PHYSICAL REVIEW B VOLUME 61, NUMBER 6 1 FEBRUARY 2000-I1

Phonon renormalizations in Y, gfCay 1PBa,Cuz0-_ 5 and Y, ofCa 1.Ba,Cu,Og Observed
by Raman scattering
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We present the results of temperature-dependent Raman measurements of ceramic samples of calcium
substituted ¥ gfCa 1B Cu;0;_ 5 (Y123) and Y, 9Caq 1.BaCu,Og (Y124). In overdoped Y123 a softening
of the 340 cm* phonon frequency by#2 cm ! was seen beloW,, reducing to 1.+ 0.6 cm * at optimal
doping. In the Y124 sample, the 340 chphonon was seen to soften by £.0.6 cm *. No anomalous
change in the 340 cnt linewidth belowT, was discernible in the spectra from either material. The results
from calcium substituted Y123 disagree with results from pure samples at similar hole concentrations, but
agree with pure Y123 results at simil&r Meanwhile the substitution of calcium in Y124 has no significant
effect on the observed phonon renormalizations. We conclude that the phonon renormalizations in these
materials are not solely governed by the planar hole concentration.

[. INTRODUCTION anomalies abov@ ., and the belowl; renormalizations are
best accounted for by phonon self-energy models which con-

For conventional superconductors there is a well undersider an anisotropic superconducting gap with nddes.
stood relationship between the superconducting gap energy Interpretation of phonon frequency and width changes be-
A and the critical temperaturg., but in high-temperature low T, in terms of interaction with a gap is less straightfor-
superconductors the exact relationship betw&gmndT.is  ward than early modet®!! indicated. Superconducting gap
not well established. In high; materials the critical tem- anisotropy, the presence of nodes in the gap, and various
perature shows a strong dependence on the doping state, aingpurity scattering effects all exert a strong influence on the
a generic relationship betwedh and hole concentratiop  predicted phonon behavior in the superconducting stat8.
has been empirically establishdHowever, measurements In addition, the presence of the pseudogap in underdoped
of the superconducting gap have produced a large number 0f123 and Y124 samples introduces another influence on the
differing, sometimes contradictory, results—due in large parphonon self-energy both above and beldw Indeed, ques-
to the complications of strong gap anisotropy and the prestions regarding the role played by the pseudogap in the ob-
ence of the pseudogap in the normal state of underdopegerved phonon renormalizations have been raised for both
materials. Evidence from NMR and heat capacity measureY123 and Y124 superconductdtSin Y123 particularly, the
ments suggest that for a large number of cuprate supercoirehavior of theB,4-like phonon at 340 cmt as a function
ductors the pseudogap enerlgy rises rapidly from zero for of doping suggests phonon-pseudogap rather than phonon-
p=0.19 and ap~0.1 is comparable witkh ,. Compared to  superconducting-gap interactibnElectronic Raman mea-
the pseudogap the superconducting gap energy on the undeurements of th&,, symmetry continuum also suggest that
doped side is relatively independentmfwhile on the over-  scattering from this symmetry is dominated by pseudogap
doped side it appears to scale wikh.?™> excitations in underdoped materidfs.

Raman studies of Y-Ba-Cu-O superconductors aimed at The overdoped side of the doping curve, where the
measuring the magnitude of the superconducting gap by olpseudogap is absent, is therefore of some interest. Stoichio-
servation of superconductivity induced phonon renormalizametric YBa,Cu;O; is already slightly overdoped, but the
tions have revealed a number of interesting features. Meaemainder of the overdoped regime is normally inaccessible
surements as a function of oxygen deficiendy in as the oxygen concentration cannot be increased further in
YBa,Cu;O; _ s show that the character and magnitude of thethis material. The related compound Y&ai,Og always has
phonon renormalizations depend on bathand phonon an oxygen concentration very close to stoichiometric and is
symmetry? The B,g-like 340 cm ! phonon renormaliza- underdoped in the pure staféln both these compounds,
tions were found to be extremely sensitived@nd show a  altervalent interplanar substitution of €afor Y3* increases
doping dependence indicative of a gap energy which risep and provides a convenient alternate means of manipulating
with increasingd. In contrast, theA; symmetry phonons at the doping state without substantially affecting the structural
440 and 500 cm! both show a superconductivity induced or superconducting properties of the materfadt?’ In sto-
renormalization which, for smab, is independent of and  ichiometric Y123 ¢=0) an increase ip takes the material
consistent with a constant gap. These results were corrobddrther into the overdoped regime, decreasing For Y124
rated by electronic Raman measureménss.number of the opposite effect is seen, the increasepibringing the
phonons are seen to undergo a similar superconductivity inmaterial closer to a state of optimal doping and increasing
duced renormalization in the related YRa,05 T..'®
superconductdt? In this system there is evidence of phonon ~ We have studied samples of calcium substituted Y123 and
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Y124 to investigate superconductivity induced phonon 348 g 344
anomalies in doping regions where pseudogap interference is __ C ]
expected to be small or absent. We observe phonon renor- " 346 % 343
malizations similar to those seen in unsubstituted materials & S .

: > 23441 3342
and discuss the observed dependence of these renormaliza- 4 T, R ]
tions oné andp. (-,E) 3420 %" o ° % % 341
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Polycrystalline samples of Y ,CaBaCu0;_; and o 338 ] 339
Y,_,CaBaCu,0O5 were prepared by the common sintering 336 E ol el A 338

method described in the literatdré and the results pre- 0 50 100 150 200 250 300
sented here were obtained from samples with moderate cal-
cium concentrations 0k=0.10. The Raman spectra of the
these samples showed no evidence of Bagafother im- FIG. 1. The frequency of the 340 crh phonon of
purities associated with the partial substitution of Ca for Ba,, Ca, Ba,CwO, , as a function of temperature when optimally
which are usually seen for calcium concentratigns0.15% dooioed flfc*85 K. O‘Len squardsind overdopedT.~75 K, open
The oxygen stoichiometry of the Y123 sample was varied tQjiamonds. The Raman intensities were measured with the CCD
alter the doping state from overdoped~0.03) to optimal  and PMT detectors, respectively, and the spectral lines were fitted
doping (6~0.22), the oxygen concentration being estimatedyith Lorentzian and Fano equations, as noted in the text.

from previously determined vs & curves for calcium sub-

; 2 1
stituted Y123 We use Eq(1) of Tallon et al; Fano fits with various fixed values exhibited substantially
Te/Te ma= 1—82.6p—0.162 (1) reduced noise and indicated that the results do not depend
' strongly on theg value chosen. When fixegiFano fit results
to estimatep for the calcium substituted Y123 sample. Mea- are presented here, thgvalue which produced the least
surement of th@ . for each sample was performed by either scatter in the fit results, and was consistent with both plain
ac or magnetic susceptibility measureme¥423 samplg¢  Fano fits and previous measureméhigas selected.
or resistance measuremenfg124 sampl¢ The x=0.10 Uncertainties in the fitted line width and frequency were
Y123 sample had an overdop@&d of 75 K, while at optimal  determined from the spread of values from fits of multiple
doping T,=85 K, which we use a3 ., When estimating spectra and by varying the width and frequency parameters
p. TheT, of the underdopead=0.10 Y124 sample with was until the agreement with the spectrum deteriorated notice-
85 K. The superconducting transition width, measured as thably, a technique used previously in the literattfr@he fit
temperature difference between the 10 and 90 % points akegion was also varied to confirm that effects from the non-
the transition curve, was arodrd K for the Y124 sample linear background were making no contribution to the fitted
and around 3.5 K for the Y123 sample when overdoped angarameters. As the quoted renormalization magnitudes are
optimally doped. the difference between measurements taken at 10 Krand
All Raman spectra were obtained in backscattering geomall quoted uncertainties are the sum of the fit uncertainty at
etry with the sample mounted inside the cold head of a&hese two temperatures.
closed cycle refrigerator. A Jobin Yvon U1000 double
monochromator with either a photomultiplier tu@MT) or
charge coupled devid€€CD) was used to measure the slpec— Ill. RESULTS
tra shown here. The spectral resolution was 5 and 2.5*cm . .
for measurements m:fde with the PMT and CCD, respec- A. Calcium substituted Y123
tively, fully resolving the spectral features studied here. An  Spectra measured from thxe=0.10 sample were consis-
argon ion laser provided an excitation wavelength of 514.3ent with previous Raman studies of calcium substituted
nm with a typical laser power of 50 mW incident on the Y123 (Refs. 25,26 and displayed the phonon modes at 340,
sample surface and a line focused spot area of 0.025 cm440, and 500 cm® which are known to exhibit supercon-
Measurements using low laser powers indicated that thductivity induced renormalization®?
sample was heated locally by less than 10 K at 50 mW inci- For this sample in the overdoped state, the 340 tm
dent power. This minimal sample heating will be ignoredphonon line shape exhibited the strong asymmetry character-
when sample temperatures are quoted. istic of this mode in pure Y123. A Fano equation was used to
In common with prior measurements of phonon linefit the spectral line shape, with a fixegvalue of —3.5 used
shapes in the higiiy materials, phonon peaks were fitted in order to reduce the effects of noise in the spectra on the
with either a Lorentzian or a Fano line shape superimposefitted widths and frequencies. A fit of an anharmonic decay
on a linear backgrount. As the phonon widths were usually modef to the resulting line width data aboWe showed no
small on the scale of any nonlinear background, this approxideviation in the superconducting state from simple thermal
mation yielded acceptable results. However, due to the covararrowing, within a total uncertainty of 3 cm 2. In con-
riance between the frequency, width, and asymmetry in thérast, a dramatic softening of fitted line frequency by 4
Fano equatiof? it was found for the spectra from some *+2 cm ! was clearly visible, the onset of which occurred
samples that the noise in the fitted parameters was exaggetirectly atT., as shown in Fig. Iopen diamonds, left axis
ated when the asymmetry paramegavas permitted to vary. In this and subsequent plots of phonon temperature depen-
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dence, uncertainties will be shown for only a representative
set of points. Uncertainties for data to the left of marked
points are identical to the marked uncertainty. The observa-
tion that the softening of the 340 ¢rh phonon occurred at
T. verified that the laser power incident on the sample did
not produce appreciable local heating.

Thex=0.10 sample was then treated to optimizeat 85
K and Raman spectra at a range of temperatures obtained. It
was found that a Lorentzian line shape more appropriately
described the 340 cnt phonon line shape in this sample,
and phonon frequency fit results using a Lorentzian equation
are shown in Fig. 1(open squares, right ayisAn abrupt
softening of the mode by 1#0.6 cmi'! below T, is T T S S A
observed—similar to, but weaker than, the softening seen 300 320 340 360 380
when the sample was overdoped. Again, the onset of soften- Raman Shift (Cm'1)
ing is seen to coincide witf., arguing against significant
laser heating of the sample. The phonon line width exhibited FIG. 2. Raman spectra fromy¥Ca, ;Ba,Cu,Og showing the
no superconductivity induced renormalization within the un-315 and 340 cm® phonons measured with the CCD detector.
certainty of+1 cm ! when compared to the predictions of Spectrum(a) was taken at 300 K, while spectrufh) was taken at
the anharmonic decay model. 10 K.

The phonon modes at 440 and 500 cnwere measured
from the sample at optimal doping{0.22). Reliable fits to  the measurement uncertainties (500 “¢rnphonon, with un-
the 440 cm? spectral peak were difficult to obtain and the certainties of+2 and +3 cm! in frequency and width,
results were inconclusive for this phonon. The temperatureespectively. Phonons of frequency lower than the
dependence of the 500 crhphonon line shape showed no 315 cm ! phonon were not fitted.

anomalous line frequency or width behavior bel®ywvithin
1

Raman Intensity (Arb. Units)

uncertaintie.s of+2 and £3 cm -, respectively. We note IV. DISCUSSION

that essentially no renormalization of these phonon modes _ _ _ o

was observed by Altendorét al® in unsubstituted Y123 We begin the discussion of superconductivity induced
crystals with6<0.1. phonon renormalizations with the 340 cf mode of

Yo.Ca Ba,CuzO;_5 and compare our results with data
. ) published in the literature for unsubstituted Y123. As the
B. Calcium substituted Y124 magnitude of phonon renormalization in Y123 shows a
The temperature dependence of the Raman spectrum ofsérong dependence of we restrict our comparison to data
polycrystalline sample of YefCa:Ba&Cu,0s with x  for which the oxygen content was strictly controlled and
=0.10 was measured for similar reasons motivating the meaneasured.
surements of the calcium substituted Y123 materials. In con- Figure 4 shows the magnitude of softenidgo of the
trast to the stoichiometric Y123 system, calcium substitutior340 c¢m * mode as a function ob from polycrystalline
in Y124 raisesT,, and brings the material’s doping state to- samples measured by Krargzal*’ (open triangle} single
wards optimal, but underdopéd. crystals measured by Altendoett al® (open squarés and
Typical data for the 340 cm' phonon at 300 and 10 K thex=0.10 sample renormalizations from the present study
are shown in Fig. 2. A single Lorentzian equation fitted to(filled circles. The calcium doped materials show a strong
the 340 cm? peak over a restricted set of wave numbers
was found to best reduce the effects of overlapping spectral LR L L B B B
lines and the nonlinear background beld@w. Plots of the 340
340 cm ! phonon frequency as a function of temperature
are shown in Fig. 3, showing the frequency undergoing a
moderate softening of 1:00.6 cmi ! as the temperature is
reduced belovl .. In common with the data collected for the
calcium substituted Y123 materials, the renormalization on-
set temperature is seen to coincide withof the sample, in
this case 85 K, indicating minimal surface heating by the
laser. The linewidth in the superconducting state showed no
deviation from the expected anharmonic decay curve calcu- g7l b o e Lo b |
lated from fits to the measured width aboVg, within an 0 50 100 150 200 250 300
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A number of phonons other than the 340 thmode are
known to undergo renormalization in Y124, however the FIG. 3. The frequency of the 340 crhphonon as a function of
results of fits to these other phonons in this calcium substitemperature in ¥4Ca, ;BaCu,0g (T;~85 K). The Raman inten-
tuted sample were either ambiguou815, 440, and sity was measured with the CCD detector and the spectral line
615 cm ! phonong or showed no renormalization within shape was fitted with a Lorentzian equation.
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FIG. 4. The magnitude of softening of the 340 chnphonon ) ) B
frequency belowT,, as a function of8 in Y oCah 188CUsO; - 5. FIG. 5. The magnitude of_ softenl_ng of the 340 chphonon
Filled data points are for the samples measured here, while thE€quency belowT. as a function o in Yo ofCa1B%CULO7 5.
unfilled data points represent measurements on pure0j  Filled data points are for the=0.10 samples measured here, while
samples replotted from Ref. @pen trianglesand Ref. 27(open the unfilled data points represent measurements on purdd)
squares samples replotted from Ref. @pen trianglesand Ref. 27(open
squareg

0.08 0.10 0.12 0.14 0.16 0.18 0.20
Estimated p

dependence o@ similar to that seen in pure Y123. Indeed, _
the magnitude of softening seen in the 0.10 sample agrees for each sample, givefi; and T may. For the the data of
within the uncertainties with the softening that might be ex-Altendorf et al® we use the maximunT, observed in their
pected from a pure sample of Y123 with identichl The  series of sample€93.7 K) as T nax; however, the data of
doping dependence of the 340 chphonon width renor-  Krantz et al*” show no sample near optimal doping whose
malization finds less agreement in the literature than doe$. might be taken a3 .. By assuming that thp of their
frequency, due to the strong dependence of the character 6F=0.00 polycrystalline sample is similar to that of tide
the width renormalization on disorder and impurity =0.00 single crystal of Altendorét al® we may use Eq(1)
effects?®® However, it is expected that for pure Y123 to estimate & nax Of around 96 K for their series of poly-
samples with§=0.03 the magnitude of width renormaliza- crystal samples. For the calcium substituted Y123 polycrys-
tion below T, will be of the order of 2 cm? or less®?”  tals measured in the present study we t@ike,,=85 K.
Recalling that the uncertainty in the 340 chnlinewidth Figure 5 shows the magnitude of softenidgy of the
measured for th&=0.10 sample was arountd3 cm *the 340 cm ! mode plotted against the hole concentratign
observed lack of anomalous change belBwin this sample calculated using Eq(1) from the quoted sampl&; and es-
is both unsurprising and consistent with unsubstituted Y123timated T, . described above. As in Fig. 4, the data of
There is also good qualitative agreement between the pumltendorf et al® are represented by open squares, the data of
and calcium substituted materials when phonon asymmetritrantz et al?’ by open triangles, and the=0.10 sample
is considered. In both puteand substituted materials the renormalizations from the present study by filled circles. The
measured asymmetry of the 340 thmode decreases @&  uncertainty inp is the propagated uncertainty ifi; and
is increased. Tc max: taken to be the quoted superconducting transition
These results argue that the strahignd temperature de- widths. Uncertainties are not shown on data points where the
pendence of the 340 cm line shape seen in unsubstituted uncertainty is small € +0.001) nor for the data of Krantz,
Y123 are largely unchanged by the substitution of calciumwhere noT. uncertainty or transition width was quoted.
for yttrium in this material. A change in the phonon renor- It is clear from Fig. 5 that the softenings measured from
malizations might be expected simply because the physicalingle-crystal and ceramic samples of puse=Q) Y123
and superconducting properties of the sample, the hole cofierm a single curve as a function @f The agreement be-
centrationp in particular, have been altered by the substitu-tween the data of Altendowt al. and Krantzet al. is most
tion of calcium!®-2°We recall thap in the pure Y123 single satisfactory, despite the somewhat arbitrary determination of
crystal and polycrystal samples studied by Altendetrfal ® T. max fOr the latter data. Notably, the softenings measured
and Krantzet al?” was manipulated solely via oxygen sto- from the calcium substituted sample do not agree with those
ichiometry which allowsp to be increased only moderately of pure Y123, even when the samples have identical hole
above optimal whers=0. By contrast,p in the calcium concentrations gb=0.16. Taken together, Figs. 4 and 5 ar-
substituted Y123 polycrystals of this study is determined bygue that the magnitude of softening seen in the Y123 system
both the oxygen stoichiometry and the calcium concentrais not solely dependent on the planar hole concentrgtion
tion, allowing p to be increased significantly past optimal but rather depends on the total doping state of the sample. A
when §=0. recent x-ray absorption spectroscopy study of calcium sub-
In order to clarify the relationship betweg@nand the ob-  stituted Y123 concluded thdt; .« in the Y123 system de-
served phonon renormalizations we replot the softeningpends on the hole concentration associated wibth the
from Fig. 4 as a function op. We use Eq1) to estimatep  chains and plane®.Our data indicate similar behavior for
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the magnitude of 340 cnt phonon renormalization. We V. CONCLUSIONS
also note that the room-temperature phonon line-shape de- The

pendence on calcium substitution in Y123 led the authors o{( CuLO does not significantly alter the
Ref. 26 to argue similarly that the phonon behavior in this3280%io]élf‘3paﬁor%n7|i;é shape and rengormaliza)t/ion as a func-

system cannot be exclusively identified with the carrier CON%ion of & compared to data from pure Y123. When consid-

cer|13trat|qtn on the pdlanel;. th tical effort that has b d ered as a function of hole concentratiprwe find that the
i gstp' fha Cﬂns' era |fe eore 'Cf? et or h'ah tas eent Fenormalizations differ between calcium substituted and pure
voted 1o the phonon Sell-energy etiects in Nigh-lemperaturg, ;0 a5 for identical hole concentrations. We therefore con-

—-16 . .
supercorr_dugto?g dt?he exact rela(tjlont;,mp betweer_l phonon clude that the observed renormalizations are not solely deter-
renormalization and the superconducting gapremains un- mined byp in this material. Similarly, the substitution of

clear in these materials. Considering these various models Gicium into the Y124 superconductor, where the oxygen
is ap%a;]ent, frﬁm bhothg%e\ﬂ%ushstudle_s "’:(”fzéhe rgs\?f;lpr%oncentration is always very close to stoichiometric, does not
Eentt;:- ere, that th N h ¢ _phon(;n r']n dz_in buti appear to affect the 340 or 500 chphonon temperature
as less energy than the weight of the gap distribution tQiependence. These results show that the planar hole concen-

which it couples. However, the origin and nature of this 9aPyation p, which is commonly believed to determine a num-
lie at the center of the continuing debate over the mechanisrBer of s,uperconducting properties in the highmaterials
of er?h-temperlatusr‘;adsupergonductl}na 't5364|8 <th oh does not uniquely determine the magnitude of 340 tm

€ anomalous dependence ot the cim phonon phonon softening in Y123 nor does it affect the renormaliza-
renormalization belowl . in pure Y123 is well known. To tion of the 340 and 500 cit phonons in Y124. We con-
this we add the observation that the magnitude of the SOﬁer}:’lude that it is the oxygen stoichiometry which determines

INg of this mO('je.|s not solely dependent on hole concentrag, ¢ magnitude of renormalization seen in our calcium substi-
tion p, contradicting the common assumption that thand tuted Y123 and Y124 samples

p dependence of the 340 crhphonon self-energy are iden-
tical. In Y124 we find a similar result—the substitution of
calcium into the material, raising, has no appreciable effect
on the temperature dependence of the 340 and 500 cm  Many valuable discussions with Dr. J. L. Tallon during
phonons, consistent with prior measurements of pure and Zthe course of this work were greatly appreciated, and many
substituted Y124° As the Y124 oxygen stoichiometry is thanks are extended to Dr. R. G. Buckley and Dr. N. E.
fixed in Y124, this result reveals common behavior in bothFlower for providing samples to study. Support from the
the Y123 and Y124 systems with regard to the oxygen stoNew Zealand Foundation for Research Science and Technol-
ichiometry (5) andp dependence of the 340 crhphonon  ogy under the Public Good Science Fund is gratefully ac-
self-energy. knowledged.
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