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Specific heat of liquid 3He under pressure in a restricted geometry

R. Schrenk* and R. König
Physikalisches Institut, Universita¨t Bayreuth, D-95440 Bayreuth, Germany

~Received 12 May 1997; revised manuscript received 27 October 1997!

We have investigated the specific heat of liquid3He confined to an Ag sinter with an average pore size of
about 1000 Å in the temperature range 1 mK<T<20 mK and at pressures 4.8 bar<p<34.0 bar. The specific
heat of normal-fluid3He in the sinter pores shows the linear temperature dependence expected for a Fermi
liquid. However, the effective mass of the3He quasiparticles is clearly enhanced in the restricted geometry
compared to data obtained in bulk3He. In addition, there is a temperature-independent contribution to the
specific heat, the origin of which can be interpreted as the specific heat of the second layer of3He on the Ag
surface. Moreover, compared with the results obtained for bulk3He, we observe a much broader maximum in
the specific heat in the vicinity of the superfluid transition; this maximum occurs about 0.4 mK below the bulk
superfluid transition temperature. Furthermore, in the confinement of the sinter only a part of the3He in the
sinter~about 60%! becomes superfluid. In contrast to the results obtained with pure3He the specific heat of a
liquid 3He-4He mixture ~1% 3He! in the Ag sinter shows no deviation from bulk data.
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I. INTRODUCTION

At temperatures below about one-tenth of the Fermi te
peratureTF ~which is about 1 K in 3He!, the static and
dynamic properties of liquid3He in its normal-fluid phase
are well described by the phenomenological Landau Fer
liquid theory.1 In this temperature range,3He may be treated
as a degenerate Fermi liquid, and the interaction among
3He quasiparticles is described by the so-called Fermi-liq
parameters, which have to be derived from experiment.
temperature dependences predicted by Landau’s Fe
liquid theory for the specific heat (C;T), thermal conduc-
tivity ( k;T21), spin diffusion (D;T22), and viscosity
(h;T22) of liquid 3He in the degenerate regime result fro
the fermionic nature of the3He quasiparticles and the Pau
exclusion principle for scattering of spin-1

2 particles around
the Fermi sphere.2 In particular, the dynamic properties o
liquid 3He with their distinct temperature dependences
very sensitive tools for studying the interaction among3He
quasiparticles and for providing information about t
Fermi-liquid parameters in the degenerate regime.

The Landau Fermi-liquid theory predicts a specific hea
normal-fluid 3He that is linearly dependent on temperature
the degenerate regime. The coefficient of the specific he
proportional to the effective massm3* of the 3He quasiparti-
cles, which is a measure of the interaction between the3He
quasiparticles and is therefore strongly dependent on
pressure the sample is exposed to. The quasiparticle inte
tion, in turn, may be influenced by different length scal
depending on whether3He is in its normal-fluid or in its
superfluid state.

The dominating length scale for the quasiparticle inter
tion in normal-fluid 3He is given by the mean free pathl of
the 3He quasiparticles. According to Landau’s theory
Fermi liquids,l follows aT22 law in the degenerate regime
its magnitude is of the order of;0.1mm at about 30 mK
and increases to almost 100mm at T51 mK. In the super-
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fluid state, the characteristic length scale of3He is the
pressure-dependent coherence lengthj(p), which is a mea-
sure for the spacial expansion of the Cooper pairs. AtTC ,
the superfluid transition temperature, the coherence len
becomes infinite and decreases with decreasing temper
to values of a few 100 Å.

The properties of a system are influenced by a restric
geometry, when the dimension of the confinement becom
comparable to the characteristic lengths of the system
particular, in liquid 3He the superfluid phase transition
suppressed, and the superfluid fraction decreases in a co
ing geometry.3 In normal-fluid 3He, an increase of the effec
tive mass of the3He quasiparticles was observed in vario
restricted geometries.4 We report on experiments in whic
pure 3He is confined to the pores of an Ag sinter with a
average pore size of;1000 Å. As already mentioned abov
this dimension of the restricted geometry becomes com
rable to the characteristic lengths of normal-fluid and sup
fluid 3He in the temperature range of our experiment and
therefore may expect to observe an impact of this confi
ment on the properties of our3He sample.

A different system for the investigation of the interactio
among 3He quasiparticles is provided by liquid3He-4He
mixtures due to the finite solubility of3He in superfluid4He
at 3He concentrationsx3 less than 6.4% at zero pressure5 and
up to 9.5% atp510 bar6 even atT50 K. In liquid 3He-4He
mixtures, the Fermi temperature and therefore the Fer
liquid regime is not only influenced by the pressure of t
mixture but mainly by the concentration of the3He compo-
nent. In the degenerate regime of the mixtures, the prope
of the system are determined by the properties of the3He
component; the superfluid4He acts only as an inert back
ground on the effective mass of the3He quasiparticles. In
addition to our measurements on pure3He, we have mea-
sured the specific heat of a liquid3He-4He mixture with a
3He concentrationx351.0% at two different pressures~p
50 and 21.0 bar! and confined to the same Ag sinter as
8518 © 1998 The American Physical Society
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57 8519SPECIFIC HEAT OF LIQUID3He UNDER PRESSURE . . .
reference system with a much weaker quasiparticle inte
tion than in pure3He.

In the next section, the experimental setup is described
Sec. III, we present and discuss the results for the spe
heat of pure liquid3He confined to the sinter pores; the
data were taken atp54.8, 15.5, 25.2, and 34.0 bar. W
compare our findings with our results for the specific hea
the above-mentioned liquid3He-4He mixture. Moreover, we
discuss possible similarities of the specific heat in the vic
ity of the superfluid transition ofliquid 3He in the confine-
ment of an Ag sinter with the results observed by other
thors for the specific heat close to the superfluid transition
liquid 4He confined to porous Vycor glass. In Sec. IV, th
results are summarized. In the Appendix, the specific-h
data obtained for pure3He in the sinter of pore size
;1000 Å at the two highest pressures~p525.2 and 34.0
bar! are compared with the results obtained with3He re-
stricted to a solid hcp4He matrix with a3He cluster size of
;200 Å at comparable pressures~p526.5 and 34.0 bar!. A
detailed report on the measurements in the latter geom
which can only be achieved by applying a pressurep
.26 bar in order to solidify4He, can be found in Refs. 7
and 8.

II. EXPERIMENTAL SETUP

The cylindrical cell body of the calorimeter was made
Ag ~purity 99.999%! and annealed at 820 °C for 14 h. Th
Ag cell was then completely filled with an Ag sinter9 com-
pressed at about 400 bar resulting in a packing fractiof
;48%. This Ag sinter provides a surface area of 52 m2 de-
termined by Brunauer-Emmett-Teller adsorption isother
with nitrogen gas atT577 K.10 As the cell is entirely filled
with Ag sinter, the sample volume of 3.72 cm3 is restricted to
the pores and interconnecting channels of the sinter,
there is no free~bulk! liquid volume in the cell around the
sinter. The pore size of the sinter is estimated according
the sinter model suggested by Robertson, Guillon,
Harrison11 ~see also Ref. 12!. Here, the open volume of
sinter is assumed as being made of cylindrical pores of
same diameter extending in three orthogonal dimensions
with intersections over part of their lengths. The diameted
of these cylindrical pores is then given byd54(12 f )/s
with s being the surface area per unit volume. Using
above-given values for our experimental cell, we estimat
maximum pore size of the Ag of approximately 1500 Å.

The bottom of the calorimeter was formed by a Stra
Adams type capacitance strain gauge13 to measure the pres
sure of the helium samplein situ. Titanium was chosen fo
the membranes because of its much smaller heat cap
compared with the commonly used BeCu. Calibration of
pressure gauge was performed at 4 K with an absolute accu
racy of 10 mbar. The temperature of the calorimeter w
measured by a Pt-NMR thermometer mounted on top of
cell and calibrated against the Curie susceptibility of a Pd
thermometer. The temperature scale is given by a Natio
Bureau of Standards superconducting fixed-point devic14

with five superconducting transitions in the temperat
range between;15 and;210 mK.

The calorimeter cell was supported and thermally isola
by three Vespel rods on the top flange of a PrNi5 nuclear
c-
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demagnetization stage. Thermal contact between the nuc
stage and the sample cell could be provided by a super
ducting Al heat switch~three foils, 0.131037 mm3!. The Al
foils were annealed and diffusion welded to an Ag suppor
400 °C for 1 h. The switching ratio of the heat switch w
kn /ks51.74 T22, thus enabling good thermal isolation o
the sample cell below 30 mK.

The specific heat was determined by the conventional h
pulse method. Heat was either supplied by an Ohmic he
glued to the wall of the calorimeter or, alternatively, by t
heat input of the NMR pulses of the Pt-NMR thermomet
the energy input of the NMR pulses was calibrated aga
the Ohmic heater. We have performed various cross che
to prove the consistency between both ways of supply
heat to the calorimeter; in particular, we have varied len
and excitation of the NMR pulses as well as the delay ti
between two pulses. The data are corrected for the hea
pacity of the empty cell, which is about two orders of ma
nitude smaller than the heat capacity of the He samples a
temperatures of our experiment.

III. SPECIFIC HEAT OF NORMAL-FLUID
AND SUPERFLUID 3He AND OF A 3He-4He

MIXTURE CONFINED TO THE PORES
OF AN Ag SINTER

Figure 1 shows the specific heat of liquid3He at p
54.8, 15.5, 25.2, and 34.0 bar compared to data of b
liquid 3He ~solid line! taken from Ref. 15. There are tw
distinct differences in the specific-heat data between liq
3He in the restricted geometry and the bulk liquid.~1! At
all four pressures investigated in our experiment, the spec
heat of normal-fluid3He is linearly dependent on temper
ture as it is in bulk3He, but the magnitude of the specifi
heat is enhanced compared with the bulk liquid data.~2! In
bulk liquid 3He, there is a distinct jump in the specific he
at the superfluid transition temperatureTC ~by a factor of
about 2.5! whereas we observe a rounding in the spec
heat in the vicinity of the superfluid transition when the li
uid is confined to the pores of the sinter, with an onset
TS

i ,TC and a maximum in the specific heat atTS
max

~throughout the context, the subscriptS denotes the corre
sponding property of3He in the sinter!.

A. Normal-fluid 3He

In the normal-fluid regime the specific heat of liquid3He
in the Ag sinter depends linearly on temperature but in c
trast to the specific heat of bulk liquid3He there is a
temperature-independent contribution to the specific h
too ~Fig. 2!. A fit of

C5gST1CS ~1!

to our data provides the coefficientgS and the temperature
independent contributionCS to the specific heat of3He in
the pores of the sinter; for all pressures investigated th
data are summarized in Table I. For comparison, the lin
coefficientg of the specific heat of bulk liquid3He obtained
by Greywall15 is listed, too. This value ofg is smaller than
gS for all pressures investigated in our experiment.
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8520 57R. SCHRENK AND R. KÖNIG
The linear coefficient of the specific heat of a degener
Fermi liquid provides information on the effective mass
the 3He quasiparticles. According to Landau’s Fermi-liqu
theory, the specific heat of liquid3He is given by

FIG. 1. Temperature dependence of the specific heat of liq
3He in an Ag sinter~d, this work! and of bulk liquid 3He ~solid
line, from Ref. 15! at p54.8, 15.5, 25.2, and 34.0 bar.TC marks the
superfluid transition temperature of bulk liquid3He, TS

i the onset of
the superfluid transition of liquid3He in the Ag sinter, andTS

max the
maximum of the specific heat of liquid3He in the Ag sinter.

FIG. 2. Temperature dependence of the specific heat of nor
fluid liquid 3He in an Ag sinter~d, this work! at 34.0 bar. The
dashed line is a fit using Eq.~1! and the solid line represents th
specific-heat data of bulk normal-fluid3He from Ref. 15. The dot-
ted line is the extrapolation of the bulk data toT50.
te
f

CFermi5gsT5
p2NAkB

2m3

h/2p

m3*

m3
~Vm/3p2NA!2/3T. ~2!

Here, Vm is the molar volume of liquid 3He, NA is
Avogadro’s constant,kB is Boltzmann’s constant,h is
Planck’s constant,m3 is the mass of a bare3He atom, and
m3* is the effective mass of the3He quasiparticles. Figure 3
shows the effective masses of3He quasiparticles derived
from our data of liquid3He confined to an Ag sinter~see
also Table I!. The effective mass of3He in the sinter is
enhanced by up to about 20% compared with the effec
mass of3He without restriction in geometry.15 Moreover, we
would like to point out that the effective mass atp
534.0 bar (m3* /m357.41) is much larger than the value fo
the effective mass of bulk3He at the melting curve
@m3* /m355.85~Ref. 15!#, which is the largest effective mas
observed in bulk liquid3He.

An enhancement of the effective mass of3He quasiparti-
cles has been observed in various restricted geometrie
other authors, too. For example, the effective mass of3He
quasiparticles in clusters of size of;1000 Å embedded in a
solid hcp 4He matrix was found to be substantially larg

id

l-

FIG. 3. Pressure dependence of the effective mass of liquid3He
in the Ag sinter~j!, compared with the effective mass of bu
liquid 3He from Ref. 15.

TABLE I. The coefficientgS and the temperature independe
contributionCS of the specific heat of liquid3He confined to an Ag
sinter obtained from Eq.~1!: mS* /m3 is the ratio of the effective
mass of the3He quasiparticles in the Ag sinter to the bare mass
a 3He atom determined from the slopegS of the specific heat using
Eq. ~2!. For comparison, the coefficientg and the ratiom* /m3 of
bulk liquid 3He ~Ref. 15! are listed.

p ~bar! 4.8 15.5 25.2 34.0
g (J/K2 mole) 25.6 30.3 34.2 37.7
gS (J/K2 mole) 30.8 34.6 37.4 48.0
m* /m3 3.36 4.33 5.12 5.82
mS* /m3 4.04 4.94 5.60 7.41
CS ~J/K mole! 0.011 0.015 0.020 0.023
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57 8521SPECIFIC HEAT OF LIQUID3He UNDER PRESSURE . . .
than the effective mass of bulk3He.4 Greywall and Busch
interpreted their increased specific heat data on t
dimensional3He films on an Ag substrate as the result o
second-layer liquid with a very low Fermi temperatur
which implies a ratiom3* /m3.300.16 Because the effective
mass of 3He quasiparticles is a measure of the interact
among them, one may conclude from these results, th
restriction in geometry leads to an increase in the densit
states at the Fermi surface and thus in the interaction am
the 3He quasiparticles.

Concerning the temperature-independent contributionCS
to the specific heat of pure3He ~Fig. 4 and Table I!, one
possible interpretation could be in terms of the specific h
of the second layer of3He on the Ag surface. According t
Greywall and Busch,16 the first layer of3He on the Ag sur-
face is assumed to be solid, and its specific heat is neglig
small in the temperature range of our measurements.
specific heat of the second layer is reported to be tempera
independent, and—normalized to the Ag surface of
experiment—its magnitude is comparable to t
temperature-independent contributionCS observed in our ex-
periment~Fig. 4!. Greywall and Busch suggested the seco
layer of 3He to be a highly condensed Fermi liquid with
Fermi temperature smaller than 10 mK. Therefore, their m
surements were not performed in the degenerate regim
this Fermi liquid, thus leading to a temperature-independ
specific heat down to several mK. A different explanation
a temperature independent specific heat of the second
of 3He on the Ag surface is given by Golov and Pobell17

These authors consider the second layer as being solid w
continuous distribution of the exchange parameterJ as a
result of the roughness of the Ag surface leading to
temperature-independent specific heat.

B. 3He-4He mixture

Our measurements of the specific heat of a liq
3He-4He mixture with a nominal 3He concentrationx3
51.0% at two different pressures~p50 and 25.2 bar, see

FIG. 4. The temperature independent contributionCS to the spe-
cific heat of pure3He ~h! and of a3He-4He mixture with 1%3He
~j! in the Ag sinter. For comparison, the heat capacity of the s
ond layer of3He adsorbed on the surface of the Ag sinter at sa
rated vapor pressure~s!, calculated from Ref. 16, is shown.
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Fig. 5! support the interpretations of the pure3He data de-
scribed above. At both pressures, we again observe a spe
heat characteristic for a Fermi liquid with its linear tempe
ture dependence. As in the case of pure3He in the Ag sinter
we fitted the specific heat of the mixture using Eq.~1! and
calculated the effective mass using Eq.~2! in its modified
form for 3He-4He mixtures.5 However, in contrast to the be
havior of pure3He described above and shown in Figs. 1 a
2, there is neither a difference in the effective masses of
3He quasiparticles between the3He-4He mixture in the sinter
pores and of a bulk mixture with the same concentration18

nor is there—within the experimental error—an offset in t
mixture data extrapolated toT50 K, see Fig. 4. The effec-
tive mass of the3He quasiparticle of the mixture in the con
fining geometry~m3* /m352.36 at saturated vapor pressur
m3* /m352.88 at 21.0 bar! derived from the slope of the spe
cific heat data in Fig. 5 is in agreement with the values o
tained for a bulk mixture with almost the same concentrat
~Ref. 18,x351.0%; Ref. 19,x351.3%!, see Fig. 6. It is also
important to note that a gradual increase in the3He concen-
tration x3 within the first few layers from the wall~with a
layer of pure 4He on the sinter substrate20! into the liquid
~ 3He-4He mixture! may lead to a change in the effectiv
concentration of the mixture in the pores by only;5% at
most ~i.e., from x351.0 to 1.05%! and may be therefore
neglected in our analysis.

At saturated vapor pressure the interaction between3He
quasiparticles and the superfluid4He background in a bulk
mixture manifests itself in an effective mass ratiom3* /m3

;2.3 for the 3He concentrationx3 extrapolated to zero.18

This ratio increases only very slightly to about 2.36 for

c-
-

FIG. 5. Temperature dependence of the specific heat of a liq
3He-4He mixture with a3He concentration of 1% in an Ag sinter a
saturated vapor pressure and atp521.0 bar; the solid line is a fit
using Eq.~1!. Note the different scales in temperature and spec
heat.
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8522 57R. SCHRENK AND R. KÖNIG
3He-4He mixture withx351% due to the interaction amon
the 3He quasiparticles, i.e., the increase in the effective m
due to the3He-3He quasiparticle interaction in the bulk liq
uid mixtureis only approximately 5% of the whole effectiv
mass~ 3He-3He and 3He-4He!. Therefore, it is obvious tha
an increase in the effective mass caused by an increase i
3He-3He quasiparticle interactionof up to 20% due to the
restricted geometry as it was observed for pure3He is be-
yond the resolution of our experiment.

Within experimental error, we do not observe
temperature-independent contribution to the specific hea
our measurements on the3He-4He mixtures ~see Fig. 4!,
which can be explained as follows: because of the sma
zero-point motion of the4He atoms the first two layers o
the Ag surface are built up from4He atoms. The specific
heat of solid4He layers is negligibly small compared to th
specific heat of the3He-4He mixture and soCS should be
zero for 3He-4He mixtures in sinter pores, if it is caused b
the second layer on the sinter surface.

C. Superfluid 3He

In contrast to bulk3He,15 we do not observe a sharp pea
but a broad maximum in the specific heat of3He confined to
the Ag sinter~Fig. 7! at a temperature below the superflu
transition temperature of the bulk liquid. With decreasi
temperature the specific heat of3He in the sinter starts to
increase at a temperatureTS

i and shows a maximum atTS
max

~Table II!, which is below the bulk transition temperature
all pressures investigated. The width of this rounding in
specific heat extends over several hundredmK, and it is
therefore impossible to extract a single phase transition t
peratureTC for 3He in the Ag sinter. Finally, the magnitud
of the specific heat atTS

max is much smaller compared wit
the value obtained in bulk3He atTC .

Similar features of an influence of a restricted geome
on the specific heat at the superfluid transition have b
observed for liquid 4He confined to porous Vycor glass
where in contrast to the sharp peak of the bulk liquid
rounding of the specific heat~along with a reduced magni
tude! of 4He-filled pores at a temperature close to the b
transition temperature is observed.21 The particular impor-

FIG. 6. The effective mass of a3He-4He mixture with a3He
concentrationx351.0% in an Ag sinter~s, this work! compared
with data for bulk mixtures@solid line, Ref. 18;j, Ref. 19 (x3

51.3%)#.
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tance of the liquid4He/Vycor system consists of the fact th
it constitutes a model system for the study of the superfl
phase transition in a restricted geometry. In a number
experiments particular emphasis is given to the question
the dimensionality of the transition of liquid4He ~films as
well as full pores! in Vycor.22 Concerning the specific hea
of 4He-filled Vycor, a maximum occurs very close to th
bulk transition temperature,21 in contrast, the onset of supe
fluidity of 4He in Vycor is observed at significantly lowe
temperatures.23 The observation of an anomaly in the sp
cific heat of the4He/Vycor system at the superfluid trans
tion failed until now despite considerable improvements
high-precision calorimetry.24 A direct comparison between
the results obtained for the specific heat of the liqu
4He/Vycor experiments and the liquid3He/Ag sinter data,
however, seems to be difficult because of the following i
portant differences between both systems: the uniformity
the pore size distribution as well as the pore sizes themse
~;70 Å in Vycor and;1000 Å in the Ag sinter!. Although

FIG. 7. Temperature dependence of the specific heat of liq
3He in an Ag sinter at 25.2 bar;TS

i marks the onset of the superflui
phase transition;TS

max is the temperature at which the specific he
has its maximum value. The solid line is the calculated specific h
as described in the text. For comparison, the specific heat of
3He ~dashed line! and of normal-fluid3He in the Ag sinter extrapo-
lated toT50 ~dotted line! is plotted. The temperature-independe
contribution to the specific heat that is related to the second laye
3He on the sinter surface is already subtracted from the data.

TABLE II. The superfluid phase transition temperatureTC of
bulk 3He ~Ref. 15! compared withTS

i ~onset of the increase of th
specific heat! and TS

max ~maximum of the specific heat! of liquid
3He confined to an Ag sinter. The superfluid fractionn of liquid
3He in the sinter is calculated from the specific-heat data;j(TS

max),
j(TS

i ) are the coherence lengths atTS
max (TS

i ).

p ~bar! 15.5 25.2 34.0
TC ~mK! 2.05 2.36 2.47
TS

i ~mK! 1.94 2.23 2.37
TS

max ~mK! 1.60 1.95 2.10
n ~%! 6465 63 53
j(TS

max) ~Å! 470630 480 440
j(TS

i ) ~Å! 9506100 852 845
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57 8523SPECIFIC HEAT OF LIQUID3He UNDER PRESSURE . . .
we do not have any detailed information about the pore s
distribution in the sinter, we may explain the presence o
large pore size distribution as resulting from the particle s
distribution of the Ag powder: a Gaussian fit to the partic
size distribution as provided by the manufacturer9 results in a
maximum at;850 Å with a width of;650 Å; these data
might be considered as lower limits as the Ag powder
known to form larger clusters due to sintering processes e
at room temperature.25

For an interpretation of the specific heat results in
vicinity of the superfluid transition obtained for our3He
samples in the confinement of the Ag sinter, we discuss
data in more detail as it is illustrated in Fig. 7 by means
the measurements atp525.2 bar. In this figure, the
temperature-independent contributionCS has already been
subtracted from the data leading to zero heat capacity for
extrapolated normal-fluid data~dotted line! at T50 K. We
assume that in each pore of the sinter the transition temp
ture is determined by the size of the pore; the smaller
pore, the lower theTC . The distribution of the pore sizes i
the sinter then leads to different phase transition temp
tures in the temperature rangeTS

max<T<TS
i . We have fitted

the data by varying the amount of3He, which becomes su
perfluid at a certain temperatureT using the specific hea
data of normal-fluid3He in the sinter with the enhance
effective mass as listed in Table I. Further important und
lying assumptions of our analysis~thus neglecting a possibl
correspondence to the findings of the specific heat in
liquid 4He/Vycor system as discussed above! are that the
specific heat of the superfluid3He in the sinter shows the
same temperature dependence as bulk3He ~Ref. 15! and that
in all pores of same size the jump in the specific heat at
superfluid transition is of equal size as the jump observe
the bulk liquid.

This analysis of the specific heat provides an interes
result, which might explain some experimental observati
obtained in investigations of other3He properties: the best fi
~solid curve! to the data in Fig. 7 is obtained with only
fraction of the 3He in the Ag sinter becoming superflui
~Table II!, the remainder staying normal-fluid down to th
lowest temperature achieved in our experiment. Accordin
this analysis, about 40% of the3He in the sinter remains
normal-fluid and this amount should have an important
fluence on various properties as, e.g., the thermal condu
ity of the liquid in the sinter or the thermal boundary res
tance between liquid3He and the sinter. Measurements
the thermal boundary resistance, for instance, performed
Ahonen, Lounasmaa, and Veuro26 in the temperature rang
0.4<T<10 mK do not show a change in the temperatu
dependence even at the superfluid transition. This re
could be interpreted in terms of a normal-fluid compon
near the wall of the sinter, which dominates the therm
boundary resistance.

Within experimental error, the superfluid fraction of3He
in the Ag sinter seems to be pressure independent~see Table
II !, in contrast to the observation of a decreasing superfl
density with decreasing pressure obtained by torsional o
lator measurements of Hallet al.12 These authors related th
decrease in superfluid density with decreasing pressure to
increase of the coherence length at lower pressure. Howe
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another explanation for a pressure-independent super
fraction is given by the following arguments.

The coherence length at a distinct temperature can be
culated according to

j~T,p!5j0~p!•S 12
T

TC~p! D
21/2

, ~3!

wherej0 is the zero-temperature coherence length given

j0~p!5
hnF~p!

2pkBTC~p!
. ~4!

The pressure dependences of the Fermi velocityvF and of
the transition temperatureTC result in a pressure dependen
of the zero-temperature coherence lengthj0 , too. The coher-
ence lengths at the characteristic temperaturesTS

i and TS
max

calculated with Eq.~3! and Eq.~4!, however, do not exhibit
a pressure dependence within the experimental error of
measurement; see Table II. From our data one may there
conclude that independent on the pressure of the sample
onset of the increase of the specific heat~at TS

i ! and the onset
of the superfluid phase transition of3He in the sinter occurs
at a temperature where the coherence length of super
3He is about 900 Å, which is close to the radius of our sin
pores. It is interesting to note that the differenceDT between
the bulk transition temperatureTC and the temperatureTS

i at
which the specific heat starts to increase is almost cons
@DT5(0.1160.01) mK#. The striking agreement of this re
sult with the findings of a torsional oscillator experiment
Tholen27 in which a shift of the superfluid transition of liquid
3He in an Ag sinter ofDT50.10 mK (p55 bar!, 0.17 mK
(p517 bar!, 0.10 mK (p524 bar! and 0.11 mK (p528
bar! compared to the bulk value was observed, could be
terpreted as an indication for a different behavior at the
perfluid transition of 3He in the sinter compared with th
transition of 4He in Vycor ~see discussion at the beginnin
of Sec. III C!. The maximum of the specific heat~at Ts

max) is
related to a pressure-independent coherence length of a
470 Å. We may therefore conclude that the amount of3He
that undergoes the superfluid phase transition does not
pend on the pressure of the sample.

Kjäldman, Kurkijärvi, and Rainer28 have calculated the
suppression of the transition temperature of superfluid3He
as a function of the size of an infinitely long cylindrical po
with diffusely scattering walls. Figure 8 shows the fraction
depression ofTs

i andTs
max in the Ag sinter as a function o

pressure, compared to the theoretical curves obtained f
the work of Kjäldman, Kurkijärvi, and Rainer using cylindri-
cal pores of radius 600 and 1200 Å, respectively. Althou
the sinter structure is much more complicated than an id
cylindrical form, we find good agreement in the pressu
dependence between the theoretical and experimental re
with values for the pore size which are comparable to
estimate of the pore size according to Ref. 8.

IV. SUMMARY

We have studied the specific heat of liquid3He confined
to an Ag sinter at pressures 4.8<p<34.0 bar and in the
temperature range 1<T<30 mK. The measured specifi
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heat of normal-fluid3He in the confinement of the sinte
pores shows enhanced values compared to bulk data.
increase can be explained as being the result of two co
butions:~1! an enhanced effective mass of the quasipartic
in the restricted geometry of up to 20% of its value in t
bulk liquid and ~2! an additional temperature-independe
part originating from the second layer of3He on the sub-
strate. Due to the much weaker interaction among the3He
quasiparticles in a liquid3He-4He solution, we do not ob-
serve these features in our measurements of the specific
of a mixture with the nominal 3He concentrationx3
51.0%. The transition into the superfluid phase of3He is
strongly influenced by the confinement, too. In contrast
the bulk data, there is a much broader maximum in the s
cific heat for the liquid in the restricted geometry, and t
position of the maximum is shifted to lower temperatur
compared with the bulk transition temperature. We anal
our specific-heat data in the vicinity of the maximum
terms of phase transitions in the sinter pores with differ
transition temperatures determined by the coherence le
and the sinter pore size. We conclude that only a fraction
;60% of 3He becomes superfluid in the Ag sinter.

APPENDIX: INFLUENCE OF THE CLUSTER SIZE
ON THE SPECIFIC HEAT

As discussed in the previous sections, when confined
the restricted geometry of an Ag sinter with an average p
size of about 1000 Å, the specific heat of normal-fluid3He
can be described by Landau’s theory for a Fermi liquid w
an enhanced effective mass and a temperature-indepen
contribution arising from the second layer of3He on the
substrate. The broadening of the transition into the superfl
phase can be related to the pore size, too. The observed
tures clearly indicate that the restriction to the dimension

FIG. 8. Fractional depression of the superfluid transition te
peratures assumingTC5TS

i ~h! andTC5TS
max ~d! in the Ag sinter

as a function of pressure.TC
0 is the superfluid phase transition tem

perature of bulk3He. The lines are theoretical curves for the fra
tional depression of the superfluid transition temperature in cy
drical pores with radii of 600 Å~dashed line! and 1200 Å~solid
line! ~Ref. 21!.
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;1000 Å does not alter the phase~liquid or solid! signifi-
cantly.

The situation becomes completely different when the c
finement is further reduced to smaller geometries and
confining material is different from a metal sinter. We ha
performed measurements of the specific heat of cluster
3He confined to pores in a matrix of solid hcp4He which in
turn is restricted to an Ag sinter. The size of these3He
clusters is estimated to be of order of 200 Å. In this app
dix, we present a brief comparison of the very different b
havior of 3He confined to both geometries. For detailed
sults on the measurements of the specific heat in the la
geometry, the reader is referred to Refs. 7 and 8. Ap
534.0 bar the specific heat of the3He clusters differs com-
pletely from the specific heat of liquid3He in the Ag sinter
~Fig. 9!. At T,10 mK, we observe an increasing speci
heat of the3He clusters with decreasing temperature with
maximum at around 1 mK, where the specific heat is ab
two orders of magnitude larger than the specific heat of3He
in the Ag sinter. The specific heat of the3He clusters is
dominated by solid3He even at pressures significantly belo

-

-

FIG. 9. Temperature dependence of the specific heat of3He
clusters in solid hcp4He ~h! ~Refs. 7 and 8! and of 3He in an Ag
sinter ~d, this work! at p534.0 bar.

FIG. 10. Temperature dependence of the specific heat of3He
clusters in solid hcp4He atp526.5 bar~h! ~Refs. 7 and 8! and of
3He in an Ag sinter~d, this work! at 25.2 bar.
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the bulk 3He melting pressure~pmelt534.4 bar atT51 mK!
and the maximum indicates the nuclear magnetic ordering
the solid 3He in the clusters.

The situation changes at lower pressure of the sample~26
bar; Fig. 10!. Both the specific heat of the3He clusters and
the specific heat of3He in the Ag sinter now show the linea
temperature dependence of a Fermi liquid. However, in c
trast to 3He in the Ag sinter there is no sign for a superflu
phase transition of the3He in the clusters and the specifi
heat of the normal-fluid3He in the clusters is larger than th
specific heat of3He in the sinter resulting in a larger effec
i

of

n-
d

-

tive mass~ 3He cluster,mcluster* /m358.4 atp526.5 bar; 3He
in the Ag sinter,msinter* /m355.6 atp525.2 bar!.
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