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Heat capacity of liquid 3He in sintered silver powder

S. Kishishita,* H. Kambara,† and T. Mamiya
Department of Physics, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan

~Received 29 May 2000; published 20 December 2000!

We have measured the heat capacity of liquid3He in silver sinter at pressures from 0 MPa up to 3.31 MPa
and in the temperature range from about 1 up to 28 mK. The heat capacity in the normal fluid is found to be
the sum of the heat capacity of bulk normal fluid and a temperature-independent heat capacityDC due to
amorphous solid layers on the silver sinter surface, whereDC57.366.8 mJ K21 m22 corresponds to 161
amorphous solid layers. This value is in rough agreement with other results, including solid3He and 3He
adsorbed on Vycor and silver sinter, and differs from the value for liquid3He in silver sinter reported by
Schrenk and Ko¨nig. Our result indicates that the amorphous solid layers on a large surface area yield a
universalDC in unit area throughout liquid, solid, and adsorbed3He in contact with a large surface. The
superfluid transition temperature of the liquid3He in the silver sinter is in good agreement with the theory of
Kjäldman and Kurkija¨rvi when taking the pore diameter to be 3400 Å, and our observations differ from the
results of Schrenk and Ko¨nig.
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I. INTRODUCTION

Recent studies have proposed the question of whethe
cess heat capacity exists as well as the normal bulk
capacity, when liquid and solid3He are in contact with a
large surface area. Kambaraet al. observed the excess he
capacity in addition to the specific heat due to the multip
spin-exchange interaction in bcc solid3He.1 They concluded
that the excess heat capacity originated from the amorph
solid layers on the inhomogeneous silver surface. Golov
Pobell found the temperature-independent heat capacit
well as the heat capacity of normal liquid3He in the Vycor
glass.2 Greywall and Busch found a similar excess heat
pacity for liquid 3He in the silver sinter.3 Golov and Pobell
suggested that the excess constant heat capacity
13 mJ/Km2 for the substrate of the Vycor and silver sinter
due to the amorphous solid layers on the imhomogene
surfaces.2 In contrast to the past results Schrenk and Ko¨nig
reported the new result that the constant heat capacity in
silver sinter is several times as large as the constant
capacity in the Vycor glass.4 They presented new issues
whether the constant heat capacity depends on the subs
i.e., silver or Vycor, and whether it depends on liquid
solid. We intend to resolve these issues by measuring
heat capacity for both the liquid and solid3He on the same
substrate. Our results are interpreted in terms of a cons
heat capacity arising from a common origin.

II. EXPERIMENTAL CONFIGURATION

Calorimetry was performed with the adiabatic heat-pu
method. The cell chamber and thermal link were made
marily of pure silver. We used a fine silver powder,5 nomi-
nally 700 Å in diameter, by packing it to 48% in order
get good thermal conduction to the sample. The entire v
ume of the sample was 1.77 cm3, and the total surface are
in the cell was determined to be 21 m2 from the nitrogen
BET adsorption measurement. These quantities yielded
average pore diameter in the sinter of approximately 3400
0163-1829/2000/63~2!/024512~5!/$15.00 63 0245
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using the method of Robertsonet al.6 The Pt-NMR and
RuO2 resistance thermometers used for the calorimeter w
calibrated against a3He melting curve thermometer.7 The
calorimeter was attached to a nuclear demagnetization s
of copper via a thermal switch of tin. The measureme
were done in the temperature range from 1 up to 28 mK
at pressures of liquid3He from 0 up to 3.31 MPa. The ne
specific heat was obtained by subtracting the heat capaci
the addenda from the total heat capacity.

III. HEAT CAPACITY OF NORMAL PHASE

The results for the heat capacity of seven samples of
uid 3He at pressures from 0 MPa~saturated vapor pressure
36.84 cm3/mol) to 3.31 MPa (25.73 cm3/mol) are shown
in Fig. 1. The solid lines in Fig. 1 indicate the Greywall
bulk liquid data8 corrected for the pressures in the prese
samples. At low temperatures there are distinct jumps du
the second order transition from the superfluid to norm
phase, except for the 0 MPa sample. First, we will disc
the heat capacity of normal phase.

At very low temperatures (T!TF), the heat capacity for
the degenerate Fermi gas is linear inT as given by

C5
p2RT

2TF
~1!

with

TF5
\2

2m3kB
S 3p2NA

Vm
D 2/3

, ~2!

whereTF is the Fermi temperature,R is the gas constant,kB
is the Boltzmann constant,\ is Planck’s constant divided by
2p, m3 is the mass of3He atom,NA is Avogadro’s number,
andVm is the molar volume.

According to the Landau theory, which treats3He as a
Fermi liquid, 3He-3He interactions modify the heat capaci
only through the renormalization of the3He mass.9 In other
words, Eq.~2! holds with the massm3 replaced with an
©2000 The American Physical Society12-1
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effective massm3* . The temperature dependence of the h
capacity of the normal liquid3He (C}T) is the same as tha
of the perfect Fermi gas in this degenerate region. Me
while, the original Landau formulation which was extend
to higher temperatures by including the effects of spin fl
tuation or paramagnons was confirmed experimentally u
about 100 mK~Refs. 8,10! as represented by the followin
equation:

C5gRT1GRT3 lnS T

Qc
D , ~3!

whereg, G andQc are the constant values which depend
the sample pressure. Furthermore, Golov and Pobell
posed the presence of a constant heat capacity based o
assumption that the density of the number of spins is c
stant as a function of the logarithm of the exchange inter
tion in the first two layers of the amorphous solid due to
rough substrate as in the case of Vycor glass or silver sin2

When fitting the data to the equations for specific hea
is desirable to analyze a temperature region as low as
sible in order to obtain the preciseg and DC, the constant
heat capacity, through the use of

C5nRgsT1DC, ~4!

wheregs(K
21)) andDC(J K21) are the fitting parameters

andn is the number of moles in the sample cell~See Fig. 2!.
Note thatC is now measured in J K21, where the suffixs
expresses the silver sinter. However, we found that the n
ber of our data points was too small to obtain the prec
values for the parameters partly because of the inevita
experimental scatter and partly because the minimum t
perature is limited by the onset of the superfluid transiti
Consequently, we had to analyze a wider temperature re

FIG. 1. The results for the heat capacity of seven sample
liquid 3He at molar volumes from 25.73 cm3/mol ~3.31 MPa! to
36.84 cm3/mol ~0 MPa or saturated vapor pressure! are shown.
Note that zero is shifted for each sample for clarity. The solid l
indicates the bulk liquid data corrected to the sample pressure
02451
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that included data at higher temperatures. We fit our d
with Eq. ~4! in the temperature range extended up to a hi
temperature limitThi as defined by

UnRGThi
3 lnS Thi

Qc
D U5 1

2
DC. ~5!

This limit indicates that one takes the temperature range w
less effect of the second term of Eq.~3! than theDC term in
Eq. ~4!. This procedure leads to taking a sufficient number
data points with the temperature range as low as possib
order to obtain a more preciseDC. Equation~5! provides the
criterion common to all the samples for taking the prop
temperature range, and thus the temperature region for th
extends fromTlow , the superfluid transition temperature, u
to Thi . This procedure makesgs 1% smaller andDC 15%
larger than the Greywall’s values.8 We neglected the differ-
ences of this amount in these parameters because it tu
out that the experimental uncertainties forgs andDC in the
present study are larger than these differences. We su
tuted the Greywall’s values for G and Qc and
13 mJ K21 m2 for DC in the Eq.~5!, only to estimateThi ,
which is listed for each sample in Table I.

The coefficients obtained from the present data are gi
in Table I. Pressure dependence of linear coefficients for
heat capacity of seven samples of liquid3He are shown in
Fig. 3. For comparison, thegs values reported by Schren
and König4 are also plotted in Fig. 3. The solid line repr
sents the data of bulk liquid3He obtained by Greywall.8 The
presentgs values agree with the value ofg for bulk liquid,
which indicates that there is no effect of restricted geome
on the heat capacity of the liquid in the silver pores
3400 Å in diameter. The fact that there is no effect of r
stricted geometry was also reported by Golov and Pobell2 for
the case of Vycor glass with a pore size 70 Å. The char
teristic length of normal fluid3He is the de Broglie wave-
lengthl of a quasiparticle of about 8 Å. If the dimension o
confinement is much larger than the de Broglie waveleng

of

FIG. 2. An example of fitting the data points to Eq.~4! is shown
for the sample at 3.31 MPa. The inset shows the entire diag
including superfluid state. The difference between the solid line
dotted line shows the presence ofDC.
2-2
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Fermi liquid theory should be valid and leads to no effects
restricted geometry, which is in agreement with our resu
The gs in the silver sinter obtained by Schrenk and Ko¨nig4

was larger by about 20%, compared with all other resu
including the present study, the result for Vycor glass2 and
Greywall’s bulk valueg.8 We will discuss the possible origin
of the discrepancy ofgs value in the next section.

The pressure dependence of temperature-independen
capacityDC in unit area for seven samples of liquid3He are
shown in Fig. 4. For comparison,DC obtained by Schrenk
and König4 is also plotted. We have found that ourDC is
pressure independent and its magnitude is
66.8 mJ K21 m22. Within the uncertainty limit this value
is consistent with'10 mJ K21 m22 reported for Vycor
glass. The temperature-independent heat capacity is
pressed by Golov and Pobell2 as

DC5kB ln 2
N0

ln~Th /Tl !
, ~6!

whereN0 is the total number of spins in the amorphous so
on silver surface, and its ordering temperatureTc is distrib-

TABLE I. The coefficients obtained from the data.P is the
pressure of the liquid3He. V is molar volume.gs andDC are the
linear coefficient in temperature and the constant heat capacity
spectively.Thi is the temperature defined by Eq.~5!, where fitting
was done in the temperature range between the lowest temper
andThi .

P ~MPa! V(cm3/mol) gs(K
21) DC(mJ K21 m22) Thi(mK)

0 ~1st! 36.84 2.8760.02 20.7763.4 14
0 ~2nd! 36.84 2.7060.03 1363.9 14
1.0 30.35 3.2560.04 1465.3 9.6
1.5 28.89 3.6260.07 6.668.4 8.7
2.0 27.75 3.8560.07 7.169.5 8.0
2.9 26.29 4.3560.07 24.469.0 7.0
3.31 25.73 4.4860.06 1568.1 6.7

FIG. 3. Pressure dependence of the linear coefficient,gs for the
heat capacity of seven samples of liquid3He. For comparison,gs

obtained by Schrenk and Ko¨nig ~Ref. 4! is also plotted. The solid
line represents the data of bulk liquid3He obtained by Greywall
~Ref. 8!.
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uted between Tl and Th . Substituting DC57.3
66.8 mJ K21 m22, Th540 mK, andTl51.5 mK2 for Eq.
~6!, we have estimated the amorphous solid layers by usin
coverage of 11 atoms/nm2 for the first layer and
8 atoms/nm2 for the second layer.3 Comparing experimenta
values2 with theoretical values obtained from Eq.~6!, we
note that the number of amorphous layers obtained from
~6! is 1.6 times as large as those obtained from experim
By taking this factor into account for the presentDC value,
we obtain a coverage of about 12 atoms/nm2, which corre-
sponds to the presence of about 161 layers of the amor-
phous solid. Our result is consistent with the work of Gol
and Pobell2 who have obtained a coverage
17.2 atoms/nm2, which corresponds to the presence of 1
layers of amorphous solid. Meanwhile, the magnitude ofDC
obtained by Schrenk and Ko¨nig is about 7 times as large a
the magnitude obtained by us. We will discuss this discr
ancy in a later section. We note that Schuhlet al. reported an
increase of 60% of adsorbed solid on the surface of te
particles in the liquid at 3.2 MPa compared to 0.046 MPa11

Finally, we comment on the constant specific heat
solid 3He in contact with silver sinter.DC throughout the
liquid state in the present work and the solid state in
previous work1 is shown in Fig. 5. The average value ofDC
in the solid state is 12.163.1 mJ K21 m22 which corre-
sponds to 1.760.6 layers and is larger than the the avera
value ofDC57.366.8 mJ K21 m22 in the liquid state. We
note thatDC in solid state is more precise than that in liqu
state because the ratio ofDC/C in the solid state is 30%
compared to 6% in the liquid state, if we take the larg
percent in each state. The simple average ofDC over the
entire pressure range including both states
9.0 mJ K21 m22. We believe that the real value ofDC
should be close to the value in the solid state and should
common to both states.

IV. HEAT CAPACITY OF SUPERFLUID PHASE

The temperature dependence of the heat capacity of
perfluid 3He for 3.31 MPa is shown in Fig. 6. For compar

re-

ure

FIG. 4. Pressure dependence of the constant heat capacityDC in
a unit area for seven samples of liquid3He. For comparison the
temperature-independent heat capacity obtained by Schrenk
König ~Ref. 4! and the heat capacity of the thin film on the surfa
of silver sinter at saturated vapor pressure obtained by Greywall
Busch~Ref. 3! are also plotted. The dotted line representsDC av-
eraged over all samples.
2-3
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son, the data of bulk superfluid7 and the data in the silve
sinter obtained by Schrenk and Ko¨nig4 are represented to
gether. HereTs

i marks the temperature for the onset of s
perfluid transition andTs

max is the temperature at which he
capacity has its maximum value. As in the data obtained
Schrenk and Ko¨nig, we do not observe a sharp peak bu
broad one in the heat capacity of3He in the silver sinter. The
magnitude of the heat capacity atTs

max is smaller than the
value obtained in bulk3He at its transition temperatureTc .
The reason for a broad peak in the superfluid transition is
follows. The transition temperature is effected by the p
size; the smaller the pore, the lower theTc . The distribution
of the pore sizes in the sinter then leads to a different tr
sition temperature rangeTs

max,T,T s
i because the coherenc

length of the superfluid is of the same order as the pore s
This means that the diameter of the pore is considere
have a distribution central around 3400 Å.

FIG. 5. Pressure dependence of the constant heat capacityDC
throughout liquid and solid state of3He in contact with the silver
sinter. The dashed vertical line shows the boundary between
liquid and solid phases. The data of Kambaraet al. ~Ref. 1!, Fuku-
yamaet al. ~Ref. 13!, and Sawadaet al. ~Ref. 14! are also shown.

FIG. 6. Temperature dependence of the heat capacity of su
fluid 3He for 3.31 MPa. For comparison the data of bulk supurfl
~Ref. 7! ~dashed line! and the data in the silver sinter obtained
Schrenk and Ko¨nig ~triangles! are displayed together.Ts

i marks the
onset of superfluid transition andTs

max is the temperature at which
heat capacity has its maximum value. We have decided that
superfluid transition temperatureTs

m is the average ofTs
i andTs

max.
02451
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Kjäldman and Kurkija¨rvi have calculated the suppressio
of the transition temperature of superfluid3He as a function
of the size of an infinitely long cylindrical pore with dif
fusely scattering walls.12 We decided that the proper phas
transition temperatureTs

m in the silver sinter is the average o
Ts

i andTs
max, except for the sample at 0 MPa, which did n

show evidence of superfluidity. The relation between the
perfluid transition temperature and the sample pressur
shown in Fig. 7. For comparison, the data of bulk liquid a
the data obtained by Schrenk and Ko¨nig4 are displayed to-
gether. In addition, the calculated result for the pore size
3400 Å when using the theory of Kja¨ldman and Kurkija¨rvi,
is shown with a dashed line. The left and right sides of
error bar areTs

max andTs
i , respectively, and the middle poin

Ts
m is taken to be the average superfluid transition tempe

ture in the silver sinter. The presentTs
m values agree with the

theoretical predictions as seen in Fig. 7, but the data
Schrenk and Ko¨nig, when analyzed in the same manner, d
viate largely from our results.

We derived the superfluid fractionn in liquid 3He on the
assumption that the specific heat of the superfluid3He in the
sinter has the same temperature dependence as bulk3He.7

The superfluid fraction in the present study is about 80%
contrast with about 60% in the results of Schrenk a
König,4 as shown in Table II. The smaller superfluid fractio
for Schrenk and Ko¨nig is assumed to come partially from th

he

er-

he

FIG. 7. The pressure dependence of the superfluid trans
temperature. For comparison the data of bulk liquid~Ref. 7! ~solid
line! and the data obtained by Schrenk and Ko¨nig ~Ref. 4! ~squares!
are also displayed. The superfluid transition temperature calcul
for a pore size of 3400 Å following the description provided b
Kjäldman and Kurkija¨rvi, is shown with a dashed line.

TABLE II. Transition temperatures of liquid3He in the silver
sinter.P is the pressure of the sample.j0 is the coherence length.n
is the superfluid fraction of liquid3He. Ts

m is the average superfluid
transition temperature in the pores of the silver sinter.

P ~MPa! j0(Å) n ~%! Ts
m ~mK!

0 780
1.0 310 1.76
1.5 250 1.97
2.0 210 80 2.14
2.9 170 77 2.37
3.31 160 75 2.43
2-4
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larger g values in their results. We note that this analy
gives only the measure of the effective superfluid fract
since the order parameter of the superfluid in the restric
geometry is different from the order parameter in bu
superfluid.12

Incidentally, the pore diameter of the sample cell
Schrenk and Ko¨nig is estimated to be 2900 Å, when appl
ing Robertson’s method6 and using the values of the surfac
area 52 m2 and sample volume 3.72 cm3. This pore size
contrasts with the 1000 Å value used in their paper. If
calculate their pore size correctly, theirTs

m must be plotted
on the theoretical line~dashed line!. Since the pore sizes o
2900 and 3400 Å give approximately the same effect on
superfluid transition temperature, the large depression
their superfluid transition temperature must be explained
different way. We suppose that their temperature scal
10% lower than the correct temperature scale over the e
temperature range of their measurement. Although th
sample at 1.55 MPa showed a transition temperature of
mK, it should have the temperature of 2.0 mK. This pr
posed shift in their temperature scale also leads to the ap
ent enhancement of theirgs values by 20% more than th
known values.

V. SUMMARY

We have studied the heat capacity of liquid3He in a
silver sinter in the restricted geometry at pressures from 0
o
.

,
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to 3.31 MPa and in the temperature range from about 1 u
28 mK. The heat capacity in the normal fluid can be int
preted as the sum of the heat capacity of bulk normal fl
and a temperature-independent heat capacity due to a
phous solid layers on the silver sinter surface. There is
significant difference between the heat capacity of liqu
3He in the silver sinter and that of bulk normal liquid, exce
for the existence of the temperature-independent heat ca
ity in the former. Concerning the temperature-independ
heat capacity, we have obtained the result that its magnit
is 7.366.8 mJ K21 m22, which corresponds to 161 layers
of amorphous solid, and that it is independent of pressur
the liquid phase. With experimental error our value is
agreement with the value obtained by Golov and Pobell
the Vycor glass. The superfluid transition temperatures in
present study agree with the theoretical predictions for po
of 3400 Å.
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