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the neighboring He® appear necessary. If these
functions assume the form anticipated in Sec. II,
then significant relaxation about the He* will not
be necessary. To get J near the observed value
an improved form for the correlation function
f(r4;) is also needed, and this represents a dif-
ficult task., One of the chief difficulties is that
those parts of |O) which are important to J have
little influence on E, and so are not well deter-
mined by an energy variational method.

Simply evaluating the change in the self-consis-
tent harmonic force constants around the He? does
not explain the large observed 7,¢~! suggesting
that this model is too restrictive, On the other

hand, although 7,¢~! can be predicted directly
using a continuum model, this model is so crude
that it tells us little in detail about the defect.¢

It does suggest, however, that division of defect
properties into mass and force constant changes
may be artificial and that large relaxation around
the He* is not necessarily needed to explain 'rpt".
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Measurements of the heat capacity of pure He? at 0.24 atm obtained by a differencing method
are presented for the temperature range from 20—150 m°K. The temperature scale T* used
is that valid for powdered cerium magnesium nitrate in the form of a right circular cylinder
with diameter equal to height. There is excellent agreement between the present and earlier
measurements. Considering all low-pressure difference data we find that from 6=125 m°K
the ratio of heat capacity to magnetic temperature decreases linearly with increasing
temperature. The relationship of the measurements to the temperature scale and to theories

of spin fluctuations in He?® is also discussed.

I. INTRODUCTION

In recent years the heat capacity of pure He®
has been of considerable interest. It is related
to the Landau theory of Fermi liquids.! It bears
directly on the question of superfluidity in He3,2:%
What is known of its temperature dependence was

not predicted by theory and has been the subject of
theoretical speculation.*5 Owing to the possibility
of a superfluid transition, most recent measure-
ments have emphasized the properties of He? at
the lowest achievable temperatures.®:¢ As a re-
sult, in no single experiment have accurate mea-
surements been made in the temperature range,
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20-150 m°K, of the present work. Recently Don-
iach and Engelsberg” devised a qualitatively suc-
cessful theory to explain the heat capacity of pure
He®, In their theory, liquid He?® is conceived as

a nearly ferromagnetic Fermi fluid in which spin
fluctuations play a major role., Following this
idea through, Rice® worked out a theory of trans-
port in He® which predicted remarkably well the
results of thermal conductivity measurements,9~1*
The importance of spin fluctuations in understand-
ing the heat capacity of He® has been given further
emphasis by calculations of Brenig and co-work-
ers!? and of Amit, Kane, and Wagner,!® though it
has not been universally accepted.* One character-
istic of the above theories is that they predict not
only the limiting low-temperature behavior of He3,
as in the Landau theory, but also the finite tem-
perature properties. In particular they predict
that

C/n3RT=Y+1"T21n(T/GC)+"‘ ) (1)

where C is the heat capacity, », is the number of
moles of He?, R is the gas constant, 7T is the ab-
solute temperature, y and I" are constants, and
6. is a characteristic temperature. According
to recent work of Brinkman and Engelsberg,!s
however, the limiting temperature dependence of
Eq. (1) should not be achieved except at tempera-
tures below a few millidegrees. They suggest
that in the present temperature range many terms
must be considered in the series development of
C/nRT.

With the exception of the results of Ref. 6,
which are based on a nuclear magnetic resonance
temperature scale in copper and are of relatively
poor precision, all very low temperature mea-
surements of the heat capacity of He® have been
made on a magnetic temperature scale T * valid
for powdered cerium magnesium nitrate (CMN)
in the form of a right circular cylinder with diame-
ter equal to height. This magnetic temperature
scale was interpreted by one of us'® in terms of
properties of Fermi liquids with the conclusion
that 7' *, subject to a correction estimated to be
less than a few tenths of a millidegree, is the
same as the Kelvin temperature 7 down to about
3m°K. This interpretation was called in question
recently by Abraham and Eckstein!? who based
their analysis on an assumed 7 ~2 dependence?? of
the heat capacity of CMN between 6 and 15 m°K.
They concluded that the above powder thermometer
temperature T * should be corrected upward by
1.7 m°K to obtain the magnetic temperature Tg*
indicated by a spherical single crystal. According
to Ref. 18 the temperature T * is the same as the
Kelvin temperature above 6 m°K. Abraham and
Eckstein’s proposed correction to the powder tem-
perature scale has a profound effect on the inter-
pretation of the experiments in terms of the Fermi-
liquid theory. This effect has not yet been dis-
cussed quantitatively. Such a discussion will be
undertaken in this paper since there seems to be
some question®? whether the experimental pre-
cision of the He® heat-capacity measurements is
high enough to demonstrate that in fact Abraham
and Eckstein’s correction does lead to any real

difficulties, :

Recent direct measurements of Abel and Wheat-
ley*? intercomparing the magnetic temperatures
indicated by a powder and a single-crystal sphere
do not support Abraham and Eckstein’s conclu-
sions but do favor the original interpretation,®
However, Abel and Wheatley find that, as one
might expect, the shape correction for a powder
thermometer is not precisely the same for all
such thermometers but in fact varies by an amount
probably of order 0,1-0.2 m°K. In the present
work we shall therefore use the uncorrected T*
scale with the word of caution that the Kelvin
temperature differs from 7* by a rather uncertain
amount which is estimated to be a few tenths of a
millidegree. This uncertain correction will not
have a large effect on the interpretation of the
present results, whose lower temperature limit
is 20 m°K.

Measurements of the heat capacity of liquid He®
are reviewed in Ref. 3. In no single experiment
were sufficiently accurate measurements obtained
over a wide enough temperature range to allow
quantitative comparison with the new theoretical
work. Systematic errors in the measurement of
T and n;, Eq. (1), inhibit the quantitative compari-
son of different sets of data. Moreover the lowest -
temperature results of Anderson, Reese, and
Wheatley 2! for example, were marred by the de-
fect that the calorimeter “background” heat capac-
ity was not known. This defect was rectified in
the work described in Ref.3 by using a “difference
method described in Sec, II to eliminate the back-
ground heat capacity. However, in the work re-
ported there the heat capacity at low pressure was
measured only to 50 m°K,

In the present experiments we have measured
the heat capacity of pure He® (less than 10 ppm
He?) at a pressure of 0,24 atm over a tempera-
ture range from 20-150 m°K. These measure-
ments are important not only as they determine
the temperature dependence of the heat capacity
of pure He® but also as they relate to the confi-
dence which may be placed in the earlier measure-
ments® which extend to lower temperatures,

»

II. EXPERIMENTAL

Both our general experimental method and our
methods of data analysis are very similar to those
described in Ref. 3, to which the reader is re-
ferred for a detailed discussion of these matters.
The He® was contained in an epoxy cell in intimate
contact with a magnetic thermometer of powdered
cerium magnesium nitrate in the form of a right
circular cylinder with diameter equal to height
and of mass 1.042 g. Heat was added electrically.
Susceptibilities were measured by means of a 17-
Hz mutual inductance bridge. In the first series
of measurements the heat-capacity cell contained
0.0183 moles of He®, The cell was then modified
without changing the thermometer in any way to
increase the volume available for He®, The modi-
fied cell contained 0. 0344 moles of He®, Measure-
ments of heat capacity were then repeated. Above
30 m°K the cell background heat capacity was neg-
ligible.



268

Aside from its advantage of eliminating the
calorimeter “background” heat capacity the dif-
ferencing method which we use has other advan-
tages. Each new experiment requires a new cali-
bration of the magnetic thermometer and a new
measurement of the number of moles of He? in the
cell. Hence errors in these quantities are readily
detected as systematic inconsistencies in the
values of (C,-C,)/(n, = n,)RT*, C,/n,RT*, and
C,/n,RT* at higher temperatures where the
“background” heat capacity is negligible com-
pared with that of the He3,

III. RESULTS AND DISCUSSION

The results of our measurements at 0.24 atm
with C/nRT* plotted linearly against T* are
shown by closed circles in Fig. 1. Also shown
are both the results of Ref. 3 for pure He® at 0. 28
atm (opencircles)and at 27,0 atm (open squares), and
the results??,22 for a 5,0% solution of He? in superfluid
He* (closed squares), Evenwithout numerical analysis
it is clear that there is excellent agreement between
the present measurements and those of Ref. 3 in
the temperature region from 20-50 m°K where the
two sets of data overlap. This increases our con-
fidence in both measurements. It is also clear
that within the experimental scatter the quantity
C/nRT* depends linearly on T* from the lowest
temperatures to 125 m°K. This temperature de-
pendence was suggested in Ref. 21, but both ex-
perimental imprecision and ignorance of the
calorimeter “background” heat capacity prevented
a strong case from being made. Owing either to
experimental imprecision or to inaccuracy re-
sulting from ignorance of the 7* - T correction it
is quite possible that C/#RT really should be
described by some other temperature dependence
below approximately 20 m°K.

We have used the method of least squares to
treat the data on low-pressure He? in Fig. 1.

Since there appears to be some upward curvature
at the highest temperatures we have used only
data below 125 m°K to make the straight-line fits
described below. Data were fitted to

C/nRT*=vy — BT* . (2)

We considered four sets of data: (1) present re-
sults between 50 and 125 m°K; (2) all present re-
sults below 125 m°K; (3) all results of Ref. 3 at
0.28 atm; and (4) all present results below 125 m°K
and all results of Ref. 3 at 0.28 atm. All points
are equally weighted. The results of these analy-
ses are given in Table I. The errors indicated

are the standard deviations. The present experi-
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FIG. 1. Ratio of normalized specific heat C/#R to
magnetic temperature T* of pure He® at 0. 24 atm
©@@@®) from the present work, of pure He® at 0. 28 atm
(©0 0) from Ref. 3, of pure He® at 27.0 atm (0DO) from
Ref. 3, and of a 5% solution of He® in superfluid He!

(m®m ®m) from Refs. 22 and 23.

mental results are remarkably consistent with the
0.28-atm results of Ref. 3. There seems to be
little reason not to combine the two sets of data.
The values of y given in Table I correspond to
m*/m =3.03, which probably is an upper limit. For
the purpose of allowing other interpretations of our
data we list them explicitly in Table II. The data
of Ref. 3 are listed in Table I of that paper. Above
10m °K the 27.0-atm data of Ref. 3 also are an
excellent fit to a linear relationship between C /xR T*
and 7*, A least-squares fit to the experimental
data for 7*> 10 m°K is

C/nRT*=(4.63+0,01)(K°)-!

—(22.5+1.1)T*(K°)"2, (27.0 atm).

TABLE I. Least-squares determined parameters for Eq. (2).
Temperature range Y B
Experimental data processed No. of points (m°K) (K°)~1 (K°)~?

Present experiment: 0.24 atm 11 50-125 3.04 +0.02 7.2 £0.2
Present experiment: 0.24 atm 38 19125 3.01 £0.01 6.9 +0.2
Reference 3: 0.28 atm 40 6=~51 3.00+0.01 7.1 £0.6
Present experiment: 0.24 atm

and Reference 3: 0.28 atm 78 6—-125 3.00+ 0.01 6.74+ 0.15
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TABLE II. C/nR and C/nRT* for pure He® at 0.24 atm.

T* (m°K) 10°C/nR C/nRT* [(K°)™)
18.93 5.47 2.888
19.62 5.62 2.866
20.27 5.79 2.858
21.03 6.00 2.853
21.71 6.15 2.833
22.40 6.48 2.894
23.09 6.65 2.879
23.80 6.70 2.817
24.48 7.05 2.880
25.13 7.23 2.876
26.11 7.38 2.826
26.80 7.53 2.809
27.64 7.75 2.803
28.39 8.02 2.824
29.32 8.31 2.834
30.25 8.54 2.824
31.37 8.81 2.809
32.71 9.18 2.806
33.82 9.51 2.811
35.07 9.45 2.694
36.55 9.97 2.729
38.35 10.58 2.759
40.20 10.96 2.725
42.28 11.48 2.714
43.56 11.57 2.655
45.29 12.13 2.679
47.74 12.70 2.660
50.20 13.56 2.702
53.06 14.17 2.671
56.24 14.82 . 2.635
60.13 15.66 2.605
63.54 16.57 2.607
70.28 17.82 2.536
79.53 19.49 2.450
89.14 21.19 2.377
99.89 23.34 2.337

112.2 25.01 2.229
124.8 27.05 2.167
138.0 29.17 2.114
152.0 30.88 2.031

It is also possible to fit the experimental data to
a relation of the form of Eq. (1). In this case there
are three parameters to fit: v,T", and §,. These
are obtained by obtaining the best straight-line fit
to

(y —C/nRT*)/T* = I"ln(T/Bc).

Such a fit is demonstrated in Fig. 2 and corre-
sponds to

y=2.93(K°)-*, I'=57.4(K°)-3, Gc =0. 293 °K.

The low-temperature scatter is extremely sensi-
tive to y. Even for the best fit the scatter below
50 m°K is so large as to make impossible any
meaningful comparison with Eq. (1). Between 50
and 150 m°Kthe data are reasonably represented
by Eq. (1). There appears to be no compelling
reason, particularly considering the arguments of
Brinkman and Engelsberg,!s to prefer Eq. (1) over

0 L Ll 1] L
10 20 40 60 80 100 200
T™-meK
FIG. 2. Fit of the present specific heat data to the
temperature dependence of Eq. (1) in the text.

Eq. (2) in the present temperature region. Never-
theless, it is interesting to compare the character-
istic temperature 6§, =0.29°K derived from the
heat-capacity data with the characteristic tempera-
ture §, which may be derived from thermal con-
ductivity data. Using the most probable correc-
tions to the temperature scale, Abel and Wheatley!®
reworked the thermal conductivity data.® From
their results and the numbers worked out in Ref,

10 we find

GK =(0.68+0. 12)°K.

Following Doniach and Rice 6 and 6, should be
related by 6,/6,=Q, where @ is a dimensionless
number equall® to 1,24 for low-pressure He3,
There is not quantitative agreement.

At higher temperatures the present measure-
ments overlap those of a number of other workers.
At 125 m°K we find C/nR=0.270. Estimating graph-
ically, we find that at this temperature Abraham
et al.?s measured C/nR =0.273; Anderson, Reese,
and Wheatley?! measured 0. 256; Brewer, Daunt,
and Sreedhar?® measured 0.247; and Strongin,
Zimmermann, and Fairbank?? measured 0.249.
Our results are thus on the high side of the scatter,
though rather close to those of Ref. 25. They are
5% different from those of Ref. 21 and hence within
the estimated error of that experiment.

We now wish to turn our attention to the effect
on the heat-capacity results represented in Fig. 1
of a correction to the temperature scale based on
the arguments given by Abraham and Eckstein.'”
These authors start with the assertion, which they
assumed had been proved quantitatively by Hudson
and Kaeser,!® that the heat capacity of CMN obeys
the 7-2 law (7T is Kelvin temperature) above 6 m°K.
Actually Hudson and Kaeser claimed the 7 ~2 law
to be valid only between 6 and 15 m°K. According
to Ref, 18 above T =6 m°K the magnetic tempera-
ture T*(SC) indicated by a single crystal sphere
is the same as 7. Abraham and Eckstein recog-
nize that since the powder thermometers do not
have a spherical shape there should be some cor-
rection A such that

Ts*(P):T*+A, ®3)
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where Tg *(P) is the magnetic temperature indicat-
ed by apowder having a spherical shape. They
assume that Tg*(P) is the same as Tg*(SC), This
is probably a good assumption at sufficiently high
temperatures though it is not at the lowest tempera-
tures.!® The quantity A can be evaluated empiri-
cally by plotting (CcMN/2cMN R) ™Y/ versus T*,

A straight line should be found with A as intercept.

In order to make the above analysis weneedCcoyn
versus 7%, The difference measurements made in
Ref, 3 were needed to eliminate the calorimeter
“background” heat capacity, which is probably al-
most entirely that of the CMN thermometer, If
we assume that the “background” heat capacity is
that of the CMN, then we can proceed with the an-
alysis. It is important to recognize that in the
actual measurements one measures the sum of
CMN and He® heat capacity, the differencing
method allowing the individual parts to be deter-
mined, Above T*=6 m°K the majority of the heat
capacity was in the He®, so C, can be expected to
have greater precision than CopyN. This is im-
portant to keep in mind when considering the cred-
ibility of the He® data with respect to those for the
CMN. A final point is that in Ref. 3 care was
taken not to refer to the background heat capacity
as the CMN heat capacity since it could not be
assumed that there were no other appreciable
sources of heat capacity. The recent results of
Ref. 17 for the CMN heat capacity are sufficiently
similar to those of Ref. 3 to make reasonable the
assumption that it was indeed Ccpyn measured in
Ref. 3.

In Fig. 3 we plot (Coyn/7cMNR) Y2 versus T*
with data taken from Ref. 3. The straight line
shown was fitted by the method of least squares with
equal point weighting using data for 7*>6 m°K. We
find

(CCHN/“CINR)_IIZ

1 1 1 1 1

of

T* - mek
FIG. 3. Plot of CCMN/"CM}\IR)_W for the data of_2
Ref 3. (A A A) and of Ref. 17 (000). Assuming a T

law for the normalized specific heat, this plot can be
used to determine A (see text).

A=+(1,48+0. 24) m°K
and

(T*+ A)2/n R=(5.67+0.14) (m°K)2,

Comn CMN

Inspection of the figure shows that if magnetic
temperatures lower than 6 m°K are accepted in
making the least-squares fit, then the derived

value of A will increase. If data are used to 5 m°K,
the mean value of A increasesfrom 1.48to 1.54 m°K.
The value of

(T*+A)2/n R

Cemn CMN
is essentially the same as that, 5.76 (m°K)?, given
in Ref. 18, Whether or not this agreement is co-
incidental or is a clue to the source of the discrep-
ancy is not known. We also show in Fig. 3 the data
of Abraham and Eckstein!'? for CMN heat capacity.
Their results are rather similar to ours, though
when fitted by least squares using data from 5.3
to 16.6 m°K they yield

A=+(2.5+0.5) m°K
and

(T*+4)2/n R=(6.7+0.3) (m°K)2.

Cemn CMN

The CMN heat capacity data treated to obtain
A=1,48 m°K were obtained simultaneously with
the pure He® data of Fig. 1 at 0.28 and 27.0 atm.
Moreover the results for the heat capacity of a
5% solution of He® in He* plotted in Fig. 1 were
obtained?? by subtracting from a total measured
heat capacity that of CMN as measured in Ref, 3,
appropriately adjusted for the actual mass of
CMN. Hence a consistent analysis of these data
using Abraham and Eckstein’s suggestions would
adjust 7% upward by 1,48 m°K to find 7. We have
therefore replotted in Fig., 4 the data shown on

(a) (b) ()
4029 12— . . — :
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FIG. 4. Replot of the data shown in Fig. 1 after making
the substitution of 7*+A for 7%, with A=1.48 m°K as
derived from the results shown on Fig. 3.
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Fig. 1 using this correction. Relative to the pre-
cision of the measurements it is clear that such a
correction does indeed have a profound effect on
the temperature dependence of the He® heat capaci-~
ty, both pure He® and the dilute solution being af-
fected in a qualitatively similar manner, There

is a clear-cut discrepancy. Either pure He?® and
dilute solutions have characteristics which are

not predicted by theories of the Fermi liquid or
the heat capacity of CMN does not obey quanti-
tatively the 7-2 law in the range 6—15 m°K. The
direct magnetic thermometry experiments of Abel
and Wheatley?!® suggest that in powder thermome-
ters A is only a few tenths of a millidegree. Hence
one concludes that in fact

ComnT* + 2P/ noyn R

is not constant, but increases with temperature in
the range of measurement,

1V. CONCLUSIONS

The ratio C/nRT* for pure He? at low pressure,

where T* is the magnetic temperature indicated
by a powder thermometer, decreases linearly with
T* from 6-125 m°K within an rms experimental
scatter of about +1%. A similar linear dependence
between 10 and 35 m°K is found for pure He? at
27.0 atm. Above 50 m°K the data also fit a law

C/nRT=y+TInT/6.

The above results are affected by corrections to
T* needed to convert it to Kelvin temperature, It
is demonstrated that such a correction, based on
the assumptions of Ref. 17 but unwarranted accord-
ing to the direct measurements of Ref. 19, quali-
tatively affects the temperature dependence of the
heat capacity of both pure He® and a 5% dilute solu-
tion, The actual dependence of C/#RT on T,
where T is Kelvin temperature, below 20 m°K will
depend on the magnitude of the adjustment of 7T*

to obtain 7', These corrections are expected to
be no more than a few tenths of a millidegree

down to about 3 m°K, 16,28
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