for Pr,CuO, so as to give a saturated induced mag-
netic moment of 0.08up, in accordance with that mea-
sured by neutron diffraction.’’” The ordered magnetic
moment calculated for Nd** within our model is 1.37u,
which agrees well with the value of 1.3u, measured®’ at

TABLE III. Crystal-field parameters in tensor notation [Eq. (1)], and in units of meV, for L =Nd*"*
and Pr** in L,CuO,, as determined in this investigation and in earlier studies. Ay is a molecular-field
parameter (also in meV), defined according to Eq. (4) to allow for an effective magnetic field at the
lanthanide site in the [110] direction, and whose magnitude is fixed by experimental observation as de-

scribed in the text.

Nd,CuO, Pr,CuO,
This Ref. Ref. Ref. This Scaled Ref.

Parameter work 17 18 23 work from Nd3* 20

B(z) —28 —284 62 —64 —28 —30 —16

B} —263 —344 —241 —240 —301 —301 —251

Bg 34 —88 67 74 26 42 13

B} 199 93 214 248 228 228 221

Bﬁ 183 104 171 195 224 223 173
By 0.18 0.43° 0.16 0.14°

2Note that, in Ref. 17, hyr was defined so as to include the Landé factor. Here it has been converted to

be consistent with the definition given in Eq. (4).

®This value is deduced from the molecular field of 2.5 T given in Ref. 20 via the relation Ay =z ByE-
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0.6 K.

It is interesting to note that evidence for the molecular
field can be observed in the ground-state excitation spec-
trum of Nd,CuO,, Fig. 1. An inspection of the 21- and
27-meV peaks will reveal that the latter is the broader
which, as the calculated transition probabilities given in
Table I show, is because in the 21-meV doublet only one
component, 0 to 4, is connected to the ground state with
measurable intensity, whereas for the 27-meV peak both
the transitions O to 6 and 0 to 7 have approximately equal
intensity. A further consequence of doublet splitting is
that, if the sample is heated so as to populate both com-
ponents of the ground-state doublet, then one expects the
peak positions to shift to lower energies due to the emer-
gence of transitions out of the upper level of the ground
state. This effect is strikingly illustrated for Nd,CuO, in
Fig. 3(a), where we have compared the 21- and 27-meV
peaks at 1.6 and 50 K. The 27-meV peak is shifted down
in energy by about 0.4 meV at the higher temperature as
expected, but the 21-meV peak hardly shifts at all. We
can understand why this is by considering again the tran-
sition probabilities given in Table I. The 21-meV peak
only contains intensity from the transitions O to 4 and 1
to 5, which have almost the same energy separation,
whereas the 27-meV peak is a weighted average of all
four possible transitions between levels (0,1) and (6,7), so
changes in position according to the relative thermal
populations of levels 0 and 1. We also observe this effect
for Nd, 35Ce; ;5Cu0O,, though to a lesser extent [Fig.
3(b)]. The molecular field does not cause a measurable
splitting of the doublets in Pr,CuO,.

In some ways, it is not meaningful to attach an uncer-
tainty to each of the crystal-field parameters because the
five parameters are all correlated and so the variances
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> o o ©°T=50K
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FIG. 3. Comparison of two of the crystal-field peaks

at two different temperatures in
Nd, 55Ceq.15CuO,.

(a) Nd,CuO,, and (b)
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furnished by the fitting program are not independent.
Nevertheless, one measure of the uncertainty is the
spread in the values of the parameters obtained when
slightly different sets of observables are supplied to the
program. We have found that, for Pr,CuO,, the parame-
ters in the “best-fit” set are defined on average to about 2
meV, in other words, other sets in which the parameters
deviate by more than 2 meV predict energies and intensi-
ties which are not compatible with the accuracy of the
experimental observables. For Nd,CuQO,, on the other
hand, the uncertainty is much larger, and different sets of
parameters could be found with deviations of between 5
and 20 meV in the individual B coefficients which still
give an adequate description-of the neutron data. How-
ever, extra information on the crystal-field parameters
can be extracted from the magnetic susceptibility. The
anisotropy in the susceptibility is particularly sensitive to
the value of B3, and after comparison of the predicted
susceptibility with that measured®® on a single crystal we
were able to isolate the B3 coefficient, and hence the oth-
er four coefficients, in Nd,CuO, to within a few meV.
The measured and calculated susceptibilities parallel, X
and perpendicular, Y, to the Cu-O planes are shown for
Nd,CuO, and Pr,CuO, in Figs. 4(a) and 4(b).

The spectra described above represent the crystal-field
splittings of the lowest J multiplets for Nd,CuO, and
Pr,CuQ,, and with both the transition energies and rela-
tive intensities there are a sufficient, if not overgenerous,
number of observables to fit the five crystal-field parame-
ters for these compounds. To provide an additional test

80 T T L T T
<] o () Nd,CuO, |
E

L]

3 .
g 40 7
@ X/
Tk
z 20 '.s .
= X1 e

O 1 1 1 1 1

0 50 100 150 200 250 300

T &
T T T T T

16
S (b) Pr,CuO,
S 12 F
g
3
§ sl
"é L
ST 3
= = i

0 1 1 1 1 1

0 50 100 150 200 250 300
T X

FIG. 4. Temperature dependence of the magnetic susceptibil-
ity measured parallel (y) and perpendicular (y,) to the Cu-O
planes in (a) Nd,CuO,4 and (b) Pr,CuO,. The symbols are the
measurements of Hundley ez al. (Ref. 38), and the smooth
curves are calculated from the crystal-field parameters given in
Table III.
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of the crystal-field model, we also measured the spectra at
higher energies, where transitions from the ground state
to levels within the first excited multiplet are expected.
For Nd** this involves transitions from the predominant-
ly *I,,, ground state to the *I;; , multiplet, and for
Pr’+, from the H 4 to the ‘H s multiplet. In both cases,
the intermultiplet excitations have AJ =1, AS=AL =0,
and are therefore magnetic dipole allowed and have a
nonzero cross section at zero Q.

For the measurement of these intermultiplet transitions
much higher incident neutron energies were required,
and Fig. 5(a) and 5(b) show the spectra for Nd** and
Pr3" measured at 5 K with neutrons of incident energies
500 and 600 meV, respectively. The former shows clearly
two peaks at 245 and 295 meV. The spectrum was actu-
ally measured on Nd, 4sCej ;;CuO,, but was found to be
identical to that of Nd,CuO, apart from being lower in
energy by about 2 meV. For Pr,CuO,, only one peak was
observed, centered on 290 meV, but its width is slightly
larger than the energy resolution of the spectrometer at
this incident energy, so could be comprised of several ex-
citations close together. In Table IV we list for both
compounds the energies and integrated neutron cross sec-
tions of the transitions from the ground state to the first
excited state predicted by the model. The intermultiplet
excitations are split into several groups by the crystal
field, and the energies of the calculated transitions agree
with the observed peaks to better than 1%. Although we
have not corrected the spectra in Fig. 5(a) for the form
factor of the intermultiplet transitions, the ratio of the
two peak intensities in the spectrum of Nd,CuO, matches
well with the calculated dipolar scattering cross sections
(though at the Q values measured there may be apprecia-
ble nondipolar contributions to the intensity).

B. The n-type superconductors

Superficially, the neutron spectra obtained from the su-
perconductors are very similar to those of the parent
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FIG. 5. Intermultiplet excitations measured at a temperature
of 5 K at an average scattering angle of 5°. (a)
Nd, §5Cep.15CuO,. Neutrons of incident energy 500 meV were
used, and the two peaks correspond to excitations from the
ground state of the *I,,, multiplet to levels within the first excit-
ed *I,;,, multiplet which is split by the crystal field. (b)
Pr,CuO,. Neutrons of incident energy 600 meV were used and
the peak contains three excitations from the ground state *H,
multiplet to the crystal-field-split *H s first excited multiplet.

compounds, as is to be expected given the rather small
concentration of dopant. However, there are several
features of the crystal-field transitions that the supercon-
ductors have in common, and that differentiate their
spectra from that of Nd,CuO,. Figures 6(a) and 6(b) de-
pict the low-energy part of the spectra of

TABLE IV. Intermultiplet transitions of L =Nd** and Pr** in L,CuQ,. The calculated energies
and integrated neutron cross sections were obtained from the parameters given in Table III and corre-
spond to a temperature of 5 K. The observed energies represent the positions of the maxima of the

measured peaks.

Ndzcu04 Przcu04

Eobs Eca]c g% e Level Eobs Ecalc g% e

Level (meV) (meV) (mbsr™') (meV) (meV) (mbsr™!)
11 24712 247 54 10 292tS5 293 55
12 248 30 11 295 34
13 250 2 12 296 35
14 250 3 13 303 0
15 250 8 14 311 0
16 251 8 15 334 0
17 258 12 16 340 0
18 259 11 17 344 0
19 298+2 297 21 18 345 0
20 298 7 19 346 1
21 300 5 20 346 1

22 300 4
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FIG. 6. Neutron-scattering spectrum of the superconducting
compounds (a) Nd, g5Ce ;5CuO, and (b) Nd,CuO; ;F;; mea-
sured at 2 K with neutrons of incident energy 40 meV at an
average scattering angle of 5°.

Nd, §sCe; 1sCuO, and Nd,CuO; ;F;;, plotted on the
same energy scale as Fig. 1 to facilitate a comparison
with Nd,CuO,. The most immediate difference is that
the lowest excited transition has gained considerable in-
tensity compared with the equivalent excitation in
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Nd,CuO,, and has decreased in energy. In fact, all the
peaks in Figs. 6(a) and 6(b) are lower in energy, and some-
what broader, than the corresponding ones in Fig. 1. Not
shown in Fig. 6 are the 93-meV peaks, which for both su-
perconductors appear distinctly split, with a second,
slightly weaker component centered near 96 meV. In
Table V we list the excitation energies (taken as the posi-
tions of the maxima of the main peaks) and relative inten-
sities for the two Nd-containing superconductors.

With reference to our earlier discussion concerning the
molecular field in Nd,CuO, and its influence on the neu-
tron spectrum, we show in Fig. 3(b) the 20- and 26.5-meV
peaks of Nd,; 3sCe, ;sCuO, measured at temperatures of 2
and 30 K. By the same reasoning as before, the small
reduction in energy of the 26.5-meV peak at the higher
temperature implies the existence of a molecular field in
superconducting  Nd, gsCe; ;sCuO, (and also in
Nd,CuO; ;F, 3, for which a similar effect was seen),
whose magnitude is somewhat less than in Nd,CuO,.
This possibility was proposed in our earlier work,!” where
we showed that, with a 0.28-meV splitting of the ground
state, the calculated Schottky anomaly in the specific heat
agreed very well with the peak observed in the experi-
mental data. The implication here is that the Nd** ions
experience an exchange interaction which is virtually in-
dependent of temperature at least up to 10 K, and which
is no doubt responsible for the Nd antiferromagnetic or-
der known*® to occur below Ty=~1.2 K. Our assertion
that the specific-heat peak is almost entirely due to a
Schottky anomaly and not, as previously suggested,>3¢
due to the magnetic transition is justified as long as the
amount of entropy associated with the three-dimensional
(3D) magnetic ordering at Ty is very small. This would
be the case if the Nd*T moments were strongly correlated
in 2D above T. Since the moments in the copper sublat-

TABLE V. Observed transition energies and relative intensities of the superconducting compounds
Nd, 4sCep 15Cu0, and Nd,CuO; ;F, ; measured at a temperature of 2 K.

Nd, 35Cep.15Cu0,
I obs

NdZCuOl 7F0‘ 3
I obs

E (Intensities relative E (Intensities relative
Level (meV) to 20 meV level) (meV) to 20 meV level)
0] 0.0 0.0
1]
2 12.24+0.3 26+2 10.2+0.3 23+2
3|
4] 20.3%0.1 100 20.2+0.3 100
5
6 ] 26.5+0.3 94+5 25.94+0.3 664
7]
8] 93.2+0.5 24+2 93+1 1414

9 |
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FIG. 7. The lowest-energy crystal-field transition of Pr,CuO,
(open circles) and Pr; 35Ceq 15CuQO, (solid circles) measured at 5
K with neutrons of incident energy 60 meV. Two peaks can be
resolved in the excitation of the superconductor.

tice do not order three dimensionality in the supercon-
ducting compounds, but are known to be strongly cou-
pled in 2D, we suspect that the molecular field (and hence
the 2D correlations of the Nd** moments) originates
from regions of correlated Cu spins that are locally or-
dered in space and time. If we assume that the ground-
state eigenvector for Nd,; 3;Ceq 1sCuO, is very similar to
that for Nd,CuO,, then the molecular field required to
achieve the aformentioned 0.28 meV splitting in the su-
perconductor within the present model is Ay =0.10
meV, about half that in Nd,CuO,.

The most notable difference between the spectra of
Pr; 35Cep 15CuO, and Pr,CuO;, is in the shape of the 18-
meV peak, illustrated in Fig. 7 from runs with incident
neutron energies of 60 meV. The former exhibits a multi-
ple peak with two prominent components. The peak at
88 meV is also slightly broader in the superconductor,
but no other significant differences were observed be-
tween the two spectra.

Our attempts to analyze quantitatively the data in
Table V for Nd, 45Cej ;sCuO, and Nd,CuO; ;F, ; failed
to achieve a description in terms of a single set of
crystal-field parameters. Furrer et al.'> have modeled
the broadening of the crystal-field peaks in
Nd, 45Ceq ;sCu0, in terms of two distinct Nd** environ-
ments, one of which is very similar to that found in
Nd,CuO,, and the other which is a disturbed arrange-
ment arising out of the local redistribution of negative
charge from the Ce ions into the Cu-O planes. They pro-
posed that the crystal field should be described by a com-
bination of the five B coefficients derived for Nd,CuQO,,
together with another set of five for the Nd3" ions in the
“disturbed” environment. With the second set of param-
eters and a simple point-charge model, Furrer et al.
found evidence for the transfer of electrons onto the Cu-
O planes.

While we agree that the broadening of the excitations
in the superconductors is likely to be caused by the ex-
istence of a number of subtly different Nd** environ-
ments, we do not accept that the two sets of parameters
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given in Ref. 12 give an adequate description of the ob-
served spectra, and therefore we suggest that the charge
redistribution interpretation must be treated with some
caution. The problem is, first, that the excitation energies
of some of the transitions in the superconductors are
lower by too much to justify retaining the Nd,CuO, pa-
rameters to describe the “undisturbed” Nd*% site, and
second, that the parameters found to describe the “dis-
turbed” site cause a reduction in the ratio of the intensi-
ties of the 26.5- and 20-meV peaks, contrary to what is
observed experimentally. A set of parameters has also
been proposed®® for Nd, 4sCe, sCuO, based on a fit to
the anisotropic magnetic susceptibility measured on a sin-
gle crystal. These parameters describe the susceptibility
well within the model used, but fail to reproduce the in-
tensity ratios of the measured transitions.

Accepting the model of two crystal-field environments
for the superconductors, we attempted to find two sets of
crystal-field parameters which together could provide a
description of the spectra. The central task was to find
sets of parameters which increased the intensity of the
12-meV peak relative to the 20 meV. Two distinct ways
were found to achieve this objective, one of which caused
a decrease in the intensity of the 26.5-meV peak to rela-
tive to the 20-meV peak, and the other which caused an
increase in this ratio. Examples of the sets of parameters
for these two cases, together with the corresponding
crystal-field transitions, are given in Table VI. Of these,
the first set are similar to those given in Ref. 12 with a
positive B3 coefficient, while the second has B} negative,
as for Nd,CuO,, but larger in magnitude. Not surpris-
ingly, the anisotropy in the susceptibility at high temper-
atures is in the opposite sense for these two possibilities,
and we therefore looked towards experiment for gui-

TABLE VI. Examples of the two sets of crystal-field parame-
ters and associated transitions which could correspond to
different Nd*>* sites in the superconductors Nd, gsCe ;sCuO,
and Nd,CuO; ;F, ;. The full description of a magnetic property
for the compound would be an average over that calculated
with each set of parameters weighted according to the site occu-

pancy.

Parameter set 1 Parameter set I

(mev) (meV)
B} 27 B} —80
B} —287 B} —231
B§ 60 BS 64
B} 220 B} 237
BS 175 B¢ 174
Icalc Icalc
Ecac (Intensities relative E_ . (Intensities relative
(meV) to 20 meV level) (meV) to 20 meV level)
0.0 0.0
12.5 20 12.4 19
20.2 100 20.3 100
26.5 53 26.4 115
95.2 12 93.0 22
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dance. The single-crystal measurements®’ revealed that
the susceptibility of Nd, 3sCeq sCuQ, is virtually identi-
cal to that of Nd,CuO,, and so if the present approach is
to be viable, the two crystal-field environments would
have to exist in roughly equal numbers. A similar ap-
proach is envisaged for Nd,CuO; ;F, 3, but we do not
have susceptibility data to check this.

On the surface, the above appears to provide a reason-
able representation of the crystal-field excitations and
magnetic susceptibility of Nd; 3sCeq 15Cu0O,. However,
we are rather skeptical as to its validity. For instance, it
seems an unlikely coincidence that the susceptibilities of
the Nd** ions in the two environments should combine
together to yield a sum almost identical with the parent
compound. Moreover, if we scale the Nd’" parameters
given in Table VI to Pr**, as was shown to work ex-
tremely well for the parent compounds, we calculate two
very different crystal-field spectra, not at all consistent
with that measured for Pr; 35Ceq 15CuQOy,.

V. CONCLUSIONS

In studying in detail the crystal-field excitations of
Nd,CuO, and Pr,CuO, by neutron inelastic scattering,
we have achieved what we believe is a reliable and accu-
rate description of the crystal field in these compounds.
This is essential if we are to understand what changes
take place in the local electric and magnetic fields when a
small concentration of n-type dopants is added to form
superconductors. We emphasize the importance of in-
cluding in the analysis not only the crystal-field energy
levels but also the relative intensities of the peaks, which
we have been able to determine with reasonable accuracy
through the good resolution and low background charac-
teristics of the HET spectrometer at ISIS.

To achieve the required analytic accuracy, we have
used a rather advanced calculation that includes the
intermediate-coupling wave functions and the admixture
of higher J multiplets. This model has been successful in
three ways: (i) the level of agreement attained between
the measured and calculated neutron spectra is extremely
good, (ii) the crystal-field parameters can be scaled in a
simple way from Nd** to Pr** such that the scaled pa-
rameters are very close to the parameters obtained in-
dependently from the neutron spectra, and (iii) the
crystal-field model derived from the splitting of the
ground-state multiplet predicts the energies of the
crystal-field-split, first excited multiplets to better than
1%. Thus, besides their importance in the field of high-
temperature superconductivity, the compounds Nd,CuO,
and Pr,CuO, have proved to be useful model systems for
testing the accuracy of modern crystal-field calculations.

We have added an extra component to the crystal-field
analysis by developing the formalism to include a
molecular-field interaction in the model. With the direc-
tion of the molecular field parallel to [110], which is the
same as the orientation of the Cu moments in the ordered
phase, we have found the molecular field to be very simi-
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lar in Nd,CuO, and Pr,CuO,. In the latter, the crystal-
field ground state of the Pr** ion is nonmagnetic, so the
molecular field strength is a measure of the Cu-Pr ex-
change interaction responsible for the small induced mo-
ment on the Pr’** jon. The similar magnitude of the
molecular field in Nd,CuO, suggests that it also arises
largely from interactions between the lanthanide and
copper ions, which indicates that the interaction respon-
sible for the Nd ordering below 4 K is an indirect cou-
pling of the Nd moments via the Cu-O planes. The same
mechanism of exchange may be responsible for the Nd
ordering observed in superconducting Nd, §sCe( ;sCuOy,,
and we have deduced the presence of a molecular field in
this compound about half as strong as in Nd,CuO,. The
relevance of this molecular field to the superconductivity
is not known, but its presence suggests that the 2D spin
correlations of the Cu and Nd ions are related. A picture
in which the molecular field arises from a local 2D order-
ing of the Cu spins with a slow spatial and temporal vari-
ation is consistent with the existence of a pseudogap in
the spin excitation spectrum in the superconducting
state, as has been proposed to explain other neutron-
scattering results.!4*!

The crystal-field spectra from the superconducting
compounds exhibit two common features. First, the in-
tensity of the lowest excitation is enhanced, and the ener-
gy depressed, for both of the Nd,CuO,-based supercon-
ductors. Second, the peaks are broader with the super-
conductors than with the parent compounds, which im-
plies that several different local environments exist for
the lanthanide ions. This effect is particularly noticeable
for the lowest excitation of PrsCe, ;sCuQO,, shown in
Fig. 7. Although we have attempted to analyze the mea-
surements in terms of two crystal-field environments, and
have constructed a model that describes the neutron and
magnetic data for Nd, 3;Ce, ;sCuO,, the true picture is
probably more complicated than this. A reliable model
must be able to explain the changes that occur in the
crystal-field spectra on doping to form a superconductor,
the normal-state magnetic susceptibility and, we suspect,
ought to employ a set of crystal-field parameters that are
consistent with scaling from Nd** to Pr’". We believe
that the present work has provided the basis for an un-
derstanding of the magnetic properties of the n-type su-
perconductors, and hope that it will stimulate future in-
vestigations into the microscopic processes that lead to
high-T, superconductivity.
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