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The in-planeinfrared and visible(3 meV-3 eV reflectivity of Bi,SL,CaCyOg,s (Bi-2212) thin films is
measured between 300 K and 10 K for different doping levels with unprecedented accuracy. The optical
conductivity is derived through an accurate fitting procedure. We study the transfer of spectral weight from
finite energy into the superfluid as the system becomes superconducting. In the overdoped regime, the super-
fluid develops at the expense of states lying below 60 meV, which is a conventional energy of the order of a
few times the superconducting gap. In the underdoped regime, spectral weight is removed from up to 2 eV, far
beyond any conventional scale. The intraband spectral weight change between the normal and superconducting
state, if analyzed in terms of a change of kinetic energy; IsmeV. Compared to the condensation energy, this
figure addresses the issue of a kinetic-energy driven mechanism.
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I. INTRODUCTION optical conductivity being related to the absorption, the spec-

Cuprate superconductors, where the electronic correlaf—ral weight calculated up tey; reflects the number of states

tions are important. deviate in manv fundamental as ectavailable for an optical transition up to this energy. It has
P ’ y PECReen known for a long time that there is a noticeable loss of

from conventional superconductors. The electronic Strucwr%é)ectral weight in the optical conductivity when highma-

of these materials presents a strong momentum depe”?'er.‘? rials enter the SCS. One key issue is the energy scale over
as demonstrated from, e.g., angle-resolved photoemlssQlQh

spectroscopy experiments: This plays a definite role in the to the excitations responsible for pairing. This loss of spec-

(r)npz:![(;?ilalsg Qdanzansggrtnogitiggzen:on:ef ui]rfs:s T}ght-h Ggral weight occurs because as superconductivity sets in,
’ . . quel single QP states are suppressed and the associated weight is
pseudogap reginfe(for an experimental review of the

pseudogap, see the Ref.)10 transferred into the zero-frequency peak associated with the

In the superconducting state, the binding of quasi articles?lJperﬂUid condensate.
b 9 ' 90'q b More precisely, the Ferrell-Glover-TinkhaFGT) sum

(QP) into Cooper pairs and the concomitant onset of pr.""‘c"lz"ulelz'13 requires that the spectral weightV lost when de-
coherence between the pair states are well understood in tt&er:

case of conventional metals. The pairing mechanism and th easing the temperature from the normal state into the su-
: P 9 . perconducting state, must be retrieved in the spectral weight

fqrmauon of a COhGF?Ut state remains a central prOb'e'T‘ IWs of the &(w) function centered at zero frequency. The sum
high-T, superconductivity. Various unanswered and possibly

contradictory issues are being debated concerning the natuh%?n'iheéazt ('L':Stg?\;::gg l,JApcttL?alllqu”:Ir?g sal;]r(r:i :EIS:IE S";E;%Ig d
of the pseudogap state and its temperature dhset. 9 : Y

In this paper, we focus on a quantitative analysis in th (AW=W) provided the integration is performed up to a

superconducting stai&sCS. More precisely, we investigate eiarge_enoqgh valuédQy. In conventional superconductors,
P g stalsCs P Y g hQy, is typically 18T, or about A (A is the superconduct-

ghpetiggf ggr?cljuwci;giigv’dlgi'r’]ézeaasrea under the real part of the ing gap.'***%Qy is considered to be a characteristic energy
’ of the boson spectrum responsible for the pairing mecha-
[ nism. Would cuprates display this conventional behavior,
W= o ay(w T)do, D then taking a typical maximum gap magnitugie a d-wave
superconductord,, of 25 meV yieldsiQy, ~0.1 eV1418|n-
where o1(w,T) is the frequency(w) and temperaturéT)  deed, from conventional BCS theory, including strong

dependent conductivity, and. is a cutoff frequency. The electron-phonon coupling, the amount of violation of the

ich this loss of spectral weight occurs. It is indeed related
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FGT sum rule is of the order dfA/w)? for w>2A, hence at temperaturex700 °C2°30X-ray analyses confirmed that
negligible!® the films are single phase, with tleeaxis perpendicular to
An apparent violation of the sum rule, i.,AW<W,when the substrate, and a cation ra{ia particular a Bi/Sr ratip
integrating up to 0.1 eV was observed from interlayer con-corresponding to the stoichiometric offeTheir maximum
ductivity data: exhausting the sum rule could then require agritical temperaturgdefined at zero resistancebtained in
anomalously large energy scale, which was suggested to lbese conditions is-84 K. Thea andb axes show a single
related to a change of interlayer kinetic energy when theorientation(45° with respect to the substrate axasith pos-
superfluid builds ug:'"'® Although early measurements sible exchanges betweenandb from one grain to another.
yielded conventionain-plane energy scale the decrease The directions -Cu-O-Cu- are parallel to t00) and(010)
of the in-plane kinetic energy, suggested long ago as a pogxes of the substrate. Films prepared by the above procedure
sible pairing mechanism in the framework of the hole un-are usually in a nearly optimally doped state. The various
dressing scenaritf;2° was given renewed interedt:23 In-  doping level{UND and OVR were obtained by postanneal-
deed, later ellipsometric measurements and IR reflectiviynd the films in a controlled atmosphei®.n total, 13
experiment¥-2¢ showed that in-plane spectral weight was Samples of Bi-2212 thin films were investigated. All the
lost up to the visible range. The key issue which has to bdllms were first characterized by electrical resistance mea-

addressed experimentally is whether this spectral weight i§Uréments, and a first estimate of their thicknesses was ob-
transferred into the condensate. tained by Rutherford backscatterii@BS) on samples pre-

. - . — ared under exactly the same conditions as the ones used in
The data presented in this paper report the investigation cﬁﬂs work, on MgO )s/ubstrates. Absolusistivitieswere not

the FGT sum rule in three carefully selected thin films frommeasured, as this would have required a lithographic etching

the Bi-2212 family, probing three typical locations in the e - : :

; ) . of the samples, which is incompatible with the optical mea-
phase dlagrahm. the lénderdop(e;ﬂ\lD)z the optlmally doped g rements. As a next step, their optical homogeneity in the
(OPT), and the overdopeOVR) regime. A detailed study g infrared was characterized by infrared microscopy
allows to work out with well controlled error bars the FGT (uIR), as will be described in the Appendix. The surface

sum rule and the spectral weight changes. We find that withigy ity in the visible was characterized by optical micros-
these error bars, retrieving the condensate spectral weight tbpy.
the OVR and OPT samples requires integrating up to an  Another Bi-2212 film on(100) LaAlO; single-crystal sub-
energy of the order of 0.1 ef800 cn1™), i.e., a conventional strate, prepared by a high-pressure dc sputtering technique,
energy scale. In the UND sample, about 20% of the FGTyas also studied! In this case, pure oxygen at a 3.5 mbar
sum rule is still missing at 1 eV,_and the Integration must b%ressure was used as Sputtering gas, with a 880 °C deposi_
performed up to at least 16 000 chi2 eV), an energy scale tion temperature. Typical deposition rates being 1000 A/h,
much larger than typical boson energies in a solid, @100  the thickness of Bi-2212 films lies around 4080 Films
times larger than the maximum gap. We derive the associategere postannealed for 45 min at 0.01 mbar oxygen pressure,
change of the in-plane kinetic energy, which turns out toyjelding films with an optimal oxygen conterimaximum
agree with some theoretical calculatiGi$>*® This paper critical temperatureT,=90 K). Such fabricated films are
supplements our previous report on the FGT sum gy single phase and-axis oriented, as confirmed by different
developing in detail the investigation on the spectral weightechniques. In6-26 scan x-ray measurements, oni§01)
distribution in the superconducting state, and by presentingeaks were observed. The spread of the distributianafis
the details of the analysis of the thin-film reflectivity and of oriented grains tilted away from the surface was obtained
the uncertainties. from the rocking curves. Such rocking curves around
The paper is divided as follows: after a presentation of thehe (0010 diffraction peak display a width at half
experimental results, we will perform the analysis of the datg, 5 ximum 0.2—0.3° indicating good crystalline quality of
in terms of the partial spectral weight and the FGT sum rulgne samples. RBS combined with channeling measurements
as a function of the cutoff frequency. We will give an inter- 4 15wed to verify the composition and epitaxial quality of the
pretation of the results in terms of a change of the in-plangayers. A mean roughness of around 4.5 nm in the surface of
kinetic energy. In the Appendix, we describe the sample fabg.e fiims was found by atomic force microscopy. Because of
rication, characterization and selection, and the experimentg},qi, large thickness, the substrate contribution in such
setup. Then, we discuss the procedure to derive the optic@hmpjesis almost negligible, providing us with a valuable
functions from the reflectivity of a film deposited onto a et of the comparison between Kramers-Kronig data pro-
substrate, giving a detailed account of the experimental Unsessing and our customized fitting procedure, as explained
certainties arising from this procedure, and explaining how,q|qw. Finally a similar YBaCu,0, (YBCO) film at optimal

we incorporated the uncertainties associated with the IOWdoping deposited onto LaAlpwas also studied for com-
temperature extrapolation of the normal-state spectral Weingarison,(see Appendix

(which is required to compute correctly the FGT sum yule * e fy|| infrared-visible reflectivities, taken at typically

into the total error bars. 15 temperatures between 10 K and 300 K and at quasinor-
Il. EXPERIMENTAL RESULTS mal incidenceg(~8°), were mea_sured for all the films in the
spectral rangg€30—7000 cm with a Bruker IFS 66v Fou-
A. Samples and measurements rier transform spectrometer, supplemented with standard

The thin films studied in this work were epitaxially grown grating spectroscopy in the ranget000—28 00pcm™
by rf magnetron sputtering qd00) SrTrO; substrates heated (Cary-5.
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To determine the absolute value of the reflectivity, weinsey, the three phonon peaks coming from the underlying
used as unity reflectivity references a gold mirror in thesubstrate are clearly visible, specially at high temperatures
30-7000 crit* spectral range, and a silver mirror in the re- (or low doping, when the system is less metallic. The
maining spectral range. To ensure accuracy in this absolutewest-energy peak is the soft mode of Sri@Ve experi-
measurement, the sample holder was designed to allow tmentally determined the optical constants of the SgTaD
commute between the reference and the sample, placing oeach temperature, so as to take into account the changes in
or the other at the same place, within an angular accuracseflectivity due to changes in the substrate optical properties
better than 10 rad, on the optical path, independently of the alone. This is important when extracting the intrinsic optical
optical (light-entrance windowsor thermal (temperaturg  constants of the Bi-2212the procedure will be described
setup of the cryostat. The latter is a home-built helium-flowbelow).
cryostat, with the sample holder immersed in the helium While the major temperature changes in the reflectivity
flow, so that both sample and reference mirror are cooledccur at low frequency, where reflectivity increases with in-
simultaneously. The temperature in our setup can be stabéreasing doping or decreasifig changes up to the visible
lized within 0.2 K. A circular aperture placed in front of the range(up to ~12 000—14 000 ciit) are important as well.
sample/reference position guarantees that the same flux #his is illustrated for the B7OKUND and B63KOVR samples
irradiating the sample and the reference. The temperature @f Fig. 1(b). This figure shows indeed that, in the visible
the sample/reference block is measured independently of theange, a decrease in doping has the same qualitative effect
of the helium flow. Once thermal equilibrium has beenthat increasing the temperature: in both cases, the reflectivity
achieved in the entire cryogenic setup, consecutive measurat the visible range increases. This effect disappears below
ments of the sample and reference spectra can be done, undemperatures close ;. there is no measurable change in
exactly the same conditions. Our accuracy in the determinahe visible reflectivity below~100 K. These opposite tem-
tion of theabsolutereflectivity is 1%. perature behaviors of the infrared and visible reflectivities

In order to extract the optical functions from our raw mea-have been observed as well by temperature-modulated differ-
surements, we need to know the film thickneséas ex- ential spectroscopy measuremett2®The oscillations in the
plained below. After the infrared measurements, the film reflectivity in the visible range come from both interband
thicknesses were directly determined by RBS for the OPTransitions and interferences of the light bouncing back and
and OVR samples, yielding 395 nm and 270 nm, respecforth inside the film. The period of these oscillations, and the
tively (the uncertainty in the thickness given by RBS onshape of the reflectivity in the vicinity of the plasma edge,
films grown on SrTiQ is 300 A). A lower bound for the depend on the sample thickness.

UND sample was estimated by RBS in a sample grown on The right panels of Fig. 1 show the reflectivities of the
MgO simultaneously to ours, yielding 220 nifThe UND  three samples, for a restricted set of temperatures, up to
sample itself was destroyed in an unsuccessful attempt td500 cm'. Note that, upon increasing doping, the reflectiv-
measure its thickness by transmission electron microsgopyity increases for a given temperature in this spectral range, as

It is known that temperature changes of the optical re-a consequence of the material becoming more metallic.
sponse of cuprates in the mid-infrared and the visible ranges
are small, but, as discussed further, cannot be neglétted. C. Extraction of the optical functions

Yet, as remarked by van der Marel and co-workérmost The contributions of the substrate to the measured reflec-
sj[u_dles rely on a single spectrum at one temperature in thgities preclude the Kramers-KroniKK) analysis on thin
visible. Moreover, few temperatures are measured, due 10 thims. In order to extract the optical functions intrinsic to
lack of resolution when the temperature-induced reflectivitygj_-2212, we simulated its dielectric function at each tem-
changes are small. Using thin films rather than single CryStalﬁerature and doping levels using Drude-Lorentz oscillators
allowed us to measureslative variations in the reflectivity (thus warranting causality In the superconducting state,
within less than 0.2%, even in the visible range, due to thei{yhere a superfluid exists, we used a London oscillator as
large surface(typically 66 mn¥). We were thus able to well. The London oscillator is indeed necessary to simulate
monitor the temperature evolution of the reflectivity spectraproperly the change in slope in the reflectivity observed at
in the full available rang€30—28 000 crit)). This is obvi-  |ow frequencies and low temperatur@g. 1, right panels
ously important if one is looking for a spectral weight trans-\ve then modeled the reflectance of the film on top of a
fer originating from(or going tg any part of thewholefre-  sypstrate, using the optical constants of SgTtBat, as al-
quency range. ready stated, were experimentally determined for each tem-
perature. We found that the best description of our data was
obtained by assuming an infinitely thick substréte., no
backward reflection from the rear of the substrate; see the

Our films critical temperatures are 70 B70KUND),  Appendix for details Finally, we adjusted the attempt di-
80 K (B8OKOPT), and 63 K (B63KOVD). Figure Xa) electric function of the Bi-2212 in order to fit accurately the
shows two reflectivity curvegat T=250 K andT=10 K) of  raw reflectivity spectra. Examples of such fits, for the
the B7OKUND sample. This is an example of the typicalB7TOKUND sample, are shown in Fig. 2 at far-infraréa)
spectra we have measured. The signal-to-noise ratio is urand visible(b) frequencies. Once the dielectric function is
precedented, and relative variations of the reflectivity of theknown, we can generate any other optical function, in par-
order of 0.2% can be measured. In the far-infrafege the ticular the optical conductivity.

B. Raw data
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FIG. 1. (a) Reflectivity of the B7OKUND sample in the whole experimental range, at (2§ K) and low (10 K) temperatures. The
inset shows the variation of the reflectivity in the far-infrared, and the phonon peaks from the suljsjrd®mperature changes of
reflectivity in the visible range for the B7OKUND and B63KOVR samples. Right panels: reflectivity of the three samples, for a restricted set
of temperatures, up to 1500 ¢

We have verified that, in average over the whole experifor this sample differing within less than 1% from the raw
mental range, a relative errdiR/R in the fit yields a relative  spectrum, in the whole spectral range. This turns out to have
error magnified by at most a factor 10 in the real part of thea dramatic impact on the conductivity below 100€¢m
optical conductivity, provided thaAR/R<1. These relative However, above this frequency, the conductivities deduced
errors spread over two to three times the range where th&om the fit and from KK transform lie within 20% one from

deviation to the raw data occu¢see the Appendix, in par- the other, with a systematic trend placing the KK result

also determined by the fit. Fits are accurate within less thagompatible with all the estimates presented in the Appendix.
0.5% taking 241, 434, and 297 nm for the B7OKUND, It shows, moreover, that the fitting is absolutely required for

BSOKOPT, and B63KOVR samples, respectively. These vallhe low-frequency analysis and the eventual spectral weight

ues differ by less than 10% from the RBS measurements. Wlculations: it is the low-frequency range where the penetra-
tion length of the electromagnetic wave is large and therefore

e o, oot " here e substate et ar he most deimentl
. . ’ A Figure 3 shows the conductivity spectra for the
yields a valuable extrapolation of the conductivity in the B70KUND, B8OKOPT, and B63KOVR samples, for the
low-energy range (hw<30 cm?, not available gyme temperatures and in the same spectral range as the re-
experimentally,>” which is important in the evaluation of the flectivity spectra of Fig. 1. Note that the conductivity values
spectral wei.g.ht. In this range, however, the relative error ingre larger for the overdoped sample, in agreement with a
the conductivity was calculated and reaches 20%. larger density of charge carriers. The low-frequency values
We have used the thick optimally doped fili;=90 K)  of the conductivity are reasonable figures for Bi-2212: at

as a further check of the validity of the fitting procedure. We250 K, for example, our dc extrapolations give as resistivi-
have compared the conductivities extracted by the fittingies p,,~500 {2 cm for the underdoped sample, apg},
procedure(after full characterization of the LaAlQsub- =160 u{) cm for the overdoped one. Furthermore, as can be
stratg to the ones obtained by performing a Kramers-Kronigseen in Fig. 4, the temperature behavior of the dc extrapola-
transform of the raw reflectivity data. The reason for thistions is in agreement with the resistance measurements. For
attempt is that the fits show a reconstructed bulk reflectivitythe underdoped sample, the two data points within the resis-
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FIG. 2. Measured reflectivity spectra of the B7OKUND sample

9tf250 dK and ;O.K(;pet:' fymboh;f.md itrt]edf_;spﬁctrﬂtiﬂgslgt1f0a/r- . conductivity over the spectral range shown in Fig. 3. This
;r;]:?;e (da;g‘.n :’r';' ¢ e“(S) éig:ﬁ‘;‘es' t0e25l go'oe:\'nl]l Ir]l’ﬁe.b Tko effect becomes more pronounced as the temperature contin-
W ! utt sp gep ) u ues to drop, so that a clear loss of spectral weight associated

reflectivities obtained from the fits are also shown. Note that theWith the formation of the zero-frequency condensate is ob-

contribution from the substrate to the raw data is effectively sup- . .

pressed in the bulk reflectivities. served in this spectral range. In contrast, the low-frequency
(hw=100 cm) conductivity of the underdoped sample

tive t ition d t follow the trend of th d resi does not decrease when temperature decreases bglawd

Ive transition do not follow the trénd ot thé measured resis-, large Drude-like contribution persists in the superconduct-

tance. Whatever the phenomenon causing the large resistiy

" . : r?g state. Beyond this energy scale, the normal- and
trans;ﬂon(g well documgnted feature'ln underdoped B"Z.lesuperconducting-state conductivities cross, and there is no
films®®) it is not taken into account in our analysis, which

clear loss of spectral weight within the spectral range shown

gssumes_”ar: homoge?eous mﬁte”al' In tr}'s [?Spe(;t' th”e Ltoﬁfthe figure. A deeper analysis is needed in this case, based
on oscillator used for our fits was only “turned-on” at "\ =1 sum rule.

T<T, (defined by zero resistance
In the normal state, the conductivity spectra of the three
samples are qualitatively similar. The weak shoulder at [1l. ANALYSIS AND INTERPRETATION
~200 cmi? visible in the UND sample down to 150 K has
been observed in single crystals as wélhnd remains un-
explained so far. The low-frequency conductiviffiw Be To=T,, and Tg<T.. From an experimental point of
=200 cn?) of the three samples increases when the temview, the FGT sum rule compares the change in spectral
perature decreasémetallic behavioy, while at higher fre- weight AW=W(T,)-W(Tg) [Eq. (1)] and the supefiuid
quencies, because of the conservation of the spectral weigtweight W,
the conductivity decreases when the temperature drops. The Within the London approximation, at frequencies below
conservation of the spectral weight in the normal state is\y, the slope of the real part of the dielectric functigjiw)
retrieved upon integration up to2 eV. The implications of  plotted versus 1d? should be directly relatechs was done
such observation on the electrodynamics of the normal stati@ our previous repoff) to the superfluid spectral weighit,
have already been analyzd. through the “London” frequency), =c/\,, where\_ is the
The superconducting transition is marked, for the overdLondon penetration depth. However, for the underdoped
doped and optimally doped samples, by a decrease of trgample, the presence of a large Drude-like contribution to the

A. In-plane FGT sum rule for Bi-2212
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0 50 100 150 200 250 300 weight coming from high-energy regions of the optical spec-
Temperature [K] trum (w=1 eV). Because of our error bars, we cannot

make a similar statement for the optimally doped and over-
FIG. 4. Measured resistance of the three selected sarqples  doped samples, where the sum rule may be exhausted at
malized to unity at high temperatujeand comparison with the dc  roughly 500—1000 cit. The FGT sum rule has been also
extrapolation of the respective conductivities obtained from the reyyorked out for the thick Bi-2212 sample using the conduc-
flectivity spectra. tivities deduced from the fit. We do find in this case as well

conductivity in the superconducting state yields, by this pro that the sum rule is satisfied for a conventional energy scale

N 71

cedure, an overestimate of abdi6—-20% on QE (i.e., on (1000 cn). .
the superfluid weigh®® A simulation of this effect shows  ©Our results for the optimally doped and overdoped
that, for this sample, the best estimate for the valuRpfs ~ Sa@mples thus do not contra;jlct earlier similar work in YBCO
the input parameter of the fit, whose accurasjthin 0.1%  and TbBaCuG;,; (TI-2212).” A recent work on underdoped
we have carefully reworked out. For the optimally doped andBCO shows that, in the spectral region where the tempera-
overdoped samples there is no significant difference betweelre dependence of the spectra was measwipdo about
the slope of thee, versusw™2 plot and the superfluid input 5000 cm*), the FGT sum rule is not saturat®dOn the
parameters of the fits, in accordance with a weaker contribusther hand, our results in the underdoped regime are in
tion of the charge carriers to the superconducting low-agreement with recent ellipsometric measurements in the vis-
frequency conductivityFig. 3, middle and lower pangls ible range, which shown that in-plane spectral weight is lost

In this way we find that, at 10 K\ =6250 A, 2900 A, in the visible rangé*25 However, the latter results did not
and 2250 A for the B7OKUND, B80KOPT, and B63KOVR provide direct evidence that this spectral weight is indeed
samples, respectively. The values for the overdoped and opransferred into the condensate.
timally doped samples are in fair agreement with those re- The remarkable behavior of the underdoped sample must
ported in the literatur€? There are no reliable data on the pe critically examined in light of the uncertainties that enter
absolute value of the London penetration depth for underp the determination of the ratihW/W,. The determination
doped sample: of AW assumes thatV(T,) is a fair estimate of the spectral

Figure 5 shows the ratidW/W;s for the three samples \oiont ohtained afy<T,, defined asW,(Tg), if the system
reported in this work. The changes in spectral weight a'%ould be driven normal at that temperatui/hile this as-
taken between 80 K-10 K, 91 K-10 K, and 100 K-10 K

for the OVR, OPT and UND, samples, respectively, so tha umption is gorrect jn BCS superconductors, it may no
P b 4 E)nger be valid for highF, superconductor§ Hence, our

the normal-state temperature lies slightly above the resistive’ " . Y
transition regime. In the underdoped sample, we find that a2king the normal-state spectral weighitT,=T,) instead of

energies as large as 1 /8000 cnil) AW/W,~0.8+0.15  Wa(Tg) (unknown may bias the sum rule.

(details about the evaluation of the error bars will be given The error incurred by doing so can be estimated as fol-

below). It approaches 1 at16 000 cm®. A Kramers-Kronig lows. Figure 6 displays the temperature dependence, from

based analysis shows that, beyond this frequency range, t0 K down to 10K, of the spectral weight

error in the determination of the conductivithence the W(w.,T)/W(w.,300 K), for three selected integration

spectral weightrapidly increases. This is a consequence ofranges, according to E¢fl). At w.=1000 cm?, for example,

the reflectivity foriw>25 000 cm' not being available ex- the spectral weight exhibits a significant increase as the tem-

perimentally(see the Appendix for further detgils perature is lowered, and could therefore keep increasing in
A large part(~20%) of the superfluid weight in the un- the superconducting state. Hen¢#T,) is most likely to

derdoped regime thus builds up at the expense of spectrgive too small an estimate foi,(Tg) at T<T,, in this en-
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FIG. 6. Spectral weightW(T, w.) vs temperature for the underdopé, optimally doped(b), and overdopedc) samples, at different
cutoff frequenciesw, (full symbols. w,=1000 cm? (triangley; 8000 cm* (circles; and 15 000 cmt (squares Open symbols are ob-
tained by adding the superfluid weid(T) to the spectral weight/(T<T,). In panel(a) the dotted lines show approximately the expected
location of the open symbols if all the spectral weight was removed from low-energy @tegetex), and the solid line at 8000 cthshows
the average valuébetween 10 K and 50 Kof the open symboils. In all the curves, the absolute value of the spectral weight is subject to a
systematicerror of the order of 15-20%. The errors in tiedative variations of the spectral weight are indicated either by the size of the
symbols or by the error bars.

ergy range. To get a better insight of this possible underestieould infer an increase of4% of W,(Tg) from T, down to
mate, the superfluid weigy(T) was added to the spectral 10 K. This translates into an absolute error of about 0.3 in
weight W(Tg) (open symbols in Fig. ¥ at each frequency the value of the FGT sum rule at this frequency.

o=, (for temperature3 <T,). These points represent how  Such estimates have been performed for a number of cut-
W,(Tg) would evolve atT<T, if all the superfluid weight off frequencies starting from 100 ¢ The error in the FGT
were accumulated from the spectral rande-Ow.. One can sum rule is the largest and most ill defined at low frequencies
try to infer the evolution ofW,(Tg) from the temperature (where only a rough estimate is possjhleut becomes neg-
behavior of the data points close to, but still aboVg,For ligible at 5000 cm' and above, where the changes with tem-
example, for the underdoped samplewat 1000 cm?, one  perature of the normal-state spectral weight should be ap-
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proximately ten times smaller than at 1000¢rand present of Fig. 6 are consistently above the normal-state spectral
a smoother behavior when crossifig At 15000 cm' and  weight, suggesting that there is still some spectral weight
beyond(Fig. 6), the normal-state spectral weight is constantcoming from higher energy, and consistent with the value for
for T<170 K, meaning that the redistribution of spectral the violation of the sum rule at this frequency.

weight in the normal state lies within this range of frequen-
cies. Above 5000 ciit, the uncertainties that we have to deal

with are those due to the error in the relative change of the
measured reflectivity with temperature, to the fitting accu-
racy, and to the determination .. The latter two uncer- One interpretation of the sum-rule violation can be made
tainties are not independent and must be calculated selin the context of the tight-binding Hubbard model. The rela-

consistently. They yield an upper bound of 15%—20% in thetion between the spectral weight over the conduction band
uncertainty on the evaluation &fW/W, for all frequencies. and the kinetic energi,;, per copper site yield¥:

All uncertainties are then represented by the error bars in

B. Violation of the sum rule, change of kinetic energy, and
pairing mechanism

Fig. 5. AW 4mc a_zi(E R @
From Fig. 6 it is clear as well that any other choice of a W, 137V Q2 " ans) =1,

normal-state temperatuie,= T, can only increase the vio- . i o i

lation of the FGT sum rule. wherea is the(averagg lattice spacing in the plane arlis

Another point that might be considered is whether, andhe volume per sitgSI unit9. This relation means that a
how, the possible existence of a very-low-frequency modebreakdown of the FGT sum rule up to an enefgy, of the
below the experimental window of the infrared spectroscopyorder of the plasma frequen¢y 1 eV for Bi-2213) is related
could give rise to an effect on the FGT sum rule as the oné0 a change in the carrier kinetic energy¥,=Ey, n—Eiins,
observed in this work. If such mode exists and could not bevhen entering the superconducting state. According to our
unveiled by the data analysis, then it would affect the evalufesults in the underdoped sampleFig. 5), AW/Wq
ation of the normal and superconducting spectral weights=0.80+0.15 at 1 eV an€{=6.52x 1¢° cm2, which yields
and/or of the superfluid density. Assuming that such mode\E,=(0.85+0.2 meV per copper site. This would be a huge
has a simple Lorentzian form, one can straightforwardlykinetic-energy gainy~10 times larger than the condensation
show that its effect on the evaluation of the violation of theenergy U,. For optimally doped Bi-2212U,=1 J/g at
FGT rule isat worst~Ae X (Q1/Q, )% whereAe is the os- =~0.08 meV per copper sit€.
cillator strength of the mode&) its frequency, and), the A similar, though more robust estimate of the kinetic-
London frequency of the system. Takifity <10 cnit (our ~ energy gain for the underdoped sample can be made from
measurements begin at 30 ¢y and Q, =~2500 cm* (for Fig. 6 by taking into account thiemperature evolutioof the
our underdoped sampleone obtains that an effect of the spectral weight in the normal and superconducting states,
order of 20% on the FGT sum ru{eur experimental obser- and not just the difference between the spectral weights at
vation) would need a mode with an oscillator strengtle 100 K and 10 K. At 8000 cfit, when the superfluid weights
= 10" If such gigantic oscillator strengths can be observed irare included belowl; (open symbols Fig. 6 represents the
insulating materialé? they are physically unreasonable in intraband spectral weight, henc&g as a function of tem-
metallic systems where the low-frequency reflectivity isperature. Below 170 K and above the resistive transition at
nearly unity. We have additionally performed numerical 100 K, the normal-state spectral weight for the underdoped
simulations on our data to evaluate more accurately the posample levels off(its average value is represented by the
sible effect of such modes. The result is that, even if a verydotted ling, and we observe a clear excess of spectral weight
low-frequency mode witlh e~ 10% is included in the fittings, in the superconducting state with respect to the average
but the accuracy of the fit in the measured experimentahormal-state spectral weight. Taking as well the average of
range is kept constant, the associated effect in the FGT suithe low-temperature superconducting spectral weigbtid
rule is at most of the order of 10% at frequencies up toine through the open symbgls we find AE,
~5000 cm?, and negligible or slightlynegative(the sum- =(0.83+0.2 meV per copper site, in agreement with our es-
rule violation isenhanceg beyond. timate from the violation of the FGT sum rule. If we incor-

For the underdoped sample, the violation of the sum ruleporate the two data points at 80 K and 75(iithin the
with AW/W,=0.80+0.15 at 8000 cm, is then clearly estab- resistive transitio)) we find AE,=(0.5+0.2 meV per copper
lished. Within the error bars, the sum rule is exhausted in thisite 46
sample above 16 000 ¢t The fact that the superfluid in- Various scenarios are consistent with our results. Most of
volves high-energy states is compatible with the plot belowthem (but not al) propose indeed a superconducting transi-
T. of the sum of the spectral weight at finite frequency andtion driven by an in-plane kinetic-energy change: holes mov-
the superfluid weightopen symbols in Fig. )6 Unlike the ing in an antiferromagnetic backgrouf@® hole
overdoped sample, where at 1000 ¢rthe spectral weight undressing??%?®phase fluctuations of the superconducting
of the condensate already balances the spectral weight lostder parameter in superconductors with low carrier density
up to this frequency, in the UD sample the superfluid spectralphase stiffness’® and quasiparticle formation in the super-
weight exceeds the loss at 1000 ¢éntby roughly a factor of  conducting staté® There is a quantitative agreement be-
2). This corresponds taW/W; being of order 50% at this tween our results and those of the hole undressing and qua-
energy, consistent with the data of Fig. 5 including the errorsiparticle formation scenarios. Other models have been
bars. At 8000 crmt, for the UND sample, the open symbols recently discussed in order to account for these efaf.
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Recently, STM experiments in optimally doped Bi-2212 available. In our case, we worked at a spatial resolution of
samples showed small-scale spatial inhomogeneities, ov@0 um. We then made, for each sample, scans over zones
=14 A, which are reduced significantly when doping in- typically 160X 160 um?, recording for each measured point
creases, and whose origin could be local variations of oxythe spectrum in th€¢500—4000 cmi™* range.
gen concentratioff. Since the wavelength in the full spectral  Figure 7 illustrates the cases of a go@j and a badb)
range is larger than 14 A, the reflectivity performs a largeoptical quality in the mid-infraredthe figure in the right
scale average of such an inhomogeneous medium. The incorresponds actually to the YBCO thin film, with &
plications in the conductivity are still to be investigated in =90 K). We found, not surprisingly, that a defect whose size
detail, but it is presently unclear how this could affect theis comparable to the infrared wavelengte10 um), and
sum rule. that is easily spotted with the visible microscopécture in

Fig. 7, righy, can perturb drastically the local reflectivity
IV. CONCLUSIONS spectra.(We have not, on the other hand, found any case
where a smooth region in the optical microscope was defec-

In conclusion, we have found for the in-plane conductiv-tive under the infrared microscopéf the ensemble of these
ity of the underdoped Bi-2212 a clear violation of the FGT infrared-defective regions represents a few percent of the to-
sum rule at 1 eV, corresponding to a laige20%) transfer  ta| sample surface, then tlaweragereflectivity of the whole
of spectral weight from regions of the visible spectrum to thesurface will not accurately represent théinsic value of the
superfluid condensate. Within the framework of the tight-absolute reflectivity of the sampiee., the average reflectiv-
binding Hubbard model, this corresponds to a kinetic-energjty over the whole surface will differ by more than 1% from
lowering of ~0.5—1 meV per copper site. The very large the actual value of the reflectivity one would obtain with a
energy scale required in order to exhaust the sum rule in theample of the same doping characteristics but with a surface
underdoped sample cannot be related to a convention@lee of defects Our characterizations show as well that the
bosonic scale, hence strongly suggests an electronic pairingfrared spectra are not sensitive to submicronic defects,
mechanism. whose size is comparable to the wavelengths in the visible

(Fig. 7, lefd.
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port. This work was partially supported by ECOS-Nord- 5qjusted to obtain their conductivities, using a fitting proce-
ICFES-COLCIENCIAS-ICETEX through the “Optical and gyre that will be discussed in the following section. In this
magnetic properties of superconducting oxides” project, Unisiiting procedure, the thickness of the sample enters as a
versidad de Antioquia and through the COLCIENCIAS parameter. Samples whose measured thickness differed by
project No. 1115-05-10115, CT-182-2000 “Estudio de pro-more than 15%the accuracy of RBS measurements on Bi-
priedades opticas de superconductores de alta temperaty o from the thickness needed to adjust the measured re-
critica.” flectivity were discarded. Samples showing abnormal elec-
tronic behavior(e.g., localized states at low frequency, or a
APPENDIX temperature dependence of the low-frequency conductivity
not matching the dc measurementgere discarded as well.
At the end, three samples having passed confidently all the
Even if infrared and visible spectroscopy measures thecreenings, and spanning the three different doping regions,
bulk optical properties of cupraté¢the infrared skin depth of were selected for a thorough analysis. The critical tempera-
Bi-2212 is=3000 A), a flat surface of high optical qualitp  tures(doping of the selected films are 70 KUND), 80 K
the whole measured spectral rangean important require- (OPT), and 63 K(OVR).
ment for the accuracy in the measurement of the absolute The thickness of the films is an important issue: it is
value of the reflectivity. Besides checking our samples undeneeded to deduce the intrinsic optical functions of the Bi-
an optical microscope, we characterized mhié-infraredop- 2212 despite the presence of a substrate which modifies the
tical quality of our films by infrared microscopy at room overall reflectivity. After the optical measurements were
temperature, using the infrared microscope of the MIRAGEcompleted, the thickness of the BBOKOPT and B63KOVR
beamline at LUREKOrsay.%® In this microscope, the light samples was directly verified by a second run of RBS mea-
being focussed on a point on the sample has been previousburements, yielding 395 nm and 270 r{&B0 nm), respec-
analyzed by a Fourier transform spectrometer. In this waytively, in agreement with the thicknesses derived from fitting
the infrared reflectivity spectrum for each measured point igheir reflectivities. The uncertainty of the RBS measurement

1. Infrared microscopy characterizations
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FIG. 7. (a): infrared chart of the B7OKUND sample. The picture of the scanned re@ipper left corner shows some submicronic
defects. The reflectivity spectra along the dotted (ingper right cornerare identical, and the integrated reflectivity chigotver left corney
is homogeneougThe two peaks correspond to mechanical instabilities in the microscope sample holder during the measurements, and can
not be reproducefl(b): infrared chart of a YBCO-7 sample, having surface defects larger thamilNote that the reflectivity spectra along
the dotted line, and the integrated reflectivity chart, both show accidents clearly correlated with the surface defect seen on the picture.

(larger than 10%is not quite satisfactory, since as discussedour films being 3000 A, that of the substrat€®.5 mm, the
further, it is possible to change the assumed thickness withirefractive index of the Bi-2212 filngF) in the mid-infrared
10% and the incurred error bar is10%. The B70KUND  (around 800 crt, for example being 7~ 5, and that of the
sample was crucial, and the RBS measurement on a filraubstratgS) s~ 0.1-5, one can deduce that, in this spectral
grown under the same conditiofisut on a MgO substrate range, the ratio “optical path/wavelength in the medium” for
yielded 220 nm, already in agreemeniithin 10%) with the @ round-trip path of the light is about 0.24 for the Bi-2212,
thickness deduced from the fit. We therefore decided to trand 8—40 for the substrate. On the other hand, even if the
and achieve a better accuracy using a TEM measuremerﬁPbStrate is transparent in the near-infrared and the visible,

thus precluding a second RBS run. This attempt was unsudS réar face in our films is not polished, so that the light is
cessful scattered from this face. The above-mentioned assumptions

are thus largely justified on physical grounds.

o _ _ ) ) The interfaces playing a role in our model are thus helium
3. Thin-films: extraction of the Bi-2212 optical functions bath-film and film-substrate. They are characterized by com-
Among the various different models that we tried for aplex reflection[ry,=(n;—n,)/(n;+n,)] and transmissiorjt

film on top of a substrate, we found that the best descriptior2n,/(n;+n,)] coefficients from medium {refractive index

of our raw reflectivity spectra is obtained by assuming thai;) to medium Zrefractive indexn,). The refractive index of

the light bouncing back and forth within the film interferes the helium bath around the sample is 1. Denotingphihe

coherently and that the substrate has an infinite thickfress complex reflection coefficient of our filmghe measured re-
light is reflected from its rear fageThe typical thickness of flectivity being thusR=|p|?), and by é the thickness of the

134504-10



IN-PLANE ELECTRODYNAMICS OF THE.. PHYSICAL REVIEW B 70, 134504(2004)

Reflectivity

“

2

1000 2000 3000 4000
Wavenumber [cm]

Integrated MIR
Reflectivity

YBCO-7/LaAlO;
T = 300K

FIG. 7. (Continued.

film, and assuming a coherent interference within the film 4. Thin-film reflectivity: analysis of uncertainties and errors
and an infinite substrate, one easily finds If R(w),we[0,%) is the completeand exactreflectivity
treten e A spectrum of a material, then the pha#e) of the complex

1 A (3) reflectance coefficient of the system can be deduced from a
FrePHAR Kramers-Kronig transformatio(TKK ) on R(w) alone®®

where Ag(w, §) =exd 2i(w/c) n(w)5]. Therefore, when the fw IN[R()/R(w)]
w [€)

pP=Tppt

complex refractive indices of the film and the substi&ie- 0(wo) = - o
v

tering into the various coefficientsandt) and the thickness
of the film are known, one can describe the measured refle
tivity R.

We have measured the reflectivity of a single crystal o e
SITiO; for all the temperatures and spectral range relevant t§*C/tation. o
our work. We have thus at hand the optical functions of the The knowledge oR and ¢ allows the determlnat!on of
substrate. Hence, the measured reflectivity spectra can EY optical functiorf(w) by means of simple algebraic rela-

adjusted by means of the E¢3) by simulating only the tons. We will write

dw. 4
P (4)
Cl:his relation arises solely from the assumption of a linear
fand causal response of the system to the electromagnetic

refractive index of the Bi-2212. The choice of the essay f(w) = f[R(w). 6 5
functions to simulatere is arbitrary, provided the chosen (@) =f[R(@), ()], ®
functions obeycausality (see following section When the It is evident, from Eqs(4) and(5), that if the reflectivity

fitting is exact, this procedure yields the exact optical func-R(w) of a given system is known, and if we can exactly fit
tions of the film alone, and the film thickness. The latter haghis reflectivity with any arbitrary essay functionobeying
been controlled by RBS measuremefdse main text The  causality then the optical functions issued from this essay
uncertainties arising from the accuracy of the fit are disfunction aremathematically identicafo those issued from a
cussed in the following section. Kramers-Kronig transformation dR®(w). In other termsan
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exact fitting from zero to infinity with a causal function is 1.0 ¢ T T T ]
completely equivalent to doing TKK : 0'96_ ]

Experimentally, the reflectivity is only known within a 0.8 z 0‘92_ N
spectral rangd w,,w,]. Besides, the reflectivity is never [ 2 oesl ]
measured with zero uncertainty, neither in absolute value nor > 06| E ol ]
in its relative (frequency- and/or temperatuyevariations. % I 0200 1000 1500 2000 1
These two facts affect the accuracy in the determination of @ 4L Wavenumber femi’] ]
the optical functiongeither in the fitting or TKK casgsand & i Bip212 ]
are the departure point for t_he analysis o_f the unqertamnes ozl Simplified bulk reflectivity
and errors in the determination of the optical functions of a I -
system from itsmeasuredeflectivity. In the case of fitting, 00 I . . . . ]
one_addltlonal source of error is _the accuracy of the fitting o 5 10 15 20 25
within the measured frequency window. Wavenumber [10° cm]

The uncertainty in the determination of an optical func-
tion at a given frequency depends on the uncertainty on the FIG. 8. Simulated reflectivity for Bi-2212 in the normal state, in
determination of the reflectivity at all the frequencies, as seethe spectral range 0—25 000 thconstructed from a superposition
from relation (4). Be AR(w) and & w)=AR(w)/R(w), re- of a Drude plus various broad Lorentz oscillators. The inset shows
spectively, the absolute and relative errors in the determina Gaussian “perturbatior(tiashed spectrunto this “exact” reflec-
tion of the reflectivity. The questions at stake in the analysidiVity; used as a model for a fitting or measure mismatch in the
of the errors in the optical functions are thus as follows. ~ Mid-infrared.

(1) Given the maximum valug| . that é(w) can take in
a frequency range, what is the maximum error expected itpper limit, in this frequency range, to the errors incurred in
the determination of the optical functions? the determination of the optical functions. Let us then define

(2) How, in the calculation of the optical functions from a “Gaussian perturbatiorés(w) (centerw, half-width \20)
the reflectivity, does the errai(w) propagate to frequencies to this exact reflectivity:

o' # w?

To answer these questions, let us ¢edl the error, due to ( - wc)2
AR, in the determination of the phase of the reflectance co- fo(w) = aex ' ()
efficient. Assuming thatAR| and|A 6| are small compared to
unity (which is always true in the measured spectral range This kind of perturbation represents reasonably well the type
then the relative errors in the determination of any opticalof errors expected when fitting the experimental reflectivity
function can be expressed in termsR)f, £ andA# as: using Drude and broad Lorentz oscillators, as we have done

in this work. We will take a=|AR/R|na=1%, o
Af(w) =800 cm?, ando=200 cn! as an example of a fitting mis-
f(w) match of 1% in the mid-infrare@inset of Fig. 8.

Numerical Kramers-Kronig transformations using the
The dimensionless factorS, and C, are different for the same kind of extrapolations for both reflectivities can then be
different optical functions of a given system. In partlcular performed to obtain the “exact” and “perturbed” conductivi-
for the conductivity, it can be shown th@~ (1-R)™*. Be- ties, and then the relative error in the conductivity introduced
sides, they have a complicated explicit dependencR(m)
and f(w), so that, for a given optical function, their fre- R B L B B B
quency dependencies are different for systems with different 5[
reflectivities. HenceAf/f depends on the explicit form of
the reflectivity spectrum, and the examination of the uncer-
tainties in the determination of the optical functions has to be
made on a case-by-case basis. While an analytical approach
to the study of these uncertainties in the case of cuprates can
be performed, the calculations involved are too lengthy
(though simple; they can be found in Ref.)Ghd yield too
crude results. For a system with a nontrivial reflectivity spec-
trum like Bi-2212, it is far more reliable to perform some o
numerical simulations and to compare them with the analyti- 0 500 1000 1500 2000 2500 3000
cal studies.

Figure 8 shows a simplified typical reflectivity for Bi-
2212. This reflectivity has been constructed by superposing a FiG. 9. Relative uncertainty in the real conductivifyll line)
Drude and various broad Lorentz oscillators. It correspondstroduced by a “Gaussian perturbation” on the mid-infrared reflec-
approximately to the reflectivity of an overdoped Bi-2212 tivity (dashed ling Note the change of sign dfc;/ o4, which was
sample in the normal state. Analyzing an overdoped-like reeventually neglected in the calculation of the error bars shown in
flectivity that is close to unity at low frequencies sets anthe manuscript, leading to an overestimate of such error bars.

= Cylw)é(w) + Chw)Af(w). (6)

Percentage

1ok ]

Wavenumber [cm]
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by the perturbation. This relative error is shown in Fig. 9,casé, the associated uncertainties in the conductivity be-
where it is clear thafA a1/ 01| max~5—1JAR/R| a0 @nd that  come important (20% or morg at frequencies below
the perturbation in the conductivity extends over a region of-100 cni?. On the other hand, as this is a systematic error,

about three times that &fR/R. o it can be largely suppressed by comparing two conductivity
The latter example illustrates well the uncertainties en-

: " . > 'curves of the same sample. This is precisely what is done in
demic of a fitting procedure. Two other kinds of uncertamuesthe evaluation of the EGT sum rule or in the calculation of

play a role in the determination of the optical functions from e relative chanaes of spectral weight with temperature. Be-
reflectivity data, and are to be considered whichever methoH? ges ot sp 9 P :
ides, the comparison between the extrapolated zero-

(TKK or fitting) is used for analyzing the data. These are: the® . e =
error in the absolute measurement of the reflectivity, and thf€quency conductivity and the resistivit§rig. 4) narrows
effect on the measured window of tiéenknown low- and the confidence range of the low-frequency conductivity.
high-frequency response of the Systemne prob'em of the As for the effects of the low- and high-fl’equency eXtrapO-
choice of extrapolations when doing TKK lations, the conclusion of our analysis and simulations is that

Analytical studies and numerical simulati§hshow that, ~they can perturb the determination of the optical functions up
for a system like Bi-2212, and with an accuracy in the absoto (at mosj twice the first measured frequency and down to
lute measurement of the reflectivity of the order of {86r  (at mosj 1/3 of the last measured frequency.
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