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Magnetic-susceptibihty measurements around the apparent very low transition temperatures of liquid
He' will be shown to be indicative of the role played by the spin system in the transformation process.
This phenomenon is found to be depressed toward lower temperatures on application of external,

constant, and uniform magnetic fields, with the ordered modification of the liquid con6ned to a»fruited

region of its magnetic phase diagram.

In an initial treatment of various equilibrium
thermal properties of liquid He', we have been
led' to define the mean number of its thermally
excited spine N, (T) at temperature T along iso-
chores of volume V ox' isobars of pressure p, of
a system formed by N atoms. Omitting the state
coordinates, V or p, the fractional number of
excited spins was shown to be given' by

N, (T)/N = X(T)/X, (T),

where X is the actual paramagnetic susceptibility
of the system and X is the susceptibility it would
have in the indicated equilibrium state if it were
an ideal Langevin-Brillouin' spin-~ paramagnet.
The latter xeduces here to

X (T, V) =Np, '/V&T,

p. standing for the magnitude of the elementary
magnetic dipole moment. The relation (1) thus
pictures the nonideal character of the paraxnag-
netic system as if the magnetization, at low-field
strengths, involved only a reduced number N (T)
of the total number N of the spins of the whole
system. As a result of the intexactions within the
system, the remaining (N N, ) atoms ha—d their
spine blocked, escaping thus the low field-strength
magnetization. Fermi statistics expected' to
affect the behavior of liquid Hes yields, at; low-
enough temperatures, '4

(3)

where To(V), for instance, is a characteristic
temperature of the spin system along an isochore
V, and the P, q's are numerical coefficients. The
formal definition of To is phenomenologica1. '
through the observable limiting constant Pauli-
type susceptibility X~at very low temperatures,

The mean spin-excitation numbers N, (T) led one

to associate with them a component entropy of
spin disorder' through

S,(T)
( )

N, (T)
( )

)((T)

which in turn defines the component spin heat ca-
pacity C (T) as well as other component derivative
thermal properties of the system' throughout the
diagram of state of liquid He'.

The above approach explained' the heat-capacity
plateau observed in liquid He' at T& 0.30-0.40 K.
It has led to recognize the universal character
of the susceptibility ratio, or the mean fractional
number of thermally excited spine by Eg. (1), in
that either one of these properties was a unique
function of the phenomenological reduced temper-
ature [T/T, (V)] or [T/To(p)], throughout the state
diagram of this phase. ' At medium and higher
pressures, p& 10-12 atm, and at temperatures
T & 0.30-0.35 K, the theory predicts heat-capacity
anomalies which have not been investigated ex-
perimentally so far. They axe seen to tall in the
easily accessible He' dilution-refrigerator tem-
perature range.

This phenomenological approach can be exploited
in connection with the currently unfolding experi-
mental attempts9 "toward an initial analysis of
a transformation process of liquid He3 at very
low temperatures estimated at T & 3 mK. This
extension of the above formalism is tied to the
assumption that the transformation is connected
with a new ordering of the spin system. It is then
expected to be accomparued by an additional re-
duction in the mean number of excited or free
spine. Let y (T, V) denote the susceptibility in
the ordering region T& T,(V), where T,(V) is the
empirical transition temperature along the indi-
cated isochore Then, by Eq.. (1),

(T, V) =N, (T)p'/V. RT& )t,(T„V),

X, referring now to T~ T,(V), since

N (T) N (T,), T&T, .
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S~ (T)/Nk=(ln2)(N, /N),

and by Eqs. (7), (1), (2), and (4),

(6)

At T& T, , with T, «TO, X, is essentially X~, or
by Eq. (4) the susceptibility is constant, indepen-
dent of the temperature. It exhibits a plateaulike
branch at low enough temperatures. On the stated
assumption on the nature of the transformation at
T ~ T, , the susceptibility should fall with decreas-
ing temperatures in the transformation region,
being continuous with an angular point at T,.

By Eq. (5),

ever small, the application of an external, con-
stant and uniform magnetic field H«(kT, /p }, has
the effect to partially polarize magnetically the
liquid. This, in turn, is equivalent to depressing
the transition temperature T,(0) in absence of
the field. Indeed, on magnetization through rais-
ing the field up to the finite if small strength H,
the relevant potential energy of ordering is re-
duced by the energy of magnetization. If kT, (H)
is the approximate potential energy of ordering
per atom at Ta T,(0), at the low field strength H,

N~ (Ts T,)kT, (H)= N~ (+T,)kT, (0) 2Vy -(T )H,

The assumed spin ordering thus leads to a spin
heat-capacity component C, such that

and

(H) &7+ ( ) T (0) /VS (T )EP

„«(~r g„)
' N, (T,) ' N, (T,)k

or to a heat-capacity discontinuity across T, .
If, as assumed, the transformation at T, were de-
termined by the spin system of the liquid alone,
then this discontinuity [C,+(T,) —C, (T,)] or
(b C,)r would be finite at least under reduced-
temperature resolution around T,.

At T» T, or T & T„ the heat capacity C„,+ aris-
ing from the entropy component denoted by us
earlier"' as S„„referring to thermal disorder
other than S„was shown to be only a limited
fraction of C,+. This suggests the dominant role
played by the spin system in the transformation
around T„and giving rise to the discontinuity
(bC, )r . This conclusion seems to be in qualita-

C

tive agreement with some recent preliminary
heat-capacity data" on compressed liquid He'.
However, the lack of a reliable temperature scale
at very low temperatures suggests that this agree-
ment must be considered highly conditional at the
present time.

The relation (1) giving the mean fractional num-
ber of those thermally excited spins which suc-
ceeded in freeing themselves from the interactions
within the system is necessarily independent of
the strength of the magnetic field used in the
measurements of g(T), i.e., the susceptibilities
g(T, V) or )((T, p} are independent of the magnetic
field. At T& T„ this requires that p.H«kT, . How-

(12)

since N, (T,) is equal to N„(T,) and V)t (T,}/
N, (T,) is, by Eq. (6), [p, '/kT, (0)], and we have
defined a critical field strength H, through
[2' 'kT, (0)/p]. The depression of the ordering
temperature T, (H) parabolic in H at low field
strengths is, of course, imposed by the energy
of magnetization of the system at these field
strengths. Conversely, the very-low-temperature
transformation of liquid He' at T & T,(0) should be
suppressed at field strengths

H(T) &H [1—T/Ti(0)) ' (13)

Experimental determination of the magnetic
phase-boundary line (12) or (13), near T,(0),
appears accessible through magnetic measure-
ments across T,(H). At a constant field strength
H, the magnetization should fall at T & T,(H) from
a plateaulike branch at T & T,(H). The locus of
the angular points of the magnetization at constant
field strengths defines the phase-boundary line.

According to the above formalism of the spin
system of liquid He', magnetic susceptibility
measurements around its apparent transformation
point might yield significant information on this
new ordering phenomenon.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.
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