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Raman study of coupled-phonor-crystal-field excitations in Nd, , ,Ba,_,Cu30, single crystals
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We study effects due to Nd/Ba?* ion substitution in Ng Ba,_Cu;0, single crystals (0.08x=<0.33
and 6.6sy=<7.0) using Raman scattering from coupled-phonon—crystal-fiék} excitations. At low tem-
perature theB,y phonon[O(2)-O(3) out-of-phase vibration in the Cy(planeg interacts with a nearby CF
excitation of the N&" 4f electrons resulting in a double-peak structure. Systematic changes of the peak
frequencies and their relative intensities occur as a functionasfdy. Using a two-level model we calculate
from the Raman spectra the unrenormaliBag phonon and CF excitation energies as well as the coupling
constant. In three series of experimengs-(7.0, varyingx; y~6.0, varyingx; x=0, varyingy) we observe
different but consistent changes of the superconductivity-indiggdphonon softenings with temperature.
These changes suggest that the superconducting gap in the underdoped region continues to increase with
respect to the phonon energy, everTf decreases. At room temperature the frequency ofBthgphonon
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 resdr/girsin the chainsand the oxygen ions in
the CuQ planes[S0163-182608)01345-9

[. INTRODUCTION charge transferred between the chains and oxygen ions in the
Cu0, planest®1°

It is well known that the hole concentration plays a crucial Recently, coupled-phonon-CF excitations have been stud-
role in the superconducting properties of the perovskite highied by Raman scattering in a series of NdBe;_,Ga O,
temperature superconductors. RBa,Cu;0;,, (R=Y and ceramics® From fits of a two-level model to the renormal-
most rare-earth atosa change in the hole concentration ized line shapes, the bare phonon and CF frequencies as well
can be achieved, among other possibilities, by either removas the coupling constant were obtained. The observed shift of
ing or adding oxygen or by placing trivalent ions on the Bathe CF excitation with Ga contemtcould be explained by
crystallographic sites. As far as the latter approach is constructural changes and an increase of about 1% in & O
cerned, several studies have been devoted tand Q3) charges forx=0.08 as compared to the Ga-free
Nd, ;,Ba,_,Cu;0,, in which Né* has a large solubility sample &=0.00)1° With respect to the resulting suppres-
into the B&™ site, thus allowing for a large degree of sub- sion of T, the charge transfer estimated from these experi-
stitution without forming second phasEs.The replacement ments with Ga substitution is in qualitative agreement with
of B&®" by Néf* has two major effectd:(i) it leads to a earlier neutron studies where the oxygen content was véried.
structural change from orthorhombic to tetragonal for However, systematic experiments with the same method
=0.25, and(ii) it increases the electron concentration in theon a well-characterized set of samples are required in order
CuG, planes, thereby decreasing the superconducting trangie obtain a more general picture about the charge transfer and
tion temperaturel . from 95 K (x=0.0, y=7.0) b 6 K (x  CF level shifts associated with different kinds of doping. We
=0.33, y=7.0). have therefore performed a Raman study of coupled-

In Nd, , ,Ba,_,Cu;0,, the O2)-O(3) out-of-phase vibra- phonon-CF excitations in a series of very high quality
tion of the CuQ planes, found in the Raman spectra of theNd; ;Ba _,CuzOy (0.00=sx<0.33 and 6.&y=<7.0)
RBa,Cu;0, series around 300 cnt, hasB,, symmetry in twinned single crystals. In these samplés, can be sup-
the approximate tetragon&l,;, point group. This mode in- pressed by varying both the Nd and the oxygen concentra-
teracts with a nearbB,, transition between two crystal-field tion. In addition, reference measurements on nonsupercon-
(CF) levels of the Nd™ (J=9/2) ground-state multiplet. ducting samples witty=0.0 are possible. Besides yielding
Due to this coupling, thé8;4 phonon splits into a double information about CF levels, this approach also allows us to
peak at low temperature, which can be observed by R&Mman investigate superconductivity-induced phonon self-energy
or inelastic neutron scatterifigthe CF levels are very sen- effects in a novel way: Thé&,4 phonon frequency in previ-
sitive to ligands in the immediate vicinity of the rare-earth ous studies has been shifted with respect to the supercon-
(RE) ions that are located between the Gu@anes. There- ducting gap over a small range exploiting substitution
fore their changes with doping, temperature, pressure, ceffects:*?In this work the phonon renormalization is stud-
magnetic field can be used to study phenomena related ied over a wide range in the underdoped regime while the
high-temperature superconductivity such as, for example, thphonon frequency remains almost constant. This yields fur-
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TABLE |. Superconducting transition temperatur€s vs Nd T T ™ T T
contentx and oxygen conteny in the Nd ,,Ba_,Cu;O; and :

NdBa,Cu;O, samples used in the present investigation. Nd, Ba, Cu,0,

1+x

Nd, . ,Ba _,Cu;0; NdB&Cu;0,

X T (K) y Te (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

6.0

Intensity

ther insight on the variation of the superconducting gap with
doping.

Il. EXPERIMENT

The Nd,, ,Ba,_,Cu;0, single crystals were grown by a
self-flux method in Y-stabilized Zr©crucibles starting from
BaO (BaCQ), Nd,0;, and CuO mixtures® Crystal
growth took place during slow cooling from 1040°C to

about 960 °C under different oxygen partial pressures. Atthe 500 250 300 ' 30 400
end of the growth process the remaining flux was either de- 1
canted within the furnace or sucked up by a porous piece of Raman Shift (cm™)

ceramic. Finally, the crystals were cooled down to room tem- _

perature by shutting off the furnace. The Nd/Ba ratio of the FIG. 1. Polarized Raman spectraZifXX)Z geometry for su-
crystals grown in air could be varied by changing the Ba/Cuperconducting Ng. ,Ba,_,Cu3O; at 10 K, showing the dependence
ratio of the flux. Crystals with a negligible amount of Nd/Ba ©f the double-peak structure for different valuesxabpen circles:
substitution were grown under a pressure of 60 mbar of airgata; solid lines: fits The horizontal dashed lines indicate the re-
which was further reduced during cooling down to rc)omspe.ctive base I?nes for the §pectra that were vertically offset for
temperature. After growth the crystals were oxidized forclarity. The vertical dashed lines are to guide the eye.

about 700 h in 1 bar oxygen between 600°C and 300 Cf;jigher-frequency peak does not shift withWe also find a

Reduced crystals were obtained by annealing at 700 °C fo ) o :
95 h in an atmosphere of @105 bars of oxygen. The pronounced broadening for both peaks with increasing

compositions of the single crystals were determined byErom fits to these data using two Lorentzians and a linear
energy-dispersive x-ragEDX) measurements, and the oxy- ackground we obtain the frequencies of the lowerr)(and

gen content was derived from the weight change of théﬁgher-'energy peakafy) as'well as their intensity raticR).
samples. The superconducting transition temperature was !N Fig. 2 we show polarized Raman spedtz4XX)Z] for
measured by dc magnetization for each combinationarfd ~ the nonsuperconducting samples NgBa, CugOg with
y. The results are presented in Table I. The single crystalgifferent values ok. With increasingx, the high-frequency
with y=6.4 and 6.0 are not superconducting. peak exhibits a slight shift to lower frequencies, whereas thg
Raman spectra were recorded using a multichannel spet@wer-frequency peak stays at the same energy. Note that this
trometer equipped with a liquid-nitrogen-cooled charge-behavior is opposite to the one observed in Fig. 1. Both
coupled-devicéCCD) camera. The 514.5-nm line of an Ar- peak; show again a_p.ronounced broademng_ with increasing
ion laser was used as an excitation source. The laser power’t Using the same fitting procedure as in Fig. 1, we have
the sample was kept below 8 mW on a spot diameter ofletermined the values @f;, ., andR.
about 50 um. The crystals were attached to the cold finger Figure 3 displays Raman spectra of a third set of measure-
of a closed-cycle helium cryostat, held at a temperature of 1ents on NdBgCu;0, single crystals inZ(X'Y')Z polar-
K, and measured in a near-backscattering configuration oization at 10 K for different oxygen contengsWith decreas-
the a-b plane. ing y the lower-frequency peak shifts to lower energy,
whereas the higher-frequency peak does not shift at all. The
. RESULTS most pronounced frequency change occury=a6.6 when
. the macroscopic structural phase transition from orthorhom-
Polarized Raman spectra [Z(XX)Z] of bic to tetragonal takes place. The peaks at 232 and
Nd, . ,Ba,_,Cu;0; at 10 K, showing the dependence of the 266 ¢ %, which appear in the samples wih=6.9, 6.8,
double-peak structure for different values)pfare presented and 6.6, have been assigned previously to broken-chain
in Fig. 1. For the lower-frequency peak we observe a smalinodes:* They also appear foy=6.4, but with much less
shift to lower energies and a decrease of its intensity relativéntensity. For the samples with=7.0 and 6.0 they are ab-
to that of the higher-frequency peak with increasiagrhe  sent. Fory>6.9 andy<6.6 no appreciable change in fre-
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FIG. 2. Polarized Raman spectraZiiX X)Z geometry for non- FIG. 3. Polarized Raman spectra #(X'Y')Z geometry of

superconducting Nd.,Ba,_,Cu;04 at 10 K, showing the depen- NdBaCu;0, at 10 K, showing the dependence of the double-peak
dence of the double-peak structure for different values @ébels  structure for different values of (labels as in Fig. 11
as in Fig. 2.

_ _ _ The low-temperature values fabce, wpy, and V in
quency is found in both components of tBg, doublet. With  Ng, , ,Ba,_,Cu;0,, Nd;,,Ba_,Cus0q, and NdBaCus0,
decreasing, we observe an intensity decrease of the lowercajculated this way are shown in Figs. 4, 5, and 6, respec-
energy peak relative to that of the higher-energy peak. Usingyely. The room-temperature frequencies obtained from fits
the same fitting procedure as described before we determingd the data to a single Fano profile are also plotted there. In

the values ofw;, w,, andR principle, Fano profiles should also be used to fit the low-
temperature data. However, residual inaccuracies of the
IV. DISCUSSION model such as, e.g., the neglect of phonon and CF excitation

dispersion effects, prevent a more detailed line-shape analy-
sis of the two doublet components. We have therefore used
In YBa,Cu;0, the B;y O(2)-O(3) out-of-phase phonon only Lorentzians in the fits of Figs. 1-3.
appears as a single peak whose frequency can be directly In Fig. 4, the room-temperature frequency of th&©o
determined from fits to a Fano profite. However, in  O(3) phonon in fully oxygenated Nd ,Ba,_,CusO; is prac-
NdB&aCu;0y, due to the phonon-CF excitation mixing, this tically independent ok. However, at low temperature both
phonon appears as a double peak at low temper&ififtne  the unrenormalized phonon and the bare CF frequencies
unrenormalized frequencies of the CF excitatiag and the  show a strong dependence anas the sample goes from
phononwy,, as well as the coupling constavit can be ob- normal to superconducting. At 10 K the phonon frequency

tained from ,, w,, and R with the following for the sample withx=0.00 is about 7 cm' softer relative
10,16,17

A. Determination of unrenormalized parameters

relations. to its value at room temperature. In the range 6:80
<0.33 the magnitude of this phonon softening decreases al-
:wl+ Rw, (1) most linearly and vanishes far=0.33. For the bare CF ex-
PCFTTIYR citation the total energy decrease is about 8¢&ni2.7%
betweernx=0.00 andk=0.33. It varies almost linearly witkh
Rw;i+ w, but seems to have a small step betwger0.25 (where the
@b 1R (@ structural phase change occuend x=0.33. This step is
also reflected by an abrupt change of the coupling constant in
and Fig. 4(b).
As can be seen in Fig. 5, the unrenormalized low-
_ VR temperature phonon frequency in oxygen-depleted
V=|w;— o, ()]

R+1° Nd, , \Ba, _,CuzOg is similar to the room-temperature value,
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FIG. 4. Energies ofa) the unrenormalized phonon, the bare CF
excitation, and (b) the coupling constant in superconducting
Nd, ; ,Ba,_,Cu;0; for different Nd contents obtained from fits to
the data in Fig. Ifilled symbols: our data; open symbols: see text
for details.

FIG. 5. Energies ofa) the unrenormalized phonon, the bare CF
excitation and(b) the coupling constant in nonsuperconducting
Nd, ; xBa,_,Cu;O; for different Nd contentx obtained from fits to
the data in Fig. Zfilled symbols: our data

i.e., no softening occurs betwegr 0.00 and 0.25. The bare decreases in a similar way with both increasingnd de-

CF energy also remains constant for these values 3he  creasingy, i.e., it correlates withT.. Second,wcf in the

coupling constant, shown in Fig.(, is about 25cm',  superconducting samples decreases with increasamgl de-

except for x=0.00, where it has the larger value of creasingy. Third, both the phonon softening and the varia-

27.6 cm't. tion of wcg with changingx or y vanish in the nonsupercon-
Figure 6 shows that the unrenormalized frequency of thgjycting samples.

B4 phonon at room temperature is independent of the oxy-

gen concentration within the error bars (3165 cm 7). 1. Superconducting samples: Phonon self-energy effects

At 10 K, a decreasing oxygen contgnin NdBa,Cu;O, has ) _

a similar effect on the unrenormalized CF and phonon en- Concerning the change in the amount of the phonon soft-

ergy as an increasing Nd concentratioim the fully oxygen- ening with doping, it is known that for the fully oxidized
ated Nd.,Ba,_,Cu;0; samples. As the samples with 6.8 Nd,.Ba,_,Cu;0; samples increasing decreases the hole
<y<7.0 go from normal to superconducting, tBg, pho-  concentration in the CuPplanest™ The additional Nd"
non softens by about (71.5 cm'!) relative to its fre- ions on the Ba sites create chain-oxygen disorder and nega-
guency at room temperature. With decreaginghe amount tive charges.Acting together, these effects may cancel holes
of phonon softening decreases almost linearly from<&.4 in the CuQ planes. Therefore, the compound becomes more
<6.8. Fory=6.4 the softening vanishes. The maximum de-underdoped with increasing, and T, decreases. The ob-
crease of the bare CF energy is about 13 ¢f4.3%) inthe  served decrease in the amount of phonon softening with in-
range 6.6<y<7.0. This change, however, appears to be nongreasingx reflects changes in the real part of the phonon
linear. Fromy=7.0 toy=6.4, wcr decreases strongly. For self-energy that have been described, e.g., by strong-
y<6.4 the data indicate a slight increasedgy yielding a  coupling BCS theory® This theory predicts that phonon
final total change of about 9 cm (3.0% compared to the self.energy effects change strongly, depending on the loca-
value fory=7.0. In Fig. &b) we show the change in the tjon of the gap relative to the energy of the phonon. In par-
coupling constant between &§=7.0. A slight increase of tjcular, a phonon should soften or harden belbw depend-
V for decreasing oxygen content is observed. Note that thﬁhg on whether it is located below or above the
results forx=0 in Figs. 4 and 5 ang=7.0 in Fig. 6 are in superconducting gap.
good agreement with earlier investigatidis.®*’ This picture qualitatively explains the observed changes
, o in the phonon softening in Figs. 4 and 6 for
B. Doping effects on phonons and CF excitations Ndy ,B&_,Cus0; and NdBaCwO,. Figure 6 indicates
From Figs. 4—6 we identify three main effects. First, thethat for the NdBaCu;O, samples the maximum phonon
amount of phonon softening in the superconducting samplesoftening occurs aroung= 6.9. For these values gfthe gap
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320 — T T T T 1T mains clearly visible for smalley as long as the sample is
E‘%'E‘"“ ___:‘E“____-,______i superconducting. In earlier studi®s?* the softening in
%—" ] YBa,Cu;O;_, was found to vanish for small deviations
e from optimal doping even though the samples were still su-
3104 E‘“@-B “&eanr } perconducting. This apparent difference also calls for futher
- B, 10K investigations.
,I_"\ —O-w,, Exp. [4] 1
g 300 @ *31“32322 o0 2. Superconducting samples: Effects on CF levels
3 \ﬂa\ In Figs. 4 and 6w decreases with either increasingr
] 1 N \\°~. . decreasingy. These changes cannot be due to charge transfer
T % AN mediated by the Nt ions on the Ba site@Fig. 4) or oxygen
290 NS . ions in the chaingFig. 6) to the Q2) and Q3) oxygens in

the CuQ planes alone, since one would then expect an in-
] crease of the CF energy due to the increase of the local
electric field at the position of the RE idfi.In order to

200 @) account for the observations one should therefore also con-
284 (b) E i sider a contribution due to structural changes. Doping affects
] E E | the oxygen ligand geometry around the centraf Ndons,

- E E and any such changes are reflected directly in the CF levels.
E 27 . Such effects can be described by the point-charge model that
> | e | allows one to calculate changes of the CF parameters, used

to compute CF energy levels, from the positions and charges
26 4+ ' T of the surrounding ligands of the RE i1 This requires

— —
7.0 6.8 6.6 6.4 6.2 6.0 precise structural information, e.g., from neutron-diffraction

Oxygen content (y) experiments. In the case 0oRBaCuO,-type high-
temperature superconductors one usually considers only the
positions of the eight oxygens surrounding the’Ndons in
order to evaluate effects due to structural changes and charge
transfer*1°

Due to the lack of neutron-diffraction data for oigmal)
energy is very near to thB,4 mode, and the effect on the samples, we have performed such calculations using struc-
real part of the phonon self-energy is close to itstural data available in the literature for similar
maximum!**2!8As the gap moves away from iy, pho-  compounds:*>***The data from Refs. 1 and 3 are for differ-
non towards higher energies one expects the softening tent Ba concentrationsin fully oxygenated superconducting
become weaker. This is well reflected by the reduced phonoNd, . ,Ba,_,Cu;0O;. The results of a point-charge model cal-
softening observed with decreasipgFig. 6) and also with  culation with the data of Ref. 3 for samples with “sharp” or
increasingx (Fig. 4). For phonon frequencies far above the “broad” superconducting transitions qualitatively show a
gap and with the sample still superconductiteggexin Fig.  decrease ofvc¢ with increasingx (open triangles in Fig. ¥
4, smally in Fig. 6) a slight mode hardening is expected The calculated CF level energies were scaled «igr
from the theory of Ref. 18, as has been observed for the=300 cm'! for the “sharp” transition sample withx
0(2)-O(3) in-phase vibration of the Culplanest**?How-  =0.0%" CF levels calculated with the structural data from
ever, this behavior is not observed here for th@)aD(3) Ref. 1 (not included in Fig. # have the correct magnitude;
out-of-phase phonon. We conjecture that absence of phondrowever, these data are not precise enough. The CF levels
hardening under these condictions is consistent with recemntary a lot with x without exhibiting any clear trend. Two
reports from BjSr,CaCyOg, , that the superconducting gap experimental values fax=0.0 and 0.25, obtained from fits
in the underdoped regime continues to increase evan if to CF level spectra in Ref. &ee Table Il of Ref. ¥ are also
decrease¥?°In such a scenario the softening would vanishincluded (open diamonds While our experimental results
due to the increasing separation in energy betweerBtlge confirm the trend observed in Ref. 4 with better accuracy, the
phonon and the coupling peak in the electronic excitatiorconsiderable scatter in the calculated CF level energies pro-
spectrum. Note that the relation of phonon self-energy efhibits the separation of doping effects into structural and
fects with superconductivity, which has been established irtharge-transfer contributions. The main reason for this stems
Raman experiment under high magnetic ficltisgeds to be  from the uncertainty in the coordinates of the @) and
reinvestigated in view of these new ideas. In Fig. 5,Bhg ~ O(3) ions that leads to large error bars in the calculated
phonon does not exhibit any shift attributable to self-energycrystal-field levels. It appears, however, that most of the de-
effects. This is consistent with the fact that these samples a@ease ofwcr with Ba contentx is caused by structural ef-
not superconducting. fects.

Note that the present approach is complementary to ear- Table Il of Ref. 4 also presents fitted CF levels for
lier investigations where phonon self-energy effects haveNdBa,Cu;O, with different oxygen contentg These experi-
been probed by tuning thB;4 phonon frequencye.g., by  mental values oty are shown as open squares in Figa)6
rare-earth or isotope substitutioacross a gap that remained Again, our Raman datéilled squaresconfirm the results of
almost constant:'# Furthermore, the softening in Fig. 6 re- Ref. 4 with improved precision. From the atomic positions

FIG. 6. Energies ofa) the unrenormalized phonon, the bare CF
excitation andb) the coupling constant in NdB&u;O, for differ-
ent oxygen contentg obtained from fits to the data in Fig.(8lled
symbols: our data; open symbols: see text for details
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given in Table | of Ref. 4 we have calculated the expectedany structural changes also occur mainly in the empty chain
shift of the CF level due to structural changes alone. Theseegion of the compound and that the geometry of the LuO
results, scaled twcg=300 cm ! for y=7.02" are given by  planes remains unaffected. Hence the CF level energy does
the open diamonds in Fig.(®. Their deviation from the not change withx. Structural data from neutron difraction
experimental data in the range &§<7.0 indicates a would be very useful to futher investigate these phenomena.
charge-transfer contribution ®c¢. However, more precise

structural data are necessary to quantify this effect. This ne- V. CONCLUSIONS

cessity is underlined by calculations using the positional data

given in Ref. 26. The results are shown by the open circles in \3/¥e hal/e_ performed a Raman study of the effects of
Fig. 6(a). While following the same general trend, a reduc-Nd™ /Baz ion substitution on the coupled-phonon—CF-
tion of wer with decreasing, these data are even somewhat&xcitation structure in Nd ,Ba, ,Cu;0,. We find that a

higher than the experimental data, thus suggesting a chargiécrease in the oxygen concentratipin samples without
transfer that would not have the correct sign. excess Nd X=0) affects the unrenormalizel,; phonon
energy in a similar way as an increase of in

3. Nonsuperconducting Samp|es NlerXBaz,XCU3O7. The amount of phonon SOftening with
temperature decreases wity, independent of the type of
doping. The absence of phonon hardening in the underdoped
region is consistent with a gap increase althouighde-
creases. A possible relation between this gap and the so-

%alled pseudogap must be left open at this point and will be

modifications due to excess Nd ions on Ba sites should aﬁcec§ubject of further investigation. Shifts of the bare CF level

the CF levels in as[mnar way as in F'.g' 4, independent of theenergy with doping are mainly related to structural changes
oxygen concentration. However, this phenomenon can b

S fh the CuQ planes, induced either by an excess of Nar
made plausible in V|ew.of thg results from Ref. 3, where aby a decreasing oxygen content. We find no change in the
model was proposed in which the charge transfer fro are CE level energy  for oxygen-depleted
D one fines depende_on e S o, e, 0, indiating he absence of stnctra
Nd, . B3, ,CusO,, the number of such sites decreases du changes in the CuOplanes with varying Nd content in this

to chain-oxygen disorder introduced by excess®Nihis re- Case.
duces the chain-plane charge transfer apd At the same

time, structural changes occur that are mainly responsible for

the downshift of wee in Fig. 4@ (see above For We thank V. I. Belitsky for fruitful discussions, H. Hirt
Nd, ;. «Ba_,CuwOg, the absence of chain oxygémissing and M. Siemers for technical assistance, and V. Hadjiev for a
reservoir$ provides “space” to accomodate negative chargecritical reading of the manuscript. One of the authors
from the Nd ions that cannot be taken up by the gplanes  (A.A.M.) acknowledges the financial support from FAPESP-
since they are completely undoped. We thus conjecture thd@razil under Contract No. 96/06992-8.

In Fig. 5 we show values ab for nonsuperconducting
Nd,; ,xBa_,CusOg samples. The bare CF level energy re-
mains constant for all Ba concentratioxsThis observation
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