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Low-temperature vortex dynamics in a high-temperature superconductor
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Magnetic-field gradients in the mixed state of a type-II superconductor are studied using 2°°TIl
nuclear magnetic resonance (NMR) on T1;Ba;Ca;Cu3Oi10+5. An anomalous peak was observed
in the temperature dependence of the transverse relaxation rate at T/T. ~ 0.25. We attribute
this behavior to magnetic-field fluctuations from vortex dynamics. We interpret this behavior as
a crossover of the principal time scale for vortex dynamics with that of the NMR experiment,
approximately 100 us. The temperature dependence of this time scale is discussed.

The dynamics of magnetic vortices in the mixed state
of a high-temperature superconductor is intriguing for
several reasons. The high transition temperature implies
large thermal fluctuations with the possibility of various
flux phases including melting of the flux lattice.! Sec-
ond, the vortex-vortex interactions are substantially af-
fected by anisotropy which is particularly strong in the
T1 superconductors. Vortex dynamics affects the resis-
tive transition in a magnetic field? and can be observed
in mechanical vibration experiments.® Melting of the low-
temperature flux lattice has been offered?? as an expla-
nation for some of these observations. It is generally
assumed that at low temperature, the vortices settle into
a solid lattice, the Abrikosov state (possibly with disor-
der), or a vortex glass?* where they no longer contribute
to dissipation processes detected by transport or torque
measurements.

A spatially inhomogeneous magnetic field is intrinsic
to type-II superconductors in their mixed state. The
details of this field distribution, fixed by the supercon-
ducting penetration depth and the coherence length, as
well as the applied magnetic field, can be directly deter-
mined from the NMR spectrum. In a vortex solid the
NMR spectrum should be significantly broadened and
shifted from that of the normal state. Vortex motion of
sufficiently large amplitude and frequency will collapse
and shift the field distribution back to its normal state
value. Recently, Song et al.’° have shown that the ap-
parent penetration depth extracted from the spectrum
shift in a vortex solid can acquire a linear temperature
dependence at low temperatures as a result of thermal
fluctuations of the vortices. In this application of the lo-
cal vortex fluctuation model, estimates were made in the
limit of short vortex correlation time.

However, the time scale for vortex dynamics can be
expected to change significantly from low to high tem-
perature. This can include thermal fluctuations of a
pinned vortex about its equilibrium position, melting of
the vortex solid, and vortex diffusion.® Since nuclear spin
relaxation rates are sensitive to the spectral density of
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magnetic-field fluctuations, it is a natural tool for study-
ing this aspect of vortex dynamics and is the subject of
this paper.

Both spin-spin relaxation, 1/T3, and spin-lattice re-
laxation, 1/77, in principal, can reflect vortex dynamics.
The spin-lattice relaxation rate is determined by trans-
verse field fluctuations at the Larmor frequency; for ex-
ample, the 2°°TI resonance frequency is 85 MHz at 3.46
T. For large-amplitude vortex fluctuations, there is a sig-
nificant probability of the core traversing many nuclei
and this can be an effective channel for nuclear spin-
lattice relaxation. Finally, 1/T, is sensitive to the field
fluctuations parallel to the applied field at low frequency.
In this case, there can be a direct effect of vortex dynam-
ics. The idea is the following. Each nucleus precesses
at a rate determined by the local field. Fluctuations in
the longitudinal component of the local field lead to in-
coherent dephasing among the nuclei and decay of the
NMR spin-echo signal. In the superconducting state, the
nuclear spin-spin interactions, giving rise to 1/7% in the
normal state, are quenched by the presence of magnetic-
field gradients, thereby reducing 1/T». In contrast vortex
dynamics contributes directly to magnetic-field fluctua-
tions at the nuclear sites, thus increasing 1/T>. In this
paper we report observation of an anomalous peak in
1/T> in the Tl;Ba;Ca;Cu30104s superconductor which
we attribute to the vortex dynamics.

The powder sample was prepared by a solid-state reac-
tion of a mixture of the appropriate metal oxides of high
purity,”® giving a high quality superconductor with a
narrow diamagnetic transition at 120 K. The sample was
ground repeatedly and mixed with an epoxy resin (Sty-
cast 1266, Emerson and Cumming, Inc.) at a nominal
filling fraction of 15% by volume. This superconductor-
epoxy composite was cured in a 3.46 T magnetic field.
This procedure produces stable, predominantly c-axis
alignment.

We measured 1/7> using a spin-echo sequence in the
temperature range of 5-300 K, at fields of 3.46 T and 2.0
T. Examples of the measurements above and below T are
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FIG. 1. Spin-echo amplitude (in arbitrary units) as a func-
tion of the delay time at 140 K (squares), 80 K (open circles),
30 K (solid diamonds), and 6 K (solid circles). The magnetic
field is 3.46 T and parallel to the c axis.

shown in Fig. 1. The relaxation in the superconducting
state is, in general, not a single exponential as is the case
in the normal state. This nonsingle exponential behavior
is likely due to a distribution of magnetic-field gradients.
The relaxation rate determined from the data at short
delay time gives an average of the relaxation rates and
is defined to be 1/T, in the following discussion. We
have studied the magnetic field dependence of T> and
the results are shown in Fig. 2(a). The temperature
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FIG. 2. (a) Tz vs temperature at 3.46 T (open circles) and
2.0 T (solid circles) for H|| c. (b) 1/T% vs temperature at 3.46
T for H|| c (open circles) and H.L ¢ (solid circles).
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dependence and the anisotropy are shown in Fig. 2(b).
A peak in 1/T, occurs at a relatively low temperature
and the temperature dependence of 1/T is quite marked
even at much lower temperatures. At a magnetic field of
3.46 T, the peak is strongest for H|| ¢ although it is still
clearly evident for HL c¢. At 2.0 T, no peak in 1/T3 is
observed for HL ¢ (data not shown). The peak in 1/T>
at low temperature can be attributed to magnetic-field
fluctuations.

In the flux lattice, the midpoint of two adjacent flux
lines is a saddle point in the field distribution. Nuclear
spins in its vicinity contribute to a peak in the NMR
spectrum. The relaxation measurements were performed
at the peak of the spectrum and thus are mostly sensitive
to the field distribution and the fluctuations at the saddle
points. The rate 1/T is generally smaller at frequencies
away from this peak.

The nuclear spin-spin interactions arise from direct
dipolar coupling and the indirect coupling through elec-
tronic polarization. They are primarily responsible for
the transverse relaxation in the normal state.® It is
important to note that these interactions are between
the neighboring nuclear spins, regardless of their origin.
When the resonance frequencies of the nearby nuclei are
different, this flip-flop transition does not conserve the
nuclear Zeeman energy and thus is forbidden.® In the
mixed state of a superconductor there are large magnetic-
field gradients associated with the static vortex structure.
They increase in amplitude with decreasing temperature
owing to the temperature dependence of the magnetic
penetration depth. Their presence reduces the effective
spin-spin interaction and in general 1/T, becomes smaller
in the superconducting state.

A similar phenomenon has been studied!® in the con-
text of the cross relaxation of nuclei with different gy-
romagnetic ratios <y, where the Larmor frequencies are
not the same. Bloembergen et al. and others!® studied
quantitatively the cross relaxation process by consider-
ing the overlap of the effective local field distribution at
adjacent nuclei 7 and j. In this case, the local field is
due to the nuclear dipole-dipole interaction. Assuming a
Gaussian shape for this distribution, the cross relaxation
rate 1/T;; is given by

AhZ
Tlij = ((Aw?))/? exp [— 2(A:2>] ; (1

where (Aw?) is the second moment of the spin-spin cou-
pling within each atomic species alone. Ah;; is the
static frequency difference at the adjacent nuclei, Ah;; =
('Yi - 7j)Hext-

We begin by estimating this effect, in the absence of
flux motion. We have calculated the field gradient using
London theory. For an ideal flux lattice, the first deriva-
tives of the field at the saddle points are necessarily zero.
The second derivatives scale with the field:

8%h h
o5z & 32, (2)

where ©; = z or y are the coordinates in the plane
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perpendicular to the applied field, and A, is the in-
plane penetration depth. We have numerically calcu-
lated these derivatives for the isotropic case H || ¢. For
example, taking A\,5 = 1100 A, which is appropriate
for T1;Ba;Ca;Cu3010+45 at 5 K,” we found 8%h/9z% =
4.5 x 10°2 G/A® 82h/8y® = —1.0 x 10-2 G/A’. This
gives a maximum field difference between adjacent T1
nuclei in the saddle point region of the magnetic-field
distribution, Ah = 0.7 G, comparable to the Tl spin-
spin coupling in the normal state. Consequently, one can
expect such gradients to significantly reduce 1/T5 at low
temperatures. From the field dependence of Eq. (2), one
expects that T is longer at higher field particularly at
low temperatures when the fluctuation effect is smallest.
This is confirmed by our measurement of the field depen-
dence shown in Fig. 2(a). The results of the calculation
of the temperature dependence of 1/T5*%¢ are shown in
Fig. 3 as a heavy solid line constrained to match the ex-
perimental data at the lowest temperature where effects
of flux motion are a minimum. A comparison of the ex-
perimental data with the calculation shows qualitatively
the expected behavior at high temperatures, but with a
dramatic departure near T/T, ~ 0.25. We now turn to
possible explanations of this behavior.!?

One possible effect of vortex motion is its modification
of the field gradients Ah;; appearing in Eq. (1). It has
been shown!?® that classical thermal fluctuations affect
the field distribution through a “Debye-Waller” factor.
The same factor reduces the field gradient. In Fig. 3,
we show this reduction of 1/T; in the superconduct-
ing state as a thin solid line. This result is not signifi-
cantly different from the static case at low temperatures
shown as a thick solid line in this figure. More gener-
ally, one might argue that the field gradients which ap-
pear in Eq. (1) are averaged by vortex fluctuations of
large amplitude, similar to motional narrowing, thereby
restoring the nuclear spin-spin interactions characteris-
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FIG. 3. Reduction of 1/T3 ) in the superconducting state at
field 3.46 T. The lines are calculations using Eq. (1) with (thin
line) and without (thick line) fluctuation effects. Parameters
are A\g5(0) = 1100 A and T. = 120 K.
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tic of the normal state. 1/T, at the anomalous peak
is almost as large as in the normal state so that this
averaging would have to be about 80% efficient having
a concomitant effect on the NMR spectrum itself. Nei-
ther the shift in the spectrum nor the linewidth shows
evidence for this. Consequently, large-amplitude vortex
fluctuations and vortex diffusion appear to be unlikely
causes for the observed peak in 1/T5.

The remaining possibility is that lux motion produces
magnetic-field fluctuations, thereby contributing directly
to the incoherent phase accumulation and thus 1/75.
Only fluctuations in the component of local field along
the direction of the applied field are effective in produc-
ing dephasing. Furthermore, such field fluctuations con-
tribute significantly to 1/7, only when the fluctuation
rate is close to 1/75tt°. If the fluctuations are too rapid,
the nuclear spins merely experience the average of the lo-
cal field and the fluctuations are ineffective for relaxation.
If they are too slow, they contribute only to the static in-
homogeneous field distribution but not to relaxation. If
the characteristic vortex fluctuation time increases over
a wide enough range with decreasing temperature, it will
produce a peak in 1/75. Below we discuss a simple model
for vortex fluctuations which contains this essential char-
acter.

In order to estimate this effect we assume that the lon-
gitudinal field fluctuations have an exponential time cor-
relation function with 7 being the correlation time. The
spectral density is then a Lorenztian function f(w) =
h27/[1 + (wT)?], where h? is the mean square amplitude
of the field fluctuations. It is reasonable to take the dif-
ference between the measured 1/T, and 1/T§t2t to be
given by f(w = 1/Ts*%). The 7 dependence of such
a function has a peak at 1/7 = w. When the fluctu-
ation time scale sweeps through T§'*4¢  a peak in the
measured 1/T3 should be observed. For purposes of il-
lustration we have calculated 7 from our data holding
h? to be a constant and show these results in Fig. 4.
The correlation time 7 inferred from this procedure is
a smoothly decreasing function of temperature from 6
to 60 K. With this interpretation there is no evidence
of an abrupt change that might be associated with a
first order thermodynamic flux phase transition in this
material. However, this model for the field fluctuation
spectrum is only qualitative. In particular, the 7 values
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FIG. 4. Correlation time 7 as a function of temperature
derived from 1/T> measurements. Definition of T is discussed
in text.
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obtained for temperatures much higher than 30 K are
less reliable partly due to the subtraction procedure in
extracting the contribution from vortex dynamics where
the bare spin-spin interaction is assumed to remain con-
stant below T.. If these factors are considered, it is likely
that 7 might be much smaller above 30 K. It was pointed
out recently by Moonen, Reefman, and Brom!? that at
high temperature, vortex diffusion might dominate the
vortex dynamics and the local vortex fluctuation model®
might not be applicable.

It is worthwhile intercomparing the temperature de-
pendence of the spectrum linewidth,%* shift,5 and 1/7T;
data on the same material near 40 K. The shift data show
a smooth temperature dependence. However, a change in
the temperature dependence of the linewidth is observed
at low temperature for both our powder sample!4 at 1.12
T and 3.46 T and the aligned sample® at 3.46 T. At low
temperature, it was found that the linewidth grows ap-
proximately linearly as the temperature decreases for all
cases. The temperature at which such changes in the
temperature dependence occur is 30 K for the powder
sample at 3.46 T, and 40 K for the aligned sample at 3.46
T,® 10 K higher than that of the 1/T; peak. The local
vortex fluctuation model was shown® to qualitatively ac-
count for this temperature dependence; however, at low
temperature when the vortex correlation time is long,
there will be additional broadening due to incomplete
motional averaging.

A measurement of the magnetic irreversibility, de-
fined to be the temperature when the departure of the
field-cool and zero-field-cool magnetization occurs, was
reported!® and the irreversibility temperature was found
to be around 20 K at 3.5 T. The irreversibility line is
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most often interpreted as the temperature below which
flux pinning becomes effective. More generally, it sig-
nifies a slowing down of the vortex dynamics and the
growth of the correlation time. This is more so when a
smooth frequency dependence of the irreversibility line
is observed. Our analysis of 1/T> also shows a gradual
growth of the vortex correlation time over the same tem-
perature region and provides a picture consistent with
earlier measurements of the irreversibility line. It is nat-
ural that the peak in 1/T occurs at a higher temperature
than the irreversibility line'® since our 1/7, experiments
are sensitive to dynamics at the higher frequency of order
10 kHz, in comparison with the low-frequency magneti-
zation measurements.

In summary, the spin-spin relaxation experiment is
unique in its sensitivity to the magnetic-field gradients
on a microscopic length scale, and to the magnetic-field
fluctuations arising from vortex dynamics. The experi-
ments are conducted in thermal equilibrium in contrast
to transport or torque experiments where the response
to a driving force is measured. This spin-spin relax-
ation technique is specifically sensitive to the field fluc-
tuation frequency which provides information related to
the vortex-vortex coupling and the dissipation processes
in the vortex core.
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