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We find that the planar and apicdlD NMR spin-lattice relaxation rate (I{) and the spin-echo decay rate
(1/T,) are spatially dependent in the mixed state of ¥B&O,. For both sites, T/, and 1T, 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 T{ for both sites belowT=25K. Above this temperature, the planafTl/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.

INTRODUCTION and Matricorf where they point out that for an isotropically
gapped superconductor there are bound states within the vor-
Nuclear-spin-lattice relaxation is an important probe oftex cores with energiegwith respect toEg) E, wl €2,
the behavior of quasiparticle excitations in conductors andvhere the states have orbital angular momengufimandé is
superconductors? Strong magnetic fields or electric-field the coherence length, or the effective core radius. These
gradients can lift the degeneracy of the nuclear-spin statestates give a contributioN,,c,ji,ed 0)=NgH/H, to the den-
which then become populated according to the Boltzmansity of quasiparticle states at the Fermi le¥@lo our knowl-
distribution. Magnetic resonance techniqudViR, NQR) edge, there have been no NMR measurements of this effect,
can perturb this equilibrium population distribution; by ob- however, indirect evidence for such states has been observed
serving the time dependence of the recovery of the nuclean conventional superconductors by surface imped2rared
magnetization one can measure the spin-lattice relaxatiomeat-capacit}} measurements. Also, these states have been
which is dominated in these systems by spin-flip scatteringbserved recently using infrared absorpttérand more di-
with the electrons. The only electronic states available forectly using scanning tunneling microscolyThe effects of
such processes are those close to the Fermi surface. Tpeoperty (ii), on the other hand, should be absent for
spin-lattice relaxation rate T{=N(0)?, whereN(0) is the  YBa,Cu;O, and other HTSC’s because the coherence length
density of states at the Fermi level. Therefor&,lis sensi- in these materials is one to two orders of magnitude smaller
tive to processes which affect the Fermi surface, such as th@an in the traditional BCS-wave superconductors, and thus
development of a superconducting gap in a supercon- there are many fewer statég) such thatE,<Ay. This
ductor. In fact, measurements ofT1/provided some of the observation is supported by scanning tunneling microscope
first support of the BCS theoryand more recently gave measurements on YB@u,O, which indicate that in a field
evidence thatd, has nodes irk space in a variety of the of ~6 T there are only two states localized within the vortex

high-temperature superconductdfs. corest* Theoretical work also indicates that there should be
Measurements of T4 in the mixed state H.,<H few, if any states within the core of &:wave vortext®
<H,,) of the high-temperature superconduct@rSC'’s) The quasiparticle states associated with propéiity are

have also provided evidence for nodes in the superconductelated to thel-wave nature of the vortices and have received
ing gap>~’ However, in the mixed state the vortices can haveattention recently because they should exist in the HTSC's.
a profound influence on the spin-lattice relaxation, compli-In an isotropically gapped superconductor this effect should
cating the interpretation of Tf. Specifically, there are three be absent since there are no quasiparticle states with energies
properties of the vortices which can affecTi! (i) vortex in the gapped region outside the vortex cores. ldaave
motion, which creates a time-dependent field at the nucleasuperconductor, howeved, vanishes fork,= +k,. Also,

site, (ii) an increase iMN(0) due to quasiparticle statés-  for a strongly anisotropic-wave superconductor, the gap
calizedwithin the vortex cores, andii) an increase ifN(0) may vanish for selected points ik space. Consequently
due to delocalizedquasiparticle states outside the vortexthere is no energy gap for quasiparticle states outside the
cores for superconductors whekg vanishes for some points core associated with these directionkispace. In the pres-

in k space, such as ing&wave superconductor. Propeiy  ence of a supercurrent, the quasiparticle spectrum is modified
and its effect on I/, has been well documented in a numberby a Doppler-shift term proportional ta,, the supercurrent

of conventional and high-temperature superconductors. Theelocity, and as a result the density of states at the Fermi
quasiparticle states within the vortex cores referred to idevel acquires a term which is also proportionakto® The
property(ii) were studied theoretically by Caroli, de Gennes,spatial extent of these states are complicdtet Ref. 1Y,
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however, Volovik has shown that NygocaizedO)
«NgVH/H,.'® A series of heat-capacity measurements on
YBa,Cu;O; have provided support for this unusual field
dependenc&®19-2

In this paper we present evidence for nuclear-spin-lattice
relaxation associated with these unusual quasiparticle states.
Measurements of the O spin-lattice relaxation in a vortex
lattice in YBaCusO; indicate that the dominant relaxation
mechanism is electronic in nature. Recent work by Reyes
et al. indicates that the spectrum of thé central transition
in YBa,CuzO; exhibits the theoretical local-field distribution
in a vortex lattice’? We confirm this result for both the api-
cal and planar sites, and measur&,lacross the spectrum
for temperatures well below the vortex lattice melting point,
taking advantage of the spectral resolution to measurg 1/
selectively at different local fielda (=v/y, wherev is the L I I I T
Larmo_r frequ_ency andy_ is t_he gyromagneti_c rat}oco_rre- 47.75 4780 4785 F‘gioencxﬁaz)"’&oo 48.05 4810
sponding to different points in the vortex lattice. We find that
1/T, increases by a factor of 2 to 3 for points close to the FIG. 1. The planat’O NMR spectrum of the central transition
vortex coregat the maxima in the local fieJd&compared with  at 20 K (®). The dashed line is the theoretical spectrum, and the
points far from the core&t the saddle points and minima of solid line is a fit to the convoluted expression using15G, as
the local field. The local field dependence ofTl/ agrees described in the text. The theoretical spectrum has been adjusted so
with a model in which the local density of states is propor_that it has the same area as the convoluted spectrum. Inset: the
tional to the local supercurrent velocity. However, similar evolution of the planafdark shadingand apicalno shading spec-
field dependences are also expected for a mechanism invollf2& with temperature.
ing vortex lattice vibrations. In order to distinguish what

fraction of the oxygen relaxation rate arises from vortex Vvi-|ation enhanced double resonaficéo resolve the central
brations[property (i)] and from delocalized quasiparticles transition spectra of each site individually. Although broad-
[property (iii )], we compare the temperature dependence ofned relative to their central transitions, the satellite transi-

both sites at various spatial regions surrounding the vortexons are well resolved because the two sites have different
. = 25K, the planar I, is dominated by propert . : ical__ i
cores. FoiT P 1 Y PIOPErty glectric-field ~ gradients (vgy'““=1.155 MHz, piPica= o,

(iii ), whereas the apical T{ is dominated by propertgi) at V%lanar: 0.975MHz, 7P2=0 24). If the population differ-

all temperatures. ) . . e
We glso report data on the echo decay ratd@ {LAcross ence of the first satellite transitiont+G — + 2) is first in-
verted, the central transition population difference will be

the spectrum, and find thatTL/ is similar in magnitude for

both sites, and increases by about a factor of 2 to 3 across tif@hanced. By then taking the difference between the popu-
local-field distribution. These data agree with a model offation enhanced spectra and the single resonance spectra, one

collective vortex vibration with wavelength shorter than theCan resolve each site and measure the relaxation rates sepa-
intervortex spacing. rately. Data were taken frofi; down to 5 K. Above 60 K,

the spectra were obtained by taking the Fourier transform of
EXPERIMENT the epho, for a fixed satellite inver_sion frequency. Below 60
K, point by point spectra were obtained by sweeping both the
The NMR data were obtained on an aligned powder ofsatellite and central transition frequencies, maintaining a
optimally doped YBaCuwO; (T.=93 K) which was isotopi- constant frequency difference. Below the vortex lattice melt-
cally enriched with'’O as described in Refs. 23 and 24. Theing temperaturgapproximately 70 K(Ref. 23] the spectra
spectra, the spin-lattice relaxation, and the echo decay daiadicate that the vortices form a well ordered solid lattice.
were obtained using a home-built spectrometer in a field offhe inset of Fig. 1 shows the evolution of the spectra from
83 kG with Hgllc. Note that the spectra of the central tran- the normal state down to 5 K. The full vortex lattice line
sition (+ 3+« —3) of both the apical and the planar O sites shape is not visible except for temperatures below 70 K.
overlap, complicating the interpretation of the spectra andAbove this temperature, Reyesal. observed a complicated
relaxation data. Note that since the plandr,lis much faster line shape which they interpreted as a combination of both
than the apical I7; one can use a fast repetition rate to frozen as well as mobile vortices. It is not clear whether this
separate the contribution from the two sites. However, weepresents a phase transitimhich should occur only at a
found that with this method the high-frequency tail of the specific temperatujethe observation of an inhomogeneous
planar spectrum had a significant contribution from the smalbistribution of flux lattices with a range of melting tempera-
but nonzero signal from the apical site. Consequently, thisures, or a combination of both apical and planar sites. Note
long tail led to an underestimate of the penetration depththat the temperature dependent spin shift gradually vanishes
which essentially determines the overall breadth of the vorbelow T, reflecting the singlet pairing in the superconduct-
tex lattice line shapgAv=¢y/\2, where ¢, is the flux ing state.
guantum, and\ is the penetration depth We calculate the spectra at low temperature by approxi-
We overcome this apical overlap problem by using popu-mating the local field with the London result,
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2 e—Qann.lezeian»r 25
h(r)=H - 1 40K
(N=Ho 2 — a7 M
2.0
where the summation is over the reciprocal lattice vectors of
a triangular lattice. The expression for the local field used —
here includes a cutoff at low wavelengts’ Here ¢ is the g 157
coherence lengttH is the applied field, _ > 30K
|_
) 2 1.0 -
27T HO 20K
Qmn= 7 (v3n,2m—n), (2)
$o 0.5~ a 10K
andm andn are integers. The NMR spectrum, determined by 5K
the number of nuclei resonating at a particular local field, is 0.0 - . . e
given by the local-field distribution: 48.20 48.25 48.30 48.35
Frequency (MHz)

f(h)=JQ5[h(r)—h]d2r, (3

FIG. 2. The planar oxygen spin-lattice relaxation rate as a func-
tion of frequency across the satellite transition. The solid lines are
where() is the unit cell. The theoretical spectrum was thenguides to the eye, and the error is represented by the data point
convoluted with a Gaussian broadening function, given bysizes. The shaded region is the spectrum at 40 K.

f(x) =e‘x2’2"2, whereo was varied, and and\ were fixed

at 15 and 1600 A, respectively. Figure 1 shows the spectra &onenriched materiafS. The effect of this doping inhomo-

20 K, and compares the data with a calculation for the centrageneity on the relaxation rate in the vortex state should be
transition. The value of 1600 A for the penetration depthminimal since the differences in magnetic shifts go to zero at
agrees with other measuremefftd\Note that the low-field the relevant temperatures for the experiments. Furthermore,
(frequency part of the spectrum corresponds to nuclei farthe doping dependence of; also vanishes at low
from the vortex cores, the high-field part corresponds to nutemperatured? at 47 K, 17T1’l for YBa,CuzOg g6 IS ONly

clei close to the cores, and the peak in the spectrum corre?—8% greater thart’T; ! for YBa,CuyOg 67 The T, varia-
sponds to nuclei near the saddle points in the local-field distion across the vortex line is two orders of magnitude greater,
tribution. and is likely unrelated to the doping inhomogeneity.

The spin-lattice relaxation data were obtained by measur- The spin-echo decay was measured on the central transi-
ing single resonance echo integrals on the satellite transitiotion by keepingt fixed and varyingr. The data were well
to eliminate baseline signal from the apex and chain oxyge@approximated by an exponential over one and a half decades,
sites. The magnetization recovery data fit the expectednd were fit to the fornM (27)=Mqe 272, The frequency
normal-modes recovery function for a sgimucleus under- dependences of T4 for both sites are shown in Fig. 3 for a

going magnetic relaxation. The satellite spectrum has pooregeries of temperatures. At the peak in the spectrum, the mag-
resolution than the central transition, however the vortex lat-

tice line shape remains well defined. The excitation band-
width at the central transitiofsee Fig. 1 of H;~10kHz was
significantly smaller than the linewidth. The spin-lattice re-
laxation rate versus frequendgr local field is shown in
Fig. 2 for a series of temperatures. Note that,lihcreases
by a factor of about 2 to 3 across the spectra for all tempera- _~ 1.0
tures and for both sites. At 40 K, the spin-lattice relaxation 3
o

15

T, (10° sec™)
1

0-1= T I I T
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T(K)

nance by varying the timebetween the inversion pulse on =
the satellite and the echo sequence on the central transition '

using the following pulse sequencer)grt-(7/2)cerr 7- ’
(7)cer€Cho. The magnetization enhancement of the central

transition is then given by:M(t)=M, (Ze %N

2 A—6t/T_ 2 o—t/T
- 15e 1- 35e 1) .
Note that the planar site spectra in the normal state

47.9

,,,,,,

48.0

T
48.1

48.2

the inset of Fig. 1 reveal a low-frequency temperature-
dependent tail, which may be an indication of doping inho-

mogeneity in the sample. When YR2u;0; is isotopically FIG. 3. The planar spin-echo decay rate across the central tran-
enriched with 'O, sample doping homogeneity can be sition. The solid lines are guides to the eye. The shaded area is the
degraded? Evidence for a slight inhomogeneity can also bespectrum at 10 K. The error is represented by the size of the data
seen in both the Cu NQR spectrum and the diamagnetic rgyoints. Inset: the temperature dependence ©f fér both the pla-
sponse afl , measured by dc superconducting quantum innar(®) and apicalO) sites, as well a¢h?) and ., as discussed in
terference device, both of which are broadened relative tehe text.

Frequency (MHz)
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2.0 Let us postulate that the fluctuations arise from some collec-
tive motion of the vortex lattice. At nonzero temperatures the
vibrational modes of the vortex lattice can be thermally ex-
cited in much the same manner as the phonon modes of a
crystal lattice. The three principle modes that can be excited
consist of a shear wave, a tilt wave, and a compression wave
of the lattice, however, compression modes usually have
much higher frequencies than the other two. Bulaevskii
et al* have discussed these vibrations for an unpinned lat-
tice. They show that the maximum frequencies of the shear
and tilt waves are ws~Hgpo/16m\%y and o,
~ ¢§/327r)\41;, respectively, where is the Bardeen-Stephan
constant which represents a drag term acting on a moving
0.0 | , vortex. For conventional superconductorsjs given by 7
478 47.9 48.0 48.1 = &2 p,c?, where p, is the normal-state resistivity.
Frequency (MHz) Thus for the typical parameters in the experimeht,
=83kG, p,~100uQcm), 7=1/ws~10 ?sec and 7
FIG. 4. The scaled echo decay rates of the planar site. The- 1/wt~lO’losec.
symbols are the same as in Fig. 3. Th&,lscaling factor ratios are Furthermore, Bulaevskigt al. point out that the vortices

oretical 17, distribution as discussed in the text. given by

1.5

igrad h,1? (G¥/E)
(syun -qre) L

0.5

nitude of the planar T/, is of the same ordgabout 25—-30% T

greatey as reported by Recchiat al®* We likewise observe <52(t)>zsgi e s, (6)

a peak in the echo decay rate at approximately 30 K for both €st

sites. The temperature dependence of thig, 1 shown in N _

the inset of Fig. 3 for both sites at the peak in the spectrawhere(s®) is the mean-squared displacement of a vorsgx,
Figure 4 shows the O echo decay rate data versus frequend§, @ constant, ands; is the elastic energy of the particular
in which the data have been scaled at all temperatures t®ode. The local-field fluctuation can be approximated by

indicate the similar local-field dependence. (hZ(r))=|Vh(r)-(r)|?, wheres(r) is the local displace-
ment vector of the vortex lattice at Assuming a common
DISCUSSION correlation time for all points in the lattice, i.e.,

The local-field dependence ofTl/ and 17, is striking,
and seems to indicate a strong influence of the vortex lattice.

We first diSCaLlJSS the echo decay data. In the normal statgyq thats(r) varies in space with wavelengths large com-
Recchiaet al>* found that the mechanism for the echo decaypared with the intervortex spacirg (L~170A at 83 kG

of the planar oxygen arises from fluctuating local dipolar[note’ however, that the magnitudesgf) itself must remain
(direct and indiredt fields at the oxygen site from the small], this leads one to the conclusion that
nearest-neighbor copper nuclei, which undergo fast nuclear-
spin fluctuations. Thus the O echo decay is entirely deter-
mined by the CuT; in the normal state. However, in the

superconducting mixed state there is a second decay mecha% .
nism that is much faster than that which the Tumecha- The frequency dependence offi/across the vortex lattice

. . - 2
nism predicts. Due to the particular frequency dependence df"€ Shape should then be given approximately| Bi(r)|

1/T, seen in Fig. 3 one might conclude that motion of theVersusYn(r).

vortex lattice is in fact the cause of the extra relaxation be- Figure 4 compares th&; distribution calculated in this
low the melting temperature. In fact, the similar behavior of@nner with the experimental data. The calculateid; Bis-
both the apical and planar sites supports this hypothesiéf'buuon has been convoluted with the same Gaussian broad-

since the local vortex lattice motion should produce the sam&Ning function which was used to fit the spectrum. Note that
time-dependent field at both sites. the decrease in T} at the upper end of the spectrum arises

In order to estimate the effect of vortex lattice motion onfrom the vanishing gradient of the local field at the cores in

the echo decay, we assume that the extra relaxation arisdd model taken in Eq1). The data have all been scaled to

from a fluctuating fielch,(t) with a correlation function fall along the same line, and exhibit a trend similar to the
theoretical prediction. However, they do not vanish at low

(hz(t)hz(0)>=<h§>e‘”%. (4) frequencies as the theory would predict. If the vortex lattice
] o ) ) _underwent displacementperpendicular to the axis of the

Te= Ts,ts (7)

(h2)e<|Vh(n)|?T. (8)

ment, the decay is exponential with time constant local-field fluctuations would vanish for points close to the
1 saddle point of the local-field distribution. The saddle point
- 17y2<h§>rc. (5) corresponds to the peak at low frequency in the vortex lattice

T2 line shape. If, on the other hand, there are displacements
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such that\y~L, then the local field fluctuations need not 03 s
vanish at the saddle points. The data seem to support th o .. 30K * 7
latter picture. 4] ¥ reg ‘

It is interesting to note that in order to explain the mag- 1£°7 : A
nitude of 1T, using the values given above fot, one #1521 g 2
requires a fluctuating fielth,~10° G, which is unphysical. IR N I
One explanation is thap is significantly larger in a pinned g PPNE T T B
vortex lattice. Furthermore, one might expect that the effec-- ] 0 ™ 40 00 04 08 12

4 TK) T2 (x10°K?)

tive viscosity in a pinned lattice would increase with decreas-~— .
ing temperature, as fewer and fewer vortices have enougt+ 2
thermal energy to overcome the pinning energies. This lead:

to a natural explanation of the peak inf3/at 30 K, sincdﬁ 1@ _
decreases with decreasing temperature andy increases *1 e
with decreasing temperature. Therefore the product of thest ‘]
two functions could have a peak at some intermediate tem- ol /T
perature. Furthermore, combining E@S)—(8), we find the
temperature dependence rfis given by 0.01 LA S A A LA S AR ..
1 10 100
T~ 1T,T. 9 T(K)
We show the temperature dependencehf)fand 7 calcu- FIG. 5. 1T, versusT for the planar®) and the apicalO) sites

lated in this manner in the inset of Fig. 3. Note that for 4t the peak frequencies in their respective spectra. Ifieétpane)
physically reasonable fluctuating fieltsn the order of 1 & 1, /T, versusT, and (right pane) T, T, versusT 2.
one requiresr,~10 %sec, or thaty is some four to five
orders of magnitude greater in the pinned lattice. Recchiajply the relaxation at the planar site is still not entirely from
et al. reached a similar conclusion, in which they find thatyortex vibrations, but we cannot be as sure that the factor of
the vortex motion near the melting temperature appears to bg 5 does not arise because at the microscopic level there is a
six orders of magnitude slower than predictions from nu-small difference in fluctuating vortex fields at the planar and
merical simulations on an unpinned lattite. apical sites.

Note, however, that the peak inTl/ at 30 K may be If the T, of the O is entirely determined by vortex motion,
unrelated to the vortex lattice motion. B, peak for Cu in  then we have
zero field has been observed by various authors and was

recently related to a charge ordering transitioriow- 1 Te

frequency fluctuations in the local electric-field gradient T~ yzhfl+—n, (17
could contribute to th&, of both the planar and apical oxy- Lym @L7c

gens, and would be independent of local position in the vor:

tex lattice. wherew, is the Larmor frequency anld, is the fluctuating

. . . . field (proportional toT) in the perpendicular direction. Note,
We now turn to the analysis of the spin-lattice relaxat'or.‘however, that vortex vibrations are likely to strongly affect

data. In general the oxygen spin-lattice relaxation rate iy, ot ating field along the static field direction,), but
composed of a contribution from vortex motion and a con- h dicular fluctuating field (). Therefore one
tribution from scattering from quasiparticles: not the perpen ng : S
would expecfl; to be less sensitive to vortex vibrations than
1 1 1 T,. Let us consider the casev 7.<1. Then 1T,
T =7 + T (10 =y?h? 7, which is identical to the form foll,, except for
Lexpt - Tlgps  Tlvm the amplitude of the fluctuating field in the perpendicular
It is useful to compare th&, of the oxygen with thel; of  direction. However, this amplitude should have the same
the copper. If there is a contribution due to vortex motion,temperature dependence as the longitudinal field, and hence
then the ratio of these contributions should be given byl/T; and 1T, should have identical temperature depen-
63T Lo YT 1 = (8%y/7y)?=3.82. The experimental ratio at dences. Examination of the insert in Fig. 5 shows that they
low temperature is 10 at 83 k&:2* This means that there do not, and so if I, arises entirely from vortex vibrations,
must be a significant quasiparticle contribution to Theof ~ 7c>1l/w_ and 1T,~y?h?/w?r.~T/7.. These expressions
the Cu, and possibly to the O. In a similar manner, ifths  should hold true from 40 K down. Note that estimates of the
of the two oxygen sites are determined by vortex fluctuaimagnitude of IT, also support this conclusion. Furthermore,
tions, then theiiT;’s should be the same. So in the tempera-for sufficiently larger.~1/yh,, T,= .. This suggests that
ture range where they differ substantially, the O with thethe peak in IT, at 30 K occurs when this condition is met.
faster T, cannot be dominated by the vortex vibrations. Ex-Therefore above 30 K[, T,~T~? is independent of,, and
amination of Fig. 5 shows that above 25 K, the planaf{O below 30 K,T,/T,~T is independent of.. These quanti-
is substantially faster than that of the apical and has a differties are shown in the inset of Fig. 5. The relations appear to
ent temperature dependen@@ rather tharl). Therefore its  hold for the apical O, but not for the planar O above 25 K. In
T, cannot be due to vortex vibrations in this temperatureFig. 5 we show the temperature dependence of 1dr both
range. Below 25 K, th&,’s still differ by a factor of 2.5, but ~ sites at the peak intensity of the absorption curves. Note that
bothT,’s have the same linear temperature dependence. Poﬁi;,anap T2 for T=25K; below this temperatur@l’;,‘mr
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FIG. 6. The spin-lattice relaxation rate distribution. The data T (K)
points (@) are the planaﬂ'l’1 data points at 40 K measured on the )
central transition using the population enhancement technique as FIG. 7. 1T, T versusT and(Inseb 1/T, versusT for four points

described in the text, and the solid line is the calculatdiistri- across the vortex lattice spectrum. For frequencies at which no data
bution, convoluted with a broadening function with widia points exist, smoothly interpolated values were used. The solid lines
=15G. are best fits to the data in the range<2D<40 K.

theoretical expressions for the quasiparticle contribution to
a/T1 can be quite complex. Wortis, Berlinsky, and Kallin
have calculated the quasiparticle and vortex motion contri-

~T. On the other handl'i;picapT over the entire tempera-
ture range. For vortex lattice motion, one might expect
linear temperature dependence sihée- T, however, for an : 34 ‘a5
electronic mechanism &° dependence is expected. There- butions to the Cury.* Also, Morr, and Wortié® have cal-

fore the data seem to suggest that the spin-lattice relaxatio?PI?jteld (t:he CuTy lusin_? I?' spin-felrnr:!olrz, strogg—&ou%lficr;g
of the apical O is dominated primarily by vortex lattice mo- model. Concurrently, Takigawa, Ichioka, an acriida

tion, whereas for 28 T<70K, the spin-lattice relaxation of h?\;e detglr_mlged tlh_e ptos't'%n d?_pgnder;t I%cal density of
the planar O is dominated by an electronic mechanism. W ates anadl, by solving theé Bogoiiubov—de ennes equa-

are not sure what the mechanism is for the planar O fo ion. In all theoretical treatments, the Ay increases for
temperatures below 25 K points close to the vortex cores, as seen experimentally. Pre-

Let us consider the term arising from scattering with theI|m|nary calculations for the @', indicate a similar position

7
guasiparticles. In the absence of a field, the energy of a qu lependenc’ .
siparticle excitation in the BCS framework is For concreteness, we estimate the frequency dependence

of 1/T; for the O by assuming that T{ ¢« uﬁ, and
Ek= \/8k+Ak, (12) 2

where g, is the quasiparticle energy in the normal state. v§=(Js/nse)2=(4
However, in the presence of a supercurrent this spectrum is
modified by a Doppler shift terrff where ng is the superconducting condensate density. Thus
the frequency dependence off1/should be given approxi-
Ey= Vet At fike Vs, (13 mately byvZ(r) versusyh(r). This distribution is shown in
where v is the supercurrent velocity arkk is the Fermi  Fig. 6 for a system using the same parameters as used to fit
wave vector. In a superconductor with an isotropic gap, thighe spectrum, and compared with tig data at 5 K. The
term is unimportant except when the supercurrent is close tgensity ng was estimated using the relation®=mc?/
the critical current. However, in a superconductor with lines4mnse’, wheremis the electron mass, ariis the electron
of nodes in the gap the Doppler shift term becomes imporeharge. The decrease in thgdistribution at high frequency
tant for kg close to the gap nodes, in which cakk0) reflects the vanishing of the curl of the local field in the
~vg(r).*® Roughly, one would expect then thatTi,,s model taken in Eq(1). Note that the quasiparticle contribu-
~22(r). In the mixed statey circulates around the vortices. tion to 1/T; of a superconductor with an isotropic gap, on the
Thus 1T, should have the same periodicity, with a maxi- other hand, would have no local-field dependence.
mum close to the vortex cores, and a minimum for points far A further prediction of the theory is thatTl/ should con-
from the cores. tain a term proportional tm:ﬁT at low temperatures in addi-
Note, however, it is important to take into account thetion to the T3 term expected in zero applied field (Note
relative magnitudes df) kgT, (ii) the Zeeman energy of the that by symmetry one can exclude terms linear and cubic in
scattered quasiparticle, andii) the Doppler-shift term, vs.) At low temperatures, then, T{T should become inde-
which varies with position in the vortex lattice. As a result, pendent ofT for points close to the vortex cores whergis

[VXh(n)[?, (14)

mNe
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largest but have @? dependence far from the core. Figure 7 based on the Bardeen-Stephan constant. The spin-lattice re-

shows the temperature dependence of,T/for various laxation rate of the apical O is dominated by vortex lattice

points across the vortex lattice spectrum. Note that for 20notion. Above 25 K, the spin-lattice relaxation of the planar

<T<40K, where the electronic mechanism dominatesO is dominated by an electronic contribution, whose local-

1/T,T varies strongly withT at lower frequencies but ap- field dependence agrees qualitatively with the effect ex-

proaches a constant value at higher frequencies, as expectggcted for spin-flip scattering with delocalized quasiparticles
outside of the vortex cores.

CONCLUSIONS
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