PHYSICAL REVIEW B VOLUME 57, NUMBER 14 1 APRIL 1998-II

Specific heat of liquid *He under pressure in a restricted geometry
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We have investigated the specific heat of liqdilde confined to an Ag sinter with an average pore size of
about 1000 A in the temperature range 1 ®K<20 mK and at pressures 4.8 kap=<34.0 bar. The specific
heat of normal-fluid®He in the sinter pores shows the linear temperature dependence expected for a Fermi
liquid. However, the effective mass of thi¢le quasiparticles is clearly enhanced in the restricted geometry
compared to data obtained in bufide. 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 [3leraif the Ag
surface. Moreover, compared with the results obtained for Bk, 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 partsfettie the
sinter (about 60% becomes superfluid. In contrast to the results obtained with fideethe specific heat of a
liquid SHe®He mixture (1% °3°He) in the Ag sinter shows no deviation from bulk data.
[S0163-182698)03314-1

. INTRODUCTION fluid state, the characteristic length scale Hfle is the
pressure-dependent coherence lerg(i), which is a mea-

At temperatures below about one-tenth of the Fermi temsure for the Spacia| expansion of the Cooper pairs]’ét
perature T (which is aboti 1 K in *He), the static and the superfluid transition temperature, the coherence length
dynamic properties of liquicHe in its normal-fluid phase pecomes infinite and decreases with decreasing temperature
are well described by the phenomenological Landau Fermitg values of a few 100 A.
liquid theory” In this temperature rangéHe may be treated  The properties of a system are influenced by a restricted
as a degenerate Fermi liquid, and the interaction among thgeometry, when the dimension of the confinement becomes
3He quasiparticles is described by the so-called Fermi-liquiccomparable to the characteristic lengths of the system. In
parameters, which have to be derived from experiment. Thearticular, in liquid *He the superfluid phase transition is
temperature dependences predicted by Landau’s Ferméuppressed, and the superfluid fraction decreases in a confin-
liquid theory for the specific heatO~T), thermal conduc- ing geometry® In normal-fluid *He, an increase of the effec-
tivity («~T~1), spin diffusion O~T?), and viscosity tive mass of the’He quasiparticles was observed in various
(7~T7?) of liquid ®He in the degenerate regime result from restricted geometriskWe report on experiments in which
the fermionic nature of théHe quasiparticles and the Pauli pure 3He is confined to the pores of an Ag sinter with an
exclusion principle for scattering of spiparticles around average pore size of 1000 A. As already mentioned above,
the Fermi spheré.In particular, the dynamic properties of this dimension of the restricted geometry becomes compa-
liquid 3He with their distinct temperature dependences areable to the characteristic lengths of normal-fluid and super-
very sensitive tools for studying the interaction amotige  fluid 3He in the temperature range of our experiment and we
quasiparticles and for providing information about thetherefore may expect to observe an impact of this confine-
Fermi-liquid parameters in the degenerate regime. ment on the properties of otiHe sample.

The Landau Fermi-liquid theory predicts a specific heat of A different system for the investigation of the interaction
normal-fluid *He that is linearly dependent on temperature inamong 3He quasiparticles is provided by liquidHe-*He
the degenerate regime. The coefficient of the specific heat imixtures due to the finite solubility ofHe in superfluid*He
proportional to the effective mass} of the 3He quasiparti- at 3He concentrationz, less than 6.4% at zero pressuaad
cles, which is a measure of the interaction between3te  up to 9.5% ap= 10 baf even afT=0 K. In liquid *He-*He
guasiparticles and is therefore strongly dependent on thmixtures, the Fermi temperature and therefore the Fermi-
pressure the sample is exposed to. The quasiparticle interaliquid regime is not only influenced by the pressure of the
tion, in turn, may be influenced by different length scales,mixture but mainly by the concentration of tiéle compo-
depending on whethefHe is in its normal-fluid or in its nent. In the degenerate regime of the mixtures, the properties
superfluid state. of the system are determined by the properties of He

The dominating length scale for the quasiparticle interaccomponent; the superfluidHe acts only as an inert back-
tion in normal-fluid He is given by the mean free pathof ~ ground on the effective mass of thi#le quasiparticles. In
the ®He quasiparticles. According to Landau’s theory of addition to our measurements on pulide, we have mea-
Fermi liquids,\ follows aT 2 law in the degenerate regime; sured the specific heat of a liquitHe-*He mixture with a
its magnitude is of the order of 0.1 um at about 30 mK  3He concentratiorx;=1.0% at two different pressure®
and increases to almost 1@n at T=1 mK. In the super- =0 and 21.0 barand confined to the same Ag sinter as a
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reference system with a much weaker quasiparticle interacdemagnetization stage. Thermal contact between the nuclear
tion than in pure®He. stage and the sample cell could be provided by a supercon-
In the next section, the experimental setup is described. lducting Al heat switchthree foils, 0.2 10X 7 mn?¥). The Al
Sec. Ill, we present and discuss the results for the specififoils were annealed and diffusion welded to an Ag support at
heat of pure liquid®He confined to the sinter pores; these 400 °C for 1 h. The switching ratio of the heat switch was
data were taken ap=4.8, 15.5, 25.2, and 34.0 bar. We «,/ks=1.74 T 2, thus enabling good thermal isolation of
compare our findings with our results for the specific heat othe sample cell below 30 mK.
the above-mentioned liquidHe-*He mixture. Moreover, we The specific heat was determined by the conventional heat
discuss possible similarities of the specific heat in the vicinpulse method. Heat was either supplied by an Ohmic heater
ity of the superfluid transition ofiquid *He in the confine- glued to the wall of the calorimeter or, alternatively, by the
ment of an Ag sinter with the results observed by other auheat input of the NMR pulses of the Pt-NMR thermometer;
thors for the specific heat close to the superfluid transition othe energy input of the NMR pulses was calibrated against
liquid “He confined to porous Vycor glass. In Sec. IV, the the Ohmic heater. We have performed various cross checks
results are summarized. In the Appendix, the specific-hedb prove the consistency between both ways of supplying
data obtained for pure’He in the sinter of pore size heat to the calorimeter; in particular, we have varied length
~1000 A at the two highest pressurgs=25.2 and 34.0 and excitation of the NMR pulses as well as the delay time
ban are compared with the results obtained witHe re-  between two pulses. The data are corrected for the heat ca-
stricted to a solid hcffHe matrix with a®He cluster size of ~pacity of the empty cell, which is about two orders of mag-
~200 A at comparable pressurgs=26.5 and 34.0 bar A nitude smaller than the heat capacity of the He samples at all
detailed report on the measurements in the latter geometrjemperatures of our experiment.
which can only be achieved by applying a pressipre

> 26 bar in order to solidify*He, can be found in Refs. 7 IIl. SPECIFIC HEAT OF NORMAL-FLUID
and 8. AND SUPERFLUID 3He AND OF A 3He-*He
MIXTURE CONFINED TO THE PORES
Il. EXPERIMENTAL SETUP OF AN Ag SINTER

The cylindrical cell body of the calorimeter was made of ~ Figure 1 shows the specific heat of liquitHe at p
Ag (purity 99.999% and annealed at 820 °C for 14 h. The =4.8, 15.5, 25.2, and 34.0 bar compared to data of bulk
Ag cell was then completely filled with an Ag sinferom-  liquid 3He (solid line) taken from Ref. 15. There are two
pressed at about 400 bar resulting in a packing fracfion distinct differences in the specific-heat data between liquid
~48%. This Ag sinter provides a surface area of 2de-  °He in the restricted geometry and the bulk liquid1) At
termined by Brunauer-Emmett-Teller adsorption isothermgll four pressures investigated in our experiment, the specific
with nitrogen gas al =77 K.1% As the cell is entirely filled heat of normal-fluid®He is linearly dependent on tempera-
with Ag sinter, the sample volume of 3.72 &ia restricted to  ture as it is in bulk®He, but the magnitude of the specific
the pores and interconnecting channels of the sinter, i.eheatis enhanced compared with the bulk liquid dat&) In
there is no freebulk) liquid volume in the cell around the bulk liquid *He, there is a distinct jump in the specific heat
sinter. The pore size of the sinter is estimated according tat the superfluid transition temperatufg (by a factor of
the sinter model suggested by Robertson, Guillon, anébout 2.3 whereas we observe a rounding in the specific
Harrisort! (see also Ref. 12 Here, the open volume of a heat in the vicinity of the superfluid transition when the lig-
sinter is assumed as being made of cylindrical pores of theid is confined to the pores of the sinter, with an onset at
same diameter extending in three orthogonal dimensions antk<T. and a maximum in the specific heat al'®
with intersections over part of their lengths. The diamekter (throughout the context, the subscriptdenotes the corre-
of these cylindrical pores is then given ly=4(1—f )/s  sponding property ofHe in the sinter.
with s being the surface area per unit volume. Using the
aboye—given valu_es for our experimenta! cell, we estimate a A. Normal-fluid 3He
maximum pore size of the Ag of approximately 1500 A.

The bottom of the calorimeter was formed by a Straty- N the normal-fluid regime the specific heat of liquitie
Adams type capacitance strain ga{fgm) measure the pres- in the Ag sinter depends Iinearly on temperature but in con-
sure of the helium samplie situ. Titanium was chosen for trast to the specific heat of bulk liquidHe there is a
the membranes because of its much smaller heat capacitgmperature-independent contribution to the specific heat,
compared with the commonly used BeCu. Calibration of thetoo (Fig. 2). A fit of
pressure gauge was performddi&K with an absolute accu-
racy of 10 mbar. The temperature of the calorimeter was C=ysT+Cg @
measured by a Pt-NMR thermometer mounted on top of the
cell and calibrated against the Curie susceptibility of a PdFéo our data provides the coefficiept and the temperature-
thermometer. The temperature scale is given by a Nationahdependent contributiog to the specific heat ofHe in
Bureau of Standards superconducting fixed-point défice the pores of the sinter; for all pressures investigated these
with five superconducting transitions in the temperaturedata are summarized in Table I. For comparison, the linear
range between-15 and~210 mK. coefficienty of the specific heat of bulk liquidHe obtained

The calorimeter cell was supported and thermally isolatedy Greywall® is listed, too. This value of is smaller than
by three Vespel rods on the top flange of a RrNuclear s for all pressures investigated in our experiment.
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TABLE I. The coefficientys and the temperature independent
contributionCg of the specific heat of liquidHe confined to an Ag
sinter obtained from Eq(l): mg&/mj; is the ratio of the effective
mass of the®He quasiparticles in the Ag sinter to the bare mass of
a 3He atom determined from the slopg of the specific heat using
Eq. (2). For comparison, the coefficientand the ratiom* /m; of
bulk liquid *He (Ref. 15 are listed.

p (ban 4.8 15.5 25.2 34.0
v (J/IK2 mole) 25.6 30.3 34.2 37.7
vs (JIKZ mole) 30.8 34.6 374 48.0
m*/mj 3.36 4.33 5.12 5.82
m&/m, 4.04 4.94 5.60 7.41
Cs (J/IK mole 0.011 0.015 0.020 0.023
2 2 *
Cram=7sT= oM 5\ o2 2oT.  (2)

h/27T m3

Here, V,, is the molar volume of liquid3He, N, is
Avogadro’s constantkg is Boltzmann's constanth is
Planck’s constantn; is the mass of a baréHe atom, and

m} is the effective mass of théHe quasiparticles. Figure 3
shows the effective masses 6He quasiparticles derived
from our data of liquid®He confined to an Ag sintefsee
also Table ). The effective mass ofHe in the sinter is
enhanced by up to about 20% compared with the effective
mass of°He without restriction in geometryy.Moreover, we

FIG. 1. Temperature dependence of the specific heat of liquidvould like to point out that the effective mass at

3He in an Ag sinter(®, this work and of bulk liquid *He (solid
line, from Ref. 15 atp=4.8, 15.5, 25.2, and 34.0 bar: marks the
superfluid transition temperature of bulk liquithe, TiS the onset of
the superfluid transition of liquidHe in the Ag sinter, and3* the
maximum of the specific heat of liquitHe in the Ag sinter.

=34.0 bar (n}/m3=7.41) is much larger than the value for
the effective mass of bulk®He at the melting curve
[m3/m3;=5.85(Ref. 15], which is the largest effective mass
observed in bulk liquid®He.

An enhancement of the effective mass®bfe quasiparti-
cles has been observed in various restricted geometries by

The linear coefficient of the specific heat of a degeneratgiher authors, too. For example, the effective masSHié
Fermi liquid provides information on the effective mass of gasiparticles in clusters of size 6f1000 A embedded in a
the "He quasiparticles. According to Landau’s Fermi-liquid ggig hcp “He matrix was found to be substantially larger

theory, the specific heat of liquidHe is given by
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FIG. 2. Temperature dependence of the specific heat of normal-

fluid liquid *He in an Ag sinter(®, this work at 34.0 bar. The
dashed line is a fit using Eql) and the solid line represents the
specific-heat data of bulk normal-flufHe from Ref. 15. The dot-
ted line is the extrapolation of the bulk dataTe-0.
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FIG. 3. Pressure dependence of the effective mass of litdél
in the Ag sinter(l), compared with the effective mass of bulk
liquid 3He from Ref. 15.
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FIG. 4. The temperature independent contributiyto the spe- S, 0.06 [
cific heat of pure®He (OJ) and of a®He-*He mixture with 1%°He O o4l
(M) in the Ag sinter. For comparison, the heat capacity of the sec- !
ond layer of°He adsorbed on the surface of the Ag sinter at satu- 0.02 1
rated vapor pressur®), calculated from Ref. 16, is shown. 0.00 &

than the effective mass of bulkHe.* Greywall and Busch T [mK]
interpreted their increased specific heat data on two-
dimensional®He films on an Ag substrate as the result of sy,

Se(?onq-lay_er “qwd_ th a verylgow Fermi temperamre'saturated vapor pressure andpat 21.0 bar; the solid line is a fit
which implies a ratiomz/m;>300." Because the effective ging Eq.(1). Note the different scales in temperature and specific
mass of *He quasiparticles is a measure of the interactioneat,
among them, one may conclude from these results, that a
restriction in geometry leads to an increase in the density o
states at the Fermi surface and thus in the interaction amo
the 3He quasiparticles.

Concerning the temperature-independent contribuign
to the specific heat of puréHe (Fig. 4 and Table), one
possible interpretation could be in terms of the specific hea

. alculated the effective mass using E#g) in its modified
of the second layer nge on the Ag Sg”face- According to form for *He-*He mixtures> However, in contrast to the be-
Greywall and Busch® the first layer of®He on the Ag sur-

. havior of pure®He described above and shown in Figs. 1 and

face is' assumed to be solid, and its specific heat is negllglbl¥ there is neither a difference in the effective masses of the
small in the temperature range of our measurements. Th e quasiparticles between thle-*He mixture in the sinter

_specmc heat of the second I_ayer is reported to be temperatuibeOres and of a bulk mixture with the same concentration,
independent, and—normalized to the Ag surface of ou

. . . . nor is there—within the experimental error—an offset in the
experiment—its magnitude is comparable to the

temperature-independent contributiGg observed in our ex- mixture data extrapolated ©=0K, see Fig. 4. The effec-

) ) ive mass of the’He quasiparticle of the mixture in the con-
periment(Fig. 4). Greywall and Busch suggested the second. . * ]
layer of *He to be a highly condensed Fermi liquid with a ining geometry(ms/m,=2.36 at saturated vapor pressure;

o .
Fermi temperature smaller than 10 mK. Therefore, their meafls/Ma=2.88 at 21.0 barderived from the slope of the spe-

surements were not performed in the degenerate regime Gific heat data in Fig. 5 is in agreement with the values ob-
this Fermi liquid, thus leading to a temperature-independeni@ined for a bulk mixture with almost the same concentration
specific heat down to several mK. A different explanation for(R€f- 18,x3=1.0%; Ref. 19x3=1.3%), see Fig. 6. Itis also
a temperature independent specific heat of the second laypPortant to note that a gradual increase in e concen-
of 3He on the Ag surface is given by Golov and PoB2ll. tration x5 W|th‘|1n the first feyv layers from t_he Wallw!th a
These authors consider the second layer as being solid with!gYer of pure“He on the sinter substrat into the liquid
continuous distribution of the exchange parameteas a (“He-He mixturé may lead to a change in the effective
result of the roughness of the Ag surface leading to goncentration of the mixture in the pores by onhb% at
temperature-independent specific heat. most (i.e., from x;=1.0 to 1.05% and may be therefore
neglected in our analysis.
At saturated vapor pressure the interaction betwééa

FIG. 5. Temperature dependence of the specific heat of a liquid
e-*He mixture with a®He concentration of 1% in an Ag sinter at

nIf:ig. 5) support the interpretations of the putele data de-
ribed above. At both pressures, we again observe a specific
heat characteristic for a Fermi liquid with its linear tempera-
ture dependence. As in the case of pdHe in the Ag sinter

e fitted the specific heat of the mixture using Ef). and

3 4 R . . .
B. “He-"He mixture quasiparticles and the superfluftie background in a bulk
Our measurements of the specific heat of a liquidmixture manifests itself in an effective mass ratig/m;
*He*He mixture with a nominal®He concentrationxs ~2.3 for the He concentratiornx; extrapolated to zert

=1.0% at two different pressurdp=0 and 25.2 bar, see This ratio increases only very slightly to about 2.36 for a
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FIG. 6. The effective mass of 3He-*He mixture with a®He 0.
concentratiorxz=1.0% in an Ag sinter(O, this work compared T [mK]
with data for bulk mixtureqsolid line, Ref. 18;M, Ref. 19 (s
=1.3%)]. FIG. 7. Temperature dependence of the specific heat of liquid

He in an Ag sinter at 25.2 baT;iS marks the onset of the superfluid

S max: . i~
3He-*He mixture withxs=1% due to the interaction among PNase transitiorTs™ is the temperature at which the specific heat
has its maximum value. The solid line is the calculated specific heat

the 3He quasiparticles, i.e., the increase in the effective mass . : i o
due to the3He-3He quasiparticle interaction in the bulk lig- as described in the text. For comparison, the specific heat of bulk

o : : " 3He (dashed li d of I-fluid®He in the Ag sint trapo-
uid mixtureis only approximately 5% of the whole effective é (dashed linpand of normal-fluid”He in the Ag sinter extrapo

3,1 3 3 4 o . lated toT=0 (dotted ling is plotted. The temperature-independent
ma_ss( He- I-_Ie and He-.He). Therefore, it is Ob,V'OUS tha_t contribution to the specific heat that is related to the second layer of
an increase in the effective mass caused by an increase in thge on the sinter surface is already subtracted from the data.

®He-*He quasiparticle interactiorof up to 20% due to the
restricted geometry as it was observed for péHe is be-
yond the resolution of our experiment.

Within experimental error, we do not observe

tance of the liquid*He/Vycor system consists of the fact that
it constitutes a model system for the study of the superfluid

i ture-ind dent tibution to th ific h t.Ehase transition in a restricted geometry. In a number of
emperature-independent contribution to the Speciiic heat | xperiments particular emphasis is given to the question of

4 : .

\c/)vl#icrr?ii}\iu[)eemeeglsaiﬁz dtf:l?(;lzsvsm'é;%raejé:egf ch'g s‘):nall e;[;t:e dimensionality of the transition of liquiHe (films as

‘ . P DR ell as full pore$ in Vycor.?? Concerning the specific heat
zero-point motion of the'He atoms the first two layers on pores Y 9 P

of *He-filled Vycor, a maximum occurs very close to the

Lhe tAgf Sulr.];afﬁ alre buil_t up f:.or.r‘kijll—le atolrlns. The sgetciftiﬁ bulk transition temperaturd,in contrast, the onset of super-
€at of solid "He ‘ayers 1S negligibly smafl compared to the fluidity of “He in Vycor is observed at significantly lower

g 4 .
specific heat of the'He-"He mixture and sdCs should be temperature$® The observation of an anomaly in the spe-

zero for *He-*He mixtures .in sinter pores, if it is caused by g heat of the*He/Vycor system at the superfluid transi-
the second layer on the sinter surface. tion failed until now despite considerable improvements in
high-precision calorimetr§ A direct comparison between
C. Superfluid 3He the results obtained for the specific heat of the liquid
15 “He/Vycor experiments and the liquitHe/Ag sinter data,

In contrast to _bquSH_e, we do not observe a sharp peak powever, seems to be difficult because of the following im-
but a broad maximum in the specific heat’fe confined to __portant differences between both systems: the uniformity and
the Ag sinter(Fig. 7) at a temperature below the superfluid (e nore size distribution as well as the pore sizes themselves
transition temperature of the bulk liquid. With decreasmg(NmA in Vycor and~ 1000 A in the Ag sinter Although
temperature the specific heat dHe in the sinter starts to
increase at a temperatufg and shows a maximum aig™* TABLE II. The superfluid phase transition temperatIte of
(Table 1), which is below the bulk transition temperature at jy |k 3He (Ref. 15 compared withT (onset of the increase of the
all pressures investigated. The width of this rounding in thespecific heatand TI® (maximum of the specific heabf liquid
specific heat extends over several hundggd, and it is  3He confined to an Ag sinter. The superfluid fractiorof liquid
therefore impossible to extract a single phase transition temiHe in the sinter is calculated from the specific-heat da¢a@2®),
peratureT ¢ for *He in the Ag sinter. Finally, the magnitude &(TY) are the coherence lengths B (T4).
of the specific heat af3™ is much smaller compared with

the value obtained in bulRHe atTc. p (ban 15,5 25.2 34.0
Similar features of an influence of a restricted geometryT¢ (mK) 2.05 2.36 2.47
on the specific heat at the superfluid transition have beefy (mK) 1.94 2.23 2.37
observed for liquid“He confined to porous Vycor glass, TI® (mK) 1.60 1.95 2.10
where in contrast to the sharp peak of the bulk liquid, an (%) 64+5 63 53
rounding of the specific hedalong with a reduced magni- E(TT (A) 470+ 30 480 440
tude of *He-filled pores at a temperature close to the bulkg(TiS) A) 950+ 100 852 845

transition temperature is observ&dThe particular impor-
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we do not have any detailed information about the pore sizanother explanation for a pressure-independent superfluid
distribution in the sinter, we may explain the presence of draction is given by the following arguments.
large pore size distribution as resulting from the particle size The coherence length at a distinct temperature can be cal-
distribution of the Ag powder: a Gaussian fit to the particleculated according to
size distribution as provided by the manufactBiresults in a
maximum at~850 A with a width of ~650 A; these data _ a_
. : . . &(T,p)=&0(p)-| 1
might be considered as lower limits as the Ag powder is Te(p)
known to form larger clusters due to sintering processes ever/herego is the zero-temperature coherence length given by
at room temperature.
For an interpretation of the specific heat results in the hve(p)
vicinity of the superfluid transition obtained for ouiHe §o(p)=TT().
samples in the confinement of the Ag sinter, we discuss our g lclP

data in more detail as it is illustrated in Fig. 7 py means of e pressure dependences of the Fermi velagitgnd of
the measurements ap=25.2bar. In this figure, the {he transition temperatufB. result in a pressure dependence
temperature-independent contributi@y has already been of the zero-temperature coherence lenghtoo. The coher-
subtracted from the data leading to zero heat capacity for thgnce |engths at the characteristic temperatdtesind TT
extrapolated normal-fluid datalotted ling at T=0K. We  cajculated with Eq(3) and Eq.(4), however, do not exhibit
assume that in each pore of the sinter the transition temperg- pressure dependence within the experimental error of our
ture is determined by the size of the pore; the smaller théneasurement; see Table Il. From our data one may therefore
pore, the lower thd . The distribution of the pore sizes in conclude that independent on the pressure of the sample the
the sinter then leads to different phase transition temperasnset of the increase of the specific h@fris) and the onset
tures in the temperature rand@~<T<Ts. We have fitted of the superfluid phase transition dHe in the sinter occurs
the data by varying the amount 8He, which becomes su- at a temperature where the coherence length of superfluid
perfluid at a certain temperatuf® using the specific heat 3He is about 900 A, which is close to the radius of our sinter
data of normal-fluid®He in the sinter with the enhanced pores. Itis interesting to note that the differerCe between
effective mass as listed in Table I. Further important underthe bulk transition temperatuf. and the temperatur€s at
lying assumptions of our analysithus neglecting a possible which the specific heat starts to increase is almost constant
correspondence to the findings of the specific heat in thfAT=(0.11+0.01) mK]. The striking agreement of this re-
liquid *He/Vycor system as discussed abpwee that the sult with the findings of a torsional oscillator experiment of
specific heat of the superfluiaHe in the sinter shows the Tholerf”in which a shift of the superfluid transition of liquid
same temperature dependence as Btk (Ref. 15 and that  *He in an Ag sinter oA T=0.10 mK (p=5 bay, 0.17 mK
in all pores of same size the jump in the specific heat at thép=17 bay, 0.10 mK (p=24 baj and 0.11 mK p=28
superfluid transition is of equal size as the jump observed ithan compared to the bulk value was observed, could be in-
the bulk liquid. terpreted as an indication for a different behavior at the su-
This analysis of the specific heat provides an interestingerfluid transition of°®He in the sinter compared with the
result, which might explain some experimental observationgransition of “He in Vycor (see discussion at the beginning
obtained in investigations of othéHe properties: the best fit of Sec. Ill ©. The maximum of the specific he@t TJ'®) is
(solid curve to the data in Fig. 7 is obtained with only a related to a pressure-independent coherence length of about
fraction of the ®He in the Ag sinter becoming superfluid 470 A. We may therefore conclude that the amounfidé
(Table Il), the remainder staying normal-fluid down to the that undergoes the superfluid phase transition does not de-
lowest temperature achieved in our experiment. According tgend on the pressure of the sample.
this analysis, about 40% of théHe in the sinter remains Kjaldman, Kurkijavi, and Raine?® have calculated the
normal-fluid and this amount should have an important in-suppression of the transition temperature of superffiie
fluence on various properties as, e.g., the thermal conductivas a function of the size of an infinitely long cylindrical pore
ity of the liquid in the sinter or the thermal boundary resis-with diffusely scattering walls. Figure 8 shows the fractional
tance between liquidHe and the sinter. Measurements of depression offy and TT"in the Ag sinter as a function of
the thermal boundary resistance, for instance, performed byressure, compared to the theoretical curves obtained from
Ahonen, Lounasmaa, and Vedfdn the temperature range the work of Kjddman, Kurkijavi, and Rainer using cylindri-
0.4<T=<10mK do not show a change in the temperaturecal pores of radius 600 and 1200 A, respectively. Although
dependence even at the superfluid transition. This resuthe sinter structure is much more complicated than an ideal
could be interpreted in terms of a normal-fluid componenteylindrical form, we find good agreement in the pressure
near the wall of the sinter, which dominates the thermaldependence between the theoretical and experimental results
boundary resistance. with values for the pore size which are comparable to our
Within experimental error, the superfluid fraction #le  estimate of the pore size according to Ref. 8.
in the Ag sinter seems to be pressure indepen@ze Table
II), in contrast to the observation of a decreasing superfluid IV. SUMMARY
density with decreasing pressure obtained by torsional oscil-
lator measurements of Hadt al}? These authors related the ~ We have studied the specific heat of liquidle confined
decrease in superfluid density with decreasing pressure to the an Ag sinter at pressures 4<$<234.0 bar and in the
increase of the coherence length at lower pressure. Howevegmperature range 2T<30 mK. The measured specific
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FIG. 9. Temperature dependence of the specific heatHzf

FIG. 8. Fractional depression of the superfluid transition tem-clusters in solid hcfHe (O) (Refs. 7 and Band of *He in an Ag
peratures assuminfic= Tk ((J) andT¢=TI* (@) in the Ag sinter  sinter (@, this work at p=34.0 bar.
as a function of pressuré’% is the superfluid phase transition tem-
perature of bulk®He. The lines are theoretical curves for the frac- ~1000 A does not alter the phagiguid or solid) signifi-
tional depression of the superfluid transition temperature in cylincantly.
drical pores with radii of 600 A(dashed lingand 1200 A(solid The situation becomes completely different when the con-
line) (Ref. 21. finement is further reduced to smaller geometries and the

confining material is different from a metal sinter. We have

13 ; ; : erformed measurements of the specific heat of clusters of
heat of normal-fluid°He in the confinement of the sinter g p

pores shows enhanced values compared to bulk data. Thid1€ confined to pores in a matrix of solid héple Whig:g;n
increase can be explained as being the result of two contrfn iS restricted to an Ag sinter. The size of thedde
lusters is estimated to be of order of 200 A. In this appen-

butions:(1) an enhanced effective mass of the quasiparticle§ . : .
in the restricted geometry of up to 20% of its value in thediX, We present a brief comparison of the very different be-

. 3 . . .
bulk liquid and (2) an additional temperature-independentavior of “He confined to both geometries. For detailed re-
part originating from the second layer 8He on the sub- sults on the measurements of the specific heat in the latter

strate. Due to the much weaker interaction amongiHe ~ 980metry, the reader is referred to Refs. 7 and 8.pAt
quasiparticles in a liquicPHe-“He solution, we do not ob- =34.0 bar the specific heat of thile clusters differs com-

of a mixture with the nominal®He concentrationxs (Fig. 9. At T<10 mK, we observe an increasing specific
—1.0%. The transition into the superfluid phase3bfe is heat of the*He clusters with decreasing temperature with a

strongly influenced by the confinement, too. In contrast tg"@imum at around 1 mK, where the specific heat is about

the bulk data, there is a much broader maximum in the spdWo orders of magnitude larger than the specific he:’ftl-d:éi
the Ag sinter. The specific heat of thtHe clusters is

cific heat for the liquid in the restricted geometry, and the!" i e
position of the maximum is shifted to lower temperaturesdom'natEd by soliHe even at pressures significantly below

compared with the bulk transition temperature. We analyze

our specific-heat data in the vicinity of the maximum in 06— AR T T DARRAE
terms of phase transitions in the sinter pores with different 3 E
transition temperatures determined by the coherence length 05F DDDD E
and the sinter pore size. We conclude that only a fraction of g b E
~60% of He becomes superfluid in the Ag sinter. 04F Y ? .
E o o ® 1
X o03f oI o’ E
APPENDIX: INFLUENCE OF THE CLUSTER SIZE 8" 3 DBE‘D R L ]
ON THE SPECIFIC HEAT 0.2 — & .° . —
As discussed in the previous sections, when confined to 0.1 3 " * 3
- ) ) AE o ]
the restricted geometry of an Ag sinter with an average pore E
size of about 1000 A, the specific heat of normal-fldide E L L L L E
can be described by Landau’s theory for a Fermi liquid with 0'00 2 4 6 8 10
an enhanced effective mass and a temperature-independent T [mK]

contribution arising from the second layer éHe on the

substrate. The broadening of the transition into the superfluid FIG. 10. Temperature dependence of the specific hedHef
phase can be related to the pore size, too. The observed fedusters in solid hcfHe atp=26.5 bar(C)) (Refs. 7 and Band of
tures clearly indicate that the restriction to the dimension ofHe in an Ag sinter(®, this work at 25.2 bar.
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the bulk *He melting pressurép,¢;=34.4 bar alf=1mK)  tive mass(*He clusterm?,q./Ms;=8.4 atp=26.5 bar; *He
and the maximum indicates the nuclear magnetic ordering oh the Ag sintermy, ../m;=5.6 atp=25.2 bay.
the solid ®He in the clusters.

The situation changes at lower pressure of the saf@@le
bar; Fig. 10. Both the specific heat of théHe clusters and
the specific heat ofHe in the Ag sinter now show the linear ~ We are very grateful for the support of and discussions
temperature dependence of a Fermi liquid. However, in conwith Professor F. Pobell. This work was supported by the
trast to ®He in the Ag sinter there is no sign for a superfluid HCM Large Scale Facility program of the European Com-
phase transition of théHe in the clusters and the specific munity (Contract No. ERBCHGE-CT 92-00D2ind by the
heat of the normal-fluidHe in the clusters is larger than the Graduiertenkolleg Po88/13 of the Deutsche Forschungsge-
specific heat ofHe in the sinter resulting in a larger effec- meinschatft.
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