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Pressure dependence of theA-B phase transition temperature in superfluid 3He
in 1.1-mm slab geometry

S. Miyawaki, K. Kawasaki, H. Inaba, A. Matsubara, O. Ishikawa, T. Hata, and T. Kodama*
Graduate School of Science, Osaka City University, Osaka 558-8585, Japan

~Received 22 February 2000!

To investigate the size effects of superfluid3He in a slab geometry, we made a sample cell which has very
uniform 1.1mm spacing by stacking 440 films, where the static magnetic field for NMR was fixed parallel to
the film surface. We performed cw NMR experiments in the superfluid state and observed the jump of
resonance frequency shift at 10, 20, 24, and 27 bar. We attributed these phenomena to theA-B phase transition
which occurs in 1.1mm slab spacing at the temperatureTAB (1.1mm). TheA-B phase transition temperatures
were suppressed by about 15% from those of the bulk liquid at higher pressures. When we coated the film
surface with some4He layers, we observed that theTAB (1.1mm) became higher with increasing surface4He
layers.
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I. INTRODUCTION

The anisotropy and the long coherence length of the
perfluid 3He play an important role on the phase diagram
a confined geometry. The superfluid3He is known as the
p-wave BCS state, which allows theoretically various pha
in the ordered state. Three different phasesA, B, and A1
have been observed experimentally in bulk liquid. At ze
external magnetic field, theA phase exists only in the hig
pressure region and theB phase is in the low pressure an
low temperature region. When the external magnetic fiel
applied the polycritical point~PCP! disappears and theA1
phase appears in the very narrow region just below the t
sition temperature. These observedA andB phase have bee
recognized as theABM and theBWstate, respectively,1,2 and
can be described by using the complicatedp-wave order pa-
rameter. TheABM state is the anisotropic state which has t
axial symmetry and theBW state is the isotropic state.

Ginzburg and Landau3 introduced a phenomenological o
der parameterA which had the meaning thatuAu2 represented
the local density of superconducting electrons or superfl
component defined in the two-fluid model. They expand
the free energy difference between the ordered state and
normal state in power ofuAu2 andu¹Au2, where the gradien
terms were introduced to take account of the spatial varia
of A. For thes-wave BCS state, this free energy differen
dF is written by

dF52auAu21buAu41Ku¹Au2, ~1!

where the temperature dependence ofa is given by a(T)
5a0(12T/Tc) anda0 , b, andK are the positive constant
near the transition temperatureTc . Provided that the slow
spatial variation of the order parameter, a characteri
length can be defined byj(T)5AK/a5j(0)(12T/Tc)

21/2

from Eq. ~1!. This length is related to thes-wave BCS co-
herence lengthjs by j(0)5A3/5js .4 js is given by

js5A7z~3!

48

\vF

pkBTc
, ~2!
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wherez(3) is Riemann’s zeta function,kB is the Boltzmann
constant andvF is the Fermi velocity.

The Ginzburg and Landau~GL! expansion of the free
energy difference was applied to thep-wave superfluid state
in terms of complex 333 matrix by Mermin and Stare.5

Ambegaokar, de Gennes, and Rainer~AGR! studied the spa-
tial variation of order parameter and the boundary conditio
at a smooth and a rough surfaces in the superfluid3He.6 By
considering how3He quasiparticles collide with the surfac
the order parameter can be separated into the longitud
and the transverse components governed by the differen
herence lengthsjL and jT , respectively, jL5)j(T),
jT5j(T) in the weak coupling approximation. In the vicin
ity of specular surfaces the transverse component does
change, but the longitudinal component becomes small
vanishes at the surface due to the pair breaking. Since
surface suppresses the longitudinal component of the o
parameter, theBW state, which has an isotropic energy ga
will loose the condensation energy near the container w
On the other hand, the anisotropic superfluid states, suc
the planar state or theABM state, are expected to keep the
condensation energy near the surface. Actually theABM
state can exist without any energy loss by anchoring il
vector, the angular momentum ofp-wave pair, perpendicula
to the surface. The transverse component is also suppre
though by different amounts when quasiparticles diffusiv
scatter at the rough surface.

The theoretical calculations for various geometries ba
on the AGR theory and on the GL expansion have be
carried out by many authors to discuss the stability of
superfluid3He state. Barton and Moore7 predicted the stabil-
ity of two additional phase in the cylindrical pore, an
Privorotskii8 found that the walls stabilized theABM state in
the vicinity of the PCP. Fujitaet al.10 showed that in the thin
film whose thickness was smaller than about ten times
j(T) the planar state or theABM state became stable instea
of the BW state. A numerical calculation for the superflu
transition temperature with a rough surface has been
formed by Kjäldmanet al.9 for cylindrical and thin film ge-
ometries. They expected that there should be a clear supp
5855 ©2000 The American Physical Society
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5856 PRB 62S. MIYAWAKI et al.
sion of transition temperature in the cell whose characteri
size was less than ten times of the coherence lengthj(0) and
that no superfluidity might occur if the cell size was comp
rable toj(0).

Recently, more systematic calculations for the superfl
3He in these restricted geometries have been perform
Hara and Nagai11 studied in the weak coupling limit theA-B
phase transition of superfluid3He in a slab geometry with
specular walls. They derived the critical thickness of3He
film where theB phase~BW state! became unstable. Abov
the temperature at which the spacing of the slab geomet
about eight times ofj(T) the A phase~ABM state! is ex-
pected to become stable instead of theB phase. Fetter and
Ullah12 and Li and Ho13 presented the phase diagrams
superfluid 3He in some sizes of narrow slab geometry a
thin cylinder. They showed that theA phase became mor
stable at a lower pressure when the size became smalle
also pointed out the mechanism of boundary scattering
3He quasiparticles was crucial to determine the phase
gram. The specular scattering will favor theA phase at low
temperature and at low pressure more than the diffusive s
tering because the anisotropicA phase has an advantage
the condensation energy in such a condition.

Several experiments have been performed to study
3He quasiparticles are scattered at the surface by meas
the transition temperature and the critical current in narr
channels14,15 and in saturated films,16,17 and the superfluid
density in porous materials.18 In these measurements, it wa
found that quasiparticles have been usually scattered d
sively at the container surface. Recently, it has become c
that the diffusive boundary conditions of3He quasiparticles
can be altered to the specular one by the adsorbed4He atoms
on the surface of porous media in the fourth sou
experiment,19 and in the torsional oscillator experiments,20,21

and of combined NMR and torsional oscillator experimen22

Such a change of scattering mechanism seems to be re
to the superfluidity of4He film but the microscopic mecha
nism is not clear.

The experimental work in the thin slab geometry usi
NMR method have been performed by some groups. Aho
et al.23 performed cw NMR experiments in the 4mm slab,
and they observed a reduction in theB→A transition tem-
perature, a negative cw NMR shift in theA phase which was
caused by a textual anisotropy. The superfluid3He confined
in 0.3 mm slab spacing was investigated by Freemanet al.22

using pulsed NMR and torsional oscillator method. Th
studied at low enough temperatures where theA-B phase
transition was expected to occur in this size but only theA
phase was observed. Their result was thought to be attrib
to the supercooling phenomena because theA-B transition is
the first order phase transition. Recently Kawaeet al.24 re-
ported the observation of theA-B transition in a thin slab
geometry, but their cell had a wide distribution of spaci
between plates and both phase signals coexisted.

So far there is no measurement which shows a clear p
transition between the superfluid phases in superfluid3He in
a confined geometry which has a well defined size. To inv
tigate this subject, the uniformity of sample spacing is ve
important. We, therefore, made the slab geometry which
a fairly uniform 1.1mm spacing by stacking thick films, an
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performed cw and pulsed NMR experiments to study
phase transition in the superfluid state in the slab geome

This paper is organized as follows. In Sec. II we descr
the experimental details. In Sec. III A we discuss the ove
behavior of cw NMR signals. In Sec. III B we show resu
of superfluid3He in 1.1-mm slab geometry and discuss th
identification of superfluid phase. In Sec. III C we show t
phase diagram and the supercooling phenomena. Finally
summarize our results.

II. EXPERIMENTAL

Our experiments were performed using a copper nuc
demagnetization cryostat. The sample cell we have use
illustrated in Fig. 1. The slab geometry was made by sta
ing 440 polyethylene films, Lumirror,25 on which uniform
beads of 1.1mm diameter, Uniform Latex Particle,26 were
sparsely populated in the mean distance 30mm to establish
the spacing. This film surface was sufficiently flat and cle
These latex beads were deposited on the film surface
misting a suspension of micro spheres in isopropanol o
the film and allowing the alcohol to evaporate. This meth
of achieving a spacing with latex spheres was used pr
ously by Freeman and Richardson.22 Although it is needed to
use films as thin as possible to have a large filling fraction
liquid 3He in the NMR coil, we have selected a bit thick film

FIG. 1. ~a! The close view of 1.1mm cell and bulk cell. To
avoid the mutual interaction ofH1 coil, two H1 coils are arranged
with a right angle to each other.~b! The cross sectional view of film
stack.
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PRB 62 5857PRESSURE DEPENDENCE OF THEA-B PHASE . . .
of 12 mm thickness, because the sufficient hardness of
film is required to keep the slab spacing uniform. The
NMR signal, however, has enough intensity to be detec
Figure 2 shows the distribution of spacing obtained by
electron probe microanalyzer~EPMA!. From this direct ob-
servation, we can check the uniformity of our sample c
and find that the mean sheet spacing is 1.1260.04mm. We
call this cell as 1.1mm cell below.

These stacked films was packed tightly into a Styc
1266 epoxy holder, and the NMR coil was directly wou
around this holder@Fig. 1~b!#. In addition, to compare the
signal from 1.1mm cell with that from bulk liquid, we also
prepared the bulk liquid cell which was made by hollowi
out a Stycast block, and the NMR coil was wound in t
same way as the 1.1mm cell. These two sample cells wer
put in the experimental apparatus which was thermally
chored to the nuclear stage as shown in Fig. 3. The temp
ture of liquid 3He was measured by pulsed NMR thermo
eter of Pt wire with a sintered silver heat exchang
immersed in liquid3He. The Curie susceptibility of this P
wire was calibrated against the3He melting curve thermom
eter in the few mK region.27

To achieve the homogeneous static magnetic field

FIG. 2. The distribution of slab spacing. The spacing is m
sured with EPMA, after cutting the film stack at arbitrary sectio

FIG. 3. The schematic diagram of experimental apparatu
e
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NMR measurements, we made the solenoid magnet using
single filament superconducting wire~Nb-Ti with Cu clad!
which was wound on the radiation shield of the mixin
chamber. This magnet had 98 mm diameter and 217
length and also had two kinds of compensation magn
which were used for the first order and the second or
correction. These NMR magnet sets helped us to have a
homogeneity of 1024 at two 3He NMR cells and at Pt NMR
cell simultaneously. The direction ofH0 field for NMR is
fixed parallel to the film surfaces. We have mainly pe
formed cw NMR and sometimes pulsed NMR to recogn
the superfluid phase. In cw NMR measurement the magn
field was swept with the fixed NMR operating frequency
922.5 kHz. All the data were obtained on warming up fro
the lowest temperature except those at 10 bar with adso
4He atom.

III. RESULTS

A. Identification of cw NMR spectrum

A several cw NMR spectra of pure superfluid3He ob-
tained from 1.1mm cell at 24 bar are shown in Fig. 4 i
temperatures belowT50.94Tc , where only theB phase sig-
nals are observed in the bulk liquid cell. In this paper, we u
the reduced temperatures which are normalized by the t
sition temperatureTc of bulk liquid. From Fig. 4, we can find
that our raw cw NMR spectrum is composed of three diff

-

FIG. 4. The cw NMR spectra of pure liquid3He at 24 bar. Three
different peaks observed at each cw NMR spectrum are labele
peak 1, peak 2, and peak 3, respectively. Since the signal inte
extremely depends on the temperature, it is adjusted by multiply
some coefficients as shown.
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5858 PRB 62S. MIYAWAKI et al.
ent peaks. We label these peaks from the lower freque
side peak 1, peak 2, and peak 3, respectively. For pea
both the resonance frequency and the line width are inde
dent of temperature but they are strongly dependent on t
perature for peak 2 and peak 3. The resonance frequenci
these peaks are plotted in Fig. 5 in the form of the freque
shift from the resonance frequency just aboveTc . The peak
3 signals are shifted continuously toward the higher f
quency side with decreasing temperatures. On the o
hand, the peak 2 signals have the jump of frequency shi
aroundT50.8Tc and there is a maximum of frequency sh
at T50.6Tc . AboveT50.94Tc , three peaks are so close
each other that we cannot distinguish them at all. At ot
pressures we always observed three peaks, which had
similar temperature dependence to those at 24 bar.

To know what these signals are, we first consider
detail structures inside the NMR coil. There is a possibil
to exist some extra volume around the stacked films
shown in Fig. 1~b!, in the upper and lower space and also
the side space, because we did not glue up the pick up
just around the holder completely. So the raw NMR sp
trum might include signals coming from these extra volum
When we applied the magnetic field gradient parallel to
static magnetic field, only the peak 1 signal was split in
two peaks whose splitting frequency corresponds with
frequency difference between the positions about 6 mm a
from each other along the field gradient. This 6 mm is j
the holder size in Fig. 1~b!, on which the NMR coil is
wounded. This behavior was independent of temperat
This result strongly indicates that the peak 1 signal is com
from the liquid in the upper and lower space outside films
the NMR coil.

Next we compare the peak 3 frequency with the f
quency shift of bulk superfluid3He in theB phase where the

FIG. 5. The temperature dependence of frequency shift for p
1, peak 2, and peak 3 at 24 bar in pure liquid3He; open circles for
peak 1, solid circles for peak 2, open triangles for peak 3. S
curve is calculated with the longitudinal frequency of bulk liquidB
phase.
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magnetic field and then vector, the rotation axis in the orde
parameter, show the non-Leggett configuration. In this c
figuration the resonance frequencyn in cw NMR experi-
ments is determined by the angleu between then vector and
the magnetic field in the formn25nL

21sin2 u3(nL
B)2, where

nL is the Larmor frequency andnL
B is the longitudinal reso-

nance frequency of the bulkB phase. The angleu is deter-
mined by the combination of the dipole energy, the magne
field energy, and the pair breaking effect at the surfac28

This relation has been confirmed experimentally by Ahon
et al.23 By using the data ofnL

B of Ahonenet al. it is found
that our peak 3 frequency shifts are well fitted by the abo
equation at all temperatures and also at all pressures w
sin2 u is 0.8 in Fig. 5. It was confirmed experimentally th
the surface magnetic field energy is minimized with sin2 u
50.8 by Ahonenet al. and Ishikawaet al.,29 when the mag-
netic field is applied parallel to the surface. This means t
the peak 3 signal is attributed to theB phase which exists
close to the surface and that the static magnetic field is
allel to the surface. The fact that the longitudinal resona
frequency of bulk liquid explained peak 3 well with sin2 u
50.8 means the size of liquid is much larger than the coh
ence length but is smaller than the healing length of thn
vector to have the uniformn texture. The only correspondin
position in our cell is the side space around the stacked fi
in the NMR coil.

In Sec. III B, we will discuss the magnetization of ea
peak in the superfluid state and the effect of4He surface
layer. It will be clear that the magnetization of peak 1 a
peak 3 will decrease with decreasing temperature belowT
50.95Tc at 24 bar and become constant at sufficiently lo
temperature. When we put4He layer on the surface, only th
peak 2 signal was changed but the signals of peak 1 and
3 were not affected by any4He coverage~see below!. These
results also support peak 1 and peak 3 had theB phase be-
havior in bulk liquid.

We conclude that peak 1 is the signal coming from t
bulk liquid which is in the upper and lower space around
stacked films and that theB phase in this liquid is in the
Leggett configuration where sinu50. In such a configuration
the intrinsic relaxation mechanism of Leggett-Takagi rela
ation is not operative and the dipole torque also is not ope
tive in cw NMR measurement. Both no change of line wid
and no change of resonance frequency of peak 1 are co
tent with theB phase behavior in the Leggett configuratio
On the other hand, we conclude that peak 3 is the sig
coming from the bulk liquid which is in the side space of t
stacked films. The surface magnetic energy takes this liq
to the non-Leggett configuration in theB phase in which the
Leggett-Takagi relaxation mechanism is operative and
line width becomes large in the uniform spin motion wi
decreasing temperature.29 The observed changes of the lin
width of peak 3 is consistent with this behavior. We the
fore conclude that only peak 2 is the signal coming from 1
mm slab spacing. We shall discuss about peak 2 as the si
in the 1.1mm spacing in the following sections.

B. Superfluid 3He

1. Pure 3He

First we show the temperature dependence of peak 2 r
nance frequency shiftD f belowTc at 10, 20, 24, and 27 ba

k

d
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in Fig. 6. As mentioned in the previous section, we can se
jump of frequency shift at a particular temperature at e
pressure. These jumps are indicated by arrows. At 10 an
bar they occurred nearly at the same reduced tempera
The jump in 10 bar is, however, not seen clearly in this sc
Another interesting point in Fig. 6 is that there exists a ma
mum of frequency shift at aroundT50.6Tc for each pres-
sure, which is a considerably different behavior from that
the bulk liquid. All data in Fig. 6 were obtained on warmin
up process. Just above and below the frequency jump t
perature, we always observed the only one resonance p
Considering two peaks did not coexist at the same time,
think these jumps correspond to the phase transition in
superfluid state. Although the jump temperatures are lo
than theA-B phase transition temperature in bulk liquidTAB
~bulk!, it is likely that the high-temperature phase above
frequency jump temperature would be theA phase, becaus
theA phase in bulk liquid exists at the high pressure and n
Tc .

To check this conjecture, we performed the pulsed NM
experiments on the peak 2. We used the rf pulse with 200ms
of pulse width and set the magnetic field to have the re
nance on peak 2 as shown by the arrow in Fig. 7. The d
were stored in a computer after mixing the free induct
decay FID signal with the local frequency with a frequen
difference of 10 kHz from the NMR operating frequency a
passing them through the low pass filter. The freque
spectra was obtained by FFT calculation. These spectra
ways consisted of a few peaks and we could separate
peak 2 spectrum from others by chasing it from a small
ping pulse. In Fig. 8, the frequency of peak 2 FID signal
plotted as a function of tipping angleb at 27 bar atT
50.82Tc , just above the frequency jump temperature b
belowTAB ~bulk!. The solid curve is the characteristic curv

FIG. 6. The temperature dependence of peak 2 resonance
quency shift in pure liquid3He at 10, 20, 24, and 27 bar; crosses
10 bar, open triangles at 20 bar, solid rectangulars for 24 bar, o
circles for 27 bar.
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of the tipping angle dependent frequency shift in the bulkA
phase30

D f ~b!

D f ~0!
5

1

4
~113 cosb!. ~3!

All data agree very well with the theoretical curve of th
bulk A phase. Data in pulsed NMR experiments at 10 and
bar also agree with Eq.~3!. These results confirm that th
high-temperature phase at each pressure is theA phase in the
configuration where thel vector and thed vector are parallel

re-
t
en

FIG. 7. The raw cw NMR spectrum atT50.82Tc at 27 bar. The
magnetic field is fixed to have a resonance on peak 2 indicate
the arrow.

FIG. 8. The FID frequency vs tipping angleb at 27 bar. The
solid line shows the calculated curve by using Eq.~3!. The dashed
line is the Larmor frequency in this experiment~921.16 kHz!.
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5860 PRB 62S. MIYAWAKI et al.
or antiparallel to each other in the equilibrium state, which
called the dipole locked state. Such a configuration of thl
vector and thed vector is consistent with the expected o
for the A phase in our cell, because both the dipole inter
tion energy and the magnetic field energy are minimiz
simultaneously in the dipole locked state with anchoring
l vector normal to the film surface. We tried to study the s
dynamics of the low-temperature phase of peak 2. Howe
it was impossible to get enough information from the F
signal because of less intensity of FID. We cannot see a c
difference in the frequency shifts between several press
in the high-temperature phase because of scattered data

Next we consider the magnetization. By using a Gauss
fitting curve on each peak, we integrated it numerically
obtain the quantities of magnetization and plotted them a
function of temperature at 24 bar in Fig. 9, where the pea
magnetizationM ~peak 2! was calculated by subtracting pea
1 and peak 3 magnetization from the total magnetizationM
~total!, which was calculated by integrating the raw cw NM
spectra. At low enough temperatures, we could separate
peak and easily integrate peak 1 and peak 3 to getM ~peak 1!
andM ~peak 3!, respectively. We, however, could not ma
age to do the same manner nearTc , because all peaks wer
close to each other. As mentioned in the previous sect
peak 1 and peak 3 are signals coming from the bulk liqu
By using the measured temperature dependence of mag
zation in our bulk cell, we could extrapolateM ~peak 1! and
M ~peak 3! towardTc as long as peak 1 and peak 3 had t
same transition temperature asTAB ~bulk!. The characteristic
features in Fig. 9 are as follows.

~a! The total magnetization decreases belowTc but has a
minimum aroundT50.6Tc and increases at lower temper
tures.

FIG. 9. The magnetization evaluated from cw NMR spectra
24 bar in pure liquid3He; open circles for total magnetization, ope
rectangulars for peak 1, open diamonds for peak 3, solid circles
peak 2. The dashed line shows the temperature dependence of
1 and peak 3. The arrow indicates the temperature where the
of frequency shift is observed.~See text for details.!
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~b! The magnetization of peak 2M ~peak 2! is almost
constant just belowTc and decreases belowT50.8Tc , but it
has a minimum similar to the total magnetization at the sa
temperature and increases belowT50.6Tc .

The low temperature feature in~a! cannot be explained by
the argument in the superfluid state because any pairing
does not show the gradual increase of the magnetic sus
tibility with decreasing temperature. This point will be di
cussed in the next section. The~b! feature indicates that the
magnetizationM ~peak 2! is responsible for the local mini
mum in M ~total!. The temperature where theM ~peak 2!
becomes small corresponds to the temperature where
jump of frequency shift is observed. The nearly const
magnetizationM ~peak 2! above this temperature is consi
tent with theA phase property. If a textural transition in on
superfluid phase occurs, the NMR resonance frequency
change probably, but the susceptibility of the superflu
phase does not change suddenly in one phase. So the
crease of magnetization together with the jump of NM
resonance frequency indicates that a phase transition in
superfluid state occurred in the 1.1mm cell at aboutT
50.8Tc at 24 bar. At other pressures the same behavio
the magnetization of peak 2 is derived and the temperatur
the onset of magnetization decrease also corresponds
the frequency jump temperature. With the result of puls
NMR and the magnetization behavior, we confirm that t
high-temperature phase in the 1.1mm cell is theA phase.
The decrease of the magnetization strongly suggests the
temperature phase of peak 2 is theB phase.

2. Effect of surface4He

It is well known that the first and the second adsorb
layers on the cell surface are the solid3He in a high density
state and these solids show the nearly paramagnetic an
ferromagnetic behavior, respectively.31,32 The surface solid
in pure 3He liquid showed the ferromagnetic feature at lo
temperature as a whole.22,24 Such a solid layer couples3He
nuclear spin in liquid by a rapid atomic exchange whi
makes an average of the NMR frequency of solid and tha
liquid with the help of a fast spin diffusion process in
narrow cell.22 This averaging must occur in our cell becau
1.1 mm is narrow enough that the fast spin diffusion proce
is expected. The measured frequency in such a comb
system can be represented in the form

f meas5
MS

MS1ML
f S1

ML

MS1ML
f L , ~4!

whereML andMS are the magnetization of liquid and solid
and f L and f S are the resonance frequency of liquid a
solid, respectively.33

We covered the surface of polyethylene film with a th
4He film to study how the polarized surface solid3He af-
fected the entire signal of peak 2. Because of the preferen
adsorption of the4He atom on the surface instead of the lig
3He atom, we expected the paramagnetic and ferromagn
solid would disappear. In Fig. 10, we show the effect of t
surface4He layer on the peak 2 resonance frequency at
bar. We used the surface density of 18, 13mM/m2 for the
first layer, more than second layers, respectively.22 With
1.5 4He layers on the film surface, the frequency shiftD f
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became larger than that of pure3He and the temperatur
where the maximum frequency shift occurred decrease
bit. The D f with 2.5 4He layers became more larger an
increased monotonically with decreasing temperature do
to T50.35Tc and the local maximum of the frequency sh
disappeared. From Fig. 10, it is found that the surface s
affects largely the NMR behavior in pure3He in 1.1 mm
films and the anomalous frequency behavior almost dis
pears by 2.54He layers. Figure 11 shows the magnetizati
M ~peak 2! with 2.5 4He layers as a function of temperatur
which is obtained by the same procedure as in Fig. 9. We
see the gradual decrease ofM ~peak 2! in the low-
temperature phase with a small increase at the lowest
perature and also findM ~peak 2! is constant in the high-
temperature phase.

These results clearly show that the increase ofM ~peak 2!
in pure 3He at low temperature is due to the solid3He layer.
We can understand the anomalous frequency behavio
using Eq. ~4! as follows. The large solid magnetizatio
makesf measclose to the resonance frequency of solid wh
is almost the Larmor frequency, but the preferential adso
tion of 4He atom of 2.54He layers prohibits3He atom from
making solid layers in the ferromagnetic state andMS be-
comes small enough thatf meas becomes the resonance fr
quency of liquid which is positively shifted by the dipo
torque in the superfluid state~see below!. We think the fre-
quency shift with 2.54He layers is almost due to the liqui
itself except at lower temperatures.

Because the magnetization in the low-temperature ph
in 1.1 mm cell behaves as theB phase without the surfac
solid 3He, we conclude that the low-temperature phase is
B phase. We, therefore, confirm the phase transition in
mm cell in the superfluid state occurred with the frequen
jump and the magnetization change, and also recognize

FIG. 10. The frequency shift of peak 2 for the different surfa
conditions at 24 bar; crosses for pure3He, solid rectangulars on
adding 1.54He layer, open circles on adding 2.54He layer. The
solid curve is calculated with the longitudinal frequency of bu
liquid B phase.
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high-temperature phase is theA phase and the low-
temperature phase is theB phase from the NMR properties
We call this phase transition temperatureTAB (1.1mm).

The positive frequency shift in 1.1mm cell below
TAB (1.1mm) may be explained by the non-Leggett config
ration in theB phase, which gives the frequency shift d
pending on the angleu between then vector and the mag-
netic field. The surface magnetic energy makes the n
Leggett configuration with the positive frequency shift in c
NMR, which has already been explained in the previous s
tion. In Fig. 10 we also plotted the calculated NMR fr
quency shift in bulk liquid in the non-Leggett configuratio
with sin2 u50.8. The shift with 2.54He layers is nearly the
half of the bulk shift but the temperature dependence is
most the same as the bulk shift. This means that the o
parameter of theB phase is largely suppressed in the 1.1mm
cell, which is qualitatively consistent with the prediction u
ing the pair breaking effect inB phase in a slab space.6

Here we comment about the magnetic field caused by
polarization. A3He spin in the solid layer feels the addition
magnetic field from polarized3He dipoles in the solid layer
itself. We observed the positive frequency shift of about 1
Hz nearTc in the normal state in comparison with the res
nance frequency with 2.54He layers. This is the opposit
result of Freemanet al., where they observed the negativ
frequency shift for the small tipping pulse.22 In our cell the
surrounding3He dipoles make the internal magnetic fie
parallel to their polarization at a3He spin in the solid layer
because the external field is parallel to the solid layer. Suc
internal magnetic field is antiparallel to the polarization
the experiment of Freemanet al. in the equilibrium state
since the external magnetic field is perpendicular to the s
layer. So the polarization in the solid layer in our cell w
make the resonance frequency of solid changed from

FIG. 11. The magnetization evaluated from cw NMR spectra
24 bar with 2.54He layers; open circle for total magnetization, op
rectangular for peak 1, open diamond for peak 3, solid circle
peak 2. The dashed line shows the temperature dependence of
1 and peak 3. The arrow indicates the temperature where the j
of frequency shift is observed.~See text for details!
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Larmor frequency a bit higher. This is responsible for t
small positive shift of the resonance frequency of combin
system in the 1.1mm cell. However, we cannot obtain th
quantity in the superfluid state clearly. The polarization
proton in Mylar sheets used by Freemanet al. had a large
magnetic effect on3He spins but we observed no such
magnetic effect in the resonance frequency. We think
different material used in sheets is responsible for this
ference.

We can roughly estimate the ratio of the frequency s
of D f A in the dipole lockedA phase toD f B in non-Leggett
configuration with sin2 u50.8 at theA-B phase transition by
using the bulk liquid formula

D f A

D f B
5

1

sin2 u S nL
A

nL
BD 2

, ~5!

S nL
A

nL
BD 2

5
4

15

xB

xA
S D0

A

D0
BD 2

5
2

15

xB

xA

3b121b345

b245
, ~6!

D0
A andD0

B are the maximum energy gap ofA phase andB
phase, respectively.b i is the coefficient of GL expansion an
b125b11b2 , etc. Using the value ofb i ~Ref. 13! and the
susceptibility of bulk liquid D f A /D f B is about 0.3 atT
50.8Tc and 0.4 atT50.9Tc . In our experimental result this
ratio is about 0.3, which is consistent with the above rou
estimation at theA-B transition. It should be noted that th
spatial profile of the order parameter in the slab space
needed to discuss the frequency shift more quantitatively

C. Supercooling and phase diagram

We observed the interesting phenomena at 10 bar with
layers of4H as shown in Fig. 12. At the first, we performe

FIG. 12. The frequency shift of peak 2 with 2.54He layers at 10
bar. Open circles are data obtained during warming up and s
triangles are during cooling down. Data taken during cooling do
show the supercooling. The solid line with arrow is a guide for
eye.
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cw NMR measurement on warming up process until abo
the superfluid transition temperatureTc , whose data is
marked with a open circle. We can see a jump of freque
shift which corresponds to theA-B transition at T
50.875Tc . In the next experiment, we took data in warmin
up and observed theA-B transition again. But before exceed
ing Tc we began to cool the liquid and took data aga
which is marked with solid triangles. From Fig. 12, we c
recognize that the resonance frequency obtained on coo
down process continuously shifts toward the high freque
side without any jump in contrast to the temperature dep
dence on warming up process, where the frequency ju
occurred. TheA-B transition is known as the first order pha
transition so our observation is attributed to the supercoo
of A phase. This metastable state was so stable that we
observing the supercoolingA phase until we warmed the
liquid again up to T50.87Tc after cooling down toT
50.795Tc . The supercoolingA phase existed for four day
in this run, which is probably due to the smooth surface
polyethylene film, but this is much shorter than the expec
tion of a life time of metastableA phase using a formula o
Schiffer et al.34 at T50.79Tc .

On the other hand, all other measurements were ta
from the lowest temperature aroundT50.3Tc and we always
observed theB phase signal at the beginning of measu
ments. The reason of this is as follows. After demagnetiz
the nuclear stage we had to wait for one or two days bef
taking data since our magnet for demagnetization nee
time to stabilize its magnetic flux. During this waiting tim
the A-B transition in 1.1mm cell might occur since the life
time of metastableA phase at the lowest temperature wou
be less than an hour.34

FIG. 13. The phase transition of pure liquid3He in 1.1mm slab
space. The solid circles are our results. The open triangles show
A-B phase transition in 4mm slab space measured by Ahonenet al.
The bold line is the theoretical calculation ofA-B transition by Li
and Ho~Ref. 13! for the 0.5mm slab geometry with the diffusive
scattering condition.
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For pure liquid3He we plot our measured transition tem
peratureTAB (1.1mm) on the bulk liquid phase diagram i
Fig. 13 with the previous experimental results of Ahon
et al.23 for 4 mm slab spacing, and the theoretical predicti
of Li and Ho13 for 0.5-mm slab geometry with the diffusive
surface condition for comparison. It is clear th
TAB (1.1mm) is lower than the bulk liquidTAB ~bulk! and at
10 bar it is considerably lower than the predictedA-B tran-
sition temperature for 0.5-mm slab geometry. We can calcu
late the critical thicknessdc defined by a spacing divided b
a coherence length at the temperatureTAB (1.1mm), where
the shortest coherence length is used, that isj(T)5jT with
Eq. ~2! using the thermodynamic parameter given
Greywall.27 Our results of critical thickness are 19.8, 30
40.7, and 49.8 at 10, 20, 24, and 27 bar, respectively. Th
are larger than the expected value of 7.7 in the weak c
pling approximation11 and also larger than those in conside
ing the strong coupling effect, about 10 at 0 bar and abou
at 20 bar, which depends on the paramagnon paramet10

Provided that obtained critical thickness is valid even in 3
nm spacing, we can estimate the coherence length wher
A-B phase transition should occur in 300 nm and find t

FIG. 14. The effects of surface4He coverage onTAB (1.1mm)
at 24 bar. The solid line indicates the bulkA-B transition tempera-
ture.
,
se
u-

0
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0
the
t

these are 15.1 and 9.8 nm at 10 and 20 bar, respectiv
These coherence lengths are shorter than the zero tem
ture coherence lengthj(0) at each pressure; 20 nm and 13
nm; respectively. From this speculation we can imagine t
the observed phenomena by Freemanet al. is not the super-
cooling but the superfluid state in 300 nm space may
have theA-B transition.

Next, we show the effect of surface4He coverage for
TAB (1.1mm) at 24 bar in Fig. 14. The transition temperatu
seems to shift to the higher temperature with increasing
surface adsorbed4He, which is similar to the result by
Kawaeet al.24 This result, however, is opposite to the the
retical prediction which shows the expansion ofA phase re-
gion when the specular surface condition is achieved. T
pressure of 24 bar is high enough to reduce the effect of
superfluidity of 4He film on the 3He quasiparticle
scattering.19–21 So we think that the adsorbed3He atoms in
pure3He liquid may make theA phase stable in this spacing
on the contrary, the surface4He may make theB phase
stable. A similar conclusion was reached in a paper by Sp
gueet al.35 on superfluid3He in aerogel where theB phase
appears with adding4He atoms. But further experiments a
needed to settle this problem.

IV. CONCLUSION

We investigated the superfluid3He in 1.1-mm slab geom-
etry which has a very uniform spacing between para
plates. We observed theA-B phase transition in the supe
fluid state in this restricted space at 10, 20, 24, and 27
The A-B phase transition temperatureTAB (1.1mm) is sup-
pressed by about 15% fromTAB ~bulk! at higher pressures
This suppression is consistent with the speculation on
anisotropy of the order parameter in the superfluid phas
thin films. The calculated critical thicknessdc is larger than
the expected one but the pressure dependence of ourdc is
consistent with the expectation qualitatively. We need
further experiment in the narrower space to study the spa
variation of the order parameter and the stability of sup
fluid phase and the effect of boundary condition on them
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