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Evidence for a charge-density wave or spin-density wave in the Cu-0 chains in YBa2Cu307
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The Doppler-broadened positron annihilation spectra of polycrystalline samples of YBazCu307
have been measured and analyzed. By studying the difference between the normal-state (room-

temperature) and superconducting-state {liquid-nitrogen temperature) spectra, we have deduced

that the valence electrons undergo a significant redistribution in momentum states when the materi-

al becomes superconducting. We present evidence to demonstrate that this redistribution is con-

sistent with the formation of a static charge-density wave or spin-density wave in the Cu-0 chains

either concurrent or very closely associated with the superconducting transition.

I. INTRODUCTION II. EXPERIMENT

Positron annihilation is a powerful tool for mapping
out the momentum distribution of the valence electron in
solids. ' The method is particularly useful when sizable
high-purity single crystals are not available so that more
detailed magneto-oscillation measurements are not possi-
ble. For this reason, the method has been widely applied
to investigate the high-temperature copper oxide super-
conductors. ' In a typical experiment one measures
the Doppler-broadened annihilation radiation (DBAR)
spectrum and look for either evidence for momentum
cutoff at the Fermi level or for any change in the spec-
trum between normal and superconducting states. Since
superconductivity affects the momentum distribution of
conduction electrons in an energy range +kT, around
the Fermi energy p, any change in the DBAR spectrum
between normal and superconducting states is measured
by the ratio (kT, /p), which is of the order 10 for
high-temperature superconductors. Changes in the
DBAR spectrum of this size are impossible to observe.
Nevertheless, many groups have reported fractions of 1%
differences in the shape parameter between normal and
superconducting states in copper oxides. In an effort to
ascertain whether this change in momentum distribution
is indeed due to superconductivity, we have measured the
DBAR spectra of several polycrystalline samples of 1:2:3
material at room temperature, as well as liquid-nitrogen
temperature. A new method to analyze the data is also
proposed. The result shows that the change in the
DBAR spectra associated with the superconducting tran-
sition is not a consequence of Cooper pair formation, but
is consistent with the formation of a static charge-
density-wave (CDW) or spin-density-wave (SDW) state in
the Cu-0 chains, concurrent with or very closely tied to
the superconducting transition.

A single phase powder sample of YBazCu3 Y7
(x =—0. 15) was prepared in the usual manner and pressed
into pellets of about 6 mm in diameter and 1 mm in
thickness. A Na source with an activity of about 50
pCi was enveloped in a Mylar film of —,

' mil thickness and

sandwiched between two pellets of identical sample ma-
terial. The assembly of source and sample was mounted
on a high-resolution gamma spectrometer for the mea-
surements of DBAR spectra. The spectrometer consists
of a planar HPGe detector (Princeton Gamma Tech) hav-

ing a full width resolution of 1.22 keV measured at half
maximum of the 514-keV line of Sr. The total number
of counts collected under a DBAR spectrum was more
than 4X10 . For every specimen the measurement was
first made in the normal state at room temperature and
then in the superconducting state after the sample was
cooled rapidly to liquid-nitrogen temperature. We chose
to quench the sample to the superconducting state rather
than cooling it in a cryostat because the former pro-
cedure minimizes the loss of oxygen that takes place
when the sample is kept in a vacuum for a prolonged
period of time.

The DBAR spectrum consists of contributions from all
occupied electron states, core states as well as the occu-
pied part of band states. Unlike simple metals, the bonds
in copper oxide systems are highly covalent, and it
remains unclear whether the normal-state spectrum gives
any indication of Fermi surface effects. ' We propose to
study the effect of superconductivity on the electron sys-
tem by taking the difference spectrum between normal
and superconducting states. In this manner the subtle
change that may take place at the Fermi level is
highlighted and all other contributions are cancelled. We
first apply a point by point deconvolution process to the
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DBAR spectra to eliminate the line broadening due to in-

strumental resolution. The detai1 of the deconvolution
process is given in the Appendix. The deconvoluted
spectra of one sample are sho~n in Fig. 1. There is no

sharp cutoff in the spectra to indicate a Fermi momen-

tum, probably because the sample is polycrystalline and

that the Fermi surface has complicated geometry. The
normal-state spectrum exhibits shoulders near the points
of half maximum, as was first noticed by Manuel et al. "
In the superconducting state the shoulders are less pro-
nounced. The best way to visualize this change in shape
is to take a point by point subtraction of the normalized
spectra at the two temperatures, as shown in Figs. 2 and

3 for two different materials. Since the difference is
small, we chose not to deconvolute the spectra in order to
avoid undue accumulation of errors. The difference spec-
trum in Fig. 2 was found for several different samples
prepared under identical conditions, all with T, —=92 K.
Figure 3 was found for a partially vacuum-annealed sam-
ple with T, =—83 K. Upon further annealing, the sample
ceased to be superconducting at the nitrogen tempera-
ture, and the difference spectrum is reduced to the noise
level.

For the purpose of comparing our results with other
experimental findings, we have calculated the shape or S
parameter for the two types of samples. The exact value
of the S parameter depends on its definition, and this is
not always stated explicitly by most authors. Neverthe-
less, our difference spectrum for the 92 K material corre-
sponds to an approximately 1/o increase in S parameter
when going from room to liquid-nitrogen temperatures,
and the 82 K material shows a 0.3% increase. The latter
is consistent with what was reported in Refs. 3 and 6, and
the former is somewhat larger. One investigation report-
ed a decrease in the S parameter of the order of a few
tenths of 1% when the sample was cooled below 250 K, '

but this transition was not observed by other investiga-
tors. We feei that the shape parameter is not a precise
way to characterize the subtle difference in the DBAR
spectra in the two states. Accordingly, we propose in
Sec. III a new way to analyze the spectra and show that it
gives much better insight into the underlying physics.

III. THEORY

The authors of Ref. 3 have reported that the positrons
sample preferentially the electron distribution in the Cu-
0 chains. Band structure calculations have shown the
presence of delocalized electrons in these chains. ' Con-
sequently, we seek to understand the experimental obser-
vation by studying what effects superconductivity may
have on a one-dimensional electron gas. In the normal
state at zero temperature, the energy levels are filled be-
tween —pz and pF, where pF is the Fermi momentum.
Consider a chain that makes an angle 8 with the line join-
ing the sample to the detector. Given a Doppler momen-
tum p for the photon, it comes from the annihilation of
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FIG. 1. Deconvoluted Doppler-broadened spectra of one

sample of YBa2Cu307 „ in normal (upperj and superconducting
(lower) states.

41

Since the sample is polycrystaliine with Cu-0 chains in
all possible directions, we must average over 8 to obtain

N„(p) =1—2p/pF for ~p ~ (pF/2

=0 for p)pF/2 . (2)

In the superconducting state the momentum distribution
is not cut off sharply at the Fermi momentum. Instead,
the distribution is given by the coherence factor'

N, (p, 8)=—1—1 E p
[(E )2+g2)1/2

(3)

where c is the energy of the annihilated electron with
momentum 2 psec8, p is the Fermi energy, and 5 is the
superconducting order parameter. Since b is a small
fraction of p, we may expand the energy around p, i.e.,

e=(2 psec8)vF, (4)

where vz is the Fermi velocity, and p=pFvF. The angu-
lar average can be carried out, with the result

N, (p)=-,'[1—g (p)],
where g (p) is given by

an electron whose momentum along the chain was 2
psecO. Thus, the counting rate is proportional to

N„(p, 8)=1 for ~p ~
(pFcos(8/2)

=0 for p )pFcos(8/2) .

p cosa ag(p)= cosa ln tan —+-
[(p~/2)'+(b /vF)')' ' 4

a—ln tan +—
2 2

+sina[seca —sec( g+ a ) ]
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matters because the small occupied pocket around I
makes a very small contribution to the spectrum. We ex-
pect the Fermi momentum of the hole band measured in
the extended zone scheme to enter the expression of the
difference spectrum. The position of the positive peak is
sensitive to the choice of pF, and for the best fit to the
difference spectrum in Fig. 2, we find

pF 5 2X10 Hlc .

The calculated value when converted to the same unit is
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pF=5. 5X10 mc .

The magnitude of the difference spectrum is sensitive to
the choice of b, /vF, and for the best fit we find

6/vF=2. 3X10 mc .
FIG. 2. The difference between the Doppler-broadened spec-

tra of normal and superconducting states of one sample with

T, =92 K. Each channel corresponds to a Doppler momentum
of 1.37X l0 mc.

The quantities g and a are defined by

t»rl=(2lpl pF )Up/b, ,
—

tana=UFpF/b .

The difference spectrum

AN (p) =N„(p) N, (p)—

(7)

2 I I II I I III I I I II I III I II I II I I II I II I I If'» I I II I I I f I I II I I I III I I II » I I Ill « I III I I I I I t I I II I II I I I
I

I 1 I I III f II I III I I II» I III I II IIII I II f » lfI ~ II « I II I II I I II I f I I

0

CD

& -1
O

O

4»»»»»»»«»»«»«i»l«»»««»««»»»»»»sl»»»»»«»»»»»»««il»»»»»«»»»»«»»i«l«»«««»»»»»«»»»i

1 31 61 91 121 151
CHANNELS

FIG. 3. The di8'erence between the Doppler broadened spec-
tra of normal and superconducting states of a slightly vacuum-
annealed sample with T, = 83 K.

is readily calculated. The difference is positive at the
center of the zone and negative around pF. For a hole
band the entire difference spectrum reverses sign such
that it is negative at the zone center and positive around

pF. We then convolute the calculated difference spec-
trum with the known resolution function and fit the re-
sult to the experiHlental data. '

Since the measured difference spectrum is negative at
the center and positive further out, it indicates that the
electrons are in a hole band. The calculated hole band on
the chains is not centered at the I point, ' but it hardly

Assuming UF = 10 crn/sec for a typical d-band metal, we
find 5=0.4 eV, which is much larger than that estimated
from the critical temperature

b, =1.75 kT, =13 meV .

The fact that the change in the Doppler spectrum shape
function gives hint to a very large order parameter was
noticed by Smedskjaer et al. and von Stetton et al. An
order parameter of this size cannot be associated with su-
perconductivity. Before we discuss possible causes of the
electron momentum redistribution, we present the result
of our analysis of the difference spectrum in Fig. 3 for a
slightly vacuum-annealed sample with T, =83 K. This
sample contains less oxygen, so it is expected to have
fewer holes in the band and a smaller Fermi momentum.
The best fit to the data gives pF =2.5 X 10 m c, which is
much smaller than that for the 92 K sample. The order
parameter turned out to be also much smaller,

b/vF=1. 1X10 mc .

It is clear that for the two samples the order parameters
do not scale with T„and this fact is another indication
that the momentum redistribution is not due to supercon-
ductivity.

The Cu-0 chains, being one-dimensional electron sys-
tems, can readily support charge-density-wave or spin-
density-wave states, both of which are stabilized by the
strong Coulomb interaction and can have order parame-
ters as large as those observed by our DBAR spectra.
The associated electron momentum redistribution for
both states can be written approximately in the same
form as in Eq. (3).' Therefore, we tentatively ascribe the
difference in DBAR spectra between normal and super-
conducting states to the formation of CDW or SDW
states in the Cu-0 chains. We may also add at this point
that we have analyzed the spectra using 2D and 3D elec-
tron gas models, but the fits are not nearly as good as the
1D model.

At present we are not capable of taking the spectra
over a sequence of temperatures to see whether the ob-
served momentum redistribution occurs abruptly at T, .
However, we believe that we are probing the same effect
reported earlier by Smedskjaer et al. and von Stetton
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et al. , and both studies showed that the shape parame-
ter undergoes a sharp change at T, . Our suggestion that
the change is associated with a CDW or SDW state in the
Cu-0 chains raises the immediate question why should
the state form at the same temperature as superconduc-
tivity? A recent paper by Hertel, Appel, and Swihart
provides an interesting clue. ' It is shown that the
electron-electron scattering between charge carriers in
the chains and those in the Cu-0 planes causes a temper-
ature dependent pair-breaking effect which prevents the
CDW state from forming in the chains until the Cu-0
planes become superconducting. This scenario describes
well the change in DBAR spectrum at T, . Since
electron-electron scattering affects CDW and SDW states
in the same manner, the observed effect can also be due to
SDW. We are not aware of any direct evidence for CDW
or SDW in the Cu-0 chains. There may be two reasons
for this. Most neutron or x-ray scattering experiments
are done at room temperature, and these experiments
would miss the CDW or SDW state in the chains because
they are only expected to be stable in the superconduct-
ing state. It is also possible that the Cu-0 chains only
achieve short-range order that can be detected by posi-
tron annihilation but not by neutron or x-ray scattering.
This question can only be resolved through further exper-
imentation.

EPSCoR RII-8610669. The oxygen reduced sample was
prepared by P. J. Ouseph at the University of Louisville.
Informative discussions with W. E. Pickett and J. C.
Swihart are gratefully acknowledged.

APPENDIX

The deconvolution process we have used to deduce the
curves in Fig. 1 is described in the following. ' We first
let

where F; is the datum point from the DBAR spectrum
and R is the detector resolution function, defined over
2n —1 channels and determined by using the 514 keV
gamma line from Sr. U is the unknown function we are
searching. Both F and U are defined over n channels.

An iteration process uses the form

where m =1,2, 3, . . . denotes the order of iteration. For
the initial estimate of U, we let

ACKNOWLEDGMENTS

The work at the Oak Ridge National Laboratory was
supported by the Division of Materials Sciences, U.S.
Department of Energy, under Contract No. DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc.
The work at the University of Louisville was partially
supported by the Graduate Research Council, University
of Louisville. One of the authors (M.K.W. ) was support-
ed by National Aeronautic and Space Administration
(NASA) Grant Nos. NCC8-2, NAGW-812, and NAG8-
089, and National Science Foundation (NSF) Grant No.

and subsequent U's are determined by using

U( +"=U(m)
l

j=i +8
F,

J=i —8

j=i +8
F(m)

j=i —8

2

The quality of fit is measured by the parameter

The process is repeated by letting m~m+1 until a
minimum y is reached. Our minimum values of g thus
determined are all in the neighborhood of 1.20.
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