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We study the effect of thermal fluctuations of tkavave order parameter of a quasi-two-dimensional
superconductor on the nuclear spin relaxation rate near the transition temp@igtuvée consider both the
effects of the amplitude fluctuations and the Berezinskii-Kosterlitz-ThoulB&S') phase fluctuations in
weakly coupled layered superconductors. In the treatment of the amplitude fluctuations we employ the Gauss-
ian approximation and evaluate the longitudinal relaxation Tq‘té for a cleans-wave superconductor, with
and without pair breaking effects, using the static pair fluctuation propa@atdhe increase irTl_l due to
pair breaking inD is overcompensated by the decrease arising from the single-particle Green’s functions. The
result is a strong effect oﬁl’l for even a small amount of pair breaking. The phase fluctuations are described
in terms of dynamical BKT excitations in the form of pancake vortex-antivoftx) pairs. We calculate the
effect of the magnetic field fluctuations caused by the translational motion of VA excitatiohis'cand on the
transverse relaxation raf ! on both sides of the BKT transition temperatilig<Tc . The results for the
NQR relaxation rates depend strongly on the diffusion conddatiitat governs the motion of free and bound
vortices as well as the annihilation of VA pairs. We discuss the relaxation rates for real multilayer systems
whereD can be small and thus increase the lifetime of a VA pair, leading to an enhancement of the rates. We
also discuss in some detail the experimental feasibility of observing the effects of amplitude fluctuations in
layereds-wave superconductors such as the dichalcogenides and the effects of phase fluctuadiooss in
d-wave superconductors such as the layered cuprates.
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[. INTRODUCTION sephson coupling effects’ Around the real transition tem-
peratureT : there exists the narrow Ginzburg regime of criti-

The most common NMR and NQR experiments on high-cal fluctuations where the Josephson and Coulomb couplings
Tc and other quasi-two-dimensioné&juasi-2D supercon- into the third dimension begin to establish the phase coher-
ductors concern the Knight shift and the longitudinal andence between neighboring layers. This is represented by the
transverse relaxation rates. Both of these experiments eshaded area arount in Fig. 1. According to the detailed
plore the low-frequency spin dynamics of electrons andcalculations of the specific heat fluctuations of Ramallo and
holes in normal metals and superconductors. The relaxatiodidal® and their comparison with experimental results, the
rates are caused by the time dependence of the fluctuatiriree-dimensional critical behavior is restricted to a rather
magnetic fields. In superconductors these field fluctuationsarrow range in the cupratess|T—Tc|<10 2, so that a
originate from electronic quasiparticle excitations and fromwide region of Gaussian fluctuations of the order of 10 K
the motion of magnetic vortices. In the high- cuprates the exists abovd@ . The same considerations should be be valid
quadrupolar Cu spin-lattice relaxation can be due to the trarfor the dichalcogenides which are layered systems exhibiting
sitions between quadrupolar states of the Cu nuclei causegwave pairing. The BKT vortex-antivortex fluctuations exist
by the interaction of the nuclear spins with the time-aboveTc below the mean-field transition temperaturg,
dependent magnetic fields of the vortices. The 2D cuprate&f. Fig. 1). At T,,>Tc, the interlayer phase coherence be-
such as Bi-2212 consist of CyQayers with a very small comes so weak that the Josephson vortices proliferate and
interlayer hopping matrix elementt . The magnetic field the 3D phase coupling ceases to exist.
fluctuations near the real superconducting transition tempera- In Sec. Il we study the effect of Gaussian fluctuations on
ture T¢c, where the resistivity goes to zero and the long-

range order is established by Josephson phase coupling, are Tcr

caused by both the quasiparticle excitations of the normal ! - } W 1 >
and superconducting states and by the spontaneous excitation T T T T
of thermal vortex-antivorteXVA) pairs. These vortex exci- BKT c co

tations occur close to the Berezinskii-Kosterlitz-Thouless g\ 1. Temperature regions. The mean-field transition tempera-

(BKT) Ztr?nsmon temperature of a 2D layeFger<Tc; cf.  yyre of a 2D layer is given byco. The regime of long-wavelength
Fig. 177" Whereas the long-wavelength Gaussian fluctuagaussian fluctuations with 2D character lies outside the shaded re-
tions of the quasiparticle excitations consist of amplitude angion of strong 3D fluctuations. Vortex-antivortex fluctuations exist
long-wavelength phase fluctuations of the complex order paabove Ty in a single layer. In a 3D system of weakly coupled
rameter, the VA fluctuations are primarily phase fluctuationgayers, coming from high temperatures, the 2D fluctuations are cut
of the order parameter. The BKT scenario also applies to 2[dff at the crossover temperatufFg, , before the true transition tem-
layers that are weakly coupled by electromagnetic and JoperatureT is reached.
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the spin-lattice relaxation rate afwave superconductors theory. The translational motion of vortices and antivortices
near the transition temperature for layered systems. Thand the corresponding time-dependent magnetic fields not
NMR spin relaxation ratél'l’l has been investigated inten- only affect the nuclear spin relaxation but also the NQR line-
sively in the highT. superconductors. At present, however, Width and for this reason we calculate, in additionTtp"
the general opinion seems to be that only the electron-dopeifie spin-phase relaxation rafg *. The distribution of VA
high-Tc superconductors may exhib#&wave pairing’!®  pairs is determined by the singular parts of the otherwise
Other layered compounds withwave pairing are the lay- Smooth phase fields of the complex order parameter. The
ered transiton metal dichalcogenides. Long-wavelengtdopological VA excitations reduce the transition temperature
thermal fluctuations of the superconducting order parametePf @ single layer to the Berezinskii-Kosterlitz-Thouless tem-
i.e., Gaussian fluctuations, are expected to play a pertinef€raturéTexr, above which the bound VA pairs begin to
role in layered compounds for several reasons—in particula®ré@K Up into free pancake vortices and antivortices. \We
the quasi-2D structure of these metallic systems, the smaﬁIUdy' n the_ tempera_lture regime abo_]'/@_q, the r_nlagneuc
coherence lengtlé, in the layers(cuprate and the large field correlgtlon functlons that determifig ~ andT, .The.
penetration deptix for fields parallel to the layers. The ef- magnetic field fluctuations are caused by the translational
. 1. T motion of the thermally excited vortices and antivortices.
fect of such fluctuations of; = in these and similar systems

has b th biect of AR Most of th The diffusion constant of the vortices and antivortices,
as been the sy ffﬁ_?g 2r11'umerous pa -MOSt 0T IN€ iy 1y "plays a crucial role for the magnitudes of the relax-
previous author$# “fincluded nonmagnetic impurity

) ation rates; it determines both the free vortex and antivortex
scattering and also set the small external NMR frequency otions and the recombination time of a VA pair. We find
equal to zero. In such theories it is not clear whether thgnat D must be sufficiently small in order to get vortex re-
correct clean limit is obtained. For example, in a clean sySiaxation ratesT; 2 that are comparable to those caused by
tem without pair breaking, we find T{>1/w, for T=Tc.  qguasiparticle relaxation. The latter cause relaxation rates of
To elucidate this limit we consider a clean system from thene order of 18—1F s ! nearT¢ of the cuprates. The effect
outset. This may be a reasonable first approximation for syssf the time-varying magnetic fields due to the VA fluctua-
tems like the cuprates whetg is large compared with the  tions onT;® is also of some interest for the following rea-
mean fre_e path son: Of the two mechanisms causing the transverse relax-
Certainly for the cuprates, and many other layered SySziinn i the cuprates—namely, the indirect nuclear spin-spin
tems as well, it is important to include the pair breaking .o njing and the spin-lattice relaxation—we expect that only
effect of inelastic scattering due to the exchange of 10W+he second contribution is affected by the VA fluctuations.

energy bosons, spin fluctuations, or phonons, for examplerege fluctuations lead to an exponential decay of the time-
To do this correctly would require solution of the strong- dependent transverse magnetization of fi€u or ®5Cu

coupling Eliashberg equations, taking full account of the en+, ,-jear spin&® On the other hand, the individu&fCu-53Cu
ergy dependence of the pairing interaction and the singlel— ’

. ndirect coupling leads to a Gaussian time decay and is of
particle self-energy. To date no such theory has appeared i, gport ranger, < &,,%* that this coupling remains alto-
the literature with respect to NMR in layered systems for

L oo ) ; LA gether unaffected by the transition into the superconducting
swave pairing?? In previous weak-coupling theories inelas- state

tic scattering has usually been accounted for by introducing a In .Sec. IV we discuss the experimental situation in some

.CUtOff in. the pair f_Iuctuation propagator or a constant Iife“”“%etail with respect to the possibility of observing the effect
in the single-particle Green’s function. We also do a weak-

. ) i ) ) of superconducting fluctuations on the longitudinal and
coupling calculation and simulate the effect of inelastic SCatransverse relaxation rates of the nuclear spins in layered

tering through a pair breaking parameter in analogy to magéystems such as the cuprates vétivave pairing and con-

netic impurity scattering. The large qualitative and,eniional Jayered superconductors such as the transition
guantitative effect of pair breaking indicates that the reSUIt%etaI dichalcogenides

of a weak-coupling calculation should be viewed with cau-
tion until they can be confirmed with a strong coupling
Eliashberg calculation. Since the inclusion of pair breaking !l EFFECT OF PAIRING FLUCTUATIONS ON  T7*
in the clean case qualitatively changes the results, we give
some of the details both with and without pair breaking. ) ] o
In Sec. Ill we study the effect of topological intralayer ~ The NMR spin relaxation rate is given by
phase fluctuationgvorticeg on the NQR spin-lattice and
spin-spin relaxation rate$; * and T, . In contrast to the
Gaussian fluctuations of Sec. Il, which contain the long-
wavelength fluctuations of the amplitude of the order param-
eter, the topological fluctuations are, primarily, the 2D sin-where y is the transverséspin-flip) susceptibility,w is the
gular phase fluctuations of the superconducting ordeexternal frequency, and, is determined by the fine struc-
parameter. Experimentally, the relaxation ra1|'e1‘§;z1 in the  ture constants and should be large for ¢ that couple to
cuprates can be obtained in zero magnetic field from NQRarge values of Inx(q,w). Here we assume tha, is a
spin-echo experiments offCu and ®°Cu nuclei. We con- constant. The susceptibility diagrams through first order in
sider NQR to allow direct application of the zero-field BKT the Cooper pair fluctuation propagat@r, are shown in Fig.

A. General formalism

1 Im x(q,w)

w
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taken the pair interactioV to be constantD(k) diverges
when T approached ¢ from above fork equal to zero, sig-
naling the transition to the superconducting phase and defin-
ing Tc. In order to describe static Gaussian fluctuations, the
t matrix is calculated for small total momentum with zero-
order Green's functions. A standard weak-coupling
calculatiort’ yields for a clean systemy=1)

Noﬂ-) [ keTc kT

'D71 k :(— - R
=T | oy Tom(TOT iy Ton(D]

2
(hivek) kT } ©

12 o™ Jon(T))?

whereNy=ma?/(27#?) is the 2D density of states per spin
andv is the Fermi velocity. All the sums are cut off at the
constant BCS cutoffoc. The cutoff onn, n.=w /27T
—1, depends o and is responsible for the important dif-
ference in the first two sums in E@6).® Performing the
sums leads to

FIG. 2. Transverse susceptibility diagrams through first order in ksT/No

the pair fluctuation propagatdp.

2. The zeroth-order contributiop(® yields Korringa’s law

D(k) )

CIN(T/Te) + é2k2’
where ¢ is related to the BCS coherence lengif= &(T

in the normal phase and, in the absence of pair breaking, the 0)

Hebel-Slichter peak belovi- for sswave pairing. The lead-
ing fluctuation contributions are given by the diagragis
andygg. We follow the notation of Maniv and Alexandé&t,
who considered the clean case in 3D, and write

; Im x(q,0)=1m x(), 2
where

Im x(w)=1mM xpe(@) +1M xge(w). €
The first term represents the Maki-ThompsaiMT)

_[74(3) fvg
=N 748 akgr colc/T- ®

In the early conductivity calculations it was first observed
that the Maki diagram has anomalous properties: In the pres-
ence of nonmagnetic impurity scattering, the impurity vertex
corrections at each end of the fluctuation propag&tam the
polarization bubble lead to a divergence at all temperatures
in 2D. This divergence could be removed by including a pair
breaking parametéf.?® We emphasize that we work in the
clean limit where there is no impurity vertex in the first place

diagram?>2® y= w1, Which also has a long history in the and thus this “Maki divergence” does not occur. As we will
calculation of the fluctuation conductivity. The second termsee, however, this contribution is also rather pathological in a

accounts for the self-energy or density of stafe®S) effect

clean system in 2D: We find that it diverges at all tempera-

that is caused by the renormalization of the normal-statéures whenw goes to zero. This divergence is removed-
Green’s functions by superconducting fluctuations. This concept right atT=T¢) by the inclusion of pair breaking.

tribution is often denoted byyxpos=xcs.t' %' The

The Maki-Thompson contribution t6; , xgr, was first

second-ordefAslamazov-Larkin diagram does not contrib- evaluated in 2D by Kuboki and Fukuyafian the dirty limit

ute to transverse susceptibility.
We define the static fluctuation propagai@rin terms of
the particle-particle matrix as

D(k)=—kgTt(k,0), (4)
where

3’

t 4K, ivy) =V t—kgT X, G(k',iwp)

iwn 77)3
XG(k=K"ivp—iwpy)y. (5)

Here w,= w,(T)=(2n+1)7kgT, k is the total momentum

for «=0. They found a logarithmic divergence on approach-
ing T¢ from above with the form IA{/t) wherel is a pair
breaking parameter. This presented a problem in the high-
superconductors because no corresponding peak has been
observed there. An attempt to remedy this situation was
made by Heyrif who generalized Kuboki and Fukuyama’s
work by including the frequency dependencebfHe found
that dynamic fluctuations become important 19T .= 1.05
and can lead to a significant correction to thelependence
of 1/T, for these temperatures, in particular for strong pair
breaking. The large peak far— T remains, however. We
will see later that pair breaking can strongly reduce this peak.
We follow the notation of Maniv and Alexandérand

of the Cooper pair;y is the impurity vertex, and we have write in 2D
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B. Clean system without pair breaking

XFF(IQ”):; Clk,i,)Dlk), © We consider first the Maki-Thompson diagram. Perform-

ing the integrals oveg, and &p, in Eqg. (11) we have
xoa(i,) =2 A(kiQ,)D(k), (10

dd>1
P — 2
where the contributions of the polarization diagrams arec(k"QV)_N TE sgr(wn) Sgr{w”JrQV)J

given by

« fZ’T de, 1
27 (iwp—v1k2) (0, +i1Q,—v,k/2)"
Cki0)=—keTS S G(pyiwn)G(k—py,—iwp) 0 2T lonmuld2)on i, ok
N p1.p2 (13)
XG(p2,iwpn+iQ,)G(k=py, —iw,—i€,)
Due to the sgn functions, it is mathematically convenient to
(1) follow Maniv and Alexandé and split the contribution into
and two parts:

IM xep(@)=1m xE2(0)+1m x2(w), (14)

A(k,iQ,)=2kgT, 2 G¥(py,iwp)
n pp,p2 where

XG(k—pq,—iw,)G(ps,iw,+iQ,). (12 2w do
_ N2 !
The G’s are taken to be zero-order propagators of the form Imx(l)('ﬂ”)_ Nozk" D(k) fo 27
(for the case of no pair breaking(p,iw,)= (Iwn &)~ !
where we assume free particles in 2B,=p 2/2m—Eg. XJZW d¢,
Since D(k) is peaked at smalk, we approxoimatey 0
~¢&,—vekcos¢ where o= 2 (k,p). The factor of 2 in Eq.

H(81,82,|Q ), (15)

(12) accounts for the two diagrams of the GG type. with g;=kvg cos¢/2, j=1,2, and
+ o0 1
. — 2
Miere2i 00 =mkeT 2 (o= 50— i,y (19
-1
1
. . . , v>0,
n="y (log—e)(ioy—e+i(),)
H2(81,82,iQV):_2772kBT IV‘71 1 (17)
- - - ,  v<0.
n=o (iw,—e)(iw,—e,+iQ,)
|
2
For a clean system this decomposition is done merely for @, N _ h“’ NO
! . X . T Im g (w)= D (x)dx
mathematical convenien¢é.When impurity scattering is go
present, however, the singulgrdependence due to the im- B , _
purity vertices at the ends of the propagator(the “Maki " jl—z&zlx dy (—=1)f'(ecxyl/T)
d!vergence, agaljj makei it neccissary to s‘!ol)@FF in a ) 1 \/1—y2 \/1—(2(_2/x+y)2
different manner into a “regular’ and an “anomalous
part’ Performing the sum oven in Eq. (16) and analyti- , - (18)
cally continuingi(, to the real external frequenay, we D(x) = Nod B T (19

find, to leading order inv, kgT D(k)_x2+t(?/§)2’
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where we have definedx=k/kg, Q=hAw/2Eg, ¢,
=EplkgTe, T=T/Te, {=ke&y, andt=InT~(T-T)/T¢.
Here f’ is the derivative of the Fermi function antl is a
cutoff which we take a€O(1). A larger cutoff does not
change the results significantly. Note that, sinrcE is posi-
tive, Imx} is a positive contribution, proportional g3 .

After analytic continuation and expansion to first order in
w we find from Eqgs(15) and(17)

Zh(l) NO

F

Im x2(w)=

T

g f XD(x)dx
0

Xfo d¢1 dd’z

<3,

where u;= X cos, [T, py=

2 2 5
Priips—Pp
2 2 2 2
pn+/~‘“1)2(pn+/~‘“2)2

] . (20

(2n+1)m, and several terms

that vanish after the angular integrations have been omitted.

Imy2) is negative.

We turn now to the calculation of the DOS contribution
Xcc and first evaluate the sum overin Eq. (12) as a con-
tour integration and then carry out the analytic continuation
iQ,,—w+id. Of the several resulting terms only the fol-

lowing yields, after the angular integrations, a honvanishing

contribution to first order inw:

Ak, 0)=47Ny>,
P1
+

. f—w (&2~

The &, integral can be expressed as a sum of the residues
the poles of the Fermi function:

—f(&)dé;
w—18)2(Ext -V k—w—i0)
(21)

&1—

A(K,w)=872INokgT

X2 :
pr n=-1(lw,—

1

w)z(lwn_"‘fl_

V-k— o) .
(22)

&1—

Expanding to first order im and performing the, integra-
tion we obtain the negative contribution

Zfl N 8 c w2
Im xge(w)= §o @0 :?f xD(x)dxf0 do
Pl P2~ 3(Xe COSpIT)?]
. 23
XE { [p2+ (xe,cosh/T)?]? ] @3

In Fig. 3 we plot the three contributions to lynas functions

of the reduced temperatufe,-: T/Tc. The positive contribu-
tion Im yX is seen to dominate strongly.

PHYSICAL REVIEW B53 064509

-50
1.0

T/Te

FIG. 3. The three fluctuation contributions to jfw)
=3, 1m x(q,w) for a clean system without pair breaking measured
In unlts of[(al &) ?(hw/E£)Ny/2].

It is interesting to consider these results in the limitTof
—T¢ from above. The experimental external frequencis
very small but we leave it finite since Igxe depends on the
ratio t/w. In Egs.(20) and (23) the functionxD(x) o x/(x?

+1T2/£?) is peaked at smak for t small. The sum oven is
only weakly dependent oxifor smallx and it is a good first
approximation to set=0 within the sum. The dependence
then arises solely from theintegration over the fluctuation
propagator and one easily finds

Im X(Z)

at m XGG

xInt, xInt, fort—0. (24
These limiting functions are independent of In Eq. (18)

for Im X(l) the limiting behavior is not just due to the fluc-
tuation propagator but is strongly affected by the integral

overy. We find the following result:

4 EF{ for —— 0
n or ——
|mX(1> t Ect
W ] (25
w 1 Eet
— for ——
w w

For comparison we give the corresponding results for small
and o for the clean 3D cas¥

1

t+ Clb)z

Im X(l) Im X(z) Im xgo

o« —Cs,

(26)

wherecq, C,, andcg are positive constants. In comparison to
3D, the results in 2D are rather pathological. In 3D the only

MCZ’

w w

064509-5



D. FAY, J. APPEL, C. TIMM, AND A. ZABEL PHYSICAL REVIEW B63 064509

divergence occurs in Ip/w and then only wherboth t
and » go to zero. In 2D, Imy2/w and Imygg/w diverge G(kiwg)==——,
only for t—0, while Imy&/ e diverges asv—0 for all t. lon =&
This strange behavior is presumably unphysical and is rewith

moved by a small amount of pair breaking. As seen from Eq.

(25), the limiting value of Imy2/w depends on the ratio w,=w,+T sgriw,), (29)
wlt. Ast—0 there is a “crossover” nedr= w/Eg which is
probably too close té=0 to be experimentally observable.
In any case, for finitev there is no divergence in I/ w

(28)

whereI'=%/27, is the phenomenological pair breaking pa-
rameter destroying the phase coherence between the Cooper
pairs. Equatior(6) for D is now replaced by

for t—0.

It is also interesting to compare our E®5) with the N kT KT
corresponding result of Randeria and Varlat{a®RV) who D Y(k)= L) B co B
give a result for the “ultraclean” limit of a theory that in- keT /| wsTeo) [@n(Tco)l  wnth [@n(T)|

cludes elastic scattering from the beginning. Their 8d) 5
reads +(ﬁUFk) kgT J

12 o™ |wn(M)?

(30

1

whereT ¢ is the transition temperature in the absence of pair
Im xppo \/_In(TCT\/f) for TerVt>1 andw=0, co P P
t

breaking. Although we report here only results forcon-
(27)  stant, in generdl will be a function ofw, . For comparison,
for I' constant the sums can be carried out analytically and
Eqg. (30) can be expressed in terms of the digamma and tet-
ragamma functions in the notation of E4.9) as

SRAT™
n__
TCO

wherer is the lifetime for elastic scattering. Since this equa-
tion does not contain their pair breaking paramegerit
should be valid for the case of no pair breaking. Equations

(25) and (27) are similar in several respects. In both cases D L(x)= i
there is a prefactor Yt multiplied by the logarithm of a r?
large number proportional tgt. Since RV setw=0 before

the calculation while we have 4+ 0, an exact comparison _( X

1

2+\I’

1
E—l—a

of the results is not possible. In the exact clean limit &%) ' (31)

seems preferable because although very small, is a well-
defined experimental quantity whitein Eq. (27) is not well ~ where
known and, more importantly; should not even appear in
the exact result for a clean system. Also, the limit0 is w=
only possible ifw remains nonzero. 2wk T’

(32

The transition temperature in the presence of pair breaking,
C. Clean system with pair breaking Tc, is obtained by setting®(0) " equal to zero, yielding the
Abrikosov-Gorkov equatiof® Since we assume the pair

By “pair breaking® we mean essentially the effects of breaking is due to inelastic scatteriniy is hot experimen
inelastic scattering which, in the high: superconductors, tally accessible. Thinking for the moment of the high-

for example, could be due to spin fluctuations and phononss'u erconductors, in our numerical calculations we take
In order to obtain a rough estimate of this effect we want to P T i .
=100 K as experimentally given antlcq will be deter-

simulate it in a simple manner within a weak-coupling .
theory. Our procedure is equivalent to adding a constant inmined by the dampmg_ parameter AlthoughTC<TCO’ as.
xpected,D as a function ok can be modified by the pair

elastic scattering rate to the single-particle propagator e : .
done by other authofd.We attempt to justify this physically reak!ng n such a way that, negl_egt_lng _the effect of pair
by assuming that the effect on the fluctuation propagBtisr bree_lkmg in t_he rest of t_hle sus_ceptlblllty dlagram§, the fIl_Jc-
similar to the well-known pair breaking effect of scattering tuation _contrlbutlons ta, - are _mcreased. Tq elu_mdate this
by magnetic impuritie®® Impurity scattering affect® in  Pehavoir we shovD as a function ok=k/ke in Fig. 4 for

two ways: self-energy corrections to the single-particleT=1.03T¢ and several values efc=aT. The figure shows
propagators of the-matrix ladder and vertex corrections to that the maximum and width dP(k) increase withl". The

the pair interaction. For nonmagnetic impurities these twdact that the fluctuation propagat®r increases with increas-
contributions cancel fos-wave pairing (Anderson’s theo- ing pair breaking may seem counterintuitive if one assumes,
rem). For magnetic impurities there is no cancellation andin analogy to the case of magnetic impurities whegg is

the transition temperature is strongly reduced. For our purknown, that pair breaking reduced tendency to supercon-
poses it is sufficient to retain only the self-energy correctionsluctivity— weaker fluctuations. In that case, fbffixed rela-
and to assume that the vertex correction is included in théive to T, the fluctuations weaken with increasiihgbe-
effective pairing interaction. The Green'’s functions in Eq.causeT: and, thus, the divergence @ are moving away

(5) thus have the form from the reference point. In our case, however, is fixed
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e
FIG. 4. The fluctuation propagat@ as a function of momen-
tum x=k/kg for several values of the pair breaking parameigr. FIG. 5. The fluctuation contribution Im(FlF)'r(w) measured in
units of [(a/£,)2(hw/EL)Ny/2] as a function of the pair breaking
relative toT. and T, moves away with increasing. Thus  parameterxc for several values of the reduced external frequency
the fluctuations aT would be expected to be rather indepen-Q=#w/2E¢. For the experimental valug =5x 108 the effect
dent of I'. ThatD actually increases arises mathematicallyof even very little pair breaking is drastic.
from the dependence of the In term in E1) on I in this

case. The effect of pair breaking in the single-particle propagyternal frequency§)=#%w/2E. Note the very large and

gators, however, leads to a decrease of the susceptibilijapid change at small pair breaking for the experimentally
diagrams which usually dominates over the effect ansing . ayvant frequency2=5x 10"8.

from D. . 2 - .
o o : - Caculation of Imy2(w) for finite T yields
We consider firsg ;) since it is the dominant contribution MyEe(e) y

without pair breaking and its limitintydependence is quali-

tatively changed by the addition of pair breaking. Equations Im y2 ()= a zﬁ_‘” M e
(15) and (16) are still valid if the frequencies are renormal- XFFT &) Er 2| 2T
ized according to Eq(29). The frequency sum and then the
H : H i A 2m 2m
angular integrations can be carried out exactly with the result Xf xD(x)dxf d¢1f do,
0 0 0
| (1) ( ) a zﬁw No | (33)
m = —_— —_— s o}
XFrrlw §0 EF 2 r y 1
120 (pp— py)?+ (4mac)?
_ & (" +w 2, 2
Ir= 16710 Jo dx xD(x) » du f(27u) [2mac(pmitPns) T (ma—p1) L1Pn+ ]
: (Ph++ 1)
XY(U,n,&)[Y(u+Q,n,a)—Y(Uu—Q,n,a)],
(34) B [27ac(ub+ P )+ (o= 1) oPn-]
_ 2 22 ’
where f is the Fermi function, p=eXx/2aT, Q (P 42)
=fw/2wkgT, and (35

where p,. =p,*2mac/T. A similar calculation leads to
the result that Imygg r(w) is simply given by Eq(23) with
with N=(b?—a?+¢?)?+ 4a’c?. We have computet nu-  the replacemenp,— p,+27ac/T.

merically and the result as a function of the pair breaking The limiting behavior of Inygg r(w) and ImX(FZF)’F(w)
parameterac is shown in Fig. 5 for several values of the for t=(T—T¢)/Tc—0 is still given by Eq.(24). Similarly,

Y(a,b,c)=mV2[ (b2 a2+ c2+ YN)/IN]Y2,
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of the diagram. In Iy (w), for example, the increase in
Tl‘1 due to pair breaking ifD is more than compensated for
by the decrease arising from the Green'’s functions.

The strong effect of even a very small amount of pair
breaking within our simple weak-coupling model underlines
the need for a strong-coupling Eliashberg calculation includ-
ing inelastic scattering due to boson exchange before quan-
titative comparison with experiment can be attempted for
specific systems.

ll. EFFECT OF BKT VORTEX-ANTIVORTEX
FLUCTUATIONS ON T;* AND T;?

Up to now we have discussed the effect of Gaussian fluc-
tuations of the order parameter on the NMR relaxation rate
Tl’l near the mean-field transition temperattig, of a 2D
superconductor. The weakly coupled 2D layers of high-
superconductors promote the formation of topological exci-
tations in the form of pancake vortex-antivortex pairs asso-
ciated with the singular part of the phase field of the complex
order parameter. Neglecting Josephson coupling, these VA
excitations reduce the transition temperature to a
Berezinskii-Kosterlitz-Thoule$$  transition temperature
TgkT, above which the bound pairs start to break up into free
vortices and antivortices. We now proceed to study the effect
of magnetic-field fluctuations caused by the translational mo-

[(a/fo)z(hw/EF)NOIZ]Es a function of the pair breaking parameter tions of vortices and antivortices O'ﬁIl and Tgl in the

ac for T=1.03T¢ andQ =% w/2E;=5%X10"8,

for finite I', the T dependence of Ig&? () now also
arises primarily from the integral ofD(x) in Eqg. (34) and
one finds Inp(leF)T(w)oc—Int, for t—0. Thus, in the pres-
ence of pair breaking, the magnitudes of all three contribu
tions have the same limiting temperature dependence.

In Fig. 6 we plot the fluctuation contribution to
[1/(T1T) e, Imxr(w), given by Egs(1) and(2), vs ac.
Note that Im)(FZF,F increases in magnitude with increasing
ac until it dominates over Iny&} . leading to a change of

vicinity of Tgkr -

A. Vortex fluctuations in BKT theory

In thin superconducting films, BKT thedtypredicts that
below a transition temperaturBsxt Spontaneously created

pancake vortices and antivortices are bound in pairs with

zero total magnetic flux and do not destroy the off-diagonal
quasi-long-range order. AbovEgkt, the large pairs break
up into free vortices and antivortices, which are responsible
for the dissipation of electrical currents, and quasi-long-
range order is lost. Arountizkr there is a vortex-antivortex

sign of the total contributiordotted ling for the pair break-  flyctuation regime. The time and distance behaviors of these
ing parameterxc near 0.05. This effect also occurs in the flyctuations affect the transport properties; e.g., BKT behav-
presence of weak elastic scatterfrign Fig. 7(a) we plotthe  jor is clearly seen at microwave frequendiesid in the dc
total contribution vsT/T¢ for a range ofac from 0 to 0.1.  current-voltage characteristics. This picture is essentially un-
The detailed plots in Figs.() and qc), for small and large  changed in layered superconductors if the Josephson cou-
ac, show the dominance of I - for large pair breaking, pling is ignorecd®®® (Under “Josephson coupling” one un-
yielding a negative divergence. We point out that, in thederstandsall interlayer pair transitions contributing to the
presense of inelastic scatteriggair breaking, our results  Josephson currept.
here in the exact clean limit are qualitatively similar to those In weakly coupled highF, superconductors such as
with weak elastic scatterirg. Bi,Sr,CaCyOg, 5 (Bi-2212) the results are changed, since
To summarize briefly, we have shown that the Maki dia-the pancake vortices in the layers become connected by Jo-
gram in 2D is pathological in the exact clean limit but the sephson vortices between the lay&&3° The Josephson
divergences occur for a different reason than in the usuajortices lead to a linear term in the interaction of pancakes
dirty limit. In the presence of pair breaking due to inelasticconnected in this way. The general picture is the
scattering, which of course will always be present to soméollowing®* The VA pairs start to unbind at a BKT tempera-
extent, reasonable results are obtained. A small amount afire Ty, but the linear interaction leads to confinement of
pair breaking also strongly reduces the increasgjihasTc  the pairs at a length scalé, called the Josephson length.
is approached. We have also seen that pair breaking in tHEhe BKT renormalization is cut off at pair sizes of the order
fluctuation propagato® can affectTl‘l quite differently  of A. Very close toTgxr, Where the BKT correlation length
than pair breaking in the Green’s functions in the remaindeggykt exceedsA, the interlayer coupling becomes important
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FIG. 7. The fluctuation contribution §al/(T;T)]e., Im xr(®), measured in units df(a/£,)?(A w/Eg)No/2] as a function of tempera-

ture for a range of the pair breaking parametgy=0.01, 0.02, 0.04, 0.06, 0.08, and O.({ffom top to bottom and Q=% w/2Ex=5
% 10"8. The details for small and large pair breaking are showtbjrand (c).

and the system shows three-dimensional critical behafior. are considering weakly coupled high: superconductors in
The true transition takes place at a temperaflige At a  the sense that this 3D critical region is much narrower than
higher temperature, where the BKT correlation lengththe 2D fluctuation regime, which is well described by BKT
&er(T) falls below A, 2D fluctuations become important theory. We therefore neglect the Josephson coupling and re-
again and remain essential up Tg,, where the local con- strict ourselves to the 2D fluctuation region.

densation energy vanishes. Critical fluctuations sHig, In the following we are concerned with the effect of BKT
slighty downwards from the mean-field value. Aroufig VA fluctuations on the spin-lattice relaxation rafg ! and
there is a narrow 3D critical regime in which fluctuating the spin-spin relaxation rat€,*. Up to now, the experi-
vortex loops through more than a single layer are crucial. Wenents on BKT fluctuations consist mainly of flux-noise
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measurements3® with frequencies of the order ofw  Whereh, ,(r,t) is the @ component of the magnetic field at
~10* s71, whereas NMR and NQR spectroscopies are charpointr and timet in layer n. This field originates from the

acterized by frequencies of order’ta0®s 1. VA pairs in all the layers and is given by
N
B. Vortex relaxation mechanisms ho(0) =2, > [H (= _n, (D)—H_n(=1_n, ()],
We discussed above the microscopic contributions to the noet 37)

relaxation rates arising from superconducting quasiparticles
in the regime of Gaussian fluctuations. Now we proceed tavherer, . (t) andr, ,_(t) are the positions of the vortex
study the macroscopic contributions of fluctuations due tcand antivortex of theith pair in layern at timet, andH,(r)
VA excitations. The vortices cause contributions from bothis the magnetic field in layen atr of a single vortex cen-
the quasiparticle excitations in their normal cores and fronfered at the origin. The components of this field parallel and
the fluctuating magnetic fields carried by them. These flucPerpendicular to the layers 4Pé*
tuating fields interact directly with the nuclear magnetic mo-
ments and cause spin-flip transitions. The nuclear spins in H, (1) = oSt sgn(n) ex;{ B |n|s)
the vortex cores and in the superconducting regions can be n| 477)\§br2 Nab
brought into thermal equilibrium by cross relaxation through
simultaneous spin flips of neighboring nuclei, i.e., by spin In|s Jr2+n?s?
diffusion. In type-Il superconductors, the cross relaxation of - ﬁexr< - )\—) , (39
the nuclear spins in the normal core with the nuclei not in the vre+n®s ab
core tends to be suppressed by the mismatch of the Zeeman
energies in an inhomogeneous magnetic fféldowever, in H _ $oS B \Vré+n’s® 39
high-T. superconductors in the absence of an external field n2(1)= 477)\§b\/r7+_n2?ex Nap ) 39
cross relaxation is apparently not suppressed by this effect.
The experimentally observed line width, of the ordeffgft, ~ Here ¢o=hc/2e is the flux quantum) ., is the penetration
is about 18s~1. On the other hand, the magnetic field varia- depth inside the layer, and is the interlayer separation.
tions due to the vortices and the corresponding variation ofVhereas the component is of short range in both the in-
Zeeman energies of th&Cu nuclei lead to an inhomoge- Plane and the direction, the in-plane component is of short
neous line width which is much smaller, of the order ofrange only in thez direction and falls off with 17 in the
10° s 1.%8 Hence the system is homogeneous; fiéu nu-  plane. For the convenient evaluation of the relaxation rates
clei can be considered as a single system subject to differeMte will later use the Fourier transforms
relaxation mechanisms. Furthermore, the motion of the vor- sosk
X - : . s

ts?))i(nCs;StSsE;mVYhICh visit many nuclei, also homogenizes the Hnll(k):i4w;\)z kzexa—lnlsm), (40)

We now focus on the relaxation of nuclear spins caused ab

by the fluctuating magnetic fields of the VA pairs. Since afor n#0, Hg(k)=0, and
static magnetic field is not easily taken into account in BKT

theory, effects of BKT vortex fluctuations are best studied in &S 1 >
the relaxation rates measured in nuclegiadrupolereso- Hn (k)= 7 == nlsVKE NG
; i : 42 K2+ NG
nance experiments offCu nuclei which have spimh=3/2 (41)

and nuclear quadrupole mome@=—0.157x 10" ?4cn?.
The local electric field gradient is oriented in thelirection ~ We take the correlations between the fields of the vortex and
and gives a quadrupolar splitting that is much larger than théhe antivortex of the same pair into account but neglect in-
Zeeman splitting due to the magnetic field of the vorticesterpair correlations. This is a good approximation, since the
The relaxation rates are governed by the time-dependent cotypical pair size is small compared with the average distance
relation functions of the magnetic field, which are deter-between pairs below the transition and even in a significant
mined by the VA fluctuations. The evaluation of these cor-temperature range above*#tin the following we are only
relation functions for the diffusing and recombining vorticesinterested in the diagonal componentskgf;. They can be
is the main task. We then proceed to discuss the NQR relaxritten as
ation rates in terms of the magnetic-field fluctuations.

2N
Keal )= > f d?r’ d?r” d?r, d’r _H_, (—r))
C. Magnetic-field correlation functions n

The Redfield theory gives the nuclear spin relaxation rates X[H_p (=1 )—H_p o(—r2)]
in terms of correlation functions of the fluctuating magnetic R _
field 33 We are interested in the correlation functions for XP(ririre,rof(ry—ro). (42)

the time-dependent local magnetic field in a given layer, Here, we assume the presenceNofortices andN antivorti-
ces in each layer so th&l/F=n is the vortex density calcu-
Kap()=hp o(r,t)hy 5(r,0)=hg ,(0,1)ho £(0,0), (36) lated as a function of temperature in Refs. 42 and 38. The
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function f(r) gives the normalized size distribution of the +3/2 -3/2>
pairs. Thediffusion function Pdescribes the motion of the
pairs within a layer. We now discuss the functidhandf.

We assume diffusive motion of vortices but take the in- E=0 | 0
trapair interaction into account. The diffusion functiBnis
defined as follows:P(r’, ,r’ ;r,,r_;t)d’ d%’ is the

probability of finding the vortex of a given pair in the area L
d?r’. aboutr’, and the antivortex of the same pair dfr " 1+1/2 -1/2>
aboutr” at timet, provided the vortex was at, and the FIG. 8. Energy levels of*Cu nuclei in the Cu@ layer due to

antivortex atr _ att=0. The diffusion functionP is dis-  quadrupolar splitting. The allowed transitions are indicated by ar-
cussed in a recent paper by Tifihin the context of flux  rows.

noise. Here we summarize the results. Assuming for the mo-

ment that vortices and antivortices are unboudds simply  not enter ink,z, since their positions are assumed to be
a product of free diffusion functions far, andr_ with a  uncorrelated to those of existing pairs. If the diffusion of a

diffusion constanD. It can be rewritten as vortex were limited only by the Bardeen-Stephen friction
, , mechanisrff' (no pinning with a large diffusion constant;
PR+ R-"ReL R L't) would be much smaller than the time scale of NQR spectros-
2’ 2" 27 2 copy, of order 107-10"8s. We will come back to this
1 IR'—R[ problem below.
= ex;{ - —) Besides the diffusion function, the correlation function in
27Dt 2Dt Eq. (42) contains the distribution function of pair sizé$r).
1 It —r|2 Taking into account that the magnetic field of a vortex
X ex;{ — ) (43) changes on the scale of the penetration depih and that
8mDt 8Dt for this reason the fields of a vortex and an antivortex almost

which is the product of free diffusion functions for the centercancel for separations<i,,, we approximate the pair dis-
of massRk and the Separation vectof a pair, Showing that tribution funCtion W|th an analytical eXpreSSion that becomes
the center of mass and the separation vector diffuse wit§xact for large pairs and does not introduce irrelevant com-
D.n,=D/2 and D,y=2D, respectively. The assumption of Plications for smalr,

unbound pairs would be justified for a small density of es-

sentially free vortices, a situation that does not arise in prac- 1—(r/rg)?

tice. We take into account the interaction between vortex and (r)e W' (46)
antivortex, which is logarithmic in distance, V(r) 0

~q?In(r/ro), whereq is the charge of the vortex in the Cou- \hich should be normalized to unity. The form of the expo-
lomb gas model and, can be chosen as the size of the nents is given in Ref. 43. We only note thdtvanishes for
vortex core, and solve the Fokker-Planck diffusion equationT=T_ and is positive and, to leading order, proportional to
The result is (T.—T)Y? below T, where we now denote the BKT tran-
sition temperature by..

!

r’ r r r
P(R’+—,R’——;R+—,R——;t)

2 2 2 2 .
D. NQR relaxation rates
’ 2
_ 1 ex;{ B IR"—R| )P (r',r:t), (44) We can now evaluate the NQR relaxation rates in terms of
27Dt 2Dt et oh the correlation functions, Eq42). The NQR rates are of

where the first term accounts for the motion of the center O]mterest here because the BKT vortex fluctuations show up

. . o X more clearly in the absence of Abrikosov vortices due to an
mass andP gives the relative motion in polar coordinates e i, '
external magnetic field. In a vanishing field, however, the

. &, occupation of the quadrupolar energy levels cannot be de-
1 AR 1242 scribed in terms of a Boltzmann distribution with a spin tem-
P'e':m(T) e ;{— 2D 1 ) perature and, therefore, we proceed by calculating the NQR
rel rel relaxation rates using the Bloch-Wangssi&edfield

x S et -a)

\,m(m (45  tween the nuclear spins and the magnetic field of the vortices
n=-—wx rel

is a small perturbation compared with the quadrupolar split-
Here, y=(1—q¥kgT)/2 and 1,,(x) is a modified Bessel ting. The energy levels of i_n-plgn‘?’Cu _nuclei du:_a to quao_l-
function. Note thaP incorporates the effect of pair recom- "UPOle splitting are shown in Fig. 8. Since the field gradient
bination: Pairs with zero separation are taken out of the proiS Oriented along the direction andl =3/2, the relaxation
cess. Thud starts out normalized to unity &0 but then ~ 'ates are given by

drops to zero on the time scale of the lifetimg of a VA . 5

pair, determined byD,,=2D. Newly created VA pairs do Ty M= m/2y3 9kyx(0) = Ty )], (47

/ ) theory?® We can apply this theory, since the interaction be-
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. 3 2 2 g,
T2 "= \ml2yg) 7Kal @)+ 7ka(0) TkeA0) |, (48) TIl:M : f R
A wz)\gﬁ 0 1+ D2k w2
where y,=7.1 G 's ! is the gyromagnetic ratio of the x[exp2sykagg) 117 oY

GSCU I’IUC|ei andw=|w+3,2—w+1,2|=|w,3,2—w,1/2|. The

correlation function given by the temporal Fourier transform\"’herze e is the tem-perature-de.pendent pair densk)gﬁ
of Eq. (42) has the form =2\;,/s is the effective penetration deptf,and &y, is the

in-plane coherence length. In the general case there is no
\/_ such simple form. We now proceed to discuss the results in
2N 827 © iffusi
Ko ()= = f a2kS |H7n,a(k)|2f I terms of the diffusion constam.
rel n 0

E. BKT vortex fluctuations, T;*, and T,*

X > Jm(kr/2)fwdr’r’1+7Jm(kr’/2) The most important parameter in E§Q) is the diffusion
m=1,0dd 0 constantD = 2D that governs both the free motion of in-
“Rel (KA /D dependent vortices and the motions of a vortex and an anti-

el 7 |0/Drerl <) vortex towards each other, leading eventually to their recom-
XK 7o VKZ4+ i w/Dper ), (49) bination. In the absence of pinnind) is given by the

Bardeen-Stephen formdfa

where J, K, and | are Bessel functionsa=Xx,y,z, r_ 277c2§2 kT
=min(r,r'), and r-=max(,r’). This equation shows how D=D, ST SabPnfe |
the spectral density of the magnetic-field fluctuations deter- qbgd

mines the relaxation rates, Ed47) and(48). With the Fou- i Lo i
rier transforms of the vortex magnetic field substituted fromWhere pn is the normal-state resistivity andlis the layer

Egs.(40) and(41), the final form of the correlation functions thickness. For Bi-2212D, is of the order of 1 cfls at low
is temperature& This value is so large that vortices and anti-

vortices would recombine so fast that there is no time left for
a large number of nuclear relaxation processes to occur. Fu-

, (52

2N 4@ ¢§sz thermore, also when ignoring recombination processes, the
K @) = F Do 4m\l free motion of vortices and antivortices is so fast that the
el ST ap rapidly changing magnetic fields at the nuclei lead to slow
»dk 1 - relaxation, similar to the case of motional narrowing.
J - — J drriY(r) Slow diffusion rates and correspondingly long VA recom-
o kK exp2syVk?+n7)—1Jo bination times are crucial for obtaining measurable contribu-

o tions toTl’1 ande’l. In real highT . superconductors there
> 2 Jm(kr/2)fwdr’ rFY3 (kr'[2) are always inhomoger)eities, ie., _doping dgfects or intrinsic
m=1,0dd 0 crystalline defects(twin boundaries, grain boundarjes
which can pin vortices by their interaction with the normal

X Rel v’72+m2(\/k2/4+iw/Drelr<) vortex cores. A measure of the strength of the pinning po-
TN tential is the energ¥, for the thermally activated motion of
XK (5zeme(VKTA+T0/Drer ) (50 a vortex. Pinning Iea'z:ls to an Arrhesitype temperature de-
o pendence
andk,(w) follows with a similar form.
The effect of motional narrowing is taken into account: E,
The nuclei are fixed and experience the field fluctuations of D=Dy ex;{ T kaT)” (53

the vortices as they pass by. An important parameter for
diffusive relaxation phenomena is the characteristic fre4n terms ofD the mean time between flights, or the time of
quency w. corresponding to the inverse jump time for the stay, is given byrpzlf_,ﬁmD, wherel o is @ measure of the
diffusion proces$® Here, w.~D ¢/4\2,, the reason being flight distance'® Experimentally,D has been determined for
that the dependence am is determined byk?*/4+iw/D,  different thicknesses of layered Cu®ystems. For a one-
and the characteristic value &fis 1/\,,. By inspection of  unit-cell-thick film of Bi-2212, Rogeret al*® measured the
K.o(w) itis seen that the correlation function becomes reallylow-frequency flux noiseS, nearT.. By analyzing the fre-
frequency dependent only for frequencies w.. The Fou-  quency dependence &, in terms of diffusion noise, the
rier transformk,,.(t), Eq. (36), begins to decrease fdr authors determined a characteristic frequenay,
<1/w,. Howeverk,,(t) does not have the simple exponen- =D(T)/2(r)?, above whichS,=w~? (r) is the average

tial decay form characteristic for the case of nuclei diffusingpair size. From these experiments the authors determined

in a static, random magnetic field. D(T), Eq.(53), and find a temperature-dependent activation
For the special case of unbound pairs, see (B8), the  energy for a single CuQayer,E,(T)~Eq(1—T/T), with
result forT; * takes the simple forfd Eo/kg~800 K. For more than one layer thick epitaxial
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blocks of DyBaCu;0;_, the activation energ¥,, is pro-
portional to the number of layerhl, and begins to saturate at
N=3 to N=4.% This is taken as direct evidence that the

pancakes in two adjacent layers are coupled due to the Jo-

sephson effect and move as entities. Withip to 10, large
activation energie€,~8 eV (consisting of the nucleation
energy plus the pinning energyre observed in epitaxial
films of Bi-2212, where a BKT transition is experimentally
found in the temperature dependence of the penetratio
depth®! In such crystals, the BKT transition may be driven
by thermally created pairs of VAines through several lay-
ers.

To sum up, the diffusion constabt for a pancake vortex
in a single clean Cu@layer is largeD ~1 cn?/s, so that the
VA lifetime is short. However, in the real multilayer systems
where the BKT transition is observét®? D can be small
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FIG. 9. The contributions of vortex-antivortex magnetic-field

and thereby enhance the lifetime of a VA pair so that thefluctuations to the longitudinal and transverse relaxation rafeds
relaxation of nuclear spins can accompany the translationd@nd T, * as a function of the diffusion constafit=2D. The

diffusion of these pairs. The actual value®fcan vary over
many orders of magnitude; for this reason we ti@ads an
open parameter in the following discussion.

Let us first comment oﬁ'l‘l, ignoring the interaction and
recombination of VA pairs; cf. Eq(51). We assume a
multilayer structure of alternating single layers of
YBa,Cu;0,_, and PrBaCuO,_,.; the distance between
the superconducting CyOayers iss=24 A. Using A,
~1400 A, &,,~12 A, and taking the experimental value
D=2x10"* cn?/s, measured by Fiorgt al,>® for a thin
film of YBa,Cu;O;_, nearT., we get from Eq(51) a rate
of Tl_lw572 s 1, which is comparable with the experimen-
tal values.

Next, let us take into account the interaction and recom
bination of vortices and antivortices. The time it takes for a
vortex to move to its nearest antivortex depends on the V.
separation and ob for the single-vortex motion. Sinde is
not known, we evaluate the relaxation rafgs' andT,* as
functions of the diffusion constant of the separation vector
D,g=2D. The curves shown in Fig. 9 are obtained by nu-
merical integrations from Eq947)—(49) using parameter
values that apply to Bi-2212. The magnetic penetration dept
and the Ginzburg-Landau coherence length are given b
Nab(T)/Nap(0)= Ean(T)/ €an(0) = VT o/ (Teo—T), where
Nap(0)=2000 A, &,,(0)~215 A, andT,,~86.8 K is

the mean-field transition temperature. The distance between

layers iss~15.5 A. The parametey=(1—q?%/kgT)/2 de-
pends on the VA interaction,qzzqg(TC—T), where
kgT./q5~0.2053 and forT, we take the value 84.7 R
Figure 9 shows that the prefactorDif, in Eq. (49) domi-
nates the dependence of both relaxation rate® g both
rates fall off approximately as Dj.. The reason is that a
large value ofD, leads to fast recombinatiofl. Then, the
time-dependent correlation functiokg,(t) are narrow and
their Fourier transform«k,,(w), Eq. (49), are broad and

dotted line gives the contribution from,,(w=0) to Tl’l, corre-
sponding to the first term on the right hand side of Ey). The
parameters used in Eq&l7)—(49) are given in the text.

temperature dependencesTgf* andT, * are evaluated with
D from Eq.(53), using forE,(T) the experimental results of
Rogerset al*® The bare diffusion constar®, is given by
Eq. (52); it depends orl through &,, and p,,, the normal
resistance of a single layer. The experimental valuie OF ;)

is large, not much smaller than 1 &m. Assuming the ex-
perimental values oD(T) obtained by Rogert al, the
calculated relaxation rates in the vicinity ®=284.7K are
shown in Figs. 10 and 11. It is found that the temperature
dependences of both rates are qualitatively similar to the

quasiparticle contributions above and beldw. There is a

Asharp drop of the rates beloW . The vortex contribution to

T, ' is smaller than the contribution 6, *. Since the ob-
served spin-spin relaxation rates are larger than the spin-
lattice relaxation rates, the latter are more suitable for an
experimental test.

The crucial point in our example is the small absolute
Malues of the calculated relaxation rates. The numbers ob-

gpined by assuming a large value Dfare several orders of

quite small even abb~0. Hence, small diffusion constants
are necessary to observe contributions from VA fluctuations
to the relaxation rates.

The diffusion constant has an exponential temperature de- FIG. 10. Magnetic-field contribution to the longitudinal relax-
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pendence if there are pinning effects. The correspondingtion rateT; ! nearT, for Bi-2212.
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FIG. 11. Magnetic-field contribution to the transverse relaxation

rate T, nearT, for Bi-2212.

. . a
magnitude smaller than the experimental values. These are B‘:}
the order of 18-10°s™* aboveT,, where the relaxation is
predominantly caused by quasiparticle excitations. Furthe
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fluctuations feasible. We have already discussed possible
mechanisms by which the diffusion constdhican become
smaller—namely, pinning and coherent motion of stacks of
vortices. Even ifD is sufficiently small, however, the VA
contribution toT; * and T, * is at best comparable with the
quasiparticle contributions. In order to evade the in-plane
quasiparticle effects, interplane ions can be used for NQR
spectroscopy. The relaxation of interplane nuclear moments
can be affected by the magnetic-field fluctuations originating
from vortices and antivortices in the Cu@lanes>®> A pos-
sible candidate i€°*Hg in HgBa,CaCyOg., s with the 2°Hg

ion with spinl =3/2 and abundance 13.2% residing between
two CuGQ, planes. So far NMR spectroscopy has been carried
out only on the'®Hg nucleus withl =1/2; an NMR spin-
lattice relaxation time ofT;=32 ms is found at room
temperatur€® Although this value will increase with de-
creasing temperature if Korringa’s relation applies, the relax-
ion rateT; * at T, could still be an order of magnitude
rger than the contribution from magnetic-field fluctuations.
Other interplanar candidates may Bér with | =9/2 and
abundance 7% antf®Bi with | =9/2 and abundance 100%,

more, we have mentioned above that quasiparticle excita[-)oth in Bi-2212. The isotop&Ca(l = 7/2) is probably not a

tions in the cores will also contribute to the relaxation effects
from vortices. In a simple picture the vortex cores can b
considered as normal-conducting regions, where normal
state-like excitations contribute ¥, * according to the Ko-

end our approach to interplane ions, the sums over squared
Fourier transforms of the vortex magnetic field in E49)
have to be taken over the appropriate fractional values.for

engOd candidate, since its abundance is rather small. To ex-

. _1_ . . . .
rringa law (T, T) ~"=Ko; hereK, is the Korringa constant in There are other interplane ions with~1/2 that are candi-

the normal state. In the superconducting state the vortex-co

contribution toT; * is approximately given by

Tl,coreT

=2np(T)mE2(T)Ko,

r

SFates for NQR relaxation measurements in order to observe
the magnetic fields caused by the diffusional motion of BKT
vortices. A pertinent question concerns the relative magni-
tudes of the magnetic fields at the interlayer sites that origi-
nate from VA fluctuations and from the fluctuating Cu mo-
ments in the Cu@planes, respectively.

where hp is the areal density of vortices ands2, is the
area of one core. The calculated temperature dependence of
Tl”gorefor Bi-2212 is shown in Fig. 12. A very similar curve
would result forTzfclore. The core contribution is much larger
than the contribution from the VA magnetic-field fluctua-

IV. SUMMARY, CONCLUSIONS, AND COMMENTS
ON EXPERIMENTS

In this paper we studied the effect of 2D superconducting

tions, Fig. 10.

fluctuations on the nuclear spin relaxation of layered super-

There are, however, several effects that can make an expnductors above the superconducting transition temperature
perimental observation of the effect of the magnetic-fieldt . and outside the region where Josephson coupling be-
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FIG. 12. Contribution to the longitudinal relaxation rafg *

from vortex core relaxation.
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tween the layers leads to a narrow 3D critical region sur-
roundingT¢ . Hence we model the superconductor as a set of
2D layers without interlayer coupling mechanisms that trans-
fer Cooper pairs between adjacent layers. The fluctuations in
each layer consist of the usual Gaussian fluctuations and
the topological Berezinskii-Kosterlitz-ThouléSs vortex-
antivortex fluctuations. The Gaussian fluctuations are consid-
ered as the long-wavelength amplitude fluctuations of the
superconducting order parameter and the BKT fluctuations
are taken into account as the shorter-wavelength phase fluc-
tuations of each layer. These two fluctuation effects domi-
nate the superconducting fluctuation behavior in the 2D fluc-
tuation regime(cf. Fig. 1) of layered systems.

We first evaluated in Sec. Il, fawave superconductors,
the effect of amplitude fluctuations on the hyperfine relax-
ation rateT ;. ! for pure systems, with and without pair break-
ing effects due to inelastic scattering. The amplitude fluctua-
tions affect the Pauli spin susceptibility of the itinerant
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charge carriers and thereby, via the hyperfine coupling, thévely. Here the symmetry of the superconducting order
decay of the nuclear polarization due to the spin-lattice reparameter will affect the field and current distributions of an
laxation. Our results for the relative effect of fluctuations onindividual vortex. However, for botls- and d-wave super-
Til in zero magnetic field depend strongly on the pairconduptors, the flux contained in a vortexds, the mag-
breaking parametekc=#/4774ksTc as is seen from Figs. netic field not too close to the vortex core does not depend

. : .on the symmetry of the order parameter, and, therefore, this
6 and_ 7 Tge IrEesuIZtZ forzglean dsy_sthems_ Wl;thoit_ paltr) breakln%ymmetry will not affect the magnetic field fluctuations
are given by Eqs(24)—(26) and with pair breaking by Eqs. caysed by the translational motions of an ensemble of VA

(33—~(39). Assuming small pair breaking effectsec  pajrs. Hence, the results for the relaxation ratgs andT, *
~0.01, and the temperature just outside the critical regiora|culated in Sec. Ill can be applied to bathand d-wave
aboveTc, say, T>1.0IT¢, a fluctuation enhancement of superconductors. One must keep in mind, however, that the
T; ! occurs that is of order 10 with a slow decrease as theelaxation processes of the VA pairs are not entirely the re-
temperature moves away froi; see Fig. 7. sult of the translational diffusion processes. The relaxation

Let us comment on the feasibility of experimental verifi- processes due to quasiparticle excitations must also be taken
cation of this enhancement effect and its temperature depeinto account and can be different for the two symmetries. We
dence. A difficulty can arise in observing this effect: Theassume that clear experimental evidence exists for the BKT
high-frequency fields used in NMR experiments on metalsfransition in quasi-two-dimensional systems, in particular for
and especially superconductors, are shielded within the periayered superconductors with weak interlayer coupling such
etration depth of the radio-frequency fi€ldFor this reason as some highF¢ cuprates. We also assume that this coupling
most of the experiments are performed on powders witidoes not change the qualitative behavior of our results ob-
grain sizes smaller than the skin degdih metal3 or the tained for a stacked system of uncoupled layers. For un-
penetration deptiiin superconductojsor on thin films. In  coupled layers, the basic tenet of dynamical BKT behavior is
powders or thin films, however, the NMR lines are broad-that vortices and antivortices move diffusively with bonding
ened by charge density fluctuations that emanate from crystaind unbonding of pairs under the influence of random inter-
surfaces, an effect similar to the Friedel oscillations of thenal forces(pinning. We studied the effect of the fluctuating
charge density surrounding an impurity in a simple m&tal. magnetic fields accompanying the motion of vortices and
This geometrical broadening effect will primarily affect the antivortices on the longitudinal and transverse NQR relax-
relaxation rateT, * for nuclear spin-spin coupling, i.e., the ation ratesT; * andT; " in the vicinity of Tc. Our procedure
natural line width. The charge fluctuations can also affecuses a Coulomb gas description of thermally created VA
Tl‘1 because of the change of the electron densit§at pairs. The NQR relaxation rates were calculated in terms of
Hence, the singular behavior @ * near the transition, seen the time-dependent correlation functions of the fluctuating
in Fig. 7, may be smeared out by surface effé&tsurther- Magnetic field of the vortices and antivortices, E4f). The

can also smear the effect of fluctuations'bpl.zo account and they can drastically reduce the correlation time.

; -1 ~1

At this point one must ask what the chances are of findind oM the results obtained far,  and T, *, Egs. (47) and
systems in which these properties can be observed. Asidéd). it is seen that the vortex diffusion constdn¢T) plays
from possibily the electron-doped high superconductors @ crucial role. The reason is thBt(T) determines both the
mentioned in the Introduction, there are other quasi-2D sutranslational motion of the vortices and also the recombina-
perconductors witlswave pairing and BCS behavior. The tion time of the VA pairs. From Figs. 9-11 it is seen tiat
relaxation timeT; of the *Nb nuclear spins in a single crys- must be sufficiently small in order to get contributions to the
tal of 2H-NbSg (with trigonal prismatic coordination of the rélaxation rates that are comparable to those caused by qua-
Nb atoms has been measured by Wddarhe rate follows siparticle excitations. We discuss possible candidates for the
the Korringa relation in the normal state and increases expdgXPerimental NMR spectroscopy of dynamical BKT effects
nentially in the superconducting state. Other dichalcogenide® Sec. lll. As for the interlayer quasiparticle contribution to
include the Ta$_,Se, layer compounds which are BCS su- the relaxation rates, one way to eliminate these contributions
perconductors and can be intercalated with organic mollS tosgbserve ZNOQR.O” interlayer ”Uzglei- Possible candidates
ecules to increase the interlayer separation to as much &€ ~'SR and %Bi in Bi-2212 and 'Hg in mercury cu-
50 A.%! Finally there are the graphite intercalation com- prates. Also for NQR experiments on small particles or thin
pounds such as g& which are BCS superconductors with films, the surface effects can be important because the charge
rather lowT's.®2 One or the other of such quasi-2D systemsde”Sity oscillations induced by the surface will set up electric
may be a suitable candidate for observing Thefluctuation field gradients that_ can interact with t_he quadrupolar_mo—
effects discussed in this paper. The experimentalist may prdl€nts of the nuclei. Hence, an unambiguous observation of
fer to measurel, on a nucleus without a quadrupolar mo- 2D qu_ctuatlon effects in NMR or NQR requires thoughtful
ment in order to avoid the line-broadening effect caused by*Perimental setups.
electric field gradients near the metal surfaces of thin films or
small particles.

In Sec. Il we studied the effect of Berezinski-Kosterlitz-  We acknowledge helpful discussions with R. A. Klemm,
Thouless vortex-antivortex fluctuations on the NQR spin-J. Kazler, and M. Pieper. C.T. acknowledges the support of
lattice and spin-spin relaxation raté'gl and Tz’l, respec- the Deutsche Forschungsgemeinschaft.
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