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Fig. 1. (a) I\[ I-Iz penetrat ion ciala from a single cry~tal of YBaz '''30G.GO (7' = I.cl9 1( ) rt'corch·'d in t he 7:5 T short- pul~E magnet a t Lo, 
la mos; tl,P supf' rcond uding to norl, ,,d transition is t he I"hm-p d rop around 28' l!lset: mea:o;urr'd cr iti cal fie ld versus tempera! lire for Uw 

same crystal for many di firr€nL d B/d t va lues in tile mllg' ~ 2.'i0 -25000 T~- l , ill ustril t illg Ihal ind n -l ivp s!l.m plf' heUl ing is min imal. (b) After 
the s ublraction of a su itabl background . S l11l hnikov-de lIaas oscilla tions of freq uency Po = 590 ± 20 T a re v isibln in t he dill a.: thp arrows 
indicate a second set of oscillation,; of a higher ffPq uency (s('e (cI)) , 'am ple tC'll'lperMures a rc 1.49 K (b lack) a.nd 2,08 K (blue ). (cl Osci llation 
invNse- fi old posi l.i() n ~ versus index; data from th e' 60 T long- p IIIs(' (b lack) a nd 75 T shor t.- pu ls(' (green) InagliPts are shuw n. T he straight line 
g ives "'0. = - 00 ±:W T. (tI ) Osc illat ions of frC'q llency 1<':] = 1900 ± ,10 T 
Ref. 151 ) 

l~] . A simple model of spin fluct nat ioll:" that all produce 
these peaks is a s inusoidal va riation of tbe stagger .d mo­
ment. mod ular,ed by a n cxp on ntial damping factor [Hi]: the 
latter term l' presents t he fact tha t, t hE' ant.i ferromagnet. ic 
flu tuations pos~ess a fi nite corre lat. ion length E. [11,17] .The 
spatially-varying mOfllrnt is thns 

)'

8(1' , t) = L 8Q exp( - - + iwt) cos(Q.(r - r u)), (2) 
Q 

where w is t. h e a ngular frequency of t.1 1I'~ fluctuations , 1'0 = 
(±d. O) or (0, ±d) with d = a/ 26. and t he _ l llll i l l Q fll llS 

over t l1P valueR givell above. In reproducing the general 
forlll of t.ile exp rimeuta l ncut.ron da t.a [lO-1.'}J, the -hoi ce 
of r is qui te cr it ical; an 'oth r value wo uld givE' s ignificant. 
iut!'ns it.y a t q = Qo - ilt. Yilriance wit h the E'xperimental 
spectra. 

The form of E I. 2 is vcr:v :-;imi lar to (.h - t.wo-dill1ensional 
dr 2_y ' ooper-pair wavdullction in rca1space [1 ,19]: 

(3) 

Here )' = J£ 2 + ".;2 is the cylindrical pIal' radi us, x and 
.1) a re corr sp~nding CartC's ia.n cooruinate's , kr is t he F rmi 
wav vector [1 ,21 a lld ~o is IIc supercond uct ing coher !lce 
lengt h , t.ilt:' lengths ale over which ~!J(l') is non-rwgligible. 
C her C' nce lengths E.o derived from maglletorcsistance and 
ot.her dat.a [20.21] are given in Ta ble 2 for several cuprates 
with d i!IC'rcn t. compositioll a nd hole dopillg p. 

T he parameter d plays i'l, similar 1'0 1 , in the spin­
fluctuation spa.t. ia l dislribut.ion to that of Eo in the Cooper­
pair ~:vavcfunction: d deternril1es the lengt. IL'3cale over 
which the spill-f\ uctu Fl tion mitgn itudc is large,<.;L 'allres of 

visihle in ~ I lfz dat.a oblain d in the 60 T IOllg-pulse III g nel.. (AfL r 

d = (1./20 may be ded uced llsing t.he 6 t,akcn [ro m inelas­
t,ic neut.roll-5catter ing m as ur meuts i5 hown ill Table 2, In 
t,he LI2_xCa..rCuO.! cuprates; the d isrw rsion relat. ionships 
h reve beeD mcasur ·'d down to low ent-rgies, p roviding acru-

Tab l (~ 2 
Paramelers fo r various clIpraLe upe ,·conductor:; . inc luding hoI ' dop­
ing p . I·'", La2 _ ", S ,·.• U04, J valUe:> measured at, neutron franR­
fer n rgi " of E ::::: 2-:~ meV arE' t." kpil from Refs. [12,151. 1':'0 1' 
'Ba2 C u.107 _ x , Ii va lues a t theeq ll ivalellt en q,')' a re taken fl'Om plots 

SlICiJ,I.' Fig. 2a ns ing da ta from Re fs. !J:3, 14J . orrela tion length'" ~ 
a.re taken frolTl Re f. [11 J wll ile B S '011 rpnce lcngt hs ~o a re lak II 
from R,('fs.[20 .21J, occasion.llly req uiri ng in l. rpo lat ion betweell adja-
CCll l composlLlo ns for p rec ise t Ioplllg mil.r I C 1e5 1.0 6. ­

Cum pound p /j ( (A ) (o (A) 7~ (K ) 

L r-1.1 .0,SrO,O(i .U O I 006 O.Of) 17 3G 1:3 

Lal. 025SrO .07 CU04 0.07."> 0.07 14 44 :31 

Lil.I .n ·ro.08ClIO'1 0.08 O.DB II 36 2'1 

YBa2C"3 0u.~ 0.082 0.078 9 33 50 

YBa~CIl 30GG 0 .097 0.J6 7. ,) 22 62.7 

Lal.9Sro .1 uO , O. LO 0.10 l2 27 20 

YI3fl2CU306 . ~ 0.123 0.18 4 24 7Ui 

Lal.SSSrO.12CIIO.I 0. 12 0.1 15 l7 25 ::l3,5 

La l ,~6S ro . I4 C IIO I 0. 14 0.1225 12 22 35 

La1. ~5SrO. 1 5CIIO " 0.1,5 0,122.; 1,1 20 38 

Y 13"2 CU306.95 0 .152 0. 24 3.::1 12 !:J::l 

La'J.1I1 S rn.1 110) 0 18 0.1 :l !:J 19 35.S 

Lal. 7~Srn , 25 C uO! 0 .25 0.125 8 28 15 

Ll1.I.7JSrO.27 C U04 0. 27 o 1 10 31 7 
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Fig. 2. omparison. · of t he spin densit.y a mplitud flnd d",2 _ l/ ' wa.vefullclion at sclec tpd va.l u - of )l [H51. The firs t colum n shows plots of t he 
incomme ns urate d ifrraction peaks obta ined on re- Fou rier I ransforming 8(1') CRlc lila ted us ing Eq. 2 and til(' publi~ hcd values of <5 <lnel E. list 'd 
in Ta.bl > 2. The second co lumn s hows th,(' cille11laled Is( I'l l whi le the I.hi rd column s hows p•. (I' ) = I'l! (r) [:! ca.[CIl[,,~ed accord ing to t he valucs 
o f E.o listed in Tab I 2. R.ows 1, 2 and :) c n8 cli tively co rr",pond to jJ 

rate va il ies of 8 [12J. Hmvc er , tiler is a loss of int.ensi ty at 
lower ncrgy t ransfers in VB· 2CU307-:r ; poss ibly b 'cause 
of their great 'I' homogencit.y [1 3.1 4] ; n C'cssit.ating a down­
ward x trapola tion of Ow dispersion curves t·o obtaill 5 in 
the li mit E ---> O. 

Havi ng tabu laterl eXpel' illlcntal values of 5 and (0 fo r vari­
ous hole d nsities ]J (Table 2). we ca n now plot the cvolii t ion 
with increasing p of the spatial distribut.ion of t.he spin fl ll('­
tuat ions (Eq. 2) alongside th correspond ing Cooper-pair 
wavcfunc tion (Eq. 3) ; Fig . 2 shows tlte res ul t. t small val­
ues of p; the incomm .Il. mat.e ncutroll-. rattering peaks oc­
cupy small area. of k-.-pa e [12- 1-1] : tIll' COlTf'sponcling real­
space spin-fiuctuat io ll rlis(,l'ibu ion occup ies a largo areR, as 
rloes th Cooper- pair wavefu nct.ion . As jJ increases , t he in­
commensura.te peale spread out in !,;-space [12- 14J : hence. 
the spin-fluctuation spatial dist ribu t ion is compressed , <I.e; is 
the ooper-pair wavefun tion. lthough the tabulated val­
ues of ~o and <5 (Table 2) are deduced fro m completely iI!dE'­
pelldcllt experiment5 (the former from thermod. 'Dilmic or 
transport data , the latt r from neutron scaH ring), then- is 
a very clo.<;(' match between the ph,vsical size of the dx 2 _)P 
Cooper-pa ir wavefunctioll and thE' ::.pati;d ext.ent of the 
spin-fluct uation distr ibut.ion. 

T he very simila r spatial extell t of t he Cooper-pai r wave­
fu nct.io n and t.he spin fluc t ua.tions strongly s uggest.s a 
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Fi g, . 3. (a) Th approx im at.e l iinea.r correspondence between 

d = a/2<5 and ~o h r La2-",SrxCu04 (c irrles) anel YBazCu307- .r 
(squa re.s ). The li ne r<"presents th mt io 2/;0 = :3d (r.q . 4) . (b) P lot 
showing 6 and /;0 1 in La2_", Sr;r :UO.I ('xhibiti ng a max imum versus 
p in a ·j m ila r fas hion to Tc (scalc!d for compa.ri. on) . Ihoug h Tc falls 
more ra pid ly wif h ]J beyond optimal dop ing [1 6 . 

("ausal relationship bctween the two phenom 'lI<-1. Exam­
inat iolJ of E qs. 3 and 2 shows that t.lle spin fiuctu ion 
amplit ude is lar1!; :'I t a t t.he vfctor locations (± d,O) a nd 
(0 . ±d), whilst t he dx 2 _ y '.!. Cooper-Vlir wavefunclioll has 
greatest pr bability amplit ude a t ( ±~~o , 0) and (0. ±~~o) . 
Therefore, if the !'lpill fluctuations are responsible for the 
supe l'conducting pai ring. OlJe would expect. t hat 

2t;n = :1d, (4) 

iudrj)pnder t of hok doping p. F ig. 3<1, wh ich plot.s ex­
perimental valnE's of ( 0 against d (from Table 2). shows 
tl i1.C this i!'l ill fact the case for both La2-xSr:c CllO~ and 
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