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NMR spectra for a nested Fermi-liquid model
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The anomalous NMR relaxation rate and Knight shift in the ¥B&aO, superconducting state contrast
notably with conventional BCS theory farwave energy gap models. dvwave energy gap on a nested Fermi
surface with a large gap ratioA2~ 11T, fits the data and is explained by usingeanperature-dependent
pairing interaction. A spin fluctuation pairing mechanism involves the susceptibility, which develdps a
variation from electron collision damping. A superconducting energy gap reduces the dampingThelow
enhances the susceptibility, and therefore strengthens the pairing at [80163-18207)01422-7

The first indication of d-wave symmetry for high- The energy dispersios, is related to the superconducting
temperature superconductors came from the NMR relaxatiostate energye, = + \/5k2+ Akz_ The gap is obtained from the
data on cuprates which is much different from the standar@gCs gap equation
BCS theory that explains conventional superconductors. Ki-
taokaet al! noted that the low-temperature relaxation rate th(Ek/ZT)

1/T, follows a T2 variation that is consistent with dwave f (2m )2V T 2E, % &)
gap, in contrast to the exponential decrease associated with

an isotropic BCS state. Near the transition temperalyre  whereV(p—Kk) is the electron pairing interaction. The lim-
the cuprates do not show the Hebel-Slicliteé®) peak which iting behavior of the gap a3—0 and T—T,. leads to a
is a hallmark of isotropic pairing in ordinary superconduct-

ors. Furthermore, a mysterious large energy gap ratic 05
2A,~11T. is evident in various cuprate data, which far ex- i
ceeds the traditional BCS formulaAgd=3.53T.. These pri- 20 | _ -

. . ==m== gwave, I' =02T Lk
mary cuprate features are shown in Fig. 1 by the Cu NMF [ = —-  Anisotropic swave. RS
relaxation in YBaCu;O; (YBCO) measured by Martindale 18 [ e == Standard d-wave R '
et al? | =—— Nested d-wave N \

The present work explores the above anomalies whicl [ A Martindale YBCO ¢ '
also differ from standard-wave analyses of the NMR spec- s

tra of cuprates. We explain the cuprate gap anomaly and th
T variation of the NMR relaxation and Knight shift in terms
of a spin-fluctuation pairing interaction with a surprisimg
variation that is attributed to damping by electron collisions
on a nested Fermi surfadeThe susceptibility is reduced
aboveT . by damping, whereas it is resurrected at [6vay a
superconducting energy gap that depletes available electrc
scattering states. We show that realistic collision strengths o
a nested Fermi surface yield an enhanced spin susceptibilit
at low temperature, which increaseswave pairing at
T=0 in comparison to the coupling &, .

The NMR relaxation rate is related to the spin suscepti-
bility by* (T,T) ™1 =(1/N)Z4|Fo|%x" (0, w0)/ 0 WhereF,
contains the hyperfine coupling ang~ 10 MHz is a typical
low frequency used in NMR experiments. The lowest-order S T
spin susceptibility i°

1/T,T

FIG. 1. The Cu NMR relaxation rate of YBCO measured by

-y 1A\ th(EW/2T) — oth(Ey /2T) Martindaleet al. (triangle$ displays the anomalous drop in the su-
x(0,0)= 01,0 N wtoEt+ UzEk+q+ io’ perconducting state that is far below conventional BCS theories. An
) isotropic gap yields a large HS peak shown by the dotted curve
even for a density of states smeared by a dampird.ZT; the
whereo = — 0,05, with o,,0,=*1, and anisotropics-wave gapA,=|cos(2)| gives the dot-dashed curve
and the standard-wave model for an anisotropic Fermi surface
1 cver. +AA yields the dashed curve. The solid curve is calculated for a
A :_+ 1 (M)} (2)  d-wave gap on a nested Fermi surface uging0.9, a,4=6.3, and
7 4 ExEk+q bng=1.3.
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phenomenological form for the temperature variation of the
gap Ag(T) = aT.th(b;\T./T—1),” which gives the stan-
dard coefficients for an isotrop&wave gapa,=1.76 and 1o}
b;=1.74, in this weak-coupling limit. The conventional
d-wave analysis for an isotropic Fermi surface and a gaj

11

0.18

Ay=Ay(T)cos(Zp), where ¢ is the polar angle ik space, sl §0.09
yields agj=2.38 andby=1.65.
Assuming a constant form factor, the Cu NMR relaxation o7}
rate follows from the smalls approximation of the suscep- o0
tibility which gives R |
1 wF? E & oo .
T * 2 2 £ ---- Standard d-wave ’
T_l_ TJ',de{N (E)+M (E)}SeCH(ﬁ)’ ) g 04| —— Nested d-wave ,"

A YBCO

03 F

where N(E)=(1/N)Z6(E—W,) and M(E)
=(1/N)Ek{5(E_Wk)(Ak/Wk)} Here sz Ek{®(€k) 02|
- (_ fk}.

The standard BCS isotropic gdyp creates a square root orr
singularity in the density of states which combines with the
coherence factors to generate a prominent HS peak in tt

NMR rate as shown by the dotted curve in Fig. 1. The con- o1 —_—
ventionald-wave gapA,=A,cos(2p) analysis(dot-dashed 00 01 02 03 04 05 06 07 08 095 10
curve is also higher than the experimental points, and yields T

a logarithmic singularity in the density of statd309) that
produces a small peak beloW,. This peak persists even
though the coherence facttM (E) vanishes because of the

sign change in the order parameter. An anisotrepseate of energy bandgdashed curve The solid curve is calculated for the
the .smjlple formA, = A|cos(2p)| (dashed curvehas a rjon- nesti% model using the sarag; andb,4 gap parameters that fit the
vanishingM (E) and consequently pushes the relaxation ratq\r data. The different behavior of the densities of states in the
higher than the correspondingwave result. two models is shown in the inset usiny=0.08 (solid) and

The T? variation of the T;T) ' data in Fig. 1 at low A =0.04(dashedlfor the nested and isotropic models, respectively.
temperature favors d-wave gap with a surprisingly large The two curves are scaled so as to give the same normal density of
magnitude. At lowT, the conventionald-wave analysis states at the Fermi energy.
yields T1(T) Te/(T,T)~(723)(T/Ag)? which can be used
to extractA,. Earlier fits to NMR datiri®! also require Co=(2— )~ J(1+A%)(E-p)*~A%(2—u)? (8
large energy gap estimates. Evidence for a largeave en-
ergy gap in cuprates is provided by the break-junction tun- D=(1+4%[E~-pl. ©
neling spectra of Bi2212Ref. 11 and Raman spectfa. The region limits are Eo=0, E;=u(1-4), E,

We consider a model energy bande(k) =u{l- \/AZ/(1+A2)}, Es=u(1+A), Es,=u
=vef{|ke +|ky|}, which gives a perfectly nested Fermi sur- + V(1= w)?+AZ?, andEs=2. As shown in the inset of Fig.
face. This dispersion is defined in the first Brillouin zone and2, this density of states does not have a singular peak which
continued periodically to other zones. Nesting yiéldse is important for the HS peak structure. The finite peaks of the
anomalous linear frequency variation of the quasiparticledOS are located aE— u| ~uA, the effective gap, which is
damping which characterizes most of the high-temperaturéhe maximum value of the gap over the Fermi surface, and
superconductors. Photoemission evidence for nesting in citot atA which is the maximum over the whole Brillouin

FIG. 2. Knight shift data on YBCO exhibits a decrease below
T. that is lower than conventional-wave models with isotropic

prates has been discovered by Skeal3 zone, At low T, this model gives T,(Tc)Tc/(TyT)
Assuming a modeadi-wave gamd:A(|kx| _|ky|) we ob- %(77 /12)(T/,LLA) and a fit to the YBCO data in F|g 1
tain a superconducting density of states=(m/a=1,u=  requires alarge gapA(T=0)=5.7T. _ _ _
Fermi energy Independent evidence for a large gap in YBCO is avail-
able from the Knight shift, which is given by
5 —
E_ o]
Nno(E)=2, %m@(E—Em@(Ei— E), (5 K(T) f dEN(E, A)sechi(E/2T)
i=1 w
= 10
K(Te) 4T Npo(,A=0) (10

where 5, =arccosB /D), n,=n,tarcsinB_/D), 73 ] . . ) ]
=2, pa=arcsinAC, /D), ns=arcsinAC,/D), and Using the same gap function as in the previous NMR fit,
we compare the theoretical fit with the YBCO Knight shift

data of Barrettet al!* in Fig. 2. The reasonable fit of the
nestedd-wave model using the sanag, andb,qimplies that

the gap variation is the dominant contributor to the experi-
Ci=pu+V(1+A?)(E—pn)>—A%u? (7)  mental points, since the Knight shift measures the response

B.=A2ux \(1+A%)(E—u)2-A%42, ©)
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FIG. 4. Real part of the spin susceptibility for a nested Fermi
surface shows the surprising increase belbwthat explains the
L anomalous energy gap ratio estimated for YBCO from the NMR

07 08 09 10 data when the damping coefficieat=1 (solid curve. The dashed
curve shows the susceptibility for weaker damping witk 0.5.
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C
sider an effective interactionvV(q)=U(T)Z;6(q—Q)),

FIG. 3. Using the nesting model the energy gap in YBCO iSWhereQJ: +(u,* ) in the gap equatiofd). Assuming the
estimated from the NMR data by triangles and the Knight shift datanodel band dispersion and gap function withwave sym-
by squares. Much smaller values of the gap are predicted by gnetry as presented before, we can obtain an approximate
standard BCS isotropic ggpdotted curvg and conventional  alation A(T=0)/T;~2U(T=0)/U(T,) if the system is
d-wave theories for isotropic energy ban(tiashed curve The g ficiently removed from half-fillingA, is the magnitude of
present fit for the NMR data is shown by the solid curve. the d-wave gap at the corers of the Fermi surface. The

in the limit of long wavelengths and negligible frequency Previous NMR analysis suggests a gap ratig=6T. which
where self-energy and vertex correctionsk¢T) cancef ~ then requires that the pairing couplingt0 be roughly 3
The decrease ifK(T) confirms singlet spin pairing in cu- times greater than its value at.. The spin susceptibility
prates. The remarkable large gap is compared to the conveffierefore  needs to increase at low to reach
tional forms derived by Grosst al’ in Fig. 3: The triangles X' (T=0)=~3x'(T,). This radical change is unexpected in
are extracted from the NMR relaxation data and the squaredrevious calculations of susceptibilities for tight-binding
represent points estimated from the Knight shift. models.

The solid curve in Fig. 3 is the gap function that we use to  The nested property of the Fermi surface has been known
fit the NMR data. We propose that the nested topology of thé0 generate the anomalous dampifig= aw which sup-
Fermi surface can exp|ain the |arge gap rm(@)/Tc within presses the Susceptibility in the normal SﬁiTmUS elimina-
the weak-coupling spin fluctuation exchange theory. Using dlon of scattering states bycrwave superconducting energy
Hubbard model Hamiltonian, with the on-site Coulomb re-gap decreases the damping and thereby enhances the suscep-
pulsion U, the lowest-order pairing interaction is obtained tibility at T=0. We examine this idea for the nesting model
from the product of two spin susceptibility contributions in Which gives the lowest-order susceptibility
the formVy(p—k)= U3{x'(p—k)}2. Berk and Schrieffér ol
originally found that this mechanism opposkstate pairing " = _ —thl —
in metals with a free electron dispersion. Scalapial® Xnd Q:0)= 5 Nnd( Z)th( 4T) b
obtained a weak attraction in tlilewave channel for a tight-
binding model in lowest-order and they argued that the ran
dom phase approximatiaiiRPA) series for the susceptibility
will enhance y, and consequently elevate the pairing

We approximate the collision damping within the Born ap-
proximation, and obtain a model that represents the physical
ingredients caused bydwave gap; i.e., we take

strength when the system is close to an antiferromagnetic |o|®
instability defined byU y’~ 1. Nesting of the Fermi surface Fnd(w):Q[W®(3A_|w|)+|w|®(|w|_3A)]v
enhances the-wave pairing to the point that the leading- (12)

order spin-fluctuation terms can gife~100 K for an orbit
topology that resembles the Bi2212 supercondutidtair Wherea~1 is the magnitude estimated from optical spectra
breaking due to the quasiparticle scattering lifetime has bee@f cuprates. Including the self-energy contributions to the
argued to suppress the superconduclipg® susceptibility gives a renormalized real part

Our analysis considers a temperature-dependent pairing
interaction originating from the large self-energy contribu-
tion to the renormalization of the spin susceptibility. Con-

Nl )th(w'/12T)dw’
w+20' +il'(w,w') ’

Xéd(Q,w,T)=Ref (13
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with T'(w,0") =I'(0")+T (ot o'). ever, their computed susceptibilities show only a small tem-
A numerical integration yields the susceptibility shown in perature variation, in contrast to our results.
Fig. 4 for the casav=0. A value of =1 yields an en- Several groups have proposed phenomenological forms of

hanced susceptibility & =0 whose magnitude is quite suit- the quasiparticle damping as another explanation for the sup-
able for explaining the large gap value in cuprates by thigressed Hebel-Slichter peak as discussed by Tewari and
spin fluctuation mechanism. The sensitivity gf to the Ruvalds:* Tewari and Ruvalds have found that Fermi-liquid
damping strength is illustrated far=0.5 in Fig. 4. Calcula- 92@mping with realistic magnitudes cannot remove the HS
tions for finite frequency support the general trends shown iff€ak for ans-wave gap, although a significant reduction is
Fig. 4. Contributions from the real part of the self-energy,poss'ble'

vertex corrections, and the dependence of the response on th The association of the Iar_ge gap value at zero temperature
. : . . with the quasiparticle damping shows how the electron col-
Fermi energy will be examined in future work. It should be

noted that the RPA series will further enhance the suscept{}smns reduce the transition temperature to the 100 K regime

bility at T=0 relative toT ound in cuprates. Reduced damping could accordingly be
Numerical computatio;;s for tight-binding models with a e_xpected to lead to a roo_m—temperatu_re superc_ond_uctor, pro-
Hubbard interaction by Monthoux and Scalagihand Pao viding that thed-wave pairing mechanism remains intact.

and Bickeré! have generated a large energy gap whose ori- It is a pleasure to acknowledge stimulating discussions
gin is attributed to the pair-breaking terms from their elec-with S. Tewari, J. Thoma, and A. Virosztek. We thank J.
tron self-energy model. These calculations use an effectivilartindale and S. Barrett for sending us their experimental
interaction with a RPA enhancement whose value is fixedlata. This research was supported by U.S. DOE Grant No.
very close to a spin density wa8DW) instability. How-  DE-FG05-84ER45113.
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