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Local-field dependence of the17O spin-lattice relaxation and echo decay rates
in the mixed state of YBa2Cu3O7

N. J. Curro,* C. Milling, J. Haase, and C. P. Slichter†

Department of Physics and Materials Research Laboratory, University of Illinois at Urbana-Champaign,
1110 West Green Street, Urbana, Illinois 61801

~Received 1 February 2000!

We find that the planar and apical17O NMR spin-lattice relaxation rate (1/T1) and the spin-echo decay rate
(1/T2) are spatially dependent in the mixed state of YBa2Cu3O7. For both sites, 1/T1 and 1/T2 increase by a
factor of 2 to 3 for nuclei close to the vortex cores. The data suggest that fluctuating fields from the low-
frequency vibrations of the vortex lattice give rise to the similar echo decay observed at both sites. These
vibrations also dominate 1/T1 for both sites belowT&25 K. Above this temperature, the planar 1/T1 is
dominated by spin-flip scattering with delocalized quasiparticles associated with the nodes in the supercon-
ducting gap showing that the position dependence arises from the effect of the supercurrents on the quasipar-
ticle energy spectrum.
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INTRODUCTION

Nuclear-spin-lattice relaxation is an important probe
the behavior of quasiparticle excitations in conductors a
superconductors.1,2 Strong magnetic fields or electric-fiel
gradients can lift the degeneracy of the nuclear-spin st
which then become populated according to the Boltzm
distribution. Magnetic resonance techniques~NMR, NQR!
can perturb this equilibrium population distribution; by o
serving the time dependence of the recovery of the nuc
magnetization one can measure the spin-lattice relaxa
which is dominated in these systems by spin-flip scatter
with the electrons. The only electronic states available
such processes are those close to the Fermi surface.
spin-lattice relaxation rate 1/T1}N(0)2, whereN(0) is the
density of states at the Fermi level. Therefore 1/T1 is sensi-
tive to processes which affect the Fermi surface, such as
development of a superconducting gapDk in a supercon-
ductor. In fact, measurements of 1/T1 provided some of the
first support of the BCS theory,1 and more recently gave
evidence thatDk has nodes ink space in a variety of the
high-temperature superconductors.3,4

Measurements of 1/T1 in the mixed state (Hc1,H
,Hc2) of the high-temperature superconductors~HTSC’s!
have also provided evidence for nodes in the supercond
ing gap.5–7 However, in the mixed state the vortices can ha
a profound influence on the spin-lattice relaxation, comp
cating the interpretation of 1/T1 . Specifically, there are thre
properties of the vortices which can affect 1/T1 : ~i! vortex
motion, which creates a time-dependent field at the nuc
site, ~ii ! an increase inN(0) due to quasiparticle stateslo-
calizedwithin the vortex cores, and~iii ! an increase inN(0)
due to delocalizedquasiparticle states outside the vort
cores for superconductors whereDk vanishes for some point
in k space, such as in ad-wave superconductor. Property~i!
and its effect on 1/T1 has been well documented in a numb
of conventional and high-temperature superconductors.
quasiparticle states within the vortex cores referred to
property~ii ! were studied theoretically by Caroli, de Genne
PRB 620163-1829/2000/62~5!/3473~7!/$15.00
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and Matricon,8 where they point out that for an isotropicall
gapped superconductor there are bound states within the
tex cores with energies~with respect toEF! Em}m/j2,
where the states have orbital angular momentumm\, andj is
the coherence length, or the effective core radius. Th
states give a contributionNlocalized(0)5NFH/Hc2 to the den-
sity of quasiparticle states at the Fermi level.9 To our knowl-
edge, there have been no NMR measurements of this ef
however, indirect evidence for such states has been obse
in conventional superconductors by surface impedance10 and
heat-capacity11 measurements. Also, these states have b
observed recently using infrared absorption,12 and more di-
rectly using scanning tunneling microscopy.13 The effects of
property ~ii !, on the other hand, should be absent
YBa2Cu3O7 and other HTSC’s because the coherence len
in these materials is one to two orders of magnitude sma
than in the traditional BCSs-wave superconductors, and thu
there are many fewer states~m! such thatEm,Dk . This
observation is supported by scanning tunneling microsc
measurements on YBa2Cu3O7 which indicate that in a field
of ;6 T there are only two states localized within the vort
cores.14 Theoretical work also indicates that there should
few, if any states within the core of ad-wave vortex.15

The quasiparticle states associated with property~iii ! are
related to thed-wave nature of the vortices and have receiv
attention recently because they should exist in the HTSC
In an isotropically gapped superconductor this effect sho
be absent since there are no quasiparticle states with ene
in the gapped region outside the vortex cores. In ad-wave
superconductor, however,Dk vanishes forky56kx . Also,
for a strongly anisotropics-wave superconductor, the ga
may vanish for selected points ink space. Consequentl
there is no energy gap for quasiparticle states outside
core associated with these directions ink space. In the pres
ence of a supercurrent, the quasiparticle spectrum is mod
by a Doppler-shift term proportional toys , the supercurrent
velocity, and as a result the density of states at the Fe
level acquires a term which is also proportional toys .16 The
spatial extent of these states are complicated~see Ref. 17!,
3473 ©2000 The American Physical Society
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however, Volovik has shown that Ndelocalized(0)
}NFAH/Hc2.18 A series of heat-capacity measurements
YBa2Cu3O7 have provided support for this unusual fie
dependence.16,19–21

In this paper we present evidence for nuclear-spin-lat
relaxation associated with these unusual quasiparticle st
Measurements of the O spin-lattice relaxation in a vor
lattice in YBa2Cu3O7 indicate that the dominant relaxatio
mechanism is electronic in nature. Recent work by Re
et al. indicates that the spectrum of the17O central transition
in YBa2Cu3O7 exhibits the theoretical local-field distributio
in a vortex lattice.22 We confirm this result for both the ap
cal and planar sites, and measure 1/T1 across the spectrum
for temperatures well below the vortex lattice melting poi
taking advantage of the spectral resolution to measure 1T1
selectively at different local fieldsh ~5n/g, wheren is the
Larmor frequency andg is the gyromagnetic ratio! corre-
sponding to different points in the vortex lattice. We find th
1/T1 increases by a factor of 2 to 3 for points close to t
vortex cores~at the maxima in the local field! compared with
points far from the cores~at the saddle points and minima o
the local field!. The local field dependence of 1/T1 agrees
with a model in which the local density of states is prop
tional to the local supercurrent velocity. However, simi
field dependences are also expected for a mechanism inv
ing vortex lattice vibrations. In order to distinguish wh
fraction of the oxygen relaxation rate arises from vortex
brations @property ~i!# and from delocalized quasiparticle
@property~iii !#, we compare the temperature dependence
both sites at various spatial regions surrounding the vo
cores. ForT*25 K, the planar 1/T1 is dominated by property
~iii !, whereas the apical 1/T1 is dominated by property~i! at
all temperatures.

We also report data on the echo decay rate (1/T2) across
the spectrum, and find that 1/T2 is similar in magnitude for
both sites, and increases by about a factor of 2 to 3 acros
local-field distribution. These data agree with a model
collective vortex vibration with wavelength shorter than t
intervortex spacing.

EXPERIMENT

The NMR data were obtained on an aligned powder
optimally doped YBa2Cu3O7 (Tc593 K) which was isotopi-
cally enriched with17O as described in Refs. 23 and 24. T
spectra, the spin-lattice relaxation, and the echo decay
were obtained using a home-built spectrometer in a field
83 kG with H0ic. Note that the spectra of the central tra
sition (1 1

2 ↔2 1
2 ) of both the apical and the planar O sit

overlap, complicating the interpretation of the spectra a
relaxation data. Note that since the planar 1/T1 is much faster
than the apical 1/T1 one can use a fast repetition rate
separate the contribution from the two sites. However,
found that with this method the high-frequency tail of t
planar spectrum had a significant contribution from the sm
but nonzero signal from the apical site. Consequently,
long tail led to an underestimate of the penetration dep
which essentially determines the overall breadth of the v
tex lattice line shape~Dn}f0 /l2, where f0 is the flux
quantum, andl is the penetration depth!.

We overcome this apical overlap problem by using po
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lation enhanced double resonance25 to resolve the centra
transition spectra of each site individually. Although broa
ened relative to their central transitions, the satellite tran
tions are well resolved because the two sites have diffe
electric-field gradients ~nQ

apical51.155 MHz, hapical50,
nQ

planar50.975 MHz, hplanar50.24!. If the population differ-
ence of the first satellite transition (1 1

2 ↔1 3
2 ) is first in-

verted, the central transition population difference will
enhanced. By then taking the difference between the po
lation enhanced spectra and the single resonance spectra
can resolve each site and measure the relaxation rates
rately. Data were taken fromTc down to 5 K. Above 60 K,
the spectra were obtained by taking the Fourier transform
the echo, for a fixed satellite inversion frequency. Below
K, point by point spectra were obtained by sweeping both
satellite and central transition frequencies, maintaining
constant frequency difference. Below the vortex lattice me
ing temperature@approximately 70 K~Ref. 22!# the spectra
indicate that the vortices form a well ordered solid lattic
The inset of Fig. 1 shows the evolution of the spectra fro
the normal state down to 5 K. The full vortex lattice lin
shape is not visible except for temperatures below 70
Above this temperature, Reyeset al. observed a complicated
line shape which they interpreted as a combination of b
frozen as well as mobile vortices. It is not clear whether t
represents a phase transition~which should occur only at a
specific temperature!, the observation of an inhomogeneo
distribution of flux lattices with a range of melting temper
tures, or a combination of both apical and planar sites. N
that the temperature dependent spin shift gradually vanis
below Tc , reflecting the singlet pairing in the supercondu
ing state.

We calculate the spectra at low temperature by appro
mating the local field with the London result,

FIG. 1. The planar17O NMR spectrum of the central transitio
at 20 K ~d!. The dashed line is the theoretical spectrum, and
solid line is a fit to the convoluted expression usings515 G, as
described in the text. The theoretical spectrum has been adjuste
that it has the same area as the convoluted spectrum. Inset
evolution of the planar~dark shading! and apical~no shading! spec-
tra with temperature.
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h~r !5H0 (
m,n

e2Qmn
2 j2/2eiQmn•r

11l2Qmn
2 , ~1!

where the summation is over the reciprocal lattice vector
a triangular lattice. The expression for the local field us
here includes a cutoff at low wavelengths.26,27 Herej is the
coherence length,H0 is the applied field,

Qm,n5S 2p2H0

)f0
D 1/2

~)n,2m2n!, ~2!

andm andn are integers. The NMR spectrum, determined
the number of nuclei resonating at a particular local field
given by the local-field distribution:

f ~h!5E
V

d@h~r !2h#d2r , ~3!

whereV is the unit cell. The theoretical spectrum was th
convoluted with a Gaussian broadening function, given
f (x)5e2x2/2s2

, wheres was varied, andj andl were fixed
at 15 and 1600 Å, respectively. Figure 1 shows the spectr
20 K, and compares the data with a calculation for the cen
transition. The value of 1600 Å for the penetration dep
agrees with other measurements.28 Note that the low-field
~frequency! part of the spectrum corresponds to nuclei
from the vortex cores, the high-field part corresponds to
clei close to the cores, and the peak in the spectrum co
sponds to nuclei near the saddle points in the local-field
tribution.

The spin-lattice relaxation data were obtained by mea
ing single resonance echo integrals on the satellite trans
to eliminate baseline signal from the apex and chain oxy
sites. The magnetization recovery data fit the expec
normal-modes recovery function for a spin-5

2 nucleus under-
going magnetic relaxation. The satellite spectrum has po
resolution than the central transition, however the vortex
tice line shape remains well defined. The excitation ba
width at the central transition~see Fig. 1! of H1;10 kHz was
significantly smaller than the linewidth. The spin-lattice r
laxation rate versus frequency~or local field! is shown in
Fig. 2 for a series of temperatures. Note that 1/T1 increases
by a factor of about 2 to 3 across the spectra for all temp
tures and for both sites. At 40 K, the spin-lattice relaxat
was measured using the population enhanced double r
nance by varying the timet between the inversion pulse o
the satellite and the echo sequence on the central trans
using the following pulse sequence: (p)sat-t-(p/2)cen-t-
(p)cen-echo. The magnetization enhancement of the cen

transition is then given by: M (t)5M0 ( 25
21 e215t/T1

- 2
15 e26t/T1- 2

35 e2t/T1).
Note that the planar site spectra in the normal state~see

the inset of Fig. 1! reveal a low-frequency temperatur
dependent tail, which may be an indication of doping inh
mogeneity in the sample. When YBa2Cu3O7 is isotopically
enriched with 17O, sample doping homogeneity can b
degraded.29 Evidence for a slight inhomogeneity can also
seen in both the Cu NQR spectrum and the diamagnetic
sponse atTc measured by dc superconducting quantum
terference device, both of which are broadened relative
f
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nonenriched materials.23 The effect of this doping inhomo
geneity on the relaxation rate in the vortex state should
minimal since the differences in magnetic shifts go to zero
the relevant temperatures for the experiments. Furtherm
the doping dependence ofT1 also vanishes at low
temperatures;30 at 47 K, 17T1

21 for YBa2Cu3O6.96 is only
7–8% greater than17T1

21 for YBa2Cu3O6.67. The T1 varia-
tion across the vortex line is two orders of magnitude grea
and is likely unrelated to the doping inhomogeneity.

The spin-echo decay was measured on the central tra
tion by keepingt fixed and varyingt. The data were well
approximated by an exponential over one and a half deca
and were fit to the formM (2t)5M0e22t/T2. The frequency
dependences of 1/T2 for both sites are shown in Fig. 3 for
series of temperatures. At the peak in the spectrum, the m

FIG. 2. The planar oxygen spin-lattice relaxation rate as a fu
tion of frequency across the satellite transition. The solid lines
guides to the eye, and the error is represented by the data p
sizes. The shaded region is the spectrum at 40 K.

FIG. 3. The planar spin-echo decay rate across the central
sition. The solid lines are guides to the eye. The shaded area i
spectrum at 10 K. The error is represented by the size of the
points. Inset: the temperature dependence of 1/T2 for both the pla-
nar~d! and apical~s! sites, as well aŝhz

2& andtc , as discussed in
the text.
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nitude of the planar 1/T2 is of the same order~about 25–30%
greater! as reported by Recchiaet al.31 We likewise observe
a peak in the echo decay rate at approximately 30 K for b
sites. The temperature dependence of the 1/T2 is shown in
the inset of Fig. 3 for both sites at the peak in the spec
Figure 4 shows the O echo decay rate data versus freque
in which the data have been scaled at all temperature
indicate the similar local-field dependence.

DISCUSSION

The local-field dependence of 1/T1 and 1/T2 is striking,
and seems to indicate a strong influence of the vortex latt
We first discuss the echo decay data. In the normal s
Recchiaet al.31 found that the mechanism for the echo dec
of the planar oxygen arises from fluctuating local dipo
~direct and indirect! fields at the oxygen site from th
nearest-neighbor copper nuclei, which undergo fast nucl
spin fluctuations. Thus the O echo decay is entirely de
mined by the CuT1 in the normal state. However, in th
superconducting mixed state there is a second decay me
nism that is much faster than that which the CuT1 mecha-
nism predicts. Due to the particular frequency dependenc
1/T2 seen in Fig. 3 one might conclude that motion of t
vortex lattice is in fact the cause of the extra relaxation
low the melting temperature. In fact, the similar behavior
both the apical and planar sites supports this hypothe
since the local vortex lattice motion should produce the sa
time-dependent field at both sites.

In order to estimate the effect of vortex lattice motion
the echo decay, we assume that the extra relaxation a
from a fluctuating fieldhz(t) with a correlation function

^hz~ t !hz~0!&5^hz
2&e2t/tc. ~4!

Then, in the limit oftc!t, the time of the spin-echo exper
ment, the decay is exponential with time constant

1

T2
517g2^hz

2&tc . ~5!

FIG. 4. The scaled echo decay rates of the planar site.
symbols are the same as in Fig. 3. The 1/T2 scaling factor ratios are
~in descending temperatures! 4:3:5:9:9:10. The solid line is the the
oretical 1/T2 distribution as discussed in the text.
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Let us postulate that the fluctuations arise from some col
tive motion of the vortex lattice. At nonzero temperatures
vibrational modes of the vortex lattice can be thermally e
cited in much the same manner as the phonon modes
crystal lattice. The three principle modes that can be exc
consist of a shear wave, a tilt wave, and a compression w
of the lattice, however, compression modes usually h
much higher frequencies than the other two. Bulaevs
et al.33 have discussed these vibrations for an unpinned
tice. They show that the maximum frequencies of the sh
and tilt waves are vs'H0f0/16pl2h and v t

'f0
2/32pl4h, respectively, whereh is the Bardeen-Stepha

constant which represents a drag term acting on a mov
vortex. For conventional superconductors,h is given byh
5f0

2/2pj2rnc2, where rn is the normal-state resistivity
Thus for the typical parameters in the experiment~H0
583 kG, rn;100uV cm!, ts51/vs;10212sec and t t
51/v t;10210sec.

Furthermore, Bulaevskiiet al. point out that the vortices
undergo overdamped motion, with a correlation functi
given by

^s2~ t !&5s0
2 kBT

«s,t
e2t/ts,t, ~6!

where^s2& is the mean-squared displacement of a vortex,s0
2

is a constant, and«s,t is the elastic energy of the particula
mode. The local-field fluctuation can be approximated
^hz

2(r )&'u¹h(r )•s(r )u2, where s(r ) is the local displace-
ment vector of the vortex lattice atr . Assuming a common
correlation time for all points in the lattice, i.e.,

tc5ts,t , ~7!

and thats(r ) varies in space with wavelengths large com
pared with the intervortex spacingL ~L;170 Å at 83 kG!
@note, however, that the magnitude ofs(r ) itself must remain
small#, this leads one to the conclusion that

^hz
2&}u¹h~r !u2T. ~8!

The frequency dependence of 1/T2 across the vortex lattice
line shape should then be given approximately byu¹h(r )u2
versusgh(r ).

Figure 4 compares theT2 distribution calculated in this
manner with the experimental data. The calculated 1/T2 dis-
tribution has been convoluted with the same Gaussian bro
ening function which was used to fit the spectrum. Note t
the decrease in 1/T2 at the upper end of the spectrum aris
from the vanishing gradient of the local field at the cores
the model taken in Eq.~1!. The data have all been scaled
fall along the same line, and exhibit a trend similar to t
theoretical prediction. However, they do not vanish at lo
frequencies as the theory would predict. If the vortex latt
underwent displacements~perpendicular to the axis of th
core! with wavelengths (lV) large with respect toL, then the
local-field fluctuations would vanish for points close to t
saddle point of the local-field distribution. The saddle po
corresponds to the peak at low frequency in the vortex lat
line shape. If, on the other hand, there are displacem
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such thatlV;L, then the local field fluctuations need n
vanish at the saddle points. The data seem to support
latter picture.

It is interesting to note that in order to explain the ma
nitude of 1/T2 using the values given above forts,t one
requires a fluctuating fieldhz;105 G, which is unphysical.
One explanation is thath is significantly larger in a pinned
vortex lattice. Furthermore, one might expect that the eff
tive viscosity in a pinned lattice would increase with decre
ing temperature, as fewer and fewer vortices have eno
thermal energy to overcome the pinning energies. This le
to a natural explanation of the peak in 1/T2 at 30 K, sincehz

2

decreases with decreasing temperature andtc}h increases
with decreasing temperature. Therefore the product of th
two functions could have a peak at some intermediate t
perature. Furthermore, combining Eqs.~5!–~8!, we find the
temperature dependence oftc is given by

tc;1/T2T. ~9!

We show the temperature dependence ofhz
2 and tc calcu-

lated in this manner in the inset of Fig. 3. Note that f
physically reasonable fluctuating fields~on the order of 1 G!,
one requirestc;1026 sec, or thath is some four to five
orders of magnitude greater in the pinned lattice. Recc
et al. reached a similar conclusion, in which they find th
the vortex motion near the melting temperature appears t
six orders of magnitude slower than predictions from n
merical simulations on an unpinned lattice.31

Note, however, that the peak in 1/T2 at 30 K may be
unrelated to the vortex lattice motion. AT2 peak for Cu in
zero field has been observed by various authors and
recently related to a charge ordering transition.32 Low-
frequency fluctuations in the local electric-field gradie
could contribute to theT2 of both the planar and apical oxy
gens, and would be independent of local position in the v
tex lattice.

We now turn to the analysis of the spin-lattice relaxati
data. In general the oxygen spin-lattice relaxation rate
composed of a contribution from vortex motion and a co
tribution from scattering from quasiparticles:

1

T1,expt
5

1

T1,qps
1

1

T1,vm
. ~10!

It is useful to compare theT1 of the oxygen with theT1 of
the copper. If there is a contribution due to vortex motio
then the ratio of these contributions should be given
63T1,vm

21 /17T1,vm
21 5(63g/17g)253.82. The experimental ratio a

low temperature is 10 at 83 kG.23,24 This means that there
must be a significant quasiparticle contribution to theT1 of
the Cu, and possibly to the O. In a similar manner, if theT1’s
of the two oxygen sites are determined by vortex fluct
tions, then theirT1’s should be the same. So in the tempe
ture range where they differ substantially, the O with t
fasterT1 cannot be dominated by the vortex vibrations. E
amination of Fig. 5 shows that above 25 K, the planar OT1
is substantially faster than that of the apical and has a dif
ent temperature dependence~T3 rather thanT!. Therefore its
T1 cannot be due to vortex vibrations in this temperat
range. Below 25 K, theT1’s still differ by a factor of 2.5, but
bothT1’s have the same linear temperature dependence.
he
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sibly the relaxation at the planar site is still not entirely fro
vortex vibrations, but we cannot be as sure that the facto
2.5 does not arise because at the microscopic level there
small difference in fluctuating vortex fields at the planar a
apical sites.

If the T1 of the O is entirely determined by vortex motion
then we have2

1

T1,vm
5g2h'

2 tc

11vL
2tc

2 , ~11!

wherevL is the Larmor frequency andh' is the fluctuating
field ~proportional toT! in the perpendicular direction. Note
however, that vortex vibrations are likely to strongly affe
the fluctuating field along the static field direction (hz), but
not the perpendicular fluctuating field (h'). Therefore one
would expectT1 to be less sensitive to vortex vibrations tha
T2 . Let us consider the casevLtc!1. Then 1/T1

5g2h'
2 tc , which is identical to the form forT2 , except for

the amplitude of the fluctuating field in the perpendicu
direction. However, this amplitude should have the sa
temperature dependence as the longitudinal field, and he
1/T1 and 1/T2 should have identical temperature depe
dences. Examination of the insert in Fig. 5 shows that th
do not, and so if 1/T1 arises entirely from vortex vibrations
tc@1/vL and 1/T1'g2h'

2 /vL
2tc;T/tc . These expression

should hold true from 40 K down. Note that estimates of t
magnitude of 1/T2 also support this conclusion. Furthermor
for sufficiently largetc;1/ghz , T25tc . This suggests tha
the peak in 1/T2 at 30 K occurs when this condition is me
Therefore above 30 K,T1T2;T22 is independent oftc , and
below 30 K,T2 /T1;T is independent oftc . These quanti-
ties are shown in the inset of Fig. 5. The relations appea
hold for the apical O, but not for the planar O above 25 K.
Fig. 5 we show the temperature dependence of 1/T1 for both
sites at the peak intensity of the absorption curves. Note
T1,planar

21 ;T3 for T*25 K; below this temperatureT1,planar
21

FIG. 5. 1/T1 versusT for the planar~d! and the apical~s! sites
at the peak frequencies in their respective spectra. Inset:~left panel!
T2 /T1 versusT, and~right panel! T1T2 versusT22.
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;T. On the other hand,T1,apical
21 ;T over the entire tempera

ture range. For vortex lattice motion, one might expec
linear temperature dependence sinceh'

2 ;T, however, for an
electronic mechanism aT3 dependence is expected. Ther
fore the data seem to suggest that the spin-lattice relaxa
of the apical O is dominated primarily by vortex lattice m
tion, whereas for 25&T&70 K, the spin-lattice relaxation o
the planar O is dominated by an electronic mechanism.
are not sure what the mechanism is for the planar O
temperatures below 25 K.

Let us consider the term arising from scattering with t
quasiparticles. In the absence of a field, the energy of a q
siparticle excitation in the BCS framework is

Ek5A«k
21Dk

2, ~12!

where «k is the quasiparticle energy in the normal sta
However, in the presence of a supercurrent this spectru
modified by a Doppler shift term:26

Ek5A«k
21Dk

21\kF•vs , ~13!

where ys is the supercurrent velocity andkF is the Fermi
wave vector. In a superconductor with an isotropic gap,
term is unimportant except when the supercurrent is clos
the critical current. However, in a superconductor with lin
of nodes in the gap the Doppler shift term becomes imp
tant for kF close to the gap nodes, in which caseN(0)
;ys(r ).16 Roughly, one would expect then that 1/T1,qps

;ys
2(r ). In the mixed stateys circulates around the vortices

Thus 1/T1 should have the same periodicity, with a max
mum close to the vortex cores, and a minimum for points
from the cores.

Note, however, it is important to take into account t
relative magnitudes of~i! kBT, ~ii ! the Zeeman energy of th
scattered quasiparticle, and~iii ! the Doppler-shift term,
which varies with position in the vortex lattice. As a resu

FIG. 6. The spin-lattice relaxation rate distribution. The da
points~d! are the planarT1

21 data points at 40 K measured on th
central transition using the population enhancement techniqu
described in the text, and the solid line is the calculatedvs

2 distri-
bution, convoluted with a broadening function with widths
515 G.
a

-
on

e
r

a-

.
is

is
to
s
r-

r

theoretical expressions for the quasiparticle contribution
1/T1 can be quite complex. Wortis, Berlinsky, and Kall
have calculated the quasiparticle and vortex motion con
butions to the CuT1 .34 Also, Morr, and Wortis35 have cal-
culated the CuT1 using a spin-fermion, strong-couplin
model. Concurrently, Takigawa, Ichioka, and Machida36

have determined the position dependent local density
states andT1 by solving the Bogoliubov–de Gennes equ
tion. In all theoretical treatments, the CuT1 increases for
points close to the vortex cores, as seen experimentally.
liminary calculations for the OT1 indicate a similar position
dependence.37

For concreteness, we estimate the frequency depend
of 1/T1 for the O by assuming that 1/T1,qps}ys

2, and

ys
25~Js /nse!25S c

4pnse
D 2

u¹3h~r !u2, ~14!

where ns is the superconducting condensate density. T
the frequency dependence of 1/T1 should be given approxi-
mately byys

2(r ) versusgh(r ). This distribution is shown in
Fig. 6 for a system using the same parameters as used
the spectrum, and compared with theT1 data at 5 K. The
density ns was estimated using the relationl25mc2/
4pnse

2, wherem is the electron mass, ande is the electron
charge. The decrease in theys

2 distribution at high frequency
reflects the vanishing of the curl of the local field in th
model taken in Eq.~1!. Note that the quasiparticle contribu
tion to 1/T1 of a superconductor with an isotropic gap, on t
other hand, would have no local-field dependence.

A further prediction of the theory is that 1/T1 should con-
tain a term proportional toys

2T at low temperatures in addi
tion to theT3 term expected in zero applied field.35 ~Note
that by symmetry one can exclude terms linear and cubi
ys .! At low temperatures, then, 1/T1T should become inde
pendent ofT for points close to the vortex cores whereys is

as FIG. 7. 1/T1T versusT and~Inset! 1/T1 versusT for four points
across the vortex lattice spectrum. For frequencies at which no
points exist, smoothly interpolated values were used. The solid l
are best fits to the data in the range 20,T,40 K.
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largest but have aT2 dependence far from the core. Figure
shows the temperature dependence of 1/T1T for various
points across the vortex lattice spectrum. Note that for
,T,40 K, where the electronic mechanism dominat
1/T1T varies strongly withT at lower frequencies but ap
proaches a constant value at higher frequencies, as expe

CONCLUSIONS

In the mixed state of YBa2Cu3O7, we find that the planar
and apical17O spin-lattice relaxation rate and the spin-ec
decay rate are spatially dependent with the period of
vortex lattice. Both 1/T1 and 1/T2 increase by a factor of 2 to
3 for nuclei close to the vortex cores. We interpret the ec
decay of both nuclei as arising from fluctuating fields fro
vibrations of the vortex lattice with displacement wav
lengths lV,L, and correlation times on the order o
1026 sec. Estimates for the correlation time of an unpinn
vortex lattice, however, are four to six orders of magnitu
faster. The discrepancy may be understood if one conclu
that the drag termh acting on a moving vortex in apinned
lattice is four orders of magnitude greater than estima
-

0
,

ted.

o
e

o

-

d
e
es

s

based on the Bardeen-Stephan constant. The spin-lattic
laxation rate of the apical O is dominated by vortex latti
motion. Above 25 K, the spin-lattice relaxation of the plan
O is dominated by an electronic contribution, whose loc
field dependence agrees qualitatively with the effect
pected for spin-flip scattering with delocalized quasipartic
outside of the vortex cores.
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