
the QCP hypothesis also has consequences 
for the susceptibility amplitudes. Specifical
ly, as oo —> 0, Xp((o,T)/w should be con
trolled by a single variable representing the 
underlying magnetic length. In the upper 
right corner of Fig. 4, we plot Xp/00 a s a 

function of such a variable, namely K(GJ = 
0,T). The outcome is that Xp(o),T)/w is pro
portional to K(OO = 0,T)^ where 8 = (2 — r| 
+ Z)/Z = 3 ± 0.3, in agreement with the
oretical expectations (16) for the critical 
exponents (r| and z) associated with QCPs 
occurring in 2D insulating magnets. 

To make the QCP hypothesis plausible, it 
would be useful to have evidence for an or
dered state nearby in phase space. Because the 
high-Tc superconductors can be chemically 
tuned, what we are looking for are related 
compounds with magnetically ordered ground 
states. The most obvious is pure La2Cu04. 
However, in addition to the fact that the 
material itself seems far away in the phase 
space of Fig. 1A, the simple unit cell doubling 
that describes the antiferromagnetism of the 
material is remote from the long-period spin 
modulation that one would associate with the 
quartet of peaks seen in the magnetic response 
of LaL86Sra i4Cu04 . 

More interesting compounds are found 
when the phase space is expanded to consider 
ternary compounds, where elements other 
than or in addition to Sr2+ are substituted 
onto the La3+ site. When Nd3+ is substituted 
for La3+ while keeping the Sr2+ site occupan
cy (x) and hence hole density at 1/8, the 
material is no longer superconducting but ex
hibits instead a low-T phase characterized by 
magnetic Bragg peaks, corresponding to static 
magnetic order, at loci close to where the 
magnetic fluctuations are peaked in 
La1 86Sr0 14Cu04. Although the full ternary 
phase diagram has not been searched, we have 
sketched what it might look like in Fig. 1, 
where the gray phase emerging close to the 
superconducting state is the ordered "striped 
phase," so named because one model describes 
it in terms of stripes of antiferromagnetic ma
terial separated by lines of charges (17). 

More generally, experiments on the high-
Tc materials can be thought of as travels 
through a 3D phase space such as that depict
ed in Fig. 1A, and the changes in behavior 
found on such travels can be associated with 
different features of the landscape coming 
into prominence depending on the height 
from which they are observed. At the higher 
hoi and T values the (red) AFM phase, char
acterized by a very high coupling constant 
(—0.15 eV), is the most obvious feature. At 
the intermediate T values we probed, the 
dominant feature is the gray mountain where 
"striped" order has been found. Finally, at the 
lowest T, the superconducting instability 
dominates. The knowledge that the cuprates 
inhabit an interesting 3D phase space, togeth

er with our discovery that the spin fluctua
tions in one high-Tc material are as singular as 
the charge fluctuations, should simplify the 
task of understanding both the anomalous 
normal-state properties and the high-Tc su
perconductivity of the cuprates. 
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the strongly coupled case I <* Ac(). 
For several decades, the only known sys

tems described by Eq. 1 were superconduc
tors, coupled either by tunnel junctions 
(the Josephson effect) or by metallic con
tacts whose spatial dimensions were compa
rable to the superconducting "healing 
length" £ (Dayem bridges). This latter pa
rameter is the characteristic length over 
which the wave function's amplitude is al
lowed to vary consistent with minimization 
of the energy of the system. 

A microaperture in a thin wall should 
form the superfluid analog of a Dayem 
bridge (and thus act as a superfluid weak 
link) if the aperture diameter and wall 
thickness are near the superfluid healing 
length £. Researchers have long considered 
superfluid 3He-B to be a good candidate to 

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, / versus Acj>, 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 T/Tc > 0.6 (where 7~c is the superfluid transition 
temperature), / <* sin(A4>). At lower temperatures, /(Ac))) approaches a straight line. Several 
remarkable phenomena heretofore inaccessible to superconducting Josephson junc
tions, including direct observation of quantum oscillations and continuous knowledge of 
Ac)), were also observed. 

www.sciencemag.org • SCIENCE • VOL. 278 • 21 NOVEMBER 1997 1435 

http://www.sciencemag.org


disalav Inass flow uhe l~omena  associated 
wi;h E ~ .  1 because i;is a macroscopic quan- 
tum system, with healing length 

where Tc = 0.929 mK, and 6,  = 65 n m  at  
zero ambient pressure (2) .  Nevertheless, ef- 
forts in our laboratory (3)  (using single 
apertures) and elsewhere (4) (using aper- 
tures and arrays of long thin tubes) did not  
show any evidence of weak coupling in  
superfluid 3He. 

In the  late 1980s. a rnaior advance was 
maJe in a n  experiment by Avenel,  Varo- 
quaux, and their co-workers, who studied 
flow of superfluid 3He through a single mi- 
croaperture in parallel wirh a much larger 
tube (5) .  T h e  dynarnics of the  flow through 
the two openings were measured as a func- 
tion of the  drlving force a t  two different 
frequencies. T h e  observed dynamics were 
then recreated in a numerical simulation 
that reauired a n  assumed form of 1(AdI) as 
a n  input. T h e  assumed 1(Ab)  was slmilar to  
Eq. 1 but had adjustable parameters, namely 
1' and a secol~d parameter that controls the  
asymmetry of 1 (1+) .  A third adjustable pa- 
rameter describes the  relative inductances 
of the  two flow paths. Values of the  param- 
eters were found that yielded good agree- 
ment  hetween the  ohserved and simulated 
responses near T, (5). In  particular, a t  tem- 
peratures ahove G.8 TIT,, the  fortn of the  
best-tit I(AdI) was close to a slne f~lnction, 
implying that near this temperature the  ap- 
erture was nearly an  ideal weak link. These 
results constituted the  first evidence of ideal 
weak link hehavior in  superfluid 3He. Mag- 
netization transport experilnents In super- 
fluid 3He have subsequently identified a 

nlethod of creating quantum ~veak  coupling 
of t ~ v o  spin reservoirs (5). 

W e  have now developed a new type of 
3He weak link that collsists of a square array 
of 4225 apertures, each 100 n m  in diameter, 
separated hy 3 IJ-111, and positioned in a 
50-nm-thick SIN window. T h e  array was 
designed to hehave like a single aperture 
with 4225 times the  single-aperture current, 
therefore allowing a direct measurement of 
1(AdI). 

If this array connects two reservoirs of 
superfluid 3He-B, an  applied pressure head 
1 P  hetween the  two reservoirs lea& to 
mass-current oscillations (7) a t  frequency fQ 
= 2m31P/ph, where 2m3 is the mass of a 
Cooper pair, p is the liquid density, and h is 
the  Planck constant. Thls ahelloinenon is 
consistent wirh a periodic I(A+) relation 
generically siinilar to Eq. 1, in combination 
with the  phase evolution equation for mac- 
roscopic quantuln systems: 

where t is time, f i  = h/2rr, and AIJ- is the  
differel~ce in chemical potential between 
two points, proportional to pressure head 
(Ap. = 22m3AP/p). Both calculation and 
exreriments have shown that the  differen- 
tial temperature term, which can appear in 
Ap., is negligible during thls experiment. 

T o  deterlnine the  1 (1+)  relation for this 
weak link, we used apparatus previously 
described (7). O n e  sa~nule  of suuerfluid was 
confined within a disk-shaped region 
hounded by ( i )  a washer-shaped Kapton 
ring that had a soft membrane attached to 
~ t s  top side and (ii)  a stiff lnernhrane sup- 
porting a Si chip that contained the  array 

Fig. 1. Membrane displacement a s  a functon of 
tlme at the end of the transent for temperatures 
0.71 TIT, (top), 0.56 TIT, (center). and 0.41 TIT, 
(bottom) The zero of time has been shfted so that 
the transition from the quantum oscilaton to the 

o n  the  lower side. This cell Lvas similar to 
the  type first used by Wir th  and Zimmer- 
lnann (8) and later developed by Avenel 
and Varoquaux (9). T h e  cell was surround- 
ed by superfluid ( the  second reservoir), 
~ v h i c h  was in  thermal contact with the  heat 

pendulum mode occurs at t = 0 rn all traces, The o 4  
equlibrlum positlon of each curve has been shft- 
ed vertically so that they do not overlap. When the - 

exchanger of a refrlgerator that could cool 
the  11auld helom 200 ILK. T h e  soft mem- 

- 

brane was coated with a superconducting 
metal film and was adjacent to a metal 
actuator electrode and a superconducting 
quantum interference device (SQUID)-  
based disulaceinent transducer that could 
detect motion of the  inembrane as sinall as 
lo-"+ lnHz-l/l, 

A t  sotne instant, we amlied a n  electric 

average dsplacement x was not zero, the mem- 
brane oscillated at frequency f, = 2m,APiph. Z 
where AP = a(x - x,). After x reached x, and the 

L L 

potential step between the flexible Inem- 
brane and the  actuator to establish an  ini- 

average phase became constant, the dynamlcs of 0.2 

the coupled weak Ink-membrane system exhib- 
ited the pendulum mode of oscillation. The fre- 
quency of thls mode was determned by the stiff- 
ness of the membrane and the kinetic inductance 
of the weak Ihnk, In the few cycles after pendulum 0 0 

mode begins (t = O), the most obvious evidence 
of the sine-like /(A+) can be seen in the raw data 

tial pressure difference across the array. T h e  
displacement transducer detected the mem- 
brane's nosition x i t )  as it relaxed to its fnlal 

- 

- 

1 1 1 1 1 1  

~, 

equilibrium position x,. Kear the  beginning 
of this transient, the  uressure head was high 

(at higher temperatures). The rate of change of -0.2 0.0 0.2 0.4 

position ofthe membrane, which is proporiional to 
the current, fell to a low value as the membrane t(s) 

passed through the position at which AP = 0. This is because at this point, the phase difference 
approaches T, where a sine-like current-phase relation would allow no current. At lower temperatures 
(for example. 0.41 TIT,), this phenomenon disappeared as the /(A$) became linear in A+. It was also 
absent in 4He calibration tests. 

enough that the  quantum oscillatiolls [aris- 
ing from the  coinhinatioll of a 2 ~ - p e r i o d i c  
1 ( 1 + )  and Eq. 31 were in the  kilohertz range 
and could not  easily be observed. However, 
as the uressure head relaxed (as a result of 
dissipation), the  iluantum oscillation fre- 
quency eventually dropped to  a few tens of 
hertz, which allowed direct observation of 
the  oscillations in the  relaxation transient 
(Fig. 1). W h e n  the  average pressure differ- 
ence AP was not  zero, the  membrane oscll- 
lated a t  frequency fQ = 2m3AP/ph. 

W h e n  the  average value of 1 P  fell t o  
zero and the  average phase difference be- 
came constant. the  dvnamics of the  coualed 
weak llnk-mekbralle system exhlbitid a 
different tvae of oscillation about the  final , 

equilibrium position. T h e  frequency of 
these final oscillations was deterlnined by 
the  stiffness of the  membrane and the  kl- 
netic inductance of the  weak link. W e  refer 
to this s i t ~ ~ a t i o n  as the  aenduluin tnode of 
oscillation, hecause in this segment of the  
transient the  eu~rations of rnotion for A b  
can be cast into a forin siinilar to that of a 
physical penduluin ( 1  Q). 

T h e  real-time observation of both the  
quantum oscillations and the  p e n d ~ ~ l u m  
lnode oscillations are remarkable features of 
this experilllent hecause ana logo~~s  phe- 
nomena have not  been seen d~rect ly  111 t he  
case of superconductors (there, the  frequen- 
cies are l~ornlally in the  gigahertz range). 
Our  abllity to detect these phenomena was 
due to a t  least two things: ( i )  T h e  flow 
through all of the  apertures indeed re- 
mained coherent, thus producing the 4225- 
fold amplification of the  mass current c o n -  
nareii with that in a single 100-nm-sired 
aperture, and (ii)  the colnhi~latioll of 
Planck's constant, the liquid helium mass 
density, and the attainable pressure head 
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REPORTS 

range led to quantum oscillation at observ
able frequencies (below 100 Hz). 

We directly determined the I(A(f>) rela
tion by the following method. The displace
ment transducer output had been calibrat
ed, so the recorded transient could be con
verted directly into a record of the soft 
membrane's position x(t). The time deriva
tive of x(t), the known number of apertures 
N, and the membrane area A determined 
the instantaneous current through a single 
aperture 

pA dx 

™ = w* (4) 

The membrane's displacement from equi
librium was proportional to the instanta
neous pressure head AP(t), that is, AP = 
a(x — Xf). We directly determined the con
stant of proportionality a by measuring the 
linear dependence of the quantum oscilla
tion frequency on the displacement of the 
membrane (7) [fQ = 2m3a(x — xt-)/ph] near 
the beginning of the transient. At these 
higher pressures (^10 mPa), the frequency 
could be extracted (in the kilohertz re
gime), although the actual details of x(t) 
were obscured because the amplitude of 
membrane motion due to the quantum os
cillations fell at least as 1//Q and because of 
noise from the wide-bandwidth nature of 
the measurement. The absolute knowledge 
of a gave the instantaneous phase differ
ence by integrating Eq. 3 

A<Kt) 
- 2 m 3 

a[x(t) - xt]dt (5) 

This ability to directly and continuously 
determine AcJ) based on Eq. 5 is a central 
feature of the experiment. By eliminating 
the common variable t from the known l(t) 
and A4>(t) we calculated I(A4>). 

The pendulum mode of the double-
membrane cell involved out-of-phase mo
tion of the membranes at frequencies rang
ing from 5 to 55 Hz. However, there was 
another normal mode where the two mem
branes moved in phase at much higher fre
quencies. Before applying Eqs. 4 and 5, we 
filtered the data with a low-pass filter (24 
dB per octave) using cutoff frequencies 
varying from 60 to 160 Hz. Above this 
frequency, the normal mode associated with 
the in-phase motion of both diaphragms 
introduced complications to the analysis. 

The function I(Acf>) could have been 
determined from either of the two distinct 
parts of the transient. We could have used 
the quantum oscillations themselves for the 
analysis if the relaxation transient was slow 
enough so that the bandwidth in the fil
tered data was sufficient to capture several 
higher harmonics of the oscillation frequen

cy. Alternatively, we could have analyzed 
the motion in the pendulum-mode regime, 
which had a lower frequency (5 to 55 Hz) 
than the quantum oscillation. 

We performed the above analysis on 
both segments of the transient, and in the 
regime where both methods were suitable, 
we obtained identical results for I (AcJ)). For 
consistency, we present only the results 
from the pendulum oscillations because the 
analysis from this motion can span our en
tire accessible temperature range. 

We chose the zero of time to correspond 
to the end of the quantum oscillation peri
od and the beginning of the pendulum mo
tion. To enhance the signal-to-noise ratio, 
we continued the integration forward in 
time through two to three oscillations. The 
measured I(A4>) was periodic in Acf> with 
period 2TT. We effectively signal averaged 
I (Ac))) by translating the data from the re
gions 2TT to 4TT and 4TT to 6TT onto the first 
interval, 0 to 2TT, and averaging these 
curves together. We then took the results 
from multiple transients (typically 10 to 50) 
at a given temperature and averaged all of 
the values of I corresponding to a given Acf>. 

Figure 2 shows part of the results of this 
analysis, the shape of the functions I(A4>) 
for several temperatures between 0.28 T/Tc 

and 0.85 T/Tc. At higher temperatures, 
I(A(f>) was nearly a sine function, indicating 
that the aperture array was a perfect weak 
link. As T dropped and the healing length 
shortened (Eq. 2), I(A(f)) began to depart 
from the sine function and became notice

ably less curved near Ac() = ±TT/2. This 
behavior is expected theoretically: The 
I (Ac))) relation evolves from sine-like to 
almost linear in Ac(). Our results confirm the 
deductions of (5) by a direct method, and 
they provide new information about the 
specific form of J( A(f>) over a wide range in 
temperature. 

The results presented here serve as an 
experimental test for theoretical models of 
weak links in 3He-B. We cannot compare 
our results directly with a single theory 
because no single model adequately covers 
the entire geometry, boundary conditions, 
and T range represented in this experiment. 
Several authors have computed I (Ac))) for 
various aperture parameters (10—15), but 
space does not permit comparison with all 
of these predictions. However, in brief, the 
results for a pinhole-like aperture (12) (that 
is, diameter « C , an aperture that does not 
distort the order parameter) fit the shape of 
the I (Ac))) data well at the higher tempera
tures, and the predictions for a finite-size 
aperture (15) fit the shape at the lower 
temperatures. This correspondence is the 
theoretically expected trend (Fig. 2) be
cause at higher temperatures the healing 
length is considerably greater than our ap
erture diameter, whereas the converse is 
true at the lower temperatures. 

The critical current Ic of the weak link 
can be defined as the maximum observed 
current in the function I (Ac))). The data 
reported here are from a single cooldown 
below T, (to avoid the variations in the 

Fig. 2. Shape of the func
tion /(Acj>), as calculated 
from the data, for seven 
temperatures in the range 
from 0.28 T/Tc to 0.85 T/Tc. 
The complete form of /(Acf>) 
was first calculated, and 
then the whole curve was 
divided by the maximum 
current at the same tem
perature to yield the nor
malized shape of /(Acj>). ^ 
Each curve is shifted verti- ~ 
cally along the normalized 
current axis by one unit for 
clarity of presentation. At 
higher temperatures, /(Acj>) 
is a sine function, indicating 
that the aperture array be
haved as a perfect weak 
link. At lower temperatures, 
/(Acj>) departs from the sine 
function. The phase at 

which /max is achieved be- -n -n/2 0 n/2 n 
comes steadily greater 
than Acj> = TT/2 with falling 
temperatures until /(Acj>) ap
proaches a straight line. For temperatures 0.555 T/Tc through 0.851 T/Tc, the shape of the predicted /(Acj>) for a 
pinhole (12) is plotted (as a solid line) along with the data for comparison. For 0.344 777~c, the predicted shape of 
/(Ac|>) for an aperture of similar dimensions near this temperature (15) is plotted (solid circles) along with the data. 

A(|> 
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maqnitude of Ic that have been observed 
het~veen cooldo~vns).  K'e checked thc  rc- 
~ c a t a b l l ~ t v  o t  thcsc data as a f ~ ~ n c t l o n  of T 
by sn,ecplng temperature don-11 and up and 
checking that the  observations rcma~ned  
the same. T h e  most s t r~klng aspect of the  Ic 
data is that,  for 1 - (TITL) > 9.3, the  
values wcrc sc\,cral tlmes greater than thc  
maximum dcpair~ng ( 1  6)  currents in  bulk 
'He-G (Flg. 3). Several calculat~ons predlct 
such cnl~anccmcnt  (1 1 , 1 2 ,  14).  T h e  ob- 
acrvcii quacirat~c a ro~v th  111 Ic 1s a feature 
prcdlctcd ( 17) for diffuse-scatter~ng bounii- 
ary conditlo~ls for cluasipart~cles. R'c also 
note that lL sccmcd to Fall t o  zero n-cll 
belox Tc of the  bulk licju~d. 

T h e  t echn~~lucs  and measurements rc- 
portcd hcrc crcatc several opportun~t~cs  for 

141 (us~ng  the absolute pressure callbration 
from thc Josephson frcqucncy rclatron) as 
demonstrateci here can be used In expcrl- 
ments focusing on macroscopic quantum 
phase. Further, thc cletaileci l~lforlllarion on 
the 1 (1+)  of a supertlu~d 'He weak link ~ ~ 1 1 1  

allow thc futurc cicvclopment of a s u p c ~ t l ~ ~ ~ d  
"two-sl~t" ~nte~teromctcr .  This dcv~ce.  which 
1s analogous to the supcrconduct~ng dc- 
SQCID and 1s sometilllcs called a "supe~fl~lld 
i l ~ ~ a n t ~ l m  interference gyroscope," shoulci be 
a sensltlve rotzc~on sensor (18).  

Fig. 3. The measureo values of the c r ~ t c a  current 
for the rnicroaperiure array :;veak Ink o~v~deo by 
4225 (circles) as a functon of 1 - (TlTJ. Here we 
have useo the I, that 1s oerived from analysls of the 
penoulum mode; the values are consistent w~th  
those oerlved from the quantum osc~llat~ons. For 
1 - IT'TJ > 0.3. the val~les of I, are several tmes 
grester than the rnaxmuln oeparng currents In bulk 
We-B (solo Ine! (16) The preoctons for a pnhole 
speriure (12) (dot-dash Ine) are shown for cornpar- 
son. The data are best f ~ t  by I, = 134[1 - (TIT,J]~ 
pg:s, where T,, = 0 85 mK (ootted Ihne). The ob- 
served quaoratc growth In I, 1s a feature predcteo 
to be associated ui~th diffuse-scatter~ng bounoary 
condtons for the 3He quasparicles (1 71 
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A Tribosphenic Mammal from the 
Mesozoic of Australia 

Thomas H. Rich, Patricia Vickers-Rich, Andrew Constantine, 
Timothy F. Flannery, Lesley Kool, Nicholas van Klaveren 

A small, well-preserved dentary of a tribosphenic mammal with the most posterior 
premolar and all three molars in place has been found in Aptian (Early Cretaceous) rocks 
of southeastern Australia. In most respects, dental and mandibular anatomy of the 
specimen is similar to that of primitive placental mammals. With the possible exception 
of a single tooth reported as Eocene in age, terrestrial placentals are otherwise unknown 
in Australia until the Pliocene. This possible Australian placental is similar in age to 
Prokennalestes from the late Aptian/early Albian Khoboor Beds of Mongolia, the oldest 
currently accepted member of the infraclass Placentalia. 

T h e  known Cretaceous foss~l record of pla- 
ccntal mammals co~llcs prllnarily from thrcc 
areas: Mongolia, hfl~ddlc Asia (Czbekistan, 
Kazakhstan, and T a j ~ k ~ s t a n ) ,  and thc  Wcst- 
ern Interior of North r imer~ca .  In  addition. 
single gcncra ha\-c bccn iicscribcil from In- 
dia and Gala, California, anil single teeth 
hal-c l ~ c n  rcportcil f ro~l l  France and hlis- 
sisslppi ( F I ~ .  1 ) .  Exccpt for tht. hlongolian 
Proitennnleites and C~bck i s t an i  Bobolestes. 
all arc Larc Crctaccous in age. This rccorii. 
bascil o n  about 1 dozen gcncra, is m c q c l  
compared with that of Ccnozo~c  placentals. 
In  a roughly comparable tlme span, thcrc 
arc litcrall\- thousands of Cenozo~c  placc11- 
tal gcncra known. 
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Gccausc Mcsozoic tr~bosphenic m a n -  
nlals 1%-ere unknown o n  all Sou thc r~ l  H c m ~ -  
sphere c o n t ~ n c ~ l t s  in 1986, in that year J6se 
Bonaparte proposed that suhsequcnt to thc  
enil of thc Jurassic, the  Gond\l-anan mam- 
malian fauna hail evolved complctcd isolat- 
ed fro111 faunas o n  thc northern continents 
~ l n t i l  thc  cnil of the  Crcraceous or thc be- 
gi11111ng of the  Paleocene (1 ) .  According to  
Bonaparte, i lur~ng this period of isolation. 
marsupials and placentals arosc fronl more 
primitive tribosphenic or near tribosphcnic 
mammals in Laurasia. A c c o r d ~ ~ ~ g  to  this 
hyPothes~s, trlbosphenlc mammals of any 
kind reached South America for thc  flrst 
t ~ ~ l l c  near the  Cretaccc~us-Tertiary bounil- 
ary, from North  Amcr~ca .  Frorn South 
Amerlca, marsupials then dispersed across 
Antarctica to  Australia. 

T h e  concept of the cornpletc lsolatlon of 
thc Gondwana continents from tribos- 
phenic llla~ll~llals until the  cnil of the Cre- 
taceous was flrst challenged with thc an- 


