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THE THEORY OF FELIUM-111

1. Pomeranchuk

Abstract: In Baotion 1 we determine the temperature dependence of thermal
capacity, viscosity, and thermel conductivity in helium.3, In Section 2 we olar
ify the influence of exchange effects due to the nuclear spins of helium-3 atoms
upon the phase transition of 1iquid helium-3 to the solid stete, The hent of fua
sion of helium.3 at low temperatures must be negative and equal to =Relog 2.
Theoratical possibilities of obtaining temperatures of the order of 10‘6 to
10~7 degrec during adiabatic freesing of liquid helium?, are indiocated, Certain
peculiarities of the nuclear magnetic susceptidility are olarified.

1, Thermal Oapacity, Viscosity, and Thermal Conduotivity of Liquid Helium-3
Recently it has been established that liquid helium-3 in contraet to li-
quid helium«l dces not possese superfluidity down to the temperature 1,05°%K (1);
This result mokes probable the absence of superfluidity in helium-3 for any teme
perature. In the case of heliumelt the Bose-Einstein statistics favors superflui-
dity (2). If o suffiociently rarefiod gas is considered which obeys the Fermi-
Direc otatistics, then the influence of the interaction of the atoms upon the
properties of this gas can be explained by the methods of the theory of pertur-
bations, The theory of perturbations is applicadle for sufficiently small gas
densities and in the case of forces acting in short ranges. Ooneiderations and
actual calculations such as mentioned do not indicate any supsrfiwnddbtyin
helium.3, Under nimilar conditions a Bose gas reveals superfluidity in certain
cglei(z)g Thase ara the bases for not considering helium-3 superfluid. The en-
ergy of the excited states of helium-3 for small excitation energles is the sum
of the elementary excitation energies of the "quasiparticles' (3). It is essent-
ial to consider that these excitations obey the Permi-Dirac statistics, since in this
cage such excitations of the entire system pase continuously to the excited sta-
tes in the sense of the forward motion of the helium-3 individual atoms, when the

tranedition from the 1liquid to the gas ocours, The properties of the exoltations
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of conduocting electrons in netals lead one to similar consideratiene of axcit=

ations in liquid neliume3, Ae i wbll Jmown, the electron thermal capacity of

_ metals and s number of other properties of metals correspond with the Termi-

Direc statistics for excitations. (The existence of mpemnéugt-;vuy ig oon=-
aected with some small effects not taken into consideration in the rough Fermi-
Dirac model, The szallness of these effects appear in the smallness of the ton=
peratures at which mporeond.uot:lvi.w oocurs, in comparisen witz the "natural!
electyon temperatures which possess the order of magnitude of the temperature
governing the degeneraoy of electrons.)

Well lmown ie tho case where the excitations of the system of interacting
electrons obey the Bose etatistice (4), mis case ccrresponds te the states
that differ slightly from the "null" states in which the electron spins are
oriented to one side. A Mpull" state is a "singular point" snd therefore ex-
citations close to such a state also possess unususl properties, In the case
of 1liquid helium-3 Just as in the case of nonferromagnetic metals in nonsuper=
conducting stetes the yovest: "null" state is characterized only by the lowest
energy and nothlng more. (In the ferromagnetio cose it ig futher characterized
Yy a large magnetic moment.) Since the vevelength of helium-3 atoms is of the
;rder of the distence betveen them, the interaction between the helium=3 atons
depends upon the mitual orientation of the nusleetd spine ( in helium-3 the nu-
clear spin equals 3) (5). Thue in liquid helium-3 the esgential role is played
by the exchange effects which are connected with the exchange of two helium=3
atoms. It 4is easy to show that these exchenge effects apparenily lead to the
principal antiparallel orientation of the neighboring nuclear spins, 80 that
1iquid helium-3 ig not a nuclear ferromsgnetic but is en example of an ex~-
change nuoclear paramagnehie sinilar to an electron exchange pnamasnotie of
the solid oxygen type. In the case of two helium-3 atoms, in fact, which pose-
oss parallel spins, the coordinate part of the wave function mugt be antisymme
etricel relative to the interchange between two gtoms. Therefore the coordinate
part ocan include the S function. Under theee conditione the probability of

small distences betveen helium.3 atoms is very alight in comparison with the
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case where the coordinate part of the wave fanotion of two atome can be inel-
uded with the 8 function | that is, vhena the spins are antiparallel. 12 the ra=
pld deorease in the negative energy of attraction of two helium=3 atoms wvith
increasing distances between them 1 teken into coméideration, tLen one can ocon-
olude that the energy of the two atoms of heliume3 will be less in the oase
whexre they can be closer to each other; that is, in:the onse of antiparsllel
orientation of the neighboring spius. Therefore onstakes into consideration
even small distances between the atoms, btut all greater than ro, which ie the
distance at which intense repulsion sets in, Thie limitation is oarried out
well in 1liquid helium-3, gince the avorage distance between theratoms ie seve
eral times grenter than Ty . Yamely there exists a 1iquid helium-3 in which the
atoms attract each other on the average. Thus there is no reason to consider
that 1iquid helium-3 is & nuclear ferromognetic, Therefore one oan also con-
sider that olome to the null state of helium-3 the excitation statistics co-
incide with atom statistios.

By employing the Permi-Diroc distridution for the excited states one can
easily derive a number of conclusions concerning certain properties of 1iquid
helium-3, The Ferni surface in the considered case represents e sphere of radiue
Po Which in order of negnitude will equal (3-772)1/3- mm , where N is the
pumber of atoms per 1 om> (here it was learned that nuclear spin of helium-3
equals § ). For temperatures small in comparison with temperatures of degene~
racy the excitation will have momente (1mpnlu|) close in megnitude to Py .
BDxpanding the excitation energy epsilon € in @ power series in (p = po) we get

E= v/p-Pof °* (1)

Since the main role at tempereture T is pleyed by excitations forvihibh.we

have & —~ T and the number of such excitations (per 1 ems) equals the quentity :

pozAp/'n? 63~ pozﬂlhav ~ Poz‘r/ﬁsv. then the energy per 1 om? of helium-3 depends

¥ _'
% upon temperature in the following manner i
w g vorher (2)

- - |

a *® qpﬁ/h3v , where Y~ z, (3) 3

Bquations are true for temperatures mﬁ‘_ﬂ.otently smell in comparison with the

[
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tomperature of degeneracy of the excitations To . In order of magnitude Ty is
1o ~ p¥/zm ~(3n?)?/3 2232 ~50
According to eguation (2) the thermal capacity of holium-3 turns out to be pro-
portional to the Yeperdture-ascfollevs
o s (T<K M) . (W)

This conclusion gives the pooeidility of immediato experimental verification
of the Permi character of the energy spectrum, It is easy to establish the tem-
perature dopendence of certein kinetio characteristios of helium-3, To do this
1ot us determine the path of free flight (mean free path) of excitations, The
finiteness of the excitation free path is due to collisicns, The amount of ex=
titations per 1 o’ is equal in the order of megnitude to

n~ 38 ApHd ~ P30T ~ NI, <KX (5)
Since n is much less than N, n& N , $he most prodéble are palr collisions.
In each collision of two excitations both states that are obtained after col-
1ision must have momenta cloee to Py This decreases the effective orons sec-
tions of such a collision since the probabdility of collision is proportional
to the number of possible finite states. The number of states after collision

is oqual ¢
s owal 0k J(2nD k2 & ked 02/(2nH)> = 52 ag ¢ - (2mB) v, (6)

Here k ic the momentum of one of the particles after collision; 4 O is en
element of the solid angle characterizing the direction of propagation of a
particle, In the integration over d€. 4 O a coefficlent proportional to T
arises. Thus the effective cross section sigma o for the collision of two ex-

citations turns out to equal
r=a’p . (T/To> ’ (7)

vhere g, has the order of magnitude of gas-lcinetic cross section ( 10"15
on? ). Combining equations (5) and (7) we find the free path of excitation
A~ (na)/m? . (8)
This ie the result obtained esrlier in considerations of the free path of el-
sctrons in metale, due to the interaction of electrons with each other (6,7)
(see also (8)). The free path found permitsone to establish the dependence of
viscosity in ligquid hellum.3 upon temperature, since all the kinetle properties
of helium-3 can be found in a conslderation of en excitation ges with the pro=

perties described by the equations (1) to (8). Since eta is T] H Nmiv , we
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find after substituting from equation (8)
Y) = Nae(2/NG) (2g/M) Py V] LI : (9)

The viscosity of liquid helium3 must be inversely proportiomal to the temp
erature tquared when T is much smaller than T, , bl 4 o
Vith the aid of equations (8) and (4) we obtain the thermal oom’.uviw

of 1iquid helium3
x=odv 237, (10)

The thermal conductivity of liquid helium.3 must be inversely proportional to
the absolute temporature for T<LTy .,

Bquatione (4), (9), and (10) give the poseibdility of complete experiment-
al verification of the theory. It is necessary therefore to note once more
that we 444 not utilize in the conolusion of equations (4), (9), end (10) the

model of an ideal gas in application to helium=3 atoms,

2, The Influence of Exchange Dffects in Liquid Helium-3 upon the Fhase Tranni=
tion of Liquid Helium-3 to Solid Helium=3

Although solid helium-3 has not yet been obtained, still it can soarcely
be doubted that under pressures of the same order of magnitude as in the case
of helium-k liquid helium.3 will be solidified, The reason for solidification
under high pressures is that as the volume decreases ( under the action of the
applied pressures ) the ratlo of the amplitude of zero oscillations to the di-
stances between the etoms decreases, If for small pressures (large vVolumes)
this ratio in the case of 1iquid helium4 and helium-3 turne out to be of the
order of unity (which precludes solidification), then with decreasing volume
this ratio becomes less than unity and thus the for@tion of orystals becomes
posaible. For demonstration of the statements just made we equate the ampli-
tude of gzero oacilla.tionn) ﬁ/mw eand the interatomic distance b, By omeza
& we must underatend a certain mean frequency connected with the potential
energy of interaction of two atoms in the following manner

m wzz(dzu/drz)r =y

Setting u :D([Fn where n~6 to 8 <9). we obtain

VE 4 ~ G o

b0
in view of the fact that n>> 2,
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It is easy to show that the phase transition: nq,:ﬂ.d. heliume? == #01id
helium.3 must reveal certain unusual peculiarities due to the exchange off-
eots of helium-3 atoms in the 1iquid state, To clarify those peculiarities
1et us compare the entropy 8 of the liquid and solid phases of helium3, In
v...'. 1iquid state the entropy B tends %0 gero an the tempevature falls o 0.
1 the Termi-Dirac distridution for the excitations is ocorrect, then S must
ve proportionel to T (10), 1¢ is necessary to note, however, thab it is not
essontisl to knov furbher what kind of function 8 is of T in the liquid
phase, Solely important is the fall in 8 with decressing T, 1% ig importent
to emphasize that here what falls ie the part of 8 that is due to the nuclear
spins, In the absence of exchange effects due to nuclear spin the spins of
the nuclel could be freely oriented in space down to temperatures 8o lovw that
the magnetic interaction of the nuclear spins with ench other would become
significant, These temperatures in the order of magnitude equal

Ty ~ 2/1:1)3 ~10~7 degree, vhere I,J.~ 10-23 , (11)

Thus s part equal to Relog 2 ( per one gram-atom) would enter the ex-
pression for B in the absence of exchange effects for T2>TM . The exchange
offects lead to the appearance of correlation between the orientations of the
spins of neighboring nuclel of helium-3 even for temperatures of the order of
degrees; that is, of the order of "natural" helium temperetures. This conolukions
follows from the fact that the difference in the energy of interaction of two
helium -3 atoms in the case of perallel end antiparallel orientation of spine
possesses the same order as the energy of interaction itself (see Section 1).
It 1s not essential here whether helium-3 is & 14quid exchange nuclear para=
magnetic or & forromagnetic, The nature of the correlation in these two cases
aiffers, but the existence jtgel? of correlation must be noted in each of these
cases for TS 1°i ., Hence followe the fall in that part of S due to nuclear spins
to values less then R'log 2, even for T § 19K . Since the entrovy which is
not connected with the nucleer spin also falls, then even for T & 1°K the en~
tire entropy of liquid helium=3 must fall to values less than R*log 2 . Let
us now compare this entrory with the entropy of solid helium-3, The existence

of a erystal lattice in vwhich the amplitude of the zero oscillations are cone

G
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sideradbly less than the distance betwoen atoms leads either to the disappears
ance of the offects connected with the exchange of two atoms or to their cone
siderable docrozse. In solid helium3, therefore, the nuclear spine must he
freely oriented down to temperatures T ~~Ty ., Oonsequently the entropy of eolid
helius-3 has & part equal to Relog 2, if T>>10°7 O K, Since the part of 8
due %o osocillations is proportional to 73 and in the order of magnitude equals
(12/5)17“!!(1'/0)3, whore © > 30° (note: The theta © of liquid helium-k equals
30° !11). and that for solid helium.3 must be of the same order of masnitude,),
then the entire entropy of solid helium3 for T 1° turns out to be a constant
equal to Relog 2 , Only for T S Ty does the magnetic interaction of the nuoclear
spins in a orystal quickly decrease the entrovy 8 down to gero for T&Ty « An
example of dependence of 8 upon T in the twn vhases of helium.3 is ehown in fi.
gure 1. As we note, Ty is of the order of magnitude 1°, ¥e see that for tempe-
ratures such that 10"7 L TMKT «Tl~1° y the entropy of solid helium.3
turns out to be greater than in liquid phase; that is, there #xists a relation
that is reverse to the ordinary ore. Therefore for an isothermal transition
of solid helium-3 to liquid helium=3 heat muat not be absorbed, dut released,
and conversely hent must be absorbed during isothermal molidification. We have
here negative heat of fusicon Q which for Ty&T«Ty equals
Q=1T(514q = Sgo1) = = RT+log 2 . (12)

At the same temperatures we obtain an unusual dependence for the pressure at
which the phase transltion of the temperature occoura. According to the Clausius
-Clapeyron relation dp/dT = (Sgey = an)/(vaol - T1iq)
(80l refers to the molid phass, and liq refers to the liquid phase), we have

dp/d? =R log 2/(v.°1- 'nq) = - R log 2/("110_ ~Vgo1) < O . (13)
It is taken into coneideration here that the liquid possesses a volume that is
greater than the orystal's volume,

Beginning with certeln temperatures of the order of degrees the entropy
an will be greater than B.ol « Therefore p just as function T will have the
form shown in figure 2. The existence of iHHNENIAW o rectilinear sect-
ion with a negative slope for small temperatures qualitatively differentiates

helium-3 from helium-4, in which the dependence of p upon T has a completely
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alfferent charecter (12) (4q0 figure ).

We pote that for T< Ty the entropy Bgol tends towards zero in view of the
onset of correlation betveen spins in the eryetal, FRere an/a? tends toward mero.
1¢f one coneiders the ndiasbatic solidd fication of helium-3, then as 1s seen from
figure 1 ond discovers the possibility, in prineiple, of obtaining so0lid hellum=
4 for extrenely Jow temparatures of the oxder 10"6 to 10"7 0 x, To do this it 18
necessary o compress adigbatically liquid helium-3 having & temperature lower
than Ty down to pressures for which solidificstion sets in.

The condition governing the oquality of entroRy in the solid snd 1Uqid
states results in the temperature of the orystal being obtalned of the order of
™ (the transition 1is completed along the dotted line in 2igure 1).

The application of thermodynanic relations to the phase trensition of 1i-
quid helium-3 to the solid stete assumes that all corresponding times of the
relaxation are small, Dxplanation of the feasibdility of this assumption requires
special considerations.

The exchange effects in U qid helium.3 mst be aue also to the nuolear
negnetism of helium=3, since the Iree orientation of the spins of guclei coases
not for T ~Ty 88 in slmost all vodies (excluding compounds of the type ortho=-
or parahydrogan). but for 7~1°, Beginning with these temperatures the nuclear
magnetioc moment of 1liquid helium=3 in an external magnetic £ie1d need not ‘be pro=
portional to the temperature (13). put met depend upon the temperature Just a8
the susceptibility of exchange electron paramagnetios of the type 85144 hydrogen
depends upon the temperature. In the model of 1iquid helium=3 aiscuseed in Sec-
tion 1 the nuclear nagnetic susceptibility of helium-3 need not depend upon the
temperature for ? €1°%,

In conclusion the author wishes to yhank: Academician L. D. Lendeu for his
1mportant suggestions and instructions , and also V. V. Viaddimirsily for his
interesting Aiscussions in connection with this vork,

Submitted 22 March 1950.
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