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I. INTRODUCTION

Charge-transfer salts based on the BEDT-TTF~hereafter
ET! molecule display a variety of ground-state phenomena,
including superconductivity and weak ferromagnetism. The
ET-based organic superconductor with the highest supercon-
ducting transition temperature at ambient pressure is
k-~ET! 2Cu@N~CN! 2#Br (Tc511.6 K!. This salt has a layered
structure and quasi-two-dimensional~2D! electronic conduc-
tion, and experimentally has much in common with the high-
Tc superconductors.

We have used13C NMR to extend our study of the nor-
mal and superconducting states ofk-~ET! 2Cu@N~CN! 2#Br.
In our earlier paper1 and also in the works of Mayaffreet al.2

and Kawamotoet al.,3 it was demonstrated that the tempera-
ture dependence of the spin-lattice relaxation rate indicates
that the normal state is not that of a simple metal; instead,
strong antiferromagnetic~AF! correlations are present. The
AF order found ink-~ET! 2Cu@N~CN! 2#Br is not surprising
because the isostructural saltk-~ET! 2Cu@N~CN! 2#Cl also
has strong AF correlations and actually undergoes a transi-
tion to an insulating magnetic state near 27 K. In the super-
conducting state ofk-~ET! 2Cu@N~CN! 2#Br we found that
the orbital pairing was not the conventional isotropic
s-wave state. Instead, we concluded that there must be nodes
~or near nodes! in the gap, as found ind-wave or highly
anisotropics-wave-type pairing states.

In this paper, we report13C NMR line position, linewidth,
and spin-spin relaxation timeT2 studies in an aligned single
crystal (;2 mg! of k-~ET! 2Cu@N~CN! 2#Br for a wide tem-
perature range 2<T<300 K and use them~see below! to
gain further insight into this complex system. We believe it
will be helpful to the reader to realize that the work pre-
sented in Ref. 1 and the present paper are strongly interre-
lated. Since Ref. 1 was originally submitted to Physical Re-
view Letters, it had to satisfy length constraints, forcing us to
omit significant results. The present paper provides them.
We summarize the key results of Ref. 1 below. However, the
present paper may be better appreciated if the reader also
reads our earlier paper, and indeed also reads our paper on

1H NMR in this system.4 In addition to our results on the
superconducting pairing state, other important results of Ref.
1 were measurements of the line position, linewidth, and
spin-lattice relaxation timeT1 of the two 13C nonequivalent
sites ~see below!. These showed that very complicated
changes took place as one lowered the temperature from 300
K. Below 150 K, the13C lines broadened suddenly. Below
50 K the Knight shift dropped precipitously, the product
T1T rose rapidly, and certain differences in the two sites
became greater. We argued that the data suggested that over
the entire temperature range there were magnetic fluctuations
which displayed antiferromagnetic correlations but that they
became substantially greater below 150 K. We discussed fea-
tures of our data which suggested that the transition at 150 K
involved a spin-density wave. Unfortunately, there are many
features of the complex NMR properties which at this time
we do not fully understand. For example, we do not have an
explanation for the drop in Knight shift below 50 K. It is
reminiscent of the ‘‘spin-gap’’ phenomena in the cuprate su-
perconductors whose origin is one of the current unsolved
mysteries of those systems. We are not able to give a detailed
description of the postulated spin-density wave.

In the present paper, we present the material we could not
include in Ref. 1. We believe it further limits possible expla-
nations, but there is a great deal which still cannot be settled
definitively.

The major NMR topics we discuss in the present paper
are ~1! the angular dependence of the NMR spectrum, and
how we use it to assign the NMR lines to the two inequiva-
lent 13C sites;~2! the NMR linewidth in the superconducting
states at low enough magnetic fields to reduce the spin-
density-wave line broadening greatly, and what we expect it
to be in terms of the superconducting penetration depth;~3!
the transverse relaxation timeT2, and what it tells us about
the dynamic of the~spin-wave! transition which occur at 150
K.

The measurements have been performed at 8.3 T in an
Oxford superconducting magnet, and at 0.6 T in a Varian
electromagnet utilizing a Carr-Purcell sequence~40 spin-
echo-train! to enhance the poor signal-to-noise ratio in low
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field. The sample holder has been machined from Macor, a
carbon-free ceramic. A special two-axis goniometer probe
was constructed with which the single crystal could be
aligned at any orientation with respect to the applied mag-
netic field. The line shapes were obtained through the fast-
Fourier transformation of either a 90x-180x ordinary spin
echo, or a blinking Pi free induction decay~0-twait-90x ADD,
180x-twait-90x SUB!, wheretwait satisfiesT2*!twait!T1; typi-
cal values aretwait'2 ms. ForT2 measurements, the echo
intensity as a function of the delay timet/2 between the 90
and 180 pulses~90-t/2-180-t/2-echo! was measured.

Although the present paper is focused on NMR experi-
mental results, none of this work would be possible without
the samples, which are single crystals with13C atoms in-
serted at the two central C positions. The preparation of these
samples is a crucial part of the work. It is described in Ref. 5.

II. IDENTIFICATION OF THE RESONANCE LINES

A. The crystal structure

The quasi-2D crystal structure ofk-~ET! 2Cu@N~CN!2#Br
is orthorhombic~axesa, b, c) with conducting cation layers
composed of pairs of ET molecules forming thea-c plane.
These conducting layers are spaced at;15 Å intervals along
theb axis, sandwiched between insulating anion layers com-
posed of$Cu@N~CN! 2#Br%` polymeric chains. The orienta-
tion of the~ET! 2 pairs in the plane above the anion plane is
the mirror image~in theac plane! of the ~ET! 2 pairs in the
plane below the anion plane. In our sample, the central two
carbon atoms of the ET molecule have been labeled with the
NMR-active isotope 13C (I51/2, 1.1% nat. abundance!
while the rest of the carbon sites remain natural abundance.
In the k phase of ET salts, the ET molecules are paired
face-to-face in dimers~Fig. 1 of Ref. 1!. The inversion sym-
metry of the ET molecules is broken as a result of the close
pairing in the dimer structure, so that the central two carbon
sites are inequivalent. We find this effect in the NMR line
shape in that there are two discrete13C resonance lines from
the two central carbon sites, whereas for a single, isolated ET
molecule there would be only one. The dimerization causes
the central two carbon sites to feel different local magnetic
fields, so that each site has a unique magnetic shift and re-
laxation rate~a factor of;3.5x different!.

B. The basic spectrum

In Fig. 1~a!, the line shape at 8.9 T at room temperature
with Hia is shown. The two lines resulting from the dimer
structure are well resolved, with total shifts equal to
19765 and 32465 ppm. In Fig. 1~b!, the corresponding line
shape withHib is shown. For this orientation, there are four
lines, two centered at;50 ppm and two at;250 ppm. As
the field direction is rotated fromHia to Hib, the lower
~higher! frequency line splits into two sublines, and has also
shifted from 197~324! down to 50 ppm~250 ppm!. This
doubling of the lines results from the nuclear dipolar inter-
action between the two central13C sites in a single ET mol-
ecule. The dipolar splitting varies as 123 cos2(u), whereu
is the angle that the applied fieldH makes with the vector
joining the two carbon nuclei. By happenstance, when
Hia, this factor is nearly zero, so that the splitting vanishes.

C. The angular dependence of the NMR lines

To assign each resonance line to the correct site within the
dimer, we performed a study of the orientation dependence
of the shifts. To do so, we used a goniometer probe capable
of rotating the crystal fromHib to Hia in 2.5° increments
with a resolution of 0.2°. In Fig. 2, we show the measured
shifts of the lower and higher frequency resonance lines as a
function of uba , where the magnetic field is constrained to
lie in the b-a plane anduba50° corresponds toHib. In
k-~ET! 2Cu@N~CN! 2#Br, the ET molecules are tilted at an
angle of;36° with respect to theb axis. The sense of this

FIG. 1. ~a! Room-temperature13C NMR line shape withHia.
~b! Room-temperature line shape withHib.

FIG. 2. Angular dependence of13C line positions~sum of the
magnetic and dipolar shifts! for magnetic fields lying in theb-a
plane.
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tilt in the a-b plane alternates back and forth between adja-
cent sets of conducting ET layers. For clarity, and since the
information is redundant, we show only the shifts arising
from one of the two sets of alternating conducting ET layers.
For Hia, there are only two shifts associated with the line
shape of Fig. 1~a!. As the magnetic field is rotated away from
thea axis, each line splits into two as a result of the nuclear
dipolar coupling between the central two13C sites in the
same molecule. The squares~circles! are those sites with a
spin-down~up! neighbor, and have a corresponding shift in
the resonance frequencyf1,25 f 06 f dipolar, where f 0 is the
Larmor frequency plus any additional chemical or Knight
shifts present. In Fig. 3, we plot the orientation dependence
of this dipolar splitting, which is obtained by performing a
pairwise subtraction of the shift curves in Fig. 2. The dipolar
splitting between two ‘‘unlike’’ spins is given by the follow-
ing expression:

2 f dipolar5 f12 f25
gn
2h

~2p!2S 123 cos2~u!

r 3 D , ~1!

wherer is the distance between the spins andu is the angle
between the applied fieldH and the internuclear vectorr .
From a fit to the data, we determine the distance between the
two central carbon atoms,r cc, to be 1.3960.03 Å, which
agrees with the value found by an earlier x-ray-diffraction
study, r cc51.37 Å.6 We note that both the sites have the
same angular dependence for the dipolar splitting. This is
unlike the magnetic shifts at the two sites which we will
discuss next.

D. Assigning the inner and outer sites

In Fig. 4, the orientation dependence of the magnetic shift
has been isolated by pairwise averaging of the shift curves,
i.e., (f11 f2)/2. In this way, the dipolar contribution to the
line position has been removed. The most striking aspect of
the data shown in the figure is that the shift curves reach their
respective extremaKmin at different values ofuba , unlike the

dipolar splitting of Fig. 3. This observation indicates that the
principal axes of the shift tensors differ in their spatial ori-
entation with respect to the crystal and molecular axes. We
have calculated the quantitative principal values and princi-
pal axes of the magnetic shift tensors at the two sites by
performing a least-squares analysis of the curves in Fig. 4.
Here, we note that the principal axes of the ET molecules do
not correspond to the crystallinea, b, c axes. Since the
13C shift tensors are expected to have nearly the same prin-
cipal axes as those of the ET molecule itself, it is useful to
define a local molecular axis system. In this reference frame,
the x axis lies along the central C-C double bond of the
molecule, they axis lies in the plane of the molecule, and the
z axis is normal to the plane of the molecule. In our analysis,
we find that the principal axes of the higher frequency reso-
nance line~i.e., the line at 324 ppm in Fig. 1! coincide with
the x, y, z axes of the ET molecule, but those of the lower
frequency resonance line~i.e., the line at 197 ppm in Fig. 1!
are rotated about they axis of the molecule by;6°. As
explained in Ref. 1, this angular tilt corresponds to the direc-
tion of the C-C vector joining the inner C atom of one ET
molecule with the inner C atom of the neighboring molecule
in a dimer. From this result, we identify the lower~higher!
frequency line as the ‘‘inner’’~‘‘outer’’ ! 13C site, where the
inner ~outer! site is closer to~farther from! the center of the
dimer.

III. SUPERCONDUCTING STATE LINEWIDTH

A. Fluxoids and how they broaden the NMR line

The NMR linewidth is sensitive to the distribution of lo-
cal magnetic fields in a sample. In a type-II superconductor
in the mixed state (Hc1,H,Hc2), the applied magnetic
field penetrates the sample in an array of fluxoids, or quan-
tized tubes of magnetic flux. In conventional type-II super-
conductors, the fluxoids form a triangular Abrikosov lattice.
In some cases~e.g., high-temperature superconductors!, vor-
tex glass formation and/or pinning of fluxoids interfere with
the long-range order of the lattice. This fluxoid structure will
result in variations of the local magnetic-field intensity, with

FIG. 3. Angular dependence of13C dipolar splitting, obtained
by pairwise subtraction in Fig. 1, showing that both sites have the
same angular dependence. The angleuba590° corresponds to the
magic angle. From the fit, we infer that the central carbon-carbon
bond length isrC-C51.3960.03 Å.

FIG. 4. Angular dependence of magnetic shift, obtained by pair-
wise averaging in Fig. 1. The sites have maxima at different values
of uba , implying different orientations of principal axes.
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maxima in the fluxoid cores, and minima at the center of
three neighboring fluxoids. The parameter describing the
length scale over which the field drops off is the magnetic
penetration depth,l(T). The penetration depth, together
with the fluxoid spacing distance, determines the total varia-
tion in the internal magnetic field in the mixed state.

The density of fluxoids per unit arean is proportional to
the applied magnetic field:H5nF0 , whereF05231027 G
cm2 is the magnetic flux quantum. Using this relation, we
find that the spacing between fluxoids is on the order of
d;500 Å in a field of 0.5 T, while in a larger applied field of
8.3 T, the vortex-vortex distance is reduced tod;150 Å.
The zero temperature in-plane London magnetic penetration
depth fork-~ET! 2Cu@N~CN! 2#Br has been estimated to be
lac(T50)56500 Å,7 so that there should be a measurable
ripple of the field intensity between the fluxoids. In a layered
superconductor, such ask-~ET! 2Cu@N~CN! 2#Br, the pen-
etration depth depends on the orientation of the applied field
with respect to the layers. When the field is applied perpen-
dicular to the conducting planes (H'a-c), only the in-plane
screening currents come into play. ForHia-c, however, both
the in-plane and the inter-layer screening currents are re-
quired. We can define effective penetration depths for the
two cases as follows:

leff
' 5l in-plane for H'a-c, ~2a!

leff
i 5~l in-plane3l'plane!

1/2 for Hia-c, ~2b!

where

l in-plane,l'plane, ~2c!

since the in-plane current is larger than the interlayer current,
which involves the weak Josephson coupling between layers.
The situationH'a-c is cleaner experimentally since it in-
volves onlyl in-plane. Finally, we remark that the crystallo-
graphic unit-cell dimensions are on the order of 10 Å, which
is much smaller than the intervortex spacing (;500 Å!. This
implies that the13C nuclei under study should be on a fine
enough grid to probe the variations of the local magnetic
field. The NMR line shape should then be a direct mapping
of the distribution of local magnetic fields produced by the
fluxoid system.

B. The NMR line shapes at low field

A series of 13C line shapes taken belowTc with Hia,
H50.5 T is shown in Fig. 5. At this low field, the line
broadening observed at 8.3 T below 150 K is absent. The
13C resonance line is quite narrow (;2 G! at Tc , and then
broadens belowTc due to inhomogeneities of the internal
magnetic field associated with the formation of the fluxoid
lattice. The additional broadening in the superconducting
state was only observed in the weakest applied field~0.6 T!.
In high fields~e.g.,H58.3 T!, the line is already very broad
at Tc as a result of the spin-density-wave transition at 150 K
and no additional broadening may be observed belowTc .
For applied fieldsH betweenHc1 and Hc2, it has been
shown8 that the fluxoid contribution to the second moment of
the NMR line shape is independent of the size of the applied
field. In k-~ET! 2Cu@N~CN! 2#Br, estimates for the lower and

upper critical fields areHc1'20 G andHc2'216 T.7,9 The
field used here,H50.6 T ~6000 G!, is clearly in this inter-
mediate regime. In this limit, the theoretical fluxoid contri-
bution to the second moment of the NMR line resulting from
the vortex lattice is

A^DH2&>
F0

l2A16p3
. ~3!

The 13C NMR second moment measured belowTc has
contributions from both the fluxoid lattice and normal-state
broadening mechanisms~dipolar, field inhomogeneity, etc.!
In the limit of a Gaussian line shape, the second moment
may be directly related to the linewidth, as measured by the
full width at half maximum~FWHM!. In order to get quan-
titative measurements of the second moment of our line
shapes, we have approximated the13C line shapes as Gauss-
ian, and estimated second moments from the measured
FWHM linewidth. In making this approximation, we realize
that the penetration depths we shall derive may have small
systematic errors. To remove the normal-state contribution to
the linewidth,^DH2&ns'1 G2, we use the following proce-
dure:

A^DH2&fluxoid5~^DH2&measured2^DH2&ns!
1/2, ~4!

where all quantities are defined as FWHM linewidths.

C. The temperature dependence of the linewidth

In Fig. 6, we show the temperature dependence of the
linewidth for a magnetic field perpendicular to the conduct-
ing layers in a weak applied field,H50.6 T with H'a-c
~line shapes not shown!. If one has an independent estimate
for lac(T), then the expected NMR linewidthA^DH2&fluxoid
can be calculated via Eq.~3!. Lang et al. have measured

FIG. 5. Sequence of low-field line shapes forT,Tc511.6 K for
Hia, showing the broadening due to the fluxoid lattice.
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lac(T) by measuring the magnetization as a function of ap-
plied field (H'a-c) in the reversible regime.7 In Fig. 6, we
show the NMR linewidths one would expect using the Lang
values oflac(T) and Eq.~3!. Their data are well described
by the conventional BCS model, with a linear rise of the
linewidth just belowTc and then saturating behavior at lower
temperatures. In contrast, the NMR linewidth increases lin-
early as the temperature is lowered below the superconduct-
ing transition, with no evidence of a flattening out tendency
down to the lowest temperatures measured. In Ref. 1, we
conclude that the spin-lattice relaxation rate (1/T1) data re-
quire thatk-~ET! 2Cu@N~CN! 2#Br be an unconventional su-
perconductor with a line of nodes or near nodes in the energy
gap. If this is the case, then as discussed by Hardyet al.,10 at
low temperatures 1/l2 will obey a power law:

A^DH2&fluxoid;
l2~0!

l2~T!
512bT, ~5!

whereb is a positive constant. The linewidth data of Fig. 6
are consistent with such a situation, and are reminiscent of
the plot ofl2(0)/l2(T) in Fig. 4 of Hardyet al. Thus, the
linewidth data withH'a-c are consistent with the conclu-
sion of ourT1 data that our sample is an unconventional
superconductor, perhaps with a line of nodes.

D. Fluxoid motion—1H versus 13C

From our 1H T1 measurements,1 we know that fluxoid
motion is responsible for the spin-lattice relaxation time of
the protons, which interact very weakly with the conduction
electron spin fluctuations due to their position within the ET
molecule. If the fluxoid motion implied from the1H results
were large scale, the13C would experience motional narrow-
ing and Eq.~3! above would no longer apply. This situation
has been reported by Penningtonet al. for 63Cu in
YBa2Cu3O72x just belowTc in the so-called ‘‘fluxoid liq-
uid’’ regime. At lower temperatures, as the fluxoids become
immobile in the ‘‘fluxoid glass’’ regime, they observe a line
broadening, which grows as the temperature is lowered,
similar to Fig. 6.

We can reconcile the 1H and 13C results in
k-~ET! 2Cu@N~CN! 2#Br if we assume that the fluxoid mo-
tions are small in scale relative to the distance between flux-
oids, i.e., small vibrations about equilibrium positions. In this
way, the fluxoids can relax the protons, but do not motion-
ally narrow the13C NMR line. In this picture, the protons
near a vortex experience rapid spin-lattice relaxation from
the large field fluctuations, while those protons further away
are relaxed through a process of spin diffusion. We found
that the recovery of the1H magnetization in a saturation
recovery experiment was not a single exponential in time,
which also points to such a model.11

E. Static field orientation effects

In Fig. 7, we show the low-field (H50.6 T! 13C line-
widths belowTc for Hia ~measured from the line shapes in
Fig. 5! together with the data forH'a-c already shown in
Fig. 6. From Eqs.~2! and ~3! we expect the linewidth to be
narrower forHia ~parallel to the layers!. However, the ob-
served linewidths are much larger forHia, indicating greater
inhomogeneities of the local magnetic field when the flux-
oids are parallel to the layers than when they are perpendicu-
lar. Quite similar behavior has been found in63Cu NMR in
YBa2Cu3O72x . Barrettet al. found that there was an addi-
tional broadening in the superconducting state, perhaps sepa-
rate from that due to the fluxoid system. Just as in
k-~ET! 2Cu@N~CN! 2#Br, the broadening was much larger for
fields parallel to the layers (H'c) than for fields perpendicu-
lar (Hic). The broadening was not well understood, al-
though it was presumed to arise from localized impurity
spins, due to its Curie-Weiss temperature dependence.

Other studies of the magnetic penetration depth have
found evidence for unconventional superconductivity in
k-~ET! 2Cu@N~CN! 2#Br. Takahashi, Kanoda, and Saito mea-
sured the complex susceptibility and found no evidence for
saturating behavior in 1/l2(T) at low T.12 Le et al. found a
linear variation ofl at low temperatures in their muon-spin-
relaxation (mSR! studies ofk-~ET! 2Cu@N~CN! 2#Br.

13

FIG. 6. Temperature dependence of the low-field13C NMR
FWHM linewidth forH'ac compared with implied theoretical val-
ues using Eq.~3! and the reversible magnetization data by Lang.

FIG. 7. Temperature dependence of the low-field13C NMR
linewidth for Hib ~circles! andHia ~squares!.
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IV. TRANSVERSE RELAXATION „T2…

A. Room temperature

We have measured the decay of the spin-echo envelope,
or the so-called transverse or spin-spin relaxation (T2) decay
curve, at room temperature. In this case, the spin-spin relax-
ation results from both13C-13C and 13C-1H dipolar interac-
tions. The central two carbon atoms within a single ET mol-
ecule are very strongly coupled and, in fact, form singlet and
triplet spin states, as reflected in their spin-lattice relaxation
and line intensity characteristics. This coupling results in a
modulation of theT2 decay curve, cos(aiot), whereaio is
the strength of the dipolar coupling between the inner and
outer 13C sites. The coupling to the other13C nuclei in
neighboring ET molecules results in an additional term in the
spin-spin decay curve, which we approximate as a Gaussian,
with time constantT2 G chosen to match the theoretical sec-
ond moment calculations. Lastly, the coupling to the ther-
mally fluctuating1H spins in the ethylene groups on the ends
of the molecules produces an extra exponential term in the
relaxation, so that the observed relaxation for nucleus is
given by

M ~t!5e21/2~t/T2 G!2e2t/T2cos~aiot!, ~6!

wheret is the time span between the initialp/2 pulse and
the center of the spin echo. In Fig. 8, we display our data at
8.3 T for Hib at T5292 K together with the theoretical
decay of Eq.~6!. The constantaio is determined by the crys-
tal structure, and the best fit has been found using an expo-
nentialT251200(6300)ms.

B. Extra transverse relaxation near the 150 K transition

Previously, we reported that a13C line broadening transi-
tion occurs at 150 K in a large applied magnetic field~8.3
T!.1 This transition is also reflected in changes of the Knight
shift and spin-lattice relaxation rate (1/T1). In an effort to
further our understanding of this transition, we report in this
paper the effect of this transition on the transverse relaxation
rate (1/T2).

Above 150 K, forHia, the 13C lines are quite sharp, and
the experimental linewidth of;10 ppm at both the inner and

outer sites may be accounted for by the13C-13C dipolar cou-
plings~Fig. 1!. The measured13C linewidth is constant down
to about 150 K, below which there is a dramatic broadening,
with the linewidth increasing from 10 to 60 ppm for the outer
site as the crystal is cooled from 150 to 125 K.1 The inner
site linewidth also increases, although to not as great a de-
gree as that of the outer site. The excess broadening remains
below 100 K, even down into the superconducting state.

The NMR linewidth quantifies the static distribution in
the longitudinal (z axis! local magnetic fields throughout the
crystal. The exponential component of the transverse relax-
ation rate 1/T2, on the other hand, is affected by quasistatic
fluctuations of the local longitudinal magnetic fields. If the
local field at an individual nucleus changes during the 90-
t/2-180-echo pulse sequence, then the nuclear spin will not
refocus perfectly with the other spins in the sample at the
time t, resulting in a decrease of the echo intensity. If the
fluctuations are random, as for case of the fluctuating fields
produced by the motion of the ethylene group protons, the
decay of the echo intensity will be exponential, yielding a
spin-spin relaxation timeT2:

M ~t!5M0e
2t/T2. ~7!

As seen above, the room temperatureT2 decay curve in
k-~ET! 2Cu@N~CN! 2#Br is well described by spin-spin inter-
actions. However, in the range 110K,T,160 K, the experi-
mentalT2 decay curve becomes more pronounced and an
additional term is needed to fit the data This additionalT2
component results from the same fluctuations that produce
the line broadening transition in this temperature range. Al-
though theT2 data are not perfectly described by a single
exponential, we use such a fit to provide a quantitative pic-
ture of the temperature dependence of this extra spin-spin
relaxation, shown in Fig. 9. The rate increases from zero
above 175 K, reaches a maximum at a temperature of 135 K
~125 K! for the outer~inner! site, and then drops sharply to
zero once again. The data indicate that fluctuations of the
local longitudinal field appear below 170 K, which are also
reflected in the static linewidth measurements. The fluctua-
tions reach a maximum amplitude at slightly different tem-
peratures for the two sites, and then freeze out below 110 K.

FIG. 8. Spin-spin relaxation (T2) recovery at room temperature
with Hib.

FIG. 9. Temperature dependence of extra exponential compo-
nent of spin-spin relaxation forHia.
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As the sample is cooled below this temperature, spatial
variations of the local longitudinal magnetic fields still per-
sist, as reflected in the continued excess static line broaden-
ing. However, these variations are fixed in time and the lon-
gitudinal field at a given nucleus does not vary on the time
scale of the spin-echo experiment (t;1 ms!, as evidenced
by the vanishing of the extra spin-spin relaxation contribu-
tion.

The situation can be expressed semiquantitatively by con-
sidering a model in which the nuclear precession frequency
jumps between values6dv with a correlation timet. When
t is long (udvtu@1), one has the case of strong collisions
with T25t. Whent is short@(dvt)2!1)] one has motional
narrowing; then 1/T25(dv)2t. These two cases can be en-
compassed by the formula

1

T2
5

dv2t

11~dvt!2
, ~8!

which describes our data if we consider (dv) to represent
the line broadening andt correlation time of the fluctuations.
Evidently dv is somewhat a function of temperature~par-
ticularly just below 150 K where the line breadth grows rap-
idly as the temperature drops!.

If dv were independent of temperature, the peak in 1/T2
occurs whendvt51, and at the peakT252t. We can thus
estimate that at 125 K,t>250ms, and at 135 K it is about
65 ms. We can see from Eq.~8! that the reason the outer site
peaks at a higher temperature is because its NMR line is
broader.

In our earlier paper, we showed that AF fluctuations were
responsible for the temperature dependence of the spin-

lattice relaxation rate and the Knight shift as measured by the
Pines correction to the Korringa factor. We postulated that
the transition at 150 K was therefore a spin-density-wave
transition. The present results incorporating both the static
linewidth and dynamic spin-spin relaxation rate give further
support to this model of the transition.

V. CONCLUSIONS

In conclusion, we have identified which NMR lines be-
long to the inner site and which to the outer site. We have
shown that in the superconducting state whenH is perpen-
dicular to the conducting planes, the NMR linewidth is con-
sistent with broadening by fluxoids and with unconventional
pairing, but that there appears to be an extra broadening
mechanism whenH lies in the conducting planes. Lastly, by
T2 measurements we have measured the time scale of mag-
netic fluctuations at temperatures just below the onset of the
linewidth transition at 150 K.
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