PHYSICAL REVIEW B VOLUME 53, NUMBER 13 1 APRIL 1996-I

Anisotropy in magnetic dynamics of YBaCu30,

J. M. Rendell and J. P. Carbotte
Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

(Received 13 November 1995

YBa,Cu0; has orthorhombic symmetry because of the chains. The superconducting energy gap, which
would have purel,._,> symmetry in the tetragonal case, is expected to also contain agmgh 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 YBaCu,O; are consistent with our results. Extension to untwinned crystals might be used to
determine the amount @& wave admixture although the interpretation is complicated by band anisotropy.

The spin dynamics of the highz oxide superconductors while crude, captures the orthorhombicity of the system and
and, in particular, of Y-Ba-Cu-O, is of great interest and hadeads to solution§=2°of the BCS gap equation for the NAF-
been extensively studigd?® Very recently, the nature of the FLM which contains an admixture of extendsdvave sym-

41 meV neutron scattering peak in YfaxO; has been metry, Sy2+y2=[cosk,+cosk,)], as well asdy2_,2 symme-
clarified® This large peak, which grows in the super- try. The amount of the admixture increases with increasing
conducting state as the temperature is reduced, has begphorhombic distortio’®=2°In the NAFFLM, the pairing is
identified with spin scattering(spin fluctuations (Refs.  55sumed to proceed through the magnetic susceptibility
6,8,9 and is consistent with the opening up of a superconyynich has been modeled by Millis, Monien, and Pfies
ducting gap which hasl-wave, d,2_y2=[coskJ—cosk)]  (MMP) on the basis of NMR data. Retaining the MMP

symmetry. Herek, and k, are momenta in the tWo- oqe| susceptibility unchanged in the BCS gap
dimensional Brillouin zone of the Cuylane. A successful equation®-2° but including the lattice orthorhombicity in

model, W.h'Ch IS often used to descnlpe the spin suscept_lb_|l_|t¥he band structure immediately implies and fixes the amount
in the oxides, involves the bare noninteracting suscept|b|I|tyOf extendeds-wave admixture in the gap. The details of the

(xo) qalculqteq in the random phgge apprqximat(EaPA) . BCS solutions in the NAFFLM are found in Refs. 18—-21 and
for a tight binding band with a realistic Fermi surface which 4, ot concern us directly here. It is sufficient to know that a

. . 17 .
'; Iu_rlthe; t(;nhanc(;adl by _Correlgtl?r?]’%.d Depgndtlng_or:hthtlaqp 5% admixture ofs,2, 2 component in an otherwise
etails of the model envisaged, the denominator In the x2—y2 superconductor is enough to explain the magnitude of

susceptibility, which gives the Stqner enhancement, can int’he c-axis Josephson tunneling current observed by Sun
volve a constant Coulomb repulsidh or a structural func- et al22 between YBaCu,0, and Pb as well as that observed

. . . 7

tion U, of the formU[cos@,) +cos@)]. In the f|r_st case, the in plane penetration depth anisotropyThis sets the scale of
constantU is usually thought to be large, leading to a large, . possibles,2. 2 component. Here we are interested in

Stoner enhancement, and the oxides are envisaged as falli . : : .
near their antiferromagnetic transition: the nearly antiferro-ggjdylng how this admixture of &> component, which

: AR shifts the gap nodes off the main diagonals of the two-
magnetic Fe_rm| liuid mode(NAFFLM). Ir_1 the second dimensional copper oxide Brillouin zone, leads to anisotropy
case, the oxides are not thought to be particularly near thew1 the spin susceptibility and how this asymmetry can be
magnetic transition. Instead, they have a modest Stoner e

hancement and the facttd. models incivient localization Uitferentiated from band structure effects.
e;egtes ent a € factlq models incipient localizatio We start with a single band model for the electronic struc-

. 7 . ture of YBgCuzO; but include an orthorhombic distortion so
Very recently, Daietal.” have studied the momentum .as to crudely model the chains through the introduction of an

o . : . I%nisotropy parameteaf in the in-plane first nearest neighbor
YBa,Cu;0O; and have found that it is anisotropic. The width hopping parameter. This makes theandk, directions dis-

of the measured peak along the diagonal is different from, "~ L : . S
that along the face of the Brillouin zone. The data are tak(;?]mCt in the two-dimensional copper oxide Brillouin zone. In

) this model, the electron energy, in tight binding, is taken

from twinned samples and correspond to some average ovel
e . be of the form

ky andk, direction which restores tetragonal symmetry al-
though YBaCu;0O; contains a CuO plane of chains besides
the usual Cu@planes and this must have some effect on its _
superconducting properties. The simplest model that one can &=~ 2t[codky) +(1+d)cogky)]
envisage, and which might be used as a first approximation +4tB cogk,)cogky) — u, )
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 forsthe wheret is the size of the in-plane nearest neighbor hopping
and they (along the chaindirections. This simplified model, and B is the second nearest neighbor in unitstofThe
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chemical potential in Eq.) is u and is related to thésingle dy2_y2=cogKky) —cogkKy). (33
spin) filling (n) (half-filling: {n)=0.5) through the equation
_ 1 S 11— & tam Ex @ This will be sufficient here. Oncé#0 in Eq. (1), however,
(= 20 X Ey an 2kg : the solutions of the BCS gap equation with MMP suscepti-

) . ) _ bility no longer exhibit pured,> 2> symmetry but contain an
Equation (2) for the filling (n) is already written for the 5qmixture ofs,2y2, Which can also be represented approxi-
superconducting state with,=\eg+Af where A is the  mately by its lowest harmonic, naméfy2° by
superconducting energy gap. The sum2his over the first

Brillouin zone, Q) is the normalizing volume, and is the

temperature. Fo$=0 in Eq.(1), the system is tetragonal and Sz y2= O ky) + cOg k). (3b)
the solution of the BCS gap equation with the model suscep-

tibility of Millis, Monien, and Pineé* (MMP) leads directly

to a gap which exhibits pure,2_,2 symmetry'®=2* Such  The reader is referred to our previous work for further
solutions contain many of the higher harmonics of thedetails!’~*°Once the gap\ is known, the spin susceptibil-
dy2_y2 irreducible representation of the crystal lattice pointity follows.

group but, for many purposes, the solutions can be repre- The bare single spin susceptibility in the superconducting

sented by the lowest harmonic, namely state for momentum transferand energyw is given by
|
)= — > k,q)[f(E f(E ! !
XO(qlw)_m k a+( !q)[ ( k+q)_ ( k)] w_(Ek+q_ Ek)+IF - w+(Ek+q_Ek)+|F

1

Fa- (kL= (B = HEI | S E L FE)HIT ~ 0= (Bagqt B0 1T

, 4

Im x [1A]

FIG. 1. The imaginary part of the spin susceptibilif{q;w) at ¥=0.34% for the two lower sets of curves and=0.348 for the
uppermost set shown as a function of momentgmalong @ ,) (solid), the diagonal line, @,Q) (dash-dottefland g, along (7,Q)
(dashedlin the interval 0.5r to 1.57. The underlying lattice is tetragonal with next neighbor hoprg0.45, filling (n)=0.4 andU =1.&t
with I'=0.01t. The first Brillouin zone has (1008)points, the maximum value ofA (Brillouin zong®=0.4t, andT.=0.1t. The lowest set
is for a pured,2_,2 gap; thex andy directions are identical and the normal state result is also sitdetted curvg. The diagonal peak is
wider than thex axis peak. The middle pair of curves are for€:2 ,2+0.8d,2_,2. The asymmetry is already clear with a broader line in
the diagonal and thg direction than in thex direction. This broadening is quite large in the upper pair of curves which apply for
0.50,2_,2+0.5s,2, 2. Each set of curves is displaced upwards by half a unit; relative zeros are shown on the right-hand axis.
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wheref(E) is the Fermi Dirac distribution function at finite electron dispersionwith a maximum gap on the Fermi sur-

temperature anl is a damping factor needed in the numeri- face value of 2 ,=35.8 meV on a mesh with (100points

cal work and taken to bé’=0.01 in the numerical data are presented in Fig. 1. We show the momentum space de-

presented in this paper. pendence of Im(q,w) for w fixed at the frequency which
The full spin susceptibility in random phase approxima-gives the maximum imaginary part of the susceptibility at

tion, enhanced by the Coulomb interactions, which we de{z 7) in the superconducting state at zero temperature and

note by x(q;w), is given by with U=1.t (see Fig. 4 The lines are marked as follows:
) normal state, along), or q, axis atT=T, is dotted; the
Y(qiw)= Xo(q; @) , (5) remaining lines are for the superconducting statd a0.

1+ Ugxo(Q;w) The solid lines are alongQ,m), the dash-dotted lines are

along @Q,Q), and the dashed lines are alo(g,Q). The
approximate positions of the pseudonesting peaks on the
dx, Oy axis (arrows are also shown. The lowest set of su-
perconducting lines, with the normal state shown for com-
_ parison, are for the purd-wave energy gap at frequency
Uq=Ulcosa,)+cogay)]. © »=0.34T. Note, the width of the peak in the diagonal direc-
This form has been used extensively by Levin andtion is wider than that alongQ,) or (7,Q) (tetragonal
collaboratoré '3 Here we will follow their lead and present symmetry. This corresponds to the recent results of Dai
results only forU, of the form given by Eq(6) although we et al’” who used neutron scattering to study a large twinned
have also obtained similar results with a constant valug.of crystal of YBgaCu;O;. They quote the corrected ratios of full
The advantage of modéb) is that it preferentially enhances width at half maximumFWHM) of the diagonal peak to the
the peak aisr,77) when the spin susceptibility of E¢5) is  on-axis peak as 0.51/0.38.4. Our ratio is 1.2 for the
calculated. We have found, however, that such peaks can alsf2 2 case which is smaller than observed but of the correct
be obtained with constamt, particularly for the orthorhom- order of magnitude. In making such a comparison, it should
bic lattice. be pointed out that both measured peaks are much broader
Our results for the imaginary part of the spin susceptibil-than found in our present calculatiéi,and considerable
ity with U=1.0t, B=0.45, andsé=0 (tetragonal case for the caution should be exercised in such a comparison.

where U, can be taken as a constafhe negative of the
HubbardU), as was done in many previous works’or as
a function of the form

Im % [11]

FIG. 2. The imaginary part of the spin susceptibilif§q;w) as a function of momentum, along @, =) (solid), diagonal line, Q,Q)

(dash-dotted and g, along (7,Q) (dashed in the interval 0.5r to 1.57. The two almost flat curves at the bottom are the profiles at
T=T,. The frequencies are@=0.341 for the lower curvesw=0.35% for the middle curves, and=0.382 for the upper curves. The
underlying lattice is orthorhombic in a one band model for the electronic system with finite value of the distortion padarfe2érin Eq.
(1) for the electric energies witB=0.45, filling (n)=0.4,U=1.0t, ['=0.01, T.=0.1t, maximum 2\ (Brillouin zone=0.4t, and the first
Brillouin zone has (1006)points. The lowest set of curves is for pute_,2 gap symmetry. The direction is much broader than tiye
direction. The middle curves are for 8,2, ,2+0.8d,>_,2. Relative to the pure-wave case, th& axis line has sharpened while theaxis
has broadened through the admixture of s@pe . component to the gap. The top set of curves is fos@.52+0.5d,2_ 2. 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 a) o)
clarity, shows the profiles of thgr, ) peak for an admixture ! %
of 20%5,2..,2 and 80%d,2_2 at frequencyw=0.34%. Te- os 2—6\\,49—@
tragonal symmetry has been broken—the profiles along o 05 1 0 05 1
(Q,m) (solid) and (7,Q) (dashedl are quite different. The b) )
diagonal line(dash-dotteflis near they axis results. ! B .. .

The top set of curves, again displaced upwards, shows the ek
profiles for a 50%s,2,,2+50% d,2_,2 energy gap at fre- 0 05 1 0 05 1
quency o=0.348. The q,-axis peak(dashed lingis sub- o 9
stantially wider than that of thg, axis (solid line), showing ! P 8
considerable anisotropy in momentum space. In an experi- 0s) JNTae Jr__x__x\ -
ment on twinned crystals, the zone face data will be an av- 05 1 K3 05 1
erage of ourx- and y-axis results if we assume equal
weights of both twins. Since anisotropy between diagonal — Sg==—u_ 00
and face measurements is already expected for a pure o SX
d-wave case, it is not possible to fix the amount of extended  o¢; v ; % o3 ]
s-wave admixture from such measurements. The situation is T,
more favorable in untwinned crystals for which we predict a
difference in FWHM betweex- andy-axis measurements
which INCréases with pe_rcent Qdmlxture of extendembvg. (left column and orthorhombic(6=0.25 lattice (right column.
Such an effect is nonexistent in pulevave. For an admix- The ener deDi O

. . gy gaps are depicted bywave (solid lineg, 0.25,2, 2

ture between 20% and 50%, the predicted differences be—l-o.&sz » (dotted ling, and 05,2, .2+ 0.5d,2 .. (dashed "ney)s
tweenx a_ndy axis are of the same order and blgg(_er7 thanFrames(dg and (h) show the changé in heightywith respect to the
detected in the twinned crystal measurements of dail. height atT, vs reduced temperature for the tetragonal and ortho-

In Fig. 2, we show the profiles of ther,m) peak of the hompic lattice, respectively. Other parameters are (1D@@jnts

imaginary part of the spin susceptibility for the specific casep the first Brillouin zone, maximum &, (Brillouin zone=0.4,
0=0.25 and for the neutron energy chosen to correspond 9 .—0.1t, '=0.01, B=0.45,(n)=0.4, andU = 1.0t. For the tetrag-

the maximum in the curves of Fig. 4 and similar curves foronal lattice (5=0), the frequencies ar@=0.34% (d-wave and
the other energy gaps. The filling is kept @t)=0.4, the  0.2s,>,,.+0.8d,2_y2 energy gaps and ©=0.348 (0.5,
maximum gap on the Fermi surfacé @=38.9 meV, andJ +0.5d,2_ 2 energy gap For the orthorhombic lattices=0.25), the
in formula (6) is taken to have a value of 1.0The calcula- frequencies arew=0.34% (d-wave energy g3p »=0.35%
tions are done on a mesh of (106@))oints. The solid curves (0.25,2,,2+0.8d,2_,> energy gap and »=0.382 (0.55.22
are lines in the Brillouin zone alongy, ), the dash-dotted +0.5d,2_,2 energy gap
curves along Q,Q), and the dashed curves alowgQ) for
the superconducting state at zero temperature with variowsurface 2,=35.8 meV, and the right, a system with an
frequencies and energy gaps. The arrows indicate the aprthorhombic lattice(6=0.25 and maximum gap on the
proximate positions of the nesting peaks, now different, or-ermi surface 2,=38.9 meV. Common parameters are next
thex andy axis. nearest neighbor hoppirigj=0.45, filling {(n)=0.4, potential
The two flat lines at the bottom are for the normal state ofJ =1.0t, smearingl'=0.01, T.=0.1, and mesh (1008)
T=T,.. Already, the two curves are different because of thepoints. In frame(a), we see the ratio of peak widths on a
orthorhombic lattice. This is a sure sign of what we havetetragonal lattice with a purd-wave gap(open circles and
called lattice anisotropy and would not exist in a tetragonakolid line) and frequency»=0.39%. The ratio is constant at
lattice. The lowest set of curves is for a purevave energy all temperatures—there is no anisotropy in the system.
gap, at frequencyw=0.34%. Thex axis peak(solid line) is  Frames(b) and (c) show the ratios for anisotropid-wave
now much wider than thg axis peak(dashed ling Thisis  gaps, 0.8,2,,2+0.8d,2_,2 (*, dotted line;w=0.34%) and
opposite to the tetragonal case discussed with Fig. 1. Th@.5s,2,,2+0.5d,2_y2 (X, dashed line;w=0.348), respec-
second set of curves shows the peak widths for 2096,>  tively. In each case, the widths of the peaks split into differ-
and 80%d,2_,2 at a frequencyw=0.35%. The third set de- ent values as the system moves into a superconducting state.
picts equal amounts df,2, 2 andd,2_2 at a frequency of ~The difference in the widths of the peaks is much greater for
w=0.382. We suggest polarized neutron scattering on arD.5s,2,y2+0.5d,2_2 energy gap at low temperatur¢gsb%)
untwinned crystal of YBCO would produce similar curves to than for the 0.8,2, 2+ 0.8d,2_,2 energy gap20%). Frame
those displayed in Fig. 2. The band structure anisotropy has @) shows the peak width ratios for an orthorhombic lattice
distinct effect on the FWHM of thém,7) peak—even with a and a pured-wave energy gagO, solid line at frequency
symmetric, pured-wave energy gap. A detailed analysis of ®=0.34%. The g, profile is wider than thegy, at T.; this
the above results is now offered. difference increases considerably at low temperatures.
In Fig. 3, we look at the temperature dependence of thérames(f) and (g) show anisotropicd-wave gaps on an
ratios of the FWHM in theg, direction to that of theg,  orthorhombic lattice, 0L2,,2+0.8d (*, dotted line;
direction in the first three rows of frames and the change inv=0.35%1) and 0.8,2,,2+0.5d,2_y2 (X, dashed line;
height at(a,7) with respect to the height & in the bottom  ©=0.382), respectively. At low temperatures, as the anisot-
two frames(d) and (h). The left column describes a system ropy of the gap is increased, the difference in the peak pro-
with a tetragonal lattice and maximum gap on the Fermifiles FWHM reduces. Framéd) and(h) show the change in

FIG. 3. Framega)—(c), (e)—(g) show the ratio ofj, FWHM to
gy, FWHM vs reduced temperature for a tetragoté0) lattice
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FIG. 4. Imaginary part of the single spin suscepbilitgat(s,7) as a function of energfw) normalized by the hopping energg) (with
U=1.0t. The lowest curve is for tetragonal symmels=0 in Eq.(1)]. The energy of the lower edge of this curve is somewhat less than
the maximum value of &y(Brillouin zong=0.4t and the upper edge is related to the van Hove energy. This can be clearly seen in the second
curve which is for the casé=0.05 (orthorhombic latticg In this case, the van Hove singularity splits into two smaller structures which
move further apart in the higher curves which apply, respectivelys$d.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 hag (oK), T.=0.1t, '=0.01t,
(n)=0.40, andB=0.45.

height from that aff;, as the temperature is reduced for theand will decrease at moderate temperatures. It is clear from
tetragonal and orthorhombic lattices, respectively, and enthe above that it is not so easy to distinguish the symmetric
ergy gap marked as follows: puré wave (solid line; and anisotropic energy gaps on an orthorhombic system.
0=0.34%), 0.%,2,,2+0.8,2_,2 [dotted line; »=0.38%  Still, an analysis based on a model of the kind used in this
(tetragonal, »=0.35% (orthorhombig], and 0.5,2,2 paper could be used to make an estimate of gap admixture,
+0.5d,2_,2 [dashed linew=0.348 (tetragongl, ®=0.382  although such an analysis may be model dependent.
(orthorhombig]. In the orthorhombic case, the peak height Finally, we address the question of how band structure
increases tenfold, while for the tetragonal case, the pea&nisotropy itself affects the frequency dependence of the spin
height increases only fivefold. susceptibility atg equal to(m,7). As a first attempt, we use
We can now suggest a decision tree for separating ththe single band model of Eql) with finite value of§, i.e.,
effects of anisotropy due to the band structure and the energyie hopping parameter ix and y direction in a single
gap. First, measure theg andq, FWHM at T.—if they are  CuG, plane are assumed to be different. In such a model, the
different, then band structure anisotropy is important. NextFermi surface at filling/n)=0.4 progressively distorts a8
look at the low temperature behavior of tlgg and gy increases and eventually becomes open in the direction per-
FWHM of the (7,7) peak. If the system is tetragon@le.,  pendicular to the chains while staying closed in the parallel
direct anisotropy due to band structure effects is not impordirection. For a finite value ob, the van Hove singularity,
tan) with a d-wave energy gap, no difference in tlog, which has energy-4Bt in the tetragonal case, splits into
g, profiles will be seen. If the system is tetragonal with antwo singularities with energies 2(2B+ 9)t. In Fig. 4, we
anisotropic gap, the FWHM in the perpendicular directionsshow the frequency dependere® of the imaginary part of
will be different, and that difference will be an estimate of the spin susceptibility for a purel-wave model with
the anisotropy of the gap; theg, profile will be widest. If the  U=1.0t. The energy on the horizontal axis is in unitstof
system is orthorhombiéi.e., direct anisotropy due to band Each curve has a sharp peakwsslightly less than the maxi-
structure effects is importanivith ad-wave gap, then at low mum of 2A, on the Fermi surface—this determines the fre-
temperatures the difference in widths already presefit.at quencies used in the earlier figuréSee Ref. 14 for a dis-
will have increased considerablthree times in the model cussion of other aspects of the frequency specirurhe
considered hejeand theq, profile is widest. If the system is curves are for different values & starting até=0 (bottom
orthorhombic with an anisotropic gap, the difference incurve and going up ta5=0.25 (top curve, with increments
widths will increase, but less dramatically. If there is anof 0.05. The lower curve shows an onset at an energy slightly
equal mixture of extendes-wave and purel-wave energy less than twice the maximum gap value on the Fermi surface
gap, the ratio of peaks widths will not change much at all,at zero temperature2,=0.35& and a structuréshouldey
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at about 0.60 associated with the van Hove singulafiy. nent. A measurable effect is expected on the basis of the
That this structure is due to the van Hove singularity is clearc-axis tunneling results of Suet al?? which imply a 25%
in the upper curves for finité (see arrows As Jincreases, admixture ofs,2, 2. This estimate is based on the size of the
the van Hove shoulder splits and the two shoulders move-axis Josephson current, which is observed between
apart. The width of this split is less thad &he difference in  YBa,Cu;0O; and Pb. The observed value of critical current is
energies of the van Hove singularitiesven wherl=0 (not  much reduced over that expected for tunneling between two
shown. The curves are all calculated at the pajpt(7r,7) in pures-wave superconductors. This reduction in critical cur-
the two-dimensional Cu©Brillouin zone and the filling is  rent fixes the gap admixture. If direct band structure effects
fixed at(n)=0.4. This means that the chemical potentialare not large, as would be the casg,ifandq, spin dynamic
shifts slightly (~1%) from curve to curve because the band profiles are not anisotropic in the normal state, the amount of
structure is different. Sx21y2 admixture can be determined from the amount of
Within a simple one band model for the electron disper-splitting observed in the FWHM of thg, andq, lines in the
sion relation, we have calculated the effect of both bandsuperconducting state. If direct ban structure effects are
structure anisotropy and of a mixture of extendedndd large, leading to a significant anisotropy in the normal state,
wave in the gap function, on the spin dynamics ofit is more difficult to distinguish this anisotropy from gap
YBa,Cu,O,. We have found that the anisotropy in the dis- admixture anisotropy but it still might be possible to do so
persion relation has the opposite effect on the momenturalthough such an analysis would require the use of some
space anisotropy of the spin susceptibility peakjat, ) model and therefore be model dependent.
than does gap function admixture. Our results are consistent
with those of Daiet al,” but we can draw no conclusion This research was supported in part by the Natural Sci-
from this. Data similar to that taken by Dat al.” on un-  ences and Research Council of Candd8ERQ and by the
twinned crystals could be used, in principle, to determine th&Canadian Institute for Advanced Resea(€hAR). We thank
admixture ofs,2, 2 symmetry with majorityd,2_,> compo- ~ C. O’'Donovan for important discussion.
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