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In & recent publicationi, Osheroff, Richardson

and Lee (ORL) have presented new and very interesting

measurements of the solidification pressure of He5

below 3 mE. They also give an interpretation of their

results leading to the sugrestion that at Te? .7 mkK,

3

znlil He” undergoes a first-order phase transition to

a new phase whose entropy behavior, to uge their own
words, is unprecedented. In the present work we re-
anzlyze their data and ¢come to the conclusion that a
rore likely explanation is that the system undergoes
the heretofore expected lambda transition to an
ordered magnetic phase. To support our conclusions,
we present caleulations which yield a gualitative
picture of the entropy and heat capacity of solid H93
in the neighborhood of the transition from their ex-
perimental data.

Ve Begin our discussion by deriving the basic
thermodynamic equations which desc¢ribe the experimen-

tal situwation. We assume a quasi-stationary process,

50 that we may write
aP/dt = (dP/dT)aldT/dt) (1)

where dP/AT, the =lope of the melting curve, is given

by the Clausius-{lapeyron equation

4P/dT = - (8 1/8V . (2}

solid ~ Siiquid




1.27 cmjfmnle (it has

Here AV = ¥

1iguid = Yselid °
been found to be nearly constant under the conditions

of the Experimentz’a} and 3 and S5 are

s0lid liquid

molar entropies. From the condition that the compress-
ion {or expansion} be adiabatic, one finds, in

seneral

at  fo,-nte)] c +0(8)C 1cq dt

liguig soligd

where n, is the total number of moles of Hej, n{t) is

the number of moles of solid at time ¢, C and

liguid
Csolid are melar heat capacities and dn/dt 1is a con-

stant for the given experimental conditions,

In their analysis, ORL assume that the solid
once forrmed is decoupled from the system because of
long thermal relaxation times; this is described by

! Tg. (3} without the term containing © At

sotid -

the transition 8§ b 50 that they find

-
s50l1id

. from their experiments usineg Egqs. (1), (2) and (3)

liauid?

* that

(dF/dt) f{dp/dt)

above bhelow

= {5 /s

solid above’®s01id below)? = 1.8,

which gives S = (4/3) 8 Since

a0lid helaow'
s 0.6 R,

s0lid above
egquilibrium measurement53 yield S

s0lid zbove




they find 3 = 0,i5 R, Their interpretation

solid below
runs ihto difficulty if they integrate Eg. (2) down to
zero temperature., They find

T
trans

(APAVY/R = [ 4T(S /RY = 0,81 mK,
o

s0lid
which can be satizfied only if the entropy stay; closge
to 0,45 R for most of the temperature range below 2.7
mk, This result is, as stated by ORL, strikingly ab-
normal behavior. We wish, therefore, to call into
‘question the basie assumption of their interpretation,
namely that the s0lid in their experiment stays at the
temperature at whieh it was formed; i.e. that it is
ithermally decoupled from the system.

Althoupgh the spin-lattice relaxation time T1 in
the snlid is inecreasing rapidly at low temperatures,
the epin~-spin relaxation time T2 appears to stay at a
constant value of about 0.1 sec". One would therefore
expect that the spin svstem of the zelid, which carries
'es$Entia11y all the entropy at these temperatures,
Imust participate in the process of reaching eguili-

‘bBrium. Of course the lattice i3 essentially inert. It
is then ne longer justifiable to neglect Gsolid in
-¥g. (3) and a jump in this guantity will produce =&
discontinuity in dT/dt which in turn shows up in

dP/dt even if AP/dT were continuous across the transi-

.tion, This point of view is strenghened by the Faect



that dPa"::ITPt extracted from Fig. 3 of ORL shows no
gsignificant discontinuity across the transition.

Let us Turther consider Fig. 2 of ORL. Althourh
the pressures measured at points A and B are the same
both upon compression and exvansion, the behavior of
d®/dt is much more complicated. The relative change
in slope near A and A' is the same; however, apart
from the relative change, the slope is quiEE differ-
ent = this is seen most clearly near the point C.
These features lead one to the conclusion that there
is a ¢onsiderabhle amount of non=equilibrium behavior
asscciaEFd with the measurement as was clearly stated
by ORL., Thus, although we believe that there iz some
cooling of the spin system of the solid after it is
Tormed, it seems likely that the z0lid is not in true
equilibrium.

To consider these points further, we have nade
several calculations of the entropy and heat capacity
of the solid using the dP/dt data of ORL and Eges. (1),
(2) and (3). Typical results are shown in Fig. 1. In
one calculation we azsumed that the solid was in
equilibrium with the liquid. In this way, we could
caleulate self-consistently the entropy and heat
canacity of the so0l1id, The results are shown in the
curves labeled (a) in Fig. 1. To simulate the assunp=-

tion that the solid was only in partial equilibrium




with the liquid, we also caleulated the entropy and
heat capacity selfl cansistently assuming that only a
small fraetion of the solid {only a few percent of the
tatal amount of -He) should be included in Eq. (3},
These reasults are shown as the curves labeled (b) in
Fig. 1.

A glance at Fig. 1 shows that both curves (a)
and (b} have the same gualitative features: In the
first place, the heat capacity locoks just like that of
a second-order transition in the Ehrenfest sense.
Such a result is guite reasonable as 1t 1s well known
that lamEda—transitions mimic second-order transi-
tions if one goes through them fast encugh. Further,
in both cases the entrooy is much too hisgh. Again,
this is consistent with non-equilibrium behavior, in
which case all of the entropy would not be extracted
by the conpression. _

We wish to comment further on the shape of the
P{t) curve found by ORL, A lambda-transition is to be
eypected and it should give a P(t) curve with much
more curvature in the neighborhood of the transition.
We believe, in fact, that if the measurements were
done under equilibrium conditions, that this would be
observed above the transition. In fact, there is

already some curvature there, although it is small,

Bowever, as can be seen from our calculations, quite



a large curvature in the heat capacity below the
transition will gmive essentially linear hehavior for
F(t). This result is due to ecancellations in Fa. {3}
which will hold even if the measurements were done in
a quasi-stationary manner. We also wish to point out
that a first-order transition with some thermal coupl-
inz %o the s0lid would lead to dP/4t = O over a
fipnite tine interval at the transition. .

Pinally, we wish to comment on the measured value
of the transition temperature. It has been expeched,

3

on the assumption that solid He” would be a good spin-

(1/2) nearest neighbor Heisenberp antiferromagnet,
L]

that the transition temperature would be 2.0 mK., Houw-

5 have shown

that this is certainly not the pase., Recently, Zane6

ever, the measurementz aof Kirk and Adams

nas suggested that three-body exchange, which would
vield an effective next-nearest neigbor exchangeiJnEP;
aptisan that is ferromagnetie in sign could account

for the Kirk-Adams results. Buch a& theory would also
yield a transition temperature higher than 2.0 mK.
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FIGURE CAPTION

Fig. 1 Plots of the entropy and heat capacity of the

50lid a2 a funection of temperature in the
regjion of the transition as caleuwiated from
the data of ORL. For curve {a) true eguili-
brium of the 20lid was assumed; whereas, for

surve (h) partial eguilibrium was assumed.
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