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We have investigated the temperature dependence of the dielectric functions of a high-Tc superconducting
YBa2Cu3O7−d (Y-123) and a nonsuperconducting PrBa2Cu3O7−d (Pr-123) thin film using spectral ellipsometry.
We evaluate the data by means of thermal-difference and sum-rule analysis techniques. We find that a spectral-
weight transfer into the bands between 4 and 5 eV takes place before Y-123 becomes superconducting. We
identify an anomaly around 1 eV that can be explained by a sudden plasma-frequency drop of the order of an
meV aroundTc. The absence of any sudden effects in the dielectric properties of Pr-123 suggests that both
observations are intimately related to the superconducting state. Our findings point out that high-energy de-
grees of freedom must be considered for the understanding of high-temperature superconductivity.

DOI: 10.1103/PhysRevB.70.174502 PACS number(s): 74.72.2h, 74.78.Bz, 74.25.Gz, 74.25.Jb

I. INTRODUCTION

The cuprates belong to the strongly correlated transition-
metal oxides. Such materials are characterized by intriguing
interplays between different degrees of freedom and their
properties are rooted in physics on both low-(aroundkBT)
and high-(well abovekBT) energy scales. These characteris-
tics make the nature of the materials difficult to understand
and many questions remain open. One example in the field of
high-temperature superconductivity is the unresolved disap-
pearance of superconductivity when Pr is substituted into the
Y-based cuprates.1 Other rare-earth substitutions yield mate-
rials with essentially unchanged superconducting properties.
Different ideas have been proposed to explain this effect,
including hole filling by Pr4+,2 hybridization of Pr 4f and O
2p orbitals leading to charge localization,3 as well as pres-
ence of Pr on the Ba site.4 Experimental support for the Pr 4f
– O 2p hybridization scenario exists,5 as well as challenges.6

The situation is complicated by some reported observations
of superconductivity in PrBa2Cu3O7 (Pr-123) prepared under
special conditions.7,8

YBa2Cu3O7 (Y-123) is a well-studied member of the fam-
ily of cuprate superconductors with aTc of up to 93.6 K.9

Pr-123, on the other hand, is a long-range ordered antiferro-
magnet belowTN<280 K.10 Recent Raman scattering stud-
ies on superlattices of alternating Y-123 and Pr-123 layers
have revealed that the Pr-123 layer responds to the onset of
superconductivity in the Y-123 layer through the proximity
effect, manifested by phonon,11 two-magnon, and electron12

spectra.
A growing set of evidence points out that the properties of

cuprate superconductors are not governed by mechanisms
living at energies close to the Fermi level alone. Recently,
Stanescu and Phillips introduced the term “Mottness” in a
theory demonstrating that spectral-weight transfer between
low and high energies is an intrinsic property of a doped
Mott-Hubbard insulator, when strong local correlations are

considered.13,14Several spectroscopy studies have seen pecu-
liar effects taking place aroundTc at surprisingly high ener-
gies, in the mid-infrared to visible range.15–22The nonsuper-
conducting Pr-123 and the superconductor Y-123 are
structurally very similar. Thus, it is of interest to investigate
and compare their high-energy excitation spectra.

Spectroscopic ellipsometry is a powerful tool for investi-
gations of electronic properties of solids. By analyzing the
change in the polarization state of light reflected from a
sample surface, the real and imaginary components of the
dielectric function can be extracted without applying numeri-
cal Kramers-Kronig analysis.23 The technique has thus a high
accuracy.

In this paper, we present the temperature dependence of
the dielectric function of Y-123 and Pr-123 thin films mea-
sured with ellipsometry between 0.5 and 5.0 eV. We show
that the dielectric functions of Y-123 and Pr-123 are rather
similar, with the most notable difference being a metallic
response at lower frequencies existing in Y-123 but not in
Pr-123. We analyze the temperature dependence by means of
traditional sum-rule techniques as well as the innovative
temperature-differential method introduced by Holcombet
al.15,16 It is found that a spectral-weight transfer into the
bands between 3.9 and 4.8 eV preceeds the superconducting
transition in Y-123. Furthermore, we find that aTc-induced
anomaly around 1 eV in the real part of the dielectric func-
tion can be satisfactorally explained by the Drude model
assuming a sudden plasma-frequency decrease of the order
of an meV. However, other anomalies present above 4 eV
cannot be described by this model. The absence of any such
sudden anomalies in Pr-123 suggests that both effects are
intimately connected to superconductivity. The results give
additional evidence that the physics of high-temperature su-
perconducting cuprates is governed by interplays between
degrees of freedom living on very different energy scales,
from around the Fermi level up to several eV.
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II. EXPERIMENTAL

We producedc-axis oriented Y-123sTc<89 Kd and Pr-
123 films on SrTiO3s100d substrates using a multi-target dc
sputtering system.24 The substrate temperature was 1115 K
and the atmosphere was a 2:1 mixture of argon and oxygen
with a total pressure of 3 mbar. The layer thicknesses of
about 300 nm were controlled by the sputtering time. We
found deposition rates to be 20 Å/min and 27 Å/min for
Y-123 and Pr-123, respectively. The film sizes were 0.5
30.5 cm2. Sample characterization by means of x-ray dif-
fraction and Raman spectroscopy reveals excellent(001) sur-
faces. Ellipsometry characterization measurements at room
temperature for different angles of incidence verifies the bulk
behavior of the films and that thec-axis influence on the
measurement is negligible. Furthermore, measurements with
different planes of incidence relative to the sample orienta-
tion show very small deviations, demonstrating that the
samples are finely twinned on the scale of the incident light
spot and can be considered as isotropic also in thea/b plane.
Thus, the ellipsometric anglesC and D were converted to
the dielectric functioner =e1+ ie2 assuming an isotropic, in-
finitely thick sample.23 This dielectric function is the dielec-
tric tensor component for light polarized parallel to the cu-
prate planes that is the average ofE ia andE ib.

The experiments have been performed using an extended
Sentech SE850 spectral ellipsometer equipped for a spectral
range from 0.5 to 5.5 eV. As light sources we use a high-
pressure Xe-discharge lamp(ultraviolet-visible) and a halo-
gen lamp(near infrared). In the visible spectral range, the
spectral resolution is achieved with a single-grating spec-
trograph equipped with a diode-array detector. In the near-
infrared range we make use of a Fourier-transform spectrom-
eter. We mounted the films into a CryoVac He-flow cryostat
on pieces of sandblasted silicon in order to avoid unwanted
signal reflected by the coldfinger. The angle of incidence,
restricted by the geometry of the cryostat, was kept at 70°.
The optical windows of the cryostat are stress free and have
a negligible influence on the polarization state of the light.
The base pressure of this system was about 1310−8 mbar at
room temperature. Since ellipsometric measurements are
very sensitive to even very small freeze-outs on the sample
surface, we employed a measurement protocol with thermal
cyclings between 10 K and room temperature between each
pair of measured temperature points.

III. RESULTS AND DISCUSSION

The complex dielectric functions for Y-123 and Pr-123 are
shown in Fig. 1 for several temperatures. For photon ener-
gies between 0.5 and 2 eV we observe a typical metallic
response in Y-123, as signaled both by a zero crossing ofe1
[Fig. 1(a)] and a rapidly increasinge2 [Fig. 1(b)] with de-
creasing frequency. Pr-123 shows no such zero-crossing[Fig.
1(c)], but still ane2 increase towards lower frequencies[Fig.
1(d)]. This increase ofe2 in Pr-123 towards lower energies
can be due to interband transitions at finite energies below
0.8 eV, and/or a weak metallic response from the CuO
chains.25,26

Cooling down Pr-123 from 350 K to 200 K, i.e., through
the Néel temperatureTN<280 K,10 we observe a peak shift-
ing from 1.3 to 1.4 eV, sharpening, and gaining strength, see
Fig. 1(d). Below 200 K this peak shows no further significant
changes. A peak at about the same resonance energy showing
a similar sharpening with decreasing temperature can be seen
also in the Y-123 spectra[Fig. 1(b)], although significantly
weaker and partly buried in the Drude response. The 1.4-eV
peak has been attributed to a charge-transfer(CT) excitation,
O 2p→Cu 3d, in the CuO2 planes.25

The right panels of Fig. 1 shower for the visible-
ultraviolet region. Y-123 and Pr-123 are exhibiting excitation
peaks at similar energies ine2 [panels(b) and (d), respec-
tively]. At 2.6 eV, e2 of Y-123 shows a strong peak that
sharpens and hardens as the temperature is lowered. A peak
at 2.3 eV in Pr-123 displays an analog temperature evolution.
Kircher et al. assigned a peak in the component along thea
axis of the dielectric function at around this energy to an
excitation into the antibonding Cu(2)–O(2)–O(3) band, with
the initial state being found in a manifold of strongly disper-
sive bands.27

At higher energies, both compounds show a complicated
structure of overlapping peaks between,3.5 and 5 eV. We
discuss the Pr-123 sample first. Here, three peaks can be
resolved by inspection of the low-temperature data, namely
around 3.9, 4.3, and 4.5 eV. At higher temperatures, the three

FIG. 1. (Color online) Real and the imaginary parts of the di-
electric function for Y-123(a,b) and Pr-123(c,d) for selected tem-
peratures. The panels are split into low- and high-energy parts for
clarity.
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peaks are broad and somewhat weaker. At the highest tem-
peratures the peaks float together and thee2 curve forms an
almost flat plateau between 3.9 and 4.5 eV. Y-123 shows
peaks at similar energies, but the peak at 4.1 eV is signifi-
cantly weaker. In fact, it is hardly visible for temperatures
above,110 K. The 3.9-eV peak sharpens and hardens as the
temperature is lowered. At high temperatures, we find a peak
around 4.5 eV in Y-123, reminiscent to the situation in Pr-
123. However, below,150 K, when the peaks sharpen, it
becomes evident that this structure consists of two peaks,
one fairly broad centered around 4.64 eV and one really
sharp peak at 4.52 eV.

The peak at 4.1 eV has been reported to be very sensitive
to oxygen deficiency and to chain-oxygen ordering.27–29 It
has been assigned to intra-ionic excitations in chain-layer Cu
of the character 3d3z2−r2→4px, also involving to a minor
extent Cu 3d3z2−r2→Ba charge transfer,30 but also to a CT
transition within the O–Cu–O “dumbbell” of chain Cu and
apical O,31 as well as a Ba–O CT excitation.29 Preliminary
resonant-Raman data on Y-123 single crystals measured in
our group show a strong enhancement of the Ba phonon-
mode intensity for excitation energies around 4.1 eV, in sup-
port of the involvement of Ba orbitals in the 4.1-eV excita-
tion.

A. Sum-rule analysis

To discuss the changes of the spectra with temperature, it
is useful to look at the optical conductivitys rather than the
dielectric function, since the real part ofs is proportional to
the effective charge-carrier concentration and should obey
the sum rule. Therefore, changes in the optical conductivity
provide a picture of charge-carrier transfers.

The real part of the optical conductivityss1=ve0e2d is
shown for Pr-123 and Y-123 in Figs. 2(a) and 2(b), respec-
tively, for some selected temperatures. It is evident in the
comparison between the spectra from Pr-123 and Y-123 that
the general shapes ofs1 are similar. Another similarity is that
the high-energy part between 3.9 and 4.8 eV in both com-
pounds displays an increase of spectral weight as the tem-
perature is decreased. Unlike Pr-123, Y-123 shows a spectral-
weight loss as the temperature is lowered over the entire

frequency range below the isosbestic point at,3.9 eV.
Figure 2(c) shows the integrated optical conductivity

WsTd =E
v1

v2

s1sv,Tddv s1d

over the spectral range between 0.5 and 4.8 eV(region 0) for
Pr-123 and Y-123. This panel confirms that the spectral
weight drops in the temperature range from 325 K down to
100 K and then stays roughly constant for the superconduct-
ing compound, while it remains constant for the nonsuper-
conducting Pr-123 over the entire measured temperature
range. Since Y-123 is known to be metallic, while Pr-123 is
an insulator, it is reasonable to assume that the lost Y-123
spectral weight is transferred to the metallic Drude-like re-
sponse below 0.5 eV, i.e., outside our accessible spectral
range.

We can split the spectral region 0 at the isosbestic point of
Y-123 at 3.9 eV(which is also close to an isosbestic point of
Pr-123), forming regions 1(0.5—3.9 eV) and 2 (3.9—4.8
eV) [see Fig. 2(a)]. The spectral-weight integrals for these
two regions for Pr-123 is shown in Fig. 2(d) and for Y-123 in
Fig. 2(e). For Y-123, we see that the spectral weight in region
1 drops with decreasing temperature, with a weak sign of a
kink at 120 K. More dramatic is the temperature dependence
in region 2. Down to about 120 K, it stays independent of
temperature within our accuracy, just to make a sudden in-
crease between 120 and 100 K. Below 100 K, no further
changes are observed. Note that the build-up of spectral
weight happens before the sample becomes superconducting.
This naturally leads to a suspicion that it might be connected
to a formation of a pseudogap.

The spectral-weight integrals for Pr-123 are plotted in Fig.
2(d). Region 1 shows a monotonic decrease of spectral
weight with decreasing temperature, while region 2 shows an
increase. We note that there are some very weak signs of
kinks in both curves around 100 K, although they are well
within the estimated error bars.

B. Thermal-difference analysis

Holcombet al. measured and analyzed thermal-difference
reflectance spectra of several cuprate superconductors.15,16

FIG. 2. (Color online) Real
part of the optical conductivity
ss1=ve0e2d at selected tempera-
tures over the whole measured
spectral range for Pr-123(a) and
Y-123 (b). The integration ranges
used for the sum-rule analysis are
marked and labeled. The three
panels on the right show normal-
ized integrated optical conductiv-
ity for Y-123 and Pr-123 as indi-
cated. (c) shows the integration
over region 0 for both compounds,
(d) and(e) show the integrals over
regions 1 and 2 for Pr-123 and
Y-123, respectively.
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Investigating the temperature derivative of an entity is a
natural approach when looking for temperature-induced
changes. Therefore, we calculated the normalized thermal-
difference spectra of the dielectric functionsTDe1,2d defined
as

TDe1,2=
De1,2

e1,2DT
=

2fe1,2sT2d − e1,2sT1dg
sT2 − T1dfe1,2sT2d + e1,2sT1dg

. s2d

The TDe2 spectra for Y-123 are shown in Fig. 3(a). The here
noted temperatures are the mean values of the temperature
points used to calculate the respective curves. At high tem-
peratures, the relative changes of the dielectric function are
not strongly temperature dependent, in agreement with Hol-
comb et al.15,16 Overall, the temperature derivative ofe2 is
positive, consistent withWsTd in Fig. 2(c). Close to the
superconducting transitionsTc<89 Kd, the TDe2 shape
changes qualitatively, indicating aTc-induced anomaly in the
optical properties. At the lowest temperatures, TDe2 van-
ishes, in agreement with the constant low-temperature be-
havior in Figs. 2(c) and 2(e).

The TDe2 spectra for Pr-123 are shown in Fig. 3(b). At
high temperatures, we see a strong peak around 1 eV de-
creasing its strength as the temperature is lowered. This is a
result of the sharpening of the 1.4-eV CT excitation, as can
be seen by comparison with the top panel. Interestingly, this
1-eV peak is strongest in the 287-K spectrum, i.e., around
TN, indicating that the corresponding excitation is connected
to antiferromagnetism. Taken over the whole spectral range,

TDe2 assumes both positive and negative values for all tem-
peratures, in consistence with the conserved spectral-weight
in Fig. 2(c).

The shape changes of TDe2 for Pr-123 at lower tempera-
ture are within the scattering of the data seen when looking
at the full temperature dependency. Furthermore, TDe1 for
Pr-123 shown in Fig. 3(d) shows no sudden anomalies at all
around 90 K. It reflects, though, theTN-induced anomaly
around 1 eV.

The simple temperature dependence of TDe1 of Pr-123
can be contrasted to the data in Fig. 3(c), where we show
TDe1 for Y-123. From high temperatures down to slightly
aboveTc, TDe1 is rather independent of temperature and is
close to zero at high frequencies. The clearest feature is the
singularity at the zero crossing ofe1. Interestingly, the ex-
pected temperature behavior of the simple Drude model, also
used by Holcombet al.,15

e1 = e` −
vp

2

v2 + G2 , s3d

] e1

] T
=

vp
2

v2 + G2S 1

V

dV

dT
+

2G

v2 + G2

dG

dT
D , s4d

with the typical valuese`=3 as high-frequency dielectric
constant, plasma frequencyvp=1.15 eV, scattering rateG
=0.4 eV, thermal volume-expansion coefficients1/Vd
3sdV/dTd=1.2310−5 K−1, and dG /dT=kB, describes the
TDe1 (212 K) ande1 (225 K) surprisingly well, as shown in

FIG. 3. Normalized temperature-differential spectra ofe2 for Y-123 (a) and Pr-123(b), e1 for Y-123 (c) and Pr-123(d) for a selection of
temperatures. The top panels of(a,b,c,d) show the corresponding parts of the dielectric functions for comparison. Panel(e) shows the
experimentale1 for Y-123 atT=225 K together with a calculated Drude response, while(f) shows the experimental TDe1 for 212 K together
with the modelled Drude response in the normal state. In(g) we show the 85-K TDe1, i.e., the comparison between normal- and
superconducting-state properties, together with a calculated Drude TDe1 for a Tc-induced plasma-frequency shift of 0.5 meV.
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Figs. 3(e) and 3(f), respectively. In other words, the high-
temperature evolution ofe1 of Y-123 is the expected one for
a metal with decreasing scattering and shrinking lattice as the
temperature is lowered. In contrast to this, there is a drastic
trend change in the TDe1 curves atTc, with a sign change of
the singularity and a nonzero high-energy part. The fact that
strong effects around 90 K are seen in Y-123 but not in
Pr-123 suggests that they are superconductivity induced. At
still lower temperatures, TDe1 is close to zero, indicating that
the dielectric function stays essentially independent of tem-
perature. The observed dramatic effect in TDe1 around 1 eV
can be reproduced by the Drude model by assuming a nega-
tive dG /dT aroundTc in Eq. (4). Alternatively, the effect can
be reproduced by a suddendecreaseof vp when the material
enters the superconducting state.

Among the two ideas, we find a sudden drop of the
plasma frequency more plausible than an increase of the
scattering rate. We see no reason why the scattering rate
should be higher on the superconducting side of the phase
boundary. In fact, the scattering rate should bereducedbe-
low Tc.

32

The 85-K spectrum in Fig. 3(c) is compatible with a
plasma-frequency drop between 90 and 80 K of the order of
0.5 meV, based on the assumption that the other parameters
in Eq. (3), e` andG, stay constant. In Fig. 3(g), we show a
comparison between the measured TDe1 (85 K) and a calcu-
lated spectrum assuming a shift ofvp from 1.2055 to 1.2050
eV, upon entering the superconducting state. If we assume a
“normal” temperature dependence described by Eq.(4)
acrossTc with the same parameters as used to produce Fig.
3(f), aTc-induced plasma-frequency shift of 1 meV on top of
the expected thermal dependence has to be used to reproduce
the TDe1 data. If we assume, in addition to the expectedT
dependence ofe1 modeled by Eq.(4), a Tc-induced decrease
of G by 2.5%, we get a plasma-frequency shift of about 3
meV. For larger changes inG we get lineshapes of TDe1 that
do not describe the experimental data.

Generally, a drop of the plasma frequency indicates that
Drude-like charge carriers are removed to form the supercon-
ducting condensate. A plasma-frequency shift from 1.205 to
1.208 eV corresponds to a relative Drude-like charge-carrier
loss of ,0.5%, assuming that the effective mass is un-
changed across the transition. This value is to be contrasted
to the 10-30% estimated from data on electronic specific
heat.33 Even considering that both estimates are gross, and
that condensation-energy data derived from specific-heat
measurements have been shown to be reducible by a factor
of 3 by subtraction of fluctuations,34 a discrepancy of
roughly one order of magnitude remains. This points towards
the possibility that the superconducting condensate is not
formed by Drude-like charge carriers alone, but that spectral-
weight transfers from higher bands are of large importance.

In addition, the observed sudden change ofvp cannot
account for the anomalies at higher energies and not for the
shape change of the TDe2 spectrum either. This suggests that
the high-energy optical effects observed by several
groups15–20 are not governed solely by a change of the
plasma frequency, but also by other effects rooted in more
local physics on energy scales of a few eV, i.e., on the mag-
nitude of the Coulomb on-site repulsion. These simultaneous

effects on both high- and low-energy scales point directly
towards the ideas about Mottness.13,14

For comparative purposes, we calculated the reflectances
of Y-123 and Pr-123 at 100 K(slightly aboveTc) and 20 K
from the dielectric functions. These data can be seen in Fig.
4, and reveal that the temperature dependence of the reflec-
tance is a weak effect in the investigated frequency range. In
the insets of Fig. 4, we show the ratios between the reflec-
tance atT=100 and 20 K. It is obvious from these graphs
that, while the effect is twice as strong in Pr-123, the shape
of the relative change of the reflectivity between these two
temperatures is very similar in the two compounds. In other
words, the overall changes of the reflectances are similar, in
spite of the fact that the effects that can be intimately related
to superconductivity in Y-123 are absent in Pr-123.

IV. CONCLUSIONS

We have determined the complex dielectric functions of
Y-123 and Pr-123 thin films temperature dependently using
spectroscopic ellipsometry in the spectral range from 0.5 to 5
eV. Except for the Drude-like metallic response in Y-123, we
find in both compounds optical excitations at around 1.4 eV,
2.6 eV(2.3 eV for Pr-123), 2.9, 3.4, and 4.5 eV. In Pr-123 we
see the 1.4-eV peak sharpen belowTN. In Y-123 we observe
at low temperatures an additonal very sharp peak at 4.6 eV
that cannot be resolved in the Pr-123 data.

We have investigated the data both by sum-rule analysis
and thermal-difference analysis.15,16 The sum-rule analysis
shows that, while Y-123 constantly loses spectral weight
from the range 0.5—5.0 eV on cooling, the total spectral
weight of Pr-123 stays constant, within the experimental ac-
curacy, from 375 K down to 20 K. It shows also that a
step-wise spectral-weight transfer in Y-123 into the bands
between 3.9 and 4.8 eV takes place slightly before the ma-
terial enters the superconducting state. No clear sign of a
similar anomaly could be seen in Pr-123.

The thermal-difference analysis gives a detailed picture of
the temperature dependence of the dielectric function. Here,
we showed that superconductivity-induced effects are seen

FIG. 4. Reflectances of Y-123 and Pr-123 at 100 K(slightly
aboveTc) and 20 K. The insets show the ratio between the low- and
high-temperature reflectances.
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over the whole investigated spectral range in Y-123. The
strong effects around 1 eV ine1 could be well described
within the simple Drude model, assuming a sudden plasma-
frequency decrease of the order of 0.5—3 meV when the
material enters the superconducting state. It fails, however, to
model the anomalies ine2, as well as the effects at energies
above,2 eV. Our results give additional evidence that high-
energy correlations are important for the understanding of
cuprate superconductors, as previously outlined in several
studies.15–20

Note added.Since the submission of this work, we have
learned about broad-band spectroscopic ellipsometry results
from another group.35 That work, performed on Y-123 and

Bi2Sr2CaCu2O8, is in line with our results and provide addi-
tional evidence for the relevance of high-frequency proper-
ties.
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