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Spin-lattice relaxation in the mixed state of the high-Tc cuprates:
Electronic spin-flip scattering versus spin fluctuations

Dirk K. Morr
Theoretical Division, MS B262, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 19 July 2000; published 8 May 2001!

Recent experimental and theoretical studies have established that the spin-lattice relaxation rate 1/T1 mea-
sured in nuclear magnetic resonance~NMR! experiments is a site-sensitive probe for the electronic spectrum in
the mixed state of the high-Tc cuprates. While some groups suggested that 1/T1 is solely determined by
spin-flip scattering of BCS-like electrons, other groups stressed the importance of antiferromagnetic spin-
fluctuations. We show that these two relaxation mechanisms give rise to aqualitativelydifferent temperature
and frequency dependence of17O 1/T1. A comparison of our results with the experimental17O 1/T1 data
provides support for a relaxation mechanism dominated by antiferromagnetic spin fluctuations.

DOI: 10.1103/PhysRevB.63.214509 PACS number~s!: 74.25.Nf, 74.60.Ec, 74.25.Ha
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Recently the temperature and frequency dependenc
the 63Cu and 17O spin-lattice relaxation rate 1/T1 in the
mixed state of YBa2Cu3O61x ~YBCO! has been the focus o
intense experimental efforts.1–4 It was first shown by Curro
et al. ~CMHS!,1,2 and subsequently by Halperinet al.4 that
17O 1/T1 in the mixed state of YBa2Cu3O7 increases with
increasing resonance frequency, i.e., with decreasing
tance from the vortex core. Preliminary results of Millin
et al.3 show a qualitatively similar behavior for the63Cu
relaxation rate in YBCO. CMHS were the first to point o
that this frequency dependence of 1/T1 arises from the pres
ence of a supercurrent, which gives rise to a site-spec
density of states, and consequently a site-specific 1/T1. This
interpretation receives strong support from the experime
observation that the frequency dependence of 1/T1 disap-
pears above the melting temperature of the vortex lattice

Several theoretical models5–7 have been suggested to e
plain the experimentally observed frequency dependenc
1/T1. Using a weak coupling approach, it was argued
Refs. 5,7 that 1/T1 for 63Cu arises solely from electronic spi
flip ~ESF! scattering of BCS-type electrons. In contrast, Mo
and Wortis~MW!6 proposed a strong coupling scenario
which antiferromagnetic spin fluctuations~ASF! and their
interaction with the electronic degrees of freedom prov
the dominant contribution to the63Cu spin-lattice relaxation
rate. MW also conjectured that the combined tempera
and frequency dependence of 1/T1 can distinguish between
relaxation due to electronic spin-flip scattering and relaxat
due to antiferromagnetic spin fluctuations.

In this paper we present detailed predictions for the te
perature and frequency dependence of the17O spin-lattice
relaxation rate in the frameworks of the weak coupling E
and strong coupling ASF approach. We show that due to
specific form of the17O hyperfine coupling, the temperatu
and frequency dependence of the17O 1/T1 for ESF and ASF
relaxation isqualitativelydifferent. In particular, we demon
strate that for the ESF mechanism, 1/T1 increases monotoni
cally with temperature and possesses a large distributio
values, for a given resonance frequency, close to the vo
core. In contrast, for the ASF relaxation mechanism, we
tain a well-defined relation between 1/T1 and resonance fre
quency, and a nonmonotonic dependence of 1/T1 on tem-
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perature. Though a comparison of our theoretical results w
the available experimental data suggests that the spin-la
relaxation rate in the mixed state is dominated by the A
mechanism, further experiments are required to test the
dictions presented in this paper. To the extent that fut
experiments confirm our conclusion, it immediately impli
that the relaxation rate of63Cu is as well dominated by an
tiferromagnetic spin fluctuations due to its even more fav
able hyperfine coupling.

We begin by shortly reviewing the theoretical models f
an ESF and ASF based spin-lattice relaxation rate; a deta
account is given in Refs. 5–7. For ESF relaxation,8 we con-
sider the model of Ref. 7, whose results are in good qua
tive with those presented in Ref. 5.

The general expression for the17O spin-lattice relaxation
rate 1/T1 with an applied field parallel to thec axis is given
by

1

T1T
5

kB

2\
~\2gnge!

2
1

N (
q

FO~q! lim
v→0

x9~q,v!

v
, ~1!

where

FO(2)~q!5C2 cos~qx/2!2 FO(3)~q!5C2 cos~qy/2!2,
~2!

C is the 17O transferred hyperfine coupling constant, a
O~2!@O~3!# is the planar oxygen nucleus which is locat
between two Cu nuclei along thex(y) axis.

Within the ESF approach the spin-susceptibility in t
superconducting state, neglecting final state effects, is g
by x5S, where

S~q,ivn!52T(
k,m

$G~k,iVm!G~k1q,iVm1 ivn!

1F~k,iVm!F~k1q,iVm1 ivn!%, ~3!

and G and F are the normal and anomalous Green’s fun
tions

G~k,iVm!5
vk

2

iVm2Ek
1

uk
2

iVm1E2k
,
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F~k,iVm!52ukvkH 1

iVm2Ek
2

1

iVm1E2k
G . ~4!

In the limit that the supercurrent momentumps varies on a
length scale larger than 1/kF , the dispersion of the fermionic
quasiparticlesEk up to linear order inps is in semiclassical
approximation given by9

Ek5Aek
21uDku21vF~k!•ps , ~5!

where ek is the electronic normal state dispersion,Dk
5D0@cos(kx)2cos(ky)#/2 is the d-wave gap, andvF(k)
5]ek /]k. Following MW, we neglect the electronic Zeema
splitting which for typical applied fields is much smaller tha
the second term in Eq.~5!, the so-called Doppler shift, a
well as any effects of the supercurrent onDk , uk , andvk .10

Spin relaxation due to the ASF mechanism is descri
by the spin-fermion model11 where the spin susceptibilityx
is renormalized by the interaction with low-energy fermion
degrees of freedom and given by

x215x0
212P. ~6!

Here

x0
215

j0
221~q2Qi !

2

a
, ~7!

is the bare propagator,j0 is the bare magnetic correlation
length in units of the lattice constanta0 , a is a temperature
independent constant,Q5(p,p) is the position of the mag
netic peak in momentum space,12 andP is the bosonic self-
energy given by the irreducible particle-hole bubble. A s
percurrent affectsx only through P, which is calculated
using second order perturbation theory in the spin-ferm
couplingg, and one obtains

P5g2S, ~8!

with S in Eq. ~3!. In the limit v→0, ReP is only weakly
momentum dependent and can thus be included in a re
malized but momentum independent correlation lengthj in
Eq. ~7!.

For both the ESF and ASF mechanisms, we are thus
with the calculation of ImS which for v→0 is dominated
by particle-hole excitations in the vicinity of the superco
ducting nodes. ExpandingEk up to linear order in momen
tum around the nodes, we can perform the momentum
frequency integrations in Eq.~3! analytically. Combining the
resulting expression for ImS with Eqs.~1!, ~6!, and~7! we
obtain the spin-lattice relaxation rate presented in Eq.~A1!
of the Appendix. For our subsequent discussion of the E
and ASF mechanism it is necessary to briefly review
form of 1/T1 in two limits. A low temperatures where
uDm /Tu@1 for m51•••4, one obtains from Eq.~A1!

1

T1T
5AS 1

vFvD
D 2

(
n,m

HF~qn,m!S DmDn1
p2T2

3 D
1F~qn,m12!S DmDn2

p2T2

3 D J 1O~eDm /T!, ~9!
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whereF(qn,m),Dm ,A, andvD are defined in the Appendix
and the sum runs only over those nodes withDm ,Dn,0.
Since the supercurrent in general breaks the lattice sym
try, the O~2! and O~3! relaxation rates are expected to b
different, as we shall discuss below. In contrast, in the hi
temperature limit (uDm /Tu!1 for m51•••4) one has

1

T1T
5A

p

3 S T

vFvD
D 2

(
n,m51

4

F~qn,m! ~10!

and we recover the temperature dependence of the relax
rate in the absence of a supercurrent.

A site specific relation between the resonance freque
Dn(r )5gn\H loc(r ), where gn is the 17O nuclear gyro-
magnetic ratio andH loc(r ) is the local magnetic field, and
1/T1 is obtained via the local supercurrent momentu
ps(r );¹3H loc(r ); a relation which is valid even in the
presence of nonlocal as well as nonlinear corrections.13 Fol-
lowing MW, we restrict our discussion of the relaxation rat
to nuclei which are further thanR.2jab from the center of
the vortex core~wherejab is the superconducting in-plan
coherence length!.14 We consider a hexagonal vorte
lattice15,16 and use the parameter setvF'0.4 eV, vD

'20 meV, andj'2,17 which was shown to describe ferm
onic and magnetic excitations in YBa2Cu3O7.6,12

In Fig. 1 we plot the17O spectrum6 which describes the

FIG. 1. 17O spectrum ~solid line! together with 17O(2,3)
(1/T1T) as a function of local magnetic fieldH loc , for T51 K. ~a!
ASF mechanism and~b! ESF mechanism.
9-2
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SPIN-LATTICE RELAXATION IN THE MIXED STATE . . . PHYSICAL REVIEW B 63 214509
distribution of local magnetic fields~solid line! and 17O(2,3)
1/T1T ~open squares! for ~a! the ASF mechanism and~b! the
ESF mechanism as a function ofH loc , i.e., resonance fre
quency. Nuclei at the highest frequencies are located
distance 2jab from the center of the vortex~nuclei closer to
the vortex core have been omitted, see above discuss!,
nuclei at the lowest frequencies are in the center of a vo
triangle, those at the maximum of the spectrum are at
midpoint between two vortices.

For both relaxation mechanisms, 1/T1T increases with in-
creasing resonance frequency, i.e., decreasing distance
the vortex core, similar to the results obtained in Refs. 5
for 63Cu. ForT51 K, the relaxation rate for practically a
nuclei is given by 1/T1T;ps

2 , Eq. ~9!, and sinceupsu in-
creases with decreasing distance from the vortex core 1/T1T
increases consequently. However, 1/T1T for the ESF mecha-
nism exhibits a large distribution of values for a givenH loc ,
in contrast to 1/T1T for ASF relaxation. Nuclei with the
same resonance frequency can in general possess diff
relaxation rates, since 1/T1T depends not only on the mag
nitude ofps , but also on the angle between the direction
the local supercurrent and the crystal axes, i.e., the Fe
velocity vF at the nodal points, Eq.~9!. It is exactly this
angular dependence which for ESF relaxation leads to
large distribution of values for 1/T1T. The absence of such
large distribution for the ASF mechanism is due to the a
ferromagnetic enhancement factor~i.e., the Stoner enhance
ment! in the denominator of Eq.~A3!.

The Stoner enhancement favors particle-hole excitati
which connect nodes at opposite sites of the Fermi sur
~FS!, i.e., with large momentum transfer,qn,m5k l @see Fig.
2~a!#. Due to this enhancement, the second term on the ri
hand side~RHS! of Eq. ~9! yields the dominant contribution
to 1/T1T for ASF relaxation in the low-temperature limi
and one obtains

1

T1T
'AS 1

vFvD
D 2

F~k l !~vF
2ps

222p2T2/3!. ~11!

Thus the leading temperature contribution to 1/T1T is inde-
pendent of the angle betweenps and the underlying lattice
and the narrow distribution of 1/T1T seen at higher frequen
cies for ASF relaxation arises solely from subleading con
butions including particle-hole excitations with small m
mentum transfer, e.g., withqn,m5ks @see Fig. 2~a!#.

In Fig. 3 we present the relaxation rates of the two pla
oxygen nuclei 17O(2,3) for three different temperature
~while the 30 and 60 K curves are horizontally offset f
clarity, the right end points of all curves correspond to t
same local field at a distance 2jab from the vortex core!.

The temperature dependence of 1/T1T in the ASF ap-
proach@Fig. 3~a!# is similar to that of63Cu shown in Fig. 2
of Ref. 6. With increasing temperature, 1/T1T at high reso-
nance frequencies decreases, in agreement with Eq.~11!,
while at low frequencies 1/T1T;T2, Eq. ~10!, and the relax-
ation rate increases. As a result, 1/T1T possesses a nonmon
tonic dependence on the local field, as shown by the m
mum in the relaxation rate for intermediate frequenci
which was discussed in detail in Ref. 6. Note that the ove
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prefactorsAASF and AESF, for ASF and ESF relaxation ar
different @see Eqs.~A2! and~A3! in the Appendix# and only
insufficiently known such that a direct comparison of 1/T1T
in Figs. 3~a!,3~b! in absolute units is not possible.

In contrast, 1/T1T for the ESF mechanism increases wi
increasing temperature at all resonance frequencies. At
frequencies, i.e., in the high-temperature limit, this follow
directly from Eq. ~10!. At higher frequencies, i.e., in the
low-temperature limit, an analysis of Eq.~9! shows that due
to the 17O form factors, the first term on the RHS of Eq.~9!
dominates 1/T1T which therefore also increases with increa
ing temperature. Consequently, 1/T1T does not exhibit a
minimum as a function of the local field as was the case
ASF relaxation. Note also that the distribution of values
1/T1T decreases as the temperature increases, since in
high-temperature limit the relaxation rate becomes indep
dent of resonance frequency, i.e., 1/T1T;T2. The spin relax-
ation rate thus possessesqualitatively different frequency
and temperature dependencies for the ASF and ESF me
nism, the origin of which lies in the antiferromagnetic e
hancement factor in the denominator of Eq.~A3! which is
only present for ASF relaxation. We next compare our th
oretical results with the experimental data on17O(2,3) 1/T1T
by CMHS,2 which we present in Fig. 4.

The experimentally measured 1/T1T increases with in-
creasing resonance frequency, in agreement with our theo
ical results in Fig. 3, decreases betweenT55 K and
T510 K with a larger reduction at higher frequencies, a

FIG. 2. ~a! Fermi surface and particle-hole excitations~dashed
arrow! with qn,m5k l ,s ~nodes of the superconducting gap are sho
as dotted lines!. ~b! Angle betweenps and the crystalx axis.
9-3
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DIRK K. MORR PHYSICAL REVIEW B 63 214509
increases betweenT510 K andT540 K. No evidence for
a distribution of relaxation rates at high frequencies w
found so far, however, a further quantitative analysis is s
required to determine an upper bound for the spread
1/T1.18 Though both experimental features agree qual

FIG. 3. 17O(2,3) (1/T1T) as a function of local field for three
different temperatures.~a! ASF mechanism,~b! ESF mechanism.
The 30 and 60 K curves are horizontally offset for clarity.

FIG. 4. Experimental data for the17O spectrum~solid line! to-
gether with (1/T1T) as a function of resonance frequency for thr
different temperatures. Data are taken from Ref. 2.
21450
s
ll
in
-

tively with our theoretical predictions for 1/T1T in the ASF
approach@see Fig. 3~a!#, spin-diffusion, impurity effects, and
vortex vibrations19 can potentially contribute to the spin
lattice relaxation and thus complicate the analysis of the
perimental data within the ASF or ESF approach. While
was argued7 that spin diffusion is strongly suppressed by t
inhomogeneity of the magnetic field in a vortex lattic
CMHS concluded from the different temperature depende
of the apical and planar oxygen relaxation rates, that
T>25 K vortex vibrations are irrelevant for the relaxatio
of 17O; thus the relaxation arises solely from the electro
or magnetic mechanisms discussed above. ForT<25 K, the
apical and planar oxygen relaxation rates exhibit the sa
linear temperature dependence, however, the planar 1/T1 is
still considerably larger than the apical 1/T1. Though this
result does not exclude the possibility that vortex vibratio
contribute to the relaxation process below 25 K, it sugge
that the relaxation mechanism is still dominated
electronic/magnetic excitations. Clearly, further measu
ments of 1/T1T are required to study the various relaxatio
mechanisms.20 However, to the extent that the effects of vo
tex vibrations and impurities are negligible at low tempe
tures, the experimental data in Fig. 4 support a predomin
ASF mechanism of the spin relaxation in the mixed state

Since the supercurrent in general breaks the symmetr
the underlying lattice, one expects different relaxation ra
for O~2! and O~3! for a given direction ofps . An experiment
which is able to reveal this difference in the relaxation ra
is a nuclear quadrupole resonance~NQR! measurement in
which the direction of a uniform supercurrent is varied.

In Fig. 5~a! we plot 1/T1T for the ASF mechanism as
function of the anglef between the supercurrent momentu
ps and the crystal axes@see Fig. 2~b!#. It follows from Eq.~9!
that in the limit T→0, O~2! and O~3! 1/T1T possess the
same angular dependence. This identical behavior again
sults from the Stoner enhancement, since for the domina
particle-hole excitations with large momentum transferqn,m
5k l ~see Fig. 2!, the form factorsF(qn,m) for O~2! and O~3!
are the same. With increasing temperature, the relaxa
rates for O~2! and O~3! begin to deviate, since excitation
with smaller momentum transfer become increasingly m
important, however, the maxima and minima of O~2! and
O~3! 1/T1T still occur at the same anglef.

The relaxation rates of O~2,3! for the ESF mechanism
@Fig. 5~b!#, are also identical in the low-temperature limit,
follows directly from Eq.~9!. However, with increasing tem
perature, the angular dependence of 1/T1T for O~2! and O~3!
is out of phase: the minima of O~2! 1/T1T coincide with the
maxima of O~3! 1/T1T. To demonstrate that this ‘‘phas
shift’’ originates from the different form factors of O~2,3!,
Eq. ~2!, we consider the casef5p. One then has from Eq
~9! for O~2!

1

T1T
;@11cos2~kl

x/2!#~D1
21D4

212D1D4!

14@12cos2~kl
x/2!#p2T2/3, ~12!

whereas for O~3! one obtains
9-4
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1

T1T
;@11cos2~kl

x/2!#~D1
21D4

212D1D4!1O~T4!.

~13!

For T50 we indeed find that the O~2,3! relaxation rates are
identical, while forT.0 ~and f5p) O~2! 1/T1T is larger
than O~3! 1/T1T, in agreement with our numerical results
Fig. 5.

Finally, the overall scale of 1/T1T within the ESF and
ASF approach depends on a variety of parameters, e.g.
hyperfine couplingC, the magnetic correlations lengthj, the
detailed form of the Fermi surface, etc., and is thus o
insufficiently known. In contrast, we find that the frequen
and temperature dependence of 1/T1T are features which are
qualitatively robust against changes in these parame
Thus our predictions for the qualitative differences betwe
the ESF and ASF relaxation mechanisms are valid for
cuprate materials, anddo not depend on any fine-tuning o
parameters.

In summary, we present a theoretical scenario for
spin-lattice relaxation rate of17O in the mixed state of the
high-Tc cuprates. We consider 1/T1 for two relaxation
mechanisms: one based on electronic spin-flip scatterin
BCS-type electrons, and one due to antiferromagnetic s
fluctuations. We show that the predicted temperature and
quency dependence of 1/T1 differs qualitatively for these two
mechanisms. A comparison of our theoretical results with

FIG. 5. 17O(2,3) 1/T1T for ps50.02 and three different tem
peratures as a function of the anglef betweenps and the crystalx
axis @see Fig. 2~b!#. ~a! ASF mechanism,~b! ESF mechanism.
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available experimental data from Ref. 2 suggests that
ASF mechanism dominates the relaxation rate. To the ex
that this conclusion is confirmed by future more detail
experiments, it implies that the relaxation rate of63Cu in the
mixed state is also dominated by the ASF mechanism
contrast to the scenarios pursued in Refs. 5,7. Finally,
propose an NQR experiment in which the direction of a u
form supercurrent with respect to the crystal lattice is var
and predict a unique angular dependence of 1/T1 for O~2!
and O~3!.

It is our pleasure to thank N. Curro, W. Halperin, C. Mil
ing, D. Pines, J. Sauls, R. Wortis, and especially C. P.
chter for valuable discussions. This work has been suppo
by the Department of Energy at Los Alamos National Lab
ratory.

APPENDIX

The general form for 1/T1T in the presence of a supercu
rent is given by

1

T1T
5AS 1

vFvD
D 2

(
n,m

$F~qn,m!G1~Dm ,Dn ,T!

1F~qn,m12!G2~Dm ,Dn ,T!%, ~A1!

whereDm5vF
(m)

•ps , vF
(m) is the Fermi velocity at the node in

themth quadrant of the Brillouin zone,vD5u]Dk /]ku at the
nodes, andqn,m is the momentum connecting nodesn andm.
For ESF scattering we find

AESF5DSkB~\2gnge!
2/~2\!,

FESF~qn,m!5FO(2,3)~qn,m!, ~A2!

while for the ASF mechanism one has

AASF5DS~ag!2kB~\2gnge!
2/~2\!,

FASF~qn,m!5
FO(2,3)~qn,m!

@j221~qn,m2Q!2#2
, ~A3!

where DS is a measure of the momenta in the magne
Brillouin zone which scatter between the superconduct
nodes and are relevant for the relaxation process. SinceDS
depends strongly on the exact form of the Fermi surface
the vicinity of the nodes, it is only insufficiently known. Fo
ESF and ASF relaxation,G1,2 is given by

G1~Dm ,Dn ,T!5
DnDm1e2

T2 nF~e!1
p2

6

1
Dn1Dm

T S e@12nF~e!#

T
1 ln@nF~e!# D

22E
0

e/T

dx x nF~x!, ~A4!

where nF(e)5@exp(e/T)11#21 is the Fermi function,e
5max$Dn ,Dm% and
9-5
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G2~Dm ,Dn ,T!5
DnDm

T2 @nF~Dm!2nF~2Dn!#

1
Dn2Dm

T H Dn@nF~2Dn!21#

T

1 ln@nF~2Dn!#1
Dm@nF~Dm!21#

T

a-
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-
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2 ln@nF~Dm!#J 1S Dn

T D 2

nF~2Dn!2S Dm

T D 2

nF~Dm!

22E
Dm /T

2Dn /T

dx x nF~x! for Dn1Dm<0,

G2~Dm ,Dn ,T![0 for Dn1Dm.0. ~A5!
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