
strictly above 1.4 � 104 MJ AU�3. The
dynamical lifetime of a cluster of objects with
that density would be less than 1000 years,
making Sgr A* the most convincing existing
case for a massive black hole (39).
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In-Plane Spectral Weight Shift of
Charge Carriers in YBa2Cu3O6.9
A. V. Boris,* N. N. Kovaleva,† O. V. Dolgov, T. Holden,‡

C. T. Lin, B. Keimer, C. Bernhard

The temperature-dependent redistribution of the spectral weight of the CuO2

plane–derived conduction band of the YBa2Cu3O6.9 high-temperature super-
conductor (superconducting transition temperature � 92.7 kelvin) was studied
with wide-band (0.01– to 5.6–electron volt) spectroscopic ellipsometry. A
superconductivity-induced transfer of the spectral weight involving a high-
energy scale in excess of 1 electron volt was observed. Correspondingly, the
charge carrier spectral weight was shown to decrease in the superconducting
state. The ellipsometric data also provide detailed information about the
evolution of the optical self-energy in the normal and superconducting states.

The mechanism of high-temperature super-
conductivity (HTSC) is one of the main un-
solved problems in condensed-matter phys-

ics. An influential class of theories predicts
that HTSC arises from an unconventional
pairing mechanism driven by a reduction of
the kinetic energy of the charge carriers in the
superconducting (SC) state (1–3). This con-
trasts with the conventional Bardeen-Cooper-
Schrieffer (BCS) model, where correlations
of the charge carriers below the SC transition
temperature, Tc, bring about an increase in
their kinetic energy (4, 5), which is overcom-
pensated for by a reduction of the potential
energy due to the phonon-mediated attrac-
tion. Within a nearest-neighbor tight-binding

model, measurements of the optical conduc-
tivity �1(�) � Re[�(�)] can provide experi-
mental access to the kinetic energy 	K
 via
the sum rule for the spectral weight SW(�̃) �

�0
�̃�1(�)d� �

e2a2

2�2Vu
	–K
, where a is the

in-plane lattice constant and Vu is the unit cell
volume (3, 6–8). The upper integration limit, �̃,
needs to be high enough to include all transi-
tions within the conduction band but sufficient-
ly low to exclude the interband transitions.

Precise optical data may thus enable one
to address the issue of a kinetic energy–
driven HTSC pairing mechanism. In fact,
optical measurements have ruled out a low-
ering of the kinetic energy along the c axis
(perpendicular to the highly conducting CuO2

planes) as the sole mechanism of HTSC (9),
but have also shown that it can contribute
significantly to the superconducting conden-
sation energy of multilayer copper oxides
(10, 11). Recently, experimental evidence for
an alternative mechanism driven by a reduc-
tion of the in-plane kinetic energy (3) has
been reported (12, 13). The comprehensive
data set presented here, however, demon-
strates that this scenario is not viable.

We performed direct ellipsometric
measurements of the complex dielectric
function ε(�) � ε1(�) � iε2(�) � 1�
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4i�(�)/� over a range of photon energies
extending from the far infrared (�� � 0.01
eV) into the ultraviolet (�� � 5.6 eV) (8).
We focus here on the a-axis component of
ε(�) of a detwinned YBa2Cu3O6.9 crystal at
optimum doping (Tc � 92.7 � 0.4 K) (8).
In agreement with previous reports (12–
15), we observed a SC-induced transfer of
SW involving an unusually high energy
scale in excess of 1 eV. However, our data
provide evidence for a SC-induced decrease of
the intraband SW and are thus at variance with
models of in-plane kinetic energy–driven pair-
ing. Additional data along the b axis of the
same crystal and for slightly underdoped
Bi2Sr2CaCu2O8 (Tc � 86 � 0.5 K) supporting
these conclusions are presented in the support-
ing online text and figures.

Figure 1, A and B, shows the difference
spectra ��1a(�) and �ε1a(�) for the normal
and SC states (the measured spectra are dis-
played in fig. S1). Figure 1, C to F, details the
temperature dependence of �1a and ε1a, av-
eraged over different representative photon
energy ranges.

First we discuss the T-dependent changes
in the normal state. The most important ob-
servation is the smooth evolution of ��1a(�)
and �ε1a(�) over an energy range of at least
0.1 to 1.5 eV. The additional features in
��1a(�) and �ε1a(�) above 1.5 eV arise from
the T-dependent evolution of the interband
transitions (16, 17). Apparently, the response
below 1.5 eV is featureless and centered at
very low frequency below 50 meV. It can
hence be ascribed to a Drude peak [due to
transitions within the conduction band or a
narrowly spaced set of conduction bands
(18)] whose tail at high energy is significant-
ly enhanced by inelastic interaction of the
charge carriers. A narrowing of the broad
Drude peak at low T accounts for the charac-
teristic T-dependent SW shift from high to
low energies, while it leaves the intraband
SW unaffected (19). SW is removed from the
high-energy tail, which involves a surprising-
ly large energy scale of more than 1.5 eV, and
transferred to the “head” near the origin. As a
consequence, �1a(�) curves at different tem-
peratures intersect; for instance, around � �
20 meV for �1a(�) curves at 200 and 100 K
[inset of fig. S1A]. Furthermore, as detailed
in the online material, the integration of
��1a(�) above the intersection point yields a
SW loss that is well balanced by the estimat-
ed SW gain below the intersection point, so
that the total SW is conserved within the
experimental error.

The T dependence of ε1a affords an inde-
pendent and complementary way to analyze
the SW shift from high to low energies. Fig-
ure 1 shows that �1a and ε1a follow the same
T dependence in the normal state; that is, a
concomitant decrease of both quantities with
decreasing T is observed at every energy over

a wide range from 0.05 to 1.5 eV. A simple
analysis of these data based on the Kramers-
Kronig (KK) relation (20) confirms that the
SW lost at high energies is transferred to
energies below 0.1 eV. We note that the blue
shift of the zero-crossing of ε1a, �|ε1�0 (inset
of fig. S1B), can be explained by the narrow-
ing of the broad Drude peak alone, without
invoking a change of the total intraband SW.

We now turn to the central issue, the
evolution of the SW in the SC state. It can be
seen in Fig. 1 that the T-dependent decrease
of �1a in the high-energy range becomes even
more pronounced in the SC state. The data of
Fig. 1, E and F, thus confirm previous reports
of an anomalous SC-induced SW decrease at
high energies (12, 13). Figure 1, C and D,
however, show that this trend continues down
to at least 0.15 eV, and Fig. 1A reveals that
the difference spectra ��1a do not differ sub-
stantially between normal and SC states in
the energy range between 0.15 and 1.5 eV. In
both cases, ��1a exhibits a continuous de-
crease toward high energy, which levels off
near 1.5 eV. As discussed above, this behav-
ior is characteristic of the narrowing of a
broad intraband response. Significant differ-
ences between the responses in the normal
and SC states are observed only below �0.15
eV, where the SC-induced changes are dom-
inated by formation of the SC condensate.
The latter effect has been extensively dis-
cussed in the literature (8, 21).

Next we discuss the evolution of the real
part of the dielectric function, ε1a, in the SC
state, which again provides complementary

information about the SW redistribution. For
the normal state, we have shown that the
transfer of SW from high to low energies
gives rise to a decrease of ε1a(�), as dictated
by the KK relation between ε1a(�) and
�1a(�). Figure 1 shows that this trend sud-
denly ceases in the SC state, where ε1a does
not exhibit a SC-induced anomaly mirroring
the one of �1a. Whereas �1a decreases pre-
cipitously below Tc, ε1a remains virtually
T-independent. This trend holds not only near
�|ε1�0 � 0.9 eV but persists over a wide
energy range from 1.5 eV down to at least
0.15 eV. The KK relation necessarily implies
that the SW loss between 0.15 and 1.5 eV
needs to be balanced by a corresponding SW
gain below 0.15 eV and above 1.5 eV (8, 20).
In addition to the SW transfer to low ener-
gies due to the narrowing of the charge
carrier response, as discussed above, the
SC-induced SW change must therefore in-
volve the shift of a significant amount of
SW from low energy (� � �|ε1�0) to ener-
gies well in excess of �|ε1�0. In contrast to
the situation in the normal state, where the
total charge carrier SW is conserved within
the experimental uncertainty, this addition-
al SC-induced shift of SW to high energies
gives rise to a decrease of the total charge
carrier SW. We emphasize that this is a
model-independent conclusion based solely
on the KK relation (8, 20) between ε1a(�)
and �1a(�), both of which are directly mea-
sured by ellipsometry.

The related SW changes can be quantified
using the extended Drude formalism, where the

Fig. 1. Difference spectra (A) ��1a(�) � �1a(T2,�) – �1a(T1,�) and (B) ��1a(�) � �1a(T2,�) –
�1a(T1,�) in the normal state at T1 � 100 K and T2 � 200 K and below the SC transition between
T1 � 30 K (�Tc) and T2 � 100 K (�Tc). The inset in (B) provides an enlarged view of ��1a(�)
over the photon energy range from 0.4 to 4 eV. (C to F) Temperature dependence of �1a(�)
(black squares) and �1a(�) (green squares) averaged over different energy ranges.
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real and imaginary parts of the optical self-
energy, �(�), are represented by a frequency-
dependent mass-renormalization factor, m*(�)/
mb, and scattering rate, �(�), respectively (8).
The renormalized plasma frequency

�*pl ��� � �pl� mb

m*���
�

�� ε2
2��� � �ε� – ε1����2

ε� – ε1���
(1)

and the scattering rate

���� �
�2

pl

�

ε2���

ε2
2��� � �ε� – ε1����2 �

�2
pl � f �ε1���, ε2���� (2)

can be derived from the ellipsometric data.
The value of ε� � 5 � 1 is extracted from the
high-energy part of the spectra (22). The
normalized difference between normal and
SC states, ��*

pl(�)/�*
pl(�), is displayed in

Fig. 2A (23). Most notably, ��*
pl(�)/�*

pl(�)
saturates above 0.3 eV at a finite value of
�0.5% (thin red line). This finite asymptotic
value of ��*

pl(�)/�*
pl(�) � ��pl/�pl –

1/2 � �(m*(�)/mb)/(m *(�)/mb) above 0.3 eV
cannot be ascribed to an anomaly of the
mass-renormalization factor �(m*(�)/mb),
which should decrease to zero as a function
of increasing energy. Instead, the asymptotic
value of ��*

pl/�
*
pl (� � 0.3) is indicative of

a SC-induced change in the bare plasma fre-
quency, �pl. With �pl � 2.04 � 0.04 eV, as

derived from �*
pl(�) (inset of Fig. 2A)

around 0.45 eV, and SW(�̃) � �2
pl/8 we

thus obtain a SC-induced loss of the intra-
band SW of �SW � 5.2 � 0.7 � 10–3 eV2.

Figure 2B shows the normalized differ-
ence ��(�)/�(�) � 2 � ��pl /�pl � �f (�)/
f (�), with ��pl /�pl � 0.5% and �f (�)/f (�)
derived directly from the data (23). The
anomaly of the scattering rate evidently
extends to very high energy, exhibiting a
slow but steady decrease with increasing
energy. In contrast, the SC-induced anom-
aly in the mass-renormalization factor de-
creases rapidly and essentially vanishes
above 0.3 eV. This decrease of Re[�(�)]
with an energy scale of �0.3 eV provides
an upper limit for the spectrum of excita-
tions strongly coupled to the charge carri-
ers. The observed self-energy effects are in
fact well reproduced by models where the
charge carriers are coupled to bosonic
modes (such as spin fluctuations or pho-
nons) with a cutoff energy of about 0.1 eV.

This analysis confirms our conclusion that
the charge carrier response not only exhibits
an anomalous narrowing but also loses SW in
the SC state. In the framework of a nearest-
neighbor tight-binding model, the observed
SW loss corresponds to an increase of the
kinetic energy in the SC state. Although this
trend is in line with the standard BCS theory,
as discussed in the introduction, an analysis
becomes more difficult beyond this simple
approach (5, 6). For instance, correlation ef-
fects due to the strong onsite repulsion U of
the charge carriers on the Cu ions strongly
influence the electronic structure. Within the
Hubbard model, a single-band picture be-
comes inadequate, and the integration should
include all Hubbard bands; that is, �̃ � U (7,
24). Changes of the intraband SW unrelated
to the kinetic energy may also be associated
with structural anomalies known to occur
below Tc in a number of high-temperature
superconductors, including YBa2Cu3O6�x

(25). Although the expected SW changes due
to the T dependence of the lattice parameters
are negligible, changes in the relative posi-
tion of certain ions, such as the apical oxygen
ions, may have a significant impact. Finally,
the SC-induced broadband SW transfer may
be closely related to the so-called pseudogap
phenomenon, which has been reported to ex-
ist in the cuprate HTSCs even at optimal
doping. Within this approach, possible per-
turbation of the momentum-distribution
function over the conduction band due to
the coupling of charge carriers to spin fluc-
tuations may contribute to the observed
effect. More systematic experimental and
theoretical work is needed in order to ad-
dress these possibilities.

Our broadband (0.01 to 5.6 eV) ellipso-
metric measurements on YBa2Cu3O6.9 and
Bi2Sr2CaCu2O8 suggest a sizable SC-

induced decrease of the total intraband SW.
In the context of the nearest-neighbor tight-
binding model, this effect implies an in-
crease of the kinetic energy in the SC state,
which is in line with the standard BCS
theory. We, however, argue that a micro-
scopic understanding of this behavior re-
quires consideration beyond this approach,
including strong correlation effects.
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Fig. 2. Normalized difference of (A) ��*
pl(�)/

�*
pl(�) and (B) ��(�)/�(�), defined in the

text, upon heating from 30 to 100 K. The
green curve results from smoothing of the
experimental data (light black line). The insets
show (A) �*

pl(�) and (B) �(�) at 30 K (�Tc) and
100 K (�Tc).
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