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Superconducting fluctuations and ®3Cu NQR-NMR relaxation in YBa ,Cu 30 ,_ :
Effect of magnetic field and a test for the pairing-state symmetry
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Evidence is presented of superconducting fluctuations in %@u NQR-NMR relaxation rate in
YBa,Cu;0+_ s, as obtained from a careful comparison of measurements carried out in the absence and in the
presence of a field parallel to theaxis. It is shown that the field causes a reduction of the relaxation rate
W in a range of about 10 K abovE,. This effect is related to the suppression by the magnetic field of the
phase-sensitive positive Maki-Thompson contribution while the negative contribution from the DOS fluctua-
tions is almost field independent. Furthermore, it is argued how the fluctuation effettscam be used to
discuss the pairing state symmetry, at variance with the insensitivity of the transport measurements. It is
pointed out that the existence of the Maki-Thompson contributioMtevidences ars-wave symmetry
component for the pairing in YB&Zuz;0,_ 5. [S0163-1826)52038-3

One of the most debated issues in solid state physics is Recently it was pointed out how the density of states
presently the problem of the symmetry of the pairing state irplays an important role in the NMR relaxation rate!® The
the high-temperature superconduct@TS). The determi-  Aslamazov-Larkin(AL) process does not contribute \d in
nation of the order parameter symmetry is a crucial step inhe case of singlet pairing because of the topological proper-
the attempt to envisage the pairing mechanism, for the suhjes of appropriate diagrams for spin susceptibility. The in-
sequent development of a microscopic theory of high-rease, foT— T of another positive contribution, related
temperature superconductivity. The direct way to_analyze thf?O the anomalous Maki-ThompsdMT) process, is reduced
anisotropy of the phase of the order parameter is to look h the vicinity of the superconducting transition due to the

the phase coherence of Josephson and tunnel junctipns. T@ffong pair breaking occurring in HTS. As a result of the
type of experiment seems to support a superconducting pair- :

ing state withd,z_,> symmetry in HTS2 Studies of the competition of MT and DOS contributions with opposite

amplitude of the order parameter may also be fruitful and ir'9ns a smooth behavior & on crossingT, is expected,

this respect one tool is offered by the superconducting flucWith @ slight maximum abov& . The occurrence of SF can
tuations(SP aboveT., since the theory of fluctuation ef- P& evidenced from the comparison of t_Fthu NQR relax-
fects is now well established. One of the aims of the presertion rateW(0) with the one obtained in an NMR experi-
paper is to analyze how the interpretation of experimentaient with the external field applied along toeaxis. The
results on fluctuation effects in HTS should be changed ifield causes a further suppression of the positive MT contri-
one assumes @ rather than ars-pairing state. Furthermore, bution with respect to the one due to intrinsic pair breaking.
we would like to point out that SF aboVE, can be evi- ThenW(H) is decreased with respect¥¥0), in atempera-
denced by a comparison of tfféCu NQR and NMR relax- ture range of about 10 K abovi. .

ation ratesVW(H=0) andW(H), respectively. This compari- In the theoretical studies of fluctuation effectsdrwave
son offers a test for deriving information on the pairing state superconductors the model of tight-binding electrons, with
The role of the density of stat¢éDOS) fluctuations in c-axis nearest-neighbor transfer and underlying two-dimensional
transport of HTS materials has been widely discussed in D) square lattice, is widely accepfetiwith the electron-
number of theoretical and experimental paﬁ‘é?sThe tun-  electron constant

neling character of the interplane electron motion leads to the " _ P /

reduction of the most singular fluctuation contributions V(kk)=go(coda—cokya)(codk,a—codya), (1)
(paraconductivity and an anomalous Maki-Thompson)one a being a lattice constant. The main difference betwsen
A less singular negative contribution far—T_ related to  andd-wave superconductors lies in the different manifesta-
the fluctuation renormalization of the one-electron DOS istion of honmagnetic impurities, which are pair breaking for
still present. the last.
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In the case of ad-wave superconductor the fluctuation
propagator depends upon directionskond k’, but using
the ansatz

L (g)= I:(q)(cod<xa— cokya)(cok,a—cokga) (2)
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In thes-wave case, the DOS contribution does not depend on
7. It is easy to extend the above expressions to layered su-
perconductors. Results are similar to the ones found above:
both relevant contributions have the same temperature de-
pendences as for treewave case, but different dependences

(q:k—k]\’)l one can easily solve the Dyson equation for aon 7. Namely, the AL contribution is suppressed for dirty

quantityL(q):
L(9) " *=go '~ P(g,wy),

d?k )
P(q,wk)zT%‘, J(ZT)Z[(coskxa—coiya) G(k,wp)

XG(q—k, o= wp)]. ()
Here
G(k,w,) t=iw,+isgmw, /27— &,
&= —t(cok,a+cok,a)— u (4)

(t and u are the transfer integral between the nearest
neighbor sites and the chemical potential, respectjvétys
noted that in contrast to awave pairing state, the impurity
renormalization of quantity’(q, »,) is absent® due to the
dependence of a bare interaction on the momentum dire
tions.

For temperatures close T, Eq. (3) can be easily solved
for small q and wy. The divergence ofL(q,wy) at
q=0,0,=0 determines the critical temperatdreAfter
straightforward calculations one has

W(E A7 Tr
as(dq)
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where e=(T—T.)/T, and T. is the critical temperature
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superconductors, while the DOS contribution does not de-
pend uponr.

Let us now consider spin susceptibility and NQR-NMR
relaxation rates. From the recovery of th&Cu signal after
RF saturation in both types of experiments one arrives at
1/T,=2W given by

2
DW= %f (h, (Hh_(0))e T*rdt, )

wherey is the gyromagnetic ratio of th#Cu nucleus. In Eq.
(7) h. are the components of the field at the nuclear site
transverse to the axis both for NQR where the quantization
axis is theZ one of the electric field gradient tensor as well
as for NMR when the external field is along tbexis itself.
wRr, the resonance frequency, isz(0)=31 MHz in NQR
(zero field and wr(H)=67 MHz in NMR forH=5.9 T. In

the following this difference will be neglected. The ficticious

field h can be related to the electron spin operat8is
through the electron-nucleus Hamiltonian and the relaxation
rate can formally be written in terms of a generalized sus-
ceptibility. One can write

2

” R’,w
2W= %kBTZ a R
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shifted by impurities, in the same manner as paramagnetiYi’hereAk is a term involving the square of the Fourier trans-

impurities shiftT, in thes-wave scenario. In Eq5) we have
defined al=((cod<xa—coskya)2>~l and a,(q)=((coka
—co,a)%77)~at’ef.

Now we turn to the dc conductivity. The contribution of

form of the effective fielch, which can be averaged over the
Brillouin zone. In a Fermi gas picture in E¢8) one can
introduce, in the limitwg— 0, the static spin susceptibility
x°(0,0) and the density of statep(Eg), namely W

the AL process to in-plane conductivity was calculated by>*T[x°(0,0)/(1—a)]%np(Eg) (« is a Stoner-like enhance-
Yip.2 The current-current response function ignoring factorgnent factoy and the Korringa law ;= T is thus recovered.

of order unity is then
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Here they function represents the pair-breaking effect of

Having to discuss only the effect of the external fieldon
W around T, in the assumption that the field does not
change appreciably the electron-nucleus Hamiltofgnit is
proved by the equality(0)=W(H) for T>T_.] we will
simply write W/Tocy,,=x, Wwhere yx is then the

impurities which in the dirty case reduces the magnitude of-integrated, wg—0 contribution. The fact that in

the AL conductivity with respect to asrwave superconduc-
tor. As impurity vertex corrections do not contribute, an
anomalous MT contribution is absehOther terms(DOS
and regular M7 give
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YBa,Cu;0-_ s the Korringa law is not obeyed aboife for
53Cu NQR-NMR relaxation rate$most likely because of
correlation effectsshould not invalidate the comparison of
W(0) toW(H) in the relatively narrow temperature range of
10 K aboveT..

For ans-wave the main contribution to spin relaxation
originates from the MT process. Instead, the hierarchy of
fluctuation contributions changes essentially if one considers
the d-wave superconductor. As both the AL and MT pro-
cesses are absent, the negative DOS term becomes the only
one present. Corresponding results for thevave supercon-
ductor with quasi-two-dimensional spectrum are
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wherer is a parameter of effective anisotropy of electron
spectrum andgy® (W/T)© are the normal-state spin sus-
ceptibility and the NMR relaxation rate, respectively. By
comparing Eg.(9) with the appropriate result for the
s-wave casdsee Ref. 1pone can see that this type of pair-
ing does not affect the magnitude and temperature depen-
dence of the DOS contribution.

Finally, one can conclude that the only essential differ-
ence betweers- and d-pairing states in context of the SF
theory consists in the absence of an anomalous MT process
in the latter. Therefore, studies based on measurements of
thermodynamical character do not give the possibility to dis- ‘ '
tinguish the type of pairing on the basis of fluctuation effects 0 400 800 1200 1600
experiments. In-plane and out-of-plane conductivity experi- t (us)
mental data in zero field do not manifest the signs of the MT
term. Nevertheless the measurements of fluctuation conduc- FIG- 1. Example of the recovery law of th&Cu NMR
tivity cannot provide reliable tests for possilteor s pairing signal after fast inversion .of tht*_._ 1/2 populathn dlﬁerencg in
because the high values Bf determine strong pair breaking YB22CUsO7-; and comparison with the theoretical expression re-
[at least due to the electron-phonon scattering the expecté’tﬁ’rwd in the textsolid line).

minimal value of,*~(T/A)(T/®p)?]. Thus the MT pro- The %Cu NQR and NMR relaxation measurements have
cess is uneffective even in the case ofsapairing scenario. been carried out in oriented powders of Y&3Og o6
Additionally, as the MT contribution to conductivity tem- From the®3Cu NMR linewidth(FWHI =40 kH2) the spread
perature dependence is similar to an AL one, they can hardlyy the direction of thec axis was estimated within 22
be distinguished. The additional comparison with thedegrees. The superconducting transition was estimated;
s-wave casey function gives the numerical factor of order T.=90.5 K in zero field and’,=87.5 K in the field of 5.9 T
unity, which cannot be tested experimentally. Therefore, thgised for NMR relaxation. If3Cu NQR measurements the
only physical property related to SF which is due to the MTrecovery of the amplituds(t) of the echo signal at the time
contribution is the NMR relaxation rate, in which the AL t after Comp|ete saturation of the 1/2— +3/2 transition
process does not contribute at &ll. was confirmed of exponential character, thus directly yield-
On the basis of the-wave scenario a positive MT singu- ing the relaxation rate. The temperature was measured with
lar contribution was predictédvhile in Ref. 10 the impor- precision better than 25 mK and the long term stabilization
tance of the negative DO@ndependent on phase breaking during the measurements was within 100 mK. In the pres-
fluctuation renormalization was stressed. The concurrence @fnce of the magnetic field the sample was aligned with
these two effects should be observable in the relaxation me

surements. In the case af pairing, vice versa, the MT

o Y

H. The echo signal for the central transition was used to

; . . ) monitor the recovery of the nuclear magnetization after fast
anomalous process in accprdance W'th. the consideration P'ftiversion of the=+ 1/2 populations. From the solution of the
sented above does not exist at all and in the NMR relaxatio aster equations one derives for the recovery law

rate abovel . a monotonic decrease with respect to Korringa (t)=0.9exp(— 12Wt) +0.1exp(— 2W¢). This law was ob-

law has to be observed. Consequently, from the point o erved to be very well obeyd#&ig. 1) and the relaxation rate

\,G:AWROf lflucttg ation tthect))ry,éthe S'?g Sf th? c?rfrectlr:)n to thewas extracted. The experimental error in the evaluation of
relaxation rate aboveé, could be a test tor the Sym- \y\yas estimated well within 5%. In Fig. 2 the experimental

metry of the order parameter. The main results for the quc—esults for 2V(0) and 2W(H) aroundT, are reported. It is

tuation contributions to the relaxation rate in an external f|e.l oted thatW(0)=W(H) for T=T.+ 15 K while the effect
in the case of ars-wave superconductor are the following: f the field, namely a decrease of the relaxation rate, is

Tge DO? contnbunqtr)] has.the. sanl;e form as C"’“CUI‘me@resent in a temperature range where paraconductivity and
above. The MT contribution is given by anomalies in the axis transport are observed.
MT " "™ Let us discuss the interpretation of the experimental re-
W)g—p 1 1 nS +(etr) 10  Sultsin terms of the contributions related to SC fluctuations.
WO~ erre—o V%% (5417 (10 The relative decrease oY aroundT.(H) andT(0) induced
by the field is about 20%. Let us evaluate if this decrease is
where & is the pair-breaking parameter which is of order quantitatively consistent with the picture of superconducting
/(8T 7y) andw/(8T§TT¢) in dirty and clean cases, respec- fluctuations. First one should estimate the strength of pair
tively. While the MT contribution is very sensitive to the breaking. By using the reasonable values 10 ‘s and
presence of pair breaking, the simplest way to discriminater,=2X 10" %3, one finds that the pair-breaking parameter
the DOS and MT contributions is applying the external mag-§ is about 0.15. The effective anisotropy parametein
netic field, a relatively small value is expected to practicallyYBa,Cu;0-_ s can be estimated around 0.1. Finally one can
suppress the MT contribution. observe that in the zero field the relative MT contribution is
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term to 1/4 of its zero-field value. In the case afwave
800 ] SEL pairing symmetry, as it was already noted above, the MT
contribution is absent and the applied magnetic field results
only in the slight reducing of the DOS contribution in accor-
dance with the equation similar with E(L13).
© 000 ©n 9 If the decrease ofV by the magnetic field is due to the
poooom®7f ] reduction of the MT term to SF, then one deduces that the
zero-field total fluctuation correction to the NQR relaxation
200 rate.is positive e}nd is within 10% of backgroun_d, d_ue to the
O NMR partial cancellation of the MT and DOS contribution. In a
O NOR e e e field of 6 T the total fluctuation correction becomes negative
< with an absolute value about 15% of the background. The
lack of detailed information on the normal-state NMR relax-
T () ation rate in HTS does not allow one to achieve more quan-
FIG. 2. 53Cu relaxation rates in zero fieldv2(0) (from NQR titative estimates. However, it should be remarked that the
relaxation and 2V(H) in a field of 5.9T (from NMR relaxation of ~ observation of the decrease \f in a magnetic field cannot
the —1/2—1/2 ling) in the oriented powders of YB&Lu;O0,_;, be accounted for in the case dfwave pairing. Finally we
with T.,(0)=90.5 K andT;(H)=87.5 K. In the inset the relaxation would like to emphasize the following: It has been recently
rates, normalized with respect W(H)=W(0) for T>T,, are re-  pointed out by Miler'? that two type of condensates, with
ported as a function of/T. different symmetry but the same transition temperature, can
exist in oxide superconductors. It is conceivable that also the
larger than the absolute value of the DOS contribution by a&pectrum of the fluctuations of the order parameter above
factor 1.5, thus providing the positive fluctuation correctionT could reflect both components, if present. Since the effect
toW. of the magnetic field discussed in our paper works only on
The effect of the field on these two contributions can bethe Component o$ Symmetry, our conclusion is not in con-
expected as follows: In the case of strong pair breakingrast with the experimental evidences indicatihgave pair-
ds>{ep I} [eg= €+ B/2,05= 6+ B/2,=2B/H,(0)] there  jng and it could be considered a support to the hypothesis of
are two different regimes for the fluctuation corrections inthe Sg having simultaneoustyandd symmetry.
the magnetic field" The low-field regime B<e) corre- Summarizing, from the accurate comparison Bfcu
sponds to a decrease quadratiginf the fluctuation correc-  NQR and NMR relaxation rates in zero field and in a field of
tion. In the high-field r'egimee(<,8) one can use the lowest 59 T aroundT; in YBa,CuzO,_ 5, we have provided evi-
Landau level approximation. In our experimeet=0.05,  gence of a contribution t8V related to the superconducting
while B is about 0.2. Since relative correctionsibcoincide fluctuations, in a temperature range of about 10 K. The ex-
with relative corrections to conductivify},one easily finds perimental observation of a decreaseVihinduced by the
(W)DOS B 1 field is consistent with the hypothesis of a strong reduction
B —(—,——In—) (119  of the MT contribution. Since the MT contribution does not
(W)@ er7\[eg(egtr)]* " B) exist in the case of d-wave scenario, the interpretation of
T the experimental finding is an indication in favor of the pres-
Wg g 1 ( 1 1 ) ence of ars-symmetry component in the orbital pairing.
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