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Effects of gap and band anisotropy on spin susceptibility in the oxide superconductors
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We have studied the momentum space anisotropy present in the imaginary part of the spin susceptibility
when an extended-wave components,z,,2) is added to thed-wave (dy2_,2) superconducting gap. It is
found that as the amount of the extendedave component is increased, the two pairs of incommensurate
nesting peaks begin to differ increasingly in height and shape. In addition, band structure anisotropy, which in
contrast to gap anisotropy would be present even in the normal state, is also discussed.

I. INTRODUCTION depth which is 1600 A in tha direction as compared with

. . . 1030 A in theb directionf in untwinned single crystal
Important spin fluctuation effects are present in the super=

. ) 4+ samples.
.con?(ucttlkr]lg state of thefctc;}pper Ox'di.s and S(t)rr]ne thécr)]ﬁeg A possible model for the superconductivity in the oxides
INVoke the presence ot this magnetism as the mechaniS{y, 5 gap that hasl,2_2 symmetry is the nearly antiferro-
responsible for superconductivity although, at the moment

) ‘s odint X magnetic Fermi liqguid mode(NAFFLM). In this model,
there is no consensus on this point.The superconducting  hairing proceeds through coupling to the spin fluctuation

and normal state spin susceptibility has been extensivelyhich can be described by a phenomenological susceptibility
studied in LaSrCuO and YBaCuO by inelastic neutrongg done by Millis, Monien, and PinésIMP) (Ref. 1) which
scattering~** and many theoretical papéts**exist on the  they determined from a consideration of NMR data. This
subject. model, which applies to tetragonal systems with pitweave
There are now many experiments indicating that the gagap, was extended to include an orthorhombic band structure
in some of the highF, oxides haglz_,2 symmetry’>“°As by O'Donovanet al’>73and Branchet al’* In this case, the
an example, the linear temperature dependéfcef the low  BCS gap equation with MMP susceptibility leads quite di-
temperature penetration depth observed in high qualityectly to a mixed symmetry solution for the superconducting
YBa,Cu,0 ; single crystal¥’ ~>'as well as its switch over to gap which includes an extendsg, ,» component as well as
aT? dependenc@ on Zn doping of the Cu@planes, is eas- the more usuadl,2_y2 part. The fast Fourier transform nu-
ily and naturally interpreted as due todavave gap. Also, merical solutions of the BCS equation obtained in this ex-
high resolution(~10 me\) angular resolved photo emission tended model contain many higher harmonics of these two
experiment§ARPES in Bi,Sr,CaCyOg, s have indicated a irreducible representations of the tetragonal crystal lattice
near zero gap on the Fermi surface in the two diagonal dipoint group. However, for most purposes, the physics of the
rections with a maximum in the direction towards the situation is captured by including only the lowest harmonic
faces® ® of the square CuBrillouin zone. This observa- of each of the two irreducible representatiossg. > and
tion is also consistent witld,2_,2 symmetry. On the other d,2_y2.
hand, other ARPES data have given instead 2éms either In this paper, we calculate the electron spin susceptibility
side of the diagonals displaced by approximately 10°. Thesef a single band two-dimensional Cy@ght binding plane
results have found a straightforward interpretation in termsn a random phase approximation including Stoner enhance-
of a gap withs,, symmetry. Nevertheless, on the whole, thement which is due to correlation effects described by the
evidence ford-wave symmetry is strong. Hubbard U. We study, in particular, the effect of adding on
Penetration depth and ARPES experiments are not senskn extended-wave component to the gap besides its more
tive to the phase of the gap and depend only on its absolutesuald,z_,2 part. We also study the direct effect on the spin
value so that a unique and definitive assignmend,af ,»  susceptibility of an orthorhombic distortion in the band
symmetry is not possible from such data alone. To clarifystructure. For this purpose, we stay, for simplicity, within a
this point, several experiments have been designed to olsingle band model but include a different first nearest-
serve directly the phase of the §ap*° although, again, not neighbor hopping ira andb directions. This distortion can
all agree on assignment dfz_,2 symmetry. Thus the situa- be thought of as a simplified way to emulate the existence of
tion remains controversial and other points of view i€ the chains in YBCO so that the one band Fermi surface no
but here we will assume dwave gap. longer has tetragonal symmetry. Of course, this is a very
Another important feature of the copper oxides that needsimplified model. In actuality, the Fermi surface of YBCO
to be considered, however, is that some are not tetragondias several sheets; two Cidike and one chainlike with
For example, YBsCu;0, has chains along a definite direc- hybridization between thed?-8! Still, our simplified model
tion so that this compound is clearly orthorhombic. A directis capable of including orthorhombicity whatever its source
consequence of this is that the in-plane resistVignd ther-  and will be sufficient for our purpose here. The model has
mal conductivity® are quite anisotropic. Recently, a very been successfully appli€d3to a discussion of the observed
large anisotropy has also been observed in the penetratigpenetration depth anisotrofly®in YBCO and the size of the
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Josephson critical currefit'’* seen between YBCO and Pb resulting gap, we have found that, for an orthorhombic sys-

for tunneling along the axis. tem in a single band model, many higher harmonics are
In Sec. Il, we give the necessary formalism. Numericalpresent besides those of E¢3) and(4). But for most pur-

results are to be found in Sec. Il and a conclusion in Sec. IVposes, this is not important and qualitative correct results can
be obtained on the basis of E¢p) alone. The BCS gap

Il. EORMALISM equation that is solved to get such mixed representation

. . o _ solutiond?~"%is based on the phenomenological spin suscep-
The bare single spin susceptibility in thg sulperconductlngibi”ty Ye_x, determined in the work of Millis, Monien, and
state for momentum transferand energyw is given by Pines (MMP) and tight-binding electronic dispersions of the
1 F(Erq)— F(EQ) form
Xo(dh0)= 55 {a,(k,g) ——=——— _ _
205 o— (B q—E+il €= — 2t[cogk,) + (1+ d)cogk,) — 2B cogk,)cogk,)]
. 1 (k.6) 1—f(Exrq) — f(EQ) — M (6)
sa_(k, : . i . o .
2 a o+ (EgiqtEp) +ill wheret is the first nearest-neighbor hoppingjjs an aniso-
1 f(Erre)—f(Ex) —1 tropy parameter which breaks tetragonal symmetry and
+=a_(k,q) k*q K , makes thex andy directions distinctB is a second nearest-
2 0= (EgyqtEp) +il’ neighbor hopping parameter, apds the chemical potential
in units oft. It is related to the filling factofn) given by
€x+qek T Akt gk
a.(kg)=lt—rc—p——

, )

: 1) 1 € E
Biratx (m=39 {1‘ E—kta“*(—ZkkT)
wheref(x) is the Fermi Dirac distribution function at finite k K B

temperaturdT) andI" is a damping factor needed to control where half-filling (single spin corresponds tdn)=0.5. In

the singularities in the denominators and taken tolbe  Eq.(7), T is temperature, as before, akglis the Boltzmann
0.01t or 0.08 in the numerical data present in this paper. Thefactor.

full spin susceptibility in random phase approximation, en- The single orthorhombic two-dimensional band structure
hanced by the Coulomb interactions, which we denote bynodel of Eq.(6) is, of course a simplification but it does

x(d;w), is given by allow us to treat, in a simple fashion, an orthorhombic situ-
] ation with gap of the forng5) which has ars,2, ;2 as well as
Y(Qw)= Xo(g; @) 2) dy2_y2 component. For YBCO, Ed#) is intended to repre-
' 1-Uxo(do)’ sent the combined system of planes and chains. Of course, in

a complete model, the Fermi surface has several sheets rather

whereU is the HubbardJ which accounts for correlations. th dl ith heet related mainly to the cha
The antiferromagnetic transition occurs when the denomina- an a sing’e one, with one sheet related mainly 1o the chains

tor of Eq. (2) vanishes and so the susceptibility goes to ir]_and two to the planes. This complication is beyond the scope

o ! . f our study here.
finity. This occurs at a particular value of momentunte- 0 ) . .
noted by q. (critical) and defines a critical value o The numerical evaluation of Edl) for a particular ad-

e _ ixture of s,2.,2 andd,2_,2 [Eq. (5)] proceeds through a
denoted byJ, which is given byU .= 1/y,(q.w) for momen- mixture XErye X Yo , A
tum g, and energy transfap. In Eq. (1), ) is a normalizing Qgrr:]eeirhc\?(il\?iiglggnsgar?:pﬁrneg |;r§i(:#§ Ibllirp;:trgfn;hteo %remg?:
volume, the sum is over momentum in the first Brillouin )

zone of the Cu@plane which is taken to be tetragonal. The sented here, the filling was fixed at)=0.4 for illustrative

superconducting ener apAg and the quasiparticle ener- purposes only. As the parameters in the electronic dispersion
P 9 gy gap q P relation (6) are varied, the chemical potential required to

gies By = e+ Aj where g is the normal state electronic yaen(n) at 0.4, of course, changes. We will consider cases
dispersion. , , _ . with second nearest-neighbBr=0 and others wittB=0.45

In this paper, we will be interested in a gap which is ayhich are roughly appropriate to the band structure of
combination of the two lowest harmonics of thg 2 and | 35,cy0 and YBaCuO, respectively. Several values of the
Sx21y2 irreducible representations of the two-dimensionalpang structure anisotropy parameteof Eq. (6) were con-
CuG, tetragonal plane. They are sidered but onlys=0.25 is given here. In all runs reported,
we have use@=0.01 or 0.08 and a neutron energy transfer

dyz—yo=cogky) —cogky) ) »=0.05 unless otherwise stated. The maximum gap value at
and T=0 was set at 2,=0.4 and the critical temperature at
T.=0.1t, corresponding td'~100 K. This is the tempera-
Sy2+y2=c0gKk,) + cogky), (4)  ture at which normal state results are presented.
wherek, andk, are momentum componentsxrandy direc-
tion, respectively. The gap then has the form IIl. NUMERICAL RESULTS
We start with the tetragonal case for the band structure
A= Ag[cogky) — cogk,) ]+ A cog k) +cogk,)]. (5) J

dispersion relation of E(®6), i.e., =0. The four frames of
In our previous numerical solutioffs’* of the BCS gap Fig. 1 give the imaginary part of the single spin susceptibility
equations using fast Fourier transforms, a numerical techef Eq. (2) [x(g,®)] as a function of momentum transfgifor
nigue which places no restrictions on the symmetry of thea fixed energy transfap=0.03. In this figure,q,/ 7 ranges
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FIG. 1. The common parameters are critical temperafyre0.1t, maximum gap A,=4T_, filling (n)=0.4, second nearest-neighbor
hoppingB=0 on a tetragonal lattice, neutron enekgy 0.0%, and smearing parametEr=0.01t. The number of points used in the Brillouin
zone is(330). Frames(a) and(b) involve pured-wave gap and give the imaginary part of the spin susceptibility as a function of momentum
gy andg, in the two-dimensional reciprocal space of the copper oxide planar lattice. In f@itée Coulomb parametés=0, while in
frame (b) it is equal to 2.0with critical value~2.52. Frames(c) and(d) involve 20%s,2,.,2 (extendeds wave) and 80%d,2_2 (d wave)
otherwise they are the same @ and (b) with U.=2.5Q.

from 0.5 to 1 andy,/# from 1 to 1.5; so(w,m) is the right,  we note first the large change in scale on the vertical axis. It
front corner. The temperature is taken to be zero and the statanges up to 0.010 for the noninteracting cffsame 1a)]

is superconducting. Frame(dl is for a gap with pure with U=0 and up to 0.22 for the exchanged, enhanced finite
dy2_,2 symmetry[Eq. (3)] and applies to the case when the U case{frame 1b)]. This large enhancement of the spin sus-
Coulomb repulsion in Eq(2) is set to zero so that it is the ceptibility comes from the denominator in EQ) which can

bare susceptibility of Eq.1), xo(g;w) that is displayed. Note become small as the antiferromagnetic boundary is ap-
that the results are consistent with tetragonal symmetryproached. Note that when a finit¢is included, the suscep-
There are four identical symmetrically placed nesting peaksbility yx of Eq. (2) involves both real and imaginary parts of

on the Brillouin zone face connected by prominent narrowthe noninteracting(q; ) of Eq. (1). As U is increased fur-
ridges which come from gap node to gap node scatteringher towards the antiferromagnetic phase boundawill, of

The geometrical origin of these gap node features, whicltourse, become even more enhanced and eventually diverge.
reflect the Fermi surface shape and the symmetry of the gapalues ofU nearU, correspond to the NAFFLM which en-

will shortly be emphasized further when we refer to Fig. 2.visages large Stoner enhancements of the bare spin suscepti-
Frame 1b) uses a finite value of Coulomb repulsibn= 2.0t bility xo(q;w) of Eq. (1) and very significant magnetic effects

in Eq. (2) otherwise the parameters are the same as for frami@ the superconducting state. On comparing frartt® With

1(a) (pured,2_y2 symmetry. The critical value ol is esti-  frame X¥a), it should also be noted that the four nesting
mated to bdJ.=2.52. This value, which is quoted only for peaks, which remain symmetric in placement, shape, and
information, corresponds to the antiferromagnetic phase trartieight, have become much more prominent and the gap node
sition boundary. On comparing framéb) with frame Xa), scattering ridges are now not quite as large in relation to the
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peak values. The figure remains tetragonal, of course, bgeaks are enhanced more than the ridges. Also shown on the
cause we have used a tetragonal lattice and aghurg2 gap ~ same figures is the position of the center of the gap node to
function [Eq. (3)]; a finite value ofU does not change this gap node scattering structures. These exist only in the super-
symmetry. conducting case, must be positioned on the nesting ridges,
In the next two framesgc) and (d) of Fig. 1, a tetragonal and consist of the same nesting transition just described but
lattice is retained but the gap admixture in Eg).is taken to  involve only those that also go from gap node to gap node.
be 20%s,2,y2 and 80%d,2_y2. The parameterds and Ay For the pured,._ 2 case, the pointopen circlg falls directly
include these factors, respectively, as well as the temperatutetween the two nesting peaks and on the nesting ridge. This
dependent gap functioA,(T). An important result is that peak moves off along the nesting ridge the righ} as an
the nesting peaks, which are still quite prominent in bothadmixture ofs,2, 2 is introduced and to the right of the open
frames 1c) and Xd), have become asymmetric. They now circle. The asterisk is for a 20% admixturesjt. ,» compo-
come in pairs with each pair having a different heightnent in Eq.(5), the second open circle, which falls right on
(though the position remains symmefrighe gap ridges be- the nesting peak,q,), is for 50%s,2, 2, and finally, the
tween these incommensurate nesting peaks also show asygst point (a second asteriskis for 80% Se+y2 and 20%
metry. As in the case of Fhe previous two frames, inclusipn Ofdxz_yz. We stress again that these gap peaks exist only in the
a finite Coulomb repulsion in frame(d) as compared with g, arconducting state and result from scattering between gap

frame 1c), which is forU=0, reduces the relative size of the nodes on the Fermi surface. In fram@)2 the gap node to

gap _ndges_ as compared to the 5|ze_of the Incommensura p node peaks are only shown in one direction. In reality,
nesting points and increases very slightly the anisotropy o : "
here are three more sets symmetrically positioned. The rela-

the height of the nesting peaks in the figure. In frand),1 . ) .
U=2t and the critical value ol is U,=2.50 The admix- tive height of the gap .node peak is strongly affecteq by tem-
ture of a 20%s,2,,» component to the gap in E5) has perature,T, the smearingl’, and the Coulomb potential).

oy In frame (b) of Fig. 2, we show a plot of the imaginary

slightly shifted the value of the critical value &f, i.e., U, . e
which corresponds to the antiferromagnetic phase boundarf@'t of the spin susceptibilityo(q,w) for ©=0.03 and g

It is clear from this figure that it should be possible, in prin- 2/0ng @ line going through two of the nesting peaks. The
ciple at least, to fix the amount sfz, > admixture from the ~Norizonal axis i,/ 7 alongq, = with first nesting peak at
difference in peak height seen in the superconducting state &85; the second then falls at 1.0 by arrangement. The posi-
the two pairs of incommensurate nesting peaks. This anisdion of these peaks is, of course, completely dependent on
tropy will show up only in the superconducting state and will the Fermi surface geometry and will change with filling and
not be present in the normal state. When the gap is zero, thgy change in the dispersion relati@). The lower curve of
system has tetragonal symmetry and nesting peaks are syifiame 2b) applies to the superconducting state at zero tem-
metric as in framega) and (b) of Fig. 1. This anisotropy perature and the upper curve to the normal stafl ataken
appears to be present in the superconducting state data ©f be 100 K. The two incommensurate nesting peaks are
Masonet al? in LaSrCuO. sharper but much narrower in the superconducting case, and
Figure 2 consists of five frames labeled fréaito (e) and  the gap node peak, which falls exactly halfway between the
involves a tetragonal lattic6=0 in Eq. (6)] with next- two nesting peaks, is clearly seen in the lower curve. This
nearest-neighboB=0. This is a reasonable model for the frame applies to the pugwave case and exhibits tetragonal
band structure of LaSrCuO. As in Fig. 1, the filling is set atsymmetry. This is in contrast to the results shown in frame
(n)=0.4 and the widt"=0.01;, the frequencyw=0.0%, and  2(c), which are based on a 20% admixturespi, 2 in the
the number of sampling points in the Brillouin zoneNé  gap function with 80%d,2_2. The position of the nesting
with N=1002. Frame @) shows the closed Fermi surface peaks has not changed but now they no longer have the same
contour(solid line). It is squarelike with flat regions perpen- height and shape. Also, the gap node peak is asymmetric and
dicular to the main diagonals of the first Brillouin zone. Theits maximum has moved away from the smaller peak and
dotted lines show the nesting ridges which reflect the geomeloser to the higher nesting peak as shown in fraf@e
etry of the Fermi surface. They are conveniently shown in arincreasingU will give bigger peaks, but not increase by
extended Brillouin zone, centered around (7, 7). Lavagna  much the difference in height. The next frame)2shows the
et al®3 refers to these nesting ridges as dynamic Kohmesting peaks with a 50%,2_,2 and 50%s,2., 2 gap. Now
anomalies. Their geometrical construction is as follows: takdéhe gap scattering peak is at the same position as the right
all vectors connecting the Fermi surface to itself goinghand nesting peak, but the two contributions are clearly dis-
through the originT" point) and displace the resulting vector tinguished. Increasing will produce larger peaks ad make
parallel to itself up to the origin of the first Brillouin zone. the right hand peak bigger with respect to the left hand peak.
The set of all momenta transfers that map the Fermi surfacéhis is due to the presence of the gap node scattering peak.
on to itself through thd" point (0,0) are shown as dotted The last frame @) shows the case of 20%,2_,2 and 80%
lines (nesting ridges in the extended Brillouin zone. The s,2.,2. The gap scattering peak is now seen to the right of
nesting peaks correspond to the intersection of two nestinthe right hand nesting peak. The gap scattering peak is broad
ridges which enhance these particular Fermi surface to Fernailong the nesting ridge and falls away rapidly in the perpen-
surface transitions and lead to peaks in the spin susceptibilicular direction. If the chosen line in momentum space does
ity. These nesting ridges and peaks can be seen in the imagiot pass directly through the position of the gap scattering
nary part of the spin susceptibility a=0, when there is no peak, the shape seen will not be fully representative. This is
Coulomb potentiall. Then the peaks have exactly twice the the case in frame(#). The nesting ridges curve away from
height of the ridges. As the potential is turned on, the nestinghe line joining the two nesting peaks. Adding a Coulomb en-
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FIG. 2. The common parameters are critical temperafyre0.1t, maximum gap 4,=4T_, filling (nN)=0.4, second nearest-neighbor
hoppingB=0, neutron energy transfeas=0.0%, and smearing parametEr=0.01t; #=501 points. Framéa) gives the Fermi surface at a
filling of (n)=0.4 (solid, closed curveand the nesting ridgeslotted curves The intersection of two nesting ridges give the position of the
nesting peaks. Also shown are the gap node peak positiofigsaf®r pured-wave and 50% extendesiwave admixture anck’s for 20%
and 80% extendedwave admixture. All other frames give the imaginary part of the spin susceptibility as a function of momentum along
the line (0.59m, 0.74x) to (1.26m, 1.41) for frames(b), (c), (d), and(e), which correspond to purg wave, a 20% extendesiwave, 50%
Sy2_y2, and 80%s,2 2, respectively, with zero value for the Coulomb potentialfTwo temperatures =T, (usually upper lingandT=0,
are plotted in each frame. Note in frarfd that the gap peak and the nesting peak coincide, but the shapes are clearly distinguishable.

hancement to these examples reduces the relative height afso in its shape. For the convenience of the reader, each set
the gap scattering peak. of two profiles is displaced upward in the figure by a con-
In Fig. 3, we show our results for the imaginary part of stant amount along the vertical axis. The lowest curve is for
the susceptibility InyQ;w) for U=2.0,(n)=0.4, the normal state at temperatufe=0.1t and is included for
0=0.08, T'=0.0%, 6=0, B=0, N>=(330)?, along theq,  comparison. It is symmetric, i.e., identical nandy direc-
axis with g,= (upper curve in each paiand alongg, with  tion because the system is tetragoh®t0 in Eq. (6)]. The
q,= 7 (lower curve, so as to emphasize the anisotropy notsecond lowest set of two curves also shows tetragonal sym-
only in the height of the incommensurate nesting peak bumetry. They apply to the superconducting state at zero tem-
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FIG. 3. The parameters are critical temperatlige- 0.1t, maximum gap A,=4T_, filling (n)=0.4, second nearest-neighbor hopping
B=0, neutron energy transfar=0.05, and smearing parametdrs-0.0% (tetragonal cageThe number of points used in the Brillouin zone
was (28972 in all cases except the normal state which (266 points. The lowest curve is the normal stateTat T, . The others are at
T=0. From bottom to top, each pair of curves is displaced by 0.1 units on the vertical axis. The imaginary part of the spin susceptibility is
plotted as a function of momentuqy with g,= 7 (upper line in pair andq, with g,= 7 (lower line in paij. From bottom to top, normal
state,d wave, 20%s,2, ,2+80% d,2_y2, 50% S,2,,2+50% dy2_y2, 80% S,2,y2+20% dy2_2.

peratureT=0 and a pured,2_y2 gap which preserves the shown in the first Brillouin zone are the lines of zero gap for
tetragonal symmetry. Once some admixturesgf, > (20%, the case 20%,2. 2 and 80%d,2_,2. This is to be contrasted
50%, and 80%, respectively, for the last three sets of clirvedo the pured,2_,. case for which the gap nodes are on the
is included, this symmetry is lost and the profiles becomemain diagonals of the Brillouin zone. The dotted curves
distorted. The curves for the spin susceptibility then differshown in an extended Brillouin zone with centelatm) are
betweenx andy direction. This anisotropy has its origin the nesting ridges which cross to give the four nesting peaks
solely in the gap admixture, i.e., the mixing sf2,,2 and  positioned on the Brillouin zone boundaries. The center of
dy2_y2 symmetries and not in the band structure anisotropythe gap node to gap node scattering peaks are indicated by an
In the corresponding normal state, the profiles are symmetricx) for the pured,2_,2 case and by an open circ{®) for
and the anisotropy referred to appears only in the supercorthe 20%s,2, 2 case. Note that this peak is symmetrically
ducting state. This is the clear signature of the admixing oplaced between the nesting peaks in the piikeave case
Sx21y2 Symmetry into an otherwisé,2_,2 gap function. while it moves to an asymmetric position as a contribution of
In Fig. 4, we examine the effect of including a next- s,2, 2 is mixed into the gap function. Frame&a# 4(b), and
nearest-neighbor hopping in the electronic disperé®rbut  4(d), give the imaginary part of the spin susceptibility as a
still retain tetragonal symmetry, i.e., the band structure anfunction of momentuniq,,q,) and are for energw=0.0%,
isotropy paramete®=0 in Eq. (6). Four frames are pre- maximum gap of 2,=0.4t, '=0.0%, T,=0.1, andU=2.5.
sented. In frame @), we show the Fermi surfacésolid  The mesh ha&88? points in the first Brillouin zone. Frame
curve at filling (ny=0.4. As shown, the Fermi contours are 4(a) gives normal state results &t=0 with U.=2.52. The
open, but they can be reassembled alpuf 7, 7) to forma  incommensurate nesting peaks are clearly seen and remain
closed figure which then looks much like that of frafagin symmetric because the inclusion of a finite value for B in Eq.
Fig. 2 but rotated by 45% compared with tlB=0 case (6) does not lift the tetragonal symmetry of the system. The
(LaSrCuQ. Here B=0.45 which is more representative of third peak(backgroundl in frame 4a) appears only in the
the Fermi surface of YBaCuO. The dashed dotted linesiormal state with nonzerB. Frame 4b) shows similar re-
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FIG. 4. The parameters are critical temperatlige- 0.1t, maximum gap A,=4T_, filling (n)=0.4, second nearest-neighbor hopping
B=0.45, neutron energy transfer=0.0%, and smearing parametE=0.08. The number of points used in the Brillouin zone(288?2.
Frames(@), (b), and(d) give the imaginary part of the spin susceptibility as a function of momentyvg() in the Brillouin zone aff=0,
with Coulomb parametdd =2.5.. Frame(c) gives the Fermi surfacesolid curve$, the gap node line for 20%y2, 2+ 80% d,2_,2 (dashed
dotted curvg the nesting ridgegdotted and the gap node peaks with a cross and open circle for gureve and 20%s,2. 2
+80% d,2_,2, respectively. The nesting peaks correspond to the intersection of two nesting ridges.(&asnthe normal state with
U.=2.52. Frame(b) is the superconducting state for pudevave withU.=2.71 and frame(d) is the same but now the gap has 20%
Sy21y2 plus 80%d,2_ 2.

sults for the superconducting state at zero temperaiu+®) in the dispersion relatioi6). Frame %a) shows the corre-
in the pured-wave case. The figure is symmetricgpand  sponding Fermi surfacéfor a filling of (ny)=0.4) which is
dy, and the gap node to gap node peak is as large as are teongated along the horizontal axis. The nesting ridges,
two nesting peaks. The critical value of Coulomb potential isshown as the dotted curves, also reflect the elongation of the
U.=2.71. Finally, frame 4d) shows results for a gap with Fermi surface and the tetragonal symmetry seen in fr@ne
20%s,2 . y2 and 80%d,2_,2; U, has shifted slightly to 2.64  of Fig. 2 is lost. Frame ) gives the imaginary part of the
The nesting peaks are now quite asymmetric as is the gagusceptibility in the superconducting state &=0 for
node to gap node ridge. We emphasize again that this anis@A,=0.4, «=0.0%, I'=0.0%, U=0.0, with U.=2.85. The
tropy comes completely from gap anisotropy and does nogap node to gap node ridges are just visible in this figure and
reflect any direct effect of band structure anisotropy. Reducthe nesting peaks are not symmetric in height or position.
ing the damping parametdr, greatly increases the relative The one alongy, (right) is higher than the one alorg (left).
height of the gap scattering peak with respect to the nestintncluding a finite value ofU=2.7 reduces the gap node
peaks. To see a smooth surface, it is necessary to use a muitiges and emphasizes the anisotropy of the nesting peaks as
denser mesh. seen in frame &). The anisotropy of all these figures is due
We turn now to the effect of direct band structure anisot-to band structure effect; the gap has pdreave symmetry
ropy on the anisotropy in the susceptibility, i.e., the effect ofin the superconducting staframes %b) and 5c)].
orthorhombicity on the band structure as opposed to gap an- In Fig. 6, we show results for the same case as in Fig. 5,
isotropy and to the question of differentiating clearly be-i.e., B=0 and §=0.25 in the electronic dispersio). We
tween these two sources of anisotropy. Figure 5 consists athow five pairs of curves. In each set, the upper curve is for
three frames. The anisotropy parametés 0.25 andB=0.0 = momentum along the, axis withg,= and the lower line is
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FIG. 5. The parameters are critical temperaflige- 0.1, maximum gap A,=4T_, filing (n)=0.4, second nearest-neighbor hopping
B=0.0, neutron energy transfer=0.0%, and smearing parametEr=0.08. The number of points used in the Brillouin zong288 2 and
8=0.25 in the electronic dispersion E() (orthorhombic cageand Coulomb parameté’.=2.85. Frame(a) shows the Fermi surface
(solid curve, the nesting ridge&dotted curvg and the gap node peak for putevave (*), 20% extended-wave admixturegx), 50% (O)
and 80% extendestwave(+) admixture. Framéb) is for pured wave in the superconducting case with Coulomb parani¢te0.0. Frame
(c) is also for pured-wave but nowUJ =2.7Q.

alongq, with q,=. Each set of curves is displaced upwardthe gap node to gap node Fermi surface scattering peak is
along the vertical axis for viewing convenience. The lowestshifted to follow the new nesting ridges. The remaining four
set of curves is for the normal state at temperaflire0.1t frames show the imaginary part of the spin susceptibility as a
and now shows a different profile betweemandy direction  function of momentuntay,q,) for filling (n)=0.4, tempera-
because of band structure anisotropy. This is to be contrastadre T=0, »=0.0%, I'=0.01t, and number of sampling
with the tetragonal case shown in Fig. 3 where no such anpoints equal tdN? with N=330. The maximum gap was set
isotropy is seen. The next four pairs of curves are all for theat 2A,=0.4t. Frame Tb) is for the case of a purgwave gap
superconducting state at zero temperature \sjgh ,»=0,  with Coulomb potentiaU=0.0t. Here the critical value of)
20%, 50%, and 80%, respectively. The anisotropy betweers U.=2.7Q. Frame 7c) is Coulomb enhanced with
the peaks ing, and g, direction is further increased as the U=2.65. It is clear that the band structure anisotropy
amount of extendeg-wave admixture in the gap function is 6=0.25 has given rise to anisotropy in the nesting peaks
increased. This anisotropy is added to the anisotropy seen imhich is greatly enhanced whdd is finite over its value
the normal state which has its origin solely in the band anwhenU=0, i.e., bare susceptibility, of Eqg. (1). Less an-
isotropy of g, in EQ. (6). This is the characteristic that should isotropy is clearly seen in frame$df and {e) which contain
be looked for in identifyings,2,,2 admixtures to a pure a 20% admixture 06,22 to the gap. In frame (d), U=0t
dy2_y2 gap in an orthorhombic system. and U.=2.7% while for frame 7e) U=2.65. Even for the
Figure 7 deals with a similar case to that of Fig. 5 but nowCoulomb enhanced case, the gap node to gap node scattering
the second nearest-neighbor hopping is finite, namelyidge is seen to remain large and comparable in size to the
B=0.45 (often used to model YBCPD In contrast to the re- highest of the two nesting peaks. As compared with the pure
sults shown in Fig. 4 for the equivalent tetragonal case, wel-wave case, there is less difference between the peak
have now included some band structure anisotropy in théeights of the nesting structures—this is due to the gap an-
dispersion relatior(6) and 6=0.25. This distorts the Fermi isotropy. Note that even in the pudgz_,2 case{frames Tb)
surface which is now open in the horizontal direction ofand 7c)] the highest nesting pedleft) is the opposite to that
frame (a) of Fig. 7 while remaining closed in the vertical seen in Figs. @), 2(d), 2(e), 4(d), and 3b) (right). The
direction(solid curve in the first Brillouin zone. The nesting movement of the gap scattering peak towards the right hand
ridges, shown as the dotted curves in an extended Brillouipeak serves to reduce the relative anisotropy in the nesting
zone centered abouwt=(w,), are correspondingly changed peak heightdi.e., mixing of thes,2. 2 irreducible represen-
as compared with frame) of Fig. 4. Also, the maximum of tation of the tetragonal crystal point group with tig_ >



53 EFFECTS OF GAP AND BAND ANISOTROPY ON SRI. .. 5897

0.5

0.41

Im¥

g/n

FIG. 6. The parameters are critical temperatlige- 0.1t, maximum gap A,=4T_, filling (n)=0.4, second nearest-neighbor hopping
B=0, but with§=0.25 in Eq.(6), i.e., an orthorhombic case. The neutron energy transfed.0% and the smearin§f=0.0%. The number
of points used in the Brillouin zone w#888)2. Each set of two curves is displaced upward for clarity by the same an@8t. The graph
gives the imaginary part of the susceptibility as a function of momergtsmThe upper line is along, with q,= 7 and the lower curve
along g, with g,= 7. The lowest set of curves apply to the normal statd@ afT. All others are for the superconducting stateTatO.
Second from bottom is puré wave, next is 20%,2.,2+80% d,2_2, next is 50% of each and the top set, 88%, ,2+20% d,2_o.

representation IncreasingJ, for 0% and 20%s,: ., ,» admix-  increases in a specific way. Observation of this height differ-
ture greatly increases the anisotropy in the height of thence, which exists only for the superconducting state, should,
peaks. For the equal admixture, however, there is a reduction principle, allow the amount 0,2, ,2 admixture to the
in the relative heights. This is due to the commensurate gag-wave gap to be measured. Such anisotropy in the nesting
node peak andright) nesting peak. peaks, which is not present in the normal state, may have
been measured in the experiments of Masbal?° The gap
node to gap node scattering ridges also get distorted by ad-
IV. DISCUSSION AND CONCLUSIONS mixing ans,2 2 component to a-wave gap and the tetrag-
onal symmetry is lost. The effects described above, which
Using a tight-binding single band model, we have calcu-are present folJ=0, i.e., no Coulomb enhancement of the
lated the spin susceptibility enhanced by constant Hubbard susceptibility, are even more pronounced when the Stoner
for normal and superconducting states aF@&ave supercon- enhancement is taken into account. The relative difference in
ductor. Particular attention was paid to the nesting peaks arngeight of the two pairs of nesting peaks gets further en-
gap node to gap node scattering peaks in the superconductihgnced. This effect is largest at 50, > admixture, ex-
state, with and without Stoner enhancement. First, we stuctept whenB+# 0+ 6—then increasindJ reduces the relative
ied the case of a tetragonal lattice with the aim of underheight difference. This effect is in addition to the general
standing how an admixture of a componentsgf, > sym- increase in the spin susceptibility that is expected as the an-
metry to a gap ofd,2_,> symmetry changes the principle tiferromagnetic boundary is approached from the metallic
features of the imaginary part of the susceptibility in momen-side.
tum space. It was found that as tsg, 2 component is As a first approximation, a simple one band model is also
introduced, the four incommensurate nesting peaks, whichsed to describe an orthorhombic lattice. In our simplified
are all identical in the purel-wave case, form pairs. The model, thex andy directions are made different by assuming
height of one pair is lowered while that of the other pairthat the nearest-neighbor hopping parameter are different in
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FIG. 7. The parameters are critical temperatlige=0.1t, maximum gap A,=4T_, filling (n)=0.4 second nearest-neighbor hopping
B=0 on an orthorhombic lattice=.25), neutron energy transfey=0.0%, and smearing parametEr=0.01. The number of point samples
in the Brillouin zone i5(330%. Frame(a) gives the Fermi surfacesolid curvé and the nesting ridgeslotted curves The nesting peaks are
centered around the crossing point of two nesting ridges. The points indicated trace the gap node peak*pgsitied;wave; X, 20%
Sy21y2+80% dy2_2;0, 50% Sy2,y2+50% dy2_y2; and+, 80% s,2,,2+20% dy2_,2 and second pures,z, 2. The four framesgb) to
(e) give plots of the imaginary part of the spin susceptibility as a function of momentum in the first Brillouin zone. ®dsfr Coulomb
potentialu =0 while in frame(c) its value is set at) = 2.6% and both frames apply for putbwave withU;;=2.7Q. The other two frames,
(d) and(e), are similar but the gap is 20%2.,2+80% d,2_,2 with U=0 in (d) andU=2.65 in (e); Ug;=2.77.

each of these two directions. This band structure anisotropgnisotropy persists in the normal state, and that in the super-
distorts the Fermi surface itself which then ceases to haveonducting state, the band structure anisotropy is further en-
tetragonal symmetry. This leads to a difference in the heighbanced by including an extendedvave component to the

of the nesting peak in thig, andk direction. It is important  otherwised-wave gap. It should therefore be possible to dif-
to note, however, that this band anisotropy as opposed to gdprentiate between these two sources of anisotropy in the
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momentum space structure of the spin susceptibility. Sucin the superconducting state than in the normal state, there is
experiments can, in principle, help determine the symmetryext nearest-neighbor hopping on an orthorhombic lattice.

of the gap.

Inclusion of next-nearest-neighbor hopping on an ortho-
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