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Linear charge-density-wave instability in YBa2Cu307 iI and the pair-breaking effect from
Coulomb scattering with superconducting electrons
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e-e scattering between charge carriers in the Cu02 planes and a one-dimensional electron sys-
tem causes a temperature-dependent pair-breaking effect on the formation of a commensurate
charge-density wave (CDW) in the one-dimensional system. The effect decreases exponentially
when the planes become superconducting, allowing for the COW instability to occur at or near
the superconducting transition temperature Ts. The CDW gap ratio 2hco/kaTc depends on the
e escatte-ring rate I . The temperature dependence of the order parameter bc(T, I ) is affected by
superconductivity in the plane and, therefore, is different from the Bardeen-Cooper-Schrieffer
(BCS) gap function. In order to distinguish between the BCS and CDW states, the nuclear-spin
rejaxation rates due to magnetic and quadrupole coupling, Rc/Rjv and Qc/Q~, are found as func-
tions of T. The frequency dependence of the infrared conductivity due to single-particle excita-
tions across the CDW gap cr&c is evaluated as a function of I (T), yielding the Lee-Rice-Anderson
result for T=O.

I. INTRODUCTION

The magnitude of the energy gap in the high-Tp super-
conductor YBa2Cu307 —~ is ambiguous. Whereas recent
experiments of infrared absorption, quasiparticle tunnel-
ing, and Andreev scattering give the Bardeen-Cooper-
SchrieN'er (BCS) gap ratio 2hgo/ktt Tg -3.5, ' there are
other experiments which yield a second gap with a ratio of
-9. The observation of the nuclear-spin-lattice relaxa-
tion, the zero-field quadrupole relaxation, and the infrared
refiectance spectra give evidence for two diA'erent pairing
energies. A single large energy gap is also found in in-
frared experiments and nuclear-spin relaxation studies.
Tunneling experiments yield ratios of hzo/kite between
1 and 13; there are indications, ho~ever, that this spread
is due to the glassy state of the superconductor. Some of
the authors of Refs. 2 and 3 attribute the two energy gaps
to two superconducting pairing energies corresponding,
respectively, to the quasiparticle excitation spectrum on
the chain-forming Cu(1) sites and on the plane-forming
Cu(2) sites of the orthorhombic unit cell. The assignment
of the nuclear quadrupole resonance (NQR) frequencies
and of the spin-lattice relaxation rates to the two different
Cu sites is a difficult problem. Recent NMR studies on
oriented single crystals assign the 31.5-MHz NQR fre-
quency to the Cu(2) plane sites which show the large gap
in the relaxation studies.

In an attempt to clarify the origin and the magnitude of
the large gap, independent of the question whether it
occurs in the chain or in the plane, the possibility is ex-
plored here that we are dealing with a Peierls gap due to
the formation of a charge-density wave (CDW). The for-
mation of a CDW gap h,c at or near the superconducting
transition temperature Tz is indicated by measurements
of the positron annihilation lifetime and the Doppler line

shape as a function of temperature above and below the
superconducting transition in compounds where 6-0.1

(superconducting) and 8—I (nonsuperconducting).
Whereas x-ray and neutron-diffraction results do not find
a real crystalline phase transition at Tp, the positron-
annihilation parameters show significant changes near Tg.
The positron lifetime is inversely proportional to the elec-
tron density at the annihilation sites. These sites are the
oxygen vacancies which are the most abundant trapping
sites in these ceramics and which occur in the planes con-
taining the Cu-0 chains: The increase in the electron
density near the oxygen vacancies that is observed as T
falls below Tg signals a change in the electronic structure
as the material changes from the normal to the supercon-
ducting state. This change is also indicated by the anoma-
ly of the orthorhombic lattice parameters in the Cu02
planes a-b that are observed near Ts by high-resolution
x-ray scattering.

Based on these experimental facts we suggest that the
change of the electronic structure consists of a linear and
commensurate CDW occurring concomitantly or nearly
so with the superconducting transition. The transition
temperature for the CD% instability is governed by pair-
breaking processes which scatter the electrons at the Fer-
mi surface (FS) of the one-dimensional (1D) system be-
tween —pF and +pF (=Fermi momentum). Electrons
and holes bound to pairs by an attractive interaction in the
CDW phase have opposite charge. Therefore, momentum
scattering due to charged imperfections aA'ect the order
parameter h,c in the same manner as magnetic-impurity
scattering influences the order parameter hg for the Coo-
per pairs of a BCS superconductor. Here, e-e Coulomb
scattering between the electrons of the 1D and 2D systems
provides the intrinsic pair-breaking effect for the CDW
state. This effect occurs whether the CD%' instability is
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driven by electrons in the chain or in the plane. We com-
ment on the chain versus plane instabilities below. The
CDW state is suppressed by pair-breaking processes
above Ts. It begins to form at the transition temperature
Tc, that can be very close to Tg, because the e-e scatter-
ing rate I decreases exponentially below Ts when the
Cu02 planes become superconducting. We find I in Sec.
II and discuss its pair-breaking effect on the T dependence
of b,c. In order to distinguish between a BCS and Peierls
gap, ~e evaluate some of the response functions. The su-
perconducting state is characterized by the coherence fac-
tors for single-particle scattering processes. These factors
have different effects on the temperature and frequency
dependences of the response functions: Nuclear-spin re-
laxation T1, quadrupole relaxation Q, and the ac conduc-
tivity o.&. For the Peierls gap the coherence factors con-
tain signs (of hc) that are different from BCS. The re-
sults for the response functions are compared for the
CDW and the BCS states in Sec. III.

II. e-e SCATTERING AND THE CDW GAP

To obtain I = I/r for e-e scattering, we take the energy
spectrum of noninteracting electrons in a ID system,
ep+Q/2 =(I/2rrt)(p+Q/2) EF, where E—F is the Fermi
level, and ep+Q/2 ep —Q/2. For simPlicity, we assume
a one-half filled band Q =2pF x/a and —pF ~ p~ +pF,' a is the lattice constant. The CDW instability is
caused by an effective interaction Xc that incorporates
Coulomb and phonon interactions. This instability is
more likely to occur than singlet superconductivity. ' The
Cu02 planes are Mott-Hubbard insulators if the nominal
valencies of Cu and 0 are 2+ and 2 . The energy surface

HID ~ep+Q/2(cp+Q/2, ncp —Q/2, a cp —Q/2, ncp+Q/2, n)
p, o'

+X,c~ (cpyQ/2 ncp —Q/2 ncp'+Q/2 ncp' —Q/2 +H.c.),
pp,

(2)

H2D Z gkek&k +~sXekte —kate k'lek t
k, o k, k'

(3)

y&~ int ~ ~ mack —m, o'eke'+ eka'ek+m, o'~
I ~ t

p, p ~ k~ 0', 0'
m-p' —p —Q

X Cp' —Q/2, ~p'+Q/2, cr (4)

The operators c t and e t create electrons in the 1D and 2D
systems, respectively.

We assume that the plage is in the superconducting
state and introduce the Bogoliubov quasiparticle operators
ykt =ukeki —vke —k and ykt

-vkekt +uke —k~, where
uk —,

' (I+gk/Ek) ' and vk & (1 —gk/Ek) '; the quasi-
particle energy Ek =(gk+d&k) ' . We ignore the gap an-
isotropy Ask=As. The Coulomb interaction H;„, is a
sinall perturbation and a canonical transformation gives
the result to second order in V:

of the filled valence band is shown as the square in Fig. 1.
By self-doping, the 2D band is only partially filled and the
spectrum is given by gk = —2t [cos(ak„)+cos(ak~)]

EF—." Superconductivity is caused in the plane by an
efI'ective-pairing interaction A,g.

The Hamiltonian for our system consisting of 1D and
2D electron systems interacting through the Coulomb in-
teraction Vm (m =momentum transfer), is given by

01D+02D+ Hint

x2(ukuk+m VkVk+m)
Htnt = —2 Z VmV-m (yktykt yk+mtyk+mt+ ykiykJ y k —may——k —m))

p, p', m, k 2(ep' —m+Q/2 ep+Q/2) Ek+Ek~m

+ (u kV k+ m+ u k+mV k) 2 1 gk j ~kl )'k+ t )'k+

2(ep ~Q/2
—ep~Q/2)+Ek+Ek~

3 kt Xkt 3 k+ml 7k+m j
2 (ep' —m+ Q/2 ep'+ Q/2) Ek Ek+ m

X Cp' —m+ Q/2, &p'+ Q/2, &p+ m+ Q/2, &p+Q/2, e ~ (5)

We are interested in the effect of Coulomb scattering on the CDW instability. Therefore, we ignore the term on the
right-hand side of Eq. (5) that gives the Coulomb effects on the superconducting electrons in the plane. ' We also replace
the operator products in Eq. (5) by their expectation values, (ykt yk ) =f(Ek). H;„, describes the scattering between two
electrons of the 1D system caused by the electronic polarizability P of the superconducting plane,

Hint 2 W P( m~tv jcp' —m+Q/2, nCp'+Q/2, nep+m+Q/2, nep+Q/2, ~ ~
(6)

p~p. m

Where ~ ep —m+Q/2
—

ep+Q/2, and

P( —m, m) =2+V V — (fk —fk- )
k CO+ Ek —Ek —m

2 2
VkVk —m QkQk —mVkVk —m

CO
—Ek+ Ek —m

2 2 ~~k —mVk+ ~k&k —mVkVk —m+ (1 fk —fk )—
CO

—Ek —Ek-m

2 2
QkVk —m+ QkQk —mVkV k —m

CO+Ek+ Ek —m
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transfers in the plane Q-2PF is given by

"a(p p +Q sp+9/& sp' —g/&) .

The scattering events take place near the Fermi surface,
where co ez+q/2 —

sp q~2-k//T. The spectral function is
approximately given by a{p—p'+Q; —ro) —boa(Q),
where

Tt

cL

d'k t)f1
(Q) 2&I vg I

' — ~(E1,—E1,+q)
(2x) '

FIG. 1. Model: Energy spectrum of the one-dimensional
electron system; for a half-fi11ed band, the Fermi momentum

pF Q/2 z/Za. Below: Fermi surfaces for electrons on a
two-dimensional square lattice (fiHing factors 1 and 0.75, cf.
Ref. 11). Scattering between electrons of the 1D and 2D sys-
tems takes place along p and k in the phase-space regions in-
dicated.

Here ao I vg ) is a dimensionless parameter and f(d,s) is
proportional to the density of quasiparticles at energy
ds(T). For the normal state in the plane, f(Ag) = &.
We carry out the p' integration in (9) and get

I/r -(n'/3)Ã(EF) (kBT) 'ao
I Vg I

'2f (~s), (11)

where N(EF) is the 10 density of states at EF, including
the spin degeneracy. The scattering rate 1/r plays the role
of the pair-breaking parameter I in the Green's function
theory of the CD%' state. ' ' Here I is temperature
dependent and vanishes at T 0 (Fig. 3). The corre-
sponding renormalization of the frequency and gap vari-
ables is given by

co -o)+ —' I ro/(ro'+ a') '/'
2

This function is of the same form as the density-density
correlation function derived by Mahan. ' The e-e scatter-
ing rate is determined by the spectral function of P that is
given by

d, ——I h,/(ro +d ) '/ .

These two equations are to be solved simultaneously with

a( —m, co) =ImP( —m;ro+i8) .

The function a presents the rate of making excitations
with momentum transfer m and energy co in the supercon-
ducting (or normal) plane. The scattering rate in the 1D
system (Fig. 2) caused by excitations with momentum

].2 '

G.c-

I

0.2

FIG. 2. e-e scattering in the 10 system. FIG. 3. T dependence of the pair-breaking parameter.
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where u ro/3, -( co/4)+i(I /h)u/(u2 —I)'~. Some re-
sults for d c(T,I ) are shown in Fig. 4. We write
I y(T/Tco) 2f(hs) and parametrize the curves by the
values of y/dcp', Tcp is the CDW transition temperature
for y 0, hco h,c(0,0). As for the scattering time z,
taking y I and Tco 22S K we get I/r —109T2
X2f(hs)sec 'K . For Cu metal, the recent measure-
ment of the radio-frequency size effect gives I/r«~
~0.33 & 10 sec 'K . ' The smaller scattering rate in
Cu metal can be due to screening effects. Of particular
interest is the case Tv/Tco 0.4 corresponding to BCS
and CDW gaps 2bso 3.5knTg and 2hcp 8.8kgTco, re-
spectively. For y 5, we have Tg —T~,. the pair-breaking
effect is suppressed at the onset of superconductivity in the
plane to allow for the formation of the CDW state. The
resulting h,c vs T curve increases much faster below Tc
than the BCS gap function (y 0) (see Fig. 4).

0.0

GO 0.2 0.4 0.6

T/ Tco

0.8 ).0

FIG. 4. Order parameter of the CDW state Ac(T, I ). (a)
and (b) correspond to Ts/Tcp —0.4 and 0.7, respectively. The
parameter is y/hco.

III. CD& VERSUS BCS RESPONSE

We wish to compare the T and coo dependences of some
response functions between the BCS and CDW states,
taking into account the different coherence factors of the
two states and the effect of I (T).

For the NMR and NQR relaxation rates, the perturba-
tion for single-particle scattering is

pF ~P.P ~A
O', CJ

~p'+Q/2, ';p+Q/2, &p'+Q/2 'Cp+Q/2 cr+~p' —Q/2, o';p —Q/2, ~p' —Q/2, 'Cp —Q/2, cr

+ two corresponding terms with p' p (13)

For the magnetic relaxation rate R, the matrix element 8
is determined by the contact interaction for the Cu + nu-
clei, due to the hyperfine coupling or the core polarization
effect. For fliping down the nuclear spin,

B~ Q/2, t; +' Q/2, l (&/2) (m —I I r I m) ( f I s+—
I

—l ),
where A is the contact coupling parameter for the elec-
trons at + pF, m is the nuclear-spin quantum number,
and I and S are the nuclear and electron spins, respective-
ly. For the quadrupole relaxation Q, the matrix element B
is determined by the quadrupole Hamiltonian Hq„,d.

I

There is no spin conservation and

B ~ qy2, ~; ~ gyes, ( +' Q/2, o, rn
'

I Hq„,d I
+' Q/2, o, m ) .

The matrix elements are evaluated by Mitchell. ' Let us
assume that one nuclear transition m' m dominates the
relaxation processes. In the case of Cu, I 2 and
rn —,', m' ——,

' . The matrix element is independent of
spin cr and we take Bggq qg Bqg2

The relaxation rates for a BCS superconductor, normal-
ized with respect to the normal state,

Bfo
t)E

R,/RJv ~s-2„, W(E)W(E+ o) I+-
E E+roo

are to compared with the corresponding rates for the COW state,

(i4)

Rc Qc
2& JV (ro) Af (co+ coo)

R~ Qw
den .
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Here N(E) is the BCS density of states normalized with
respect to that of the normal state and accounting for a
finite breadth of the quasiparticle states due to anisotropy
in the energy gap or to lifetime effects caused by impurity
and thermal phonon scattering,

t E+8
N(E) =(2$) ' des/(e —P ) &t2

~E —b

2.0

1.0—

SUPER

The densit of states for the CDW state, JV (co)
=Re[u/(u —1) 't ]. For the T dependences of R and Q
in the BCS state shown in Fig. 5, we choose the value of
8/hs(T) =0.2 so that the coherence enhancement of
Rg/R& is reduced to 1.8. The quadrupole relaxation rate
Qs/Q~ drops with infinite slope below Tg, corresponding
to case I of BCS. '

A sharp decrease of the nuclear-spin-lattice relaxation
data is observed below Tq by different experimenters and
is attributed to a gap ratio of the order of 9 (Warren et
aL, Mali et al. , Kitaoka et al. , and Markert et al. ).
We attribute this large gap to the appearance of a linear
CDW and not to superconductivity. The large gap can
occur either in the chain or in the plane. In the first case,
the formation of the CDW occurs as the usual Peierls-
type transition. The results obtained here also remain val-
id in the second case where a diff'erent mechanism can be
responsible for the linear CDW of a two-dimensional en-
ergy band. The only difference is that the e-e scattering
rate of the normal state I/r can be different from T . The
formation of the CDW state in the plane becomes possible
when the e-e pair breaking effect is suppressed by the su-
perconductivity in the plane. In any case, the CDW state
is also felt by the Y ions because Markert et al. observed
a large gap ratio (—11) in the magnetic spin-lattice relax-
ation of the spin- —, yttrium nuclei. The conduction elec-
trons near the Y sites which cause the nuclear-spin relaxa-
tion via the core-polarization effect do not have spatial
overlap with the superconducting electron system in the
Cu02 planes. Otherwise the substitution of Y by mag-
netic ' Yb ions would have some eff'ect on the planar su-
perconductivity. There is no significant effect on T~ and
Mossbauer absorption measurements show magnetic or-
dering of the Yb sublattice at the very low temperature of
0.35 K. ' For these reasons the large gap near the Y sites
is probably caused by a change of the electronic structure
at or near Ts, and not by superconductivity.

We mention that no experimenter so far has observed
an enhancement peak of Rs/R~ below Ts at the Cu sites

CD+

RC

1.0-

0.0
0.0 0.2 0.& 0.6 o.8 1.0

FIG. 5. Comparison between nuclear magnetic and quadru-
pole spin-lattice relaxation for a superconductor and for a
charge-density-wave state.

(Fig. 5). The absence of this peak is expected if quadru-
pole relaxation processes dominate or, in the case of mag-
netic relaxation, if the breadth effect or if spin-fluctuation
effects are sufFiciently strong.

Finally, we obtain the ac conductivity that governs the
absorption of the low-frequency electromagnetic radiation
in the presence of a CDW. For a BCS superconductor the
real part of the conductivity, nis(cop)/o~ at T=O, has a
&function peak at cop =0 due to the Meissner effect, and a
contribution from quasiparticle excitations across the gap,
corresponding to case II of BCS. In contrast, for a CDW
state there is no Meissner effect and the response function
can refer to a longitudinal vector potential. The fre-
quency-dependent conductivity o«(cop) has a &function
part at cop =0, due to the unpinned collective mode, and a
single-particle contribution from interband transitions. In
the presence of pair breaking, the interband conductivity
can be found from Ref. 20; the result is

cr&c(cpp)
2

COp

1

4&o~c
P(x+ cop)

tanh —tanh
Dx
2

~ ImJ „dx

p(x+ cop)
tanh

1+W+W* —BB* &
—W+~+B+B+

C —C++ iI C+ C+ —iI
& —&c 1+A+A* —B+B 1 —A+A +B+B+ Im& „.dx +C* —C++ iI C+ C+ —iI" (16)

Here

( u+xib)/[ (ux+i8) —1]',8=1/[u (x+ib) —1]', C=[u (x+iB) —1]', I =I/hc, co~ 4xne /m,

where the plasma frequency cp~ depends on the electron density n(cm ). The energy gap is given by Ac
=&c[I —(I /hc) ] . For Ac=0, we get the dc conductivity cr~ =2ne /I m. In the limit T~ 0, Eq. (16) gives the re-
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0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
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FIO. 6. ~a~& & The real part of the interband conductivity in the
absence of superconductivity (Ts/Tco 0) for the temperature
T/Tco 0.3. The parameter is y/Acp. (b) Tile effect of super-
conductivity Ts/Tco 0.4.

0 I

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

T'Tco

FIG. 7. The temperature dependence of o ~ c(I ) at
NO=2. 055cp in (a) the absence and (b) presence of supercon-
ductivity.

suit of Lee, Rice, and Anderson

o'ic(too) (2ne 2bc2/ntroo2)/(ro2 ro )

The pair-breaking effect on the interband conductivity in
the absence of superconductivity is seen in Fi . 6(a),
where eric(ruo)/to~ is plotted for a fixed temperature. By
comparison, the effect of superconductivity is shown in
Fig. 6(b). We see how the suppression of the pair-
breaking effect in the superconducting state narrows the
a~g curves towards those for y 0 at a finite value of T.
The temperature dependence of aic for a fixed frequency

d
above the gap in the presence and absence of supercon-

uctivity in the plane is shown in Figs. 7(a) and 7(b), re-
spectively.

IV. DISCUSSION

We study the T-dependent pair-breaking effect on the
formation of a linear and commensurate CDW caused by
Coulomb scattering of the 1D electrons by the electrons in
the plane. We assume that we are dealing with two
different electron systems, separated in coordinate or
momentum space. The first case holds for the chain elec-

trons which have no direct overlap with the electroe rons in
e p ane. The second case can apply to the k space near

the FS of the 2D band shown in Fig. 1. The k-space
"pockets" near the saddle points at the corners of the
square can lead to a' singular behavior of the wave-vector-
dependent susceptibility g(q —Q), where Q connects two
saddle points. The Fermi-surface topology of our 2D sys-
tem is similar to that of layer compounds where a CDW
instability due to "nesting" of saddle-point pockets is s
gested by Rice and Scott. This mechanism can cause
the large gap at the Cu(2) sites observed in recent NMR
and NQR experiments.

The order parameter for the CDW state exhibits a steep
increase below Tc if due to pair breaking Tc- Tg. The
gap Op, measured by optical absorption, approaches dp
when the onset of superconductivity freezes out e-e
scattering, as is seen in Fig. 3.

To distinguish between BCS and CDW states, the re-

5-
su ts or some response functions are compared in Fj.n igs.
-7. Whereas the T dependences of the NMR and NQR

relaxation rates are different for a BCS superconductor
(cases I and II, respectively), they are found to be the

R R
same for the CDW state (Fig. 5). The enhancem t fancemen o

c/ iv Qc/Q& is suppressed by a weak-pair-breaking
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eAect y=0. 1. For a larger value of the parameter y—5,
the ratio remains flat below Tcp until a steep decrease
occurs at the onset of superconductivity.

The optical conductivity o ~ (coo) determines the absorp-
tion of an electromagnetic wave of frequency mp. For a
BCS superconductor at T=O, the Mattis-Bardeen result
for a~s(coo)/o~ rises from zero with finite slope at
o)p =2hgp and slowly approaches one for large values of
coo (coherence case II). In contrast, the optical conduc-
tivity for single-particle excitations in the CDW state ex-
hibits a square-root singularity at cop =25gp that, for finite
values of y, becomes a peak that broadens as y increases
(Fig. 6). In the presence of the superconducting state in
the plane, the peaks sharpen due to the freezing out of
pair breaking. The temperature dependence of a&c(r)

(Fig. 7) also shows the suppression of pair breaking when
the plane becomes superconducting at Tg-0.4Tgp.
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