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Far-infrared ellipsometric study of the spectral gap in the c-axis conductivity
of Y12xCaxBa2Cu3O72d crystals
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The temperature~T! and doping dependence of the spectral gap in the far-infraredc-axis conductivity of
Y12xCaxBa2Cu3O72d has been studied by ellipsometry. For underdoped crystals aT-independent spectral gap
is observed which persists almost unchanged into the normal state. The normal-state gap disappears at opti-
mum doping whereas a conventionalT dependence of the spectral gap is found for overdoped samples. The
analogy to the results of angle-resolved photoemission suggests that thec-axis conductivity may be dominated
by the carriers at theX point of the two-dimensional Brillouin zone.@S0163-1829~99!50910-7#
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It is widely recognized that the normal-state~NS! gap in
the low-energy spin and charge excitations of the Cu2
planes may be central to the understanding of high-Tc super-
conductivity in the cuprates. The NS gap was originally o
served in NMR experiments and viewed as a ‘‘spin gap.1

Recently, specific-heat and magnetic-susceptibi
measurements2 have shown that the NS gap also involves t
charge excitations. This finding has been reinforced
angle-resolved photoemission spectroscopy~ARPES! ~Refs.
3–5! and tunneling experiments.6 The signatures of the NS
gap have also been identified in optical studies.7–9 In particu-
lar, a gaplike suppression of the NS far-infrared~FIR! c-axis
conductivity was observed in underdoped YBa2Cu3O72d ~Y-
123! ~Refs. 7 and 9! and YBa2Cu4O8.

10

In order to explain the NS gap a vast number of mod
have been proposed which are based on different me
nisms, such as short-range superconducting~SC!
fluctuations,11 spinon pairing in Luttinger-liquid models,12 or
a precursor of an antiferromagnetic spin-density wa
state,13 just to mention a few. However, the origin of the N
gap is still unclear. It is even debated whether the vari
experimental techniques probe a unique NS gap effect.

In this paper we report on ellipsometric measurements
the FIR c-axis conductivity of Y12xCaxBa2Cu3O72d ~Y,Ca-
123! crystals which show in detail how the spectral gap d
velops as a function ofT and hole doping ranging from un
derdoped to overdoped. The preparation of Y,Ca-1
crystals has been described elsewhere.14 The midpoint tran-
sition temperatureTc and the transition widthDTc ~10–
90 %! have been determined with a superconducting qu
tum interference device~SQUID! magnetometer.
PRB 590163-1829/99/59~10!/6631~4!/$15.00
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The ellipsometric measurements have been performe
the U4IR beamline of the National Synchrotron Light Sour
~NSLS! at Brookhaven National Laboratory, using a hom
built setup attached to a Nicolet Fast-Fourier Spectromete15

The technique of ellipsometry15 provides significant advan
tages over conventional reflection methods in that~i! it is
self-normalizing and does not require reference meas
ments, and~ii ! the real and the imaginary parts of the diele
tric function, «5«11 i«2 , are obtained directly without a
Kramers-Kronig transformation. In combination with th
high brilliance of the synchrotron this enables us to perfo
very accurate measurements of« on crystals with ac faces a
small as 0.531 mm2. Since only relative intensities are re
quired, the ellipsometric measurements are very reproduc
and the data taken at a givenT before and after therma
cycling, or several days of measurements, coincide to wit
the noise level. In particular, this allows us to resolve ve
small changes of« with T and doping. Note that the dat
presented in this paper are obtained from the pseudodie
tric functions measured with thec axis along the line of
intersection between the plane of incidence and the sam
surface. It was shown previously that the fit obtained us
the full anisotropic tensor elements did not alter the result15

Figure 1~a! shows the real part of thec-axis conductivity,
s1c , for an underdoped YBa2Cu3O6.75 crystal with Tc
578(2) K. Superimposed on the electronic~el.! background
are the seven IR-active phonon modes at 155, 190, 285,
570, 620, and 630 cm21.7–9 In addition, at lowT a broad
peak~whose origin is not yet understood! forms around 500
cm21 at the expense of the phonons at 320 cm21 and 570
cm21.7,9 The contributions of the phonons and the bro
R6631 ©1999 The American Physical Society
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peak have been obtained by fitting a sum of modified Lore
zian functions, «(v)5Sv0

2 exp(iF)/@(v0
22v2)2ivG#,7,9 to

the complex dielectric function. Details will be reporte
elsewhere.16 Figure 1~b! displays the el. conductivity,s1c

el ,
which has been obtained by subtracting the contribution
the phonons and the broad peak froms1c . Note that the
phonon subtraction does not strongly affect the general
tures of the electronic background in the relevant high f
quency region. At the lowestT reached (T57.5 K), s1c

el can
be seen to decrease almost linearly towards zero frequ
while remaining finite up to the lowest measured frequ
cies. This behavior has been previously reported and
plained in terms of the unconventionald-wave symmetry of
the SC order parameter for which quasiparticles can be
cited across the gap nodes for any finite photon energ7,9

Here we concentrate on the spectral gap which manif
itself as a suppression ofs1c

el with decreasing temperature
We define the size of the spectral gap as the frequency o
onset of this suppression. In the SC state its size~as esti-
mated with respect tos1c

el at T;Tc) roughly corresponds to
2D, whereD is the maximum value of thed-wave–SC gap.17

From Fig. 1 it appears that 2D is above the upper limit of the
measured spectral range: by extrapolation~dashed lines! we
obtain 2D(T→0)5800(30) cm21. Most notably, the el.
conductivity in the high frequency region remains almosT
independent in the SC state. This implies that 2D does not
decrease with increasingT. In the SC states1c

el increases

FIG. 1. ~a! The c-axis conductivity, s1c , of underdoped
YBa2Cu3O6.75. The dashed lines indicate the extrapolation beyo
the measured spectral range.~b! The el. conductivity,s1c

el , which is
obtained after the contributions of the seven phonons and the b
peak around 500 cm21 have been subtracted.
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with T only at frequencies well below 2D. The overallT
dependence ofs1c

el is indicative of a strongly anisotropic an
T-independent–SC gap which merely fills in with therma
excited quasiparticles from the gap nodes.17 It can be seen
that the spectral gap persists in the NS far beyondTc . No-
tably, the NS spectral gap has a very similar size and sh
like the SC gap and does not seem to decrease with incr
ing T. The increase ofs1c

el at high frequencies seems rath
to be related to a filling in of the gap which is completed
a certain temperature,T* ;200 K, above whichs1c

el becomes
almostT andv independent.

We note that results strikingly similar to those report
above have been obtained in ARPES studies3–5 on
Bi2Sr2CaCu2O81d ~Bi-2212! which probe the in-plane spec
tral function. The ARPES spectra around theX point of the
two-dimensional~2D! Brillouin-zone ~BZ! reveal a gap of
T-independent magnitude which persists almost unchan
in the NS.3,5 The NS gap does not decrease in size w
increasingT but merely fills in~the pit in the spectral func-
tion is getting shallower! and the spectral function become
nearly flat above a specific temperature,T* . We note that
there is growing experimental evidence that the electro
properties of the cuprate compounds are determined ma
by the CuO2 planes~see, e.g., Ref. 19!. We therefore assume
that it is possible to correlate the ARPES data on Bi-22
and thec-axis conductivity of Y-123 and suggest—on th
grounds of the analysis mentioned above—that the spe
features of thec-axis conductivity are determined by the e
structure around theX point. The contribution from the re
gions around the BZ diagonal, where the NS gap in
ARPES spectra closes rapidly and a well-defined quasip
cle peak occurs,5 appears to be less important. This idea
consistent with band-structure calculations18 which predict
strongly anisotropic intra- and interbilayerc-axis hopping
rates, which are largest at theX point and vanish along the
BZ diagonal. Thec-axis transport may be incoherent~not
conserving momentum!, especially in the underdoped cas
Nevertheless, the interlayer scattering matrix elements17 are
likely to be strongly influenced by the anisotropy of the on
electron hopping rates mentioned above. Following th
ideas, we have calculated the contributions(kF ,v,T) of a
k-point kF located at the Fermi crossing alon
(p/a,0)-(p/a,p/a) ~close toX! to the conductivity, using
the spectral functionA(kF ,v,T) presented in Ref. 5:

s~kF ,v,T!;E dv8A~kF ,v8,T!A~kF ,v1v8,T!

3
nF~v8,T!2nF~v1v8,T!

v
.

The latter spectral function was obtained from the ARP
data of underdoped Bi-2212 withTc583 K,Tc,max592 K,5

close toTc578 K,Tc,max592 K of our Y-123 sample. The
results shown in Fig. 2 reproduce the main features of
experimental spectra of Fig. 1~b!.

The similarity between the NS and the SC gap at theX
point has led to the suggestion that the NS gap is related
precursor SC state.3,5 Our data, however, do not support su
a scenario since we find that the missing spectral we
related to the NS gap does not contribute to the SC d
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function at zero frequency once a coherent SC state is es
lished belowTc . Instead, it is shifted towards higher fre
quencies beyond the range covered by our experiment.
rect evidence for such a shift has been obtained fr
reflectivity measurements which cover a wider frequen
range.10 We have determined the unscreened plasma
quency of the superconducting condensate from the z
crossing of«1

el ~with the phonons subtracted! at 205 cm21 to
be vps'~205 cm21/A«`)5420 cm21, where «`54.2 was
adopted from Ref. 8. Details of the procedure will be p
sented elsewhere.16 According to the sum rule, we shoul
obtain vps

2 5(120/p)*0
700@s1c(v,300 K)2s1c(v,7.5 K)#dv

if the NS gap was related to a precursor SC state, whe
vps

2 5(120/p)*0
700@s1c(v,80 K)2s1c(v,7.5 K)#dv should

hold otherwise. For the estimate of the missing area, we
trapolated the conductivity towards zero frequency values
s1c(v50) of 40 V21 cm21 at 300 K, 14 V21 cm21

at 80 K, and 0 V21 cm21 at 7.5 K We obtain
vps~SC1NS gap!'750 cm21 and vps~SC gap!'450 cm21.

FIG. 2. Contribution of ak-point kF at the (p/a,0)-(p/a,p/a)
Fermi crossing~close toX! to the conductivity calculated from th
ARPES spectral function of Ref. 5.
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Despite this rather crude estimate, the difference between
two cases seems to be significant and suggests that the
gap is not related to a precursor SC state. This finding
plies that the SC and the NS gaps compete for the avail
spectral weight.2 Nevertheless, it is yet unclear whether th
SC and the NS gaps have a different or a comm
origin.2,12,13

Next we turn to the changes of the spectral gap with
creasing hole doping. Figures 3~a!–3~f! show s1c and s1c

el

for three Y0.86Ca0.14Ba2Cu3O72d crystals with different oxy-
gen content:~a! slightly underdoped withd50.4 and Tc
583(4) K; ~b! optimally doped with d50.3 and Tc
586(3) K; and~c! strongly overdoped withd50.1 andTc
575(3) K. Figures 3~a! and 3~b! show that the signature o
the NS gap~i.e., the suppression ofs1c

el with decreasingT!
still is evident for the crystal which is only slightly unde
doped. Apart from the slightly reduced gap size of 2D
'700(20) cm21 ~as indicated by the solid arrow!, the spec-
tral features are similar to those of the underdoped Y-1
crystal~Fig. 1!. For the optimally-doped crystal, even thoug
it is only slightly more oxygenated, the NS gap is abse
The spectral gap fills in aroundTc and the electronicc-axis
conductivity remains almostT andv independent in the nor
mal state@Figs. 3~c! and 3~d!, see also Ref. 19#, i.e., Tc
'T* . The gap size is again slightly reduced to 2D
'650(20) cm21. Finally, Figs. 3~e! and 3~f! displays1c and
s1c

el for the overdoped crystal. The data are shown only
the SC state and slightly aboveTc . Additional NS data well
aboveTc have been omitted for clarity buts1c was previ-
ously shown to exhibit a metallic behavior in that case.19 The
size of the spectral gap is once more considerably reduce
2D'530(20) cm21. This confirms the previous reports from
ARPES and tunneling experiments that the gap size
creases towards the overdoped regime4,5 while it increases on
the underdoped side3,5,6 despite the decrease inTc . Another
remarkable feature of the overdoped sample is the large f
tion, of quasiparticles which remain unpaired and fill in t
spectral gap. Apparently, this Drude component which is
sent in the underdoped crystals, grows rapidly on the ov
doped side. The origin of these carriers is yet unclear
seems to be related to the suppression of the NS gap.19 Since
FIG. 3. Thec-axis conductivity,s1c , and the el. background,s1c
el , of three Y0.86Ca0.14Ba2Cu3O72d crystals:~a,b! underdoped withd

'0.4 andTc583 K, ~c,d! optimally doped withd'0.3 andTc586 K, and~e,f! overdoped withd'0.15 andTc575 K. The arrows indicate
the onset of the spectral gap.
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their contribution is more pronounced in thec-axis conduc-
tivity than in the in-plane optical response20 and the specific
heat2 of similarly overdoped samples, we speculate that th
unpaired carriers may originate mainly from ak-space region
close to theX point ~cf. our arguments given above!. We
note that the predominant appearance of the unpaired car
in s1c cannot be easily explained by impurity scatteri
which should be most efficient at the gap nodes. In fact,
known that Zn substitution causes strong pair breaking
indeed the resulting unpaired carriers show up clearly in
in-plane optical response but hardly in thec-axis response.21

Finally, we comment on theT dependence of the SC gap
the overdoped crystal. It is evident from Fig. 3~f! that the gap
exhibits a rather conventionalT dependence, i.e., it decreas
with increasingT ~the onset of the missing area is reduced
;480 cm21 at 60 K and to;300 cm21 at 70 K! and it closes
at Tc . This conventionalT dependence contrasts with th
T-independent gap size of the underdoped crystals. We
phasize that a corresponding trend has been obtaine
ARPES studies on overdoped Bi-2212.4,5

In summary, theT and doping dependence of the spect
gap in the FIRc-axis conductivity of Y,Ca-123 crystals ha
e

ers

s
d
e

m-
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l

been studied by ellipsometric measurements which are m
accurate and precise than conventional reflection meas
ments. We show that on the underdoped side the spectra
is T independent and persists almost unchanged in the
having a similar size and shape like the SC gap. The NS g
however, cannot be related to a precursor SC state sin
depletes the SC condensate which forms belowTc . We
show that the NS spectral gap disappears at optimum do
and that the SC spectral gap of overdoped samples exhib
rather conventionalT dependence and closes atTc . The gap
size is found to decrease continuously with increasing h
doping. Many aspects of our spectra and, in particular
comparison between the spectra of the underdoped sam
and an estimate based on ARPES data suggest that thec-axis
conductivity is dominated by the carriers around theX point
of the two-dimensional BZ.
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