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We performed205Tl NMR on aligned single crystals of the 105-K superconductor Tl2Ba2CaCu2O8 in a field
of 4.7 T as a function of angleu between the field direction and thec axis. Irreversibility temperaturesTirr
were determined by comparing the NMR linewidths after field cooling and zero-field cooling. The205Tl
nuclear transverse relaxation rateT2

21 shows a well-developed peak caused by vortex motion belowTirr . The
peak shifts to higher temperatures with increasingu. The data are analyzed analytically and by computer
simulation and the obtained parameters of local vortex motion are discussed.@S0163-1829~97!50914-3#

A characteristic feature of the phase diagram of high-Tc
superconductors as a function of magnetic-fieldB0 and tem-
peratureT is the presence of an extensive vortex fluid phase,
that starts just belowTc , and a vortex glass phase at low
temperatures.1,2 The transition from vortex fluid to vortex
glass state has been studied intensively mainly by macro-
scopic methods~linear and nonlinear conductivity and mag-
netic measurements!. Scaling theories for the critical slowing
down of the vortex motion at this transition have been de-
veloped and applied to the results of these experiments.1,2

Nuclear magnetic resonance~NMR! is a powerful tool to
study local magnetic-field fluctuations caused by vortex mo-
tion — by the inherent short length scales, these fluctuations
are not described by the renormalization theories. Various
NMR properties are suited. For example, vortices give an
inhomogeneous broadening of the nuclear resonance line,
which effect is reduced by thermally activated vortex motion
and the corresponding correlation time can be measured by
NMR.3–7 The fluctuating magnetic fields caused by vortex
motion can also be studied by means of the nuclear
relaxation.7–13 The nuclear-spin-lattice relaxationT1 is sen-
sitive to transverse field fluctuations near the Larmor fre-
quencyv05gnB0. Recently a peak inT1(T) has been ob-
served by199Hg NMR in HgBa2CuO41d (Tc 5 96 K! at the
irreversibility temperature,Tirr .

8 The transverse relaxation or
spin-echo decay timeT2 is sensitive to motions that are typi-
cally a few orders of magnitude slower than seen inT1, and
the field fluctuations that cause the relaxation are along the
B0 direction. T2

21 was studied in oriented powder of
YBa2Cu3O7-d where the 89Y transverse relaxation rate
T2

21(T) shows a peak belowTc .
9 The peak was analyzed in

terms of fluctuations in the vortex field gradients. In oriented
powder Tl2Ba2Ca2Cu3O10 (Tc 5 120 K! by NMR on the
thallium nuclei located in the TlO layers, a similar peak was
observed at 35 K and explained as the crossover of time
scales with and without vortex motion.12 In this paper
we present data on aligned crystals of Tl2Ba2CaCu2O8
(Tc 5 105 K!, that give the precise location of the peak with

respect to the irreversibility line and show its variation in
location and height as a function of field along thec axis.
The effect of vortex field fluctuations on the nuclear trans-
verse relaxation is calculated.

All experiments have been performed on the same
c-axis-aligned Tl2Ba2CaCu2O8 single crystals as used in a
previous study on vortex motion in the vortex fluid state.7

The compound has two types of thallium positions: the ‘‘nor-
mal’’ Tl ~N! site in TlO double layers and the ‘‘impurity’’
Tl~I! site resulting from a partial replacement of Ca atoms by
Tl ~near 10%!.3,7,14 The average distance between Tl~I! and
Tl~I! in the Ca layer is about 12 Å, compared to 3.8 Å be-
tween Tl~N! and Tl~N!. Due to the large distance between
Tl~I!’s, T2(I ).T2(N) ~see below!. It makes the ‘‘impurity’’
site very convenient for the fluctuating field study.T2 values
were measured by means of the standard two pulse echo
sequence at a field of 4.7 T. At high temperatures the
Tl(N) and Tl(I) lines in this compound are well separated
(.100 kHz! at all anglesu ~the angle between the field
direction and the crystallographicc axis!, and the relaxation
ratesT2 of the N and I line can be measured independently.
Below 40 K foru50, the Tl(I) line shift is such that the two
lines merge.7 BecauseT2(I) is much longer thanT2(N),
separation of the two contributions remains possible.

TheT dependences ofT2
21 for Tl~I! at four u values are

shown in Fig. 1. The peak in the relaxation rate atTpeak is
seen to move to higher temperatures with increasing angle.
For the Tl~N! site there is a similar peak near the same tem-
perature although scatter in this case is larger due to the
smaller absoluteT2 values and the larger influence of other
relaxation processes. The inset shows this peak atu545°.

T2 relaxation is usually caused by~in!direct dipolar cou-
pling. Using appropriate published values for the Cu-
relaxation rate15,16 we find a maximum in theT2 rate of
4 ms21 around 150 K~for u545°) due to the Tl~I!–Cu
dipolar interaction,17 a value that is indeed observed experi-
mentally; the next important interaction, Tl~I!–Tl~I!, gives
about 2.8 ms21. Below 150 K the Cu–Tl~I! T2

21 is calculated
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to decrease smoothly withT to become of the order of a
ms21 or less below 50 K. It is clearly not the reason for the
observed relaxation rate maxima. Also, the effect of the par-
tial line merging of the Tl~N! and Tl~I! line at low tempera-
tures, which in principle can give a maximum inT2

21, can be
ruled out as line merging only occurs foru'0° and the
calculated effect is too small.

The only reasonable possibility left is to interpret the
T2

21 peak as a result of fluctuating fields caused by vortex
motion. This interpretation is supported by the correlation of
the field dependence ofTpeakand the irreversibility tempera-
tureTirr . To determineTirr for our sample we have measured
the 205TL line width at 4.7 T after zero field cooling~ZFC!
and field cooling~FC!. Figure 2 shows the result of this
experiment.18 At T,Tirr there is an additional broadening of
the ZFC line,19,20 because macroscopic field gradients exist
inside the sample~the same mechanism causes the differ-
ences between ZFC and FC susceptibility data!. At
T>Tirr , ZFC and FC line widths are equal since at these
temperatures there is no pinning and hence no field gradient
after ZFC. The obtained values ofTirr are 2362 K at
u545° and 3362 K at u near 90° and have to be compared
with the T2

21 peak positions at 18 and 28 K, respectively.
According to magnetization measurements21,22 on
Tl2Ba2CaCu2O8 single crystals, the irreversibility tempera-
ture is near 20–25 K at 5 T (u50) and increases as the field
decreases. The increase ofTirr andTpeak with u can analo-
gously be explained, as it is the field component parallel to
the c axis given byB0cosu, which is the most important in
the formation of the vortex lattice in this strongly anisotropic
system. The location of theT2 peak at 9065° is strongly
influenced by the misalignment.

Intuitively it is clear that longitudinal field fluctuations
may result in a peak in the spin-echo decay rate: very slow
fluctuations have no effect onT2 and rapid fluctuations also
have no effect because in this case nuclear spins feel only a
time-averaged field. In the intermediate region the dephasing
effect of fluctuations on the echo formation should be maxi-
mal. Thus, if the correlation time of field fluctuations de-
creases with increasing temperature~e.g., with an Arrhenius
law!, it leads to a peak inT2

21(T). What is the characteristic
time or frequency connected with this peak? Let us consider
the simple case of random-field fluctuations between1bz

and 2bz at every nuclear site with a correlation timetc .
This means an exponential form exp(2t/tc) for the time cor-
relation function and hence a Lorentzian function for the
fluctuations spectral densityf (v)}bz

2tc /(11v2tc
2). For the

explanation of the observedT2
21 peak at 35 K in

Tl2Ba2Ca2Cu3O10, Songet al.
12 assumed that a spin-echo de-

cay experiment probes this function near the frequency
vpeak5T2static

21 whereT2static is the transverse relaxation time
in the absence of field fluctuations. For two nonequivalent Tl
nuclei with differentT2static, the peak amplitude should then
be proportional to thetc peak5T2static. As can be seen from
Fig. 1 and its inset, the peak positions and amplitudes are the
same for both thallium sites, whileT2static for the N line is
much smaller than for the I line. It shows the proposed
model to be incorrect.

In the following we will improve the analysis and present
a numerical approach for independently or collectively mov-
ing vortices in a two-dimensional lattice. Before doing so,
we consider the analytical result for a Gaussian frequency
distribution of field fluctuations of widthvp5gnbz ,

24 which
is a good approximation of the effects of fluctuation vortex
fields on T2. An evaluation of the magnetization decays
shows a peak in theT2 relaxation rate forgbz'tc

21 , where
tc is the time constant of the exponential decay of the cor-
relation function of the fluctuations. The time dependence of
the echo decay changes from single exponential at the high
T side of the peak to exp(2t3) at low temperatures. A similar
expression is obtained, if the fluctuating field is supposed to
take only two values:1bz and2bz with a correlation time
tc .

23 The approach covers the same physics, but is more
simple and leads to exponential decays of the magnetization
in the short and long time limit. Between these limits the
decay is not single exponential and theT2 values~obtained
by single exponential fits! are less accurate. The relaxation
rates found in this way are well described by23

T2
215

gn
2bz

2tc
21~gnbztc!

2 1T2static
21 , ~1!

where we have added the parallel processT2static
21 . Equation

~1! shows that fluctuations with a correlation timetc of the

FIG. 1. T2
21~I! vs T at variousu. d—0°, n—45°, 3—67°,

s—90°. The inset shows theu545° data for the normal line.

FIG. 2. The205Tl~N! linewidth G as a function of temperature
for u590°: d—field cooled, ands—zero-field cooled. The inset
shows Tl~I! linewidth for u545°.
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order of the Larmor periodgnbz ~so that the nuclear spins
make about one turn in the fieldbz between two field hops!
are the most effective.

The solid lines in Fig. 1 show the result of a fit to the data
with Eq. ~1! and the assumption of an Arrhenius law
tc5t0exp(U/T) for theT dependence oftc with U an acti-
vation energy~in T units!. In view of the simplicity of the
model it is no surprise that the fit is not perfect, especially in
the low temperature part of the peaks. The resulting values
for u<45° arebz5 0.2 mT andU580 K. The amplitude of
field fluctuationsbz is proportional to the peak amplitude and
decreases atu.45° while the activation energyU increases.
At u near 90°,bz5 0.1 mT andU5180 K. The prefactor
t0 is of the order of 10

27s at allu. The correlation timetc at
Tpeak518 K equals 50ms atu<45°.

The obtained values ofbz are much smaller than the av-
erage field inhomogeneity in the vortex state
^DB2&1/250.0609F0 /lab

2 59 mT (lab 5 1250 Å!. The av-
erage value of the field gradient in the vortex lattice may be
evaluated asG'^DB2&1/2/a05 0.5 G/Å (a05 200 Å is the
average intervortex spacing at 4.7 T!. Thus, the amplitude of
the corresponding displacement of the vortex lattice at
Tpeak is bz /G54 Å. This value will become a few times
larger, if corrected for the much less effective displacements
perpendicular to the field gradient and for the field gradient,
which for the majority of the nuclei is overestimated.

For a more accurate calculation of the average displace-
ment ^Du2&1/2 of independently or collectively moving vor-
tices from their equilibrium positions, we performed the fol-
lowing numerical analysis. Starting with a triangular lattice
of vortices, we allow the vortex positions to fluctuate~inde-
pendently or collectively! with a correlation timetc , and an
average displacement̂Du2&1/2. The thallium atoms, ran-
domly distributed around the sample, feel a magnetic field
b(r )5 f0/pl2 (pl/2r )1/2e2r /l,25 summed over the vorti-
ces. We now calculate the echo intensity after an echo pulse
sequence for a series of times between pulsestc and average
displacements, and fit the results withm(t)5exp(2t/T2).
The resulting relaxation rates are shown in Fig. 3. The ex-
perimentalT2 data@Tl~I! line, u545°# are also shown after
subtraction ofT2static

21 53 ms21. It is striking that we could

use the same parameters as found from the fit in Fig. 1
t054.131027 s, U580.5 K to convert the temperature
scale to atc scale on thex axis. As it is seen, within this
model the average displacement of the independent vortices
is about 0.2 Å. The value for the collective case is two orders
larger, 15 Å @and similar to the prediction based on Eq.~1!#.
These differences are as expected, because independently
moving vortices produce higher fields as the single vortex
field gradient is much larger than the average gradient.

Tirr is closely related to the melting and the depinning
temperature. If one uses the Lindemann criterion for melting,
only random hopping of independent vortices is considered.
The vibration amplitude atTirr obtained from this criterion is
^u2&1/2'0.1a0520 Å, much larger than in the corresponding
simulation~0.2 Å!. If we interpretTirr as the depinning tem-
perature, bundles instead of independent vortices may move
over distances of the order of the correlation lengthj525 Å.
The 15 Å from the collective numerical analysis is a repre-
sentation for this kind of motion. As theTpeak occurs just
belowTirr , the expected vortex displacement (;20 Å! is in
accordance with the collective model.

A feature of the simulation for the independent vortices,
which is also seen in the experimental data, is the low slope
at the low-temperature side of the peak, in comparison with
the slope predicted by Eq.~1! ~see also the long-dashed line
in Fig. 3!. This is related to a high-frequency tail of the
fluctuation spectral density probed by the Tl nuclei. This
spectrum can be thought of as consisting of a low- and high-
frequency part. The low-frequency part arises from the
nearby vortices and is characterized by a highbz and an
average time between hops oftc divided by the number of
vortices within a radius of the order ofl. The high-
frequency part is produced by many vortices further away,
which produce a small high-frequency field at the nucleus.
With only the nearest neighbors, we would have a relaxation
behavior described by formula~1!. The high-frequency
~small tc) components produce additional relaxation in the
low-temperature part, as can be seen in Fig. 3. Similar effects
will occur in the case of flux bundles, if in the simulation the
effects of independent bundles are incorporated.

As the echo decay at both high and low temperatures is
dominated by another~dipolar! relaxation channel, we ex-
pect~and observe! an exp(t/T2)

2 time dependence. The decay
shape around the peak will be determined by vortex fluctua-
tions. Both simulation models predict that on the high-
temperature side~small t), the relaxation will be single ex-
ponential. In the low-temperature limit the collective
hopping model shows again a single exponential behavior,
while for the independent hopping model the low-
temperature decay curves are better approximated by
exp(t/T2)

2 ~as for dipolar relaxation!. At the peak the echo
decays experimentally with an intermediate exponent as
exp(t/T2)

1.4.
The evaluated activation energyU is comparable to val-

ues reported by Suhet al.8 using the T1 peak in
HgBa2CuO41d. The low limit of the typicalU values ob-
tained in magnetization relaxation measurements is also near
100 K,26 though in these experiments a large current density
j is present.27 As NMR experiments deal with local-field
fluctuations, thermally activated motion involves small
jumping volumes and is determined by the short-range po-

FIG. 3. T2
21 vs tc for the independent~drawn! and collective

~dotted! simulations. The diamonds are the experimental data points
for u545° ~see text!, along with the fit based on Eq.~1!.
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tential structure. In this sense our NMR experiments are in-
deed more analogous to large current transport or magnetic
relaxation experiments where the jumping volume is also
small.

In summary, theT2
21 peak observed in high-Tc compound

Tl2Ba2CaCu2O8 is accurately described by Eq.~1! and com-
puter simulations. It shows the presence of field fluctuations
by vortex bundles belowTirr . The observed vortex motion is
relatively slow and short ranged and characterized by an ac-

tivation energy of the order of 100 K. The computer simula-
tion in addition shows that belowTpeak the high-frequency
part of the spectral density can have more weight than in the
Lorentzian case, which explains the asymmetry seen in the
relaxation peak.
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