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Data on the 2°°T]1 NMR frequency shift and linewidth due to the magnetic field variation in the
mixed state of TlBa;Caz;Cu3zO10 are presented. These data, which are commonly used to extract
the London penetration depth, show a near linear temperature dependence at 7" <« T.. We offer
an explanation of this effect as being caused by thermal fluctuations of vortices in weakly coupled
layered systems. We argue that the fluctuations cannot be ignored in interpretation of NMR and
muon-spin-resonance data for materials with large penetration depths even at low T'.

PACS numbers: 74.25.Nf, 74.40.+k

In weakly coupled layered superconductors, thermal
fluctuations of vortices strongly influence the thermody-
namics of the system in a magnetic field. This has been
observed in “non-mean-field” dependence of the mag-
netization M on temperature 7' and magnetic field H
in BizSI‘QC&CUzOg (Bi-2212) and BizsrgCaZCugom (Bi—
2223) well under the mean-field transition temperature
Teo. At a temperature 7™, a few kelvins below T, M
is field independent [1-3]. The effect has been explained
quantitatively by the contribution of fluctuating vortices
to the system entropy [4].

For high anisotropies and H <« H,,, this contribution
was evaluated within the Lawrence-Doniach (LD) frame-
work. The order parameter modulus of superconducting
layers was set constant in space and time (at T”s not too
close to Tco) while vortex positions (i.e., phases) were
fluctuating [5]. As such the method is not restricted to
high temperatures although, at first sight, there is no rea-
son to test the effect of fluctuations at low T'. Indeed, as
follows from the data [1-3], the fluctuation contribution
to the free energy is on the order of the mean-field free
energy near T, which is not far from T,o; with decreasing
T, the unperturbed energy increases (in absolute value)
while the fluctuation part diminishes.

This argument, however, does not necessarily hold if
the measured quantity is related to the detail of the
field distribution of the fluctuating vortices. The fluctu-
ation amplitude depends on the vortex “stiffness,” which
is suppressed with increasing anisotropy and penetra-
tion depth A; thus, anisotropic materials with large A
(Bi- and Tl-based compounds or some organic super-
conductors) are candidates for strong fluctuation effects.
NMR, muon-spin-resonance (#SR), and small angle neu-

© 1993 The American Physical Society

tron scattering techniques are sensitive to the field vari-
ation within the flux-line lattice, and as such may be
affected by fluctuations in vortex positions even at low
T. In this Letter, we present results on the peak position
of the 295T1 NMR spectra and spectral width as functions
of T for Tl;BayCasCusOio (T1-2223). We find that the
T dependence of the penetration depth extracted from
these data, disregarding fluctuations, deviates from the
standard BCS behavior. The deviations may well be un-
derstood in terms of fluctuations even at low 7.

The powder sample was prepared by solid-state re-
action following the procedure of Refs. [6, 7]. X-ray
diffraction analysis indicated that the structure was
Tly;BayCayCu3z0104s with only traces of unreacted start-
ing material. The transition temperature as determined
by the diamagnetic shielding signal was ~ 120 K. The
sample was ground thoroughly, mixed with an epoxy
resin at a nominal filling fraction of 15% by volume. This
superconductor-epoxy composite was cured in a 3.5 T
field. The procedure results in a stable, predominantly
c-axis aligned sample (8].

Pulsed NMR measurements were performed in the 3.5
T field with a heterodyne spectrometer. 295T] spectra
were recorded with a spin-echo sequence and by shift-
ing the spectrometer frequency through the resonance.
Typical delay times for echo formation were 7. ~ 40-60
us.
We have studied the c-axis alignment by 2°5T1 NMR in
the normal state [6, 7]. From the analysis of the spectra
for H || ¢, H L &, and the random powder, we found
that in this sample (48+2)% of the T1-2223 crystallites
were aligned and the rest randomly oriented. This in-
formation was used later to obtain the aligned spectrum
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FIG. 1. 29971 spectra of the aligned crystallites at 10 K
(filled squares) and 50 K (open squares) for H || ¢. The
subtraction of the random powder contribution is described
in the text. Note the relative shift in the peaks of the two
spectra.

in the superconducting state. Prior to the alignment, we
measured the 29°T1 NMR spectra in the superconduct-
ing state on the random powder sample at all tempera-
tures. Since the percentage of the alignment is known,
the random powder contribution can be subtracted from
the spectrum of the aligned sample. This procedure was
repeated for all temperatures. An example is given in
Fig. 1 showing two subtracted spectra for H || ¢ at 10 K
and 50 K. One sees that the peak of the 50 K spectrum is
shifted to a higher frequency. It is worth noting that, in
our analysis, no assumption about the line shape in the
superconducting state for either the random powder or
the aligned crystallites is made and the subtracted spec-
trum should be regarded as being solely from the aligned
crystallites.

The inhomogeneous field, h, of the vortex lattice re-
sults in broadening of the NMR absorption line. In par-
ticular, the maximum of the NMR line corresponds to
the saddle point value hg of h(z,y), which is shifted with
respect to the average field B. It has been shown previ-
ously [7] that the shift, hg — B, can be obtained as the
difference between the T1 NMR frequency shifts at H || &
and H 1 é. This is possible if the anisotropy parameter
v = A¢/Aap in the material of interest is large, and if the
T1 spin shift is isotropic [7]. Unfortunately, there is still
no reliable data on « for T1-2223 [9]. In this situation our
approach is to study how the role of fluctuations varies
with ~.

For H || ¢, in the absence of fluctuations, the shift is
related to the penetration depth A,p: B — hg = 3.67 X
107 2¢9 /A2, [7,11]. However, the observed shift is affected
by fluctuations. We then introduce a new length Agp
which is related to the actual shift by the same formula:

B — hg = 3.67 x 107 2¢¢ /A2, , (1)

where A, would coincide with A4 if there were no fluctu-
ations. The length thus determined, Ay (T) is shown in
Fig. 2; the data are normalized on the A,(6 K)=~ 1150 A
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FIG. 2. Experimental data on A.(T") extracted from the

position of the NMR line-shape maximum using Eq. (1). The
theoretical curves are evaluated for the following: (a) v = oo
and Agp(0) = 1100 A, (b) v = 0o and A.s(0) = 1500 A, (c)
v = 0o and Ags(0) = 1960 A, (d) v = 60 and A\as(0) = 1500 A,
and (e) the “two-fluid” model, Agp(T)/Aab(0) = (1 — t%)~1/2,

(see footnote [12]); the near linear increase of Agp with T'
at low temperatures is clearly seen, a considerable spread
of data points notwithstanding.

From the subtracted spectra, we have also obtained
the linewidth [full width at half maximum (FWHM)], as
a function of T', shown in Fig. 3. Contribution from the
normal state has been removed, and Fig. 3 shows the
additional broadening due to the superconducting state.
In principle, this linewidth may not be a good represen-
tation of the variance of the field distribution, due to
distortions of the flux lattice and experimental difficul-
ties in obtaining the complete spectrum [7]. However,
for a static array of straight vortices, the field distribu-
tion is determined by A(T) and a similar temperature
dependence for the FWHM and the variance might be
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FIG. 3. Experimental linewidth (FWHM) vs temperature
for H || & The theoretical curves are evaluated for the fol-
lowing: (a) 7 = oo and Ags(0) = 1100 A; (b) ¥ = co and
Aas(0) = 1500 A; (c) v = oo and Aep(0) = 1960 A, (d)
v = 60 and Ag5(0) = 1500 A, and (e) the “two-fluid” model,
o/c(0) =1—t*
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expected. This feature is commonly used to evaluate pancakes at ry,:

A(T). It is clear from Fig. 3 that there is a significant T

dependence in the FWHM at low temperatures contrast- ¢03 Z / / dkzdky k2 +Q?

ing with the behavior expected for conventional s-wave 14+ A2, (k2 4+ Q?) k2 + ¢2

superconductors. We show below that the fluctuations

of vortices may well cause this temperature dependence.
For fluctuating vortices, the local field at nuclear sites (2)

varies in time. The NMR spectrum measures the time _ .

average of these fluctuating local fields over the time 7, Herek = (ks, k), and Q = 257%(1 — cos ¢s); we will not

need other components of h.

for echo f tion. When the ch teristic ti f
P ectio formabion en the characterisiic tme 7y o The profile h,(z, y) responsible for the outcome of the

fluctuations is small relative to 7., the NMR linewidth . .
will be reduced due to motional averaging; on the other NMR experlr.nents 15 .tl.ae thermal average .o.f t},le field (2)
over all possible positions r,,. The equilibrium struc-

hand, the line broadens for 74 > 7, when the fluctuations . . lar latti £ ioh . d ke
are slow and averaging is not effective. We note that the ture is a triangular lattice of straight z oriented pancake

x coslk - (r —rpy) + g(z — ns)].

position hg of the line maximum is far less sensitive to ¢ stacks: Tn, = r{). The pancakes are in therma(l )motion
than the FWHM. The time 75 is estimated to be ~ 10710 near their equilibrium positions, so that rp, = r2” +un,,
s [13], smaller than 7.; thus, motional averaging does with u,, being the displacement of the pancake (n,v).
take place. At very low temperature we might expect For u? < ¢o/H, the free energy can be taken as quadratic
7f to be longer. For this reason, we do not attempt to in u [4,15]; then the thermal averaging is straightforward:
derive A;p from FWHM data and we will only discuss =G (u?)/4

its temperature dependence and compare it with the T -

dependence of the calculated field variance. i)y = B E 1+ A2,G? PG -x). ®)

We now evaluate the distribution of the field averaged
over the thermal motion within the LD model. One as-
sumes that the superconducting order parameter is de-
fined only in equidistant conducting planes z-y (a-b) with
a period s in the z (c) direction. In the following we con-
sider fields H.; <« H < H_., applied along ¢, so that the
distance between vortices is large relative to the core size. 2 : :
The order parameter modulus can then be set constant, $o/AJ, their result is
and only the phase variation is relevant. Continuous vor- 2 877)\2bT B)\ BAS
tex lines of the 3D London description are replaced in the (u”) = 3¢0 B ¢0
LD approach with stacks of 2D “pancakes” situated at
r,., where n and v enumerate layers and vortices.

Here, (u?) is the mean square displacement of pancakes
from their equilibrium positions; the index z is omitted,
and the sum is over G = (G, Gy) forming the reciprocal
lattice. Equation (3) has been given by Brandt [16].

For layered Josephson coupled systems, (u2) has been
evaluated by Glazman and Koshelev [15]. In fields B >

y Ag=87 <K Agp- (4)

Similar calculation gives in the limit of vanishing Joseph-

The pancakes interact magnetically and via Josephson son coupling:
tunneling. The relaf,ive strength of these two interactions (w2 = 167 )\ng TBX2, s )
depends on the ratio Ay/Agp, where Ay = sy character- u”) = 560 B ¢0 In(L /ko )’ J ab )

izes the Josephson coupling: the weaker the coupling, the
greater Ay is. For T1-2223 we should take s ~ 18 A In where kg = 47B/¢o. To demonstrate the relevance
fact, there are two triple CuO, layers per each 36 A of of the Debye-Waller factor in Eq. (3), we calculate the

the unit cell; the three CuO4 planes in each layer are in value hg at the saddle point and the variance o2 =

close proximity (= 3.2 A) so that one can consider them (B/¢o) [ d?r[(h(r)) — B]2.

as one superconducting layer. Since the Debye-Waller factor does not alter the vortex
Minimization of the LD free energy provides equations lattice symmetry, the saddle point positions within the

for the field and for the phase differences. One obtains cell are unchanged by fluctuations: they are in the middle

(see appendix B of Ref. [14]) for arbitrarily positioned of lines connecting equilibrium positions of the nearest

| neighbors. One then obtains for hg in a triangular lattice:

—1)" 212 B
(hs) - 317 ,,Zn m2 —( mgz Tn2z P [- V3¢o (wh(m? = mn + %) 5 (©)

the term m = n = 0 is omitted in the sum 3.

To compare this with the data of Fig. 2, we use the “two-fluid” approximation A2,(T)/A%,(0) = (1 — t*)~! with
t = T/Teo, Teo = 120 K, and evaluate Agp w1th the help of Egs. (6) and (1). The sohd curves of Fig. 2 are obtained
using (u?) of Eq. (5) where the Josephson coupling is disregarded (7 = 00). The dash-dot-dashed curve shows the
same for the anisotropy parameter v = 60 and \,5(0) = 1500 A (see footnote [17]). As can be seen, the fluctuation ef-
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fect is stronger for higher anisotropies and larger Ags;
physically, this is due to the reduced “stiffness” of the
vortex system with respect to tilt deformations.

Similarly, we have evaluated the variance o2 =
S(W(G))?, where (h(G)) is the Fourier transform of
(h(r)); see Eq. (3). Figure 3 shows o(T")/c(0) with the
same parameters as those of Fig. 2. Both figures indicate
that fluctuations of vortices can explain deviations of ex-
perimental results for Aqp(T") and o(T") from the standard
T dependences: Aqp(T) and o A ;2(T), respectively.

It should be noted that our approach disregards pin-
ning. However, within the collective pinning model
(many vortices per pinning center), most pancakes fluctu-
ate freely independent of the pinning potentials. Hence,
one expects that the NMR line shape, being dependent
on properties on the scale of the vortex lattice cell, is
unaffected by weak pinning.

In conclusion, we have shown that fluctuations of vor-
tices, ever present in layered Josephson coupled super-
conductors, strongly affect the outcome of NMR exper-
iments in the mixed state even at low temperatures.
These fluctuations should be considered when the NMR
data are used for determining A,,(7") before resorting to
more sophisticated possibilities such as unconventional
pairing. Behavior similar to that described in this pa-
per has been seen in uSR data on Bi-2212 [18], on poly-
crystalline T1-2212 [19], and on organic material (BEDT-
TTF),Cu(NCS), [20].
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