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Local vortex mobility below the irreversibility line of Tl ,Ba,CaCu,0g:
A 205T| NMR study of the transverse relaxation in single crystals

E. G. Nikolaev
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherlands
and P.L. Kapitza Institute for Physical Problems RAS, ul.Kosygina 2, Moscow 117334, Russia

J. Witteveen, M. de Kok, and H. B. Brom
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherlands
(Received 20 January 1997

We performed®®TI NMR on aligned single crystals of the 105-K superconductgB&CaCuyQg in a field
of 4.7 T as a function of angl@ between the field direction and tlweaxis. Irreversibility temperatures;,
were determined by comparing the NMR linewidths after field cooling and zero-field cooling.?*Pfie
nuclear transverse relaxation ratg* shows a well-developed peak caused by vortex motion b&lgw The
peak shifts to higher temperatures with increasthgrhe data are analyzed analytically and by computer
simulation and the obtained parameters of local vortex motion are disciS€d63-18207)50914-3

A characteristic feature of the phase diagram of High- respect to the irreversibility line and show its variation in
superconductors as a function of magnetic-figjdand tem-  location and height as a function of field along thexis.
peratureT is the presence of an extensive vortex fluid phaseThe effect of vortex field fluctuations on the nuclear trans-
that starts just belowl;, and a vortex glass phase at low verse relaxation is calculated.
temperature$? The transition from vortex fluid to vortex All experiments have been performed on the same
glass state has been studied intensively mainly by macrcs-axis-aligned TJBa,CaCyOg single crystals as used in a
scopic methodglinear and nonlinear conductivity and mag- previous study on vortex motion in the vortex fluid stéte.
netic measurementsScaling theories for the critical slowing The compound has two types of thallium positions: the “nor-
down of the vortex motion at this transition have been de-mal” TI(N) site in TIO double layers and the “impurity”
veloped and applied to the results of these experiments. TI(1) site resulting from a partial replacement of Ca atoms by
Nuclear magnetic resonan¢dIMR) is a powerful tool to Tl (near 109%.3714 The average distance betweer(IThnd
study local magnetic-field fluctuations caused by vortex moTI(l) in the Ca layer is about 12 A, compared to 3.8 A be-
tion — by the inherent short length scales, these fluctuationsveen TIN) and TKN). Due to the large distance between
are not described by the renormalization theories. VarioudI(l)’'s, T»(1)>T,(N) (see beloy. It makes the “impurity”
NMR properties are suited. For example, vortices give arsite very convenient for the fluctuating field study. values
inhomogeneous broadening of the nuclear resonance linejere measured by means of the standard two pulse echo
which effect is reduced by thermally activated vortex motionsequence at a field of 4.7 T. At high temperatures the
and the corresponding correlation time can be measured BM(N) and TI(l) lines in this compound are well separated
NMR.3~" The fluctuating magnetic fields caused by vortex(>100 kH2 at all anglesé (the angle between the field
motion can also be studied by means of the nucleadirection and the crystallographicaxis), and the relaxation
relaxation/™® The nuclear-spin-lattice relaxatioh, is sen-  ratesT, of the N and I line can be measured independently.
sitive to transverse field fluctuations near the Larmor fre-Below 40 K for #=0, the TI(l) line shift is such that the two
quencywo= y,Bo. Recently a peak ifT;(T) has been ob- lines merge. BecauseT,(I) is much longer thanT,(N),
served by!®*Hg NMR in HgBaCuQ,, 5 (T, = 96 K) at the  separation of the two contributions remains possible.
irreversibility temperatureT,, .° The transverse relaxation or ~ The T dependences ngl for TI(I) at four @ values are
spin-echo decay timé; is sensitive to motions that are typi- shown in Fig. 1. The peak in the relaxation rateTgt.y is
cally a few orders of magnitude slower than seeffjnand  seen to move to higher temperatures with increasing angle.
the field fluctuations that cause the relaxation are along thgor the T(N) site there is a similar peak near the same tem-
B, direction. T,' was studied in oriented powder of perature although scatter in this case is larger due to the
YBa,Cu;07.; where the 8% transverse relaxation rate smaller absolutd, values and the larger influence of other
T, }(T) shows a peak below, .° The peak was analyzed in relaxation processes. The inset shows this peak=at5°.
terms of fluctuations in the vortex field gradients. In oriented T, relaxation is usually caused Kjin)direct dipolar cou-
powder T}Ba,CaCu:019 (T, = 120 K) by NMR on the pling. Using appropriate published values for the Cu-
thallium nuclei located in the TIO layers, a similar peak wasrelaxation rat&® we find a maximum in theT, rate of
observed at 35 K and explained as the crossover of timé ms ! around 150 K(for #=45°) due to the Tl)-Cu
scales with and without vortex motidA.In this paper dipolar interactior, a value that is indeed observed experi-
we present data on aligned crystals of,Bd,CaCyOg mentally; the next important interaction, (T-TI(l), gives
(T, = 105 K), that give the precise location of the peak with about 2.8 ms*. Below 150 K the Cu—TI) T, ' is calculated
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FIG. 2. The2%5TI(N) linewidth T' as a function of temperature
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FIG. 1. T, (1) vs T at various6. ®—0°, A—45°, X—67°, ¢ g_9g0°: @—field cooled, andD—zero-field cooled. The inset
O—90°. The inset shows thé=45° data for the normal line. shows Til) linewidth for 6= 45°.

to decrease smoothly witlh to become of the order of a
ms ! 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 TIN) and T(1) line at low tempera-
tures, which in principle can give a maximungl, can be s a4 _
ruled out as line merging only occurs f@~0° and the ~&Xplanation of the observed’, - peak at 35 K in
calculated effect is too small. TI,Ba,CaCus0,0, Songet al.™ assumed that a spin-echo de-
The only reasonable possibility left is to interpret the €2y experiment probes this function near the frequency
T, peak as a result of fluctuating fields caused by vortex?peak= T 2static WNEre Tastaic iS the transverse relaxation time
motion. This interpretation is supported by the correlation ofin the absence of field fluctuations. For two nonequivalent Tl
the field dependence @f,qoand the irreversibility tempera- nuclei W|th-d|fferentT25taﬁc, the peak amplitude should then
tureT,, . To determin€T;, for our sample we have measured P€ proportional to ther; pea= Tostaie- AS Can be seen from
the 2°°TL line width at 4.7 T after zero field coolinZFC) Fig. 1 and its inset, _the p(_aak positions and amphtudes are the
and field cooling(FC). Figure 2 shows the result of this Same for both thallium sites, whil;gjc for the N line is
experiment® At T<T,, there is an additional broadening of Much smaller than for the | line. It shows the proposed
the ZFC line!®2° because macroscopic field gradients existmodel to be incorrect. _
inside the sampléthe same mechanism causes the differ- [N the following we will improve the analysis and present
ences between ZFC and FC susceptibility patat @ numerlcal gpproach f_or mde_:pendent_ly or coIIectlveI_y mov-
T=T,,, ZFC and FC line widths are equal since at thesd"9 vortu_:es in a two-dl_mensmnal lattice. Befo_re doing so,
temperatures there is no pinning and hence no field gradiet{€ consider the analytical result for a Gaussian frequency
after ZFC. The obtained values &f,, are 232 K at distribution of field fluctuations of widtlv,= y,b,,“* which

9=45° and 3% 2 K at § near 90° and have to be compared is a good approximation of the effects of fluctuation vortex
with the T;l peak positions at 18 and 28 K, respectively. fields on T,. An evaluation _of the magnetizgtlion decays
According to magnetization measurem@hté on shows a peak in th&, relaxation rate foryb,~ r_ =, where

TI,Ba,CaCuyOg single crystals, the irreversibility tempera- 7c IS the time constant of the exponential decay of the cor-
ture is near 20—25 Ktd T (#=0) and increases as the field relation function of the fluctuations. The time dependence of

decreases. The increase Tjf, and Tpeq With 6 can analo- the.echo decay changes l;rom single exponential at'th'e high

gously be explained, as it is the field component parallel to Side of the peak to exp(t”) at low temperatures. A similar

the ¢ axis given byB,coss, which is the most important in expression is obtained, if the fluctua_tlng field is s_upp(_)sed to

the formation of the vortex lattice in this strongly anisotropict""kg"sOnly two values:t b, and —b, with a correlation time

system. The location of th&, peak at 9&:5° is strongly ~7c:~ The approach covers the same physics, but is more

influenced by the misalignment. _S|mple and leads to exponenthl decays of the magnt_ehzatlon
Intuitively it is clear that longitudinal field fluctuations N the short and long time limit. Between these limits the

may result in a peak in the spin-echo decay rate: very slo/fl€cay is not single exponential and fhg values(obtained

fluctuations have no effect of, and rapid fluctuations also PY Single exponential fijsare less accurate. The relaxation

have no effect because in this case nuclear spins feel only&tes found in this way are well described’by

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- T, !

creases with increasing temperat(eey., with an Arrhenius

law), it leads to a peak iﬁ;l(T). What is the characteristic

time or frequency connected with this peak? Let us considewhere we have added the parallel proc&sg... Equation

the simple case of random-field fluctuations betweeb, (1) shows that fluctuations with a correlation timg of the

and —b, at every nuclear site with a correlation timeg.
This means an exponential form exg(r) for the time cor-
relation function and hence a Lorentzian function for the
fluctuations spectral densify w)<b27,/(1+ w?72). For the

2152
Ynbz7e

= 2+ (‘}/anTc)z + Tzisltatic7 (1)
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use the same parameters as found from the fit in Fig. 1
70=4.1x10"" s, U=80.5 K to convert the temperature
scale to ar, scale on thex axis. As it is seen, within this
model the average displacement of the independent vortices
is about 0.2 A. The value for the collective case is two orders
larger, 15 A[and similar to the prediction based on &g
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.

T is closely related to the melting and the depinning
temperature. If one uses the Lindemann criterion for melting,
R A T T I only random hopping of independent vortices is considered.

10-¢ 10-3 10-4 10-3 The vibration amplitude af;, obtained from this criterion is
T (s) (u?)¥2~0.1a,=20 A, much larger than in the corresponding
simulation(0.2 A). If we interpretT,, as the depinning tem-

FIG. 3. T; 1 vs 7, for the independentdrawn and collective ~ Perature, bundles instead of independent vortices may move
(dotted simulations. The diamonds are the experimental data point§Ver distances of the order of the correlation length25 A.
for §=45° (see tex, along with the fit based on E@1). The 15 A from the collective numerical analysis is a repre-

sentation for this kind of motion. As th&pe, occurs just
belowT;,, the expected vortex displacement 20 A) is in
order of the Larmor periody,b, (so that the nuclear spins zccordance with the collective model.
make about one turn in the field, between two field hops A feature of the simulation for the independent vortices,
are the most effective. which is also seen in the experimental data, is the low slope

The solid lines in Flg 1 show the result of a fit to the dataat the |Ow_temperature side of the peak’ in Comparison with
with Eq. (1) and the assumption of an Arrhenius law the slope predicted by E@l) (see also the long-dashed line
.= 10eXpU/T) for the T dependence of; with U an acti- in Fig. 3). This is related to a high-frequency tail of the
vation energy(in T units). In view of the simplicity of the  flyctuation spectral density probed by the TI nuclei. This
model it is no SUrprise that the fit is not pel’fect, eSpeCiaIIy inspectrum can be thought of as Consisting of a low- and h|gh-
the low temperature part of the peaks. The resulting Valueﬁ’equency part_ The |ow-f|’equency part arises from the
for #<45° areb,= 0.2 mT andU =80 K. The amplitude of nearby vortices and is characterized by a hilghand an
field fluctuationsb, is proportional to the peak amplitude and average time between hops af divided by the number of
decreases at>45° while the activation energy increases. vyortices within a radius of the order of. The high-

At 6 near 90°,b,= 0.1 mT andU=180 K. The prefactor frequency part is produced by many vortices further away,
7o is of the order of 107s at all§. The correlation timer; at  which produce a small high-frequency field at the nucleus.
Tpea= 18 K equals 5Qus at §<45°. With only the nearest neighbors, we would have a relaxation

The obtained values df, are much smaller than the av- pehavior described by formuldl). The high-frequency
erage field inhomogeneity in the vortex state (small ) components produce additional relaxation in the
(AB?)Y2=0.0609P(/\5,=9 mT (A\ap = 1250 A). The av-  low-temperature part, as can be seen in Fig. 3. Similar effects
erage value of the field gradient in the vortex lattice may bewill occur in the case of flux bundles, if in the simulation the
evaluated aS~(AB?)Y%/ay,= 0.5 G/A (a,= 200 A is the effects of independent bundles are incorporated.
average intervortex spacing at 4.Y. Thus, the amplitude of As the echo decay at both high and low temperatures is
the corresponding displacement of the vortex lattice atlominated by anothefdipolan relaxation channel, we ex-
Tpeak is b,/G=4 A. This value will become a few times pect(and observean expf{/T,)? time dependence. The decay
larger, if corrected for the much less effective displacementshape around the peak will be determined by vortex fluctua-
perpendicular to the field gradient and for the field gradienttions. Both simulation models predict that on the high-
which for the majority of the nuclei is overestimated. temperature sidésmall 7), the relaxation will be single ex-

For a more accurate calculation of the average displacgonential. In the low-temperature limit the collective
ment(Au?)Y2 of independently or collectively moving vor- hopping model shows again a single exponential behavior,
tices from their equilibrium positions, we performed the fol- while for the independent hopping model the low-
lowing numerical analysis. Starting with a triangular lattice temperature decay curves are better approximated by
of vortices, we allow the vortex positions to fluctudtede-  exp(/T,)? (as for dipolar relaxation At the peak the echo
pendently or collectivelywith a correlation timer., and an  decays experimentally with an intermediate exponent as
average displacemenrtAu?)Y2 The thallium atoms, ran- exp(/T,)"*
domly distributed around the sample, feel a magnetic field The evaluated activation enerdy is comparable to val-
b(r)= ¢o/ m\2(m\/2r)Y2%e~ " 25 summed over the vorti- ues reported by Suhetal® using the T, peak in
ces. We now calculate the echo intensity after an echo pulsdgBa,CuQ,, 5. The low limit of the typicalU values ob-
sequence for a series of times between putgemd average tained in magnetization relaxation measurements is also near
displacements, and fit the results with(t) =exp(—t/T,). 100 K28 though in these experiments a large current density
The resulting relaxation rates are shown in Fig. 3. The exj is present’ As NMR experiments deal with local-field
perimentalT, data[TI(l) line, 6=45°] are also shown after fluctuations, thermally activated motion involves small
subtraction ofT,g.=3 ms *. It is striking that we could jumping volumes and is determined by the short-range po-

1 (s—l)
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tential structure. In this sense our NMR experiments are intivation energy of the order of 100 K. The computer simula-

deed more analogous to large current transport or magnetiion in addition shows that beloW ., the high-frequency

relaxation experiments where the jumping volume is alsgart of the spectral density can have more weight than in the

small. Lorentzian case, which explains the asymmetry seen in the
In summary, thérz‘l peak observed in higfi; compound  relaxation peak.

TI,Ba,CaCyOg is accurately described by E€l) and com-

puter simulations. It shows the presence of field fluctuations One of us(E.G.N) was supported by the Netherlands

by vortex bundles below;, . The observed vortex motion is Organisation of Scientific Research via an NWO/INTAS

relatively slow and short ranged and characterized by an act010-CT93-0045 grant.
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