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The ab plane optical spectrum of underdoped,®,Ca, ,Y,Cw,0g, s has been studied as a function of
temperature. The gaplike suppression in scattering rat@)lbbserved below and above, is found to be
related to the shoulder structure in reflectivlRR{w) and the broad peak or downward suppression from
Drude-like shape in conductivity;(w). We conclude that the superconducting gap, which is visible in
o1(w), evolves smoothly into the pseudogap. The results obtained are consistent with recent electron tunneling
and photoemission measuremen&0163-182@09)05201-7

It is well recognized that the electronic properties of high-normal state. As the pseudogap is closely related to the su-
T. cuprates are very different from those of conventionalperconducting gap, a careful examination of spectral change
superconductors. One striking phenomenon is a gaplike feavould shed light on the superconducting gapab-plane
ture below a certain temperatufé > T, typically observed optical response. _
in underdoped YB#u;0,_ 5 (YBCO) by various techniques In this paper we present theb-plane optlcal spectra of
including NMR? electronic specific hedt,c-axis optical ~underdoped BBrCa ,Y,Cu,0s. 5 A gaplike suppression
conductivity® and dc resistivity measuremedShis feature, 1N 1/7(w,T) is clearly observed in the normal state below a

commonly referred to as the pseudogap, removes only a fraC®/ain temperature, which deepens in the superconducting
state. The onset of the suppression shifts to higher energy as

tion of states at the Fermi level as the material remains me_ompounds become more underdoped. We examine the re
ic. - mission tr o : ; )
tallic. Recently, angle-resolved photoemission spec OsscomFectance and conductivity spectra closely and find that the

. : . fl
(ARPES and scanning tunneling spectroscbi$TS di- suppression in scattering rate is related to the shoulder struc-

rectly revealed the normal state pseudogap in underdopg re of the reflectance and to the suppression of conductivity.
B'ZerC_aC_L*OSW(B'ZZH) materials. The ARPES measure- The results obtained from one-component analysis are in
ments indicate that the pseudogap has the s#me,, Sym- o504 agreement with STS and ARPES measurements. We
metry and magnitude as the superconducting gap, pointingpncjude that the superconducting gap is visiblalrplane
out its intimate relationship to superconductivity. A deple-gptical conductivity spectrum.
tion of spectral weight in underdoped Bi2212 crystals above  pyre Bj2212 crystals were grown by the floating-zone
T. was also observed from electronic Raman-scatteringnethod!® The Y-doped Bi2212 crystals were grown by
measurements which appears to be maximal in tH8;;  usual melting method: The pure crystal shows a narrow
scattering channel, analogous to the pseudogap indicated lmansition at 91 K, while the Y-doped crystals show broader
ARPES measurements. transitions around 70 K for nominal Y concentration
Optical spectroscopy is a fundamental technique in prob=0.07 and 30 K fox=0.11, from resistivity measurements.
ing the electronic state of a superconductor. The search for 3udging by their superconducting transitions, the pure
gap in theab-plane infrared spectrum has been a task fromsample is very close to optimal doping, while the Y-doped
the beginning of the discovery of high temperature superconsamples are in the underdoped regime. Freshly cleaved crys-
ductivity. The expected superconducting gap energy fromals were mounted on optically black cones, and the reflec-
the highT, value is large enough for detection in the far- tance was measured from 50 to 9500 ¢pat temperatures
infrared (FIR) region. However, because there are differentabove and below ., on a Bruker IFS 113 using anin situ
approaches—one component or two-component—to analyzevercoating techniqu¥. The optical conductivities have
the conductivity spectrum, the question of whether excitabeen calculated from a Kramers-Kronig analysis of the re-
tions across a gap are observed in géleplane optical spec- flectance, which requires extrapolations at high and low fre-
trum is still not resolved, even though an onset of absorptionguencies. At low frequency, the reflectance was extrapolated
which would correspond to&in ordinary superconductors, to zero frequency by assuming a Hagen-Rubens relation.
is seen between 300 and 600 ¢hin many cuprate&. Re- Actually, the conductivity in the measured frequency range
cently, Puchkoet al® have systematically analyzed the evo- is found to be insensitive to different extrapolations at lbbw
lution of scattering rate ¥(w,T) which was extracted from The reflectance has been extended to high frequ&tgV)
the ab-plane optical conductivity in a series of compoundsusing the measurements of Terasekal
from underdoped to overdoped. In underdoped region, they The measuredab-plane reflectance and the calcul-
observed a gaplike depression inr(b,T) opening up inthe ated real part of conductivity for the pure and
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FIG. 1. The frequency dependence of #ieplane reflectancéeft pane) and conductivity(right pane) of Bi,Sr,Ca _,Y,Cu,0g, sSingle
crystals with nominal Y concentratian=0, 0.07, and 0.11 at various temperatures. The curves indicated by artifacts are spectra with the
shoulder inR(w) removed by a straight line extrapolation. The inset is a plot of the ratio of the conductivity at 10 and 100 K to that at 295
K for the x=0.07 sample.

Y-doped BiSr,CaCuyOg, 5 at several temperatures fab K, indicating that the proportion of condensed carriers is
<2000 cm* are shown in the left and right panels of Fig. 1, considerably reduced. In addition, phonon features become
respectively. For all three samples, the lawreflectance prominent at FIR frequencies. We think that this sample is
R(w) and conductivityo,(w) display a metallicT depen- close to the metalsuperconductg+insulator transition in the
dence, which is in agreement with the dc transportphase diagram. Nevertheless, a low frequency upturn at
measurement®:'* A notable feature irR(w) spectrum is a around 1100 cm', similar to the shoulder structure, can be
shoulder structure appearing @t>500 cni'?, which is the  observed at all measured temperatures.

most prominent in the pure crystal at the low@&s(10 K). The conductivity spectrurpr;(w) is T-dependent in both
The reflectance is very close to unity and almost flat belowFIR and midinfrared MIR) frequency regions. Well below
500 cm %, which is most likely due to the condensing of free T., o1(w) exhibits a broad maximum at frequency around

carriers. This structure weakens &sncreases, but is still 17130 cni'? for the pure crystal. A further suppression is ob-
visible in the reflectance curve at 100 K. A similar featureserved ino,(w) below ~860 cnit corresponding to the

exists in the underdoped=0.07 Y-doped sample. However, _upturn inR(w), which continues unti~430 cm % below

Potlce?hble (tdt:ff(;:refnces exist. lFlrst,dthe rleflecta][;c;abatl 10 5K0I is frequency a large amount of residual conductivity is seen
ow_elr an that of pureé samplée and no longer flat below SV, 4 o1(w) begins to increase with decreasiag For the
cm -, suggesting an increased absorption by normal carriers,

Second, the shoulder structure can be clearly observed in t u@derdopedxzo.w samplg,l the broad maximum shifts to
normal state, for example, at 100, 150, and 200 K. Third, th |gherdfrequenicly,~1400 lfrg ' anc:].th? minimum appelars gt
shoulder becomes broad and extends to higher frequency; f{ound 540 cm”. A weak dip at this frequency can also be
the pure sample it ends at about 860 ¢mbut extends to  S€€N at 100 K. This spectrum is obviously displaced down-
around 1050 cm'® in x=0.07 sample. For heavily under- ward from the usual Drude-like shape. Though a clear onset
dopedx=0.11 sample, the reflectance becomes much lowe©f Suppression cannot be seen, it is estimated that the devia-
which is attributed to a reduction in free carriers. There istion starts at~1400 cm* as well. If we plot the ratio of the

only slight difference between the reflectance at 10 and 10g0nductivity at low temperature to that at room temperature,
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FIG. 2. The frequency dependent scattering rate for the three samples at different temperatures.

we find that the frequency dependent ratios for 10 and 100 Kvith the work of Puchkoet al® However, the present work
look very similar (see inset in right panel of Fig.).1At reveals additional features about the “pseudogap” i)
higher temperature, e.g., at 200 and 295 K, the spectra shog) The suppression of #w) appears at the same frequency
a continuous increase with decreasiagpelow 2000 cm’.  pelow and abov@,, being suggestive of the same amplitude
For thex=0.11 sample, the spectral weight is considerablyfor hoth superconducting gap and pseudogapComparing
reduced due to the reduction of free carriers. The spectrum e spectrum of Hw) at 100 K with that at 10 K for under-
nearly w-independent above 800 (_fr’pand no clear suppres-  doped x=0.07 sample, we can conclude that there is no
sion can be found in the conductivity spectrum. abrupt change in Hw) atT,. The only difference caused by

It is well recognized that the strong electron correlation indecreasin : L
: ) . ; gl is the depth of the suppression inrd). (3)
high-T, mate_rlals makes th_e simple Drude_ model with a €ONThe onset of suppression indd) shifts to higherw in un-
stant scattering rate invalid. An alternative approach is toderdoped samples, suggesting an increase of the characteris-
suppose aw-dependent effective mass and scattering ratetiC enerav for the ,seudo a
o(0,T) = w/[4n(Ur(0)—io(m*/m))], which is nor- 9y P gap.

mally referred to as the generalized Drude mdifellhe Because w) is uniquely determined from the com-
: , * plex conductivity spectrum which is itself obtained by a
scattering rate, Hw), and effective massm*/m, can

be obtained from the complex optical conductivity i(ramers-Kr:)nlg t;ﬁnsfornﬁuon from th_e m;(i;s;”ehd rledflec-
by 1r(w)=(047)Re(llo(w)) and m*/m=—(w?/ ance spectrum, me gaplike suppression im«J shou

P . P manifest itself in the reflectance and conductivity spectra. A
4mw)Im(l/o(w)), where w, is the plasma frequency of ol inati q i betw h A
charge carriers that can be estimated from the sum rulec,ag.e ut et>;]artn|trr1]a lon ?E comparison between Ietsfj stpec ra
w§/8=f°0°ol(w)dw. An advantage of this model is that the Indicate that the gaplike suppression infa) is related to

frequency dependent parameters can be uniquely determingEJe shoulder structure in the reflectance. The onset of sup-
from the measured reflectance spectra. Plotted in Fig. 2, afd€SSion in 1w) corresponds closely to the onset of the
frequency dependent scattering rates of the three samples tturn in the w-dependent reflectanc&(w). The broad
different temperatures. Here, plasma frequency values dh@ximum ino,(w), despite appearing at frequency higher
w,=1.65<10" cm™* for pure sample, 1.4210" cm™* for than the onset of upturn_lﬁ(w), is also _related to the sho_ul-
x=0.07, and 1.2%10* cm™* for x=0.11, determined by der structure irR(w). This can be confirmed by performing
summing the conductivity up to 1 e¥ have been used. As @ Kramers-Kronig calculation on the reflectance with the
expected from the damping seen in the reflectance spectrahoulder structure removed—the broad maximum disap-
1/7(w) increases as the sample becomes underdoped. In tipears.(See the reflectance and conductivity curves indicated
pure sample, the scattering rate beldwshows very sharp by “artifact” in Fig. 1. The shoulder of the pure sample at
suppression around 860 ¢ which is believed to be due to 10 K is removed simply by a straight line extrapolation of
the collapse of the free-carriers into the superconducting corR(w) at =860 cm ! to unity atw=0.) Since the reduced
densate. A slight suppression ofrld) can be seen at 100 K absorption, or the shoulder, R(w) is considered to be due

in the normal state. At higher temperaturesf{(d) shows to the pairing of carriers, we believe that the suppression in
roughly linearw dependent behavior. For the underdoped conductivity is also due to this pairing. However, the sup-
=0.07 sample, the suppression offl/) can be seen not pression ino(w) is smeared or disappears in the under-
only at lowT but also at temperatures much higher tian ~ doped samples or at high We think that this is mainly due
Weak suppression is seen even at room temperature. A sinte the d-wave nature of the pairing symmetry. Because the
lar suppression of Hw) is present in the heavily under- superconducting gap has @&z, momentum dependent
dopedx=0.11 sample at all measured temperatures. Puckrsymmetry, a momentum-averaging measurement, such as in-
kov et al® referred to such a gaplike suppression ofdj as  frared spectroscopy, would only detect a suppression feature
the pseudogap in thab-plane optical response. Here, we rather than a full gap even at lowest temperature where the
confirm such suppression in7) aboveT,. in our under- gap is fully formed. A theoretical calculation for cawave
doped Bi-based cuprates. We also note thatad/ shows pairing®® within a Hubbard picture shows that optical con-
littte T dependence at high; which is also in agreement ductivity o;(w) has a broad peak atA4 where 2 is the
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maximal amplitude ofl-wave gap. At loww, there exists a Electron tunneling measuremehshowed that the gap am-
residual Drude-like response due to scattering by nodal quaplitude 2A increases from 42 me\340 cni'l) to 88 meV
siparticles, which thus gives rise to a minimum forx4A. (710 cmi'?) for samples from very overdoped {= 56 K) to

In the presence of impurities, which should be closer to a realinderdoped T.=83 K). Our results are in agreement with
system, the states inside the gap can be easily filled, weakbeir work. ARPES(Ref. 5 also indicated that the gap am-
ening the suppression belowA4The calculatedr;(w) in plitude in(_:reases in the underdoped sample, but gave smaller
their paper looks similar to our measured spectrum on th€aP amplitudes. _ _ o

pure sample at the lowedt (10 K). Very recently, the evo- There are considerable discrepancies over the origin of
lution of the Fermi surface with temperature in underdopedh® Pseudogap in cuprates. The pseudogap has been inter-
Bi2212 has been mapped out by Normatal. from preted as a spin excitation gap—a pairing of spinons—based

ARPES® The d-wave node belowl, becomes a gapless arc on the separatipn of spin an(_j charge degrees Wh:%g is sup-
aboveT, which expands with increasing to form the full posed to occur in two-dimensiondD) electron system, or

: 4 . in a different opinion, to occur in locally 1D charge stripes
Fermi surface aff*. Although a theoretical calculation of formed by mobile hole&? The nearly antiferromagnetic

qptica_l gonductivity for such a gaples; arc is lacking at this M) Fermi liquid model suggested that the strong magnetic
time, it is speculated that the expanding gapless arc woulghe o tion peaked near AM wave vector would lead to the

mhake the broad ptt)aak aﬁ%lé?f? W(Iaaker. Jhis expla:Tr;smwhy formation of a pseudogap due to a spin density wave precur-
tded's.upprehssm:jn epomfes : 'Cgt to 3 Serve Iat 9iin = sor state, with a superconducting gap forming separately.
addition, the density of uncondensed normal carriers in; dditionally, it is proposed that incoherent pairs are per-
creases relative to that of the paired carriers in underdop rmed aboveT,, with phase coherences occurTat 2 Our

(o]

samples. Tr_1|§ also makes the broad maximum at the freéptical data show that the pseudogap is present inathe
quency 4 difficult to observe. lane charge excitations, which would put a constraint on

. There has been long debate over whether a supercondu uch theories. Furthermore, the present work and also the
ing gap can be observed in tiab-plane oy (w) Spectrum, g ica) conductivity data on underdoped YBCO indicates
although a minimum was seen b&t\(veen. .300 and 600" cm that the pseudogap is closely related to the superconducting
in many cuprates. Schlesinget al._l|dent|f|ed th_e charac- gap. The superconducting gap evolves smoothly into the
teristic_energy sc_:ale 0f-500 cm" observed In YBCO pseudogap a¥ increases, which is most clearly evidenced
as a pair-excitation thresholdA2 (superconducting 9ap o the scattering rate spectrum. These results suggest that
(2A/kT.~8). On the other hand, based on a two-componenf,e o rrelations that produce the pseudogap should be the
model, the observed absorption was explained as a tail of t ry same ones that form the superconducting gap. Electron

T-independent MIR-absorption remaining after the Condentunnelinge and ARPES(Ref. 5§ measurements on Bi2212
sation of the Drude part at low.? Since we find that the point in the same direction..

spectral change i, (w) is related to that observed R(w) In conclusion, we have investigated the in-plane optical

response of underdopedBi,Ca _,Y,Cu,0g, s We found

. X . e ClIBV&hat the gaplike suppression int{f) observed below and
that the pseudogap manifests itself in the similar way, i.e., AhoveT. is related to the shoulder structureRfw) and the
similar suppression i.n conductivity spectrum. However, dueoroad pceak or downward suppression from Drude-like shape
to the reasons mentioned above, we only observe a dowr o1(w). The superconducting gap amplitude has been de-
ward deviation from the usual Drude-like spectrum ab®ye yormined from the conductivity spectrum, and becomes
In our underdoped sample. Actually, a much clea_rer SuF’presg'reater in underdoped samples. It should be pointed out that,
sion in ab-plane oy (w) at T>T, was observed in under- Zunq,0h we can not rule out the two-component approach
based on our optical data, the results obtained from one-
X X ) 'E‘émponent analysis are in good agreement with other mea-
peratures below and aboWle and shifted to slightly higher g rements like STS and ARPES. The data suggest that the

frequency for samples that were more underdoped. By refetsqo,qoaan has the same origin as the superconducting ga
ence to the theoretical calculation fordawave supercon- P gap g P g 9ap-

ductor, which predicts a broad peak at frequency iA We thank N. Koshizuka and S. Tajima at ISTEC, and C.
o1(w),™ we get the maximum gap2=565cm * for our  Geibel and F. Steglich at TU Darmstadt for many useful
pure Bi2212 (A/kT.=8.8), but 700 cm® for underdoped discussions and for providing the faciliies where the
x=0.07 sample (2/kT.=14.1). Note that in this theoreti- samples were grown. This work was supported by SFU and
cal calculation there is no particular structure @t 2A. the NSERC.
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