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Evidence of two species of carriers from the far-infrared reflectivity of Bi2Sr2CuO6
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An optical ‘‘pseudogap’’ is often assumed to open at lowT in the ‘‘anomalous Drude’’ absorption, which
models the optical conductivitys(v)}v21 of high-Tc superconductors by a linewidthG'103 cm21 varying
with v. In thes(v) of Bi2Sr2CuO6 measured down to 10 cm21, we have resolved, instead, two components
separated by a deep minimum:~i! a normal Drude term withG535 cm21 at 30 K, in very good agreement
with transport data;~ii ! a strong band peaked in the far infrared~FIR!, likely due to bound charges, whose tail
exhibits thev21 dependence. As the FIR peak softens forT→0, it opens a pseudogaplike depression ins(v)
accordingly to ordinary sum rules.
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Several studies have been published during recent y
on the possible implications for high-Tc superconductivity of
the ‘‘pseudogap.’’ This term indicates a depression in
low-energy continuum of states of many high-Tc supercon-
ductors~HCTS’s!, that has been observed by different tec
niques below a characteristic temperatureT* @Tc .1 The
pseudogap has been observed also in the optical spect
a number of metallic cuprates. These include underdo
systems like Bi2Sr2CuO6 with Tc58 K,2 and
HgBa2Ca2Cu3O81y with Tc5121 K,3 overdoped cuprate
like La22xSrxCuO4 with x.0.18,4 and Tl2Ba2CuO61y ,5

and even metals close to optimum doping li
HgBa2Ca2Cu3O81y with Tc5130 K,3 and Bi2Sr2CaCu2O81y
with Tc590 K.6 In these experiments, the free-carrier co
tribution to the real parts(v) of the optical conductivity is
described by an ‘‘anomalous Drude’’ term1

s~v!5
vD

2 /4p

G* ~v!1@m* ~v!/m#2v2/G* ~v!
, ~1!

where vD is a constant plasma frequency, while both t
scattering rateG* and the effective massm* depend on the
photon energyv. This model has been originally introduce
to fit the s(v)}v21 law which replaces thev22 behavior
of conventional metals in the mid-infrared spectra
HCTS’s. The use of Eq.~1! leads to large scattering rates f
the carriers in the cuprates. AtT;T* , G* '1500 cm21

in the far infrared, for both La22xSrxCuO4
and HgBa2Ca2Cu3O81y . Below T* , G* decreases to
;500 cm21 in the former compound, to;1000 cm21 in the
latter.3,4 Thus, even if the opening of an optical pseudog
below T* is displayed bys(v), its amplitude is generally
extracted from the above drop in the far-infrared~FIR! part
of G* (v). The idea of an optical pseudogap is therefo
intrinsically related to the anomalous Drude approach of
~1! and to the assumption that the mid-infrared absorption
cuprates is dominated by some anomalous Fermi liquid.
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However, the above picture leads to some inconsistenc
For instance, in Bi2Sr2CaCu2O81y samples with similarTc’s,
the pseudogap determined optically (;700 cm21) ~Ref. 6!
is much larger than that found in angle-resolved photoem
sion ~0–260 cm21, depending on the direction in thek
space!.7 This discrepancy can hardly be explained, if o
also considers that the optical absorption results from an
erage on the Fermi surface. Moreover, an optical pseudo
is observed in La22xSrxCuO4,4 although no such effect ap
pears in the spin-lattice relaxation rate of this cuprate.1 Fi-
nally, in the metallic spectra of Refs. 3–5s(v) surprisingly
decreases forv→ 0, for any T of the normal phase. This
decrease is observed on the low-frequency side of a str
FIR peakwhich is systematically associated with the obs
vation of the pseudogap. However, the FIR peak is
attributed3,4 to scattering of the free carriers by oxygen atom
randomly distributed in the Cu-O planes. As this explanat
does not seem to be related to the existing theoretical mo
of the pseudogap,1 the link between this latter and the FI
peak remains obscure.

A first hint comes from the optical conductivity o
Nd1.88Ce0.12CuO4 ~NCCO!, partially reported in Ref. 8. A
peak develops in the infrared, which softens considerably
T is lowered. This shift causes at higher energies a dep
sion in s(v) around 1000 cm21, very similar to the pseu-
dogap reported by the authors cited above. This sugg
that, in NCCO, the optical pseudogap opens by a transfe
spectral weight to the FIR peak as this softens and narro
as requested by ordinary sum rules. One should then fo
on this peak at finite frequency, attributed in NCCO
charges bound to the lattice via a polaronic coupling.8 How-
ever, Nd1.88Ce0.12CuO4 is electron doped and semiconduc
ing, even if very close to the insulator-to-metal transitio
In order to study in greater detail a system where
‘‘anomalous-Drude1 pseudogap’’ model has already bee
applied2 and with the lowest carrier density, we have me
sured the reflectivity of Bi2Sr2CuO6 ~BSCO!, from 400 to 8
K and from 15 000 to 10 cm21.
12 418 ©2000 The American Physical Society
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By extending the measurements in BSCO to the very-
infrared region of frequencies, we have first resolved fr
the FIR peak a normal Drude contribution which is in agre
ment with the dc conductivitysdc and the London penetra
tion depth of the material. Basing on these results we sh
that, at least in BSCO:~i! s(v,T) cannot be explained in
terms of a one-component model like the anomalous Dr
of Eq. ~1!; ~ii ! the pseudogap does not open in the continu
of states of some kind of~anomalous! free carrier. On the
contrary, we show that:~i! only the coexistence of two type
of carriers may account for the optical absorption;~ii ! the
optical pseudogap is an effect created by the temperat
dependent absorption of some weakly bound charges
such context, the phase-separation model proposed by E
and Kivelson9 is found to be in good agreement with th
present observations.

The sample investigated here is a thick BSCO film, hig
oriented with thec axis orthogonal to the surface. It has be
grown by liquid phase epitaxy on a LaGaO3 substrate.10 Its
resistivity r(T), obtained from standard four-points me
surements, is reported by a full line in the inset of Fig. 1
shows a linear dependence onT from 300 to about 65 K,
where a slight change of slope is observed. The super
ducting transition has its onset atTc520 K, with a width of
5 K. The r value at 300 K (1.431023 V cm) is intermedi-
ate between that of a good BSCO single crystal (
31023 V cm),11 and that of a polycrystalline pellet of th
same material (2.731023 V cm).12 This may be attributed
to the presence of grain boundaries in the well orienteda-b
plane of the present film. However, eventual grain bou
aries are not expected to affect the infrared measureme
Indeed, the reflectivityR(v) of the BSCO film, relative to a
gold-plated reference and reported in Fig. 1, is typical of
best single crystals. TheR(v) spectra, with the electric field
polarized in thea-b plane, were collected using a Bome
DA8 interferometer coupled to the infrared synchrotron
diation beamline SIRLOIN of the LURE laboratory at Orsa
Helium-cooled bolometers, mercury-cadmium-tellurium
silicon detectors were used, depending on the freque
range under investigation. The large size of the film (
30.5 cm2) and the good performances of the apparatus h
allowed us to measureR(v) down to unusually low values
of v (;10 cm21). The film thickness~1.8 mm! was such

FIG. 1. ReflectivityR(v) of the BSCO film at five temperature
from 400 to 8 K. The inset shows the resistivityr(T) of the film
from 300 to 4 K. The open circles are ther values obtained by
extrapolatings(v,T) in Fig. 3 tov50.
r-

-

w

e

re-
In
ery

y

t

n-

3

-
ts.

e

-
.
r
cy
5
e

that no correction for the substrate contribution toR(v) was
needed; see Fig. 1. Therefore the optical conductivitys(v)
was obtained by simple, canonical Kramers-Kronig transf
mations of R(v). In the normal metallic phase (T.Tc),
R(v) has been extrapolated fromv510 cm21 to v50 by a
Drude-Lorentz fit, in the superconducting phase by a Lond
conductivity, as usually done; see Ref. 13. Moreover,R(v)
has been extrapolated from 15 000 cm21 up to 320 000 cm21

by using the data of Ref. 14 that have been extended
higher frequencies by av24 law.

The conductivitiess(v,T) corresponding to the raw re
flectivities of Fig. 1 are shown in Fig. 2. At anyT, s(v,T)
exhibits a broad band peaked in the far infrared~FIR peak!.
Its high-frequency side behaves asv21 up to 6000 cm21, as
shown in the inset of Fig. 2 forT5200 and 30 K. The tail of
the FIR peak accounts therefore for the frequency dep
dence of the so-called anomalous-free-carrier absorption
ally observed in metallic cuprates. The peak frequen
(;800 cm21 at 400 K! increasingly softens and narrows a
T is lowered, until it reaches 110 cm21 at 30 K. In the mid-
infrared, a broad pseudogap opens forT→0. This feature is
less deep than that observed in other cuprates~see Refs.
3–5!, most likely because the doping of the present BSC
sample is nearly optimal. This pseudogap is just due to
redshift and the narrowing of the FIR peak for decreasingT,
which produce a transfer of spectral weight towards low f
quencies. Indeed, the effective number of carriers per
cell ne f f is constant withT within a few percent, for all
temperatures of the normal phase, see the inset in Fig. 3.ne f f
has been evaluated from the relation

ne f f5
2m* V

pe2 E
vmin

vmax
s~v! dv, ~2!

where V is the cell volume, vmin510 cm21, vmax
57500 cm21, and m* has been assumed equal to the fr
electron mass.

The results of Fig. 2 are quite similar to those reported
Ref. 2 for a single crystal of BSCO withTc58 K, whose

FIG. 2. Optical conductivitys(v) of the BSCO film, as ex-
tracted fromR(v) in Fig. 1 by Kramers-Kronig transformations
The inset shows that, on the high-frequency side of the FIR pe
s21(v) is linear withv both at 200 K and 30 K.
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R(v) was measured from 12 000 to 50 cm21. However, as
evident from Fig. 3 where the FIRs(v,T) has been reported
on an expanded scale, the extension of the spectra dow
10 cm21 has allowed us to resolve a narrow, low-frequen
absorption from the FIR peak. The dip separating these
components ofs(v) is observed at all temperatures. It co
responds to a change of slope at;50 cm21 in R(v), see
Fig. 1, where no instrumental effects are present, e.g., b
splitter transmittance minima or data file overlaps. The lo
frequency component of the absorption increases forv→0,
extrapolates to thesdc(T) values measured in the sam
sample~full triangles!, and disappears belowTc . The open
circles in Fig. 3 show that this feature, presumably peake
v50, is very well fitted at 30 K by anormal Drudeterm

s~v!5
vD

2 /4p

GD1v2/GD

, ~3!

with plasma frequencyvD52100 cm21 and scattering rate
GD535 cm21. At 100 ~200! K one obtains, instead,vD
51800(1600) cm21 andGD535(40) cm21. If one extrapo-
lates the Drude fits to obtains(0,T) at all temperatures, on
obtains the values reported by open circles in the inse
Fig. 1 together with the dc resistivity~full line! measured in
the same sample. The agreement is within a few percen

The results reported in Figs. 2 and 3 point towards a m
ticomponent model fors(v) and indicate a coexistence o
free and bound charges. The latter may be polaronic in
ture and may aggregate at low temperatures, as propose
the NCCO system in Ref. 8. Emery and Kivelson9 have pre-
sented a picture where free carriers are scattered by arra
~dynamical! bound charges which carry local dipoles. Fo
lowing these authors, the optical conductivity can be writ
as

FIG. 3. Expansion in the FIR of thes(v) of Fig. 2. The open
circles are the best fit to a normal Drude term, given by Eq.~3!,
here proposed only for the 30 K curve. The dots and the square
best fits of Eqs.~4! and~5! to data at 8 and 200 K, respectively. Th
triangles on the ordinate axis represent the values ofsdc measured
at the same temperatures, also reported in the inset of Fig. 1.
inset shows the spectral weight calculated from Eq.~2! ~see text!.
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s~v,T!5sa1sb5
e2A

v
x2~v,T!1~e* !2vx2~v,T! ~4!

with

x2~v,T!5c tanh~\v/2kBT!
Gp

Gp
21v2

. ~5!

In Eq. ~4!, sb is the contribution of the bound charges, mo
eled asc dipoles of chargee* . sa takes into account the
scattering of the free carriers of chargee by these dipoles.Gp
determines both the FIR peak frequency and width, whileA
is a constant whose expression is reported in Ref. 9.

Equation~4! was compared unsuccessfully with the op
cal conductivity measured in La2CuO41y .15 On the contrary,
good fits of Eq.~4! to the present BSCO data are obtained
all temperatures, as reported in Fig. 3 forT.Tc ~200 K! and
T,Tc ~8 K!. Remarkably, by using the two parametersc and
Gp ~whose values are 230 cm21 at 200 K, 135 cm21 at 8 K!,
one reproduces the Drude term, the asymmetric FIR pe
and the softening and narrowing of this latter for decreas
T.

Below Tc the Drude peak disappears from the measur
range and the FIR peak loses the intensity correspondin
the underlying Drude tail. This effect, which has been rep
duced in the fit by fixingsa(v,T58 K)50, allows one to
perform a further check of the present analysis. In fact,
loss of spectral weight observed belowTc in the inset of Fig.
3 provides an estimate of the London penetration depth
the film, as given by the Ferrell-Glover sum rule16

lL
25

c2

8E
vmin

vmax
@sn~v,30K !2ss~v,8K !# dv

, ~6!

where herec is the speed of light and the other symbols ha
a obvious meaning. Forvmin510 cm21 and vmax
515 000 cm21 one obtainslL5300610 nm, a value in ex-
cellent agreement with that obtained for Bi2Sr2CuO6 from
transport measurements~310 nm!.11 On the other hand, no
estimate of the superconducting gap can be made, due to
strong FIR peak which overshadows the collapse of
Drude component belowTc .

In conclusion, the present far-infrared study of BSC
questions the widely accepted ‘‘anomalous Drude1 pseu-
dogap’’ model, through the identification ins(v,T) of a
narrow, normal Drude absorption well resolved from
broad FIR peak. The small value of the free-carrier scatte
ing rate (GD,50 cm21) is consistent with a metal in an
extremely clean limit, where the carriers move in well o
dered, nearly defect-free Cu-O planes. Comparable value
GD can be obtained in doped semiconductors by the te
nique of ’’modulation doping,’’ namely, by spatially separa
ing the impurities, which provide the free carriers, from t
planes where these latters are free to move. In BSCO
Cu-O planes seem then to be very clean, while the even
impurities and defects are mostly distributed out of plane

The v21 dependence ofs(v) in the mid infrared, often
invoked to justify the need for an anomalous Drude mode
due to the tail of the peak centered at finite frequencies
should be ascribed to the bound charges. Similarly, the o
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cal pseudogap~see Fig. 2! is a depression ins(v) created by
the bound-charge absorption as this latter narrows and
ens for decreasingT. This effect is required by the conserv
tion of ne f f with temperature, here fulfilled within a few
percent. In this respect, any optical determination of the te
peratureT* where the pseudogap starts opening seems q
tionable, as typically the FIR peak is observed even aT
.T* .

The present observations strongly support the coexiste
of free and weakly bound charges in BSCO, responsible
the normal Drude absorption and the FIR peak, respectiv
This latter is very similar to the polaronic feature observed
,

nd

o,

s.

ns

rn
,

ft-

-
s-

ce
r

y.
n

semiconducting cuprates at low doping. Its softening for
creasingT, followed by a saturation belowT;150 K, has
already been attributed in Nd22xCexCuO4 to the formation
of polaronic aggregates. This approach is confirmed by
present observations in BSCO, which are remarkably w
fitted by a phase-separation model based on the scatterin
the free carriers by dynamical arrays of weakly bou
charges.
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