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Vortex lattice and vortex dynamics in YBa2Cu40& from 89Y NMR
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" Y NMR spectra in oxygen-deficient, pure and calcium-doped YBazCu408 powdered samples below

T,. are presented. The square root of the derived second moment of the field distribution inside the
vortex lattice at low temperatures appears to be linearly related to T,. The values derived for (hB ),
however, are remarkably diNerent from the ones obtained from p+SR. At higher temperatures a nar-

rowing of the lines is observed and a crossover between two diAerent temperature dependences of the
vortex dynamics is evidenced.

The study of the vortex lattice structure and of the vor-
tex line dynamics is one of the most relevant issues in the
field of high-T, superconductivity. The understanding of
the dependence of vortex lattice structure on extrinsic pa-
rameters, such as the number of pinning centers or the
strength of the external magnetic field, is of crucial impor-
tance in view of the relevant quantities that can be de-
rived, the penetration depth X for instance. On the other
hand, through the study of the thermally induced vortex
dynamics the strength of the coupling, Josephson or sim-

ply magnetic, between adjacent CuOp layers can be ex-
tracted. Until now the vortex structure has been investi-

gated mostly through @+SR (Ref. 1) or macroscopic tech-
niques, while vortex dynamics has been studied, almost
exclusively, by means of techniques such as dynamical
susceptibility, resistivity measurements, and magnetiza-
tion relaxation experiments.

A microscopic probe to investigate the structure of the
vortex lattice is NMR. Through the detailed analysis of
the line shapes, insights on the field distribution inside the
vortex lattice, and estimates of the penetration depth X

can be obtained. Recently such an approach has been

applied by means of Y NMR below T, in YBa2Cu3-
07 s. Since the Y nucleus is not sensitive to the
electric-field gradient, it is, in most respects, an ideal tool
to probe the magnetic-field distribution. Besides provid-

ing information on the vortex lattice structure the analysis
of a Y NMR has evidenced a narrowing related to vor-
tex motions. Thus, a direct probe of the microscopic vor-
tex dynamics is available.

In this paper a study of Y NMR spectra in oxygen-
deficient, calcium-doped and pure YBa2Cu40s (Y 1:2:4)
superconductors below T„ is presented in order to extract
information on the vortex lattice through the analysis of
the Y NMR linewidth Av and through its motional nar-
rowing. In the low-temperature range the derived second
moment of the field distribution (AB ) is compared with
the one obtained from p +SR. ' For T T, a narrowing
of the line is observed and a crossover between two
different temperature dependences of the vortex dynamics
is evidenced.

The transition temperature of our powder samples was
derived either from Meissner effect measurements or from
magnetically modulated radio-frequency absorption ex-
periments. One has for YBa2Cu4079 T, 68~1 K; for

YBa2Cu40795 T„=76~1 K; and for YBa2Cu40s 5%
calcium-doped, T, 84+ 1 K. The irreversibility temper-
ature, which corresponds to the temperature where a mac-
roscopic technique starts to observe a dissipation arising
from the long-wavelength motion of vortex lines, was in-
ferred from the onset in the detuning of the NMR probe.
One can estimate T;„=45 K for all the three samples.
The effect of the external magnetic field (Ho=5.9 T) on
the transition temperature of our samples was not mea-
sured. No sizable reduction of T, is expected in view of
the very steep slope of H, 2(T) in these strongly type-II su-
perconductors. All Y NMR spectra were obtained
from the Fourier transform of the decay of the echo after
a (tr/2), —r —(tr)» pulse sequence, with a radio-fre-
quency field strong enough (=85 G) to irradiate the
whole line. Above T, only one Y NMR line with
h, v=1. 1 KHz was observed, in all the samples. No signal
from YBa2Cu307 s or any other phase was detected, ei-
ther from Y NMR or from Cu nuclear quadrupole
resonance (Ref. 9), evidencing the high degree of purity of
the samples.

First the results of the Y NMR spectra at low tern-
peratures will be presented. For T« T, the vortex lattice
can be considered rigid, namely, the characteristic corre-
lation times of vortex motions are longer than the inverse
of the intrinsic linewidth. Since in the NMR high-field
regime, for the average separation d between vortexes one
has g(0) «d«X(0), where ( is the coherence length, the
London approximation should be valid to describe the
magnetic-field distribution inside the vortex lattice. '

Moreover, due to the high anisotropy ratio between the
effective masses of the superconducting carriers [(m, /
m,b)' )5j, a simple relation connects the second mo-
ment of the field distribution expected when H, llc with
that from the randomly oriented grains of a powder sam-
ple. " One has

mab

where n is the concentration of superconducting carriers,
A, b the penetration depth for Hollc, and k a constant given

by k =0.00162.
The field distribution from powder samples should be

anisotropic. " However, the distribution of demagnetiza-
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tion factors from the variously shaped grains induces a
further smearing out and the observed Y NMR line

shapes are practically close to Gaussian ones (see Fig. I).
In order to extract relevant information on the field distri-
bution for T 0 the lines were fitted with a Gaussian
function and the full width at half intensity Av was de-
rived. h, v is connected to the second moment of the field
distribution by the equation Av=2. 36(AB ) 'i

ys9. In Fig.
2 the transition temperature T, is reported as a function
of (hB )'i . The values for (68 )'i appear linearly relat-
ed to T,. This proportionality confirms the findings from
p+SR experiments' and implies that T, cx: n/m, b [see Eq.
(1)]. In the Ca-doped sample calcium seems to preferen-
tially substitute Ba ions therefore the substitution
should not introduce any change in the number of car-
riers. ' Since a Ca ion is rather smaller than a Ba ion, the
substitution can increase the pressure on Cu02 layers, giv-

ing rise to a lowering of the effective mass m, b and to an
increase in (AB ). In the case of the oxygen-deficient
sample no variation in the effective mass is expected, and
the decrease of (68 ) should be related to a decrease of n,
as in oxygen-deficient YBa2Cu307 — superconductors. '

The second moment of the field distribution derived
from h, v for T 0 can be compared with the one obtained
from @+SRexperiments through the muon depolarization
rate ~ (a=2rry„(hB )'//J2, with y„135.5 MHz/T). '

A remarkable difference between the values of (6,8 ) es-
timated from the two techniques is observed. The values
from " Y NMR are much smaller than those from p+SR
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FIG. I. "Y NMR spectra in YBa&Cu40795 (T, 76 K) at
T l8 K {top) in comparison with the best-fit Gaussian func-
tion, and at T 68 K (bottom) with the best-fit function ob-
tained from the Fourier transform of Eq. (2) in the text, with

35 ps.
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FIG. 2. Dependence of T, from . (hB')'i2 for T 0, as ob-

tained from the " Y NMR linewidth. The circles give the data
extracted from our measurements in Y l:2:4 powder samples,
while triangles refer to the values derived from "Y NMR in

oriented samples (Ref. I I) of YBa2Cu307-s (Refs. 5, 6, and

20). The solid line is the best-fit line according to the linear re-

lation T, aihB2)'i2 with a 5.55 K/G. From @+SR one
would derive a„2.4 K/G (Ref. 12) (dotted line).

(see Fig. 2) and the slope of the best-fit linear relation line
T, vs (hB ) '/ is larger by a factor of =2.3 for Y NMR
data. Although p+SR and NMR experiments for Ho in

the ab plane appear to probe the same field distribution, '

one should conclude that the two techniques probe
different field distributions particularly when Halte. The
origin of this effect can be related to the large difference
between the strength of the magnetic fields used in the two
experiments. In p+SR, in fact, Hn is smaller than in

NMR by a factor of about 100. When a small number of
vortexes is present, the vortex lines are almost all trapped
by pinning centers, since the energy gain per unit length
obtained by trapping the flux lines, U~;„-(H, /8x)aa,
where ao-d is the characteristic diameter of the vortex, is
much larger than the repulsive interaction energy between
vortexes U;„(r)—(4o/Sxl, )In(k/r) (r is the separation
between vortexes). Therefore, in the conditions in which
p+SR experiments are done the vortex lattice is expected
to be more distorted than in the high-field NMR region,
where the higher density of vortexes leads to a lower per-
centage of pinned vortex lines and to a more regular vor-
tex lattice with a field distribution characterized by a
second moment with a lower efl'ective constant k [see Eq.
(1)]. On the contrary, for Ho in the ab plane the number
of intrinsic pinning centers between CuO2 planes is high
compared to the number of vortexes, regardless of the
strength of the field. Therefore no relevant difference is
expected between p+SR and NMR findings.

Now the behavior of Y NMR lines in the high-
temperature range (T T, ) will be considered. By in-
creasing the temperature the characteristic correlation
time of vortex lines dynamics decreases and a narrowing
of h, v, with respect to the behavior expected on the basis
of the temperature dependence of A, (T), is observed (see
Figs. 3 and 4). As appears from the figures, two qualita-
tively different temperature dependences of h, v vs T can
be distinguished in the narrowing regime.
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FIG. 3. Temperature dependence of the extrabroadening of
the " Y N M R line below T, for the oxygen deficient Y l:2:4
sample (a constant value of Av I. l KHz, the linewidth mea-
sured above T, , has been subtracted). The dotted line shows the
expected behavior for b, v in the absence of vortex motion, by
taking into account only the temperature variation of II.(T). Line
(a) shows the behavior of the linewidth in the low-temperature
thermally activated regime for a temperature dependence of the
correlation time given by r„e ' ~r ps. Line (b) shows the be-
havior in the high-temperature melted regime with r, 35 ps.
T;,=35 K is the temperature where the crossover is observed to
occur.

In order to extract quantitative values for the charac-
teristic correlation time of vortex motion i„one can use
the approximate expression for the free-induction decay in
the case of a random Brownian motion: 5 6

s(r ) -exp[ —y'r„'&AB') [exp( —r/r„) —I +r/r„w . (2)

By fitting the Y NMR lines with the Fourier transform
of the above expression (see Fig. 2) and by assuming a
two-fluid model temperature dependence for the rigid lat-
tice second moment (hB ), ' an evaluation of the tempera-
ture dependence and of the values of r,. is derived. Thus,
it is possible to compare the behaviors of r, in the two
narrowing regimes with the ones expected from theoreti-
cal models.

In the low-temperature regime (see Figs. 3 and 4) the
behavior of hv(T) supports a model of thermally activat-
ed vortex lines motion with a characteristic correlation

(U/I, T)
time given by r, z pe ', where U is an effective ac-
tivation energy and r p is the characteristic hopping time

among pinning centers. In particular, it is observed that
in this regime the effective pinning potential U increases
as T„ increases (see Figs. 3 and 4): U=145 K for the
T, =68 K sample, U=175 K for the one with T, =76 K,
and U=245 K for the Ca-doped one with T, =84 K. A
high effective pinning potential can be related to a strong
correlation between adjacent CuOp planes. Therefore the
above results appear to support the idea that T, is related
to the coupling between the CuOp layers. '

At higher temperatures, the thermal Auctuations be-
come strong enough to overcome the weak Josephson and
magnetic coupling between the CuO~ layers and a cross-
over to a nonactivated (r, constant) regime is expected,
since when the coupling between adjacent CuO~ planes is

FIG. 4. Temperature dependences of the extrabroadening of
the " Y NMR lines below T; for the pure (left) and Ca doped
(right) Y I:2:4samples. The dotted lines show the expected be-
haviors for the rigid lattice linewidth. The solid lines show the
behaviors of the linewidths in the low-temperature thermally ac-
tivated regime, where r, e ' ps for the pure Y 1:2:4sample
and t, =e ' ps for the Ca doped one, and in the high-
temperature liquidlike regime where r,. =35 ps for both sam-
ples.

broken the single pinning center in a layer becomes less
efficient because it can trap only those vortexes inside the
same plane and not the whole vortex line as at lower tem-
peratures.

This idea is well supported by our data since the tem-
perature behavior of h, v in the high-temperature regime is
consistent with a constant correlation time for vortex
motion (see Figs. 3 and 4). The value for r„ is the same
for all samples, namely, r, =35 ps. This result is con-
sistent with a picture of a quasi-two-dimensional liquid-
like diffusion of vortexes in CuOz planes once the coupling
between these layers has been overcome, ' with an aver-
age distance between vortexes which is the same for all
three samples, where Ho is the same.

In the weak Josephson-coupling limit the dominant cou-
pling mechanism is magnetic. ' In this approximation an
expression for the temperature at which the crossover
from the activated to the nonactivated regime occurs,
T~o =@os/32m kgb, b (Ref. 18) (s is the separation be-
tween CuOz layers) is obtained. It must be remarked that
the above expression implies that T„cc(AB ) '~z [see Eq.
(1)j, which is itself proportional to T„as previously ob-
served. Although the value of the temperature at which
this crossover occurs cannot be precisely determined from
the Y NMR data for hv(T), it can be noticed that T„
increases with T, (Figs. 3 and 4), in qualitative agreement
with a picture where Josephson coupling between adja-
cent CuO~ layers is neglected. T„does not appear related
to the irreversibility temperature. On the other hand, the
latter is not an intrinsic characteristics of the material, de-
pending on the time scale of the technique used to deter-
mine it.

In conclusion a dependence on the technique ( Y
NMR or p+SR) of the extracted second moment of the
magnetic-field distribution inside the vortex lattice for
T 0 was observed. This phenomenon has been related
to the different distorsions induced by extrinsic pinning
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centers on the vortex lattice when magnetic fields of very
different strength are used. Moreover, a proportionality
between T„and (AB ) 'I was observed, in agreement with
Uemura's findings from p+SR. ' At higher temperatures
a narrowing of Y NMR line is observed and it is attri-
buted to the onset of relatively fast vortex motion. The
narrowing is well described by the superposition of a low-

temperature activated regime and a high-temperature
nonactivated one, in agreement with the observations
from magnetization relaxation experiments in YBa2Cu3-
07 superconductors. ' Estimates of the characteristic
correlation time of vortex motion indicate that the
effective activation energy, in the low-temperature regime,
increases on increasing T,. In the high-temperature re-

gime r, is not related to T,. The derived values of r, are
of the order of tens of microseconds, too long to allow
one to detect a narrowing through It+SR, where) (Av„) ' even for T close to T,.
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