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YBa2Cu3O7 has orthorhombic symmetry because of the chains. The superconducting energy gap, which
would have puredx22y2 symmetry in the tetragonal case, is expected to also contain a smallsx21y2 component
in the orthorhombic case. This admixture shifts the gap nodes off the main diagonals and leads to a momentum
space anisotropy in the spin dynamics. Recent neutron scattering results on the 41 meV peak in twinned
crystals of YBa2Cu3O7 are consistent with our results. Extension to untwinned crystals might be used to
determine the amount ofs-wave admixture although the interpretation is complicated by band anisotropy.

The spin dynamics of the high-Tc oxide superconductors
and, in particular, of Y-Ba-Cu-O, is of great interest and has
been extensively studied.1–5 Very recently, the nature of the
41 meV neutron scattering peak in YBa2Cu3O7 has been
clarified.6 This large peak, which grows in the super-
conducting state as the temperature is reduced, has been
identified with spin scattering~spin fluctuations! ~Refs.
6,8,9! and is consistent with the opening up of a supercon-
ducting gap which hasd-wave, dx22y2[@cos(kx)2cos(ky)#
symmetry. Herekx and ky are momenta in the two-
dimensional Brillouin zone of the CuO2 plane. A successful
model, which is often used to describe the spin susceptibility
in the oxides, involves the bare noninteracting susceptibility
(x0) calculated in the random phase approximation~RPA!
for a tight binding band with a realistic Fermi surface which
is further enhanced by correlations.10–17 Depending on the
details of the model envisaged, the denominator in the RPA
susceptibility, which gives the Stoner enhancement, can in-
volve a constant Coulomb repulsionU or a structural func-
tion Uq of the formU@cos(qx)1cos(qy)#. In the first case, the
constantU is usually thought to be large, leading to a large
Stoner enhancement, and the oxides are envisaged as falling
near their antiferromagnetic transition: the nearly antiferro-
magnetic Fermi liquid model~NAFFLM!. In the second
case, the oxides are not thought to be particularly near their
magnetic transition. Instead, they have a modest Stoner en-
hancement and the factorUq models incipient localization
effects.

Very recently, Daiet al.7 have studied the momentum
space behavior of the 41 meV neutron scattering peak in
YBa2Cu3O7 and have found that it is anisotropic. The width
of the measured peak along the diagonal is different from
that along the face of the Brillouin zone. The data are taken
from twinned samples and correspond to some average over
kx and ky direction which restores tetragonal symmetry al-
though YBa2Cu3O7 contains a CuO plane of chains besides
the usual CuO2 planes and this must have some effect on its
superconducting properties. The simplest model that one can
envisage, and which might be used as a first approximation
to describe the physics of such a composite system of planes
plus chains with several Fermi surface sheets, is a single
band model but with a different hopping parameter for thex
and they ~along the chain! directions. This simplified model,

while crude, captures the orthorhombicity of the system and
leads to solutions18–20of the BCS gap equation for the NAF-
FLM which contains an admixture of extendeds-wave sym-
metry,sx21y25@cos(kx)1cos(ky)#, as well asdx22y2 symme-
try. The amount of the admixture increases with increasing
orthorhombic distortion.18–20 In the NAFFLM, the pairing is
assumed to proceed through the magnetic susceptibility
which has been modeled by Millis, Monien, and Pines21

~MMP! on the basis of NMR data. Retaining the MMP
model susceptibility unchanged in the BCS gap
equations18–20 but including the lattice orthorhombicity in
the band structure immediately implies and fixes the amount
of extendeds-wave admixture in the gap. The details of the
BCS solutions in the NAFFLM are found in Refs. 18–21 and
do not concern us directly here. It is sufficient to know that a
25% admixture of sx21y2 component in an otherwise
dx22y2 superconductor is enough to explain the magnitude of
the c-axis Josephson tunneling current observed by Sun
et al.22 between YBa2Cu3O7 and Pb as well as that observed
in plane penetration depth anisotropy.17 This sets the scale of
the possiblesx21y2 component. Here we are interested in
studying how this admixture of ansx21y2 component, which
shifts the gap nodes off the main diagonals of the two-
dimensional copper oxide Brillouin zone, leads to anisotropy
in the spin susceptibility and how this asymmetry can be
differentiated from band structure effects.

We start with a single band model for the electronic struc-
ture of YBa2Cu3O7 but include an orthorhombic distortion so
as to crudely model the chains through the introduction of an
anisotropy parameterd in the in-plane first nearest neighbor
hopping parameter. This makes thekx andky directions dis-
tinct in the two-dimensional copper oxide Brillouin zone. In
this model, the electron energyek, in tight binding, is taken
to be of the form

ek522t@cos~kx!1~11d!cos~ky!#

14tB cos~kx!cos~ky!2m, ~1!

wheret is the size of the in-plane nearest neighbor hopping
and B is the second nearest neighbor in units oft. The

PHYSICAL REVIEW B 1 APRIL 1996-IVOLUME 53, NUMBER 13

530163-1829/96/53~13!/8698~6!/$10.00 8698 © 1996 The American Physical Society



chemical potential in Eq.~1! is m and is related to the~single
spin! filling ^n& ~half-filling: ^n&50.5! through the equation

^n&5
1

2V (
k

F12
ek
Ek

tanh S Ek

2kBT
D G . ~2!

Equation ~2! for the filling ^n& is already written for the
superconducting state withEk5Aek

21Dk
2 whereDk is the

superconducting energy gap. The sum in~2! is over the first
Brillouin zone,V is the normalizing volume, andT is the
temperature. Ford50 in Eq.~1!, the system is tetragonal and
the solution of the BCS gap equation with the model suscep-
tibility of Millis, Monien, and Pines21 ~MMP! leads directly
to a gap which exhibits puredx22y2 symmetry.18–20 Such
solutions contain many of the higher harmonics of the
dx22y2 irreducible representation of the crystal lattice point
group but, for many purposes, the solutions can be repre-
sented by the lowest harmonic, namely

dx22y25cos~kx!2cos~ky!. ~3a!

This will be sufficient here. OncedÞ0 in Eq. ~1!, however,
the solutions of the BCS gap equation with MMP suscepti-
bility no longer exhibit puredx22y2 symmetry but contain an
admixture ofsx21y2, which can also be represented approxi-
mately by its lowest harmonic, namely18–20by

sx21y25cos~kx!1cos~ky!. ~3b!

The reader is referred to our previous work for further
details.17–19Once the gapDk is known, the spin susceptibil-
ity follows.

The bare single spin susceptibility in the superconducting
state for momentum transferq and energyv is given by

x0~q;v!5
1

4V (
k

H a1~k,q!@ f ~Ek1q!2 f ~Ek!#S 1

v2~Ek1q2Ek!1 iG
2

1

v1~Ek1q2Ek!1 iG D
1a2~k,q!@12 f ~Ek1q!2 f ~Ek!# S 1

v1~Ek1q1Ek!1 iG
2

1

v2~Ek1q1Ek!1 iG D J , ~4!

FIG. 1. The imaginary part of the spin susceptibilityx~q;v! at v50.347t for the two lower sets of curves andv50.348t for the
uppermost set shown as a function of momentum,qx along (Q ,p) ~solid!, the diagonal line, (Q,Q) ~dash-dotted! andqy along (p,Q)
~dashed! in the interval 0.5p to 1.5p. The underlying lattice is tetragonal with next neighbor hoppingB50.45, filling ^n&50.4 andU51.0t
with G50.01t. The first Brillouin zone has (1000)2 points, the maximum value of 2D0 ~Brillouin zone!50.4t, andTc50.1t. The lowest set
is for a puredx22y2 gap; thex andy directions are identical and the normal state result is also shown~dotted curve!. The diagonal peak is
wider than thex axis peak. The middle pair of curves are for 0.2sx21y210.8dx22y2. The asymmetry is already clear with a broader line in
the diagonal and they direction than in thex direction. This broadening is quite large in the upper pair of curves which apply for
0.5dx22y210.5sx21y2. Each set of curves is displaced upwards by half a unit; relative zeros are shown on the right-hand axis.
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where f (E) is the Fermi Dirac distribution function at finite
temperature andG is a damping factor needed in the numeri-
cal work and taken to beG50.01t in the numerical data
presented in this paper.

The full spin susceptibility in random phase approxima-
tion, enhanced by the Coulomb interactions, which we de-
note byx~q;v!, is given by

x~q;v!5
x0~q;v!

11Uqx0~q;v!
, ~5!

whereUq can be taken as a constant~the negative of the
HubbardU!, as was done in many previous works,14–17or as
a function of the form

Uq5U@cos~qx!1cos~qy!#. ~6!

This form has been used extensively by Levin and
collaborators.8–13Here we will follow their lead and present
results only forUq of the form given by Eq.~6! although we
have also obtained similar results with a constant value ofU.
The advantage of model~6! is that it preferentially enhances
the peak at~p,p! when the spin susceptibility of Eq.~5! is
calculated. We have found, however, that such peaks can also
be obtained with constantU, particularly for the orthorhom-
bic lattice.

Our results for the imaginary part of the spin susceptibil-
ity with U51.0t, B50.45, andd50 ~tetragonal case for the

electron dispersion! with a maximum gap on the Fermi sur-
face value of 2D0535.8 meV on a mesh with (1000)2 points
are presented in Fig. 1. We show the momentum space de-
pendence of Imx~q,v! for v fixed at the frequency which
gives the maximum imaginary part of the susceptibility at
~p,p! in the superconducting state at zero temperature and
with U51.0t ~see Fig. 4!. The lines are marked as follows:
normal state, alongqx or qy axis at T5Tc is dotted; the
remaining lines are for the superconducting state atT50.
The solid lines are along (Q,p!, the dash-dotted lines are
along (Q,Q), and the dashed lines are along~p,Q). The
approximate positions of the pseudonesting peaks on the
qx , qy axis ~arrows! are also shown. The lowest set of su-
perconducting lines, with the normal state shown for com-
parison, are for the pured-wave energy gap at frequency
v50.347t. Note, the width of the peak in the diagonal direc-
tion is wider than that along (Q,p! or ~p,Q) ~tetragonal
symmetry!. This corresponds to the recent results of Dai
et al.7 who used neutron scattering to study a large twinned
crystal of YBa2Cu3O7. They quote the corrected ratios of full
width at half maximum~FWHM! of the diagonal peak to the
on-axis peak as 0.51/0.38;1.4. Our ratio is 1.2 for the
dx22y2 case which is smaller than observed but of the correct
order of magnitude. In making such a comparison, it should
be pointed out that both measured peaks are much broader
than found in our present calculation,8,9 and considerable
caution should be exercised in such a comparison.

FIG. 2. The imaginary part of the spin susceptibilityx~q;v! as a function of momentumqx along (Q,p) ~solid!, diagonal line, (Q,Q)
~dash-dotted! and qy along (p,Q) ~dashed! in the interval 0.5p to 1.5p. The two almost flat curves at the bottom are the profiles at
T5Tc . The frequencies arev50.347t for the lower curves,v50.357t for the middle curves, andv50.382t for the upper curves. The
underlying lattice is orthorhombic in a one band model for the electronic system with finite value of the distortion parameterd50.25 in Eq.
~1! for the electric energies withB50.45, filling ^n&50.4,U51.0t, G50.01t, Tc50.1t, maximum 2D0 ~Brillouin zone!50.4t, and the first
Brillouin zone has (1000)2 points. The lowest set of curves is for puredx22y2 gap symmetry. Thex direction is much broader than they
direction. The middle curves are for 0.2sx21y210.8dx22y2. Relative to the pured-wave case, thex axis line has sharpened while they axis
has broadened through the admixture of somesx21y2 component to the gap. The top set of curves is for 0.5sx21y210.5dx22y2. Each set of
curves is displaced upwards by 1.25 units; relative zeros are shown on the right-hand side.
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The next set of curves, displaced upwards by one unit for
clarity, shows the profiles of the~p,p! peak for an admixture
of 20% sx21y2 and 80%dx22y2 at frequencyv50.347t. Te-
tragonal symmetry has been broken—the profiles along
(Q,p! ~solid! and ~p,Q! ~dashed! are quite different. The
diagonal line~dash-dotted! is near they axis results.

The top set of curves, again displaced upwards, shows the
profiles for a 50%sx21y2150% dx22y2 energy gap at fre-
quencyv50.348t. The qy-axis peak~dashed line! is sub-
stantially wider than that of theqx axis ~solid line!, showing
considerable anisotropy in momentum space. In an experi-
ment on twinned crystals, the zone face data will be an av-
erage of ourx- and y-axis results if we assume equal
weights of both twins. Since anisotropy between diagonal
and face measurements is already expected for a pure
d-wave case, it is not possible to fix the amount of extended
s-wave admixture from such measurements. The situation is
more favorable in untwinned crystals for which we predict a
difference in FWHM betweenx- and y-axis measurements
which increases with percent admixture of extendeds wave.
Such an effect is nonexistent in pured wave. For an admix-
ture between 20% and 50%, the predicted differences be-
tweenx and y axis are of the same order and bigger than
detected in the twinned crystal measurements of Daiet al.7

In Fig. 2, we show the profiles of the~p,p! peak of the
imaginary part of the spin susceptibility for the specific case
d50.25 and for the neutron energy chosen to correspond to
the maximum in the curves of Fig. 4 and similar curves for
the other energy gaps. The filling is kept at^n&50.4, the
maximum gap on the Fermi surface 2D0538.9 meV, andU
in formula ~6! is taken to have a value of 1.0t. The calcula-
tions are done on a mesh of (1000)2 points. The solid curves
are lines in the Brillouin zone along (Q,p!, the dash-dotted
curves along (Q,Q), and the dashed curves along~p,Q) for
the superconducting state at zero temperature with various
frequencies and energy gaps. The arrows indicate the ap-
proximate positions of the nesting peaks, now different, on
the x andy axis.

The two flat lines at the bottom are for the normal state of
T5Tc . Already, the two curves are different because of the
orthorhombic lattice. This is a sure sign of what we have
called lattice anisotropy and would not exist in a tetragonal
lattice. The lowest set of curves is for a pured-wave energy
gap, at frequencyv50.347t. Thex axis peak~solid line! is
now much wider than they axis peak~dashed line!. This is
opposite to the tetragonal case discussed with Fig. 1. The
second set of curves shows the peak widths for 20%sx21y2

and 80%dx22y2 at a frequencyv50.357t. The third set de-
picts equal amounts ofsx21y2 anddx22y2 at a frequency of
v50.382t. We suggest polarized neutron scattering on an
untwinned crystal of YBCO would produce similar curves to
those displayed in Fig. 2. The band structure anisotropy has a
distinct effect on the FWHM of the~p,p! peak—even with a
symmetric, pured-wave energy gap. A detailed analysis of
the above results is now offered.

In Fig. 3, we look at the temperature dependence of the
ratios of the FWHM in theqx direction to that of theqy
direction in the first three rows of frames and the change in
height at~p,p! with respect to the height atTc in the bottom
two frames~d! and ~h!. The left column describes a system
with a tetragonal lattice and maximum gap on the Fermi

surface 2D0535.8 meV, and the right, a system with an
orthorhombic lattice~d50.25! and maximum gap on the
Fermi surface 2D0538.9 meV. Common parameters are next
nearest neighbor hoppingB50.45, filling ^n&50.4, potential
U51.0t, smearingG50.01t, Tc50.1t, and mesh (1000)2

points. In frame~a!, we see the ratio of peak widths on a
tetragonal lattice with a pured-wave gap~open circles and
solid line! and frequencyv50.397t. The ratio is constant at
all temperatures—there is no anisotropy in the system.
Frames~b! and ~c! show the ratios for anisotropicd-wave
gaps, 0.2sx21y210.8dx22y2 ~* , dotted line;v50.347t) and
0.5sx21y210.5dx22y2 ~3, dashed line;v50.348t), respec-
tively. In each case, the widths of the peaks split into differ-
ent values as the system moves into a superconducting state.
The difference in the widths of the peaks is much greater for
0.5sx21y210.5dx22y2 energy gap at low temperatures~55%!
than for the 0.2sx21y210.8dx22y2 energy gap~20%!. Frame
~e! shows the peak width ratios for an orthorhombic lattice
and a pured-wave energy gap~s, solid line! at frequency
v50.347t. The qx profile is wider than theqy at Tc ; this
difference increases considerably at low temperatures.
Frames~f! and ~g! show anisotropicd-wave gaps on an
orthorhombic lattice, 0.2sx21y210.8d ~* , dotted line;
v50.357t) and 0.5sx21y210.5dx22y2 ~3, dashed line;
v50.382t), respectively. At low temperatures, as the anisot-
ropy of the gap is increased, the difference in the peak pro-
files FWHM reduces. Frames~d! and~h! show the change in

FIG. 3. Frames~a!–~c!, ~e!–~g! show the ratio ofqx FWHM to
qy FWHM vs reduced temperature for a tetragonal~d50! lattice
~left column! and orthorhombic~d50.25! lattice ~right column!.
The energy gaps are depicted byd-wave ~solid lines!, 0.25sx21y2

10.8dx22y2 ~dotted line!, and 0.5sx21y210.5dx22y2 ~dashed lines!.
Frames~d! and ~h! show the change in height with respect to the
height atTc vs reduced temperature for the tetragonal and ortho-
rhombic lattice, respectively. Other parameters are (1000)2 points
in the first Brillouin zone, maximum 2D0 ~Brillouin zone!50.4t,
Tc50.1t, G50.01t, B50.45,^n&50.4, andU51.0t. For the tetrag-
onal lattice ~d50!, the frequencies arev50.347t (d-wave and
0.2sx21y210.8dx22y2 energy gaps! and v50.348t (0.5sx21y2

10.5dx22y2 energy gap!. For the orthorhombic lattice~d50.25!, the
frequencies arev50.347t (d-wave energy gap!, v50.357t
(0.2sx21y210.8dx22y2 energy gap!, and v50.382t (0.5sx21y2

10.5dx22y2 energy gap!.
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height from that atTc , as the temperature is reduced for the
tetragonal and orthorhombic lattices, respectively, and en-
ergy gap marked as follows: pured wave ~solid line;
v50.347t), 0.2sx21y210.8dx22y2 @dotted line; v50.387t
~tetragonal!, v50.357t ~orthorhombic!#, and 0.5sx21y2

10.5dx22y2 @dashed line;v50.348t ~tetragonal!, v50.382t
~orthorhombic!#. In the orthorhombic case, the peak height
increases tenfold, while for the tetragonal case, the peak
height increases only fivefold.

We can now suggest a decision tree for separating the
effects of anisotropy due to the band structure and the energy
gap. First, measure theqx andqy FWHM at Tc—if they are
different, then band structure anisotropy is important. Next,
look at the low temperature behavior of theqx and qy
FWHM of the ~p,p! peak. If the system is tetragonal~i.e.,
direct anisotropy due to band structure effects is not impor-
tant! with a d-wave energy gap, no difference in theqx ,
qy profiles will be seen. If the system is tetragonal with an
anisotropic gap, the FWHM in the perpendicular directions
will be different, and that difference will be an estimate of
the anisotropy of the gap; theqy profile will be widest. If the
system is orthorhombic~i.e., direct anisotropy due to band
structure effects is important! with ad-wave gap, then at low
temperatures the difference in widths already present atTc
will have increased considerably~three times in the model
considered here! and theqx profile is widest. If the system is
orthorhombic with an anisotropic gap, the difference in
widths will increase, but less dramatically. If there is an
equal mixture of extendeds-wave and pured-wave energy
gap, the ratio of peaks widths will not change much at all,

and will decrease at moderate temperatures. It is clear from
the above that it is not so easy to distinguish the symmetric
and anisotropic energy gaps on an orthorhombic system.
Still, an analysis based on a model of the kind used in this
paper could be used to make an estimate of gap admixture,
although such an analysis may be model dependent.

Finally, we address the question of how band structure
anisotropy itself affects the frequency dependence of the spin
susceptibility atq equal to~p,p!. As a first attempt, we use
the single band model of Eq.~1! with finite value ofd, i.e.,
the hopping parameter inx and y direction in a single
CuO2 plane are assumed to be different. In such a model, the
Fermi surface at fillinĝ n&50.4 progressively distorts asd
increases and eventually becomes open in the direction per-
pendicular to the chains while staying closed in the parallel
direction. For a finite value ofd, the van Hove singularity,
which has energy24Bt in the tetragonal case, splits into
two singularities with energies22(2B6d)t. In Fig. 4, we
show the frequency dependence~v! of the imaginary part of
the spin susceptibility for a pured-wave model with
U51.0t. The energy on the horizontal axis is in units oft.
Each curve has a sharp peak atv slightly less than the maxi-
mum of 2D0 on the Fermi surface—this determines the fre-
quencies used in the earlier figures.~See Ref. 14 for a dis-
cussion of other aspects of the frequency spectrum.! The
curves are for different values ofd starting atd50 ~bottom
curve! and going up tod50.25 ~top curve!, with increments
of 0.05. The lower curve shows an onset at an energy slightly
less than twice the maximum gap value on the Fermi surface
at zero temperature 2D050.358t and a structure~shoulder!

FIG. 4. Imaginary part of the single spin suscepbility atq5~p,p! as a function of energy~v! normalized by the hopping energy (t) with
U51.0t. The lowest curve is for tetragonal symmetry@d50 in Eq. ~1!#. The energy of the lower edge of this curve is somewhat less than
the maximum value of 2D0~Brillouin zone!50.4t and the upper edge is related to the van Hove energy. This can be clearly seen in the second
curve which is for the cased50.05 ~orthorhombic lattice!. In this case, the van Hove singularity splits into two smaller structures which
move further apart in the higher curves which apply, respectively, ford50.10, 0.15, 0.20, and 0.25. Each set of curves is displaced upwards
by half a unit; relative zeros are shown on the right-hand side. Parameters: first Brillouin zone has (1000)2 points,Tc50.1t, G50.01t,
^n&50.40, andB50.45.
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at about 0.69t associated with the van Hove singularity.8,9

That this structure is due to the van Hove singularity is clear
in the upper curves for finited ~see arrows!. As d increases,
the van Hove shoulder splits and the two shoulders move
apart. The width of this split is less than 4d ~the difference in
energies of the van Hove singularities! even whenU50 ~not
shown!. The curves are all calculated at the pointq5~p,p! in
the two-dimensional CuO2 Brillouin zone and the filling is
fixed at ^n&50.4. This means that the chemical potential
shifts slightly ~;1%! from curve to curve because the band
structure is different.

Within a simple one band model for the electron disper-
sion relation, we have calculated the effect of both band
structure anisotropy and of a mixture of extendeds and d
wave in the gap function, on the spin dynamics of
YBa2Cu3O7. We have found that the anisotropy in the dis-
persion relation has the opposite effect on the momentum
space anisotropy of the spin susceptibility peak atq5~p,p!
than does gap function admixture. Our results are consistent
with those of Daiet al.,7 but we can draw no conclusion
from this. Data similar to that taken by Daiet al.7 on un-
twinned crystals could be used, in principle, to determine the
admixture ofsx21y2 symmetry with majoritydx22y2 compo-

nent. A measurable effect is expected on the basis of the
c-axis tunneling results of Sunet al.22 which imply a 25%
admixture ofsx21y2. This estimate is based on the size of the
c-axis Josephson current, which is observed between
YBa2Cu3O7 and Pb. The observed value of critical current is
much reduced over that expected for tunneling between two
pures-wave superconductors. This reduction in critical cur-
rent fixes the gap admixture. If direct band structure effects
are not large, as would be the case ifqx andqy spin dynamic
profiles are not anisotropic in the normal state, the amount of
sx21y2 admixture can be determined from the amount of
splitting observed in the FWHM of theqx andqy lines in the
superconducting state. If direct ban structure effects are
large, leading to a significant anisotropy in the normal state,
it is more difficult to distinguish this anisotropy from gap
admixture anisotropy but it still might be possible to do so
although such an analysis would require the use of some
model and therefore be model dependent.
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