PHYSICAL REVIEW B VOLUME 61, NUMBER 1 1 JANUARY 2000-I

Anomaly of oxygen bond-bending mode at 320 cm' and additional absorption peak
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We have performed ellipsometric measurements of the far-infraeedss dielectric response of underdoped
YBa,Cu;0;_ 5 single crystals. Here we report a detailed analysis of the temperature-dependent renormalization
of the oxygen bending phonon mode at 320 “¢rand the formation of the additional absorption peak around
400-500 cm?. For a strongly underdoped YB@u;Os 5 crystal withT,=52 K we find that, in agreement
with previous reports based on conventional reflection measurements, the gradual onset of both features occurs
well aboveT, at T* ~150 K. Contrary to some of these reports, however, our data establish that the phonon
anomaly and the formation of the additional peak exhibit very pronounced and steep changesTrigHtat
a less underdoped YB@u;Og 75 crystal withT.=80 K, the onset temperature of the phonon anomaly almost
coincides withT, . Also in contrast to some previous reports, we find for both crystals that a sizeable fraction
of the spectral weight of the additional absorption peak cannot be accounted for by the spectral-weight loss of
the phonon modes but instead arises from a redistribution of the electronic continuum. Our ellipsometric data
are consistent with a model where the bilayer cuprate compounds are treated as a superlattice of intrabilayer
and interbilayer Josephson junctions.

. INTRODUCTION 320-cm ! mode is accompanied by the formation of an ad-
ditional broad absorption peak in the frequency range be-
It was early recognized that some of the infrared activetween 400 and 500 cnt at low temperature. The effects
c-axis phonon modes of the highs cuprate superconductors are  most  spectacular for  strongly  underdoped
exhibit rather strong changeso-called “phonon anoma- YBa,Cu;Og5 ¢ With T.~50-60 K. Here the phonon
lies”) in the vicinity of the superconducting transitiothe  mode at 320 cm! softens by almost 20 cnt and loses
most pronounced phonon anomalies have been observed farost of its spectral weight which is transferred to the addi-
those compounds that contain twar threg closely spaced tional broad peak. As the hole doping of the Gu@anes
CuO, layers per unit cell, like the bilayer compounds increases, the anomaly of the 320-chnphonon mode be-
YBa,CuO;_5 (Y-123),2° YBa,Cu,Og (Y-124)* and  comes less pronounced. Simultaneously, the additional peak
Ph,Sr,CaCy0s,° or the trilayer system FBa,CaCu;0,0.°  shifts towards higher frequencies and becomes considerably
In Y-123 and Y-124 the most pronounced renormalizationweaker.
occurs for the so-called oxygen bond-bending mode at Evidently, there exists an intimate relationship between
320 cm'!, which involves the in-phase vibration of the the strong anomaly of the oxygen bond-bending mode at
0(2) and 43) oxygen ions of the CuPplanes againstthe Y 320 cm! and the formation of the additional absorption
ion that is located in the center of the bilayer and against th@eak. The underlying mechanism, however, is yet unknown
ions of the CuO chain. The renormalization of the and the subject of an ongoing discusstdi.
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Recently, van der Marel and co-workers have proposed anderdoped Y-123 single crystals rather seemed to indicate
very interesting explanation for the additional absorptionthat the anomaly of the 320-cm phonon sets in well above
peak!®!! They assumed that the Cy@lanes of the highF, T, at a temperaturd*>T, and proceeds without any no-
cuprate superconductors are not coherently coupled, not evéigeable change a, .39 The temperature dependence of the
the closely spaced planes of the bilayers. From this point ophonon anomaly rather seemed to resefii¢hat of the
view a bilayer compound like Y-123 can be treated as a stackpin-lattice relaxation rate ¢(T)~* or the Knight shift ob-
of two-dimensional superconducting layers that forms a suserved in nuclear magnetic resonanbMR) experiments,
perlattice of intrabilayer and interbilayer Josephson juncPoth of which are determined by the so-called “spin-gap
tions. The dielectric response of such a superlattice of JaPhenomenon,” i.e., by a gradual and incomplete depletion of
sephson junctions exhibits two zero crossings correspondiné€ low-energy spin excitations. These speculations are sup-
to two longitudinal Josephson plasmons: the interbilayer an@orted by Zn-substitution experiments: the Zn substitution is
the intrabilayer one. In addition, it has a pole correspondinghown to suppress the spin-gap efféand it has also been
to the so-called “transverse optical Josephson plasni8n.” shown to remove the anomaly of the 320-Cmphonon
van der Marel and co-workers have suggested that the addiode and the additional absorption pé&econd, the model
tional absorption peak discussed above may correspond fjedicts that the additional peak should acquire a consider-
this transverse resonance. Very recently they have confirmegple part of its spectral weight from the electronic back-
their suggestion by more quantitative considerations regarddround, to _be more specific, from the superconducting
ing the dopmg dependence of the peak posiﬁbﬁome of Condensatéz. This prediction is not consistent with Ref. 2
us have shown that this model can be extended to accouMthere it has been suggested that the spectral weight of the
not only for the presence of the additional peak but also foRdditional peak is fully accounted for by the spectral-weight
the related phonon anomali&sThe essential idea consists in 10ss of the phonon modes at 320 and 560~ ¢m
including the local electrical fields acting on the ions that In the following we report an ellipsometric study of the
participate in the phonon modes. In particular, the model hafar-infrared c-axis dielectric response of two underdoped
allowed us to explain the details of the anomaly of theYBa;CusO;_ s single crystals: one strongly underdoped (
320-cm ! phonon mode in Y-123. This has been shown to~0.5T.=52 K), the other moderately underdoped (
arise from a dramatic change of the local electrical field act=~0.25T.=80 K). In particular, we present a detailed
ing on the in-plane @)- and Q3)-ions caused by the onset analysis of the anomaly of the oxygen bond-bending mode at
of interbilayer and intrabilayer Josephson effects. 320 cm ! and of the additional absorption peak. In case of

The verification of the existence of intrabilayer Josephsorthe strongly underdoped crystal our ellipsometric measure-
plasmons may have rather far-reaching consequences. TReents establish that the temperature evolution of the phonon
finding that even the closely spaced Guf@yers are only anomaly and the additional absorption peak exhibits a two-
weakly (i.e., Josephsorcoupled along the-axis would fa-  step behavior with a smooth onset @t ~150 K>T,
vor models that predict that the electronic ground state of the=52 K followed by a sudden and steep change right at
CuOQ, planes is unconventional, involving charge confine-=52 K. For the moderately underdoped crystal the onset of
ment to the planes and incoherent coupling between thtéhe anomaly occurs in the vicinity df;. For both crystals
planes in the normal stalé.So far, the existence of the Jo- our data establish that the absorption peak obtains only some
sephson plasma resonance has been firmly established oigrt of its spectral weight from the phonon system while a
for the case of Cu@ planes(or pairs of planesthat are  substantial partat least 40% arises from the electronic
separated by insulating layers much wider than the in-planéackground.
lattice constant. Such examples are the studies otieds
transport:**°the microwave absorptidhor the far-infrared Il. EXPERIMENTAL TECHNIQUE
c-axis conductivityt’'° Even two different longitudinal
plasma modes have been recently observed inthghase
SmLa _,Sr,CuQ, that has two kinds of blocking layers: the  The YB&CuO;_s single crystals with typical dimen-
fluorite-type SO, layers and the rocksalt-type (La,§8,  sions of 2x2x(0.5-1) mni have been grown in
layers®® Y-stabilized ZsO crucibles® For the ellipsometric measure-

In order to establish the above interpretation of thements we used only crystals with a smooth and shiny as-
anomalies in thes-axis conductivity of underdoped Y-123, grown surface containing the axis. A strongly oxygen-
two points have to be clarified that have not been addressedkficient crystal has been prepared by sealing it in an
in our previous communicatioff. First, according to the evacuated quartz tube together with a large amount of Y-123
model of the superlattice of interbilayer and intrabilayer Jo-powder whose oxygen content has been previously adjusted
sephson junctionglet us call it a Josephson-superlattice to §~0.5 (by annealing in 0.1%9, in Ar at 530°C and
mode) the phonon anomalies should become pronouncedubsequently quenching into liquid nitrogefihe quartz am-
only belowT,. There may be a gradual onset of the phononpule containing the crystal and the powder was annealed at
anomalies occurring at temperatures well abdyedue to 500 °C for 10 days and subsequently slowly cooled to room
coherent superconducting correlations which persists withitemperature. A second, moderately  underdoped
the individual bilayers. Nevertheless, the phonon anomalie¥Ba,Cu;Og 75 Crystal has been prepared by annealing in a
should exhibit a sudden increaseTat when the supercon- flowing oxygen gas stream at 550 °C and subsequent rapid
ducting state becomes macroscopically coherent. From thguenching. The critical temperatufe. and the transition
previous experimental results it was not clear whether this isvidth AT, (10-90% of the diamagnetic shieldingave
the case. Reflectance measurements performed on strondigen determined by dc-magnetization measurement in zero-

A. Sample preparation
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almost uniaxial and strongly anisotropic material with metal-

lic behavior ofe, p(w) and insulating behavior &, (o), it
was previously shown that the pseudodielectric function rep-

resents a very good approximation frwhen the measure-
ment is performed with the axis in the plane of incidenc@.
The technique of ellipsometry provides significant advan-
tages over conventional reflection metho¢is:it does not
require the determination of the absolute intensity of the re-
flected light(no reference problejrand (ii) the complex di-

electric function e=¢,;+ie, is obtained directly, no
Kramers-Kronig transformation and thus no extrapolation of
the reflectivity towards zero and infinite frequency is
needed.’ %

The ellipsometric measurements have been performed at
the U4IR beamline of the National Synchrotron Light Source
(NSL9S at Brookhaven National Laboratory, using a home-
- built setup attached to a Nicolet Fast-Fourier
-1.0 - - - spectromete?’ 28 The high brilliance of the synchrotron light

0 20 40 60 80 100 . .
source enables us to perform very accurate ellipsometric
T [K] measurements in the far-infrared range even on samples with
] comparably small ac faces of X8 mn?. Since only rela-

FIG. 1. Temperature dependence of the zero-field-co@é] e intensities are required, the ellipsometric measurements
and field-cooled (fc) volume dc-magnetizationyy of the  5r0 yery reproducible and the data taken at a given tempera-
YBa,Cus0s 5 crystal (open circles and the YBaCuyOs7s Crystal e pefore and after thermal cycling or several days of mea-
(solid squares The external field E,,=5 Oe was applied along surement coincide to within the noise level
the c axis of the platelet-shaped crystals. Corrections for demagne- '
tization factors have not been taken into account. The critical tem-
peratures and the transition widtbetween 10 and 90 % of the IIl. RESULTS
diamagnetic shielding are T.=52 K, AT.=3 K and T,
=80 K, AT.=4 K. A. Strongly underdoped YB&Cu3Og 5
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Figure 2 shows the real part of the far-infrareehxis

field-cooled and field-cooled mode {f#=5 Oe) using a conductivity o.(w,T) of the strongly underdoped
commercial superconducting quantum interference devicBa,Cu,0q4 5 crystal with T,=52 K for (a) T=300, 200,
(SQUID) magnetometer. Figure 1 shows the temperatureand 150 K andb) T=150, 60, 45, 35 and 4 K. At room
dependent volume susceptibility, for the YBaCwOss  temperature the six infrared-active phonon modes at 155,
crystal withT,=52 KandAT.=3 K (open circlesand the 190, 280, 320, 560, and 630 crhare superimposed on a

YBa,Cu;Og 75 Crystal withT,;=80 K andAT.=4 K (solid weak and almost featureless electronic background. As the
temperature is lowered below room temperature, the elec-

tronic background decreases continuously and develops the

so-called normal-state gap that is a well-known feature of the

The quantity measured in ellipsométhys the complex underdoped cuprate superconductci®.32Evidently, in this
strongly underdoped crystal the normal-state gap starts to

squares

B. Technique of far-infrared ellipsometry

reflectance ratio .
develop at some rather high temperatuf8¢=300 K. Its
S(0,.D)=T (0,D)T (0, D), 1 size, which is conve_nlently defined as _the onset _fr_eque_ncy
plo ) =rp(w,®)/r(w,P) @) wpne Of the suppression of the electronic conductivity with

where® is the angle of incidencén our experiment 80° decreasing temperature, is fairly large and it even exceeds
with a beam divergence of 1.2°) andr, andT are the the measured spectral range, icng>700 cm L3432 Fig-
complex Fresnel reflection coefficients for light that is polar-ure 2 also shows that the renormalization of the oxygen
ized parallel(p) and perpendiculafs) to the plane of inci- bond-bending mode at 320 crh and the additional broad

dence, respectively. The dielectric function is extracted fronpeak at 410 cm® exhibit a very gradual onset aroufd
~150 K, i.e., well belowT =300 K but also well above

p(w,®) by inverting the Fresnel equations: - : .
T.=52 K. However, the most important feature that is evi-
E(w):{[1—5(w,d))]/[1+}3(w,<b)]}2tar?(b Sirt® dent in Fig. Zb) is that both the anomaly of_ 'ghe 320 ¢ch _
phonon mode and the formation of the additional absorption
+sirt . (2) peak at 410 cm!, exhibit very pronounced and steep

changes right af ;=52 K. This finding implies that both
This inversion assumes an isotropic sample. For an anisgffects are related to the superconducting transition rather
trOpiC Sample, in general, different elements of the diEIECtriqhan to the normal-state gap or to the Spin-gap phenomenon
tensor can contribute tp(w,®). The formal inversion ac- as has been previously suggestédAs was mentioned
cording to Eq.(2) then yields only a so-called pseudodielec- above, the gradual onset of the anomalie$’at T, may be
tric function?® For the case of YBZw,0,_ 5, which is an  explained due to the persistence of a coherent superconduct-
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1500 100 200 300 400 500 600 700 since it assumes that all the ions participating in the phonon
modes experience the sart@veragg electric field. Instead,
125. a) as motivated in Ref. 12, we suggested that the local electric
fields acting on the ions exhibit significant deviations from
100 the average field as a result of the extremely weak electronic
— coupling between the individual Cy®lanes of underdoped
g 75 1 cuprates. We have shown that the spectacular anomaly of the
- g 320-cmi'! phonon mode, and also the asymmetry and the
G 504 3# spectral weight changes of the phonon modes at 560 and
G i 630 cm !, can be explained by such local field effects, in
25 i particular, by the changes of the local electrical fields caused
;\'gﬁ by the onset of Josephson effects within the intrabilayer and
0 . interbilayer junctiong? In the present paper we nevertheless
apply the simpler fitting procedure using modified Lorentz-
125- ' ' L ' ' ian functions in order to obtain the temperature dependence
b ¥ of the parameters of the phonon modes that can be readily
100 ) compared with previous results.
Figure 3 shows the temperature dependencdéapfthe
‘-"E 75 oscillator strengtts, (b) the eigenfrequencyw,, and(c) the
o half-width T" of the oxygen bond-bending mode at
P 320 cml. It is evident from Figs. @) and 3b) that the
= 901 changes ofS and w, set in rather gradually around*
o ~150 K. The temperature dependences of both quantities,
25+ however, exhibit a sudden and steep change arobnd
o =52 K. This finding contrasts with previous reports that the
0 renormalization of the 320-cnt phonon mode does not ex-

0 100 200 300 400 500 600 700 hibit any noticeable change arouiiid.®° In agreement with
the previous reports we find that the half-widkh of the
320-cm! mode starts to decrease only below

FIG. 2. Temperature dependence of the real part of the fartc=52 K.'">**For T*>T>T, it even tends to increase,
infrared c-axis conductivity of the strongly underdoped but this small increase may be an artifact of our fitting pro-
YBa,Cu;Og 5 crystal withT,=52 K. Spectra are shown f¢ge) T cedure. Figure 4 displays the electronic background includ-
=300, 200, and 150 K antb) T=150, 60, 45, 35, and 5 K. ing the additional peak around 400 thwhich has been

obtained by subtracting the contributions of the phonon

ing state within the individual bilayers. This effect may be- modes at 280, 320, 560, and 630 ¢m The formation of
come particularly pronounced for the strongly underdopedhe additional peak shown in Fig. 4 follows a similar tem-
and thus very anisotropic samples. We do not attempt here toerature dependence like the anomaly of the 320%cpho-
comment on the rather controversial question of whether theaon mode. The broad peak gradually develops arclihd
normal-state gap and/or the spin gap are also somehow re-150 K and suddenly increases in magnitude belbw
lated to superconducting pairing fluctuations. =52 K. Evidently, the peak position does not change much

We have performed a more quantitative data analysis bgs a function of temperature. BeloW, the peak is very
fitting to the complex dielectric function in the spectral rangepronounced and therefore hardly affected by the subtraction
250< <700 cni ! asum of modified Lorentzian functions of the phononic contribution. The frequency of the maximum
e(w)=S-(02+iI'-Q)/[(w2—w?)—iw-T] that represent decreases slightly from 410 crhat5 K to 395 cm* at 45
the contributions of the phonon modes at 280, 320, 560, anK. Above T, the peak becomes rather weak as compared to
630 cm ®. This modified Lorentzian function that is ob- the phonon mode at 320 c¢rh. We therefore cannot reliably
tained by mixing the real and the imaginary parts of the usuatletermine its position. Nevertheless, it is evident that it re-
Lorentzian function(it basically corresponds to a Fano-like mains close to 400 cnt. Note that within the Josephson-
function) allows one to perform Kramers-Kronig consistent superlattice model the peak position is expected to decrease
fits of asymmetric phonon lineshage$We find that only  only by about 30 cm! as the temperature is increased
the phonon modes at 560 and 630 Cnare asymmetric and aboveT,. The position of the transverse plasmon is deter-
that the asymmetr®) of these modes increases very moder-mined mainly by the intrabilayer Josephson frequency,
ately with decreasing temperature. In order to describe thahich for strongly underdoped samples has been sugdésted
flat electronic background and the additional broad absorprot to exhibit any pronounced changesTatsince coherent
tion peak in a Kramers-Kronig consistent way we have alssuperconducting correlations may be conserved within the
included a sum of seven broad Lorentzian oscillators thaindividual bilayers even far above the macroscopic critical
have been located between 250 and 700 trand whose temperaturél,.
half-widths have been limited to values between 150 and Figure 5 shows a comparison of the temperature depen-
500 cm i, dence of the spectral weightSW) of the additional

In our opinion this fitting procedure does not allow one to410-cm * peak SW?° (solid squares with the spectral
obtain an appropriate description of the phonon contributiorweight loss of the 320-cm' phonon modeA SW*2° (open

v [cm'1]
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FIG. 4. Temperature dependence of the electronic conductivity
including the additional absorption peak at 410 ¢ngpresumed to
T [K] be also of electronic origin of the strongly underdoped
YBa,Cu;Og 5 crystal with T,=52 K which has been obtained by

FIG. 3 Temperature dependence(a)fthe_oscillator strengtls, subtracting the contributions of the phonon modes at 280, 320, 560,
(b) the eigenfrequency, , and(c) the half-widthI" of the oxygen  gnd 630 cril.

bond-bending mode of the strongly underdoped YBa0; 5 crys-
tal (T,=52 K). The phonon parameters have been obtained by
fitting a Lorentzian function to the complex dielectric function. The weight of the additional absorption peak at 410 ¢mWe
dashed line marks the superconducting transition temperdiure estimate that at least 40% of the spectral weight of the addi-
=52 K, the dotted line indicates the gradual onset of the renormaltional absorption peak does not arise from the phonon sub-
ization of the phonon mode aroufid ~150 K. system but instead seems to arise from the electronic con-
tinuum. Such a redistribution of the electronic spectral
circles. The value ofASWP?° has been calculated according weight towards the additional absorption peak is predicted
to the formulaA SW= 7%c- €,-[S(175 K)—S(T)]-»2 using by the Josephson-superlattice model where the transverse Jo-
the oscillator strengttS(T) and the eigenfrequencies,  sephson plasmon acquires a sizeable fraction of the spectral
given in Figs. 8a) and 3b). The error bar indicates the upper weight of the SC condensate? This means that some frac-
limit for the spectral weight losses of the apical oxygention of the spectral weight that is removed in the far-infrared
modes at 560 and 630 crh. The inset of Fig. 5 illustrates regime does not appear in tiefunction at zero frequency
how we have estimated the spectral weight of the additionathat describes the inductive response of the superfluid con-
peak SW° (shaded areay integrating the conductivity be- densate but is instead shifted to the additional absorption
tween 220 and 680 cnt (open circle and subtracting the peak representing the transverse Josephson plasmon. In fact,
contribution of a linear electronic backgroursolid line). our choice of the linear electronic backgrousalid line) is
Note that our assumption of a linear-electronic-backgroundather conservative. Also shown in the inset is a fit with a
conductivity is supported by the high-temperature data fotorentzian plus a linear electronic background conductivity
T>T*=150 K [see Fig. 4a)] and by the data for less (dashed linesthat gives a somewhat larger value of ¥
strongly underdoped samples where the additional peak iss16 000 QO tcm 2atT=5 K. The result of this fit agrees
comparably weak and appears only beldw (see Refs. surprisingly well with the prediction of the Josephson-
31,32 and discussion belowit is evident from Fig. 5 that superlattice model that the spectral weight of the bare trans-
the spectral-weight losses of the phonon modes at 320 anderse Josephson plasmpreglecting the interaction with the
560 cm * account only for some fraction of the spectral phonons and the consequent redistribution of the spectral
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FIG. 5. Temperature dependence of the spectral weight of the 4
additional absorption peak at 410 ch{SW*'°, solid squaresand vem]
the spectral-weight loss of the oxygen bond-bending mode at
320 cmi't (ASWA2 open circles The inset illustrates how the FIG. 6. Temperature dependence of the real part of the far-

SW of the additional absorption peak has been obtained. The opéhfrared c-axis conductivity of the weakly underdoped
circles represent the spectrum @t=5 K obtained after the YBa&Cu;Ogsscrystal withT,=80 K.
phonons have been subtracted, the solid line represents the linear

background that has been further subtracted in order to Obtaiﬂamperature and doping dependence of the normal-state gap
SWH? as indicated by the shaded area. Also shown is a fit with Yeven the absolute values of its size are in good

Lorentzian plus a linear backgroundashed linesthat gives a agreement3*=37 It therefore appears that th "
e additional ab-
somewhat larger value of SW~16000 O *cm 2 at 5 K. The g T) bp

) - sorption peak and the normal-state gap have rather different
spectral-weight loss of the 320-cthphonon mode has been calcu-

Iaﬂed accor?iing 0 the formuIeApS\l\onz 72 €0 [S(175 K) energy and temperature scales. Also, as shown below, t_hey
—S(T)]-»2 using the oscillator strengt(T) andothe eigenfre- _have an opposne doplng dependence. Altogether, these find-
guenciesy, given in Figs. 8a) and 3b). The error bar indicates the ings make .It. rather unlikely that both phenomena have a
maximum spectral-weight losses B&=5 K of the phonon modes common orgin.

at 560 and 630 cm.

weight of the 320-cm! phonon mode, ASWA?Y5 K) B. Moderately underdoped YBa,CusOs 75
~5000 O~ *cm 2] should be around 10 00@ ~‘cm 22 We have also performed far-infrared ellipsometric mea-
It has been reported previously that the spectral weight ogurements on a less strongly underdoped XBgOg 75
the additional absorption peak can be fully accounted for bysample withT =80 K. Figure 6 shows its-axis conductiv-
the spectral-weight loss of the phonon modes at 320 andly o.(w,T) at different temperatures between 300 and 10 K.
560 cm .2 We note that this discrepancy between the conThe anomaly of the oxygen bond-bending mode at
clusions of Ref. 2 and of ours does not arise from any sig320 cni ' is significantly weaker than that of the strongly
nificant differences in the experimental data but rather origiunderdoped sample. The additional absorption peak is lo-
nates from the difference in the estimate of the electronicated at higher frequenciéaround 480 cm') and it is less
background. In Ref. 2 the spectral weight of the additionalpronounced. Figure 7 shows the temperature dependence of
absorption peak seems lower since an electronic backgrourtd) the oscillator strengtl$, (b) the eigenfrequency,, and
has been introduced that develops a gaplike feature arour(d) the half-widthI" of the 320-cmi* phonon mode that have
280 cm ! (see, for example, Fig. 10 of Ref).2t was ar- been obtained using the fitting procedure outlined above. It
gued that this gap feature is related to the normal-state gapan be seen that the onset of the anomaly of the 320cm
Our recent ellipsometric data, however, do not support thisnode occurs now very close to the superconducting transi-
interpretation because they show that the size of the normation (i.e., T* <100 K). A similar result has been previously
state gapwyg (as defined by the onset frequency of the sup-obtained from conventional reflection measurements on
pression of the electronic conductivity with decreasing temweakly underdoped Y-123 crystal€Once more the forma-
perature is significantly larger: it increases fronmyg  tion of the normal-state gap, as evidenced from the gradual
~650 cm'! for slightly underdoped samples tayg  Suppression of the electronic background conductivity, sets
>700 cm ! for strongly underdoped sampl&s*2We have in at a significantly higher temperatufigyc=200 K. The
also shown that the temperature at which the signatures ¢fize of the normal-state gap has decreased wigg
the normal-state gap start to appear increases rather rapidly700 cmi . As was outlined above, these findings lead us
on the underdoped side and even exceeds room temperatuceconclude that the anomaly of the 320-chmode and the
for strongly underdoped samplésee also Fig. 2 Note that  formation of the additional absorption peak are not directly
recent ARPES and tunneling experiments yield a similarelated to the mechanism that is underlying the normal-state
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FIG. 7. Temperature dependence(@fthe oscillator strengtls,
(b) the eigenfrequency,, and(c) the half-widthI" of the oxygen
bond-bending mode of the moderately underdoped ;8Os 75
crystal (T.=80 K). The phonon parameters have been obtained by
fitting a Lorentzian function to the complex dielectric function. The
dashed line marks the superconducting transition temperdiyre
=80 K.

gap>32Figure 8 shows the electronic background including
the additional absorption peak that has been obtained by sub-
tracting the contributions of the phonon modes at 280, 320,
570, and 620 cm’ (as described aboyeFigure 9 shows the
estimated temperature dependences of the spectral weight of
the additional peak at 480 cm (once more assuming a
linear electronic backgroumdnd of the spectral weight loss

of the phonon mode at 320 as estimated from the change of
its oscillator strength according taASW*?°=72c.- ¢,
-[S(120 K)—S(T)]-vg. In analogy to the strongly under-

SW, ASW [10° Q" em?)

anomaly of the 320-cm' phonon mode and the growth of
the additional absorption peak around 410 ¢moccur

6
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doped sample, a sizeable fraction of the spectral weight of FIG. 9. Temperature dependence of the spectral weight of the
the absorption peak does not seem to arise from the phoncditional absorption peak at 480 ch{SW*°, solid squaresand
subsystem. the spectral weight loss of the oxygen bond-bending mode at
320 cm Y(ASWF?° gpen circles The spectral-weight loss of the
IV. SUMMARY 320-cni ! phonon mode has been calculated according to the for-
mula ASW=r2c- ¢,-[S(120 K)—S(T)]- vg, using the oscillator
In summary, we have performed ellipsometric measurestrengthsS(T) and the eigenfrequencies given in Figs. 7a) and
ments of the far-infrared-axis conductivity of underdoped 7(b). The error bar indicates the maximum spectral-weight losses at
YBa,Cu;0;_ 5 single crystals. In particular, we have studied T=5 K of the phonon modes at 570 and 630 ¢m
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aroundT* ~150 K, i.e., well below the onset temperature fully accounted for by the spectral-weight loss of the phonon
of the normal-state gajjyg=300 K, but also well above modes at 320 and 560 crh. At least 40% of the spectral
T.=52 K. Most remarkably, however, we find that both weight of the additional absorption peak seems to arise from
anomalies exhibit a very pronounced and marked changte electronic background, namely from the superconducting
right at T,=52 K. For a less strongly underdoped condensate. We have outlined that all the reported features
YBa,Cu;Og 75 crystal withT,=80 K both anomalies start to are compatible with a recently proposed model where the
appear in the vicinity of the superconducting transitidi,  Pilayer cuprate compounds such as Y-123 are treated as a
~T.=80 K while the signatures of the normal-state gapsuperlattice of interbilayer and intrabilayer Josephson junc-
appear belowl =200 K. Our measurements thus estab-tions. The add!tlonal absorption _peak can be related to the
lish that both anomalies are related to the superconductingjansverse optical plasmon, while the spectacular phonon
transition. For strongly underdoped and thus very anisotropi@nomaly can be explained as due to the drastic changes of
samples, the gradual onset of the anomalies may occur welfte local electrical fields acting on the in-plane oxygen ions
aboveT, due to the persistence of a coherent superconduc@S the Josephson current sets in belwor the interbilayer

ing state within the individual bilayers, but there is always ajunctions while belowl* =T, for the intrabilayer junctions.
steep and sudden increase of both anomalies when the mac-
roscopically coherent superconducting state formsT at

This implies that the anomalies are not related to the normal-
state gap in the-axis conductivity nor to the spin-gap phe-  We gratefully acknowledge the support of G.P. Williams
nomenon as observed in NMR and nuclear quadrupole res@nd L. Carr at the U4IR beamline at NSLS. We also thank D.
nance measurements both of which exhibit no noticeabl®ohme and W. Kaig for technical help and E. Boher and
change atT.. For both underdoped crystals a sum-ruleR.K. Kremer for performing the SQUID measurements.
analysis of the changes of the spectral weights indicates th&.M. gratefully acknowledges support by the Alexander von
the spectral weight of the additional absorption peak is noHumboldt Foundation.
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