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along the chain.*™® But the NS equation also in-
cludes interactions among similar scales, corre-
sponding to spatial mixing of energy and, hence,
cross-linking of the cascade chains. The ques-
tion of whether such cross-linking is strong
enough to limit intermittency buildup needs an
answer,!®

One thing feasible is the exploration of model
systems [(5) and (6) are an example] which are
more transparent than the NS equation and which
may lead to insights. General models of conser-
vative cascade chains, of the forms

@y /At =2 3 AV m (A um +A py=0) (8)
and

dy n/dt =Z;mlAnmly mY 1
(Anml :Anlm7 Anml +Amln+A1nm :0)?

can be explored simultaneously by analysis and
by computer simulation.’® The following caution
must be observed in relating models with limited
numbers of y’s to the NS equation. Even when
there is extreme spatial intermittency at small
scales, the univariate distributions of the indivi-
dual Fourier amplitudes in infinite, homogeneous
turbulence with finite correlation scales are ac-
curately normal, by the central limit theorem,
solely as a consequence of homogeneity.?® Spa-
tial intermittency is a collective phenomenon in
the Fourier representation.
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Static-nuclear-magnetization measurements show temperature-independent magnetiza-
tion in the “A” phase of 3He, temperature-dependent magnetization in the “B” phase of
%He, and at the boundary between these phases a discontinuity in magnetization which ap-

proaches zero at a polyeritical point.

In this Letter we present the first measure-
ments of static nuclear magnetism in an all-liquid
sample of *He. Below the line of second-order
transitions® at T, the P-T phase diagram is split
into two parts by a line T, of magnetization dis-
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continuities extending from the melting curve at
a temperature probably that of “B”Z to the T, line
at a pressure of 21.7 bar. The magnetization
discontinuity approaches zero as the T, line
approaches the T, line so the measurements
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prove for the first time the existence of a line of
first-order transitions which terminates at the
line of second-order transitions in what is prob-
ably a polycritical point (PCP). A transition in
thermal resistance is also observed at the line
T ,p.° Between T ,zand T, the liquid is called
SHe-A; otherwise the liquid below T, is called
*He-B. Our measurements show that in *He-A
the static magnetization is essentially tempera-
ture independent, but in *He-B the magnetization
decreases with decreasing temperature. These
quantitative results are important in evaluating
the state of the liquid.

At melting pressure, NMR measurements by
Osheroff et al.* indicated a 40-60% decrease in
absorption at “B” and little change between “A”
and “B”; this is probably consistent with the
present results extrapolated to melting pressure.
Also, Halperin, Buhrman, and Richardson® re-
ported a 5% change in cell magnetization at “B,”
though this includes an uncertain contribution
from solid *He.

The demagnetization cell used for the present
work was fitted above the main cerium-magne-
sium-nitrate (CMN) refrigerant with two epoxy
towers magnetically shielded by niobium tubes.
One tower contained the static-magnetization
sensing coils. The other tower contained 10 mg
of powdered CMN for thermometry.® The ®He in
the magnetization tower occupied a space 3.0
mm diam and 32 mm long above the main CMN,
A 3.0-mm-diam hole 11 mm deep was drilled
into the CMN immediately below the tower. Both
the magnetization of the 10-mg CMN thermometer
and the static magnetization of the *He were
sensed using superconducting devices.® Mea-
surements in both towers were possible even
with 1000 G on the main CMN, For the measure-
ments presented here a field of about 50 G was
trapped in the magnetization tower. Calibration
of the ®*He magnetization was made over a tem-
perature range from about 0.26 to 1.14 K in a
series of condensations by allowing the liquid
3He at vapor pressure to rise in the magnetiza-
tion tower until it was completely filled. The
resulting magnetization changes are proportional
to the total *He magnetic susceptibility X ,+ X ,,
where x, is the diamagnetic susceptibility and
X, is the nuclear paramagnetic susceptibility
C/T* with C =(1.362x 1078 K) X (37,0 cm®/mole)
X v~ v being the molar volume. We used the
values of T* given by Ramm et al.” both in the
calibration and for computation of the low-tem-
perature normal-state paramagnetic suscepti-
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FIG. 1. Increase of nuclear susceptibility relative to
that in the normal state when *He-B transforms into
SHe-A at T 45 (circles) and the difference between 7',
and T 45 (squares) as functions of pressure. P, is melt-
ing pressure and PCP denotes the polycritical point.

bility. During calibration we plotted magnetom-
eter output versus 1/7*, obtaining from the slope
the calibration of the instrument output in terms
of paramagnetic susceptibility and from the in-
tercept the diamagnetic susceptibility. We found
Xqv=- (2.14£0.11) x 107® cm®/mole, which can
be compared with —(2.02+0.08) X10"® ¢cm®/mole
measured by Barter, Meisenheimer, and Steven-
son® and with a calculated value® of —1,99%x 107¢
cm?®/mole. This comparison is important since

it reflects the accuracy and precision of our mea-
surements. Our accuracy is based on the +19
accuracy of the T* from Ref. 7. The precision

of the calibration of instrumental output in terms
of x, is estimated to be +5%.

Measured properties along the T, line as a
function of pressure are shown in Fig. 1. The
quantity Ax/x, is the increase of static suscep-
tibility in the transition from *He-B to He-A
referred to the full nuclear paramagnetic sus-
ceptibility in the normal state x, calculated as
indicated above for each pressure. Higher pres-
sures were precluded because of supercooling.
Each Ay point is the mean of typically ten obser-
vations obtained by shifting the temperature back
and forth through T ,5 using an external field
from the magnetizing solenoid on the main CMN.
Scatter in Ay was typically a few tenths of a per-
cent of x,. The magnetic temperatures T ,,*
and T *, referred to the main CMN magnetic
temperature scale, were obtained by letting the
cell drift through those temperatures under re-
sidual heat leak. T ,z* was noted at the sudden
increase in magnetization (both the B~ A and the

747



VoLUME 31, NUMBER 12

PHYSICAL REVIEW LETTERS

17 SEPTEMBER 1973

A — B transitions took place in less than a sec-
ond) on warming through the line of first-order
transitions and T, * was obtained as in Ref. 1
from the change in cell warming rate at the line
of second-order transitions. We plot T, — T .,
the corresponding difference in absolute temper-
atures on the tentative absolute scale established
in our sound experiment,’® where the P -T_ *
curve is used as intermediary. The extrapola-
tions of these curves suggest a pressure near
21,7 bar for the PCP and, at the melting curve,
values of (Ax/X,),=0.6, and (T, = T 4p),, = 0.5,
mK. The NMR absorption results of Ref, 4 are
probably consistent with (Ax/x,)., and the value
of (T, — T og),. is reasonable in comparison with
the value of 0.5, mK expected from our melting-
curve thermometry work'! for the temperature
difference between the “A” and “B” features.

If we use the measurements of Ref. 4 for the
effect of magnetic field H on the pressure of the
B’ feature together with the zero-field slope'! of
the melting curve to estimate the slope (87 ,;/
0H),=~—(x,— Xp!H /(s 4— s5), we can use our val-
ue for (AY), to evaluate the entropy change per
unit volume, s .- sp at the line AB at melting
pressure. This procedure has some accuracy
since the field effect on B’ is much greater than
the field effect on the melting pressure,’> We
find (s ,~ s5),=0.6, erg/cm® mK or, assuming
Tg:=2.0, mK, a latent heat per unit volume at
melting pressure of 1.0, erg/cm?®, Further, us-
ing this value of s ,— s and an approximate slope
(8P ,5/0T 45) y=o Of — 30 bar/mk for the AB line
near the melting curve from Ref, 3, we find (v,
—vg)/v= -2X10"%, We cannot detect volume
changes of this size. We did search for a latent

"heat at the AB transition in Ref. 3, but its exist-
ence could not have been proven if the transition
in the main cell were spread out in temperature
because of thermal inhomogeneity to the same
extent as the transition at T.

Temperature dependence of magnetization was
measured both by rapidly (20 sec) applying a
magnetic field (~40 G) to the main CMN to effect
the change from x(7T) to x, and, starting with
T>T,, by rapidly decreasing this field to effect
the change from y, to (7). The temperature,
measured in the other tower, was taken to be the
equilibrium value just before application of field
for field-on data, and after removal of the field
for field-off data. The two methods gave consis-
tent results. Temperatures from the 10-mg CMN
thermometer were converted to those in the main
CMN in a separate drift experiment where both
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were measured (recall that T, is determined us-
ing the main CMN). Susceptibility changes in
SHe-A are less than 2 to 3% of x,, So one may
say to this accuracy that the static nuclear mag-
netization in *He-A is temperature independent
and equal to that for the normal Fermi liquid.
Measurements of the temperature-dependent
static nuclear susceptibility in *He-B at 20.8

bar, just below the PCP, and at 29.9 bar below

T 45 are shown in Fig. 2. For the 20.8-bar data
T, was taken to be that temperature (2.3, mK)
for which x/x, extrapolated to 1. This is slight-
ly lower than the thermal T, (0.05 mK) and prob-
ably reflects thermal inhomogeneities in our cell.
For the 29.9-bar data, 7T, was taken to be that
for the thermal transition at this pressure, even
though it may not be appropriate for *He-B at
this pressure.

The above results are helpful in understanding
the nature of the *He-A and *He-B liquids. The
temperature independence of ¥ in *He-A is char-
acteristic of the equal-spin-pairing odd-L state
of Anderson and Morel.”®* We have compared the
temperature-dependent susceptibility in *He-B
with Leggett’s formula'

l:(l'*‘ézo))(w/)(n (1)
Xn  1+3ZoXw/Xn '

where Z,=- 2.9, for the data on Fig. 2 and x, is
the susceptibility calculated without taking into
account Fermi-liquid effects. We compare our
data with Eq. (1) both using yx, calculated by
Anderson and Morel® for a particular linear
combination of D states'® and using x , given by
Balian and Werthamer?!® (BW) for a particular
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FIG. 2. Nuclear susceptibility relative to that in the
normal state as a function of temperature relative to
T, for two pressures. The smooth curves are based
on theory and described in the text.
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P state since the identification of this state with
*He-B has been suggested, for example, by An-
derson and Brinkman.'” On the other hand, Soda
and Yamazaki'® recently suggested F-state pair-
ing for *He-A and D-state pairing for *He-B.
The D- and BW P-state weak-coupling theoreti-
cal curves' are given on Fig. 2. Evenat T =0
the BW-state susceptibility is 0.35 of x,, so it
appears, using weak-coupling theory, that *He-B
is not a pure BW state. The experimental data
are rather close to but apparently not coincident
with the theoretical curve for D-state pairing.
We note in this connection that Eq. (1) was de-
rived for S-state pairing so that it may not be
accurately applied to the present case although
reasonable agreement is expected.’® Further,
the specific-heat ratio' at T, is greater than that
expected® for weak-coupling theories and is a
weak function of pressure. Hence we might also
expect a more complicated behavior for the sus-
ceptibility, rather than a universal, pressure-
independent behavior scaling with T,.
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Decay of Correlations

J. L. Lebowitz* and O. Penrosef
Belfer Graduate School of Science, Yeshiva Univevsity, New York, New York 10033
(Received 18 July 1973)

For lattice systems with a symmetric transfer matrix, the correlation functions de-
cay exponentially with distance if the fugacity z lies in a region of the complex plane that
contains the origin and is free of zeros of the grand partition function. When these inter-
actions decay slower than exponentially the correlations do not decay exponentially for
small z and, for Ising ferromagnets with pair interactions, for all values of the magne-

tic field.

The correlations between widely separated re-
gions of a thermodynamic (infinite) system are of
great interest. They play a central role in the
theory of critical phenomena' and help us to
understand the microscopic structure of thermo-

dynamic systems.? (They also play an important
role in recent work in field theory.®) We are in-
terested here in how the asymptotic decay of the
correlation functions at large distances is related
to the analyticity properties of the free energy
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