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Optical and Raman-scattering studies of a-, b-, and c-axis YBa,Cu;0¢, , between 0.025 and 5.5 eV are
presented as a function of doping, and compared to the results of Bi,Sr,CaCu,03 and La,_, Sr,CuO,.
Our doping-dependence studies show that the redistribution of spectral weight in the CuQO, planes of
YBa,Cu;0q , differs significantly from that seen in La,_,Sr,CuO,. We also find that the redistribution
of spectral weight in the cuprates is primarily responsible for the loss of two-magnon Raman-scattering
intensity with doping. Finally, we show that bound-carrier contributions comprise a significantly larger
fraction of the spectral weight below 1 eV in lower-T, cuprates such as the 2:1:4 compounds than in
higher-T, cuprates such as YBa,Cu;0¢, and Bi,Sr,CaCu,03. We suggest that the low-frequency con-
ductivity ( <1 eV) in the 2:1:4 compounds is most appropriately described by a two-component picture,
while that in YBa,Cu;04, and Bi,Sr,CaCu,Oy is adequately described as a single component of strong-
ly interacting carriers. In the metallic phase we find several interesting consequences of a single-
component interpretation of the optical data in YBa,Cu3O¢.,, such as a linear-in-w frequency-
dependent scattering rate and an increase in the interaction strength with decreased carrier density. Fi-
nally, we show that the c-axis optical response in YBa,Cu;0; (T, ~90 K) is characterized by a c-axis po-
larized Raman continuum and a Drude conductivity arising from interbilayer charge transport along the
¢ direction. With decreased doping, the c-axis Drude response decreases dramatically, indicating a
decoupling of the CuO, plane bilayers in YBa,Cu;Oq,. By comparison, the ab-plane optical response is
not strongly influenced by interbilayer decoupling, suggesting that the unusual ab-plane charge dynamics
in YBa,Cu;0q , persist in nearly isolated CuO, plane bilayers.
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I. INTRODUCTION

In spite of much study, a number of uncertainties re-
garding the nature of the normal-state charge dynamics
in the high-T, cuprates remain. For example, the evolu-
tion of the optical response in the CuO, planes with dop-
ing is still not well understood. Optical studies of 2:1:4
compounds such as La, ,Sr,CuO, (Ref. 1) and
Pr,_,Ce,CuO, (Ref. 2) show that both Drude-like and
mid-infrared absorption bands develop with doping at the
expense of oscillator strength above the charge-transfer
gap. However, determining whether this behavior
characterizes the intrinsic CuO, plane optical response in
the high-T, cuprates in general has been difficult in
twinned YBa,Cu;0q, ., due to the presence of CuO chain
contributions to the optical response. Secondly, an ap-
propriate description for the unusual charge dynamics in
the metallic phase, characterized by a non-Drude optical
conductivity below 1 eV (Ref. 3), and a broad inelastic
Raman-scattering continuum,* % has not yet been estab-
lished. The low-frequency optical response in the cu-
prates has been described both by single-component mod-
els, in which non-Drude behavior is attributed to quasi-
particle damping effects, and by two-component models,
in which the unusual optical response is ascribed to the
presence of secondary absorption processes unrelated to
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the free carriers. Again, this issue has been difficult to
clarify in studies of twinned YBa,Cu;O¢,, due to the
presence of the CuO chains. Finally, it has not yet been
determined if c-axis transport in the cuprates is coherent.
This issue is particularly significant, as it confronts the
basic assumptions made by both normal and supercon-
ducting state models of the cuprates.

In this paper, we report optical reflectivity, ellip-
sometry, and Raman-scattering measurements of
Bi,Sr,CaCu,0Og and twinned and single-domain
YBa,Cu;04, . The motivation behind this study is two-
fold. First, by examining the relationship between the
Raman scattering and optical responses in a-, b-, and c-
axis YBa,Cu;0q¢ ,, we hope to gain more insight into the
nature of the charge and spin dynamics in this material.
Secondly, by isolating the intrinsic CuO, plane response
in single-domain YBa,Cu;0q ., we can make meaningful
comparisons of the charge dynamics in the CuO, planes
of different cuprates. In particular, we can examine the
extent to which the CuO, plane charge dynamics of the
high-T, cuprates exhibit universal characteristics.

Section II describes details of the sample preparation,
the various experimental techniques used, and the pro-
cedure used to combine optical reflectivity and ellip-
sometric data to obtain accurate optical functions be-
tween 0.02 and 5.5 eV.
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Section III presents our reflectivity and Raman-
scattering results for ab-plane YBa,Cu;O04., and
Bi,Sr,CaCu,0g, and examines a variety of spectral func-
tions obtained from a Kramers-Kronig analysis of the
reflectivity data. Results on twinned YBa,Cu;0¢, sam-
ples at a variety of concentrations are juxtaposed with
single-domain YBa,Cu;0O¢ , results at several concentra-
tions in order to isolate CuO, plane contributions to the
optical response.

Section IV A discusses the doping dependence of the
ab-plane optical response of various cuprates, focusing in
particular on CuO, plane contributions in YBa,Cu;O0y .
Among our chief observations, we find that spectral
weight in the charge-transfer absorption band decreases
dramatically with doping, in agreement with Hubbard
model predictions. Additionally, we show that the com-
position of the low-frequency spectral weight in different
cuprates varies significantly, with bound-carrier contribu-
tions comprising a substantially larger fraction of spectral
weight below 1 eV in the 2:1:4 cuprates than in
YBa,Cu;0q, , and Bi,Sr,CaCu,04. This leads us to sug-
gest that the 2:1:4 compounds must be described by a
two-component picture involving both bound and mobile
charges, while the low-frequency conductivity in
YBa,Cu;04,, and Bi,Sr,CaCu,0; is adequately de-
scribed as a single component of mobile carriers.

Section IV B presents the results of a single-component
analysis of the optical data in YBa,Cu;O¢;, and
Bi,Sr,CaCu,0y4, and examines the physical consequences
of these results. We find that within a single-component
model, the doping dependence of the optical conductivity
is consistent with an increase in the quasiparticle interac-
tion strength with decreasing carrier concentration. Fur-
thermore, the dependence of the Raman-scattering spec-
tra on doping places strong constraints on the possible re-
lationship between the optical response and the unusual
Raman-scattering continuum.

Section V presents and discusses our c-axis optical re-
sults as a function of doping. We find that the c-axis opti-
cal response of YBa,Cu;0, (T,~90 K) is characterized
by both a small Drude term arising from interbilayer
charge transport, and a c-axis polarized Raman continu-
um. With decreased doping, we find that the disruption
of the CuO chains by removing oxygen from the chain
sites causes a rapid decoupling of adjacent CuO, plane bi-
layers. Notably, the ab-plane optical response appears to
be relatively unaffected by interbilayer decoupling, pro-
viding strong evidence that the unusual normal-state
charge dynamics of ab-plane YBa,Cu;Og. , persists in
decoupled CuO, bilayers.

II. EXPERIMENTAL

A. Sample preparation

Bi,Sr,CaCu,0q, single-domain YBa,Cu;O0¢,,, and
twinned YBa,Cu;0¢,, crystals were used in this study.
The T,=90 K (x ~ 1) single-domain YBa,Cu;Oq¢, , sam-
ples are grown using a method described elsewhere.’” Sin-
gle domain YBa,Cu;O¢,., crystals with 7,=66 K
(x ~0.6) are grown by annealing as-grown tetragonal sin-

S. L. COOPER et al. 47

gle crystals in flowing oxygen at 650 °C for ten days, then
rapidly quenching the samples down to liquid-nitrogen
temperatures within a few seconds.® Insulating
YBa,Cu;04 ; crystals are prepared by annealing the as-
grown crystals in flowing nitrogen gas at 650°C for two
days, then rapidly quenching the samples down to
liquid-nitrogen temperatures. The magnetization mea-
surements for the 66 and 90 K crystals used in this study
are shown in Fig. 1(a), illustrating superconducting tran-
sition widths (defined as the temperature difference be-
tween 10 and 90% maximum Meissner effect value) of 2
and 5 K for the 90 and 66 K single-domain crystals, re-
spectively.

Twinned ab-plane YBa,Cu;0¢,, samples with x ~0.9
(T,=91K),0.8(T,=85K),0.5(T,=54K),04(T,=38
K), and 0.3 (T,=0 K), and thick c-axis samples with
x~1(T,=91 K), 0.8 (T,=81 K), and 0.7 (T.=70 K)
were grown in gold crucibles using a method described
elsewhere.” The magnetization measurements for the
twinned crystals are shown in Fig. 1(b), illustrating the
sharp transition widths exhibited by all of the supercon-
ducting samples measured.

B. Reflectivity and ellipsometry measurements

Optical reflectivity measurements between 0.02 and 5.5
eV were obtained in a near-normal incidence config-

YBa,Cu,0;,, (a)
m
E x~06
=
£
A
2 10

0 20 40 60 80 100

Temperature (K)
M
0
c
=1
g Y os 08
= S
09
M ‘T;.:_J.J
0 20 40 60 80 100
Temperature (K)
FIG. 1. Bulk magnetization vs temperature in (a) single

domain and (b) twinned samples of YBa,Cu3;O¢.,. The vertical
scale is plotted in arbitrary units. The curves in (b) have been
scaled by factors of 8.6 (x ~0.4), 2.4 (x ~0.5), 1 (x ~0.8), and 38
(x~0.9).
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uration with a rapid scanning interferometer. The modu-
lated light beam from the interferometer was refocused
onto either the sample or an Au (for 0<w <2 eV) or Al
(for 1.5<w <5.5 eV) reference mirror, and the reflected
beam was refocused onto a detector appropriate for the
frequency range studied. The different sources, polariz-
ers, and detectors used in these studies provided substan-
tial spectral overlap, and the reflectivity mismatch be-
tween adjacent spectral ranges was less than 1%.

Ellipsometry measurements were also made between
1.5 and 6 eV using a rotating analyzer ellipsometer. A 75
W xenon arc lamp was used as the broad band source for
the ellipsometer, and wavelength selection was made with
a Cary monochromator. The incident polarization state
was selected by a Rochon prism acting as a polarizer.
After reflection from the sample at a known angle, the
polarization state of the light was sampled by a rotating
Rochon prism acting as an analyzer, and the light intensi-
ty was detected with a current mode photomultiplier
tube.

C. Phase correction procedure

One of the most common methods for obtaining the
frequency-dependent dielectric response is to use the
measured reflectivity R (o), and the phase ®(w) estimat-
ed from a Kramers-Kronig transformation of R (w),

_ o rInR(e')—InR (w) , |,
Ow=> [ — o ——dao' (1)

0 —w
to calculate other fundamental optical constants.!® Un-
fortunately, the Kramers-Kronig integral requires
knowledge of the reflectivity at all frequencies, and there-
fore R must be extrapolated beyond the measured fre-
quency range. The uncertainties in these extrapolations
can result in large errors in ® which are subsequently
propagated in the calculation of the dielectric response.

Recently, Bozovic!! introduced a procedure in which
errors in @ resulting from a Kramers-Kronig transforma-
tion of limited reflectivity data are corrected using the ex-
act ® determined from ellipsometric techniques. Below,
we describe a modified version of this procedure which
has been employed in the present study to obtain accu-
rate values of the optical constants in Bi,Sr,CaCu,Og and
YBa,Cu;0q¢ , between 0.025 and 5.5 eV.

In Fig. 2 we illustrate our correction procedure for a
twinned YBa,Cu;04 4 sample (T, =90 K). Figure 2(a) ex-
hibits the reflectivity spectra obtained both from direct
reflectivity measurements (solid line) and from ellip-
sometry measurements (open circles). The agreement be-
tween the reflectivity and ellipsometry results is better
than 2%. To obtain the optical constants in these materi-
als, we first calculate the phase ® of the complex
reflectance from our reflectivity data using the Kramers-
Kronig relation in Eq. (1). The reflectivity data are extra-
polated above 5.5 eV using the form

© a
Rextrap=Rw+(Ru—Roc)[ wll ] » (2)

where R, and w, are the reflectivity and frequency at the
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FIG. 2. (a) The solid line shows the room-temperature

reflectivity R of twinned YBa,Cu;O44. The open circles com-
pare the reflectivity obtained from ellipsometric results. (b) The
dash-dotted line illustrates the phase angle ®(w) obtained from
a Kramers-Kronig transformation of the reflectivity in (a). The
solid line illustrates ®(w) obtained via the correction procedure
described in the text. The exact ellipsometric result is illustrat-
ed by the open circles. The dotted line compares the ®(w) ob-
tained from a Kramers-Kronig analysis of the reflectivity in (a),
using a o~ * extrapolation. (c) The solid line shows the real part
of the optical conductivity o(w) obtained from the phase
correction procedure described in the text. The exact ellip-
sometric result is illustrated by the open circles. The dashed
line compares the o(w) obtained from the reflectance in (a) and
the arbitrary phase angle shown in (b) (dotted line).

upper limit of the measured data, and R, and «
(0 <a <4) are the high-frequency reflectivity and power
of the frequency dependence. R, and a are treated as
adjustable parameters in order that the phase calculated
from the Kramers-Kronig analysis, ®gg, gives the best
possible match to the low-frequency part of the exact
phase determined from ellipsometry measurements, © ;..
As an example, Fig. 2(b) compares the phase obtained
from this Kramers-Kronig transformation of the
reflectivity in Fig. 2(a) (dashed line) with the ellipsometri-
cally derived result (open circles). Above roughly 4 eV,
the Kramers-Kronig derived phase ®gg is forced to
match the ellipsometric phase, giving the total corrected
phase, ® ., (solid line). Notably, the corrected phase can
differ substantially from phase angles obtained using arbi-
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trary extrapolations, as illustrated by the phase obtained
with a ® ~* extrapolation in Fig. 2(b) (dotted line).

In the final step of our correction procedure, various
optical functions are determined between 0.02 and 5.5 eV
using the measured R, the corrected phase angle O,
and standard constitutive relations.!® As demonstrated
by the calculated conductivity (solid line) in Fig. 2(c), the
results of this procedure are optical functions between
0.02 and 5.5 eV that match with the exact ellipsometric
results above 1.5 eV (open circles). By contrast, the con-
ductivity obtained from arbitrary extrapolations (dashed
line) can differ substantially from the ellipsometric result.

D. Raman-scattering measurements

Raman-scattering measurements on both twinned and
single-domain samples of YBa,Cu;Oq,, were also made
at 300 K using a Spex Triplemate Raman Spectrometer
equipped with a nitrogen-cooled CCD array detector.
All spectra were corrected for the frequency response of
the spectrometer and the detector. Because of the wide
frequency range of our scans, artificial intensity loss in
the spectra can result from a gradual defocusing of the
image at the entrance slit due to chromatic aberration.
To avoid this, the entrance slit was underfilled with the
laser spot image. It is also essential to obtain the absolute
Raman-scattering cross section when comparing the Ra-
man spectra at different doping levels. Therefore, the Ra-
man spectra were corrected for the optical absorption of
the samples and the refraction at the sample-air interface
using a procedure described elsewhere.'?

III. ab-PLANE OPTICAL RESPONSE: RESULTS

A. Insulating phase

Many of the chief properties of the insulating cuprates,
such as the presence of antiferromagnetism and an energy
gap, are thought to be well described by the three-band
Hubbard model. This model distills the complicated
band structure of the cuprates into three essential orbital
contributions, the Cu(2) dszyz band, which is split into
upper and lower Hubbard bands by a large on-site
Coulomb repulsion U~8-10 eV, and the O(2,3) p, ,
bands, which lie a ‘“‘charge-transfer” energy, A=(£p —€4),
below the upper Hubbard band. Because the fundamen-
tal absorption gap in the cuprates occurs between the
filled O(2,3) p,, charge-transfer band and the empty
upper Hubbard band, i.e., E,~A, the cuprates are
classified as charge-transfer insulators (U >>A).!3 In the
opposite, Mott-Hubbard limit, the charge-transfer energy
exceeds the on-site Coulomb repulsion (U << A), and the
fundamental absorption gap occurs between the upper
and lower Hubbard bands. High-energy spectroscopic
studies of the cuprates appear to support the main
features of the charge-transfer model, demonstrating for
example that the lowest unoccupied band is chiefly
comprised of Cu(2) d_,_ , states while the highest occu-
pied band consists primarily of O(2,3) p, , states.'*

The detailed low-frequency structure of the fundamen-
tal absorption gap in insulating YBa,Cu;Oq , is illustrat-
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ed by the optical reflectivity and conductivity in Figs. 3(a)
and 3(b), respectively (solid lines). For comparison, we
also show the reflectivity and conductivity of a more
structurally simple cuprate,'®> T’-phase Gd,CuO, in Fig.
3 (dashed lines), in order to identify characteristic CuO,
plane contributions to the optical response. The conduc-
tivities of both YBa,Cu;0, ; and Gd,CuO, exhibit a fun-
damental absorption edge near A=1.75 eV, which has
been generally attributed to the charge-transfer energy
required to transfer a hole between the Cu(2) dxz_yz and
0(2,3) p,,, sites on the CuO, planes.'*”?° YBa,Cu;04
also exhibits a strong transition at 4.1 eV which is not be-
lieved to be a CuO, plane transition, due in part to its ab-
sence in T’-phase materials such as Gd,CuO,. The 4.1
eV feature has been attributed to several out-of-plane
transitions, including 3d5,, ; to 4p, , transitions on the
Cu(1) site,”! Cu(1)-O(4) transitions,”* and excitations in
the Ba-O(4) plane.”> Gd,CuO, also shows a higher ener-
gy transition near 5 eV, which has been attributed to
charge-transfer  transitions involving Cu(4d)-O(3s)
states.?*
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FIG. 3. (a) Room-temperature reflectance data of insulating
compounds YBa,Cu;O¢; (solid line) and 7’-phase Gd,CuO,
(dashed line). (b) Real part of the optical conductivity for
YBa,Cu;04 ; (solid line) and Gd,CuQ, (dashed line).
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B. Doping dependence in the ab plane

1. Reflectivity

The development of the room-temperature optical
reflectivity R in twinned YBa,Cu;0¢,, with doping is il-
lustrated in Fig. 4(a). Among the trends observed in R
with increased doping are a loss of spectral weight above
the charge-transfer gap, and the development of a plasma
edge that moves to higher energies with increasing x.
Figure 4(a) also shows that there is a systematic loss of
reflected intensity between 1.5 and 5 eV with increased
doping.

In order to isolate a-axis and b-axis contributions
in YBa,Cu304, ,, reflectivity measurements on single-
domain samples are shown in Fig. 4(b) for the electric
field polarized parallel to the a axis (solid lines, ELCuO
chains) and the b axis (dashed lines, E||CuO chains). In
addition to the trends observed in twinned YBa,Cu;Oq¢ ,
[Fig. 4(a)], a large optical anisotropy is observed between
the a- and b-axis reflectivity, indicating a substantial con-
tribution of the CuO chains to the optical response.
Similar results have been described previously in optical
measurements of single-domain YBa,Cu;0,%°~% and
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Energy (eV)

FIG. 4. (a) Room-temperature reflectivity data of twinned
YBa,Cu;0¢ , for various x. (b) Room-temperature reflectivity
data of single-domain YBa,Cu;Os, , at various x for E||a axis
(solid lines) and E||b axis (dashed lines). The dashed-dotted line
compares the reflectivity of Bi,Sr,CaCu,Oy.
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Notably, the intrinsic CuO, plane optical reflectivities
in the metallic phase of both a-axis YBa,Cu;04,, and
Bi,Sr,CaCu,04 [dashed-dotted line in Fig. 4(b)] are
characterized by a quasilinear dependence on frequency.
By contrast, the b-axis reflectivities of YBa,Cu;Oq¢. ,
(dashed lines) are nonlinear and have substantially higher
plasma edges, presumably reflecting the large contribu-
tion of CuO chain states.

2. Optical conductivity

The frequency-dependent conductivities o  of
YBa,Cu;0¢, ,, derived from the reflectivity spectra in
Fig. 4, are shown in Fig. 5 for (a) twinned and (b) single-
domain samples. As suggested by the reflectivity data in
Fig. 4, spectral weight throughout the 1.5 to 5 eV region
systematically decreases with doping up to x ~0.5, while
conductivity below 1.5 eV grows significantly throughout
the doping range. Significantly, the low-frequency spec-
tral weight grows somewhat faster than the dopant con-
centration, x (see discussion, Sec. IV A 1), suggesting that
weight lost above the charge-transfer absorption band is
transferred to low energies with doping.?® Similar results
have also been reported in several 2:1:4 compounds. 2

The conductivity below 1.5 eV in twinned
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: YBa,Cu,0,,
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FIG. 5. (a) Real part of the optical conductivity o(w) of
twinned YBa,Cu;Oq. , for various x. (b) o(w) of single-domain
YBa,Cu;0,,, at various x for El||a axis (solid lines) and E||b
axis (dashed lines).
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YBa,Cu;0¢,, crystals evolves into two distinct com-
ponents,*® including a Drude-like contribution centered
at ®=0, and a mid-infrared absorption band near 0.5 eV
that systematically shifts to lower frequencies with in-
creased doping. In order to identify CuO, plane and
CuO chain contributions to the two-component low-
frequency conductivity in twinned YBa,Cu;O04,,, we
show the a-axis (solid lines) and b-axis (dashed lines) con-
ductivities of single-domain YBa,Cu;O4, , as a function
of doping in Fig. 5(b). At low frequencies, the g-axis opti-
cal conductivity in metallic YBa,Cu;O4,, should
represent the conductivity associated with the CuO,
planes alone. This conclusion is indeed supported by the
strong similarity between the conductivities of a-axis
YBa,Cu;0, and chainless Bi,Sr,CaCu,03 below 1 eV in
Fig. 6. Consequently, in the following we associate the
a-axis optical response below 1 eV in YBa,Cu;04, , with
the CuO, plane contribution, and the b-axis response
with a combination of CuO, plane and CuO chain contri-
butions.

The development of o with doping in g-axis
YBa,Cu;0q, (solid lines) exhibits the same loss of spec-
tral weight above 1.5 eV observed in the twinned data.
However, the a-axis conductivity (solid lines) does not ex-
hibit a resolvable mid-infrared absorption band, in con-
trast to the results of twinned YBa,Cu;0¢,, measure-
ments. This result supports the conclusion that the mid-
infrared absorption band in twinned YBa,Cu;Og., , prin-
cipally arises from CuO chain contributions.?’ Indeed,
Fig. 6 compares the CuO, plane (i.e., a axis) conductivity
below 1 eV (solid lines) to a rough estimate of the CuO
chain contribution to the conductivity o,-0, (dashed
lines), demonstrating that much of the prominent mid-
infrared peak observed in the metallic phase of twinning
samples arises from CuO chain contributions. Further,
the conductivity of Bi,Sr,CaCu,0; in Fig. 6 (dashed-
dotted line) shows no evidence for a mid-infrared absorp-

3000 pr

2000

¢ (Q'cm™)

1000

Energy (eV)

FIG. 6. Real part of the optical conductivity o below 1 eV in
the CuO, planes [=a axis] of single-domain YBa,Cu;Oq¢,
(solid lines), compared with an estimate of the conductivity as-
sociated with the CuO chains [ =0, —o0,] (dotted lines). The
dashed-dotted  line  compares the conductivity of
BiszzC3CU208.
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tion band, providing additional evidence that the distinct
mid-infrared absorption band in twinned YBa,Cu;04, ,
is not an intrinsic feature of the CuO, planes.

Significantly, the low-frequency CuO, plane conduc-
tivities of metallic YBa,Cu;04, , and Bi,Sr,CaCu,Oy fall
off more slowly with frequency (o0 ~»~!) than a simple
Drude response (o ~w ™ 2) (see Fig. 6).2%%° As discussed
in Sec. IV B 1, this non-Drude behavior suggests the pres-
ence of either frequency-dependent carrier scattering® or
a mid-infrared absorption band that cannot be resolved
from the Drude response.

3. Effective electron number

A more quantitative analysis of the distribution of
spectral weight between the CuO planes and chains of
YBa,Cu;04 , is afforded by examining the spectral func-
tion

2mV

7f0w0(w')dw' , (3)

Neﬁ(w)=

where (m/m*)N 4(w) is the effective number of elec-
trons per unit cell contributing to the conductivity below
®, m and e are the bare electron mass and charge, respec-
tively, m* is the renormalized electron mass, and V. is
the unit cell volume. N 4(w,) provides a measure of the
integrated spectral weight in the conductivity up to an
arbitrary frequency w,, and is related to an equivalent
plasma frequency in YBa,Cu;O¢. , by the relationship

4me? Neglag)

*

Wi (eV?)=
r m Vcell

~8N () . 4)

The resulting N functions for twinned YBa,Cu;O¢ .
samples are illustrated in Fig. 7(a). In the insulating
phase, N4 remains near zero throughout the conductivi-
ty gap, but increases rapidly above the fundamental ab-
sorption edge near 1.5 eV. In the metallic phase, N4 ex-
hibits a rapid rise at low frequencies due to the appear-
ance of a Drude-like band centered at w=0.

In order to distinguish chain and plane contributions
to Ng, we plot N4 from the a-axis [=CuO, panel] (solid
lines) and b-axis [=CuO, plane + CuO chain] (dashed
lines) conductivities in Fig. 7(b). Notably, the integrated
spectral weight associated with the CuO, planes of metal-
lic YBa,Cu,Og ¢ in Fig. 7(b) intersects that of insulating
YBa,Cu;0q ; near 3 eV. This implies that while the rotal
spectral weight below 3 eV is not affected by doping,
there is a transfer of spectral weight from the charge-
transfer band region (1.5-3 V) to low frequencies (< 1.5
eV) with increased doping. Similar results have been re-
ported in several 2:1:4 compounds.? Additionally, a
comparison of a-axis [CuO, planes] and b-axis [CuO
planes + chains] contributions to N4 illustrates that the
CuO, planes (solid lines) contain half of the total (i.e.,
CuO plane + chain) spectral weight, with the balance
residing on the CuO chains.
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FIG. 7. (a) Number of effective carriers N, in twinned

YBa,Cu;04, , for various x, obtained from an integration of the
conductivity using Eq. (3). (b) N in single-domain
YBa,Cu;O¢,, at various x for Elja axis (solid lines) and E||b
axis (dashed lines).

4. Dielectric function

In Fig. 8(a), the real part of the dielectric function g, is
illustrated as a function of doping for twinned
YBa,Cu;0¢, ., exhibiting a systematic increase in the
zero crossing with increased doping. In a simple Drude
model, the frequency «, at which the real part of the
dielectric function crosses zero €(w,) is related to the
free-carrier plasma frequency by w0=a); +1/7%, where 7
is the relaxation rate of the carriers. Consequently, an in-
crease of €,(w,) with doping in a Drude system reflects
increases in mf, and the carrier density. As discussed
below (Sec. IV A 2), the presence of bound carriers in the
cuprates complicates this simple picture, by contributing
a positive dielectric response that dielectrically screens
the free-carrier response and lowers €,(w).

Figure 8(b) displays the a-axis (solid lines) and b-axis
(dashed lines) contributions to €, as a function of doping.
These spectra illustrate that the effective plasma frequen-
cy in the b direction is larger than that along the a direc-
tion due to the presence of CuO chain contributions.
Both a- and b-axis contributions exhibit a systematic shift
of €,(wy) with doping, consistent with the results of
twinned YBa,Cu;O¢,, measurements. Moreover, the
larger shift in €, (w,) between x =0.6 and x =1 indicates
that spectral weight in the CuO chains increases with
doping as much as that on the CuO, planes.
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FIG. 8. (a) Real part of the dielectric response €, in twinned
YBa,Cu;04, for various x. (b) € in single-domain
YBa,Cu;0q., for various x with E||a axis (solid lines) and E||b
axis (dashed lines).

5. Raman scattering

The Raman-scattering spectra of single-domain
YBa,Cu;0q, , are illustrated for several oxygen concen-
trations in Fig. 9(a), exhibiting two-magnon scattering in
the insulating phase,3! and broad continuum scattering in
the metallic phase.*”® The doping dependence in Fig. 9(a)
illustrates several interesting features. First, the Raman
continuum is clearly larger along the b axis (yy), possibly
due to the presence of interband CuO chain contributions
to the Raman-scattering response.

Secondly, the Cu-O plane polarized Raman-scattering
continuum appears to be insensitive to doping. This dop-
ing independence is in sharp contrast to the substantial
growth in the low-frequency optical conductivity with in-
creased doping (see Fig. 6). As we discuss in Sec. IVB2,
this discrepancy places important conditions on the pos-
sible relationship between the Raman-scattering continu-
um and the low-frequency optical conductivity.

Finally, the two-magnon spectrum decreases dramati-
cally with doping, and is not observed in the metallic
phase in agreement with earlier results on twinned crys-
tals.3? Figure 9(b) illustrates in greater detail the decrease
of two-magnon scattering with doping in YBa,Cu3O04,.
There are several indications that the strong doping
dependence of the two-magnon spectrum is not primarily
related to changes in the magnetic correlations with dop-



8240 S. L. COOPER et al. 47
140 T LE N N 5 T T T T T T 40
(@ YBaZCU306*XX~, YBa,Cu,0 , 2
- c
70 XX xy Yy i >
N\ \ g
@ 0 P——F— 4 + =
g J x~0.6 'é
g 70} w St 2
= 5
z ° T g
2 =
£ 140 - g
|
70 2
1.25 1.75 2.25 2.75
0 U Energy (eV)
0 2000 4000 6000
Raman Shift (cm™) FIG. 10. Comparison of the imaginary part of the dielectric
response in YBa,Cu;Oq; in the vicinity of the charge-transfer
®) j ' YBa;C”:;Om band (solid line) with the integrated intensity of the two-magnon
8 spectrum at various incident frequencies (filled circles).
- 8 .
."é‘
=
E x~01 strates that there is a strong correlation between the loss
241 v 1 of two-magnon Raman intensity and the disappearance of
g ot spectral weight in the charge-transfer absorption band
E | s with doping in YBa,Cu;0q ..
o o5 Notably, because the change in two-magnon spectrum
0 ) . . . with doping in the cuprates appears to be dominated by
0 1000 2000 3000 4000 5000 changes associated with the intermediate states of the
Raman Shift (om™) two-magnon Raman-scattering process (i.e., the Raman-
FIG. 9. (a) Raman-scattering spectra in single-domain  SCattering vertex), the two-magnon Raman spectrum can-

YBa,Cu;0¢,, for various x. The incident photon energy was
A=488 nm. The different polarizations measured are xx, yy,
and xy, where, for example, xp indicates that the incident pho-
tons are polarized along x (parallel to the a axis) and scattered
photons are polarized along y (parallel to the b axis). (b) Two-
magnon Raman-scattering spectrum as a function of x in
YBa,Cu;O¢,. The spectra have not been corrected for the
penetration depth of light in the different samples and the
x ~0.4 spectrum has been smoothed.

ing (i.e., via the relationship between two-magnon Raman
scattering and the spin-spin-correlation function), but is
instead a consequence of the loss of charge-transfer states
with decreased doping (see Fig. 5). Models of two-
dimensional antiferromagnets in the presence of holes in-
dicate that the dominant effect of hole doping on the spin
dynamics is a substantial softening and damping of the
spin excitations.’> However, the two-magnon Raman
spectra in YBa,Cu3;04,, exhibit little evidence for
softening or increased damping as a function of doping
below x ~0.5. Therefore, we conclude that the large de-
crease in two-magnon intensity in this doping range is
not primarily related to changes in the spin dynamics.
Moreover, Fig. 10 demonstrates that two-magnon
scattering in insulating YBa,Cu;0q ; is enhanced for in-
cident photon energies in resonance with states in the
charge-transfer gap. The diminution of charge-transfer
absorption band states with doping is expected to smear
this resonance and contribute to a loss of two-magnon in-
tensity. Indeed, a comparison of the Raman spectra and
the optical conductivity in Figs. 9(b) and 5(a) demon-

not be reliably used to study the effects of doping on the
magnetic correlations in these materials. In particular,
the disappearance of two-magnon Raman intensity with
doping in the cuprates does not refute NMR3* and
neutron-scattering® evidence that magnetic correlations
persist well into the metallic phase.

IV. ab-PLANE OPTICAL RESPONSE: DISCUSSION
A. Metal-insulator transition

1. Redistribution of spectral weight

One of the most interesting consequences of doping in
YBa,Cu;0q, , is the transfer of spectral weight from the
charge-transfer absorption band to low energies illustrat-
ed in Figs. 5(a) and 5(b). This behavior distinguishes the
doping dependence in YBa,Cu;0¢, , from that expected
in simple semiconductors, where low-frequency weight
grows with the dopant concentration x, while spectral
weight associated with the fundamental absorption band
remains roughly unchanged. A transfer of oscillator
strength between different electronic levels with doping is
in fact a rather generic feature of the cuprates, having
also been observed in optical reflectivity measurements of
hole-doped La,_ ,Sr,CuO, (Ref. 1) electron-doped
Nd,_,Ce,CuO, (Ref. 1) and Pr,_,Ce,CuO, (Ref. 2) as
well as in  x-ray-absorption measurements of
La,_,Sr,CuO,,3¢ and resonant photoemission measure-
ments of Nd, _ , Ce, Cu0O,.*’

Recent calculations of the optical spectra in both
Mott-Hubbard (MH) and #-J models demonstrate that a
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transfer of spectral weight with doping is a consequence
of strong correlations.’®3 The fundamental absorption
band in the insulating phase of the MH model involves
the creation of one doubly occupied site and one empty
site. Calculations indicate that doping by an amount x
causes spectral weight associated with the fundamental
absorption to decrease to 1—x, by creating empty sites
and decreasing the probability for creating doubly occu-
pied sites. However, the low-frequency spectral weight
induced with doping is twice the dopant concentration
(2x) in the MH picture, since two available states arise
from the creation of each empty site.

Electron-doped  charge-transfer = materials such
as the electron-doped cuprates Nd,_,Ce,CuO, and
Pr,_,Ce,CuO, are expected to exhibit a transfer of spec-
tral weight with doping similar to that in the MH picture
described above, since electrons are doped primarily onto
the Cu sites (i.e., into the upper Hubbard band).*° On the
other hand, holes introduced by doping are known to
have chiefly oxygen character in the cuprates, and there-
fore the addition of holes in the O(2p) band will have no
influence on the upper Hubbard band in the absence of
O(2p) and Cu (3d) hybridization. Indeed, the develop-
ment of spectral weight with hole doping in a localized
charge-transfer system is expected to resemble that of a
simple semiconductor. However, Eskes et al.*C have
shown that in the presence of finite O(2p)-Cu(3d) hop-
ping, spectral weight transfer in hole-doped charge-
transfer systems also resembles that of a MH system. In
particular, calculations based on charge-transfer models
with finite O(2p)-Cu(3d) hopping predict an approximate
symmetry between electron and hole doping in agreement
with experiment,? a loss of spectral weight in the funda-
mental absorption band (i.e., charge-transfer absorption
band) with doping, and a growth of low-frequency spec-
tral weight which is larger than the dopant concentra-
tion.*>*l A notable difference between hole- and
electron-doped charge-transfer systems, however, is that
the amount of low-frequency spectral weight scales with
the hopping matrix, t,;, in hole-doped systems, while it is
relatively insensitive to hybridization strength in
electron-doped materials.*

In order to compare the predictions of these models
with the spectral weight transfer observed in
YBa,Cu;0q¢, ,, we plot in Fig. 11 the integrated spectral
weight N 4 below 0=1.25 eV, N4 (0=1.25 eV), as a
function of doping for twinned and single-domain
YBa,Cu;O¢.,. The effective plasma frequency wlz,
[=8N.s] associated with this low-frequency spectral
weight is shown on the right-hand scale. N (1.25 eV)
obtained from twinned samples (circles) exhibits a con-
sistent increase with doping, with a dependence given
roughly by N _4~0.9x. By comparison, N (1.25 eV) ob-
tained from the b-axis (CuO chain + CuO, plane) con-
ductivity (triangles) is roughly 25% higher than that ob-
tained on twinned samples, N4~ 1.15 eV, reflecting the
fact that the twinned YBa,Cu3;Og4, conductivity un-
derestimates the CuO chain conductivity by roughly 50%
compared to b-axis single-domain results.

The low-frequency spectral weight associated with the
CuO, planes in YBa,Cu;04,, (squares in Fig. 11) exhib-
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FIG. 11. Scaling of the integrated spectral weight below 1.25
eV, N4 (1.25) [see Eq. (3)] with x in twinned YBa,Cu;O¢ , (cir-
cles), b-axis YBa,Cu;O4,, [=CuO plane + chain] (triangles),
and g-axis YBa,Cu;0¢., [=CuO,; plane] (squares). The right-
hand scale indicates the square of the equivalent plasma fre-
quency (~8N.g).

its a doping dependence given roughly by N (1.25 eV)
~0.65x. Notably, following our observation that only
50% of the dopant spectral weight goes onto the planes
(see Sec. IIIB3),>® we find that the spectral weight
growth in the CuO, planes of YBa,Cu;Oq¢, , is approxi-
mately 30% larger than the dopant concentration [N
(1.25 eV)~1.3x], in qualitative agreement with the ex-
pectations of charge-transfer models.** However, the
low-frequency spectral weight in the a-axis conductivity
of YBa,Cu;0q¢. , constitutes a much smaller percentage
of the dopant concentration than that observed in
La,_,Sr,CuO,, where the low-frequency spectral weight
N4 (1.25 eV) grows with doping according to N4 (1.25
eV)~2x (Ref. 1). There are two principal interpretations
of this difference. First, the amount of low-frequency
spectral weight in hole-doped charge-transfer systems in-
creases with the degree of O(p)-Cu(d) hybridization,*
suggesting that small differences in O(2p)-Cu(3d) hybridi-
zation between YBa,Cu;0¢., and La,_, Sr,CuO, may
account for the differences in low-frequency spectral
weight growth. However, numerical calculations of 3d-
2p overlaps indicate that the hopping matrix #,; should
scale with the in-plane CuO distance, r, according to
ty~1/r", 2.5<n <4.%%%  Consequently, the hopping
parameter in YBa,Cu;O¢,, should be only 5-10%
smaller than that in La,_,Sr ,CuO,, which is probably
insufficient to fully account for the different low-
frequency spectral weights observed in these materials.
Alternatively, the greater low-frequency spectral
weight in La, , Sr,CuO, with light doping may reflect
larger impurity band contributions in this material (and
in the 2:1:4 compounds in general), since the presence of
an impurity band is also expected to pull spectral weight
from the conduction and/or valence bands to lower fre-
quencies. Indeed, as discussed in Sec. IV A 2, the pres-
ence of a large mid-IR absorption band and the doping
independence of the plasma frequencies observed at inter-
mediate concentrations in the 2:1:4 cuprates provides
strong evidence that impurity band contributions
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comprise a substantial fraction of the low-frequency spec-
tral weight in these materials.

2. Comparison with other oxide superconductors

A comparison of the CuO, plane optical response in
YBa,Cu;04, with that observed in the 2:1:4 cuprates
reveals several significant differences. First, the conduc-
tivity in the CuQO, planes of the 2:1:4 cuprates exhibits
two distinct components, a Drude-like contribution and a
large mid-infrared absorption band that shifts to lower
energy with increased doping.’> By contrast, no resolv-
able mid-infrared absorption band is observed in the con-
ductivity of a-axis YBa,Cu;O4,, @-axis YBa,Cu;O, or
Bi,Sr,CaCu,O4 below 1 eV (see Fig. 6). Secondly, the
squared screened plasma frequency wlz,, associated with
the CuO, planes of YBa,Cu;Oq, ,, scales linearly with
doping (see Fig. 11), while in 2:1:4 compounds such as
La,_,Sr,CuO,, the plasma frequency is relatively insens-
itive to doping throughout much of the metallic regime.’
This difference is also apparent when comparing the
dielectric response of YBa,Cu;0q, , in Fig. 8(a) to that of
La, ,Sr,CuO,, obtained by Uchida et al.! In
YBa,Cu3;04,,, the zero crossing in the dielectric
response increases substantially with doping [see Fig.
8(a)], as expected of a material dominated by free-carrier
contributions. However, in La,_,Sr,CuO,, the zero
crossing is pinned near 0.7 eV throughout a wide doping
range in the metallic phase, 0.1 =x =0.34, suggesting
that positive contributions to €, from bound states in the
mid-infrared absorption band compete with the negative
free-carrier contributions to pin the plasma frequency.
Notably, a mid-infrared absorption band of bound car-
riers dominates the low-frequency spectral weight even
more dramatically in Ba,_,K,BiO;,* causing the
screened plasma frequency to decrease with increased
doping as the mid-infrared absorption band shifts to
lower energies.

The differences noted above suggest that bound-carrier
contributions comprise a much larger fraction of the
spectral weight below 1 eV in the 2:1:4 compounds than
in higher T, materials such as YBa,Cu;0; or
Bi,Sr,CaCu,0,. Differences in bound-carrier contribu-
tions among the cuprates are also apparent upon examin-
ing the relationship between the transition temperature
T, and the integrated spectral weight below 1 eV [N 4 (1
eV)] in different materials. Figure 12 plots T,
vs the CuO, plane contribution to the spectral weight
per unit cell [w}=N, (1 eV)] in Bi,Sr,CaCu,0O4,
a-axis YBa,Cu;0-, a-axis YBa,Cu;0¢ 4, and
La,_,Sr,CuO, (from Ref. 1). Notably, this comparison
assumes that the nearest-neighbor CuO, plane bilayers
are the essential structural unit for the superconducting
properties in Bi,Sr,CaCu,03 and YBa,Cu;Oq4, .. Figure
12 clearly shows that the value of a)f, in La,_,Sr, CuO,
falls below the trend in T, vs > (solid line in Fig. 12) ex-
hibited by a-axis YBa,Cu;O4¢ and a-axis YBa,Cu;0,.
By contrast, all of the cuprates, including the 2:1:4 com-
pounds, have been shown to exhibit a strong correlation
between 7, and the superconducting carrier density,
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FIG. 12. T, vs the CuO, plane contributions to w per unit
cell in various cuprate materials, illustrating the scaling of low-
frequency spectral weight with T, wf, in this plot is derived from

the number of effective carriers below 1.25 eV, N (1.25), in
Fig. 11.

ng/m*.* The fact that low-frequency spectral weight in
La, ,Sr,Cu,0, does not scale in the same way with T,
as that of YBa,Cu;04, , and Bi,Sr,CaCu,0Oy (see Fig. 12)
supports the conclusion that a larger fraction of the
former’s spectral weight below 1 eV is comprised of
bound carriers not contributing to superconductivity.
There are two chief interpretations of the large mid-
infrared absorption band observed below the optimal
doping concentration (x ~0.15) in the 2:1:4 cuprates: (1)
an incoherent free-carrier contribution, arising from
internal degrees of freedom associated with strongly in-
teracting quasiparticles; and (2) a shallow band of impuri-
ties. The absence of a strong mid-infrared absorption
band in a-axis YBa,Cu;O¢,, or Bi,Sr,CaCu,0Og argues
against an incoherent free-carrier contribution in the
2:1:4 compounds, as such a process should be a universal
feature of the CuO, planes in the cuprates. Moreover,
the large amount of spectral weight in the mid-infrared
absorption band of the 2:1:4 compounds corresponds to
an unphysically large interaction strength if interpreted
as an incoherent contribution in a Holstein process.3°
That the mid-infrared absorption band observed in
La,_,Sr,CuO, at intermediate concentration may be an
impurity band is suggested by several features. The
predominance of impurity contributions in the 2:1:4 com-
pounds compared to YBa,Cu;0q, , is anticipated due to
the larger influence that cation/anion disorder should
have on the CuO, planes in the 2:1:4 compounds.
Specifically, the dopant sites in La,_, Sr, CuO, (i.e., the
La/Sr-O planes) are roughly 50% closer to the CuO,
planes than those in the CuO chains of YBa,Cu;Oq .*
Consequently, the disorder potential associated with Sr
impurities in La,_ ,Sr,CuO, is expected to have a much
more dramatic influence on transport in the CuQO, planes
than that associated with vacancies in the CuO chains of
YBa,Cu;0¢, ,. The presence of a large band of shallow
impurities may account in part for the steep slope in the
metal-insulator phase boundary of La, ,Sr,CuO, (Ref.
47) and Nd,_,Ce,CuO, (Ref. 48) since a large impurity
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band would cause the mobile density of carriers n; to be
extremely sensitive to changes in the mobility edge as a
function of doping.

B. Charge dynamics in the metallic phase

1. One- vs two-component pictures

Attempts to understand the non-Drude optical con-
ductivity and the broad inelastic Raman-scattering con-
tinuum in the metallic phase of YBa,Cu;O¢, , and other
cuprates have given rise to a dichotomy among interpre-
tations of the charge dynamics in these materials.
Single-component pictures view the anomalous optical
response as a manifestation of quasiparticle interactions,
in which the carriers derive a frequency- and
temperature-dependent self-energy, the imaginary part of
which goes as ImXZ~max(w,T). This quasiparticle
damping has been proposed to arise either from band-
structure features, as in the nested Fermi liquid* and
Van Hove singularity’®*' models, or from non-Fermi
liquid behavior, as in the marginal Fermi liquid®? and
Luttinger liquid®® models. Alternatively, two-component
models view the non-Drude conductivity as comprised of
both a Drude contribution centered at v =0 and a secon-
dary mid-infrared absorption band arising from bound
charges such as interband transitions.

It was suggested in the previous section that a two-
component picture is the best description of the CuO,
plane optical response in the 2:1:4 cuprates, based upon
the large mid-infrared absorption contribution to the
conductivity and the pinning of the plasma frequency o,
over a wide doping range. However, in YBa,Cu;Og, ,
and Bi,Sr,CaCu,04, the absence of a resolvable secon-
dary absorption band in the CuO, plane conductivity (see
Fig. 6) and the systematic scaling of “’; with doping and
T, (see Fig. 11) provides evidence that the spectral weight
below 1 eV in the CuO, planes of these materials is
comprised primarily of a single component of mobile car-
riers throughout the metallic phase. Additionally, recent
microwave,>* infrared transmission,’>¢ and conductivi-
ty’’ results show that the carrier scattering rates in
YBa,Cu;0¢, , and Bi,Sr,CaCu,0; have anomalous tem-
perature dependences, suggesting that frequency-
dependent scattering effects may be large in these materi-
als.

Motivated by these arguments, we analyze the non-
Drude optical conductivities of a-axis YBa,Cu;Oq, ,
(x 20.6) and Bi,Sr,CaCu,0y5 using a generalized Drude
model,

2
Dp

olm*(@)/mollo+i/m()]

elw)=¢,— (5)

where €, represents bound contributions to the dielectric
response (assumed small), and the second term represents
the effects of frequency-dependent damping of the car-
riers, with m*(w)/m, representing the effective-mass
enhancement over the band mass and 1/7%(w)
=1/7(w)[m/m*(w)] representing the renormalized
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quasiparticle scattering rate. Figure 13 illustrates the re-
sulting frequency-dependent scattering rates of a-axis
YBa,Cu;0q ¢ (filled triangles), a-axis YBa,Cu;0, (open
triangles), and Bi,Sr,CaCu,0Oyj (circles) below 0.3 eV. The
effective-mass enhancements in g-axis YBa,Cu;04, are
also shown in the inset.

The single-component analysis in Fig. 13 has two in-
teresting results. First, the frequency-dependent scatter-
ing rates of g-axis YBa,Cu;04,, and Bi,Sr,CaCu,0Oy4
have a linear-in-w dependence below 0.5 eV. This well-
known result is consistent with numerous models of the
normal state in which strong quasiparticle damping is as-
sumed.* 7> More significantly, the slope of the linear-
in-w scattering rate roughly scales with decreased carrier
density in the single-component picture, implying that
there is an increase in the quasiparticle interaction
strength A with decreased doping. This result is con-
sistent with models in which the quasiparticle mass is
enhanced by strong correlation effects (for example, via
the Coulomb interaction®®) as the dopant concentration is
reduced towards the insulating phase. Further, that the
maximum value of T, in YBa,Cu3;0¢,, does not corre-
spond to the maximum value of the quasiparticle interac-
tion strength A appears to suggest that too much quasi-
particle scattering is detrimental to superconductivity in
the cuprates.*®

2. Relationship to Raman scattering

Additional insight into the nature of the normal state
in the cuprates is afforded by an examination of the
unusual Raman-scattering continuum®*~¢ [see Fig. 9(a)],
and its relationship with the non-Drude optical conduc-
tivity. Raman scattering from free carriers in a conven-
tional metal or doped semiconductor is strongly con-
strained by the f-sum rule.®* The Raman-scattering
response function ImR (¢ =0,w), in this case, exhibits a
high-energy cutoff near quvy and a strongly suppressed in-
tensity due to screening. By contrast, the Raman contin-
uum [see Fig. 9(a)] in the cuprates appears not to be con-
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FIG. 13. Renormalized scattering rate 1/7* for a-axis

YBa,Cu;0; (open triangles), a-axis YBa,Cu;Oq ¢ (filled trian-
gles), and Bi,Sr,CaCu,0yg, derived from the complex conductivi-
ty using Eq. (5). Inset, effective-mass enhancements m* /m for
a-axis YBa,Cu;O¢ .
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strained by a known sum rule, exhibiting an extremely
strong scattering intensity and an energy range that ex-
tends at least an order of magnitude farther than qup
(~100cm ™).

The chief explanations for the unusual behavior in the
cuprates have been that either (1) the continuum arises
from spin excitations or from some unusual polarizabili-
ty,> or (2) one of a number of conditions under which the
f-sum rule for electronic Raman scattering can be avoid-
ed®! is present in the cuprates, such as impurities,®
strong inelastic scattering, interband transitions,®?
frequency-dependent damping from electron-electron in-
teractions,®**® or Fermi surface anisotropy.®® Many of
these alternatives make specific predictions about either
the frequency dependence of the Raman-scattering
response, or the relationship between the Raman-
scattering continuum and the optical conductivity, that
can be tested by our results. For example, Raman
scattering in the presence of disorder cannot account for
the broad, flat continuum in the cuprates, since the
scattering response in the presence of impurities is ex-
pected to peak at an energy on the order of the scattering
rate.> Moreover, electronic Raman scattering from in-
terband transitions should be sensitive to details of the
band structure, and thus could not easily explain the
diversity of cuprates in which a continuum is observed.’

One of the most interesting properties of the room-
temperature Raman continuum in YBa,Cu;O¢, , is its
insensitivity to doping [see Fig. 9(a)]. By contrast, the a-
axis optical conductivity increases significantly with in-
creased doping (see Fig. 6). The doping independence of
the ab-plane Raman continuum suggests two alternative
interpretations of the relationship between the Raman
continuum and the optical response. One possibility is
that most of the Raman continuum intensity is not asso-
ciated with the conduction electrons, and thus is not re-
lated to the non-Drude optical conductivity.!? A second
possibility is that the Raman continuum is associated
with the conduction electrons, and its doping indepen-
dence reflects changes in the Raman-scattering vertex. In
particular, under general circumstances electronic Ra-
man scattering couples to fluctuations in an effective
charge density,® which should scale with the degree of
local Fermi surface anisotropy. Consequently, the ab-
sence of a doping dependence in the Raman continuum in
the metallic phase could result either from increased Fer-
mi surface anisotropy, or decreased screening of anisotro-
py, with decreased doping. Unfortunately, until a better
understanding of the Raman-scattering vertex associated
with the ab-plane continuum is obtained, this issue will
be difficult to resolve.

V. ¢-AXIS OPTICAL RESPONSE:
RESULTS AND DISCUSSION

The nature of the charge dynamics along the c axis is
also of great importance, as it underlies the basic assump-
tions of many normal and superconducting state models
of the layered cuprates. An important issue remains
whether charge transport along the c direction is
coherent. In order to address this issue, we have exam-

ined thick c-axis samples of YBa,Cu;04, , as a function
of gf) using optical reflectivity and Raman scatter-
ing.

The low-frequency (0.01<w<0.5 eV) optical
reflectivity for light polarized along the c¢ direction of
single-crystal YBa,Cu;Oq. , is illustrated in Fig. 14(a) for
several values of x. The high-frequency optical response
(0.0l <w<5 eV) is compared in the inset. The c-axis
reflectivity of YBa,Cu;0, (7,=91 K) exhibits a weak
Drude-like metallic response, as well as c-axis phonons at
156, 195, 283, 320, and 572 cm ™!, in agreement with the
results of previous c-axis studies.®””%® The corresponding
c-axis conductivity in YBa,Cu;0, is illustrated in Fig.
14(b) (top curves), obtained from a Kramers-Kronig
analysis of the reflectivity data. The optical response of
YBa,Cu;0, below 0.5 eV in Fig. 14 can be nicely de-
scribed by a three-component model comprised of a
Drude contribution with plasma frequency, scattering
rate, and high-frequency dielectric response given by
©,p=4150 cm™! (0.51 eV), I';,=1800 cm™' (0.22 eV),
and €, =35, and two mid-infrared oscillators having fre-
quencies, damping rates, and effective plasma frequencies
given by wy;=2400 cm™', T';=3300 cm™!, w,,=4800

1 T
1
YBa,Cu,0y,, ]
ot
O 1
0 0.25 0.5
Energy (eV)
600 T
1600
—~ oa\,x'
E x~1 NG
S 800
__ 400 | N .
E -
© 0
g 0 Eﬁergy(e:i/) ¢
© 200
0
0 0.25 0.5
Energy (eV)
FIG. 14. (a) Low-frequency (0.012=<®=<0.5 eV) c-axis

reflectivity of YBa,Cu;0q, for several x at room temperature.
The inset illustrates the reflectivity up to 5 eV. (b) Real part of
the optical conductivity o (0.012<w=<0.5 eV) of c-axis
YBa,Cu;04 , for several x. The inset illustrates o up to 5 eV.
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cm™!, ©;=6000 cm~', T,=4000 cm~', ©,,=4400
cm ™!, The Drude parameters in YBa,Cu;0, correspond
to a dc conductivity of o(0)~ 160 Q 'em™!, which is
quite consistent with the zero-frequency extrapolation of
the c-axis conductivity from the Kramers-Kronig
analysis in Fig. 14(b), 0(0)~200 O 'cm™!. Notably,
these dc conductivities are much less than the limit pro-
posed by Mott® for coherent conduction, suggesting that
c-axis transport in YBa,Cu;O; may result from in-
coherent hopping. Indeed, an estimate of the mean free
path for c-axis transport, | =470 (0)vp /wf,, gives a value
thaggis substantially less than the c-axis lattice parame-
ter.

It is interesting to compare the c-axis optical conduc-
tivity to the c-axis Raman-scattering response in
YBa,Cu;0, (T, ~90 K) [E;,E||c axis]. Figure 15 illus-
trates that the c-axis Raman response is characterized by
a broad c-axis polarized continuum, which we attribute
to electronic scattering from the carriers responsible for
the Drude conductivity (see Fig. 14, top curve). The c-
axis Raman continuum can be approximately described
by the response function (smooth solid line)

wl’

ImR (0)~———5 >
RPN

(6)
suggesting that carrier scattering along the ¢ direction is
simple relaxational with a characteristic damping rate on
the order of I'~1000 cm™~!. This response function is
consistent with a carrier scattering process having a
characteristic c-axis scattering rate, I'. Several uncon-
ventional properties of the c-axis optical response suggest
that c-axis scattering cannot arise from impurities. First,
the short mean free path estimated from the optical data
(I <a)®® argues that the Raman continuum does not re-
sult from a conventional phonon- or impurity-assisted
process. Further, the optical response does not show a
peak at the impurity scattering rate as expected of a dirty
metal, also suggesting that the c-axis continuum does not

50 T T
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40 - g 250
n g 200
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= 30 |+ 8 150+
g 2
8 100+
=
® 20 r 507
2 0
£ 0 2(‘)0 6&0 5(;[) soro
10 L Raman Shift (cm™') h
YBa,Cu,0,
O 1 1 i 1 1 1
0 2000 4000 6000
Raman Shift (cm-?)
FIG. 15. Room-temperature Raman scattering in

YBa,Cu;0; with incident and scattered light polarizations
along the ¢ axis [=(zz)]. The smooth solid line is a fit to the
data using the simple relaxational response in Eq. (6). The inset
illustrates the low-frequency phonons for the (zz) scattering
geometry.
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arise from simple impurity scattering. Finally, it is
difficult to reconcile the presence of strong c-axis impuri-
ty scattering with a-axis conductivities which are in the
clean limit.?

An alternative interpretation for the c-axis optical
response is motivated by recent suggestions that c-axis
charge transport in the highly layered cuprates may be
strongly influenced by in-plane energy fluctuations.”®
Specifically, Leggett has pointed out that due to the large
anisotropy associated with the cuprates, in-plane thermal
fluctuations can break the band degeneracy between adja-
cent CuO, layers by energies larger than the c-axis hop-
ping rate, thereby destroying coherent transport in the ¢
direction.”® This process is consistent with the observa-
tion of a low conductivity perpendicular to the highly
conducting layers of YBa,Cu;0,, since uncorrelated fluc-
tuations in the energy in adjacent bilayers should dephase
the electronic wave function each time the carrier hops to
a different bilayer. An interesting consequence of this
“dynamical dephasing” process is that the c-axis scatter-
ing rate should be strongly influenced by the nature of the
in-plane dynamics. Indeed, the c-axis scattering rate in
the c-axis Drude response and Raman continuum in the
presence of dynamical dephasing should be roughly a
measure of the imaginary part of the self-energy associat-
ed with excitations in the CuO, planes. Consequently, c-
axis measurements may be extremely useful in probing
the nature and origin of the unusual charge dynamics in
the CuO, planes.

Upon decreasing the doping level slightly within the
metallic phase, the c-axis optical reflectivity in Fig. 14(a)
develops increasingly insulating behavior. This doping
dependence is also illustrated [see Fig. 14(b)] by the rapid
decrease in the c-axis optical conductivity with decreas-
ing doping. In particular, the extrapolation of the zero-
frequency conductivity in c-axis YBa,Cu;0¢, , decreases
from ¢(0)~200 @ 'cm™! in YBa,Cu;0, (T.=91 K) to
less than 50 @ 'cm ™! in YBa,Cu;04 ¢ (T, =81 K), and
to roughly 0 Q@ 'ecm™! in YBa,Cu O, (T,=70 K).
This trend reflects a decrease in the c-axis hopping con-
ductivity, and is consistent with an increase in two
dimensionality with decreased doping in YBa,Cu;0q ..
A trend towards increased two dimensionality with de-
creased doping has also been inferred from transport,’!
magnetic,”” and heat-capacity’> measurements.

Notably, the fact that the ab-plane response in Figs. 11
and 12 changes only slightly over the doping range x ~1
to x ~0.6 argues that c-axis coupling within each CuO,
plane bilayer is essentially preserved with decreased dop-
ing (albeit with a smaller carrier density). Therefore, the
decrease in c-axis coupling with decreased doping in
YBa,Cu;04, , appears to arise from a decoupling of ad-
Jjacent CuO, bilayers, apparently due to a degradation of
the CuO chains. More significantly, the charge dynamics
characterizing the ab planes appear to be relatively in-
sensitive to the decoupling of the CuO, bilayers with de-
creased doping (see Fig. 6). Indeed, the single-component
analysis in Fig. 13 indicates that frequency-dependent
scattering rate associated with the CuO, planes remains
linear (1/7~®) over the doping range x ~1 to x ~0.6.
This result provides strong evidence that the nature of
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the unusual ab-plane charge dynamics is insensitive to in-
terbilayer coupling. Thus, the spin or charge excitations
responsible for the anomalous CuO, plane charge dynam-
ics in YBa,Cu3;0¢, , appear to persist in nearly isolated
CuO, bilayers. Significantly, transport measurements of
YBa,Cu;0q , /PrBa,Cu;0¢, , superlattices have shown
that superconductivity persists in nearly decoupled pairs
of CuO, bilayers,’* corroborating the strongly two-
dimensional nature of the electronic states in
YBa,Cu,0q .
VI. SUMMARY

In this paper, we have examined the detailed relation-
ship between the Raman scattering and optical responses
in YBa,Cu;0¢, , in order to elucidate the nature of the
optical response in various phase regimes. Upon doping
across the metal-insulator transition, we find that spectral
weight in the CuO, planes of YBa,Cu;0q , developsin a
manner consistent with Hubbard model predictions. For
example, spectral weight in the fundamental (charge-
transfer) absorption band of YBa,Cu;Oq, , is transferred
to low frequencies with doping, and the development of
low-frequency spectral weight in the CuO, planes of
YBa,Cu;Oq.,, is slightly larger than that anticipated
from the dopant concentration [N (1.25 eV)>x]. How-
ever, we find that these effects are less dramatic than in
La,_,Sr,CuO,, possibly due to the effects of smaller
O(2p)-Cu(3d) hybridization or smaller impurity band
contributions in YBa,Cu;04,,. We also find that the de-
crease of two-magnon Raman-scattering intensity with
doping is primarily related to the loss of charge-transfer
states, and not to changes in magnetic correlations with
doping. Thus Raman-scattering measurements are not in
conflict with neutron scattering or NMR with respect to
the presence of magnetic correlations in the metallic
phase.

We also show that the optical response in the CuO,
planes of different cuprates varies quite dramatically. In
particular, our results suggest that bound-carrier contri-
butions comprise a substantially larger fraction of the
low-frequency spectral weight in the lower-T, cuprates
(e.g., the 2:1:4 compounds) than in higher-T, cuprates
such as YBa,Cu;0¢,, and Bi,Sr,CaCu,03. We attribute
the bound mid-infrared contributions in the 2:1:4 com-
pounds to an impurity band, and argue that the presence
of this band may play a significant role in determining the
phase diagrams and transition temperatures of these ma-
terials. Our results also imply that the low-frequency
spectral weight in the 2:1:4 compounds is best described
by a two-component picture involving mobile and
bound-carrier contributions.

In the metallic phase of higher-T, cuprates such as
YBa,Cu;04,, and Bi,Sr,CaCu,0g, there is still no
definitive evidence in support of either a single- or two-
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component picture of the low-frequency spectral weight.
However, we argue that a single-component picture is a
good description of the low-frequency spectral weight in
YBa,Cu;04,, based on both the scaling of the low-
frequency spectral weight with both doping and T, and
the absence of a resolvable bound-carrier contribution in
the low-frequency conductivity. We also find that a strict
interpretation of the optical data within a single-
component picture has several interesting consequences,
including an increase in the interaction strength A with
decreasing T,. Whether normal-state models can accom-
modate these results remains an open question. Addi-
tionally, the doping independence of the Raman-
scattering continuum places constraints on its possible re-
lationship to the optical response, suggesting either that
the Raman-scattering continuum is not associated with
the conduction electrons, or that fundamental changes in
the Raman-scattering vertex occur with decreased dop-
ing.

Finally, in our c-axis studies, we find that the c-axis op-
tical response in fully oxygenated YBa,Cu;0, (T, ~90 K)
is characterized by a weak Drude conductivity and a c-
axis polarized Raman continuum. Both optical responses
are consistent with incoherent hopping transport along
the ¢ direction, which we argue is due to a dephasing of
c-axis transport by uncorrelated dynamical fluctuations
in adjacent CuO, plane layers. We suggest that this un-
conventional dephasing process should allow one to
probe the dynamics in the ab plane using c-axis measure-
ments. With decreased doping in the metallic phase, we
find that the CuO, bilayers become rapidly decoupled due
to the loss of oxygens in the CuO chains. The unusual
ab-plane optical response appears to be rather insensitive
to interbilayer decoupling, providing evidence that the
normal-state dynamics which characterize the CuO,
planes persist in nearly isolated CuO, bilayers.
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