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Nearby Si wgulrrr Mag wetie Fluctuations i w t h e  
Narmal Skate of a High-Tc Guprata 

G .  Meppli, T. E. Mason," S. IW. Hayden, H. A. Msak, J. Kulda 

Polarized and unpolarized neutron scattering was used to measure the wave vector- and 
frequency-dependent magnetic fluctuations in the normal state (from the supercon- 
ducting tra.nsition temperature, T, = 35 kelvin, up to 350 kelvin) of single crystals of 
La, ,,Sr, ,,CuO,. The peaks that dominate the fluctuations have amplitudes .that de- 
crease as T " and widths that increase in proportion to the thermal energy, k,T (where 
k, is Boltzmann's constant), and energy transfer added in quadrature. The nearly singular 
fluctuations are consistent with a nearby quantum critical point. 

T11e normiil \tare of tlic ~lietallic cupr,ite> 
I- ' >  ' ~1s - t1ilt1st1;11 CIS their s ~ ~ ~ ~ e r c ~ l i ~ l t ~ c t i \ - i t v .  Fc'I~ 
example, the electrical re;i:;ti\.ity of sami-le; 
rvith optimal ; ~ ~ p c r c ~ > n ~ i u c t i ~ l g  properties is 
l i ~ i e ~ r  111 temperature (7) iruin alioi-e I??? 
K to the ~u~?e rcon~ luc t ing  rransiti~,n tern- 
pcr,iture, Ti ( 1 ) .  C:orresk30ntlinglv, infr,~rcJ 
reflectivity re\-ealh cliargc tluctu,~tiijns n.1t1i 
A ch , i r ,~ctcr i t ic  energy hc,ilc that is propor- 
t~coniil only to T ( 1 ,  2 ) .  Furtliermorc, tlie 
eft<cti \~e n~u~lil-er ot cl~arge carrier\, a:: mea- 
sured rvitli the  classic Hall eftect, is strange- 
ly 7-depenL1ent. Even so, t he  Ha11 ;ingle, ;I 
meaburc c l t  tlie cictlectio~i o t  carriers i l l  tlie 
material 13v an  exterlial maglietic tielcl, Ljl- 
loi~i~a a T -' 1' ,ir\ - i 3 ' 1. Thus, the metallic 
c l i a r e  carriers 111 the ~ l o p e ~ l  cuprxes  esliil?- 
~t peculiar hut actuallv quite slmple proper- 
t ~ e s  (4) In tlie normal state. Lloreo\.er, 
these properties ilo not  i ary m ~ ~ c l i  l x t ~ e c n  
tlie iiiiterent h ich-T tcl~ii~lies.  

,- L 

Electron. carry spin ah well as cliargc, it 
i. reasonable td ask \r.liether the normal .;tat? 
magnetic proyertle. Lierli eLl trom tlie .pin; ,ire 
a. siniple < I I ~ L I  uni~ersal  as tho.;? der~ved from 
tlie c1~ar~c.s. Esperilnenti to prL)lye the sy~ns  
include class~cal mag~~e t i c  .;~~sceptometry, 
rvliere the inajinetization ill response to a ho- 

G. Ae.:o. NEC Resea ch I-s'tate - I -l;eoe-~:.e~-';e',!:a, , , 
D~~~-:tton KJ 085-0 USA at-:I Rlso Ka'c i a  Labol.aLo- 

, 2ClC Rcs<de Der- l ia l  h 
T E. >Aascl-, Deliaii-.;e -I' of ?-vst:s U -l,..elsty oiTorot-- 

mc~geiii'ou> estern,~l lllagieric i~eli l  i~ mea- 
u r e ~ l ,  anti resonance esrerimeiiti. rvliere nu- 
clear Lli13nle ;iiid q ~ ~ ~ i d r ~ ~ p ~ j l a r  r i ' lCis ;~t~o~l  iq LIYJ 
to mL~liitor the atoiliic-scale iliaiilietlc fluctu- 

tlli~se si'il.;itive to ch,ir:e, and do not seem 
obciou.ly rel,iteil ti) the i i . i ' i l t ~ c ~ i c y - ~ l e ~ ~ ~ l ~ i l i ' ~ ~ t  
con i l~~c t iv~ ty  (T(w.T) (n.1lere c~ is frzilt~e~lcy), 
prol~ed in electrical, micror~ave, and clptical 
esl3erimellth. 111 particu1,lr. there 1s little ev1- 
dence tdr magnet~c beliar-ior tliat is a nearlv 
;ingul,~r in the si'liae of dir.erning (i'i~r 7 -. O) 
a ~ l ~ ~ l i t u ~ l e s ,  time co~istants, or li'ngtll scales, 
AS tlie he1iar.ior of u ( o , T ) .  

\S'e report licre nearl\- ~ i i c u l , ~ r  I~ehavior 
of tlie  lapli lie tic f~uctuat io~i ;  ill the simplest 

l i i ~ h - T L  materials, namely, the i o m -  
pound La:-,Sr,CuO+, n.lic)sc t l~n~ lamen ta l  
I > ~ u l ~ l ~ n y  l ? l i ~ k s  are single CLIO. la\ er;. Tlie 
experimental tool n-as inelas t~c  mapnetlc 
~ lc ' u t r~o~ i  scatterlnq. A I~eam of mono-ener- 
?title neutrons 1s tlrst prepared ,ind then 
scattered tiom tlie samrlc, m i l  the  outgoing 
n e ~ ~ t r o n s  arc l :~bele~j  ,~ccordinq to t l i e~ r  en-  
ergieq a1ic1 di rec t~on;  ti) e.;tal~lish an  angle 
and energy-dependent scatterinq probal~ili- 
t \  . Beca~lse the neutron <pill and the elec- 
tr im q31ns 111 the .;ample interact through 
magrietic i i ~ ~ ~ o l e  coupluiq, tlie crcxs wctlc3n 
1s directly proport~onal to tlic maqnetic 
structure i ~ l ~ l c t i o n ,  S iQ ,o ) ,  the  Fourier 

tc T o ~ c r t o  Cana;a i~13S 1 ai; P sc Na'~,?t-a _abo- transtorm of the  .pace- and t i ~ ~ ~ e - d e ~ ~ e n i i e ~ i t  
ra'o; 3ClCl2 Rosli11;e 2e1- -,a <. 

,,<, 2enatl.,elt or O,-l.~slcs, lJI. . ,e sL,; cf  s. two-spill correlation tunc t~nn .  T h e  momen- 
i ,? l ,  6 r 's t i '  6 S 8  IT- ,  IJK. turn aliii encriry transfers 9 aliLI (11 are .l111- 

t. a ',',?,?x Oax Rdge h a t c i a  La,:,? at,?r;, Oali R1:ge. l,l! [he cliifercllccs tllc lllLjlllell~~ 
TK 57811, LISA 

KG18da lnsir,-i _aae._an~etl, Gren,?,,leCe. and the  enerries ~ ) t  the  ingoing and oure0- 
citx FI at-ct In? n e u t r o n ,  respectiveli-. Accordung ti) the 
-To ;",, cc,.respolcitrlct sl.oLld bs .ssse; E.mall, t l ~ ~ c t ~ ~ a t ~ o n - i l i ; s l ~ ~ ~ q t i o n  tlieorem, S ( Q , o )  1. 
tl-sm, nasonsuto o17t2 :a in turn y ropor t i~~na l  to the  ~inayinarv part. 

X " ( Q ~ W ) ~  of the generali~ed linear luagnetlc 
r e ~ p o ~ i s e  x ( Q , w ) .  T h e  l i u l i  .;u.;ceptihillty 
me;l~ureLl rvitli ,I m,lgIietometer is the  long- 
rvar;eleiijitli, ~ ~ l l a l l - \ v a v e i l ~ ~ ~ ~ i l ~ e r ,  (Q-:), 
111illt of x ' ( Q , w  = L?), alici the  nuclear res- 
onance techniques yield ,lverage.; ot x"(Q,w 
-- 9) over molucnt;l Q ,  rvli~cli ,Ire of order 
Inverse ilitel.atc>iiiic syaclngs. 

Figure 1'4 I> ;I schem,ltic pliase Jiagr,im fur 
Lal ;Sr,(:u04 CIS ;I ft~iictioli cjt T, hole dopliig 
( s ) ,  a1id pressure (y). Holes aiiil pressure are 
gencrallv intrc~duceJ cliemicallr, most notai~ly 
thr~luyh ~uh,~titutiL~n Lit Sr. '  and NLI'- ion,,, 
rc.pcctivel\-, tor tlie LaiA ion. in La-CuO- (5. 
6). Po,,sihl< magnet~c grotllitl st,~ti.i ranye horn 
simple antiterrom;~gnetic (AFM for .Y -- 3) to 
a long-perioil s p n  .lensity r ~ ~ a v c  n-it11 strong 
cu~~plii ig to tlie ~11iLier1ying la t t~ce  (;lion-11 as ,I 
:my " m ~ ~ u n t , ~ ~ n "  for s - L7.1 111 Fly. 1'4). Unit  
cell doul.lini.. rvlicre tlic s ~ ~ i i i  oii each Cu2+ 1s 
antil~ar,illcl to those c)ii its ile,lri.;t ileighho1.s 
clisylaced 1.y vectors (O, t a t > )  and ( i-a ,, 0) in 
tlie (nearly) hiluar? CuO: plailes, c1i~racter1:- 
ei tlie riniple ,4FII\l state (7 ) :  tlie lattice con- 
ht,int, a,> = 3.5 A. Tl1e associ~tcil m; ig~ie t~c  
B r a ~ g  peaks, ollserx-ed 1ly neutron xattering, 
occt~r at recirrocal 1,ittice 1,ectors Q ot  tlie - 
hrm (nn, inn) ,  n-hcrc 11 ;inL1 ill are hot11 oclJ 
integers; the ,ise of tlie rec~rroc,il lattice 
conrdin,ite hyhtem are parallel t ~ )  those of the 
unilerlying siluare lattice in real sp~lce. 

S u h s t ~ t u t i ~ ~ n  of S r '  for LCia- ~ntroduces 
linles into the CuO,  planes and illitially 
replaces the 4Fh/f phase 13y a illagiletic 
(sp111) g l ~ s  yliase. It is 111 this nnnsupercoii- 
Liuctilig cL~mpusit1oli regime, t i ~ r  rvllicll the 
mag~ietic aiqn,~ls arc strong and large single 
cr\stals have lone I ~ e e n  a\,a1lal3lc, that the 
illost detailc~l T - d e ~ ~ c n ~ l c n t  maenetic neu- 
tl-on scattering studies have been performeLl 
(8). \&'~th t~urtlhcr lncreaieq in SI-' ' content,  
the maonetlc glass phase disappearc and SLI- 

C e r c o n c ~ ~ ~ c t ~ v ~ t y  emcrycs, A t  the same time, 
the. commensurate tvak  iler~vccl trom tlie 
order , ~ n d  fluctuation. in tlic noniupercon- 
i i u c t l n ~  m n p l c  .y l i t  into Ljur lncommcnsu- 
rate l~eaks,  as inLiicatecl in F y .  1B (9) .  Tliesc 
pe,ll<s a]-e c1iaracter1:ed 1.y a positiiln, an  
amnl l t~~dc ,  and :I \i-~cltli. E~r l i c r  n i ~ r k  (9) has ~, 

i l e ; c r ~ l ~ ~ d  how the pe.11; pos~tion. vary n ~ ~ t l i  
comuo~i t ion at  low t e r n ~ e r a t ~ ~ r e s .  O L I ~  con- 
tril-ution is to follo\\~ the red tr,qecrory in Fig. 
1 anil thus obtain the T anLl o dependence 
ot  the arnpl~tu~le  anil rvidth, \vli~ch rep]-esent 
the r n , ~ x i ~ l l ~ ~ ~ l  maynctic resp~)nse and Inverse 
magnetic colicrc~lcc length, reapectl~ely. 

The  La, , , ,Sr ,  , l C ~ ~ O +  cri-qtals used here 
are the same a. those used in our determina- 



tion (10) of x"(Q,w) around and below the 
superconducting transition at Tc = 35 K. 
We carried out unpolarized measurements, 
where the spins of the ingoing and outgoing 
neutrons are unspecified, using the TAS6 
spectrometer of the Ris0 DR3 reactor in the 
same configuration as that used before (10). 
We performed measurements with fully po- 
larized ingoing and outgoing beams, using 
the IN20 instrument, at the Institut Laue- 
Langevin in Grenoble, France. 

Our surveys of Q-w space at various T 
values are summarized in Fig. 2. Figure 2A 
shows scans along the solid red line in Fig. 
1B through the incommensurate peaks at 
[.rr(l - S),IT] and [.rr,.rr(l + S)] for energy 
transfer hw fixed at 6.1 meV. We have 

whereas the non-spin-flip (NSF) channel 
contains background plus phonon scatter- 
ing. The incommensurate response occurs 
only in the SF channel, confirming that it is 
derived from the electron spins. 

The most important result in Fig. 2A is 
that the sharp peaks at 80 K broaden to 
nearly merge at 297 K, an effect also illus- 
trated in Fig. 2, C and D, which shows the 
Q and w dependence of x"(Q,w) deter- 
mined from the fluctuation dissipation 
theorem, 

where 

checked that the peaks are of purely mag- (h is Planck's constant divided by 2.rr and kB 
netic origin by using polarized neutrons is Boltzmann's constant). The magnetic 
(Fig. 2B). The spin-flip (SF) channel con- structure function S(Q,w) is simply the scat- 
tains background plus magnetic scattering, tering near the incommensurate peaks mea- 

Fig. l. (A) Schematic A B 
phase diagram for L 
La&3r,Cu04 showing 
the evolution from long- , L  1 i 
range antiferromagnetic 

'[ 
4 

(AFM) order [x = 0, T, ' I 
I 

(N&l temperature) shown 
in red], through an inter- 1 /' 

I 
mediate spin glass (SG) I Q 
phase (green), to super- 
conducting (SC) order 
(blue). Double doping 
(with Nd3+ on the La3+ 
site, for example) results k" 1 (: 

e6 

tX 
in "stripe" phase ordering (gray) displaced along they axis. (B) Map of the region of reciprocal space (Q 
vector) near (T,T) probed in the current measurements. Typically data were taken along the red line in (A) over 
two of the four incommensurate peaks that occur in ourx = 0.1 4 sample with the background determined 
along the dashed green trajectory. 

sured along the solid red line in Fig. 1B and 
indicated by the filled symbols in Fig. 2A, 
minus the background indicated by the open 
symbols in Fig. 2A. Comparison of Fig. 2, C 
and D, shows that warming from Tc (35 K) 
to 297 K gives a much smaller x"(Q,w) and 
eliminates clear incommensurate peaks at all 
energies fiw probed. At  intermediate T val- 
ues, there is more modest broadening of the 
magnetic peaks at low hw, as well as an 
intensity reduction that is much more pro- 
nounced at low than at high hw. " 

The dramatic evolution of the incom- 
mensurate peak amplitudes with T > Tc is 
summarized in Fig. 3A. Both unpolarized 
and polarized beam data are shown, and 
their consistency confirms the background 
subtraction procedure used in the faster un- 
polarized beam measurements. In addition, 
full polarization analysis (1 1) of the inten- 
sity at the position indicated by a blue dot 
in Fig. 1B confirms that the increase with T 
seen in the background shown in Fig. 2A is 
of nonmagnetic origin. 

We have so far given a qualitative sur- 
vey of our data, which seem to display 
much greater temperature sensitivity 
above the superconducting transition than 
any other magnetic neutron scattering 
data collected to date for a cuprate with 
composition nearly optimal for supercon- 
ductivity. T o  describe more precisely the 
singular behaviors of the amplitude and 
widths of the incommensurate peaks, we 
must take into account the finite resolu- 
tion of our instrument. We have conse- 
quently fit our data at each fiw and T with 
the convolution of the instrumental reso- 
lution and the general form (1 2) 

Fig. 2. (A) Scans collected with unpolarized neu- 
trons at constant energy AE (fio = 6.1 meV) along 

A - 1 20 
B 

U) the trajectory shown as a red line in Fig. 1 B [along S 125 22 
a 5, where Q = ~('TF,T) + (8/2)(-7r,=)] through two '$ .- c 

incommensurate peak positions. Actual counting 'E E 
times were in the range of 10 to 60 min per point. 1 loo 

Z 8 O  
Open symbols represent background collected k 
along the trajectory indicated by the dashed green E U) - 

C 

line in Fig. 1 B. Solid lines correspond to a resolu- $ 2 
tion-corrected structure factor defined by Eq. 3. ,- 5 75 AE4.1 rnev 80 
(B) Polarized scans at constant energy (fio = 3.5 b 

C .- 
Q4(n.x)+(612)( n.n) U) 

meV) at 40 K showing the spin-flip (SF) and non- c 60 
9 

spin-flip (NSF) intensity. The incommensurate C - 
50 40 

peaks occur only in the spin-flip channel confirm- 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 1.r 0.6 0.6 1.0 1.2 1.4 

ing their magnetic origin. (C and D) Energy- and 5 5 5 
momentum (along the solid trajectory in Fig. 1 B)- 
dependent magnetic response function xW(Q,o), 
derived from background-corrected intensities 
based on the use of the fluctuation-dissipation r, 
theorem at (C) 35 K and (D) 297 K. No attempt has 20 
been made to correct for experimental resolution, :- 100 

which broadens and weakens sharp features in 0 

x"(Q,w) The color scale corresponds to the raw " 
_ . P C - - - - - -  

background-corrected intensities. measured per 
0 5 10 15 

unit signal in the incident beam monitor; the (ver- E AE (rnev) 
tical) numerical scales are in units of counts per 6 min divided by [n(o) + 11. (E) Resolution-corrected (incommensurate) peakvalues of the magnetic response 
as a function of frequency (I*, signifies Bohr magnetons). 
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where R(Q) is a function, with the full 
symmetry of the reciprocal lattice and di- 
mensions of IQ12, which is everywhere pos- 
itive except at zeroes, coinciding with the 
incommensurate peak positions. From this 
definition, it follows that x;(o,T) [in abso- 
lute units on the basis of a standard pho- 
non-based calibration (1 3)] is the peak sus- 
ceptibility and K(w,T) is an inverse length 
scale measuring the sharpness of the peaks. 
To perform the fits, we have expanded 
R(Q) near (n ,n )  to lowest order in q, and 
q,, the components of Q relative to   IT,^), 

c(qX- qYl2 - (nw2i2 + [(qx + qYl2 - (nv2 j2  
2(2aons)2 

(4) 
Because all of our data show features at the 
incommensurate positions at which the 
low-T and low-o data are peaked, we simply 
fix 6 at its low-T and low-o value of 0.245. 
The solid lines in Fig. 2, A and B, corre- 
spond to Eq. 3 convolved with the instru- 

l o g  u 

mental resolution with parameters K(o,T) 
and x;(w,T) chosen to obtain the best fit; 
that the data and fits are indistinguishable 
attests to the adequacy of Eq. 3 as a descrip- 
tion of our measurements. 

We discuss first the peak amplitudes 
x;(o,T), shown for three temperatures as a 
function of o in Fig. 2E. In agreement with 
our earlier work (9),  when these amplitudes 
are assembled to ~roduce sDectra as a func- 
tion of o for fixed T vaiues, there is no 
statistically significant evidence for a spin 
gap or even a pseudogap at any T 2 Tc. 
Furthermore, only for the lowest T (35 K) is 
there an identifiable energy scale below fio 
= 15 meV. For 35 K, the scale is the 
-7-meV energy transfer beyond which the 
peak spectrum flattens out. Otherwise, all of 
the data are in the low-o regime where 
x;(o,T) is proportional to o. This means 
that at each T r 85 K our measurements 
are characterized by a single amplitude pa- 
rameter, namely, x;(o,T)/w. Even for 35 
K 5 T 5 85 K, this is true for fio < 5 meV. 
We consequently shift our attention to the 
detailed T dependence, shown in Fig. 3B, of 
the low-frequency limit of ~;(o,T)/w. 

The peak amplitude, after correction for 
resolution-broadening effects, changes by 
two orders of magnitude over the one order 
of magnitude rise in temperature from Tc = 
35 K. Indeed, a T-" law with a = 1.94 + 
0.06 2 describes the decrease of 
x;(o,T)/o with increasing T, indicating a 
divergence in the T + 0 limit that is inter- 
rupted by the superconducting transition. 

We consider now how the inverse length 
K(w,T) depends on T and o. The behavior, 
shown in Fig. 3C, appears complicated, apart 
from the fact that raising either T or w in- 
creases K(o,T). However, closer inspection 
reveals that similar increases are associated 
with frequencies w and temperatures T where 
k,T f. fio. Figure 4 makes the interchange- 
ability of temperature and frequency obvious. 
Here, the K(W,T) values for different o 
values clusterpear a single line with inverse 
slope 2000 (ASK)-' g i~adk,, where J is 
the exchange constant of pure La2Cu04 

( 14). Correspondingly, the solid curve in 
Fig. 4 for which 

K~ = K: + U ; ~ [ ( ~ ~ T / E ~ ) ~  + (fio/E,)2]"2 
(5) 

where Z = 1, K, = 0.034 A-', and ET = E, 
= 47 meV g J/3, gives a good description of 
the data. 

As a classical spin system approaches a 
magnetic phase transition, the magnetic sus- 
ceptibility and correlation length typically di- 
veree. We have discovered that the normal- ., 
state magnetic response of La1,86Sr0,14C~04 is 
characterized by nearly diverging amplitude 
and length scales. Thus, we are near to a 
low-T or zero-T phase transition. The latter is 
commonly referred to as a quantum critical 
point (QCP) (15, 16), whichoccursatT = 0 
and fiw = 0 in a phase space labeled by T, fio, 
and a quantum fluctuation parameter a. The 
inset in the upper left of Fig. 4 shows such a 
phase space where the solid circle marks the 
QCP. As for ordinary critical points, the pa- 
rameter defining the state of the system any- 
where in the three-dimensional (3D) uhase . . 
space is the inverse coherence length K. For a 
fixed composition, such as our Lal,6Sro,14- 
Cu04 sample, a is fixed, and experiments are 
performed in the T-fio plane drawn. Further- 
more, a is associated with a particular inverse 
length K, when T + 0 and o + 0. If we add 
to the graphic description of the inset in Fig. 
4 the assumption of a Euclidean metric for 
measuring distances to the QCP, we immedi- 
ately recover Eq. 5 with the dynamical critical 
emonent. Z = 1. It turns out that theorv for 
2Kj magnets supports the concept of 
the Euclidean metric and hence that Z = 1. In 
addition, it posits that T and fio should be 
interchangeable, an idea labeled "o/T scaling" 
(4,8). We have checked the extent to which 
our data support these ideas by allowing K,, Z, 
ET, and E, to vary to yield the best fit of 
K(o,T). The oytcome, namely, that K, = 
0.033 + 0.004 A-', E,/k, = 590 2 100 K, 
EJk, = 550 + 120 K, and Z = 1.0 + 0.2, 
supports a simple QCP hypothesis. 

Beyond providing a framework for under- 
standing o- and T-dependent length scales, 

o."O,~ - ' 100 loo0 
Tememre (K) 

Fig. 3. Temperature dependence of (A) peak in- 
tensity (I) derived from full polarization analysis (7 1) 
and unpolarized neutron data at 3.5 meV and (6) 
resolution-corrected peak response divided by 
frequency in the low-frequency limit obtained from 
the fits described in the text. The absolute scale in 
(B) is from normalization to phonons (13). (C) In- 
verse length scale K(w,T) at various fixed energy 
transfers ~Lw. 

Fig. 4. Temperature dependence of the 
inverse length scale K(w,T) at various fixed 
energy transfers fiw plotted against T and 
fiw added in quadrature. The solid line cor- 
responds to a Z  = 1 quantum critical point 
(see Eq. 5 and text). The graph in the upper 
right shows how the peak response de- $ 
pends on K = K(W = 0.T). The inset in the 

V a,5 upper left shows the 3D space defined by 
w,T, and a composition-dependent control 
parameter a. The dark plane corresponds 
to the (w,T) phase space probed by our x 
= 0.14 sample, and the solid circle repre- 

~.&0.C4Cu04 - 
sents a nearby quantum critical point. 

O o , '  ' - ' . ' 
100 200 300 40( 

.J@+(hq5 (K) 
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the Q C P  hypothesis also has consequences 
tor the susceptibility amplitudes. Specifical- 
ly, as w -9, x h ( o , T ) / o  should be con- 
trolle~l by a single .\miable representil-ig the 
underlying lnagnetic length. In the upper 
right corner of Fig. 4, rve plot x;/o, as a 
f~lnctlon of such a variable, namely ~ ( w  = 

0,T) .  The  outcome is that x;(w,T)/o, 1s pro- 
portional to K(O = 0,T)8 ~vhere 6 = (7, - T- 

+ %)/% = 3 i- 0.3, in agreement with the- 
oretlcal expectations ( 16) for the critical 
exponents (q and :) associated with QCPs 
occurring in 2D insulating magnets. 

T o  make the Q C P  hypothesis plausible, it 
\vould be usef~11 to have evidence for an or- 
dered state nearby in phase space. Because the 
hlgh-7; superconductors can he chemically 
tuned, what n-e are looking for are related 
c o ~ n p o u n d ~ v i t h  magnetically ordered ground 
states. The most ohvlous is pure La,CuO,. 
HoIvever, in addition to the iact that the 
n~aterial itself seeins far away in the phase 
space of Fig. l A ,  the simple unit cell douhllng 
that describes the antiferromagnetisrn of the 
material is remote from the long-period spin 
modulation that one would associate ~v i th  the 
quartet of peaks seen in the lnanet ic  response 
ot La, s6Sr,,,4Cu04. 

Xlore interesting coinpounils are found 
when the space 1s expanded to consider 
ternary compounds, where elements other 
than or in addition to S r - '  are substituted 
onto the La3+ site. When  l id3-  is substituted 
for La3+ rvhile keeping the ST'- iite occupan- 
cj- (s) anil hence hole density at 118, the 
material is no longer s~percon~luctlng hut ex- 
hibits instead a 1on.-7 phase characterizej. by 
magnetic Bragg peaks, correspol-iiiing to static 
magnetic order, at loci close to n-here the 
magnetic tluctuations are peaked in 
La, s6SrZ l IC~OI.  Although the full ternary 
phase diagram has not been searched, we have 
sketched \\.hat it might look like in Fig. 1 ,  
where the gray phase elnerging close to the 
superconductlng state is the orLlered "striped 
phase," so named because one model ,lescribes 
1t in terms of stripes of antiferromagnetic ma- 
terial separateil by lines of charges ( 1  7). 

hlore generally, experiments on the high- 
T, nlaterials can he thought of as travels 
through a 3D phase space such as that depict- 
ed In Flg. l A ,  anLl the changes In hehawor 
found on such travels can be associated lvith 
Lliffere~~t features of the landscape colnlng 
into prominence depending on the height 
from which they are observed. A t  the hlgher 
fio anLl 7 values the (red) AFXI phase, char- 
acterized by a very high coupling constant 
( 4 . 1 5  eV), is the most obvious feature. A t  
the interinediate 7 values we prohe,l, the 
don-iinant feature is the gray mountain lvhere 
"striped" order has heen found. Finally, at the 
lowest 7, the superconducting instability 
Llo~inates .  The knowledge that the cuprates 
inhahit an interesting 3D phase space, togeth- 

er with our iiisco~.ery that the spin fluctua- D. R Noakes et ai.. Phys. Rev. Lett. 65, 369 (1990). 

tlons 111 one high-T, ~naterral are as singular as 13. We have used acoustic phonons In scans along Q = 

(2,<,0) and (2,0,12! (o~horho-nb~c notaton) for h w  = 2 
the charge f l~ lc t~ la t ion~ ,  ~ h o u l d  simplifv the and 2.7 lne\/ (sound \,eocity 1 23 - A), 
task of understancling hot11 the anomalous 14. S. M Hayden etai . ,  Pliys Re!/. Lett. 67,3622 (1 991); 

normal-state properties and the high-7' su- D. C Johnston. J', iv iag~. ,qAagii. ,qAa?ei. 100, 215 
i1 991: 

perconductivlty ot  the cuprates. 15, See o v e ~ ~ e w  by 1\11 Continent no [Phys. Reo. 39. 179 
il994)l and experiments M. C. Aronson et ai. 
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Direct Measurement of the Current-Phase 
Relation of a Superfluid 3He-B Weak Link 

S. Backhaus, S. V. Pereverzev," A. Loshak, J. C. Davis, 
R. E. Packard 

Direct measurements of the current-phase relation, I versus A+, for a weak link coupling 
two reservoirs of B-phase superfluid helium-3 (3He-B) were made over a wide range of 
temperatures. The weak link consists of a square array of 100-nanometer-diameter 
apertures. For temperatures T such that TIT, 2 0.6 (where T, is the superfluid transition 
temperature), 15. sin(l+). At lower temperatures, /(A+) approaches a straight line. Several 
remarkable phenomena heretofore inaccessible to superconducting Josephson junc- 
tions, including direct observation of quantum oscillations and continuous knowledge of 
A+, were also observed. 

T h e  general description of tlvo coupled 
nlacroscopic quantum systems (such as su- 
perconiluctors, superfluids, or Bose-Elnsteln 
condensates) a l low for the flow of super- 
currents between the tn.o.Theory has long 
predicted (1 )  that if the coupling is suffi- 
clently weak, the  mass current I depends on 
the  phase ,lifference between the two sys- 
tems, A d ,  as 

\\.here Ic is the critical current of the weak 
link. As the coupling becomes stronger, 
I(&) sho~lld s~noothly  change to approach 
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'Permanent address: nsttute for H g h  Pressure Physics, 
Russan Acadelny of Scences, Moscorv, Russia. 

the strongly coupled case I 5: Ad.  
For several decades. the onlv known svs- 

terns Jescrihed by Eq. 1 were superconduc- 
tors, coupled either bv tunnel iunctions 
( the  Josephson effect) or by nletallic con- 
tacts \vhose spatial ilimensions were compa- 
rable to the s~percon~luc t ing  "heallng 
length" 5 (Dayem bridges). This latter pa- 
rameter is the characterist~c leneth over 
which the \t7ave f~lnction's amplituile is al- 
loxvecl to vary consistent ~ v l t h  minimization 
of the energy of the system. 
A mlcroaperture in a thin wall shoulii 

forin the sut7erfluiii analoo of a Davem - 
bridge ( a n J  thus act as a superfluid weak 
link) if the aperture Lllan~eter anii wall 
thickness are near the superfluid healine 
length 5. Researchers have long considered 
superfluld 3He-B to be a good candidate to 
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