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Raman study of coupled-phonon–crystal-field excitations in Nd11xBa22xCu3Oy single crystals
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We study effects due to Nd31/Ba21 ion substitution in Nd11xBa22xCu3Oy single crystals (0.00<x<0.33
and 6.0<y<7.0) using Raman scattering from coupled-phonon–crystal-field~CF! excitations. At low tem-
perature theB1g phonon@O~2!-O~3! out-of-phase vibration in the CuO2 planes# interacts with a nearby CF
excitation of the Nd31 4 f electrons resulting in a double-peak structure. Systematic changes of the peak
frequencies and their relative intensities occur as a function ofx andy. Using a two-level model we calculate
from the Raman spectra the unrenormalizedB1g phonon and CF excitation energies as well as the coupling
constant. In three series of experiments (y;7.0, varyingx; y;6.0, varyingx; x50, varyingy) we observe
different but consistent changes of the superconductivity-inducedB1g phonon softenings with temperature.
These changes suggest that the superconducting gap in the underdoped region continues to increase with
respect to the phonon energy, even ifTc decreases. At room temperature the frequency of theB1g phonon
hardly changes with doping. We also observe variations in the CF excitation energies that are discussed in
terms of structural changes and charge transfer between reservoirs~e.g., in the chains! and the oxygen ions in
the CuO2 planes.@S0163-1829~98!01345-9#
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I. INTRODUCTION

It is well known that the hole concentration plays a cruc
role in the superconducting properties of the perovskite hi
temperature superconductors. InRBa2Cu3O7-y (R5Y and
most rare-earth atoms!, a change in the hole concentratio
can be achieved, among other possibilities, by either rem
ing or adding oxygen or by placing trivalent ions on the
crystallographic sites. As far as the latter approach is c
cerned, several studies have been devoted
Nd11xBa22xCu3Oy , in which Nd31 has a large solubility
into the Ba21 site, thus allowing for a large degree of su
stitution without forming second phases.1–5 The replacemen
of Ba21 by Nd31 has two major effects:3 ~i! it leads to a
structural change from orthorhombic to tetragonal forx
>0.25, and~ii ! it increases the electron concentration in t
CuO2 planes, thereby decreasing the superconducting tra
tion temperatureTc from 95 K (x50.0, y57.0) to 6 K (x
50.33, y57.0).

In Nd11xBa22xCu3Oy , the O~2!-O~3! out-of-phase vibra-
tion of the CuO2 planes, found in the Raman spectra of t
RBa2Cu3Oy series around 300 cm21, hasB1g symmetry in
the approximate tetragonalD4h point group. This mode in-
teracts with a nearbyB1g transition between two crystal-fiel
~CF! levels of the Nd31 (J59/2) ground-state multiplet
Due to this coupling, theB1g phonon splits into a double
peak at low temperature, which can be observed by Ram6,7

or inelastic neutron scattering.8 The CF levels are very sen
sitive to ligands in the immediate vicinity of the rare-ear
~RE! ions that are located between the CuO2 planes. There-
fore their changes with doping, temperature, pressure
magnetic field can be used to study phenomena relate
high-temperature superconductivity such as, for example,
PRB 580163-1829/98/58~21!/14349~7!/$15.00
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charge transferred between the chains and oxygen ions in
CuO2 planes.4,9,10

Recently, coupled-phonon-CF excitations have been s
ied by Raman scattering in a series of NdBa2Cu32xGaxO7

ceramics.10 From fits of a two-level model to the renorma
ized line shapes, the bare phonon and CF frequencies as
as the coupling constant were obtained. The observed sh
the CF excitation with Ga contentx could be explained by
structural changes and an increase of about 1% in the O~2!
and O~3! charges forx50.08 as compared to the Ga-fre
sample (x50.00).10 With respect to the resulting suppre
sion of Tc , the charge transfer estimated from these exp
ments with Ga substitution is in qualitative agreement w
earlier neutron studies where the oxygen content was vari4

However, systematic experiments with the same met
on a well-characterized set of samples are required in o
to obtain a more general picture about the charge transfer
CF level shifts associated with different kinds of doping. W
have therefore performed a Raman study of coupl
phonon-CF excitations in a series of very high qual
Nd11xBa22xCu3Oy (0.00<x<0.33 and 6.0<y<7.0)
twinned single crystals. In these samples,Tc can be sup-
pressed by varying both the Nd and the oxygen concen
tion. In addition, reference measurements on nonsuper
ducting samples withy50.0 are possible. Besides yieldin
information about CF levels, this approach also allows us
investigate superconductivity-induced phonon self-ene
effects in a novel way: TheB1g phonon frequency in previ-
ous studies has been shifted with respect to the super
ducting gap over a small range exploiting substituti
effects.11,12 In this work the phonon renormalization is stu
ied over a wide range in the underdoped regime while
phonon frequency remains almost constant. This yields
14 349 ©1998 The American Physical Society
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ther insight on the variation of the superconducting gap w
doping.

II. EXPERIMENT

The Nd11xBa22xCu3Oy single crystals were grown by
self-flux method in Y-stabilized ZrO2 crucibles starting from
BaO (BaCO3), Nd2O3, and CuO mixtures.13 Crystal
growth took place during slow cooling from 1040 °C
about 960 °C under different oxygen partial pressures. At
end of the growth process the remaining flux was either
canted within the furnace or sucked up by a porous piec
ceramic. Finally, the crystals were cooled down to room te
perature by shutting off the furnace. The Nd/Ba ratio of t
crystals grown in air could be varied by changing the Ba/
ratio of the flux. Crystals with a negligible amount of Nd/B
substitution were grown under a pressure of 60 mbar of
which was further reduced during cooling down to roo
temperature. After growth the crystals were oxidized
about 700 h in 1 bar oxygen between 600 °C and 300
Reduced crystals were obtained by annealing at 700 °C
95 h in an atmosphere of 1.831025 bars of oxygen. The
compositions of the single crystals were determined
energy-dispersive x-ray~EDX! measurements, and the ox
gen content was derived from the weight change of
samples. The superconducting transition temperature
measured by dc magnetization for each combination ofx and
y. The results are presented in Table I. The single crys
with y56.4 and 6.0 are not superconducting.

Raman spectra were recorded using a multichannel s
trometer equipped with a liquid-nitrogen-cooled charg
coupled-device~CCD! camera. The 514.5-nm line of an A
ion laser was used as an excitation source. The laser pow
the sample was kept below 8 mW on a spot diameter
about 50 mm. The crystals were attached to the cold fing
of a closed-cycle helium cryostat, held at a temperature o
K, and measured in a near-backscattering configuration
the a-b plane.

III. RESULTS

Polarized Raman spectra @Z(XX)Z̄# of
Nd11xBa22xCu3O7 at 10 K, showing the dependence of th
double-peak structure for different values ofx, are presented
in Fig. 1. For the lower-frequency peak we observe a sm
shift to lower energies and a decrease of its intensity rela
to that of the higher-frequency peak with increasingx. The

TABLE I. Superconducting transition temperaturesTc vs Nd
content x and oxygen contenty in the Nd11xBa22xCu3O7 and
NdBa2Cu3Oy samples used in the present investigation.

Nd11xBa22xCu3O7 NdBa2Cu3Oy

x Tc ~K! y Tc ~K!

0.00 95.0 7.0 95
0.12 69.5 6.9 88
0.20 40.0 6.8 60
0.25 32.0 6.6 40
0.33 6.0 6.4
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higher-frequency peak does not shift withx. We also find a
pronounced broadening for both peaks with increasingx.
From fits to these data using two Lorentzians and a lin
background we obtain the frequencies of the lower- (v1) and
higher-energy peak (v2) as well as their intensity ratio (R).

In Fig. 2 we show polarized Raman spectra@Z(XX)Z̄# for
the nonsuperconducting samples Nd11xBa22xCu3O6 with
different values ofx. With increasingx, the high-frequency
peak exhibits a slight shift to lower frequencies, whereas
lower-frequency peak stays at the same energy. Note that
behavior is opposite to the one observed in Fig. 1. B
peaks show again a pronounced broadening with increa
x. Using the same fitting procedure as in Fig. 1, we ha
determined the values ofv1 , v2 , andR.

Figure 3 displays Raman spectra of a third set of meas
ments on NdBa2Cu3Oy single crystals inZ(X8Y8)Z̄ polar-
ization at 10 K for different oxygen contentsy. With decreas-
ing y the lower-frequency peak shifts to lower energ
whereas the higher-frequency peak does not shift at all.
most pronounced frequency change occurs aty56.6 when
the macroscopic structural phase transition from orthorho
bic to tetragonal takes place. The peaks at 232
266 cm21, which appear in the samples withy56.9, 6.8,
and 6.6, have been assigned previously to broken-ch
modes.14 They also appear fory56.4, but with much less
intensity. For the samples withy57.0 and 6.0 they are ab
sent. Fory.6.9 andy,6.6 no appreciable change in fre

FIG. 1. Polarized Raman spectra inZ(XX)Z̄ geometry for su-
perconducting Nd11xBa22xCu3O7 at 10 K, showing the dependenc
of the double-peak structure for different values ofx ~open circles:
data; solid lines: fits!. The horizontal dashed lines indicate the r
spective base lines for the spectra that were vertically offset
clarity. The vertical dashed lines are to guide the eye.
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quency is found in both components of theB1g doublet. With
decreasingy, we observe an intensity decrease of the low
energy peak relative to that of the higher-energy peak. Us
the same fitting procedure as described before we determ
the values ofv1 , v2 , andR.

IV. DISCUSSION

A. Determination of unrenormalized parameters

In YBa2Cu3Oy the B1g O~2!-O~3! out-of-phase phonon
appears as a single peak whose frequency can be dir
determined from fits to a Fano profile.15 However, in
NdBa2Cu3Oy , due to the phonon-CF excitation mixing, th
phonon appears as a double peak at low temperature.6–8 The
unrenormalized frequencies of the CF excitationvCF and the
phononvph, as well as the coupling constantV, can be ob-
tained from v1 , v2 , and R with the following
relations:10,16,17

vCF5
v11Rv2

11R
, ~1!

vph5
Rv11v2

11R
, ~2!

and

V5uv12v2u
AR

R11
. ~3!

FIG. 2. Polarized Raman spectra inZ(XX)Z̄ geometry for non-
superconducting Nd11xBa22xCu3O6 at 10 K, showing the depen
dence of the double-peak structure for different values ofx ~labels
as in Fig. 1!.
-
g
ed

tly

The low-temperature values forvCF, vph, and V in
Nd11xBa22xCu3O7, Nd11xBa22xCu3O6, and NdBa2Cu3Oy
calculated this way are shown in Figs. 4, 5, and 6, resp
tively. The room-temperature frequencies obtained from
of the data to a single Fano profile are also plotted there
principle, Fano profiles should also be used to fit the lo
temperature data. However, residual inaccuracies of
model such as, e.g., the neglect of phonon and CF excita
dispersion effects, prevent a more detailed line-shape an
sis of the two doublet components. We have therefore u
only Lorentzians in the fits of Figs. 1–3.

In Fig. 4, the room-temperature frequency of the O~2!-
O~3! phonon in fully oxygenated Nd11xBa22xCu3O7 is prac-
tically independent ofx. However, at low temperature bot
the unrenormalized phonon and the bare CF frequen
show a strong dependence onx as the sample goes from
normal to superconducting. At 10 K the phonon frequen
for the sample withx50.00 is about 7 cm21 softer relative
to its value at room temperature. In the range 0.00,x
,0.33 the magnitude of this phonon softening decreases
most linearly and vanishes forx50.33. For the bare CF ex
citation the total energy decrease is about 8 cm21 ~2.7%!
betweenx50.00 andx50.33. It varies almost linearly withx
but seems to have a small step betweenx50.25 ~where the
structural phase change occurs! and x50.33. This step is
also reflected by an abrupt change of the coupling constan
Fig. 4~b!.

As can be seen in Fig. 5, the unrenormalized lo
temperature phonon frequency in oxygen-deple
Nd11xBa22xCu3O6 is similar to the room-temperature valu

FIG. 3. Polarized Raman spectra inZ(X8Y8)Z̄ geometry of
NdBa2Cu3Oy at 10 K, showing the dependence of the double-pe
structure for different values ofy ~labels as in Fig. 1!.
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i.e., no softening occurs betweenx50.00 and 0.25. The bar
CF energy also remains constant for these values ofx. The
coupling constant, shown in Fig. 5~b!, is about 25 cm21,
except for x50.00, where it has the larger value
27.6 cm21.

Figure 6 shows that the unrenormalized frequency of
B1g phonon at room temperature is independent of the o
gen concentration within the error bars (31661.5 cm21).
At 10 K, a decreasing oxygen contenty in NdBa2Cu3Oy has
a similar effect on the unrenormalized CF and phonon
ergy as an increasing Nd concentrationx in the fully oxygen-
ated Nd11xBa22xCu3O7 samples. As the samples with 6
,y,7.0 go from normal to superconducting, theB1g pho-
non softens by about (761.5 cm21) relative to its fre-
quency at room temperature. With decreasingy, the amount
of phonon softening decreases almost linearly from 6.4,y
,6.8. Fory<6.4 the softening vanishes. The maximum d
crease of the bare CF energy is about 13 cm21 ~4.3%! in the
range 6.0<y<7.0. This change, however, appears to be n
linear. Fromy57.0 to y56.4, vCF decreases strongly. Fo
y,6.4 the data indicate a slight increase invCF yielding a
final total change of about 9 cm21 ~3.0%! compared to the
value for y57.0. In Fig. 6~b! we show the change in th
coupling constant between 6.0<y<7.0. A slight increase of
V for decreasing oxygen content is observed. Note that
results forx50 in Figs. 4 and 5 andy57.0 in Fig. 6 are in
good agreement with earlier investigations.6,7,16,17

B. Doping effects on phonons and CF excitations

From Figs. 4–6 we identify three main effects. First, t
amount of phonon softening in the superconducting sam

FIG. 4. Energies of~a! the unrenormalized phonon, the bare C
excitation, and ~b! the coupling constant in superconductin
Nd11xBa22xCu3O7 for different Nd contentsx obtained from fits to
the data in Fig. 1~filled symbols: our data; open symbols: see te
for details!.
e
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decreases in a similar way with both increasingx and de-
creasingy, i.e., it correlates withTc . Second,vCF in the
superconducting samples decreases with increasingx and de-
creasingy. Third, both the phonon softening and the var
tion of vCF with changingx or y vanish in the nonsupercon
ducting samples.

1. Superconducting samples: Phonon self-energy effects

Concerning the change in the amount of the phonon s
ening with doping, it is known that for the fully oxidized
Nd11xBa22xCu3O7 samples increasingx decreases the hol
concentration in the CuO2 planes.1–5 The additional Nd31

ions on the Ba sites create chain-oxygen disorder and n
tive charges.3 Acting together, these effects may cancel ho
in the CuO2 planes. Therefore, the compound becomes m
underdoped with increasingx, and Tc decreases. The ob
served decrease in the amount of phonon softening with
creasingx reflects changes in the real part of the phon
self-energy that have been described, e.g., by stro
coupling BCS theory.18 This theory predicts that phono
self-energy effects change strongly, depending on the lo
tion of the gap relative to the energy of the phonon. In p
ticular, a phonon should soften or harden belowTc , depend-
ing on whether it is located below or above th
superconducting gap.11

This picture qualitatively explains the observed chang
in the phonon softening in Figs. 4 and 6 fo
Nd11xBa22xCu3O7 and NdBa2Cu3Oy . Figure 6 indicates
that for the NdBa2Cu3Oy samples the maximum phono
softening occurs aroundy56.9. For these values ofy the gap

t

FIG. 5. Energies of~a! the unrenormalized phonon, the bare C
excitation and~b! the coupling constant in nonsuperconducti
Nd11xBa22xCu3O6 for different Nd contentsx obtained from fits to
the data in Fig. 2~filled symbols: our data!.
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energy is very near to theB1g mode, and the effect on th
real part of the phonon self-energy is close to
maximum.11,12,18As the gap moves away from theB1g pho-
non towards higher energies one expects the softenin
become weaker. This is well reflected by the reduced pho
softening observed with decreasingy ~Fig. 6! and also with
increasingx ~Fig. 4!. For phonon frequencies far above th
gap and with the sample still superconducting~largex in Fig.
4, small y in Fig. 6! a slight mode hardening is expecte
from the theory of Ref. 18, as has been observed for
O~2!-O~3! in-phase vibration of the CuO2 planes.11,12 How-
ever, this behavior is not observed here for the O~2!-O~3!
out-of-phase phonon. We conjecture that absence of pho
hardening under these condictions is consistent with re
reports from Bi2Sr2CaCu2O81y that the superconducting ga
in the underdoped regime continues to increase even iTc
decreases.19,20 In such a scenario the softening would vani
due to the increasing separation in energy between theB1g
phonon and the coupling peak in the electronic excitat
spectrum. Note that the relation of phonon self-energy
fects with superconductivity, which has been established
Raman experiment under high magnetic fields,21 needs to be
reinvestigated in view of these new ideas. In Fig. 5, theB1g
phonon does not exhibit any shift attributable to self-ene
effects. This is consistent with the fact that these samples
not superconducting.

Note that the present approach is complementary to
lier investigations where phonon self-energy effects h
been probed by tuning theB1g phonon frequency~e.g., by
rare-earth or isotope substitution! across a gap that remaine
almost constant.11,12 Furthermore, the softening in Fig. 6 re

FIG. 6. Energies of~a! the unrenormalized phonon, the bare C
excitation and~b! the coupling constant in NdBa2Cu3Oy for differ-
ent oxygen contentsy obtained from fits to the data in Fig. 3~filled
symbols: our data; open symbols: see text for details!.
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mains clearly visible for smallery as long as the sample i
superconducting. In earlier studies,22–24 the softening in
YBa2Cu3O72y was found to vanish for small deviation
from optimal doping even though the samples were still
perconducting. This apparent difference also calls for fut
investigations.

2. Superconducting samples: Effects on CF levels

In Figs. 4 and 6,vCF decreases with either increasingx or
decreasingy. These changes cannot be due to charge tran
mediated by the Nd31 ions on the Ba sites~Fig. 4! or oxygen
ions in the chains~Fig. 6! to the O~2! and O~3! oxygens in
the CuO2 planes alone, since one would then expect an
crease of the CF energy due to the increase of the lo
electric field at the position of the RE ion.10 In order to
account for the observations one should therefore also c
sider a contribution due to structural changes. Doping affe
the oxygen ligand geometry around the central Nd31 ions,
and any such changes are reflected directly in the CF lev
Such effects can be described by the point-charge model
allows one to calculate changes of the CF parameters, u
to compute CF energy levels, from the positions and char
of the surrounding ligands of the RE ion.4,10,25This requires
precise structural information, e.g., from neutron-diffracti
experiments. In the case ofRBa2Cu3O7-type high-
temperature superconductors one usually considers only
positions of the eight oxygens surrounding the Nd31 ions in
order to evaluate effects due to structural changes and ch
transfer.4,10

Due to the lack of neutron-diffraction data for our~small!
samples, we have performed such calculations using st
tural data available in the literature for simila
compounds.1,3,4,26The data from Refs. 1 and 3 are for diffe
ent Ba concentrationsx in fully oxygenated superconductin
Nd11xBa22xCu3O7. The results of a point-charge model ca
culation with the data of Ref. 3 for samples with ‘‘sharp’’ o
‘‘broad’’ superconducting transitions qualitatively show
decrease ofvCF with increasingx ~open triangles in Fig. 4!.
The calculated CF level energies were scaled tovCF
5300 cm21 for the ‘‘sharp’’ transition sample withx
50.0.27 CF levels calculated with the structural data fro
Ref. 1 ~not included in Fig. 4! have the correct magnitude
however, these data are not precise enough. The CF le
vary a lot with x without exhibiting any clear trend. Two
experimental values forx50.0 and 0.25, obtained from fit
to CF level spectra in Ref. 4~see Table II of Ref. 4!, are also
included ~open diamonds!. While our experimental results
confirm the trend observed in Ref. 4 with better accuracy,
considerable scatter in the calculated CF level energies
hibits the separation of doping effects into structural a
charge-transfer contributions. The main reason for this ste
from the uncertainty in thez coordinates of the O~2! and
O~3! ions that leads to large error bars in the calcula
crystal-field levels. It appears, however, that most of the
crease ofvCF with Ba contentx is caused by structural ef
fects.

Table II of Ref. 4 also presents fitted CF levels f
NdBa2Cu3Oy with different oxygen contentsy. These experi-
mental values ofvCF are shown as open squares in Fig. 6~a!.
Again, our Raman data~filled squares! confirm the results of
Ref. 4 with improved precision. From the atomic positio
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given in Table I of Ref. 4 we have calculated the expec
shift of the CF level due to structural changes alone. Th
results, scaled tovCF5300 cm21 for y57.0,27 are given by
the open diamonds in Fig. 6~a!. Their deviation from the
experimental data in the range 6.6<y<7.0 indicates a
charge-transfer contribution tovCF. However, more precise
structural data are necessary to quantify this effect. This
cessity is underlined by calculations using the positional d
given in Ref. 26. The results are shown by the open circle
Fig. 6~a!. While following the same general trend, a redu
tion of vCF with decreasingy, these data are even somewh
higher than the experimental data, thus suggesting a ch
transfer that would not have the correct sign.

3. Nonsuperconducting samples

In Fig. 5 we show values ofvCF for nonsuperconducting
Nd11xBa22xCu3O6 samples. The bare CF level energy r
mains constant for all Ba concentrationsx. This observation
appears unusual at first sight, since structural and ch
modifications due to excess Nd ions on Ba sites should af
the CF levels in a similar way as in Fig. 4, independent of
oxygen concentration. However, this phenomenon can
made plausible in view of the results from Ref. 3, where
model was proposed in which the charge transfer fr
the chains to the planes depends on the amount
fourfold-planar-coordinated Cu~1! chain sites. For
Nd11xBa22xCu3O7, the number of such sites decreases d
to chain-oxygen disorder introduced by excess Nd.3 This re-
duces the chain-plane charge transfer andTc . At the same
time, structural changes occur that are mainly responsible
the downshift of vCF in Fig. 4~a! ~see above!. For
Nd11xBa22xCu3O6, the absence of chain oxygen~missing
reservoirs! provides ‘‘space’’ to accomodate negative char
from the Nd ions that cannot be taken up by the CuO2 planes
since they are completely undoped. We thus conjecture
.
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any structural changes also occur mainly in the empty ch
region of the compound and that the geometry of the Cu2
planes remains unaffected. Hence the CF level energy d
not change withx. Structural data from neutron difractio
would be very useful to futher investigate these phenome

V. CONCLUSIONS

We have performed a Raman study of the effects
Nd31/Ba21 ion substitution on the coupled-phonon–C
excitation structure in Nd11xBa22xCu3Oy . We find that a
decrease in the oxygen concentrationy in samples without
excess Nd (x50) affects the unrenormalizedB1g phonon
energy in a similar way as an increase ofx in
Nd11xBa22xCu3O7. The amount of phonon softening wit
temperature decreases withTc , independent of the type o
doping. The absence of phonon hardening in the underdo
region is consistent with a gap increase althoughTc de-
creases. A possible relation between this gap and the
called pseudogap must be left open at this point and will
subject of further investigation. Shifts of the bare CF lev
energy with doping are mainly related to structural chan
in the CuO2 planes, induced either by an excess of Nd31 or
by a decreasing oxygen content. We find no change in
bare CF level energy for oxygen-deplete
Nd11xBa22xCu3O6, indicating the absence of structur
changes in the CuO2 planes with varying Nd content in thi
case.
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