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Far-infrared investigation of the pseudogap in underdoped Pb2Sr2„Y/Ca…Cu3O8
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The optical conductivity of underdoped Pb2Sr2~Y/Ca!Cu3O8 has been obtained from 40 to 700 cm21 via
Kramers-Kronig analysis of thec-axis-polarized reflectance measured at temperatures between 10 and 300 K.
In the normal state at the lowest and highest frequencies where it is least obscured by a large phonon
contribution, the backgroundc-axis optical conductivity of underdoped Pb2Sr2~Y/Ca!Cu3O8 is observed to
decrease systematically as the temperature is lowered from 300 to near 150 K. Upon lowering the temperature
further, the optical conductivity remains constant until the superconducting transition temperature of 65 K is
reached, whereupon, at the lowest frequencies only, a further depression is observed due to the removal of
spectral weight into the superconducting condensate. The spectral weight which is redistributed into the
d-function condensate is estimated to derive from frequencies below 425 cm21. The depressed conductivity in
the normal state is attributed to the formation of a pseudogap similar to that previously observed for under-
doped YBa2Cu3O72y , YBa2Cu4O8, and La22xSrxCuO4. The temperature dependence suggests that the
pseudogap is fully formed at a temperature of the order 150 K. This corresponds closely to the temperature
range where a change in slope of theab-plane dc resistivity, and a decrease in the63Cu NMR Knight shift are
observed.@S0163-1829~97!05037-6#
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I. INTRODUCTION

The unconventional, and highly anisotropic response
the high-Tc superconductors in the far-infrared region of t
electromagnetic spectrum has been well documented,
much discussed.1 From the time single-crystal samples we
available the main focus has been on understanding
transport within the CuO2 planes. This is primarily the con
sequence of the fact that the superconductivity is believe
originate within these quasi-two-dimensional sheets, but a
because the actual physical geometry of the single-cry
samples in most cases dictates that measurements alongc
direction will be difficult due to the small dimension. Nev
ertheless, a growing body of work aimed at examining
transport along thec axis has been developing, and h
yielded interesting results.2–7 One of the most significant is
the observation of the formation of a pseudogap in the
and essentially frequency-independent normal-state op
conductivity as the temperature is lowered below a cha
teristic temperature, typically significantly higher than t
superconducting transition temperature.2 The pseudogap
gives rise to a non-Drude semiconductinglikec-axis dc re-
sistivity in underdoped materials.8 The opening of the
pseudogap in the spectrum of low-energy excitations
also be observed in nuclear magnetic resonance~NMR!,9

specific-heat,10 and neutron-scattering experiments.11 Its in-
fluence on the transport properties is not limited to thec
560163-1829/97/56~14!/9129~5!/$10.00
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direction. It has been shown to affect the in-plane
resistivity,12 as well as the in-plane frequency-depende
scattering rate.13,14

The pseudogap has been clearly observed in the l
frequency c-axis optical conductivity of underdope
YBa2Cu3O72x with x'0.3,2 and YBa2Cu4O8 which is natu-
rally underdoped.4 Both of these materials have double CuO2
layers, and in both cases the conductivity is depressed at
temperatures below a well-defined pseudogap edge
300 cm21. For the single layer material, La22xSrxCuO4, the
results are somewhat less clear. Uchidaet al. found a weak
pseudogap behavior in the normal state for an underdo
sample withx50.12, at frequencies below 650 cm21,5 while
Basovet al. found for a sample withx50.15 that, while the
conductivity is depressed in the far infrared as the tempe
ture is lowered, there was no clear low-frequency signat
of the pseudogap edge, and that in fact the energy scale
this non-Drude-like behavior extends to 0.5 eV.6 The de-
pressed conductivity associated with the pseudogap
seems to be a general property of the underdoped cup
superconductors however its energy scale appears to
somewhat material dependent. Despite observed mate
specific differences in the manifestation of the pseudo
Basovet al. noted that the superconducting state behavio
quite similar across the various families of compounds. T
is, in both one- and two-layer materials there is a furth
depression in thelow-frequencyoptical conductivity below
9129 © 1997 The American Physical Society
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9130 56REEDYK, TIMUSK, HSUEH, STATT, XUE, AND GREEDAN
Tc which can be accounted for by the formation of the s
perfluid condensate.6 In order to further generalize these o
servations it is necessary to examine the nature of
pseudogap in other materials. In what follows we report
results of a study of the pseudogap in thec-axis optical con-
ductivity of the underdoped Pb2Sr2~Y/Ca!Cu3O8 system.

II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERIZATION

Single-crystal samples of underdoped Pb2Sr2~Y/Ca!Cu3O8
were synthesized using a PbO/NaCl flux technique descr
previously.15 For representative crystals, theab-plane dc re-
sistivity measured in a van der Pauw geometry, and the m
netization measured using a Quantum Design supercond
ing quantum interference device magnetometer, are show
the main panel, and the inset to Fig. 1 respectively. A
result of the reduced carrier density, the magnitude of the
resistivity of the underdoped crystal is, as expected, gre
than that of more optimally doped samples.16 Although the
superconducting transition temperature, as determined f
the dc resistivity, appears to be 80 K, the magnetization d
suggests that the situation is more complicated. The ma
tization curve indicates that while the onset of supercond
tivity occurs near 80 K, that true bulk superconductivi
often defined to occur at the midpoint of the transition, do
not appear for the underdoped crystal until approximately
K. In optimally doped samples the magnetic transition
much sharper.3 As discussed below, the optical data furth
support the conclusion that for underdop
Pb2Sr2~Y/Ca!Cu3O8 bulk superconductivity has a lower on
set.

The method employed for the reflectance measurem
makes use of an overfilled sample mounted on a lig
scattering cone and anin situ gold evaporation to account fo

FIG. 1. In-plane dc resistivity~solid curve! of underdoped
Pb2Sr2~Y/Ca!Cu3O8 ~main figure!. Note, with the aid of the dashe
lines, the change in slope which occurs between 150 and 20
Although the dc resistivity indicates zero resistance is attained a
K, the magnetization as shown in the inset, suggests that bulk
perconductivity occurs near 65 K~the midpoint of the magnetic
transition!.
-

e
r

ed

g-
ct-
in
a
c
er

m
ta
e-

c-

s
5
s
r

nt
t-

irregularities in sample shape and surface morphology.17 The
ac face, measuring approximately 300mm by 600 mm
~where the smaller dimension is alongc!, of a single crystal
was used. All measurements were carried out in
s-polarized geometry. It was necessary to mechanically p
ish the rough face of this submillimeter sized crystal to o
tain a measurable signal. Thec-axis measurements were ca
ried out using a Michelson-type rapid scan interferomete
the range from 40 to 700 cm21 at temperatures between 1
and 300 K. High-frequency extensions for the Krame
Krönig analysis were obtained as described previously.3

The optical data are compared with results from NM
measurements on crystals from the same synthesis b
Standard pulsed NMR techniques were used in a field
H0.7.8 T to measure the Knight shift of the planar Cu~2!
atoms. The sample was a composite of 29 crystals aligne
a quartz plate, held in place with vacuum grease. The Cu~2!
signal is readily distinguished from the Cu~1! signal ~Cu~1!
sites lie between the PbO planes! which has a spin-lattice
relaxation rate four orders of magnitude less than that of
Cu~2! sites.

III. RESULTS

The Kramers-Kro¨nig derived optical conductivity,s1(v),
is shown in Fig. 2. Figure 2~a! showss1(v) for tempera-
tures between 300 and 135 K. Since the evolution of
phonon features with doping and with temperature has b
examined in detail in a previous study,3 and since they are
not particularly relevant to the discussion that follows, t
phonons have been cutoff in the figure. Note that the e
tronic background at both high frequencies above the ra
of the phonons and at low frequencies below the range of
phonons appears to decrease monotonically with decrea
temperature. Figure 2~b! shows the optical conductivity a
temperatures between 135 and 65 K. In this tempera
range the background conductivity remains constant. Fig
2~c! shows the optical conductivity as the sample enters
superconducting state. Note that there is a further decrea
the low-frequency background conductivity~as well as sig-
nificant changes in the phonon features as discus
previously3!.

In Figs. 3~a! and 3~b! we summarize the temperature d
pendence of the optical conductivity at 700 and 50 cm21,
above and below the range of the phonons, respectively.
clear that its behavior can be divided into three regimes, w
the crossover between the high- and intermedia
temperature regimes occuring near 150 K. The lo
temperature regime, which is only evident in the low
frequency data of~b!, corresponds to temperatures in th
superconducting state. In Fig. 3~c! we show for comparison
the temperature dependence of the spin component of
planar 63Cu Knight shift with the magnetic field oriente
perpendicular to thec axis of the crystals. A temperature
independent orbital component has been subtracted.
temperature dependence can also be characterized by
distinct temperature regimes with similar crossover tempe
tures.

IV. DISCUSSION

The first point to be made upon examination of Fig. 2
that unlike the other two-layer materials, YBa2Cu3O7 and

K.
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YBa2Cu4O8 for which c-axis optical conductivity data ar
available, there is no observable sharp pseudogap edge i
low-frequency far-infrared data for underdope
Pb2Sr2~Y/Ca!Cu3O8. It is conceivable, but unlikely given th
discussion that follows, that such a feature could be hid
underneath the large phonon structure. Efforts to subtrac
phonons in order to extract the background conductiv
were found to be extremely susceptible to the choice of
shape in the fitting procedure. That is, due to the asymme
line shape of the phonons, and their large oscillator stren
relative to the background conductivity, a smooth ba
ground with no sharp features yielded an equally good fit
the normal-state conductivity as a background in the form
a broadened step function. Nonetheless, the data of Fig
and 3 clearly show that there is a depression of thec-axis
far-infrared optical conductivity, at both low and high fre
quencies as the temperature is lowered from 300 to 150 K
approximately half of its room-temperature value, an obs
vation consistent with the existence of a pseudogap with
energy scale beyond the far infrared. Note as well from F

FIG. 2. c-axis-polarized real optical conductivity of underdop
Pb2Sr2~Y/Ca!Cu3O8. The upper panel~a! shows the temperatur
dependence observed between 300 and 135 K. Note that the
background conductivity upon which the strong phonons sit
creases monotonically with decreasing temperature. The mi
panel ~b! shows s1(v) at temperatures between 135 K andTc

565 K. Note that the background conductivity remains consta
The lower panel~c! showss1(v) upon entry to the superconduc
ing state. Note that at low frequencies the background conduct
is suppressed, while at high frequencies it remains constant.
shaded horizontal bar corresponds to the spectral weight of the
perconducting condensate.
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1 that the ab-plane dc resistivity of underdope
Pb2Sr2~Y/Ca!Cu3O8 exhibits a pronounced change in slop
between 150 and 200 K, a signature of the formation of
pseudogap.12

The second point to note is that the overall magnitude
the c-axis background optical conductivity of underdop
Pb2Sr2~Y/Ca!Cu3O8 ~'20 V21 cm21 near 700 cm21!, while
somewhat greater than that of single-layer La22xSrxCuO42y
~'10 V21 cm21 near 700 cm21!,5,6 is half that of under-
doped YBa2Cu3O72x with x50.3 ~'40 V21 cm21 near
700 cm21!,2 similar to underdoped YBa2Cu3O72x with x
50.5,2 and considerably smaller than that of YBa2Cu4O8
('150 V21 cm21 near 650 cm21!,4 suggesting that the ap
pearance of a far-infrared pseudogap edge is likely not
lated to either the absolute value of thec-axis conductivity or
to whether or not the materials are of a single- or doub
layer nature.

Although the exact shape of the background conductiv
of underdoped Pb2Sr2~Y/Ca!Cu3O8 could not be unambigu-
ously extracted, it is clear from Fig. 2 that it is decided
non-Drude-like in the normal state, with a magnitude sign
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FIG. 3. Temperature dependence of thec-axis optical conduc-
tivity of underdoped Pb2Sr2~Y/Ca!Cu3O8 measured~a! at 700 cm21,
above the range of the phonons, and~b! at 50 cm21 below the range
of the phonons, compared~c! to that of the spin component of th
63Cu NMR Knight shift. Note in both~a! and ~b! the depressed
conductivity below 200 K. The transfer of spectral weight to t
superconducting condensate atTc is clearly seen in the low-
frequency data of~b!. The temperature dependence of the NM
Knight shift echoes that of the low-frequency optical conductivi
Lines are a guide to the eye.
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cantly smaller than Mott’s minimum metallic conductivi
limit, indicating incoherent out-of-plane transport. This o
servation is consistent withc-axis dc-resistivity measure
ments which show that in underdoped crystals
Pb2Sr2~Y/Ca!Cu3O8 thec-axis resistivity exhibits a semicon
ductinglike increase with decreasing temperature in the
mal state, in contrast to optimally doped samples where
c-axis resistivity decreases in a metallic fashion with
creasing temperature.16

A dramatic change occurs in the optical properties
Pb2Sr2~Y/Ca!Cu3O8 belowTc . A prominent plasma edge ap
pears in the reflectance,3 indicating that the onset of supe
conductivity is accompanied by coherent interlayer cha
transport. Analysis in terms of thev22 dependence of th
real part of the dielectric function,e1 , of a d function
(G→0) Drude condensate yields a plasma frequency ofvp
5285 cm21 and a London penetration depth of 5.6mm.3 The
conductivity sum rule gives the spectral weight of the c
densate via *s(V21 cm21)dv5vp

2/(834.77 V)52125
V21 cm22, wherevp is in cm21 and 4.77V is a multipli-
cative factor used to convert conductivity in units
V21 cm21 to units of cm21. The quantity 2125V21 cm22

represents the missing area between the background co
tivity of the 65 and 10 K curves of Fig. 2~c!.

The low-frequency optical conductivity in the superco
ducting state, while extremely small ('4 V21 cm21) re-
mains finite to the lower limit of the range investigated. T
is also observed in the other families of high-Tc materials.
Figure 3 shows that the onset of superconductivity manif
itself on the background conductivity only in the low
frequency data which experiences a further depression
about a factor of 2 (5V21 cm21), as a result of this transfe
of spectral weight into thed-function condensate at zero fr
quency. Concurring with the magnetization data of Fig
this is found to occur at a decreasedTc of approximately 65
K. As indicated by the shaded rectangular bar in Fig. 2~c!,
the missing spectral weight can be accounted for by a
pression of 5 V21 cm21 over a frequency range o
425 cm21, which would explain the observation that the co
ductivity at frequencies above 500 cm21 does not appear to
be affected by the onset of superconductivity. This ene
scale is however considerably higher than that of 3.5kTc
'160 cm21.

Comparison of Figs. 3~b! and 3~c! reveals that the tem
perature dependence of the low-frequencyc-axis optical con-
ductivity is similar to that of the63Cu NMR Knight shift.
Both the low-frequency optical conductivity, and the sp
component of the Knight shift decrease rapidly with the
set of superconductivity. AboveTc , both quantities are de
pressed from their high-temperature values in
intermediate-temperature regime extending from just ab
.
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Tc to approximately 150 K. This depression is interpretted
be the result of the formation of a pseudogap. A more
tailed study of NMR measurements of underdop
Pb2Sr2~Y/Ca!Cu3O8 is presented elsewhere.18 We note here,
however, that a close correspondence between the temp
ture dependence of thec-axis optical conductivity and of the
NMR Knight shift has also been observed for YBa2Cu3O7
~Ref. 2! and YBa2Cu4O8,

4 and has been taken as eviden
for an association of the pseudogap state with the openin
a gap in the spectrum of spin excitations which affects
conductivity ~charge transport! via an interaction between
the charge and spin excitations.19

The cummulative evidence thus points towards the ex
tence of a pseudogap in the normal-statec-axis conductivity
of underdoped Pb2Sr2~Y/Ca!Cu3O8 which is characterized by
a non-Drude incoherent transport, and is fully developed a
temperature of the order 150 K with a temperature dep
dence that is echoed in both the dc resistivity and the NM
Knight shift. The superconducting state is characterized, a
is for several other families of high-Tc compounds, by the
reappearance of coherent transport as a result of a transf
spectral weight from an energy scale considerably hig
than 3.5kTc into a d-function condensate.

V. CONCLUSION

The far-infrared c-axis optical conductivity of under-
doped Pb2Sr2~Y/Ca!Cu3O8 has been found to be systemat
cally depressed with decreasing temperature between
and 150 K, providing evidence, together with dc resistiv
and NMR Knight-shift measurements, for the formation of
pseudogap in the normal state. No clear gap edge was
servable suggesting that like La22xSrxCuO42y , the energy
scale for the pseudogap extends into the mid-infrared, an
thus higher than that for YBa2Cu4O8 and underdoped
YBa2Cu3O72x , where it is of the order 300 cm21. Upon en-
try to the superconducting state coherent transport sets
and thec-axis conductivity at the lowest frequencies is fu
ther depressed due to a transfer of spectral weight into
d-function Drude condensate. The redistributed normal-s
spectral weight is estimated to derive from frequencies up
approximately 425 cm21, an energy scale significantly
higher than 3.5kTc .
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