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Doping dependence of the pseudogap in theab plane infrared spectra
of Bi2Sr2Ca12xYxCu2O81d
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~Received 11 September 1998!

The ab plane optical spectrum of underdoped Bi2Sr2Ca12xYxCu2O81d has been studied as a function of
temperature. The gaplike suppression in scattering rate 1/t~v! observed below and aboveTc is found to be
related to the shoulder structure in reflectivityR(v) and the broad peak or downward suppression from
Drude-like shape in conductivitys1(v). We conclude that the superconducting gap, which is visible in
s1(v), evolves smoothly into the pseudogap. The results obtained are consistent with recent electron tunneling
and photoemission measurements.@S0163-1829~99!05201-7#
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It is well recognized that the electronic properties of hig
Tc cuprates are very different from those of conventio
superconductors. One striking phenomenon is a gaplike
ture below a certain temperatureT* .Tc typically observed
in underdoped YBa2Cu3O72d ~YBCO! by various techniques
including NMR,1 electronic specific heat,2 c-axis optical
conductivity,3 and dc resistivity measurements.4 This feature,
commonly referred to as the pseudogap, removes only a f
tion of states at the Fermi level as the material remains
tallic. Recently, angle-resolved photoemission spectrosco5

~ARPES! and scanning tunneling spectroscopy6 ~STS! di-
rectly revealed the normal state pseudogap in underdo
Bi2Sr2CaCu2O81d ~Bi2212! materials. The ARPES measur
ments indicate that the pseudogap has the samedx22y2 sym-
metry and magnitude as the superconducting gap, poin
out its intimate relationship to superconductivity. A dep
tion of spectral weight in underdoped Bi2212 crystals abo
Tc was also observed from electronic Raman-scatte
measurements,7 which appears to be maximal in theB1g

scattering channel, analogous to the pseudogap indicate
ARPES measurements.

Optical spectroscopy is a fundamental technique in pr
ing the electronic state of a superconductor. The search f
gap in theab-plane infrared spectrum has been a task fr
the beginning of the discovery of high temperature superc
ductivity. The expected superconducting gap energy fr
the high-Tc value is large enough for detection in the fa
infrared ~FIR! region. However, because there are differe
approaches—one component or two-component—to ana
the conductivity spectrum, the question of whether exc
tions across a gap are observed in theab-plane optical spec-
trum is still not resolved, even though an onset of absorpt
which would correspond to 2D in ordinary superconductors
is seen between 300 and 600 cm21 in many cuprates.8 Re-
cently, Puchkovet al.9 have systematically analyzed the ev
lution of scattering rate 1/t(v,T) which was extracted from
the ab-plane optical conductivity in a series of compoun
from underdoped to overdoped. In underdoped region, t
observed a gaplike depression in 1/t(v,T) opening up in the
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normal state. As the pseudogap is closely related to the
perconducting gap, a careful examination of spectral cha
would shed light on the superconducting gap inab-plane
optical response.

In this paper we present theab-plane optical spectra o
underdoped Bi2Sr2Ca12xYxCu2O81d. A gaplike suppression
in 1/t(v,T) is clearly observed in the normal state below
certain temperature, which deepens in the superconduc
state. The onset of the suppression shifts to higher energ
compounds become more underdoped. We examine the
flectance and conductivity spectra closely and find that
suppression in scattering rate is related to the shoulder s
ture of the reflectance and to the suppression of conductiv
The results obtained from one-component analysis are
good agreement with STS and ARPES measurements.
conclude that the superconducting gap is visible inab-plane
optical conductivity spectrum.

Pure Bi2212 crystals were grown by the floating-zo
method.10 The Y-doped Bi2212 crystals were grown b
usual melting method.11 The pure crystal shows a narro
transition at 91 K, while the Y-doped crystals show broad
transitions around 70 K for nominal Y concentrationx
50.07 and 30 K forx50.11, from resistivity measurement
Judging by their superconducting transitions, the p
sample is very close to optimal doping, while the Y-dop
samples are in the underdoped regime. Freshly cleaved c
tals were mounted on optically black cones, and the refl
tance was measured from 50 to 9500 cm21, at temperatures
above and belowTc , on a Bruker IFS 113v using anin situ
overcoating technique.12 The optical conductivities have
been calculated from a Kramers-Kronig analysis of the
flectance, which requires extrapolations at high and low f
quencies. At low frequency, the reflectance was extrapola
to zero frequency by assuming a Hagen-Rubens relat
Actually, the conductivity in the measured frequency ran
is found to be insensitive to different extrapolations at lowv.
The reflectance has been extended to high frequency~40 eV!
using the measurements of Terasakiet al.13

The measuredab-plane reflectance and the calcu
ated real part of conductivity for the pure an
576 ©1999 The American Physical Society
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FIG. 1. The frequency dependence of theab-plane reflectance~left panel! and conductivity~right panel! of Bi2Sr2Ca12xYxCu2O81d single
crystals with nominal Y concentrationx50, 0.07, and 0.11 at various temperatures. The curves indicated by artifacts are spectra w
shoulder inR(v) removed by a straight line extrapolation. The inset is a plot of the ratio of the conductivity at 10 and 100 K to that
K for the x50.07 sample.
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Y-doped Bi2Sr2CaCu2O81d at several temperatures forv
,2000 cm21 are shown in the left and right panels of Fig.
respectively. For all three samples, the low-v reflectance
R(v) and conductivitys1(v) display a metallicT depen-
dence, which is in agreement with the dc transp
measurements.10,11 A notable feature inR(v) spectrum is a
shoulder structure appearing atv.500 cm21, which is the
most prominent in the pure crystal at the lowestT ~10 K!.
The reflectance is very close to unity and almost flat be
500 cm21, which is most likely due to the condensing of fre
carriers. This structure weakens asT increases, but is stil
visible in the reflectance curve at 100 K. A similar featu
exists in the underdopedx50.07 Y-doped sample. Howeve
noticeable differences exist. First, the reflectance at 10 K
lower than that of pure sample and no longer flat below 5
cm21, suggesting an increased absorption by normal carr
Second, the shoulder structure can be clearly observed in
normal state, for example, at 100, 150, and 200 K. Third,
shoulder becomes broad and extends to higher frequenc
the pure sample it ends at about 860 cm21, but extends to
around 1050 cm21 in x50.07 sample. For heavily unde
dopedx50.11 sample, the reflectance becomes much low
which is attributed to a reduction in free carriers. There
only slight difference between the reflectance at 10 and
t
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0
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e
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r,
s
0

K, indicating that the proportion of condensed carriers
considerably reduced. In addition, phonon features beco
prominent at FIR frequencies. We think that this sample
close to the metal~superconductor!-insulator transition in the
phase diagram. Nevertheless, a low frequency upturn
around 1100 cm21, similar to the shoulder structure, can b
observed at all measured temperatures.

The conductivity spectrums1(v) is T-dependent in both
FIR and midinfrared~MIR! frequency regions. Well below
Tc , s1(v) exhibits a broad maximum at frequency arou
1130 cm21 for the pure crystal. A further suppression is o
served ins1(v) below ;860 cm21 corresponding to the
upturn in R(v), which continues until;430 cm21; below
this frequency a large amount of residual conductivity is se
and s1(v) begins to increase with decreasingv. For the
underdopedx50.07 sample, the broad maximum shifts
higher frequency,;1400 cm21, and the minimum appears a
around 540 cm21. A weak dip at this frequency can also b
seen at 100 K. This spectrum is obviously displaced dow
ward from the usual Drude-like shape. Though a clear on
of suppression cannot be seen, it is estimated that the de
tion starts at;1400 cm21 as well. If we plot the ratio of the
conductivity at low temperature to that at room temperatu
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FIG. 2. The frequency dependent scattering rate for the three samples at different temperatures.
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we find that the frequency dependent ratios for 10 and 10
look very similar ~see inset in right panel of Fig. 1!. At
higher temperature, e.g., at 200 and 295 K, the spectra s
a continuous increase with decreasingv below 2000 cm21.
For thex50.11 sample, the spectral weight is considera
reduced due to the reduction of free carriers. The spectru
nearlyv-independent above 800 cm21 and no clear suppres
sion can be found in the conductivity spectrum.

It is well recognized that the strong electron correlation
high-Tc materials makes the simple Drude model with a co
stant scattering rate invalid. An alternative approach is
suppose av-dependent effective mass and scattering ra
s(v,T)5vp

2/@4p„1/t(v)2 iv(m* /m)…#, which is nor-
mally referred to as the generalized Drude model.8,9 The
scattering rate, 1/t~v!, and effective mass,m* /m, can
be obtained from the complex optical conductivi
by 1/t(v)5(vp

2/4p)Re„1/s(v)… and m* /m52(vp
2/

4pv)Im„1/s(v)…, where vp is the plasma frequency o
charge carriers that can be estimated from the sum r
vp

2/85*0
`s1(v)dv. An advantage of this model is that th

frequency dependent parameters can be uniquely determ
from the measured reflectance spectra. Plotted in Fig. 2,
frequency dependent scattering rates of the three sampl
different temperatures. Here, plasma frequency values
vp51.653104 cm21 for pure sample, 1.423104 cm21 for
x50.07, and 1.223104 cm21 for x50.11, determined by
summing the conductivity up to 1 eV,14 have been used. A
expected from the damping seen in the reflectance spe
1/t~v! increases as the sample becomes underdoped. In
pure sample, the scattering rate belowTc shows very sharp
suppression around 860 cm21, which is believed to be due to
the collapse of the free-carriers into the superconducting c
densate. A slight suppression of 1/t~v! can be seen at 100 K
in the normal state. At higher temperatures, 1/t~v! shows
roughly linearv dependent behavior. For the underdopedx
50.07 sample, the suppression of 1/t~v! can be seen no
only at lowT but also at temperatures much higher thanTc .
Weak suppression is seen even at room temperature. A s
lar suppression of 1/t~v! is present in the heavily under
dopedx50.11 sample at all measured temperatures. Pu
kov et al.9 referred to such a gaplike suppression of 1/t~v! as
the pseudogap in theab-plane optical response. Here, w
confirm such suppression in 1/t~v! aboveTc in our under-
doped Bi-based cuprates. We also note that 1/t~v! shows
little T dependence at high-v, which is also in agreemen
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with the work of Puchkovet al.9 However, the present work
reveals additional features about the ‘‘pseudogap’’ in 1/t~v!:
~1! The suppression of 1/t~v! appears at the same frequen
below and aboveTc , being suggestive of the same amplitu
for both superconducting gap and pseudogap.~2! Comparing
the spectrum of 1/t~v! at 100 K with that at 10 K for under-
doped x50.07 sample, we can conclude that there is
abrupt change in 1/t~v! at Tc . The only difference caused b
decreasingT is the depth of the suppression in 1/t~v!. ~3!
The onset of suppression in 1/t~v! shifts to higherv in un-
derdoped samples, suggesting an increase of the charac
tic energy for the pseudogap.

Because 1/t~v! is uniquely determined from the com
plex conductivity spectrum which is itself obtained by
Kramers-Kronig transformation from the measured refl
tance spectrum, the gaplike suppression in 1/t~v! should
manifest itself in the reflectance and conductivity spectra
careful examination and comparison between these spe
indicate that the gaplike suppression in 1/t~v! is related to
the shoulder structure in the reflectance. The onset of s
pression in 1/t~v! corresponds closely to the onset of th
upturn in the v-dependent reflectanceR(v). The broad
maximum ins1(v), despite appearing at frequency high
than the onset of upturn inR(v), is also related to the shoul
der structure inR(v). This can be confirmed by performin
a Kramers-Kronig calculation on the reflectance with t
shoulder structure removed—the broad maximum dis
pears.~See the reflectance and conductivity curves indica
by ‘‘artifact’’ in Fig. 1. The shoulder of the pure sample
10 K is removed simply by a straight line extrapolation
R(v) at v5860 cm21 to unity atv50.! Since the reduced
absorption, or the shoulder, inR(v) is considered to be due
to the pairing of carriers, we believe that the suppression
conductivity is also due to this pairing. However, the su
pression ins1(v) is smeared or disappears in the und
doped samples or at highT. We think that this is mainly due
to the d-wave nature of the pairing symmetry. Because
superconducting gap has adx22y2 momentum dependen
symmetry, a momentum-averaging measurement, such a
frared spectroscopy, would only detect a suppression fea
rather than a full gap even at lowest temperature where
gap is fully formed. A theoretical calculation for ad-wave
pairing15 within a Hubbard picture shows that optical co
ductivity s1(v) has a broad peak at 4D, where 2D is the
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maximal amplitude ofd-wave gap. At lowv, there exists a
residual Drude-like response due to scattering by nodal q
siparticles, which thus gives rise to a minimum forv,4D.
In the presence of impurities, which should be closer to a
system, the states inside the gap can be easily filled, w
ening the suppression below 4D. The calculateds1(v) in
their paper looks similar to our measured spectrum on
pure sample at the lowestT ~10 K!. Very recently, the evo-
lution of the Fermi surface with temperature in underdop
Bi2212 has been mapped out by Normanet al. from
ARPES.5 The d-wave node belowTc becomes a gapless a
aboveTc which expands with increasingT to form the full
Fermi surface atT* . Although a theoretical calculation o
optical conductivity for such a gapless arc is lacking at t
time, it is speculated that the expanding gapless arc wo
make the broad peak at 4D much weaker. This explains wh
the suppression becomes difficult to observe at highT. In
addition, the density of uncondensed normal carriers
creases relative to that of the paired carriers in underdo
samples. This also makes the broad maximum at the
quency 4D difficult to observe.

There has been long debate over whether a supercon
ing gap can be observed in theab-plane s1(v) spectrum,
although a minimum was seen between 300 and 600 c21

in many cuprates. Schlesingeret al.16 identified the charac-
teristic energy scale of;500 cm21 observed in YBCO
as a pair-excitation threshold 2D ~superconducting gap!
(2D/kTc;8). On the other hand, based on a two-compon
model, the observed absorption was explained as a tail o
T-independent MIR-absorption remaining after the cond
sation of the Drude part at lowT.8 Since we find that the
spectral change ins1(v) is related to that observed inR(v)
and 1/t~v!, we identify the suppression ins1(v) at low T as
the formation of the superconducting gap. We also beli
that the pseudogap manifests itself in the similar way, i.e
similar suppression in conductivity spectrum. However, d
to the reasons mentioned above, we only observe a do
ward deviation from the usual Drude-like spectrum aboveTc
in our underdoped sample. Actually, a much clearer supp
sion in ab-plane s1(v) at T.Tc was observed in under
doped YBCO samples previously.17 The data in Ref. 17 also
showed that the suppression was at the same energy for
peratures below and aboveTc and shifted to slightly higher
frequency for samples that were more underdoped. By re
ence to the theoretical calculation for ad-wave supercon-
ductor, which predicts a broad peak at frequency 4D in
s1(v),15 we get the maximum gap 2D>565 cm21 for our
pure Bi2212 (2D/kTc>8.8), but 700 cm21 for underdoped
x50.07 sample (2D/kTc>14.1). Note that in this theoreti
cal calculation there is no particular structure atv52D.
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Electron tunneling measurements6 showed that the gap am
plitude 2D increases from 42 meV~340 cm21! to 88 meV
~710 cm21! for samples from very overdoped (Tc556 K) to
underdoped (Tc583 K). Our results are in agreement wit
their work. ARPES~Ref. 5! also indicated that the gap am
plitude increases in the underdoped sample, but gave sm
gap amplitudes.

There are considerable discrepancies over the origin
the pseudogap in cuprates. The pseudogap has been
preted as a spin excitation gap—a pairing of spinons—ba
on the separation of spin and charge degrees which is
posed to occur in two-dimensional~2D! electron system,18 or
in a different opinion, to occur in locally 1D charge stripe
formed by mobile holes.19 The nearly antiferromagnetic
~AM ! Fermi liquid model suggested that the strong magne
interaction peaked near AM wave vector would lead to
formation of a pseudogap due to a spin density wave pre
sor state, with a superconducting gap forming separate20

Additionally, it is proposed that incoherent pairs are p
formed aboveTc , with phase coherences occur atTc .21 Our
optical data show that the pseudogap is present in theab-
plane charge excitations, which would put a constraint
such theories. Furthermore, the present work and also
optical conductivity data on underdoped YBCO indicat
that the pseudogap is closely related to the superconduc
gap. The superconducting gap evolves smoothly into
pseudogap asT increases, which is most clearly evidenc
from the scattering rate spectrum. These results suggest
the correlations that produce the pseudogap should be
very same ones that form the superconducting gap. Elec
tunneling6 and ARPES~Ref. 5! measurements on Bi221
point in the same direction.

In conclusion, we have investigated the in-plane opti
response of underdoped Bi2Sr2Ca12xYxCu2O81d. We found
that the gaplike suppression in 1/t(v) observed below and
aboveTc is related to the shoulder structure inR(v) and the
broad peak or downward suppression from Drude-like sh
in s1(v). The superconducting gap amplitude has been
termined from the conductivity spectrum, and becom
greater in underdoped samples. It should be pointed out
although we can not rule out the two-component appro
based on our optical data, the results obtained from o
component analysis are in good agreement with other m
surements like STS and ARPES. The data suggest tha
pseudogap has the same origin as the superconducting
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