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Insight into the nature of the pairing of charge carriers in high-Tc superconductors may be provided by a
systematic investigation of the condensation energy. In this work we report on studies of the electronic kinetic
energy across the complex phase diagram of these materials. Thec-axis component of the electronic kinetic
energy�determined from an analysis of the optical constants� is shown to be reduced belowTc , primarily in
those compounds in which the superconducting transition atTc is preceded by the formation of the partial gap
in the density of states�pseudogap� at T* �Tc . An examination of the doping dependence of the infrared
conductivity in conjunction with the results of photoemission spectroscopy suggests that the lowering of the
kinetic energy is a property of the electronic states close to the intersection of the two-dimensional Fermi
surface with the boundary of the Brillouin zone. We contrast thec-axis results with the energetics associated
with the nodal quasiparticles probed through the in-plane conductivity.

DOI: 10.1103/PhysRevB.63.134514 PACS number�s�: 74.25.Gz

I. INTRODUCTION

After more than a decade of intensive research in high
temperature superconductivity there is still no microscopic
explanation for this phenomenon. The most general state-
ment that one can make regarding the superconducting state
is that the free energy of a superconductor is lowered by an
amount referred to as the condensation energyEc . Therefore
it is natural to explore possible origins of the condensation
energy in a search for the mechanism of superconductivity.
An advantage of this approach is not only in its generic char-
acter, but also in the fact that the microscopic roots of the
condensation energy are limited to a few basic interactions.1

Changes of the Coulomb energyVC , the electronic kinetic
energyK, and the exchange energyJ can be studied, at least
in principle, using a variety of spectroscopies,1–7 whereas the
magnitude ofEc can be extracted from the specific heat
measurements.8 According to the theory of Bardeen, Cooper,
and Schrieffer�BCS�, the superconducting state of elemental
metals is driven by the reduction of the potential energy
which overpowers the increase of the kinetic energy.9,10 No-
tably, in metallic superconductors the pairing of charge car-
riers, the formation of the gap in the density of states, and the
development of coherence between electron pairs all occur at
the temperature of the superconducting transition. Numerous
experiments suggest that in cuprate high-Tc superconductors
the above processes may take place at different
temperatures11 so that the energetics of the superconducting
state is expected to be more complex. The goal of this work
is to explore the systematic trends in the behavior of the
electronic kinetic energy inferred from the analysis of the
optical constants in different regions of the complicated
phase diagram of high-Tc cuprates.

II. PROBING ELECTRONIC KINETIC ENERGY
WITH INFRARED

A variety of models for the electromagnetic response of a
solid allows one to derive a relationship between the integral
of the real part of the complex conductivity�̃(�)��1(�)
�i�2(�) in the polarizationr and the electronic kinetic en-
ergy Kr along this direction:2,4,12

�
0

W

d� �1,r�����
�e2ar
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2�2 Kr , �1�

wherear is the lattice spacing in the directionr. This equa-
tion offers an interpretation of such a well-defined experi-
mental parameter as the effective spectral weightNeff(�)
��0

�d���1(��) �middle panel in Fig. 1� in terms of the
electronic kinetic energy.13 It is therefore important to ex-
plore the consequences of this approach when it is applied to
the analysis of the electromagnetic response at the bound-
aries of phase transitions in solids while keeping in mind
possible caveats connected with the derivation of Eq.�1�.

To proceed with the analysis of the kinetic energy in high-
Tc cuprates we first note that the superconducting state con-
ductivity �1,r

SC(�) for any polarizationr has two distinct con-
tributions

�1,r
SC�����s,r	�0���1,r

reg���. �2�

The first component is associated with the	 function at�
�0 due to the superconducting condensate with the spectral
weight given by�s,r��e2ns/2mr* , wherens is the density
of superconducting electrons andmr* is the corresponding
component of their effective mass tensor. The second contri-
bution�1,r

reg(�) �usually referred to as the ‘‘regular’’ compo-
nent� is defined at��0 and is associated with the response
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of unpaired charge carriers. Combined together Eqs.�1� and
�2� yield the Hirsch kinetic energy sum rule2

�s,r��
0�

W

d�
�1,r
N �����1,r

SC������Kr , �3�

whereN refers to the normal state and�Kr is the change of
the kinetic energy associated with the motion along direction
r. In conventional superconductors�K is negligibly small
and the Ferrel, Glover, and Tinkham�FGT� sum rule �s

��0�
W d�
�1

N(�)��1
SC(�)� is obeyed. The FGT equation is

routinely used to estimate the superfluid density in supercon-
ductors and implies that the entire ‘‘missing area’’ in the
conductivity spectra�0�

W d�
�1
N(�)��1

SC(�)� reappears in
the superconducting	(0) function. Because the superfluid
density can be obtained from the imaginary part of the con-
ductivity �s����2(�→0) and therefore can be determined

independently of the integral�0�
W d�
�1

N(�)��1
S(�)� one

can evaluate changes of the kinetic energy upon supercon-
ducting transition from Eq.�3�. The form of the Eq.�3�
suggests that it is useful to define the normalized
spectral weight N�(�)�
NN(�)�NSC(�)�/�s , where
NN(�)�(120/�)�0�

� d���1
N(�) and NSC(�)

�(120/�)�0�
� d���1

SC(�).5 In conventional superconduct-
ors N�(�) saturates at�10�15 kTc reaching the level of
N��1.5 According to Eq. �3� if in the saturated region
N�(�)�1, then this deviation from unity can be interpreted
in terms of kinetic energy change.

In a previous publication5 we reported on a significant
discrepancy between�s,c and �0�

W d�
�1,c
N (�)��1,c

SC(�)�
measured in the polarization perpendicular to the CuO2 lay-
ers, suggesting that thec-axis component of kinetic energy is
lowered in certain cuprates atT�Tc . In this work we ex-
plore the complex phase diagram of high-Tc materials from
the viewpoint of the kinetic energy and show that this
anomalous effect is intimately connected with the incoherent
nature of the interlayer response found primarily in under-
doped cuprates.14 We employ the sum rules described above
and an additional sum rule for the loss function Im


�1/�̃(�)� which proves the consistency of our analysis.
We show that the partial gap�pseudogap� developing in the
density of states of La2�xSrxCuO4 �La214� and YBa2Cu3Ox
�YBCO� materials at temperatureT* �Tc �Ref. 11� is in fact
responsible for the anomalies of the kinetic energy seen in
these compounds. Therefore, our new results have implica-
tions both for the microscopic understanding of the super-
conducting state, and of the pseudogap state in cuprates.

III. EXPERIMENTAL RESULTS AND ANALYSIS
OF UNCERTAINTIES

In the top panel of Fig. 1 we plot the real part of the
interplanec-axis conductivity�1,c(�) for a strongly under-
doped YBCO crystal withx�6.6, Tc�59 K and for a nearly
optimally doped sample withx�6.9, Tc�91 K. Thec-axis
component of the optical conductivity was obtained from the
reflectance measurements using Kramers-Kronig�KK �
analysis.15 One generic feature of the interplane conductivity
of most cuprates is a flat incoherent background extending
over the energy scale up to a few eV.16 The signature of the
underdoped YBCO materials is a well-defined threshold
structure at��300 cm�1 seen already atT�Tc .17 In the
far-infrared sharp phonon peaks are superimposed on this
incoherent electronic contribution. The absolute value of
�1,c(�) associated with the electronic background increases
from underdoped to overdoped materials. In the overdoped
crystals the Drude-like behavior can be clearly identified in
the spectra of�1,c(�).18 These tendencies are common for
YBCO, La214, and Tl2Ba2CuO6�x �Tl2201�
compounds19–21 and suggest that the increase of the doping
level leads to the development of coherence in the interlayer
response.

The behavior of the normalized spectral weight exposes
several other trends of the doping dependence of thec-axis
charge dynamics in the YBCO series. In order to illuminate
the differences between underdoped and optimally doped

FIG. 1. Interplane response of YBa2Cu3O6.6 and YBa2Cu3O6.9

single crystals. Top panels: the interlayer conductivity�1(�);
middle panels: spectral weightN(�); bottom panels: normalized
spectral weightN�(�) as defined in the text. The insets: the spectra
of the first moment of the loss function. In all panels thin solid lines
refer to the 300 K data; dashed lines to data atT�Tc ; and thick
solid lines to data atT�10 K. The key difference between the two
samples is the energy scale from which the superconducting con-
densate is collected. In the nearly optimally doped YBa2Cu3O6.9

crystal with Tc�91 K the Ferrel-Glover-Tinkham sum rule is ex-
hausted at��8 kTc as indicated by�i� NTc

� →1 at ��600 cm�1

and �ii � agreement between the area confined under��Im(�1/�̃)
above and belowTc . In the underdoped sample the energy range of
�25 kTc produces only 40% of the condensate density as evi-
denced by�i� NTc

� →0.4 at��800 cm�1 and �ii � difference by the

factor of�2 between the area confined under��Im(�1/�̃) above
and belowTc . The behavior of underdoped crystals can be inter-
preted in terms of kinetic energy change.

D. N. BASOV et al. PHYSICAL REVIEW B 63 134514

134514-2



crystals from the point of view of the FGT sum rule we
define NTc

� (�)�
NN(�,T�Tc)�NSC(�,T�Tc)�/�s �bot-

tom panels in Fig. 1�. In the YBa2Cu3O6.9 crystal, the
NTc

� (�) saturates at approximately 500�600 cm�1 reaching

the value of�1. Therefore in this crystal the FGT sum rule
is exhausted over the range��8 kTc . On the contrary, in
the underdoped sample theNTc

� (�) spectrum reaches the

level of only 40% at 150 cm�1 and does not show significant
variation up to 800 cm�1 �disregarding the structure due to
the temperature dependence of the phonon modes�. Thus in
the underdoped crystal the superfluid density significantly
exceeds the ‘‘missing area’’ in the real part of the conduc-
tivity despite the fact that the integration extends to
�25kTc . Therefore, in accord with Eq.�3�, the latter result
can be interpreted in terms of the change in thec-axis com-
ponent of the kinetic energy.

It is imperative to discuss the validity of the above results.
To generate theN�(�) spectra we extended the�1(�)
curves with a constant to��0 below the cutoff of our mea-
surements (��30�35 cm�1), a behavior that is suggested
by the overall shape of the conductivity which is frequency
independent at low energies. The above assumption, as well
as the impact of extrapolations required for KK analysis, can
be examined through the formalism of the energy loss func-
tion Im(�1/�̃). In a conducting material the loss function
shows a peak centered at� which is proportional to the
plasma frequency of charge carriers�p

2�4�ne2/m* . It fol-
lows from Eq.�2� that in a superconductor�p

2�8�s�NSC.

The first moment of Im(�1/�̃) follows the sum rule

�
0

�

� Im��
1

�̃���
�d��

1

2
��p

2 . �4�

Although Eq.�4� is equivalent to the oscillator strength sum
rule for the conductivity, the advantage of the loss function
formalism is that the spectra of Im(�1/�̃) have vanishing
weight in the extrapolated region (��35 cm�1). The inset
in Fig. 1 shows��Im(�1/�̃) spectra above and belowTc .
At T�Tc the plasmon feature is overdamped but atT�Tc
the sharp resonances are found in both materials. These reso-
nances are located in the energy range which is not influ-
enced by uncertainties of the KK procedure. The area con-
fined under��Im(�1/�̃) remains essentiallyconstant in
the YBa2Cu3O6.9 crystal as the temperature is lowered from
T�Tc down to 10 K. This is consistent withNTc

� �1 for �

� 0.09 eV inferred from the conductivity sum rules. In the
case of YBa2Cu3O6.6 sample, the integrals of��Im
(�1/�̃) taken atT�10 K and atT�Tc differ approximately
by a factor of 2 in accord with the behavior ofNTc

� for this

crystal. Thus, the loss function formalism
Eq. �4�� provides
an independent corroboration of the results obtained from the
conductivity spectra.

There is yet another source of uncertainty in the spectra of
the normalized spectral weight. This latter source is related
to possible mixing of the in-plane reflectanceRab(�) with
the c-axis reflectanceRc(�). Such mixing may result from

�i� imperfections of the polarizer,�ii � misalignment of the
polarizers, and/or�iii � misorientations of single crystals if
mosaic samples are used for experiments. Results shown in
Fig. 1 were obtained for separate relatively large single crys-
tals (2000�250�m2) and therefore�iii � is not relevant. The
specified extinction coefficient of our polarizers is better than
10�3 in the frequency range 20–1000 cm�1. We measured
somewhat larger transmission through two crossed polariz-
ers: 0.3% at 420 cm�1. Similar leakage of unwanted polar-
ization can occur if a polarizer is misoriented by�5°. In our
experiments the accuracy of the polarizer alignment is better
than 2° and minor discrepancy with the specified character-
istic most likely results from damage of the surface of the
polarizers.

In Fig. 2 we show the impact of unwanted leakage for the
spectra ofN�(�). We calculatedR(�)�(1�z)Rc�zRab
for various values ofx. To produceRc in the normal state we
used �1,c

N (�)��DC,c�15 
� cm��1 �left panel� and 50

� cm��1 �right panel�. The in-plane reflectance was calcu-
lated using the Drude model with�p,ab�9000 cm�1 and
1/�ab�600 cm�1. For simplicity, we assumed isotropic
s-wave gap atT�Tc both for the in-plane and the interplane
data. We then obtained the complex conductivity from the
KK transformation ofR(�) followed by exactly the same
analysis which we used to generateN�(�) from the experi-
mental data in Fig. 1. Forz�0 �solid line� the sum rule is
nearly exhausted at 10� as expected from the FGT sum rule.
The spectra forz�0.0025, andz�0.01 systematically devi-
ate from thez�0 spectrum and reveal saturation atN��1.
The latter effect originates primarily from changes of
�1

SC(�). The absolute value of�s 
extracted from�2(�)] as
well as the normal state conductivity are nearly unaffected
by the leakage. The effect is suppressed with the increase of
�dc.

The spectra forz�0.0025 accounts for the experimental
conditions of our measurements reported in this work. This
value is close to the impact of the imperfection of our polar-
izer �based on the transmission of crossed polarizer� or to the
effect produced by misalignment of the polarizer by 5°. We
also note thatz�0.0025 leakage yields less than 1% correc-

FIG. 2. Mixture betweenc-axis and ab-plane reflectance
R(�)�(1�z)Rc�zRab may lead to considerable deviation of the
normalized spectralN�(�) from unity. Calculations were per-
formed as described in the text for different values ofz: z�0 �solid
lines�, z�0.0025 �long dashed lines�, z�0.01 �dash dotted line�,
andz�0.05 �short dashed line�.
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tion of R(�) compared toRc(�); such a correction is of the
order of the uncertainty in the measurements of the absolute
reflectance. The values ofz�0.01 andx�0.05 would corre-
spond to a misalignment of the polarization by about 10° and
20°, respectively. Such misalignment can be excluded for
our experiments carried out for separate single crystals. Nev-
ertheless, thez�0.01–0.02 situation may occur in the mea-
surements involving mosaic samples stacked out of several
single crystals.21 While the absolute value of�s is still unaf-
fected by polarization leakage effects, the spectra ofN�(�)
generated forz�0.05 are suppressed by 10–15 % compared
to the intrinsic value. In our previous work for Tl2201 mo-
saics, we reportedN��0.5 for the optimally doped crystals
and N��0.85 for the overdoped compound. In view of the
effects of the polarization leakage discussed above, these
data points were corrected by 0.15 in the results shown in
Fig. 3.

We also point out that the integration of the conductivity
following Eq. �1� adds the contribution due to the electronic
background and due to IR-active lattice vibrations. It is
known that phonons in high-Tc cuprates reveal a number of
nontrivial properties, including abrupt changes of the line-
width and frequency of the modes atT�Tc .22,23 However,
the oscillator strength of the phonon modes is usually not
affected by these changes. In La214 and in Tl2201 the pho-
non spectrum is simpler than in YBCO series. For the former
compounds we were able to subtract the phonon contribution
and to perform the sum rule analysis separately for the elec-
tronic contribution.5 This analysis confirmed that the phonon
oscillator strength remains constant belowTc and therefore
the anomalies detected in the sum rule analysis are primarily
of the electronic origin.

IV. DISCUSSION

In Fig. 3 we present theNTc
� data with integration limited

up to 0.1 eV for a series of YBa2Cu3Ox , x�6.5–6.95 single
crystals along with the data for La214 and Tl2201
compounds.5,21 In this diagram theNTc

� is plotted as a func-

tion of the dc conductivity�dc across the layers atT�Tc . It
appears that the deviation ofNTc

� from unity is most promi-

nent in the materials with low dc conductivity. As�dc in-
creases, the magnitude ofNTc

� is systematically enhanced and

eventually reaches unity implying that the sum rule is ex-
hausted with the relatively narrow cutoff of 0.1 eV. This
trend is also similar in the YBCO, Tl2201, and La214
series.21,26 According to Eq. �3�, the magnitude of
1�N�(�) is related to kinetic energy change�Kc . Then it
follows from Fig. 3 that�Kc is significant only in those
compounds in which the conductivity between the layers at
T�Tc is nearly blocked. Development of coherence in the
c-axis response signaled:�i� by the increase of�dc with dop-
ing, and�ii � by the formation of the Drude-like feature in the
�1(�) spectra of overdoped samples18–21 reduces the mag-
nitude of�Kc . The in-plane conductivity of all materials in
Fig. 3 is in the coherent regime�Drude-like� and the FGT
sum rule is exhausted at��0.1 eV.25 This latter result will
be discussed in more details in connection with Fig. 5.

At least in YBCO and in La214 systems the changes of
thec-axis component of the kinetic energy are clearly related
to the development of the pseudogap state atT* �Tc .11 The
signature of the pseudogap in thec-axis response of under-
doped high-Tc cuprates is in the transfer of the spectral
weight from far-infrared to higher energies.17 This process
corresponds to suppression of�1(�→0) and to characteris-
tic ‘‘semiconducting’’ temperature dependence of the dc re-
sistivity �dc that is commonly found in underdoped com-
pounds. All materials in Fig. 3 for whichNTc

� �1 show

‘‘semiconducting’’ �dc(T).29 Thus, in the pseudogap state
the charge carriers become more strongly confined to the
CuO2 planes while the probability of their coherent hopping
across the planes is reduced. An application of Eq.�1� to the
data atT�T* indicates that the kinetic energy isenhanced
in the pseudogap state. We note that the changes of the ki-
netic energy both in the pseudogap state and in the supercon-
ducting state are of the same order as the magnitude of the
c-axis kinetic energy itself. This interesting regime has to be
contrasted with what typically occurs in superconducting
metals.10 In our view the fact that�Kc�Kc is a direct con-
sequence of the incoherent nature of the interlayer conduc-
tivity.

Further connection of the pseudogap state to the anoma-
lies of the superfluid response can be seen from the tempera-
ture dependence ofN�(�) spectra. In order to analyze thisT
dependence we defineN300 K� (�)�
NN(�,T�300 K�
�NSC(�,T�Tc)]/�s,c �thin solid lines in the bottom panels
of Fig. 1� in addition to NTC

� (�) introduced earlier. The

N300 K� (�) spectrum obtained for the YBa2Cu3O6.6 reaches
the level of 2.2 at��150 cm�1 indicating that there is twice
as much weight in the room temperature conductivity than

FIG. 3. Normalized spectral weightNTc
� obtained from the inte-

gration of the interlayer conductivity up to the cut-off energy 0.1
eV. TheNTc

� (0.1 eV� data for a variety of high-Tc cuprates is plot-
ted as a function of the dc conductivity along thec axis at T
�Tc . For relatively well-conductive crystalsNTc

� �1 suggesting

that the FGT sum rule is exhausted at��0.1 eV. Deviation ofNTc
�

from unity can be interpreted in terms of the kinetic energy change.
This effect is most prominent in less conductive samples. With the
exception of the optimally doped Tl2Ba2CuO6 all samples with
NTc

� �1 show ‘‘semiconducting’’ upturn in the temperature depen-
dence of the dc resistivity. This behavior is one of the characteristic
attributes of the pseudogap state as discussed in the text.
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what is needed to account for the superfluid density in this
sample. However, as the temperature is lowered down toTc

most of this spectral weight is transferred to frequencies
above 0.2–0.3 eV�Refs. 15,18� so that the conductivity at
T�Tc is strongly diminished. It is this suppression of
�1,c(�) in the pseudogap state that leads to nontrivial results
in NTc

� (�) spectra�thick solid line�. The behavior of under-

doped La214 crystals is similar.27,28 Therefore the existing
data suggest that the kinetic energy change atT�Tc is most
conspicuous is the crystals in which superconductivity
emerges out of the pseudogap state.

While the origin of the pseudogap is in dispute,11 some
experiments are consistent with the idea of pair formation
taking place already atT* �Tc .30–32The analysis of the su-
perfluid density inferred from tera-Hertz time domain spec-
troscopy provides strong evidence for the preformed pairs
scenario.33 Pair formation is favored because of the decrease
in the potential energy which is accompanied by inevitable
increase of the kinetic energy�virial theorem�. The latter
result is in agreement with our data since the transfer of the
spectral weight to higher energies atTc�T�T* is indicative
of the increase ofKc in accord with Eq.�1�. Within the
preformed pair paradigm, the onset of superconductivity is
associated with the phase coherence occurring atTc which is
distinct from the pair formation temperatureT* . According
to our data, the former process is associated with the partial
recovery of thec-axis kinetic energy which was strongly
enhanced in the pseudogap state. It has been argued that
quantum fluctuations play an increasingly important role in
the pseudogap state.34 An account of quantum fluctuations
may also lead to the deviation from the FGT sum rule with
NTc

� �0.5.34 We remark that both the pseudogap crossover

and superconducting transition affect the entire background
in the spectra of the interplane conductivity.

We fail to find a correlation between the magnitude of
�Kc at T�Tc and the critical temperature of the supercon-
ductors that we have studied�top panel Fig. 4�. While in the
Tl2201 series the largest change of kinetic energy occurs in
the crystal close to optimal doping, in the YBCO compounds
�Kc decreases with increasingTc �Fig. 4�. Also, the magni-
tude of �Kc is significantly smaller than the condensation
energy at least in Tl2201 and HgBa2CuO4�x materials.35,36

In part, this discrepancy can be attributed to the formidable
difficulties concerned with the estimates of thenormal state
free energy from the specific heat data in the regime when
superconducting fluctuations may be present atTc�T�T* .4

It is also important to keep in mind that ideally, Eq.�3�
should be applied to the normal and superconducting state
data obtainedat the same temperature T→0. This is difficult
to achieve for technical reasons. Several experiments suggest
that thenormal state conductivity continues to decrease at
T�Tc following the ‘‘semiconducting’’ slope of�dc(T) seen
already atT�Tc in underdoped samples. This possibility is
supported by the resistivity data in the regime when super-
conductivity is suppressed by a high magnetic field.37 High-
field data show that�dc,c

N (T�Tc)��dc,c
N (T�Tc) in under-

doped La214 crystals.37 Also, careful analysis of�1,c(�) in
midinfrared range demonstrates that some of the spectral

weight missing from the conductivity atT�Tc is transferred
to high energies and not to the	 function even in the opti-
mally doped single crystals.18,38 Thus, it is conceivable that
�1,c

N (�,T�Tc)��1,c
N (�,T�Tc), and that the integral term in

Eq. �3� may bevanishingly small throughout the range of
infrared frequencies. Then the actual changes of�Kc may be
as large as�s .

Suppression of thec-axis kinetic energy atT�Tc is con-
sistent with a recent analysis of the angular resolved photo-
emission �ARPES� data for Bi2Sr2CaCu2O8�x �Bi2212�.
Norman et al. proposed the so-called mode model which
successfully describes many important attributes of the pho-
toemission experiments.7 An important feature of this model
is that it suggests lowering of the kinetic energy associated
with the formation of the quasiparticle peak in the ARPES
spectra. The comparison of interlayer infrared�IR� results
and of the ARPES data is facilitated by the peculiarity of the
c-axis tunneling matrix elements which are maximized for
the momenta parallel to (�,0) or (0,�) and vanish along

FIG. 4. Top panel: Normalized spectral weighNTc
� calculated

with the cutoff energy 0.1 eV plotted as a function of the ratio
Tc /Tc max for a series of YBa2Cu3Ox and Tl2Ba2CuO6�y single
crystals. We fail to find a correlation between the magnitude ofNTc

�

�related to the change of the kinetic energy� and the critical tem-
perature of studied superconductors. ARPES intensity measured for
momenta close to (�,0) for underdoped Bi2212 crystal�Ref. 44�
�left middle panel� and for overdoped Bi2212 sample�Ref. 46�
�right middle panel�. Dashed lines: atT�Tc ; solid lines atT�10
K. Infraredc-axis conductivity for underdoped YBa2Cu3O6.7 crystal
�left bottom panel� and for overdoped YBa2Cu3O7 sample�Ref. 17�
�right bottom panel�. Only the electronic background is shown; the
phonon absorption has been subtracted by fitting to oscillators. Both
ARPES and IR results indicate that underdoped samples show low-
ering of the kinetic energy atT�Tc �as described in the text�. The
normal state properties in the underdoped regime are markedly dif-
ferent from conventional Fermi-liquid behavior. In the overdoped
crystal the kinetic energy is unchanged below the temperature of
superconducting transition. Crystals on the overdoped side of the
phase diagram reveal more conventional normal state behavior:
quasiparticle peak in the ARPES spectra as well as the Drude-like
feature in�1,c can be resolved already atT�Tc .
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the nodal (�,�) direction.39,34,40 This conjecture is sup-
ported by a clear connection between the pseudogap features
detected in thec-axis conductivity and ARPES spectra mea-
sured close to the (�,0).41–43 Further parallels between the
information extracted from these two techniques can be re-
vealed in the context of the energetics of the superconducting
state. Numerous photoemission experiments show that the
spectral functionA
�,(�,0)� at T�Tc is very broad with
only small weight near the Fermi energyEF .44,45 However,
below Tc a well-defined quasiparticle peak�QP� emerges
�Fig. 4� suggesting that the momentum distribution function
�(k) �Ref. 50� sharpens below the transition temperature.
Since the electronic kinetic energy is minimized if�(k) has
a sharp step atEF ,9 the latter result is in accord with the
reduction ofK at T�Tc . These changes in the ARPES spec-
tra in the superconducting state are most prominent in the
underdoped samples. With increasing doping, the QP peak in
the ARPES spectra becomes visible already in the normal
state.46,47 The presence of this peak in the spectra obtained
for optimally and overdoped crystals precludes significant
lowering of the kinetic energy in these samples atT�Tc .
Therefore, the doping dependence of�K suggested by the
ARPES experiments fits the pattern inferred from the analy-
sis of thec-axis conductivity summarized in Fig. 3.

The key outcome of both IR and ARPES experiments is
that the kinetic energy change is found exclusively in the
materials for which the normal state properties are marked
by a strong degree of incoherence and are therefore distinct
from the conventional Fermi-liquid picture. A broad and
structureless ARPES spectral function can be viewed as an
obvious sign of non-Fermi-liquid ground state.51 The corre-
sponding hallmark in the spectra of�1,c(�) is a flat back-
ground. The kinetic energy is lowered upon the supercon-
ducting transition only if the above features can be
distinguished in the normal state response�left panels in Fig.
4�. Both of these characteristics of the underdoped regime
fade away as the doping progresses towards the overdoped
side of the phase diagram. Indeed, overdoped crystals show a
well-defined QP peak in the ARPES spectra consistent with
the Drude-like behavior of�1,c(�) �right panels of Fig. 4�.
The magnitude of the kinetic energy change is reduced and
eventually vanishes in overdoped regime. Thus it appears
that the lowering of the kinetic energy is an attribute of the
transition to the coherent state atT�Tc provided the coher-
ence is lacking aboveTc . The formation of the pseudogap
‘‘enhances’’ the non-Fermi-liquid character of both the inter-
layer conductivity and of the ARPES spectra by shifting the
spectral weight to higher energies. In this way the pseudogap
state is beneficial for the observation of the kinetic energy
change. A comparison of IR and ARPES results indicates
that the lowering of the kinetic energy is not related to the
interplane transportper se but rather reflects the property of
the electronic states close to the boundary of the Brillouin
zone at (�,0) and (0,�) points.

The analysis of the in-plane conductivity may provide an
insight into the superconducting state energetics close to the
nodal (�,�) direction. Despite the fact that�ab(�) is aver-
aged over the entire Fermi surface, the regions close to (�,0)
and (0,�) give only a minor contribution because the Fermi

velocity in these regions is�vanishingly� small. Therefore,
the segments of the Fermi surface close to the node of the
d-wave gap at (�,�) dominate in theab-plane transport.
The results of the sum rule analysis of thea-axis conductiv-
ity for YBa2Cu3O6.6 �Ref. 24� and of theab-plane conduc-
tivity for the optimally doped Tl2Ba2CuO6�y �Ref. 48�, are
shown in Fig. 5. Here we plot the difference between the
spectral weight atTc and at 10 K
NN(�)�NSC(�)� without
normalizing the spectra by the magnitude of the superfluid
density. The absolute values of�s �determined from the
imaginary conductivity� are shown with the dashed lines.
The a-axis data reveal a reasonable agreement between the

FIG. 5. Lower panels: the spectra of
NN(�,T�Tc)�NSC(�)�
reveal the sum rule result for the superfluid density in the optimally
doped Tl2Ba2CuO6�y �left� and YBa2Cu3O6.6 �right� single crys-
tals. The dashed line show the magnitude of�s extracted from the
imaginary part of the conductivity. In the case of thec-axis re-
sponse we find the discrepancy between
NN(�,T�Tc)
�NSC(�)� in the saturated region and the magnitude of�s which
can be interpreted here in terms of the lowering of thec-axis kinetic
energy atT�Tc . In the case of the response of the CuO2 planes we
find a better agreement between the two approaches to quantify the
strength of the superconducting condensate. The crossing of the

NN(�,T�Tc)�NSC(�)� spectra measured for theab-plane with
the dashed lines signal some increase of the in-plane kinetic energy
below Tc . The effect is small and comparable to the error bars in
theab-plane measurements. Upper panels: the spectra of the energy
depended effective massm* normalized by the magnitude of the
band massmB determined from Eq.�5� for Tl2Ba2CuO6�y �left�
and YBa2Cu3O6.6 �right� single crystals. Strong enhancement of
effective mass at 10 K is indicative of an increase of the in-plane
kinetic energy.
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density of the condensate extracted from the sum rule and
from the imaginary conductivity. After a closer inspection
one can notice crossing between the
NN(�)�NSC(�)�
spectra and the dashed lines quantifying the strength of the
in-plane condensate. This latter effect may signal some in-
crease of the in-plane kinetic energy belowTc that can be
contrasted with thec-axis behavior. The effect is rather small
and comparable to the error bars in theab-plane measure-
ments. However, even minor discrepancy between the two
results may lead to a huge absolute value of�Kab because
the in-plane superfluid density is dramatically enhanced
compared to the�s,c .

Additional information on the in-plane energetics can be
inferred from the analysis of thea-axis response in terms of
the extended Drude model. This analysis allows one to ob-
tain the energy dependence of the electronic effective mass
m* (�) �Ref. 49�:

m* ���

mB
�

�p
2

4�

�2���

�1
2�����2

2���

1

�
, �5�

wheremB is the band mass and�p is the plasma frequency
obtained from the integration of the conductivity up to 1.2
eV. Within the tight-binding approximation the electronic
kinetic energy is proportional to�1/m* . The spectra of
m* /mB for the optimally doped Tl2Ba2CuO6�y and
YBa2Cu3O6.6 are shown in the top panel of Fig. 5. The mass
enhancement is strongest at the lowest energies whereas at
��2000 cm�1 the magnitude ofm* is approaching the
band mass. For both systems the spectra ofm* (�) obtained
at 10 K are nonmonotonic suggesting coupling of the con-
ducting carriers to a mode at��500 cm�1.49 In both crys-
tals we find an increase of the effective mass at 10 K com-
pared to the data atT�Tc . This result is in accord with the
increase of the in-plane kinetic energy suggested by the sum
rule data in the lower panel. The fact that the in-plane and
interplane results suggests different energetics atT�Tc is
not entirely surprising since these two measurements probe
the different regions of the Fermi surface. Previous�magne-

to�transport studies and ARPES experiments revealed differ-
ences in the character of the electronic states at (�,0) and in
the nodal region.52,53

V. CONCLUSIONS

We show that a variety of cuprates reveal changes of the
c-axis electronic kinetic energy. The effect is intimately con-
nected with the development of the pseudogap state and is
therefore most conspicuous in underdoped materials. The
c-axis kinetic energy is enhanced in the pseudogap state con-
sistent with the idea of preformed pairs. In the superconduct-
ing state this enhancement is partially recovered. With the
development of coherence in thec-axis transport, changes of
the kinetic energy are suppressed and completely disappear
in the overdoped materials. Within the assumption that the
interlayer conductivity probes the electronic states close to
the boundary of the Brillouin zone we can conclude that the
effects observed in thec-axis transport reflect the situation
close to (�,0) and (0,�) points. On the contrary, the in-
plane conductivity is dominated by the nodal (�,�) direc-
tion and reveal more conventional energetics�increase of
Kab). The contrasting behavior seen in thec-axis anda-axis
data may reflect the radical distinctions between the elec-
tronic states close to the boundary of the Brillouin zone com-
pared to the nodal direction. Both this result as well as the
trends in the doping dependence seen in ARPES and IR data
clearly show that the kinetic energy lowering is inherently
connected with an incoherent normal state response. Possible
connections between incoherent normal state response and
changes of kinetic energy belowTc were recently discussed
in several publications.54,55
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