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4 
Thermodynamic Properties of He. 

Phase and the P-T and v.,..T Phase Diagrams 

LBL-4116 

* below 2 K 

J. K. Hoffer,t W. R. Gardner,=!= C. G. Haterfield,** and N. E. Phillips 

Department of Chemistry and Inorganic Materials Research Division of the 

Lawrence Berkeley Laboratory, University of California, 

Berkeley, California 94720 

ABSTRACT 

4 The constant-volume heat capacity of He has been measured at molar 

volumes from 20.45 to 29.71 cm3/mole in the temperature range from 0,3 to 

4 K. The entropy has been obtained as a function of volume and temperature 

by extrapolation of the data to 0 K. The P-T equilibrium curves below 2 K 

were obtained from the volume dependence of the entropy in the two-phase 

regions. The V-T curves were obtained above 1.25 K by observation of heat 

capacity discontinuities at the phase boundaries and below 1.25 K from the 

equilibrium pressure-temperature data and the properties of the pure phases. 

The minimum in the melting pressure occurs at 0. 774 K and is 8. 04 x 10-3 atm 

below the 0 K value. The corresponding maxima in the molar volumes of the 

solid and liquid were also determined. In the bee phase (8S/8V)T and 

(8Cv/8V)T are everywhere positive. Both the temperature and volume 

dependence of the heat capacity are similar to those of bee 3 He, in the 

very limited ranges of volume and temperature in which the phase could be 

studied. An unexpected rise in heat capacity in the 20 mK interval below 

the melting temperature was observed. 

* Work supported by the U. S. Energy Research and Development Administration. 

t Present address: Los Alamos Scientific Laboratory, 

University of California, Los Alamos, New Mexico 87544 

t Present address: Xerox Corporation, 1341 W. Mockingbird, Dallas, Texas 75247 
** Present address: Central Laboratories, British Titan Products Company Ltd., 

Stockton-on-Tees, Teeside, England. 
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I. INTRODUCTION 

In this paper we report measurements of the constant-volume heat 

capacity of 4He at molar volumes V corresponding to those of the bee 

phase and the adjacent two-phase mixtures. The measurements were 

originally undertaken to establish the thermodynamic properties of the 

bee phase and they extend to temperatures that are low enough (typically 

0.35 K) to extrapolate to 0 K to determine the entropy. The measure-

ments in the two-phase regions establish (apart from an undetermined 

constant of integration) the phase boundaries in the P-T plane. The 

discontinuities in CV determine the V-T phase diagram. The apparatus, 

general techniques, and the results of measurements on the hcp phase 

1 have been reported in an earlier paper, hereafter referred to as TPH I. 

2 
Measurements on the liquid phases will be reported in a later paper, 

TPH III. The remainder of this section of this paper is devoted to a 

brief outline of earlier work on bee 
4

He and the low-pressure low-

temperature phase diagram, and to a summary of the thermodynamic relations 

used in analyzing the two-phase data. Some details of special experi-

mental' techniques and data analysis that were not discussed in TPH I 

are given in Section II. The results are presented and discussed in 

Sections III to VII. 



A. Low-Pressure Low-Temperature Phase Diagram of 4He and Properties 

of the bee Phase. 

The P-T and V-T phase diagrams drawn to conform to the results 

obtained in this work, are shown in Figs. 1 and 2. In these diagrams 

and throughout the following an equilibrium mixture of several phases 

will be designated by the symbols for the pure phases separated by plus 

sign~ and the same designation in parentheses will be used to identify 

the equilibrium pressure and temperature, e.g., hcp+II for the equilibrium 

mixture of hcp and liquid II phases, P(hcp+II) for the corresponding 

equilibrium pressure, and T(hcp+bcc+II) for the temperature of the 

triple point at which hcp, bee and II are in equilibrium. Thermodynamic 

properties of pure phases or mixed phases will be designated by the 

symbol for the phase or mixture as a subscript. It is occasionally 

convenient to have a special symbol for a property of a pure phase when 

the pure phase is in equilibrium with another phase or phases, and in 

such cases the expression for the thermo~ynamic property of the pure 

phase will be followed by the symbol for the associated equilibrium 

mixture in parentheses, e.g., Vh (hcp+II) or Vh (hcp+I) for the melting cp cp 

volume of the hcp phase, depending on whether it is melting to liquid 

II or to liquid I. The symbols TAm and T/..s will he used for the 

temperatures of the intersections of the A line with the melting and 

saturation vapor pressure curves, respectively. In a few places where 

it is unnecessary or inconvenient to make a distinction between the two 

liquid phases, the symbol f will be used to represent both .• 

The early Cv measurements on liquid 4 He by Keesom and Keesom3 

established that the coefficient of thermal expansion, a = v- 1 (av/aT)p, 

0 0 



was negative below TA. Later measurements of a by Atkins and Edwards4 

showed that, at the saturated vapor pressure, it became positive again 

below 1.15 K. Shortly before the bee phase of the solid was discovered, 

Goldstein5 proposed a correlation between the values of a for the solid 

and liquid at equilibrium, and suggested that for the solid at the 

melting pressure a might be negative in the temperature interval of the 

negative values for the liquid. The available experimental data were 

consistent with this suggestion and also showed that the entropy of the 

5 melting solid increased very rapidly between 1.25 and 1.75 K. These 

observations led Goldstein to suggest that a "mild transformation-like 

process" would be found in the solid near TAm· He also pointed out 

that at lower temperatures, where phonons are the dominant excitations 

in both phases, the entropy of the solid might be greater than that of 

the liquid, because transverse phonons contribute to the entropy of 

the solid but not to that of the liquid. In that case there would be 

5 a shallow minimum in the melting pressure. 

The first accurate thermodynamic study of the melting process in 

4pe in the 1 to 4 K region was made by Swens~n~-9 His data for P6V did 

show a small kink near 1. 45 K which was probably related to the occur-

renee of the bee phase, but the effect was not large enough compared 

with the precision of the data to attract attention. The existence of 

the new solid phase in 4He was first reported by Vignos and Fairbank10 

who deduced the P-T phase boundaries from their sound velocity measure-

ments. Subsequently, Schuch and Mills showed that the new phase had the 

11 bee structure. Grilly and Mills, who had also measured 6V of melting 
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12 
without detecting the narrow bee phase, repeated their measurements in 

13 
the 1 to 2 K region, and obtained the V-T and P-T phase boundaries in 

the vicinity of the bee phase. Their later ·data shmved that there were 

regions in which the average value of a for the bee phase was negative, 

in agreement with Goldstein's5 predictions. 
14 

Ahlers measured CV for 

the bee phase at three molar volumes (confined to the high density end 

of the phase because he relied on a plug of solid 4He to seal the filling 

capillary). He interpreted his data as showing that ('d~/'()V)T < 0, as 

it must be, either in the pure bee phase or at lower temperatures, if 

ab < 0. cc 
\ 14 

The V-T phase diagram found by Ahlers, when combined with 

the P-T diagram· established by Grilly and Mills, 10 also gave regions in 

15 
which abcc < 0. More complete CV measurements by Edwards and Pandorf 

were not sufficiently precise to determine the sign of ('dCV/'dV)T in the 

bee phase, but the authors suggested that positive values were more 

probable. Neither set of heat capacity measurements spanned the low-

temperature high-volume end of the bee phase where Grilly and Mills 

showed that negative values of ab were more probable. Negative values cc . 
16 

ofa were thus still a clear possibility although the disagreement 
~DCC 

between the calorimetrically determined values of T(hcp+bcc+II) and 

that determined by P-V-T data cast some doubt on the P-V-T data. Jarvis 

17 et al. used a strain-gauge technique to measure the pressure in the 

bee phase as a function of temperature at constant volume. Their data 

showed that ('dP/'dT)V > 0 and therefore abcc > 0. Their data were taken 

in the high-volume region of the phase, and therefore seemed to rule 

out any region of negative ab but left the problem of the negative cc 

1'"1. 
p 0 0 
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values of a derived from the phase diagrams. The first CV measure-
bee 

18 
ments included in the work reported here showed conclusively that 

(aCV/3V)T > 0 in the bee phase. 
19 

In later measurements data were 

obtained in the supercooled bee phase, appreciably extending the 

temperature interval that was studied, and the precision of the measure-

ments of V was increased to establish an independent V-T diagram. A 

brief preliminary report on these results has already been given~ 0 

A new study of the P-V-T relations along the melting line, published some 

. 1" . f 21 d 1 . d "1 22 1 time ago 1n pre 1m1nary orm an recent y 1n more eta1 , a so gave 

positive values of abcc· 

A variety of experimental evidence for the melting pressure 
, 

minimmn predicted by Goldstein has been reported, but the estimates of 

23-27 
the depth of the minimum vary considerably. The volume dependence 

of the entropy in the hcp+II mixture determines the temperature deriva-

tive of the melting pressure and thus, by integration from 0 K, the 

shape of the P-T equilibrium curve. The entropy data reported here, 

which have also been the subject of an earlier brief report;
8 

are in 

good agreement with the high-precision strain-gauge measurements by 

27 
Straty and Adams. 

B. Smnmary of Thermodynamic Relations for Two-Phase Mixtures. 

For a single phas~ system, measurements of CV that can be extrapolated 

to 0 K to obtain the entropy, S(V,T), do not prpvide a complete determi-

nation of the thermodynamic properties. Some additional information, 

e.g., P(V) at one temperature, is needed. In a two-phase region, however, 

the nmnber of degrees of freedom is reduced by one and the equilibrium pressure 

is independent of V. Since S and V are·'both linear in mole fraction, 



dP (i+j) 
= (asi+j) 

av .+. 
~ J T 

dT 

s.-s. 
~ J 

v .-v. 
1 J 

(1) 

Thus, Cv measurements that determine ('dS/'dV)T determine P(i+j), apart 

from a constant of integration, throughout the two-phase region and, in 

particular, along the boundaries of the single phase regions. In 

principle can then be found within the single phase regions by 

integration of the general thermodynamic relation 

(2) 

and a complete thermodynamic description of the system can be obtained. 

In two-phase regions, extrema of the equilibrium pressure occur 

where ('dS/'dV)T = 0. Furthermore, by differentiation of Eq. (1), 

d 2P(i+j) 
= .!. ( acv) 

T av 
T 

(3) 

and inflection points in the equilibrium pressure occur when 

('dCV/dV)T = 0. The slopes of the phase boundaries in the V-T diagram 

are given by 

dVi 
v. ai - v. Ki 

dP~i+j) 

dT ~ ~ dT 

v. Kij[{~i)vL - dP (i:f'j) l 
~ dT 

(4) 

6 £ ~ Q 0 £ r"~~ n (:, £,./ f--1 0 0 
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where K _ - v- 1 (8V/8P)T. The molar entropy and volume are 

S = x.S. + x.S. 
l. l. J J 

V = x.V. + x.V. 
l. l. J J 

(5) 

(6) 

where x. and x. are the mole fractions of the pure phases. The heat 
l. J 

capacity of the two-phase mixtures can be related to properties of the 

pure phases and the slopes of the V-T phase boundaries by differentiation 

of Eq. (5), use of the condition dV = -0 to eliminate terms in dx/dT, 

and use of Eq. (4) to eliminate dP(i+j)/dT. The result is 

= 
T 

+~ 
i i 

+-T
K.V. 

J J 

(7) 

which also gives the discontinuities in CV at the transitions between 

single- and two-phase regions. 
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II. DESCRIPTION OF THE MEASUREMENTS 

AND MOLAR VOLUHE ASSIGNMENTS . 

The apparatus has been described in TPH I. It bears repeating, 

however, that the sample is contained at constant volume by a valve at 

the entrance to the sample cell, thus eliminating the complications 

associated with a filling capillary blocked by solid ~He. 

In this section we give a description of a run that passed through 

part of all but one of the regions in the V-T phase diagram investigated, 

a description of the determination of several quantities -- triple point 

temperatures and energies, transition temp_eratures and heat capacity 

discontinuities that were not discussed in TPH I, and we complete 

the description of the assignment of molar volumes that was given only 

partially in TPH I. 

A. Typical Values of Heat Capacities and Relaxation Times as Illustrated 

by Sample 26. 

For most of the heat capacity runs, the measurements extended from 

a temperature near 0.35 K to above 2 K and passed through each of the 

single;..phase and two-phase regions indicated by Fig. 2 for that particular 
.! 

molar volume. The magnitude of CV and the thermal relaxation behavior 

of the sample and cell varied considerably from region to region in the 

phase diagram. These features are illustrated in Figs. 3 and 4 for run 

26 (20.960 cm3 /mole) which passed through seven different transitions 

0 [;;; 0 r o a· . ·' . 
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between 1.2 and 2.3 K, several of which were common to many of the runs. 

Sample 26 starts in the pure hcp phase and enters the hcp+II region at 

1.247 K. The discontinuity in CV at this temperature is small because 

the slope of the V-T curve is small [see Eq. (7)]. At T(hcp+bcc+II), 

1.463 K, the hcp+II mixture changes to hcp+bcc, and the hcp content 

decreases from 98% to 74%. This change requires a finite increment 

in energy at constant temperature and, for the data as actually taken, 

appears as high or possibly infinite value of ~· As the temperature 

is increased from 1.463 K, the hcp content decreases approximately 

linearly with temperature [because Vh (hcp+bcc) and Vb (hcp+bcc) are cp cc 

linear in T] until the sample enters the pure bee region at 1.638 K. 

Some data on the pure bee phase at lower temperatures were obtained by 

supercooling from the bee or bcc+II regions, and are shown in Fig. 3. 

As the temperature approaches the upper limit of the bee phase the heat 

capacity increases rapidly but continuously, obscuring the discontinuity 

in CV expected at the phase boundary. 

In the pure hcp phase the thermal conductivity is high, the heat 

capacity is relatively low, and the sample and cell come to thermal 

equilibrium rapidly after a heating period. The temperature follows a 

linear afterdrift within a few seconds (the time constant of the 

measuring instruments) of the time the heater is turned off (Fig. 4A). 

The equilibrium time remains short in the hcp+II region, but increases 

sharply at the transition to the hcp+bcc mixture (Fig. 4B) and continues 

to increase throughout the hcp+bcc region (Fig. 4C). The time constant 

decreases again when the sample enters the pure bee region (Fig. 4D) 
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and remains,approximately constant until the last 10 or 15 mK of the bee 

region where it increases rapidly (Fig. 4E), in the same temperature 

interval in which the increase in CV is observed. 

Sample 26 began to melt to liquid II at 1.693 K. As mentioned 

above, the discontinuity in CV is not well defined. There is, however, 

a well defined change in slope of CV vs. T for all bee samples, and this 

was taken as defining the transition temperature. For sample 26 a number 

of heat capacity points spanned this transition and all yielded the same 

estimate of the transition temeprature. The transition to the bcc+II 

region was also marked by a sharp drop in the equilibrium time. The A 

transition in the bcc+liquid mixture is shown in the inset to Fig. 3. 

The bcc+I mixture could be superheated 15 to 20 mK into the region of 

stability of the hcp+I mixture and data taken in this interval are also 

shown in the inset to Fig. 3. When the superheated bcc+I did transform 

to hcp+I the temperature dropped rapidly to approximately T(hcp+bcc+I)+ 

5 mK and then continued to drop with a time constant of the order of an 

hour. True equilibrium was not established even after two hours and 

consequently it was not possible· to determine T(hcp+bcc+I) accurately. 

The heat capacity in the hcp+I region is very high and there is a 

large discontinuity in CV (required by the high V-T slope) at the 

transition to the pure liquid I region, at 2.280 K for this sample. 

In the hcp+I region the equilibrium time increases steadily from 

approximately 10 min just above T(hcp+bcc+I) to 30 min near the upper 

limit of the mixed phase. In the pure liquid I region the time constant 

is again shorter (Fig. 4F). 

h (\ 3 (l ("' t·> if''; (~! Q, 0 y.JO .tf "· l,,. r·'-" ~~ ~ 
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B. The Triple Points 

At constant volume a triple point manifests itself as an infinite 

heat capacity and, as such, resembles an ordinary first-order transition 

at constant pressure. However, the heat absorbed at a triple point at 

constant volume is equal to ~E and depends on the volume. 

At T(hcp+bcc+II) the total molar volume may have values between 

22.947 cm 3 /mole and 20.910 cm 3 /mole, while the temperature and pressure 

are invariant. On the low temperature side of the triple point the 

stable state is an hcp+II mixture. On passing through the triple point 

by the addition of energy, the hcp+II mixture is converted to either an 

hcp+bcc or a bcc+II mixture, depending on whether the total molar volume 

is lower or higher, respectively, than Vb (hcp+bcc+II), 21.098 cm 3 /mole. cc 

In the former case it was observed that the hcp+II mixtures and the 

hcp+bcc mixtures could be superheated or supercooled, respectively, 1 or 

2 mK past the transi~ion, after which the third phase would nucleate. 

Thereafter the approach to equilibrium was quite slow in spite of the 

presence of superfluid, and typically at least 30 minutes were required 

before the temperature became steady. This temperature was measured 

many times at many molar volumes with the result T(hcp+bcc+II) = 

1.463±0.001 K. Starting in the hcp+II mixture at approximately 1.46 K, 

the energy change was measured by introducing enough energy to warm the 

sample through the transition into the hcp+bcc (or bcc+II) mixture at 

approximately 1.47 K. Because the stable limits of the hcp+II and 

hcp+bcc mixtures could be exceeded, it was possible to measure CV in 
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both mixtures right up to the triple point. Thus the energy associated 

with temperature changes could be determined accurately and subtracted 

from the total to yield 6E. Since 6E was usually much larger than the 

subtracted terms and because it is relatively easy to measure an energy 

input accurately, the measurements of 6E are very accurate, successive 

determinations typically agreeing to better than 0.05%. 

' At molar volumes above 21.098 cm3 /mole, the hcp+II and bcc+II 

mixtures could be superheated or supercooled, respectively, as much as 

70 mK before the third phase would nucleate. Generally, the less solid 

present, the more the mixtures could be superheated or supercooled. 

This limits the accuracy of the measurement of 6E, because at the 

highest molar volumes in the mixtures (near 22.9 cm 3 /mole), where very 

little solid is present at equilibrium, 6E is very small. Therefore, 

on passing through the triple point, the third phase does not nucleate 

until so much energy has been added (or removed) that the transition 

is complete, i.e., when the third phase finally does nucleate, the 

temperature does not "pop" back to T(hcp+bcc+II), but only rises (or 

falls) slightly. Thus in practice 6E could not be measured at the 

higher molar volumes. [Nor, in fact, was T(hcp+bcc+II) measurable 

there.] Nevertheless, as will be shown, there is sufficient information 

to determine 6E accurately at all molar volumes. 

At T(hcp+bcc+I), the three phases bee, hcp and liquid I are in 

equilibrium. In these experiments approximately 20 mK of superheating 

or supercooling takes place before the third phase nucleates, after 

which the approach to equilibrium is exceedingly slow. True equilibrium 

b r 0 0 0 
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is not established even after two hours. It was not possible to deter

mine liE but an approximate value of T(hcp+bcc+I), 1. 772±0. 002 K, \vas 

obtained. However, liE can be calculated accurately from the entropy and 

volume data, and T(hcp+bcc+I) can be estimated relative to TAm' The 

latter temperature was determined in a number of experiments and found 

to be TAm= 1.762±0.001 K. 

C. Transition Temperatures 

In order to determine the V-T phase boundaries of the bee phase 

independently, it was necessary to make accurate measurements of the 

transition temperatures. Since no latent heat is involved in these 

transitions, the transition temperature can be calculated from a heat 

capacity measurement which spans the transition, provided the heat 

capacities of the pure phase and the mixture are known near the transi

tion temperature. It was possible to obtain very precise data in the 

hcp+bcc mixtures, although as the mixture approached the pure bee phase, 

the equilibrium time became as long as one hour. Moreover, it ~vas 

found that the hcp+bcc data for each molar volume could be precisely 

fit by a simple two-term expression, CV =AT+ BT 2
, permitting reliable 

extrapolations to the transition. In the pure bee phase, data were 

always taken very close to the transition and could be extrapolated 

reliably, and in later runs data were also obtained for the supercooled 

bee phase. The transition temperature was calculated from a rather 

wide (25 to 50 mK) heat capacity point that spanned the transition. 
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Because CV could be measured accurately on both sides of the transition, 

this temperature, as well as 6CV was accurately determined. 

Th~ measurement of the bee to bcc+II and bee to bcc+I transition 

temperatures and the associated 6CV was compl.icated by the presence of 

the pretransition anomalies (see discussion in Section VII). The heat 

capacity discontinuities were difficult to determine because of the 

uncertainty as to where the pretransition "tail" stopped and where 

melting began. There was, however, a vertical discontinuity in CV at 

all but the highest molar volumes and "mixed" points spanning each 

transition yielded consistent results for the transition temperature. 

For molar volumes higher than approximately 21.05 cm 3 /mole, the heat 

capacity of the bcc+II mixture is not much larger than that of pure 

bee and the pretransition tail obliterated the vertical discontinuity. 

D. Heat Capacity Measurements in the bee Phase 

The pure bee phase could be supercooled by as much as 25 mK at the 

lower molar volumes and 40 mK at the higher molar volumes. In the earlier 

runs this supercooling was not noticed but in the later runs CV was 

measured in the supercooled region after first cooling to within 

approximately 10 mK of the expected metastable limit. If neither the 

shock of opening the heat switch nor the thermal shock of the first 

heat input were too great, data could be taken up to the melting 

temperature. 

( •.· . .. 
l 0 0 
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The stainless steel filling capillary formed a weak thermal link 

between the calorimeter and the 3 He pot, and above 1.2 K data were 

usually taken with the 3He pot at 4He bath temperatures (1 to 4 K). If 

the 3He pot was maintained at 0.3 K, the heat leak down the capillary 

was sufficiently large to cool the calorimeter for sample temperatures 

above 1.4 K. This heat leak could be balanced by passing a small current 

through the heater, and was steady enough that a very linear drift could 

be maintained. The heater could then be turned off for a measured time 

interval (typically 1 to 5 minutes was required to produce a large 

enough ~T) and the heat capacity could be evaluated from the associated 

reduction in energy. During the fore- and after-drifts, a larger than 

usual steady state temperature difference was maintained between the 

calorimeter and.the sample, and it was found that the apparent transition 

temperatures were displaced by 1 to 2 mK. Aside from this difference, 

the "negative" ~ data agreed with the data obtained in the normal way 

to within the experimental precision. This technique was used to check 

the bee CV data in the region prior to melting, and was used to measure 

~ in the supercooled bee phase, where it allowed a study of the super

cooled phase in a slightly wider temperature range. 

E. Assignment of Molar Volumes 

As described in TPH I, the molar volumes of samples 24 to 45, 

which were studied in cell number 4, were calculated from n, the measured 

number of moles, and an assignment of the cell volume, VC, that gave 
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agreement with~ single point on Grilly and Mills' V-T curve13 for the bee 

phase. [In principle, all reported V's should have been corrected upward 

in connection with the revision of the temperature scale (see TPHI), but 

that correction was only 0.006%, and was not made.] When data from some 

of the Jater runs in that series were added to S vs. V plots in the bee + I 

region, however, irregularities were apparent. This led to a reexamination 

of the data used in determining n and the discovery of inconsistencies in 

the manometer readings. It was not possible to correct the value of n, 

so the value of V for samples 36, 37, 38, and 40 were reassigned on the 

basis of data in the hcp + I region where samples 25 and 28 defined straight 

lines on s-v isotherms. Values of V were obtained at a series of tempera-

tures by interpolation in the S-V plots, and averaged. 

The data obtained in cell number 4 were used to construct a provisional 

V-T diagram for the bee phase, similar to that shown in Fig. 5. When the 

evaluation of. the entropies permitted the determination of the P-T diagram 

it was possible to calculate average values of K and a for the bee phase. 

Bumps were found in plots of K and a vs. T in the 1.48 to 1.60 K region 

where there were no data from cell number 4, and the VbccCbcc + II) curve 

was adjusted in that region to smooth the values of K and a. The resulting 

curve, shown in Fig. 5, was then assumed to be correct at T < 1.74 K, and 

was used to assign molar volumes to other samples that crossed it in this 

region. Within the precision of the n measurements, the assigned values 

of V and measured values of n gave consistent values of Vc for cell number 3, 

the only other cell in which more than one sample was studied. 

0 Q 0 
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The molar volumes of samples 9, 13, and 14 could not be assigned 

from the bee melting line. The first two lie at molar volumes below 

those of the bee phase (a~n was not measured for sample 9) and sample 

14 lies very near the tip of the bee phase where it melts to liquid I 

and clear data on the transition were not obtained. The molar volumes 

of these samples were assigned by comparing their entropies with 

entropies interpolated from other samples: for sample 9 in the 0.7 to 

1.5 K region of the hcp phase; for sample 13 on the basis of the linear 

S-V relation in the hcp +bee mixture; and for sample 14 on the basis of 

the empirically determined constancy of S/T 3 in the bee phase at 

Vbcc(hcp +bee). The assigned values of V are collected in Table I. 

F. Heater Power Corrections for Samples 36t 37t and 38. 

Discontinuities in the heat capacity data for runs 36, 37, and 38 

were traced ·to a voltage- and time-dependent internal short in the heater. 

The recorded currents and voltages permitted an approximate correction which 

has been made to the data taken on these samples. These data have been 

retained because they are important in determining P(bcc +I), but they 

are less precise and less accurate than those for other samples. 
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III.. ENTROPY DETERMINATIONS 

The CV data in the hcp phase could be accurately fit by simple four

term expressions and these were extrapolated to 0 K, and used to compute 

S. A more elaborate power series, CV = aT 3 + bT 4 + cT 4
•

5 + dT 5 .+ eT 5
•

5 + 

fT 6 + gT7 + hT9
, was required to fit Sr data in the hcp+II mixture. 

Equations of this form were used to calculate the contribution to S 

in the temperature interval of the CV measurements, but the extrapolation 

to 0 K was based on plots of ~/T 3 vs. T4
, similar to those shown in 

Fig. 6. These calculations gave values of S in the hcp+II mixture at 

temperatures up to T(hcp+bcc+II). 

In an s~v diagram a triple point appears as a triangle, the sides 

of which connect the S-V coordinates for the three pure phases. At 

T(hcp+bcc+II) and for molar volumes between those of the hcp and bee 

phases the triangle is well defined by the experimental data, as shown 

in Figs. 7 and 8. Fortunately, sample 28 had a molar volume almost 

exactly equal to VII(hcp+bcc+II) and therefore defines the upper corner 

of the triangle, as shown in Fig. 8. The parameters that define the 

S-V triangle at T(hcp+bcc+II) are given in Table II. The maximum value 

of ~S at T(hcp+bcc+II) is 0.0796 J/mole K, in good agreement with the 

. 15 
value 0.075±0.008 J/mole K reported by Edwards and Pandorf. 

The triple point parameters in Table II were used to assign _entropies 

of the hcp+bcc and bcc+II mixtures at T(hcp+bcc+II) for all molar volumes. 

In the hcp+bcc mixtures CV is well represented by CV =aT+ bT 2
, as 

illustrated in Fig. 9. for sample 21, and expressions of this form were 

e t" ~ 0 0 (:'> • ,n 0 0 ""'{ 1, P" iL.1 
'@:~~<: 
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used to calculate the entropy contributions in this'mixture. The result 

of the calculation is shown in Fig. lOb. In Fig. 11, Sb (hcp+bcc)/T3 

cc 

is shown on an expanded scale and it is demonstrated that, within the 

experimental scatter, 

sb (hcp+bcc) cc 101.7 T3 • (8) 

Figu're 10 also suggests that Sh (hcp+bcc)/T 3 is a constant, but the cp 

data are less complete. 

In the bee phase, entropy contributions were calculated by numerical 

integration of smoothed graphs of CV/T vs. T. As a first step in obtain

ing smoothed values of S in the bee phase, Eq. (8) and smoothed values 

of the hcp+bcc to bee transition temperature were used to determine the 

lower limits of integration for each volume at which CV was measured. 

The entropy in the bee phase is shown in Fig. lOa. Numerical integration 

of smoothed graphs of C/T vs. Twas also used to calculate the entropies 

in the bcc+II and bcc+I mixtures at temperatures up to T(hcp+bcc+I). 

These calculations completed the determination of the entropies of the 

mixed phases on the low-temperature side of T(hcp+bcc+I). 

The slope of the bcc+I side of the S-V triangle corresponding to 

T(hcp+bcc+I) is well defined by the experimental entroy data, as shown 

in Fig. 7. The end points of this side were determined from the V-T 

data for the bee phase (see Section VI) and for the freezing line. 

The third corner of the triangle was determined by straight-line extrapo-

lation of Vh (hcp+bcc) and the hcp+bcc isotherms in Fig. 7. The former cp 
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is a straight line in the region V > 20.74 cm 3 /mole, where it is deter-

mined by the data, and this extrapolation is consistent with Vh (hcp+I); 
cp 

the latter are necessarily straight lines. The parameters representing 

the S-V triangle at T(hcp+bcc+I), given in Table III, were used to 

calculate values of ~Sat T(hcp+bcc+I). The maximum value of ~Sis 

0.259 J/mole K in.excellent agreement with the value 0.255±0.017 J/mole 

]5 
K measured directly by Edwards and Pandorf. 

For those runs that entered the hcp+I region at T(hcp+bcc+I), the 

entropy at T(hcp+bcc+I) was taken from the parameters in Table III and 

numerical integration of plots of CV/T vs. T was used to extend the 

calculation of the entropy to the freezing line. 

0 0 
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IV. THE P-T PHASE DIAGRAM 

In a two-phase region, the temperature derivative of the equilibrium 

pressures, dP(i+j)/dT, is, by Eq. (1), equal to the slope of the straight

line isotherms in an S-V diagram such as Fig. 7. The accuracy with 

which these slopes can be measured is determined primarily by the volume 

range of the two-phase mixture and the spacing of the CV data in volume: 

although Fig. 7 does not make it clear, the slopes are in general as 

accurately determined at lower temperatures as at higher temperatures. 

Some low-temperature S-V isotherms that illustrate the determination of 

dP(hcp+II)/dT and show that P(hcp+II) has a minimum at 0. 774 K are shown 

in Fig. 12. Points on some CV-V isotherms (read from smooth graphs 

or calculated from analytical expressions fitted to, the data) are given 

in Fig. 13 and show {see Eq.(3)] that P(hcp+II) has an inflection point 

at 0.642 K. (The existence of this inflection point is also demonstrated 

in Fig. 6.) 

Below 0.5 K the values of dP(hcp+II)/dT read from graphs similar 

to Fig. 12 could be represented by 

dP(hcp+II)/dT 0.140 T3 + 0.018 T7 'atm/K, T < 0.5 K. (9) 

Values of dP(hcp+II)/dT below 0.35 K were obtained by extrapolation of 

Eq. (9) and dP(hcp+II) was integrated numerically from 0 K to 

T(hcp+bcc+II) to obtain P(hcp+II)-P 0 where P0 is P~(hcp+II), the 

equilibrium pressure at 0 K. TheEie values are given in Table IV and, 
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for 0.3 < T < 1 K, in Fig. 14. The minimum in P(hcp+II)-P 0 (hcp+II) is 

at -8.04xlo- 3 atm and 0.774 K. Smoothed results of the direct measure-

27 ments by Straty and Adams are also included in Fig. 14, where they 

have been plotted to coincide with this work at 0.35 K, the lowest 

temperature of their measurements. Although the agreement is good, the 

two sets of data do give slightly different shapes for the melting 

curve in the region below the minimum. The parameters of the melting 

pressure minimum reported here are also in satisfactory agreement with 

23 
the original estimate by Wiebes and Kramers based on decompression 

experiments (-8Xl0- 3 atm and 0.76 K), values calculated by Wiebes29 

from heat capacity data (-7.3±0.3Xl0- 3 atm and 0.76±0.01 K) and from 

. 3 
decompression experiments (-8.5±0.5Xl0- atm and 0.76±0.01 K), and with 

more recent direct measurements by Grilly
22 

[P . (hcp+II) = 24.985 atm 
m1n 

at 0.775 K]. Other work on the melting pressure minimum is discussed 

by Staty and Adams27 and by Wiebes. 
29 

BO 
Goldstein and Mills have derived an expression relating the melting 

pressure to parameters of the solid and liquid phases. When their 

expression is modified to take into account the temperature dependence 

of 8 reported in TPH I, 8h = 8h O (l-bT 4) with b = 0.0298 K- 4 , it cp cp, 

becomes 

P(hcp+II)-P 0 (hcp+II) 
RT r~ l)3lrl - 3(8II/8hcp,O) 3 (2-bT4)] 

fN 115 (ell . 2(1-bT4) 

47TVII 
+ ---=-=- (2~p,'kT)l/2 e-n/kTl 

Nh3 
(10) 

L b (;;\ (,') 0 co • r~ ~-·, 0 0 r~; I ' ~ ,. 1 .. -- !,'~") fi~ 
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With values of the Landau parameters at the freezing line taken from 

TPH III (~/k = 7.09 K and ~Y2po 2 = 3.75 10- 50 g 5
/

2 cm 2 sec- 2
) and the 

temperature dependence of ~V taken into account (see Section V), Eq.(lO) 

gives values of P(hcp+II)-P 0 (hcp+II) that agree to within 1% below 0.7 K 

and to within 2% between 0.7 and 1 K with those in Table IV. Above 1 K, 

where the Landau expression does not accurately represent CV for the 

liquid, the agreement becomes rapidly worse. The melting pressure 

minimum calculated from Eq. (10) is -7.89Xl0- 3 atm at 0.773 K. 

Values of dP/dT for the various equilibrium pressures in the 

neighborhood of the bee phase are shown in Fig. 15. The hcp+bcc data 

could be represented by a straight line, dP(hcp+bcc)/dT = 19.06 T-

18.17 atm/K. However, integration of this relation between the triple 

points gave P = 3.910 atm whereas the corresponding integration of 

the bcc+II and bcc+I data gave P = 3.980 atm. Although the bee+ II 

data incorporated several approximate corrections (See Sees. II E and 

II F), they were regarded as more reliable than the hcp +bee data for which 

the thermal time constants were very long and the temperature interval 

covered for a given volume was usually smaller. To achieve internal consistency 

the dP(hcp+bcc)dT relation for the hcp+bcc mixture was arbitrarily changed to 

dP(hcp+bcc)/dT 19.40 T - 18.50 atm/K. (11) 

This corresponds to a shift in dP(hcp+bcc)/dT of about L 7%,comparable 

to the scatter in the experimental data. The direct pressure measure-

13 9 
ments by Grilly and Mills and by Swenson are also shown in Fig. 15. 

The agreement along the bcc+II line is excellent. (This gives addi-

tiona! support for the assumption that there are no substantial differences 

in temperature scale between this work and that of Grilly and Mills --

see discussion of Section IID in TPH I.) Grilly and Mills' point at 
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1.44 K is in line with the bcc+II data and probably reflects the 

difficulty in obtaining equilibrium in that work. The discrepancies 

between our bcc+hcp data and those obtained by Grilly and Mills are 

probably of the same origin. 

Kierstea~1 • 3tas measured dP/dT directly, and the lines he used to 

represent his data are shown in the inset to Fig. 15. His values are 

4% higher than ours and, in view of the overall agreement of ours with 

those obtained by Swenson
9 

and Grilly and Mills, 13 seem to be in error. 

Kierstead's •Talues of the melting pressure are about 0.2 atm higher 

than those reported by Swenson9 and Grilly and Mills.
13 

(More recently, 

33 31,32 
Kierstead has mentioned that his earlier pressure data were too hi?h 

by approximately 0.1 atm.) Qualitatively, the temperature dependence 

of Kierstead's data is in good agreement with ours and curves similar 

to those drawn through our data would fit his new data better than his 

straight lines. 

In the hcp+I region 
. 9 13 

our data begin to deviate from the others ' 

above 1.9 K. This. could be because our data are based on relatively few 

samples lying over a rather narrow portion of the hcp+I volume range. 

Most of the samples pass from the hcp+I mixed phase to the pure liquid I 

phase between 2.2 K and 2.35 K and therefore (aS(hcp+I)/aV)T has. not 

been evaluated above 2.2 K. 

Values of P-Po along the bcc+II, bcc+I, and hcp+I lines 

were obtained by integrating smoothed values of dP/dT and taking the 

value of P(hcp+II)-Po(hcp+II) at T(hcp+bcc+I) from Table IV. 

For the hcp +bee mixtures dP/dT was taken from Eq.(ll). The 

results are given in Tables V and VI and in Fig .. 16. In Table VII 

9 ~~ c- ~· fi (:" f.\!'_:,~ 
~~¢.. 

Jl.J- l' 
;~ l} •' lt ,,_ 0 0 
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they are compared with various direct measurements of equilibrium pressures 

on the basis of the apparent values of P 0 obtained by subtracting our 

values of P-P 0 from the directly measured values of P. At the lower 

temperatures there is excellent agreement on the value P 0 = 25.00 atm. 

13 9 Grilly and Mills and Swenson's data, also plotted in Fig. 16, are in 

excellent agreement with the present data along the melting line. The 

data reported by Vignos and Fairbank10 are in excellent agreement with 

ours when based on the value P 0 = 25.21 atm. This value seems rather 

high in view of the other low temperature data. Kierstead33 has mentioned 

that Vignos and Fairbank'i0 pressures, as well as his own earlier data,31 , 32 

are too high. 

In the hcp+bcc mixture, pressures measured directly10 , 13 are too high, 

and extend to too low a temperature. We believe that this is a conse-

quence of the problems of achieving equilibrium and of measuring pressures 

in the solid-solid mixture and of the tendency of .the bee phase to super-

cool so easily. 

In the hcp+I mixture Grilly and Mills' 13 and Swenson's9 data become 

progressively higher than the values reported here, the discrepancies 

being 0.1 atm at 2.0 K and 0.3 atm at 2.2 K. The values of dP(hcp+I)/dT 

shown in Fig. 15 reflect this behavior. 

Grilly22 has recently made very careful direct measurements of the 

pressure in the solid+liquid and hcp+bcc mixtures. Our data, 1vhen 

based on Po = 24.99 atm, are ·in very good agreement with his along the 

entire melting curve up to 1.8 K, the discrepancy being less than ±0.02 

atm from 0. 3 to 2.0 K. 
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Grilly finds T(hcp+bcc+II) = 1.464 K, and T(hcp+bcc+I) = 1.772 K. 

Our "corrected" data on P(hcp+bcc) are in good agreement with Grilly' s 

throughout this interval. 

0 o a 
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V. THE V-T ?RASE DIAGRAM 

The presence of a minimum in P(hcp+II) influences the shapes of 

the V-T freezing line, VII(hcp+II), and the V-T melting line, Vhcp(hcp+II). 

Mills and Sydoriak
35 

have discussed the V-T freezing line qualitatively 

and have estimated that there would be a maximum at a temperature 80 mK 

below the temperature of the minimum in P(hcp+II). This effect can be 

demonstrated by plotting isochores in the liquid and solid phases in the 

P-T phase diagram, as shown in Fig. 17. (The isochores were taken from 

the data presented in TPH I and TPH III.) The separation between 

isochores reflects the correct compressibility of each phase. Inspec-

tion of Fig. 17 reveals a maximum in VII(hcp+II) at approximately 0.7 K, 

and also that there must be a maximum in Vh (hcp+II) at approximately cp 

0.9 K. In either phase, the maximum occurs when the slope of the isochore 

of the pure phase is equal to the slope of the P-T melting curve [see 

Eq.(4)]. The values of (aP/aT)V for the pure phases are compared with 

dP/dT in Fig. 14. The dP/dT curve crosses (aP/aT)V for the liquid II 

and hcp phases at, respectively, 0.699 K and 0.884 K, fixing the tempera-

tures of the maxima in the V-T curves at those values. 

The shapes of the VII(hcp+II) and Vhcp(hcp+II) curves near and below 

their maxima were estimated by extrapolating (aP/aT)V for the pure phases 

at the melting curve to 0 K and integrating Eq.(4) to obtain 

~n{V/V(O)} ~ {V-V(O)}/V(O) for each of the pure phases. The extrapolated 

values of (aP/aT)V' determined by graphs of T- 3 (aP/aT)v vs. T4
, were 

T- 3 (aP/aT)V = 0.1445 atm/K4 for hcp at the melting volume and 0.0189 atm/K4 
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for liquid II at the freezing volume. The values of K used in the 

integration were 3.5xlo- 3 atm- 1 for the hcp phase1 and 4.2xlo- 3 atm- 1 

for the liquid. 2 The resulting low-temperature V-T curves are shown 

in Fig. 18, where Vhcp,o(hcp+II) has been taken as 20.973 cm 3 /mole, 

consistent with the observed transition in sample 26 (see Fig. 5) and 

VIr,o(hcp+II) has been taken as 23.125 cm3 /mole to be consistent withthe 

transition in sample 28 (the latter value is also consistent with plots 

such as Figs. 12 and 13). The maxima in V are small, of the order of 

The temperature of the maximum in VII(hcp+II) is 75 

mK below that of the melting pressure minimum, in excellent agreement 

with the earlier estimate by Mills and Sydoriak.
35 

The hcp to hcp+II transition in sample 18 was used as a guide in 

extrapolating Vh (hcp+II) to T(hcp+bcc+II). Various data related to cp 

the melting curve below T(hcp+bcc+II) are collected in Table IV. 

The assignment of molar volumes to the samples studied in cell 

number 3 (see Section IIE) gave a total of 12 points on the Vb (hcp+bcc) cc 

curve below 1.74 K. The second differences of a smooth curve drawn 

through these points were constant to within their precision. The 

curve can be represented by 

vb (hcp+bcc) cc 21.24883+ 0. 50649 T - 0. 41667 T2 , (12) 

and intersects the Vb (bcc+II) curve at 1.463 K, in exact agreement cc 

with the directly determined value of T(hcp+bcc+II). The bee V-T phase 

diagram was completed (above 1.74 K) by taking T(hcp+bcc+I) = 1.772 K 

and extrapolating Eq.(l2) and the smooth curve for Vb (bcc+II) to that 
cc 

0 
,. 
~,J 
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temperature. The value of the triple point temperature is based on our 

direct determination of the value of T.Am' 1. 762 K, and I~ierstead' s30 

result, T(hcp+bcc+I)-T.Am = 10.0±0.1 mK. The smooth extrapolation of 

Vbcc(bcc+II) to the triple point is in principle inco:rect because, 

although dP/dT is continuous, the .A transition in the liquid at 1.762 K 

produces a discontinuity in d2 P/dT2 (P is the equilibrium pressure) and 

therefore in d 2V/dT2 , for both the bee and liquid phases [see Eq.(4)]. 

This effect should be very small, however, and we have therefore ignored 

the distinction between Vb (bcc+II) and Vb (bcc+I). The V-T boundaries of the . cc cc 

bee phase are given in the form of a table of smoothed values in Table V. 

A few points on the Vh (hcp+I) curve are given by Vh (hcp+bcc+I) cp · cp 

and the melting temperatures of samples 9 and 31. An extrapolation of 

this curve to higher temperatures that would be consistent with other 

measurements would require an inflection point as shown in Fig. 5. The 

9 
existence of an inflection point near 2 K is known from Swenson's work, 

and is also suggested by the work of Grilly and Mills. 13 TablE VI 

gives V-T data along the melting and freezing lines for temperatures 

above T(hcp+bcc+II). Along the freezing lines these tables are based 

primarily on data reported by Grilly and Mills,
13 

but below 1.55 K 

their values were altered to meet the low temperature VII(hcp+II) line 

at 1.463 K with the correct discontinuity in dV/dT. Sample 28 inter-

sected the freezing line at 1.4636 K aRd it was possible to observe 

two different transitions. On cooling, the stable transition II to bcc+II 

occurred, the bee phase supercooled considerably below the triple point, 

and ~Cv for this transition could be measured. On warming the hcp+II 
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mixture from low temperatures, the hcp phase superheated past the triple 

point where the transition II to hcp+II occurred, and ~CV for this 

transition was also measured. The difference in the two ~Cv's was 

approximately 10%, reflecting a difference of approximately 5% in dV/dT 

on the freezing line [see Eq.(7)]. 

Above ·1.70 K Grilly and Mills' data were adjusted to be consistent 

with the II to bcc+II transition temperatures in samples 37, 38 and 40. 

These samples have A transitions at temperatures in excellent agreement 

33 
with Kierstead's V(A)-T line. This adjustment makes the VII(bcc+II) 

line steeper near the upper A-point temperature, 1.762 K. At this 

temperature, the Grilly and }fills data have been smoothed to meet the 

v
1
I(bcc+II) line with a slight inflection (as required by the thermodynamics 

at the A point) and have been extended to 2.56 K. This extension is made 

possible by I to hcp+I transitions observed in a number of samples in 

this work~ 

0 0 0 0 
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VI. THERMODYNA.MIC PARAMETERS FOR THE TRA.},j'SITIONS 

The parameters P~V, T~S and ~E for the transitions between the 

pure phases can ·be calculated from the data given in the preceding 

sections. The results are given in Fig. 19. At 1. 4 

and 2.0 K there is almost perfect agreement between this work and 

9 
Swenson's later data. Of course, the presence of the bee phase in the 

present data preclude~ any intercomparison between the two triple 

points. The dashed lines represent the total P~V, T~S, and ~Eon going 

from hcp through the bee phase and on to the freezing line. This is 

essentially what Swenson measured, although his determinations of the 

hcp volume were in error because his data were taken in a solid-solid 

mixture. If the dashed P~V line is viewed as an extension of the solid 

hcp+I line, the data show a kink at T(hcp+bcc+II) and a maximum near 

1.60 K. As mentioned in the introduction, a similar kink.exists in 

Swenson's P~V data, but at a slightly lower temperature because the 

measurements were made on the supercooled bee ~ II transition. 
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VII. PROPERTIES OF THE bee PHASE 

A. The "Pre-transition Anomaly'' 

Most of the bee-phase CV data, including those taken on the super

cooled bee phase, are plotted as CV/T vs T in Figure 20. The most promi-

nent feature of these data is the "pre-transition anomaly" -- a gradual 

increase in CV in the 20 mK interval just below the melting temperature 

that merges into the expected discontinuity in CV. (For a few runs near 

the low temperature limit of the phase only a discontinuity in the slope 

of CV vs T was observed, and that point was taken as the melting temper

ature). The rounding of the expected discontinuity is not accounted for 

by the' finite width in temperature of the points, many of which were 

taken with temperature increment·s of 2 mK or less. 

The pre-transition anomaly was at first viewed with skepticism, and 

a number of checks were made to test the possibility that it was associ-

ated with an experimental error. The nature of the afterdrifts suggested 

(as might have been expected even without this evidence) that some liquid 

was formed during the heating periods for the pure bee points and that 

this liquid refroze only slowly after the heater was turned off. If the 

liquid did not refreeze completely the apparent value of CV would be high. 

In that case the values of CV might be. expected to be affected by thermal 

cycling and heater power, but no such effects could be discovered. 

0 0 
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Furthermore, the pre-transition anomaly is reproduced when points are 

taken with cooling drifts and "negative" heat imputs (see Sec.III D), as 

shown in Fig. 21 for sample 24. 

Since the pre-transition anomaly is associated with long thermal 

equilibrium times (i,e. the time necessary to attain a linear after drift 

is long) one must consider the possibility that superheating of the pres-

sure cell during a heating period results in a heat leak out the capillary 

that is not properly corrected for by the conventional extrapolation of 

the fore and after drifts. The temperature of the thermometer, which 

could be monitored during a heat input, showed that that part of the cell did 

-4 not superheat by more than 10 K. Even assuming the most unfavorable 

possible temperature gradients in the cell during a heating period this 

amount of superheating would not account for more than 5% of the observed 

anomaly. 

Another indication that the pre-transition anomaly is a real effect 

is given by the temperature drifts between heat capacity points.· The 

linear regions of· these drifts can be used to calculate relative values 

of the heat capacity if it is assumed that the stray heat input is con-

stant, and values calculated in this way show the same anomalous temper-

ature dependence. 

There is conflicting evidence on the question of a pre-transition 

anomaly from other experiments. Edwards and Pandorl5 reported a small 

"tail" in C in the 20 mK preceding melting for bee 4He whi<7h was repro
V 

ducible on heating and cooling. They attributed it to pressure gradients 
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in their cell, which was filled with sintered copper. Unlike other 

effects attributed to pressure gradients, however, the tail was not 

changed by annealing. It also seems probable that the pressure gradients, 

and the tail if it were caused by them, would be modified by melting and 

refreezing, but apparently it was not. Pandor£ and Edwards
36 

observed 

similar effects in bee 3He at melting. 37 On the other hand, Ahlers, on 

the basis of unpublished CV data for bee 4 He, has concluded that there 

is no pre~transition anomaly. 

An effect that may be related to the pre-transition anomaly in CV, 

and which may provide a clue to the reason for its nonappearance in some 

CV measurements, has been observed in strain-gauge measurements of 

(()P/()T)V in bee 3 He, Straty and Adams
38 

obtained values of (()P/dT)V 

36 that were in good agreement with values calculated from CV data every-

where except at temperatures just below melting, where the directly meas-

ured values were low. However, the use of a smaller connecting capillary 

in the strain-gauge measurements, which presumably gave more positive 

sample confinement, gave values in better agreement with the calorimetric 

~s 
data.- "The size of the capillary had no effect except very near the 

38 melting curve." Th~s, the appearance of a pre-transition anomaly in 

our CV data and Edward's and Pandorf's but not in Ahlers' may be related 

to a difference in the degree of approximation to constant volume condi-

tions in the face of the sharply increasing pressure. Although a corre-

lation of this type is suggested by the various CV and (dP/dT)V measure-

ments, we cannot offer a detailed model that would explain the different 

(" e; ~ (;) 0 £ 
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behavior of cv observed in different calorimeters. 

It should be emphasized that the pre-transition anomaly or pre-

melting tail in CV in both bee 3He and bee lfHe is distinct from the rel-

i 1 1 d · · 36 ' 39 f C f D b b h . . b 3H at ve y arge ev1.at1.ons o V rom e ye e av1.or 1.n cc e. The 

latter effect, which has been discussed in a recent review article,40 is 

much broader in temperature and the pre-melting tail is superimposed on 

it, 36 An explanation of the pre-transition anomaly in bee lfHe as a con

sequence of the occurrence of a new low-frequency mode has been given.41 

From the thermodynamic point of view, it seems strange that the pre-tran-

sition anomaly has the effect of stabilizing the bee phase and yet occurs 

at a temperature that is strongly correlated with the melting temperature. 

It seems clear that other, non-thermodynamic measurements are required to 

establish the nature of the pre-transition anomaly with certainty. 
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B. Thermodynamic Properties. 

In principle, the thermodynamic properties of the bee phase can all 

be derived from smoothed values of CV as a function of V and T within the 

phase, the properties along the hcp+bcc phase boundary, and P(hcp+bcc). 

As shown in Fig. lOa, (8S/8V)T is everywhere positive. However, the tem

perature overlap of different samples is small (see also Fig. 20) and it 

is clear that the volume dependences of CV and S are determined only 

approximately, especially in the pre-transition region. The results of 

the following analysis should therefore be regarded as qualitative. 

The bee CV data were graphically smoothed, both in V and T, by a 

procedure similar to one used by Hill 42 : values of C /T 4 and Lounasmaa 
v 

were plotted vs T-T* where T* is a characteristic temperature for each 

sample. T* differs from the melting temperature by a term linear in vol-

ume that was chosen to make plots of CV/T 4 vs V at various values of T-T* 

approximately parallel. Smoothed values of Cv(V,T-T*) were read from 

these plots, converted to Cv{V,T) by the smooth relation between T and 

T*, and used to obtain (8CV/8V)T. The latter can be used with standard 

thermodynamic relations to calculate (8S/8V)T and other thermodynamic 

properties within the phase from their values along the phase boundary. 

At the hcp+bcc phase boundary, (dS/OV)T was obtained from Eqs. (8), (12), 

and the additional relation 

v 5 (' 
j_ .. , 

r:~ 
~A 0 {' 

t-. t'"' f" ~.J 0 0 
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(

asbcc<hcp+bcc)/T
3
) __ 

aT v 
0.047 ± 0.001 J/mole-K 5

, (13) 

evaluated from Fig. lOa; P(hcp+bcc) from P(hcp+bcc+II) and Eq.(ll); and 

Kbcc by evaluation of Eq.(4). It was found that along the hcp+bcc phase 

boundary the. change in K with temperatue was approximately volume 

independent and given by 

(

()Kbcc(hcp+bcc)) 

()T V 
= 

-3 -1 -1 
1.67 x 10 atm K , (14) 

and also that 

Ebcc(hcp+bcc) - Ebcc,o(V) 

= T4 [88.31 - 5.03(V- 20.84)]mJ/mole (15) 

Eq.(l5) is an adequate approximation to the experimental data even though 

the volume range includes Vhcp(hcp+II) and Ebcc,o is therefore not a linear 

function of V. Representative values of the thermodynamic properties 

calculated from the smoothed Cv data are given in Table VIII. 

Values of P along several isochores, as calculated relative to 

P(hcp+bcc) are shown in Fig. 16. The small rise in (()P/()T) in the pre-

transition region is not perceptible on this scale. The values of P at 

the bcc+liquid phase boundary do not agree exactly with the values of 

P(bcc+liquid) derived from the two-phase data. The discrepancies are 

~ ~ 3 -12 x 10 atom and 4 x 10 atm at 21.05 and 20.90 em /mole, respectively. 

In terms of temperature, these errors correspond to -3 and 1 mK, and 

probably reflect errors in the assignment of the V-T boundaries, especially 

at the low temperatures where the values of Vbcc (bee+ II) are not very precise. 
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The values of K derived from the smoothed Cy data at the phase 

boundaries and along several isochores are shown as solid curves in 

Fig. 22. Average values of K across the phase can be calculated from 

the P-T and V-T phase boundaries and are shown as the dashed curve in 

the same figure. Another set of values of K can be obtained from the 

discontinuities in Cv at the phase boundaries and Eq.(7). For the 

bcc+liquid boundary, these values have been calculated ignoring the pre-

transition anomaly, i.e. by extrapolation of Cv from the region in which 

it is approximately proportional to T4 to the melting temperature, and are 

shown as solid triangles in Fig. 22. Since this calculation overestimates 

~V the values of K should be too low, especially at the higher molar 

volumes where the pre-transition anomaly is obviously a large part of the 

estimated !:£v. For the hcp+bcc phase boundary the experimental values 

of 6cv are experimentally well-defined and the corresponding values of 

K which are shown as open squares in Fig. 22 are probably the most accurate. 

Finally, values of K along the bcc+liquid boundary calculated from the 

smooth (oSbcc/oV)r data and Eq. (4) are represented by the open diamond, 

and smoothed values by the dotted curve. These values are very sensitive 

to the smoothed entropy values and are not expected to be accurate at the 

higher molar volumes where (oSbcc/oV)T is not well-defined. Previously 

. 14 15 21 22 publJ.shed values ' ' ' of Kbcc scatter quite widely, but are generally 

"-3 -1 
in the range of 3.5 to 4.5 x 10 atm • The direct measurements by 

G "11 22 . d" • 1 . d. d 1 f rJ. y J.n J.cate an approx1mate y temperature-J.n epen ent va ue o 

-3 -1 3.75 x 10 atm • 

c; 
-r-·: 

e 
.,.~ 

("\ 0 
(C . lr.l· n (' t .. , 0 f~ 0 0 ,J t- !"" 
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For every method of calculating ~ there is a corresponding method 
bee 

of calculating abcc since K = K(as/aV)T. In Fig. 23 the values calculated 

from the smoothed CV data and the average values obtained from the phase 

boundaries are compared with Grilly's
21 

measurements. The relation between 

these three sets of values is similar to that between the corresponding 

three sets of values of Kb -- Crilly's data and the average values calcc 

culated from the phase boundaries show temperature derivatives that are 

comparable with each other but greater than that for the values derived 

from the smoothed CV data. This presumably reflects errors in the empir

ical relations used to represent the properties of the bee phase along the 

hcp+bcc phase boundary [Eqs. (8), (12), (13), (14)]. 
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C. Debye Temperatures and Comparison with bee 3He 

With respect to their thermodynamic properties the hcp phases of both 

3He and 4He are similar to the heavier rare-gas solids, but bee 3He is 

quite different. The extension of these comparisons to bee 4He can be 

made only to a very limited extent because the data are restricted to such 

a narrow range of volume and temperature, but it is nevertheless of some 

interest. The usual basis for such comparisons is the temperature 

dependence of the effective Debye temperature 0 (defined by equating CV 

to the Debye heat capacity function of T/0) and the Gruneisen parameter 

y, which we take as defined by 

yc 
v 

v 

If 0/0 is a function only of T/0 · (where 0 is the 0-K value of 0), 
0 0 0 

y = y 
0 

d~n0 /d~nV and is independent of temperature. 
0 

For the hcp 

(16) 

. 3 4 8 0/0 0 phases of He and He the reduced -plots, i.e., plots of - - vs T/-o o' 

are similar in shape and show a relatively weak volume dependence, corres-

ponding to a weak temperature dependence of y. The values of y are 

3 approximately 2.3 at V = 15 em /mole and extrapolate to approximately 

2.8 at 21 cm3/mole for both hcp phases. 1 ' 39 ,
43 

For bee 3He the reduced 

0 1 h i 36,39, 44 h. h . 1 h . h - p ots s ow a max mum, w 1c 1s very unusua ~ t ere 1s a muc 

32 34 . greater variation of the reduced 0 plots with volume, ' correspond1ng 

to a more strongly temperature dependent y; and the deviations from 

Debye behavior, i.e., from temperature independence of 0, are more 

pronounced. 
3 36 3 9 

For V = 21.0 em /mole and T = 1.6 K, the calorimetric data ' 

can be used to estimate a y value of 3.1. 

0 ('' ~ if") €.':'" ('?~ 
f"l" 0 0 0 d ' J --~!} K~; 4 t:~ 
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4 For the bee phase of He the CV data do not determine the temperature 

dependence of 0 except in a narrow temperature interval, and 8 is not 
0 

known. However, Fig. 20 suggests that in that interval, and apart from 

4 the pre-transition anomaly, CV is approximately proportional to T . It 

is also obvious that (aCV/aV)T is everywhere positive and that a rough 

estimate of the volume dependence of the T
4 

heat capacity can be made. 

The result is 

C /T4 = 0.218 + 0.146(V - 20.85) v (17) 

3 From Eq. 17 one can derive, at V = 21.0 em /mole and T = 1.-6 K, 0 = 17.1 K, 

3 ·(a0/dV)T = 3.47 K mole/em , and (a8/aT)v = 3.6. Relative to its magnitude, 

the temperature and volume derivatives of 8 are larger than the values 

found for the hcp phases of 3He or 4He, but comparable to the values for 

3 the bee phase of He. In fact, each of these quantities [0, (a0jav)T, 

and (a0/aT)V] is less than than the corresponding quantity for bee 3He by 

a factor of approximately 1.3, as is partially illustrated in Fig. 24. 

The corresponding factor for the hcp phases is 1.18, which is slightly 

larger than the classical value, 1473 = 1.15, but it is quite possible for 

the value to be different for the different phases. Furthermore, for bee 

4He at V = 21.0 cm3 and at temperatures near 1.6 K but below the region 

of the pre-transition anomaly the data from Table VIII show that y is 

approximately 3.2 but strongly temperature dependent. Thus, although 

the evidence is meagre, there is a clear suggestion that the bee phases 

of 3He and 4He have similar properties. The interpretation of the pro-

3 perties of bbc He is still not clear, but has been reviewed recently by 

Trickey, Kirk, and Adams. 
40 
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Table I 

Molar Volumes of the Samples 

Sample No. 3 V (em /mole) Sample No. v 

31 20.4560 22 21.034 

9 20.521 16 21.065 
/ 

42 20.705 17 21.070 

13 20.742 25A 21.0944 

14 20.846 25B 21.0957 

21 20.885 44 22.002 

15 20.900 40 22.245 

29 20.9031 38 22.340 

18 20.921 5 37 22.380 

26 20.9602 43 22.540 

19 20.984 36 22.650 

20 20.987 28 22.947 

12 20.997 

11 21.004 

24 21.0135 
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Table II 

Thermodynamic Properties at T(hcp+bcc+II) 

Phase S(J/mole K) 3 V(cm /mole) 

hcp 0.1343 20.910 

bee 0.3193 21,098 

II 1.2763 22.947 

tf'l ~ ~ ·~ 
"!-!'l' ""'""'' "'··-~ fL .., 0 0 
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Table III 

Thermodynamic Properties at T(hcp+bcc+I) 

Phase S(,l/mole K) 
3 

V(cm /mole) 

hcp 0.2335 20.626 

bee 0.568 20.838 

I 4.50 22.15 
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Table IV. Thermodynamic properties of the hcp and liquid II phases along their equilibrium curve 

T 

(K) 

o. 
0.1· 

0.2 

0.3 

0.34 

0.38 

0.42 

0.46 

0.50 

0.54 

0.58 

0.62 

0.66 

0.70 

O.i4 

0.02 

0.35 

"· ..,, ...;.~-

1.0:! 

l.l;) 

1.1!. 

1.18 

1.22 

1.26 

l. 30 

1. 34 

l. 38 

1.42 

1.46 

1.463 

dP(hcp+II) 
dT 

(10-3 atm/K) 

o. 
-0.145 

-1.15 

-3.86 

-5.60 

-7.79 

-10.46 

-13.64 

-17.21 

-20.95 

-24.39 

-26.77 

-26.92 

-23. 33 

-14.10 

3.105 

30.94 

72.38 

130.6 

209.6 

31Z.4 

443.6 

607.6 

309.1 

H.i53. 

1149. 

1705. 

2126. 

2593. 

3142. 

3813. 

4596. 

5526. 

5600. 

P(hcp+I)-P 0 

(10-3 at:n) 

o. 
-0.0036 

-0.058 

-0.291 

-0.479 

-0.746 

-1.109 

-1.589 

-2.205 

-2.969 

-3.873 

-4.906 

-5.990 

-7. Gll 

-7 .. 732 

-7 .. 3dl 

-5.37~ 

-:.r& 
::.3.55 

:;.;;. 7 3 

t ";'. ~-J 

117.2 

1'5.1 

225.7 

3:>2.2 

396.7 

511.4 

650.1 

813.0 

1019.5 

1036.1 

l~tcp 
(l0-3 atm/K) 

o. 
0.149 

1.187 

3.981 

5. 783 

8.063 

10.87 

14.28 

18.33 

23.10 

28.65 

35.06 

42.41 

50.78 

60.27 

70.99 

83.06' 

96.61 

111.8 

128.8 

147.9 

169.1 

192.9 

219.5 

249.2 

282.5 

319.6 

359.3 

403.3 

452.5 

504.3 

561.9 

620.5 

625.0 

0 9 

[v-v.]hcp 

(l0-3 cm3/mo1e) 

o. 
o.oo 

. 0.01. 

0.04 

0.07 

o.n 
0.16 

0.23 

o.J~ 

0.45 

0.59 

0.76 

0.95 

1.16 

1.38 

l. 59 

1. 77 

1.38 

1.90 

1. 76 

1.40 

0.76 

0 .,. - .... o 

-1.68 

-3.72 

-6.45 

-10.10 

-14.66 

-20.52 

-27.59 

-36.37 

-47.15 

-61.80 

-63.00 

ri 
f 

_-

o. 
0.019 

0.154 

0.514 

o. 740 

1.014 

1.317 

1.623 

l. 790 

1.614 

-0.0734 

-4.304 

-12.318 

-24.02 

-41.66 

-66.39 

-97.25 

-137.50 

-189.03 

-250.46 

-330.7 

-435.6 

~s5s. 1 

-70d.6 

-896.5 

-1101.5 

-1354.4 

-1645.9 

-1988.1 

-2370.1 

-2779. 

-3179. 

-350i. 

-3615. 

[v-v.JII 

(l0-3 crn3/co1e) 

0. 

0.00 

o.oo 
0.03 

0.05 

0.03
1 

0.12 

0.17 

0.24 

0.32 

0.41 

0.50 

0.58 

0.61 

0.55 

0.37 

0.00 

-0.65 

-1.67 

-3.18 

-5.32 

-8.27 

-12.24 

-17.39 

-24. 08 

-32.57. 

-43.19 

-56.43 

-72.59 

-92.06 

-115.37 

-143.1 

-175.3 

-178.0 

----= 
:\.131. 756-1 GO! 

n o 



Table V. P-T boundaries of the bee phaHe, utKI V-T boundaries of the bee and adjacent two-phase regions. 

In this Table, the symbol .e. is used for both U.qu ld pil<wes. 

----¥····- ~-·-· .. ····-· ----·· ......... -·--·----------------------·-·- -··· . ···-· - ... ·- ------------------

T 
dP ~bcc+l2 P(bcc+.C)-Po V .t(bcc+ f) V IH:c (bee I·() ~~ ]_'_ (1 .!_C':.P_~~l?E'..£1 P(hcp+bcc)-P 0 vbce<bcc+hep) Vhep (bee+hcp) dT ,J'f 

(K) (atm/K) (atm) 
3 

(em /mole) 
3 

(cul /mole) (atm/K) (atm) 3 (ern /mole) 
3 

(em /mole) 

----

1 .lo63 S.ll 1. 036 22.947 21.0978 9.88 1.036 21.0978 20.910 

l. 48 5.55 1.127 22.931 21.0919 10.21 1. 207 21.0855 20.896 

l. 52 6. 72 1.371 22.890 21.0769 10.99 1. 631 21.0558 20.864 

1. 56 8.16 1. 668 22.839 21.0587 11.77 2.086 21.0248 20.831 I 
V1 

22.776 21. 0364 12.54 
0 

l. 6C 9.96 2.029 2.572 20.9925 20.796 I 

.l. Glo 12.29 2 .1·72 22.C.95 21.0087 13.32 3.089 20.9588 20.759 

l. 63 15.36 3.021 22.589 20.9734 14.09 3.638 20.9238 20.720 

l. 72 20.10 3.723 22.448 20.9273 14.87 4.420 20.8875 20.680 

1. 76 28.00 L;, 668 22.199 20.8638 15.65 4.827 20.8498 20.639 

l. 762 28.60 4.725 22.182 20.8598 

l. 772 29.59 5.016 22.150 20.8381- 15.88 5.016 20.8381 20.626 
... ··--·J 

XIJ~ 7SG-1GU3 
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Table VI. Equilibrium pressure and V-T boundaries of. the hcp+I mixtures. 

T dP~hcp-H) P(hcp+I)-Po Vhcp(hcp+I) v1 (hcp+I) dT 

(K) (atm/K) (atm) 3 (em /mole) 3 (em /mo1z) 

1.772 27.64 5.016 20.626 22.150 

1.80 29.33 5.815 20.576 22.081 

1.84 30.82 7.021 20.495 21.980 

1.88 31.76 8.274 20.409 21.880 

1. 92 32~54 9.560 20.331 21.782 

1. 96 33.22 10.876 20.254 21.685 

2.00 33.88 12.218 20.183 21.591 

2.04 34.49 13.583 21.498 

2.08 35.07 14.977 21.405 

2.12 35.60 16.390 21.312 

2.16 36.10 17.824 21.2~0 

2.20 36.58 19.278 21.130 

I· 9 ~ 9 o £ b 0 0 o 0 
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Table VII. Apparent values of Po based on comparison of our values of 

P-P 0 with direct measurements of the melting pressure. 

='-===' ====== ===-=================,=~= 

Author(s) 

Wiebes and Kramers
23 

27 Straty and Adams 

Sydoriak and Mills25 

26 
LePair et al. --

10 
Vignos and Fairbank 

Kierstead 
31 

33 
Kierstead 

34 
Lounasmaa and Kaunisto 

9 Swenson 

II 

" 
13 

Grilly and Mills 

II 

II 

Grilly
22 

II 

II 

II 

II 

* Taken as 1. 762 

T 

(K) 

0.76 

0.775 

0.80 

0.81 

1.1 - 1.8 

1. 763* 

1.763* 

1. 762 

1.399t 

1.597t 

1.746t 

1.28 

1.52 

1.72 

1.000 

1.46(1=-

1.600 

1,772 

2.000 

t Swenson's temperatures corrected to T58 

-=f=- Taken as 1.463. 

Melting Pressure 

(atm) 

25.0 

24.96 

24.96 

29.84 

29.74 

29.71 

25.81 

26.99 

29.265 

25.34 

26.38 

28.76 

25.015 

26.017 

27.003 

30.005 

37.320 

Apparent Po 

(atm) 

25.01 

24.97 

24.97 

25.08 

25.21 (av.) 

25.11 

25.01 

24.98 

25.08 

24.99 

24.964 

24.99 

25.01 

25.07 

24.993 

24.981 

24.974 

24.989 

25.102 
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Table VllL Sl!loothed therc.:~.~J!l-1:-',lc p:."opert!E:s of the bee ph.l.S<!· c:.a ~:").~erline.:! entries in the te:r.perature colu:~r: .are tt:e 

lb.ita of sta,ility o£ tl:e phase foe th.-2 b.Ji.c.tt~d ;;oh:me. 

(K) 

1.46!t 

1.468 

1.472 

1.476 

1.494 

~ 
1.488 

1.492 

1.496 

1.5M 

l.JC4 

1.500 

1.512 

!:.1!.?.i 

1.576 

1.580 

1.58-t 

1.5!33 

.!:.ll2i' 
l.S92 

1.596 

1.600 

1.61)4 

1.612 

1. £, i_IS 

r.o::c 
1.624 

1.~2~ 

1;63~ 

1.616 

l.!t4o 

1.6!..4 

l.f,f.S 

1.67.! 

1.1534 

~ 
1.699 

'1.692 

1.696 

1.700 

1.704 

l.i:'JiS 

1.712 

1.71f. 

1.720 

(J/mole-K) 

1.1541 

1.1674 

l,lli09 

1.1946 

1.2081) 

1.2230 

1.2359 

1.2317 

l.i529 

1.2691 

1.2880 

1.3126 

1.34~1 

1.411~ 

1.4213 

1,4752 

1.,9rM 

1.)~53 

1.5214 

1.5323 

1..53:-.! 

1.553: 

!.5615 

1 '~.'}.:._• 

:.~:;:. 

1.:'503 

1, 7933 

l.St65 

l.S352 

1,8::62 

l.S542 

l.S7J6 

1.~936 

1,9tl.l 

1.~356 

1.9592 

1.9-3~] 

2.028t) 

2.0920 

2.22~6 

2.2995 

(J/cole-K) 

.3157 

• )let~ 

• 3221 

.325) 

.J..!2fl 

.3318 

.334!1 

,1351 

.3384 

.1H9 

.J~ 53 

.)437 

.3522 

,')5:).<:! 

.H02 

.3953 

.3991 

,4029 

.4067 

.4094 

.4105 

,!ot4J 

.~:az 

,43"2 

.43':i~ 

.40:.23 

.45(:-:) 

.<4549 

.r..:;n 

.4619 

• .Hl2 

,4i25 

,J.769 

.4510 

.4d54 

,lo8S7 

,t,8il] 

.49'.2 

• 4956 

.5011 

,';N6 

• 'il~ l 

,)163 

.5215 

.SJ1.2 

.SDl 

E-E. 

(Jhole) 

' v • 21.1)3 C.'"l-/:-..-;:<: 

.3985 

.403~ 

,40-;'S 

.4126 

.4174 

,4223 

.4266 

.42:12 

.4nt 

.:.372 

.442) 

.t.t.n 

.:.528 

.45:::3 

.45::9 

.5381 

.5441) 

.5501 

. 5561 

.5604 

,56~2 

.5654 

.5378 

• ~935 

,I;.Q'l1 

.606S 

.6135 

.6271 

,1)).:.1) 

.69~1 

.6994 

• 7067 

.1on 
,71~0 

,7215 

.7291 

.7}67 

.744!. 

.75:!2 

.7~01 

.7651 

.7761 

• 7~J t 

i'-P ~ 

(a::~) 

1.21JS 

!..2:Hl 

L:4SS 

1.2>67 

1.2?48 

1.272d 

1.2802 

1.2313 

1.2397 

1.2'Jd5 

1.3075 

1.3172 

1.3l79 

t.J:.~7 

2.4114 

2.4201 

2.4294 

:!:.4353 

:!:.!.365 

2.4476 

::.,57L 
~ .4666 

: .~300 

2 .)059 

::.5160 

2..)36B 

2.5476 

::.55~(> 

:..BJ.:. 

:;:.59)) 

].~:?h2 

3.53)3 

3.6!.55 

).6:>5-i 

.::.6560 

3.6Q5t. 

3.5755 

J.t355 

3.t96J 

).7069 

),;'176 

).7~% 

3. 7!oiJO 

). 7 5~1 

J.nos 

4.nt. 

4.241 

4.2:.8 

4.255 

4.264 

4. 272 

4. 280 

4.2.'31 

4. 290 

4. 301 

4.313 

4.n3 

4.349 

4. JSJ 

4.3.33 

3.916 

). 922 

3.929 

3.936 

J.9a 

).942 

J.Y49 

).')50, 

) ,';16J 

3.999 

4.00i 

4.0!6 

4.0::!5 

.0..0)') 

4.(!59 

<..07) 

J. 710 

). 717 

3.7"14 

3.7:>1 

3.7H 

J. /37 

), 744 

).751 

). 7:::.0 

). 766 

J. 773 

3. 7Sl 

3.790 

l. i9S 

).810 

).31(, 

3.01J 

8.1!17 

8.289 

8.4'.2 

8.610 

8. 79!. 

a. 972 

8.999 

9. 234 

9.534 

10.021 

10.905 

12.651 

16.354 

16.907 

8.618 

s. 726 

8.839 

8.954 

9.0JS 

9.0il 

9.196 

9.3:::4 

9.506 

9. 741 

9.895 

10.058 

10.231 

10.422 

10.619 

!0. 930 

ll. 392: 

1::!.:!22 

!.J.913 

l&.l!ol 

8.859 

8.9139 

9.Lzt, 

9. 26~ 

9.2(.') 

9.!.04 

9.55 .. 

9. 710 

9 .. ')7/ 

10.057 

10.267 

10.56! 

11.0.:!9 

1LS7U 

13. 76~ 

--·--------------·- ----------=:::.-:::-.-_-::-=-==c=-.::.==--.::_-_-_-=~------·-==-.c: 

p 
.. _if 0 0 0 



Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

54-

Figure Captions 

The pressure-temperature phase diagram of 4He below 4 X. 

Data above 2.2 K are taken from other work. 

The volume-temperature phase diagram of 4He in the vicinity of 

the.bcc phase. 

The heat capacity of sample 26 plotted as log (Cv/T3) vs. T. 

For each of the lettered points the thermal relaxation behavior 

is shown in Fig. 4. 

Thermal relaxation behavior observed in different phases for 

sample 26. 

in Fig. 3. 

The letters A to F identify the point illustrated 

The time and temperature scales are indicated by the 

lengths of the arrows in each case. "On" and "Off" indicate 

the beginning and end of the heat input. 

The V-T diagram in the vicinity of the bee phase showing the 

tempeEabuFe intervals of the various measurements. The solid 

triangles represent transition temperatures of samples for 

which the values of V were determined independently of the V-T 

diagram and the volume dependence of other thermodynamic 

properties. 

Typical heat capacities of hcp+II mixtures at low temperatures. 

s-v isotherms in the vicinity of the bee phase, labelled by 

numerical values of T(K). 

Expanded S-V diagram at T(hcp+bcc+II). Points obtained by 

integration from 0 K are represented by e , and points obtained 

by integration from the pure bee phase [Sbcc(hcp+bcc)] by~. 
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Fig. contd. 

Fig. 9. Heat capacity of Sample 21 in the hcp+bcc and bee regions. 

Fig. 10. (a) Entropies in the bee phase, The dashed lines represent 

data taken in the supercooled phase. 

(b) Entropies in the hcp+bcc· mixtures. 

Fig. 11. The entropy of the bee phase at the bcc+hcp equilibrium 

pressure. The open squares are from Ref. 15. 

Fig. 12. S-V isotherms in the vicinity of the minimum in P(hcp+II). 

The inset shows the slopes of the isotherms in the hcp+II 

region. 

Fig. 13. Cv-V isotherms in the vicinity of the inflection point in 

P(hcp+If). The inset shows the slopes of the isotherms in 

the hcp+II region. 

Fig. 14. The low-temperature hcp+II equilibrium pressure, its 

temperature derivative, and (aP/aT)v for each of the two phases 

evaluated at the equilibrium pressure. The points on the P-P0 

plot are smoothed values from Ref. 27, plotted to coincide with 

the curve representing our results at 0.35 K. 

Fig. 15. Temperature derivatives of the equilibrium pressures in the 

vicinity of the bee phase. 

(a) See Ref. 9. 

(b) See Ref. 13. 

(c) See Ref. 31, 32. 

f' a· .J 



Fig, contd. 

Fig. 16. The P-T phase diagram in the vicinity of the bee phase. In 

plotting other data, values of Po have been chosen to give the 

best agreement with our data (See Table VII). 

(a) See Ref. 9. 

(b) See Ref. 13. 

(c) See Ref. 10. 

Fig. 17. P-T isochores for the hcp and liquid II phases in the vicinity 

of the minimum in the melting pressure. 

Fig. 18. Molar volumes of the hcp and liquid II phases in the equilibrium 

mixture. 

Fig. 19. The parameters PtJ.V, TfJ.S, and tJ.V for melting and for the hcp-+ bee 

transition. The dashed lines represent the total values for 

the transition hcp 4- liquid in the temperature interval in 

which the bee phase is the solid phase in equilibrium with 

liquid. 

~iS· %0 9 Heat capacities in the bee phase. The triple points are indicated 

by arrows on the T axis. Vertical bars indicate the limits of 

stability of the bee phase at the various volumes. Some hcp+bcc 

data are included for the two highest volumes. 

Fig. 21. Exp~nded display of Cv for sample 24 in the vicinity of the bee 

Fig. 22. 

phase. The solid symbols represent points taken with "negative" 

heat inputs. Horizontal bars represent the temperature increments 

for some large temperature increment points. 

4 The compressibility of bee He. The numbers indicate molar 

volumes. See text for an explanation of the symbols. 



·Fig. contd. 

Fig. 23. 

Fig. 24. 

4 
The thermal expansion of bee He. The numbers indicate molar 

volumes. The hatched area represents· direct measurements from 

Ref. 21. The other symbols are analogous to those in Fig. 22. 

Debye characteristic temperatures for various molar volumes 

(indicated by the numbers) for bee 3He. The dashed curves 

represent data from Ref. 36; the dash-dot curves, data from Ref. 39. 

The short heavy line near the middle of the figure represents 

4 1.30 8 for bee He, and the dotted extrapolation represents its 

temperature dependence. 
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