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ELECTRODYNAMICS OF SINGLE-CRYSTAL EuzcuO4 ~ A BOSON EXCITATION SPECTRUM

D.W. REAGOR, S. CHEONG, S. E. BROWN, A. MIGLIORI, Z. FISK and J. D. THOMPSON
Los Alamos National Laboratory, P-10, MS K764, Los Alamos, NM 87545 (U.S.A.)

ABSTRACT

Static and microwave measurements of the electronic response of the planar
cuprate Eu2Cu04 provide evidence for thermally activated collective excitations.
These observations together with microwave and other measurements on super—
conductors suggest that paired charge-carrying objects may exist both above and
below Tc in the superconductors. If these objects, which can be related to
solitons of a spin density wave ground state, play a role in superconductivity,
certain conclusions may be drawn. We discuss here the evidence for such objects

and their implications.

The availability of single-crystal intrinsic semiconductors of the so-called
214 planar cuprates makes precision microwave measurements attractive because of
the low conductivity of these materials. Though the materials are not metallic
and display some form of magnetic ordering, the few carriers present may provide

a model for the behavior in the non-magnetic metallic (superconducting) state.

Superconductivity is a collective1 transport arising from a highly-correlated
ground state. The electrodynamic response consists of an undamped collective
mode at zero frequency. Other electronic collective modes arise from charge

density or spin density wave ground states and are present in the microwave

spectral range.2 Thus microwave measurements can provide useful information
about collective transport in highly correlated electronic systems. In this
work we describe our measurements of a unique collective mode in the insulating
ground state of Eu2CuO4 and connect them with observations by others to present
a picture in which charged, spinless collective excitations could play a role in

superconductivity.

0379-6779/89/$3.50 © Elsevier Sequoia/Printed in The Netherlands
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EuzcuO4 has been grown as large single crystal plates (0.3 cm2 x 0.005 cm)

from a PbO flux. The a axes are in the plane of the plates. X-ray diffraction
measurements indicate a single phase with lattice constants a = 3.91 X,

c = 11.933. It is characterized by an optical gap3 which, in light of the
predicted half-filled band, must arise from electron-electron interactions, and

by an activated dc conductivity with activation energy an order of magnitude

lower than the gap. Weak features in the resistivity near 240 K are observed4

and from susceptibility measurements are interpreted as indicating a Neel

temperature (TN). Hall measurements4 on samples from the same batch yield a

carrier density n = 1018/cm3 at 300 K with an activation energy of 700 K. We

found our samples to have a resistivity of 3 Q-cm at 300 K as shown in Fig. 1
with an activation energy of 1310 K over the temperature range of 80 K to 300 K
implying an activated mobility.
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Fig. 1 Four‘probe dc resistance of Eu,CuO, single-crystal. The solid line is
R = Roexp (—TO/T) with To = 1310 K.

The optical spectrum is remarkably clean with an IR-active carrier density3

n £ 1018/cm3. Such a low IR-carrier density leaves the origin of dc conducti-

vity in question because carrier sources such as impurity levels would require

1019impurity sites. Another oxide superconductor Banl_xBiXO3 has the same

spectroscopic anomaly, dc conduction with an activation energy much lower than
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. - L . 5 . .
the gap and insufficient extrinsic carrier sources. We will discuss below a
mechanism for this unusual transport.

The planar cuprates La2CuO . Eu20u04 and oxygen deficient RElBa2Cu3O7_x

(x > 0.5) all share an optical gap3 of 1.7 eV and magnetic transitions4 near
240 K indicating identical intrinsic excitations. The observation of super-

conductivity at 95 K in many compounds with Cu-O planes also confirms that the

Cu~0 planes play an important role. The Eu2CuO4 compound differs4 from the

La2CuO4 analog6 in that it is tetragonal rather than orthorhombic and its
Cu0, has a much

27774
lower conductivity because of a lower impurity concentration, revealing in-

out-of-plane oxygens are in another location. In addition, Eu

trinsic processes obscured in La2CuO4.

Microwave conductivity measurements were made using a unique coaxial
7
microwave bridge. This technique for waveguide bridges is described elsewhere.
Our method differs only in that it is implemented in coaxial line and is there-
fore tunable over a full decade, from 2 GHz to 20 GHz. The samples to be

measured were mounted directly across one open coaxial arm of the bridge.
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Fig. 2 Frequency dependent complex conductivity for two single-crystal samples
of Euy,CuO,. a) sample #1, b) sample #2, O, real conductivity, A, imaginary
conductivity. The fits are to Eq. 1, solid lines Re(o), dashed lines Im(c).

The microwave complex conductivity of Eu2CuO4 at 300 K is displayed in Fig. 2
for two samples. The peak imaginary conductivity of both samples is much lower
than the real part, indicating a resonance. For a simple harmonic oscillator

the peak imaginary conductivity is half the peak real conductivity. Thus, the
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curves in Fig. 2 which are fits to a harmonic oscillator model,2 correspond to
the same oscillator strength for both samples, where
ne2T iw lwe,,
ga=0, + - + (1)

(0 2 w2) T 4T

and the fit parameters are ne2T/m* =2.5 (2 - cm)_l, %3c = 0.3 (@ - cm)-l,

o]

1/2nt = 35 GHz in all cases. The mode frequency, w is 6 GHz and the infinite
frequency dielectric constant, e, is 100 for sample #1; @, is 18 GHz and e is
neglected for sample #2. The fits to o(w) with Eq. 1 are in good agreement with
the experimental results, except for Im o of sample #1. Such an effect is
difficult to avoid when Re o is much larger than Im o. The slightly different
values of e  for the two samples would then be an artifact. The spectral weight

of the resonance is strongly temperature dependent so that by 150 K the peak

conductivity is only 0.5 (2 - cm)_l. We note that the temperature dependence of
the resonant frequency and width is weak and not detectable, a quality observed
in CDW and SDW systems where the frequency is determined only by the defect
density, which provides pinning sites for microwave conduction and a hopping
mobility for dc, just as for our samples here. The different pinning fre-
quencies for the two samples may be due to different impurity concentrations.

In CDWs, the resonance width is also observed to be temperature independent,

but the mechanism for this is not understood. The temperature dependence of the

peak real conductivity, o, + ne2T/m* {proportional to spectral weight} is

dc
displayed in Fig. 3. From this plot we obtain an activation energy of 630 K,
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Fig. 3 The peak real conductivity derived from fits to Eq. 1 versus 1000/T. The
solid line is a fit to exp(—To/T), with To = 630 K.
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about the same as for the Hall carriers. The effective mass m* of the mode may
be estimated from our 300 K microwave data and from the Hall carrier density
because of the apparent thermal correspondence between the Hall and microwave
carriers. Note that the microwave electric fields are not sufficient to cause

hopping, thus we expect the Hall and microwave activation energies to agree.

Using T4c nezT/m*, T and n, we find m¢ 500 m,. The mass estimate is only
reliable at an order of magnitude level due to the use of a hall carrier density

and an imprecise measurement of T.

We note that the dc dielectric constant of Eu2CuO4 deduced from Fig. 2 is of

order 103 at 300 K, insuring complete screening of coulomb interactions. Such
effects may also be present at low temperatures in the doped material as we
discuss below.

A frequency dependent microwave conductivity may result from a number of

phenomena. Most mechanisms can be rejected on the basis of frequency, re-

. . 8 R
laxation time or temperature dependence. In contrast, the coherence in modes
derived from electronic collective states results in scattering times and
pinning frequencies of order 20 GHz for CDWs and SDWs (comparable to our

result) and zero for both quantities in superconductors. We see a temperature
dependent peak conductivity inconsistent with that of a CDW9 where far below Tc

the spectral weight saturates. In a one-dimensional commensurate SDW Horovitzlo
has shown that charged, spinless solitons are the lowest charged excitations
above the ground state. Our system is quasi-two-dimensional. Fermi surface
nesting, however, may imply that the cuprates have quasi-one-dimensional
characteristics. The mode appears both above and below T,, therefore the long
range order is not important. The lack of long range order ensures that local-
ized states are responsible for the microwave conduction, even though the ground
state is not well understood.

Our data place an important constraint on the ground state because we see
charged excitations at energies 25 times lower than the 1.7 eV single-electron
gap. Such excitations are not possible in a Mott-Hubbard system, with on-site
repulsions much larger than transfer energies, where all the low-energy exci-
tations are spin waves. Instead, we require substantial itinerant character
leading, qualitatively, to "holes" spread over an area of approximately

25 lattice sites with a creation energy estimated to be B = 1.7/25 eV ~ 800 K.

The itinerant character is also clearly displayed in NMR studies11 of La2CuO4,

where the temperature dependence of the sublattice magnetization is not con-—

sistent with a local moment ordering.
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We propose that the 630 K activation energy indicates that localized states
are thermally excited as a positive-negative pair (because the total localized-
state charge must be conserved up to single-electron excitation energies of
1.7 eV) from a ground state much like a commensurate SDW but with shorter-range
order. The microwave response results from translation of the localized states,
which have a metal-like mobility. The dc conduction arises from the same
carriers, but with a much lower hopping mobility, explaining the anomalous dc
properties. In the superconductors, if a similar ground state existed, such

localized states, the lowest charged excitations, could also form through doping

of the Cu-O planes with positive charges. The charged, perhaps spinless,

localized states would then exist in the ground state of the doped material at

T =0 K. Observations12 of similar collective modes in the YBa2Cu307 and

Laz_xerCuO4 superconductors support this. We note that the excitations in the
antiferromagnetic insulator have the same energy as those which break-up order
in the superconductor, implying they are closely related.

Thus the possibility that the superconductivity results from superfluidity of
the localized states must be examined. To make the connection. assume that the
lowest excitation of the localized state is simple translation, the next exci-
tation is destruction of the localized state. The 630-K activation energy in
the intrinsic material (equal to 7ch for the high temperature superconductor)
is taken as the binding energy B of the localized state in the doped material.

The minimum diameter of the localized state { is determined from the spatial

extent of an electron in a narrow well, § = 2h/(2 meB)l/2 = 16 R. The validity

of the assumption is supported by the following comparison to other experiments.

Studies of 4He films on flat substrates of porous bulk materials have shown

that interactions with the host material result in a minimum coverage of ap-

proximately a 4He monolayer, above which superfluidity occurs.13 In

~

La2_xerCuO4, Tc remains zero with increasing Sr concentration until x = 0.05,
when superconductivity occurs.14 In analogy with the 4He we use the minimum
density of holes for superconductivity, 0.05({3.9 x)—2) to determine the boson

diameter, £ = 25 X with charge 2e. This is in excellent agreement with the

coherence length § 24 X deduced from critical field measurements15 and with

the minimum size § = 16 X deduced above from our proposed binding energy. The
correspondence is most clearly seen in Fig. 4 where Tc vs. number density of

holes is plotted for several high Tc superconductors. The inset is Tc vs.

thickness of He4 films on a flat substrate. The lower Tc data points in Fig. 4

are La_ Sr_CuO, results from Ref. 14. The YBa,Cu,0 results in Ref. 16 are the
2-x x4 27°3x

two higher Tc points. In Ref. 16 it was shown that the Tc plateaus at * 58 for
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Fig. 4 The Tc of various high temperature superconductors versus carrier

density. The results are from Ref. 13, Ref. 14, Ref. 16 and charge count
arguments in the text.

x = 6.6 to 6.8. We take the higher value of x since a mixed phase sample will
reflect the higher Tc' The Tc of 95 K is obtained over a range x = 6.9 to
x = 7.0.

We now compare the properties of this type of superconductivity to several
experiments on copper-oxide superconductors, including surface resistance,
penetration depth and Raman scattering. The power laws (in temperature or
energy) observed in each of these measurements indicate a spectrum that is not
gapped. Furthermore, all of the results can be explained in a self-consistent
picture that assumes only that the bosons are chérged and that they are confined
to the Cu-O planes (quasi-two dimensional). The inter—plane coupling is not
required to describe the low energy spectrum, but may be necessary to describe
the actual phase transition.

We propose that screening of the coulomb interaction leads to a dispersion
law

E(k) = BC'k (2)
at small wave vectors. Here k is the wavevector and C’ is the dispersion

velocity. This spectrum is exactly what is found in CDW systems except that the

high temperature superconductors have a gapless undamped translational mode.2
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For excitations described by Eq. 2 in two dimensions the density of states i:
linear in energy up to a cut-off in the linear dispersion at w/a. At low
temperatures excitations requiring a minimum energy such as pair-breaking or
vortex rings are frozen out in an activated fashion and the density of
excitations in the linear portion of the dispersion is

2
kBT
n, = 15 (! ©)
e ~ 12 ‘hC’
The dielectric function e of a superconductor in a two fluid model is given
2 . R .
by € = Q" + 4nneu/iu. where the first term is the collective mode screening
and the second is the loss due to quasiparticles (excited states). Below Tc/2
the collective mode is dominant and the surface resistance is approximately

R = (2n/¢c) 4wnepm2/Q3/2

At low temperatures Q/4w, the collective mode amplitude, depends only on the

(€))

order parameter and is assumed to be saturated. In a high Tc superconductor,
the mobility of the superfluid excitations p is impurity limited and is
therefore temperature independent. It follows that the surface resistance

obtains its temperature dependence from the excitation density and both are

proportional to T2.
. - 17 . .
The surface resistance measurements by Carini et al. in Fig. 5 were

performed at 102 GHz and 148 GHz on a c-axis oriented film (electric field in
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Fig. 5 Surface resistance of YBa,CusO; with fits to Eq. 5. The results are
reproduced from Carini et al.'”
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the a-b plane), and at 102 GHz on an a-axis oriented film. We have fit the data
at 102 GHz to the form

R_=A+B 122 (5)

for each of the films. The constant A is expected to be a residual term which

: : . . 2
is not intrinsic. The a-axis film shows clear agreement with the T law, as

noted by Carini et al. We also point out that the c-axis measurements are
consistent with Eq. 5, although other fits are possible.17 The 148 GHz fit was

produced by scaling the constant B from the 102 GHz fit by w2 and using A as the
only fit parameter and is also consistent with our model.
The observation of a power law temperature dependence is at odds with that of

a BCS superconductor. In the two fluid model the penetration depth is given by

A= c/Ql/2 where Q is proportional to the condensate density n_ (nc =n - ne).
Expanding for n, small compared to n_ we have
Te
N (1+55;) (6)

The experiments of J. R. Cooper et al.18 have shown that A(T)/A(T = 0) =~

1+ T2/T°2 with T0 ~ 118 K. Using this result alone we see that a simple

boiling-off of the condensate without changing the dispersion exhausts the
condensate (ne x no) at a temperature Tc ~ 100 K.
The two results above allow us to determine all the parameters of our model

(Eq. 2). Using the carrier density calculated from the band filling of the 95 K

material, n, = 0.33/(3.9 x 10_8)2, and the dispersion velocity hC' =

2eV - X. Extrapolating to the zone boundary at k = 7/3.9 X we have

2.5 x 10
E(m/a) >~ .02eV x 233 K. This intercept is in agreement with the analysis of the

Raman results below.

Studies of the Raman spectral9 of single crystal YBazcuBO7 display additional
evidence for this excitation spectrum. The Raman spectrum at low temperatures

(3 K) consists of phonon lines and a background intensity which increases
linearly in energy from the lowest wavevector (16 cm—l) to =~ 400 cm_l, with a

broad maximum at =~ 500 cm_l' The T = 3 K results are nearly the zero
temperature spectrum. At zero temperature the Raman intensity for scattering
from pairs of bose excitations is proportional to the density of states for
singie excitations (the pairs are necessary to conserve crystal momentum). The

density of states in the observed Raman intensity increases linearly in energy,

in our model above. Furthermore the peak at 500 cm_1 corresponds to two
excitations of order 350 K, in fair agreement with the energy obtained from
extrapolating the dispersion obtained from the penetration depth and

millimeter-wave loss measurements.
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The results above indicate that massive collective transport is present in

the semiconducting (214) copper oxide compounds. The existence of a quasi-two-

dimensional charged superfluid in the high temperature superconductors is then

conjectured. The conjecture leads to a description of the Raman spectrum, the

millimeter-wave loss and the penetration depth measurements in the 95 K super-

conductor. This work was supported by the U.S. Department of Energy.
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