
STATES OF AGGREGATION
As gases condense into liquids and then solids,
an order pattern develops in position space.
Both superconductivity and superfluidity can be viewed as
condensations in momentum space. Possibly life itself
is an order pattern, perhaps in both spaces at once.

KURT MENDELSSOHN

SUPERFLUIDITY and superconductivity
(figures 1 and 2) can be discussed in
terms of a subject much older than
either: states of aggregation.

In modern physics the concept of
the three states of aggregation, solid,
liquid and gas, has receded into the
background of the elementary text-
book. One of the reasons is that,
thanks to the work of Thomas An-
drews1 on the critical point, exactly a
century ago, the diagram of state has
been well established. In it the phases
have been allotted their respective re-
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gions of stability (figure 3). In fact the
universal validity of this diagram has
long been taken for granted, and one
rarely becomes conscious of the re-
markable fact that all simple sub-
tances obey the same pattern. Leav-
ing out for the moment the rather
special case of helium, we observe
that the solid is always the stable con-
dition at absolute zero. At finite tem-
peratures it is in equilibrium with the
fluid state at sharply defined pres-
sures and temperatures, which repre-
sent the melting curve. The fluid state
itself contains another sharp equilibri-
um line, the vapor-pressure curve,
which separates this region into two
mobile phases of different density, gas
and liquid. This latter separation is not
complete, however, because the equi-
librium curve, which joins the melting
line at the triple point, ends in the
fluid phase itself at the critical point.
Starting from a in figure 3 and going
directly to b we pass the vapor-pressure
curve, at which we can see the liquid
evaporating through a meniscus into
the gas phase of lower density. On the
other hand we can now proceed along
a circuitous route around the critical
point back to a without ever observing
a discontinuity in either the density or
any other property.

The next question, after establish-
ing experimentally this universal pat-
tern, was to find the reason for its ex-
istence. This led to an investigation of

the attractive and repulsive forces be-
tween individual atoms, which had to \
wait for solution until the advent of I
quantum mechanics. Through this
solution we now understand well the
various mechanisms by which the
Coulomb interaction creates bonding
in the solid state. This understanding
is the second reason why classifica-
tion by aggregations has lost its ap-
peal. In fact the enormous advances
in solid-state physics have provided
us with interpretations of a wide va-
riety of phenomena, far beyond the
aspects of bonding. One might there-
fore expect that the diagram of state
should follow as one of the basic re-
sults from our knowledge of the co-
hesive forces. However, it does not.

What can we deduce?

Let us assume for a moment that, be-
ing in possession of the complete lore
of relevant particle interactions as re-
vealed to us by quantum mechanics
and by observations on the various
types of crystalline' solids, we knew
nothing about the diagram of state it-
self. How much of it could we de-
duce? It is certain that one would pre-
dict a dissolution of the crystalline
pattern with growing thermal motion.
We could not expect, however, that,
irrespective of the nature of bonding*
this breakup would occur discontinu-
ously. In other words, theory does not
lead us in an easy manner to the strik-
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SUPERCONDUCTIVITY. Lead ball cooled below transition tem-
perature is held up by persistent currents. —FIG. 1

SUPERFLUIDITY. Helium cooled below lambda point flows over
beaker wall and drips off at the bottom. —FIG. 2

ing phenomenon of a sharp melting
point, the existence of which we
would hardly postulate unless we
knew it to be there. At best theory does
not preclude a melting point.

The position is no better when we
come to the phase separation of the
fluid state into liquid and gas. We
should not suspect that a ciystal of,
say, molecular hydrogen, when
heated at constant pressure (c to d in
figure 3), will pass through not only
one but two sharp transitions before
approaching the state of a perfect gas.
Such discontinuities appear particular-
ly puzzling when we consider the case
of a liquid metal. We know from its
electrical properties that, close to its
melting point, the liquid phase is still
largely governed by the exchange in-
teraction involving many particles
and that this interaction is reponsi-
ble for its cohesion in the solid state.
Nevertheless, by raising pressure and
temperature we can bring the sub-
stance to the state of an ideal gas
without any discontinuity in its ther-
modynamic or electrical properties.

The universal validity of the dia-
gram of state leaves no doubt about
its fundamental significance, but it al-
so is clear that present theories of
particle interaction are unsuitable for
its interpretation. In fact the only in-
dication for a critical point in the fluid
phase is provided by the van der
Waals equation. Although this merely
provides an empirical correction to
the ideal gas laws, which, moreover,
does not lead directly to the liquid
state, the additional terms represent
attractive and repulsive potentials of
the atoms. Accordingly the universal
phenomenon of a phase separation at
high fluid densities appears as a di-
rect consequence of these potentials
that is quite independent of any spe-
cific type of the Coulomb interaction.

A more meaningful approach than
through theories of particle interac-
tion seems to be provided by the sta-
tistical interpretation of the laws of
thermodynamics, and particularly by
Walther H. Nernst's heat theorem,
often called "the Third Law of Ther-
modynamics." This postulate, that at

absolute zero any system in equilibri-
um must be in a state of perfect order,
provides a powerful argument for the
stability of the crystalline phase that
is quite independent of the particu-
lar nature of the interaction involved.
Indeed it even holds if we go so far as
to discard Coulomb interaction since,
for instance, an assembly of hard,
smooth and massive spheres must
form an ordered crystalline pattern
under its gravitational attraction. One
is therefore led to the conclusion that,
for an understanding of the nature
and equilibrium of the states of ag-
gregation, the concept of statistical
order patterns is of greater relevance
than that of interaction forces.

Helium as an exception

The only substance that does not obey
the general diagram of state is heli-
um. It has no triple point. The de-
scending melting curve (figure 4) , in-
stead of approaching zero at absolute
zero, becomes temperature indepen-
dent near 1.5 K, leading to a finite
melting pressure of 25 atmospheres at
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UNIVERSAL DIAGRAM OF STATE applies to all simple substances except helium.
Vapor-pressure curve ends in critical point. Melting curve at pressures greater than now
available on earth may go to a second critical point or bend back to pressure axis. It can
not go on indefinitely; high enough pressure will crush atomic structure. —FIG. 3

0 K. At any lower pressure helium is
either gaseous or liquid and, since the
vapor pressure at 0 K is zero, the li-
quid phase is the stable form at ab-
solute zero. This departure of helium
from the universal pattern is due to a
quantum effect. Its zero-point energy
is so high that it outweighs the weak
interatomic forces which, without the
application of external pressure, are
not strong enough to bind the helium
atoms into the crystalline state.

However, at 2.2 K a transition takes
place in the liquid phase. It is marked
by a large anomaly in the specific
heat, which, owing to its shape, has

been called the lambda point. At
first it was suspected that this anoma-
ly might indicate the establishment
of some sort of spatial order as, for in-
stance, of liquid crystals. X-ray inves-
tigation has shown beyond doubt,
however, that helium below the lamb-
da point is structurally a true liquid.
The specific-heat anomaly corre-
sponds to a rapid decrease in the en-
tropy of the liquid towards lower
temperature (figure 5) , but this in-
crease in statistical order is not re-
flected in a spatial pattern. Instead,
the liquid now exhibits the strange
phenomenon of superfluidity.

It is nowadays widely accepted
that the superfluidity of liquid heli-
um and electrical superconductivity
are in some way connected. When I
first suggested such a relation be-
tween the two phenomena 25 years
ago,2 however, it met with justified
skepticism. It was felt that no basic
similarity could exist between two
such different assemblies as neutral
helium atoms obeying Bose-Einstein
statistics and charged electrons in a
metal being subject to Fermi-Dirac
statistics. Perhaps this suggestion
would never have been made but for
the accident that I was working at the
same time in both fields so that the
similarities appeared more striking.
Admittedly the suggestion was also
favored by the absence at the time of
a microscopic theory that would have
discouraged speculation.

The striking similarities are pro-
vided by the transport, in both cases,
of part of the fluid without friction
and the rapid drop in entropy that at-
tends this phenomenon. The first task
therefore was to try to find a link be-
tween these two features by deter-
mining the heat content of that frac-
tion of the fluid that engages in fric-
tionless flow. Opportunities for this
search were provided by measuring
the mechano-ealoric effect in helium
and the Thomson heat of a persistent
supercurrent. Both experiments led to
the same, at first surprising, result:
namely that the thermal content of
the superfluid component turned out
to be zero.

Order in momentum space

This result means that this component
has, even at finite temperatures, at-
tained the condition of zero entropy.
At the same time it has to be realized
that the superfluid fraction is not spa-
tially separated from the fluid as a
whole, which, of course, retains finite
entropy. However, a differentiation
between the superfluid component
and the rest of the substance is pro-
vided by the states of motion, and
it was in this manner that its heat
content could be separately deter-
mined. I therefore argued that the
fundamental common feature of su-
perconductivity and superfluidity is
the appearance of a new phase not in
coordinate but in momentum space.
Moreover, because the new phase
which had "fallen out" in the form of
frictionless flow has maximal statis-
tical order, it acquires the same sig-
nificance as the conventional states ot
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TEMPERATURE

HELIUM is stable liquid at absolute zero. Departure from universal pattern is explained
by zero-point energy that is high compared with interatomic forces. Anomaly in specific
heat at lambda point corresponds to rapid decrease in entropy. —FIG. 4

aggregation. It differs from them in
that the order is established not with
regard to position but in momentum
space.

This initial success made it tempt-
ing to explore systematically the
properties of this new "frictionless"
state of aggregation. It is a line of re-
search that, as yet, is by no means fin-

ished, but g radua l ly a pattern
emerges that is remarkably consistent
in itself. Above all it seemed desira-
ble to establish in superfluid helium
a hydrodynamic analog to the basic
experiment of electrical superconduc-
tion. The latter consists of the conven-
tional current-potential measurement
in which the voltage across the sam-

ple becomes zero (figure 6) . In the he-
lium case the mobile surface film was
used because it provides an ideal ve-
hicle for pure superflow. The arrange-
ment was simply a set of two con-
centric beakers raised above the level
of the liquid so that flow had to take
place from the inner into the outer
beaker and from there into the bath.
The "current" was given by the flow
rate, the "battery potential" by the
level difference and, for geometrical
reasons, the flow over the rim of the
outer beaker simulated the "resis-
tor," which has to keep the current be-
low the critical value. It was then
found that superflow from the inner
into the outer beaker takes place un-
der zero potential difference with no
separation of the two meniscuses.

Several experiments have been
made to simulate "persistent" cur-
rents by rotating superfluid helium.
Although it is unfortunately impossi-
ble to measure angular momentum
with the same accuracy as a magnetic
field, rotation of the superfluid could
be picked up many hours after it had
been initiated.

The next question concerns the re-
gion of stability of the frictionless
state. Being a momentum condensate,
its boundaries have to be looked for
in the states of motion, and indeed we
observe well defined "critical" flow
rates for both superconductivity and
superfluidity at which frictionless
flow breaks down. They correspond to
melting curves, except that the "melt-
ing" of the momentum condensate
takes place in the space of velocities
and not of positions. This melting is
quite sharp for the helium film and

Helium

A. point

TEMPERATURE

SUDDEN DROP IN ENTROPY at the onset of both superconductivity and super-
fluidity. Ordering of momenta and not in space is explanation. —FIG. 5

TEMPERATURE

PHYSICS TODAY • APRIL 1969 • 49



Voltmeter

Liquid He

Superconductor

Ammeter

ANALOGY between superfluidity and superconductivity shows liquid flow over wall
with no height difference corresponds to current through a superconductor. Outer
beaker corresponds to current-limiting resistor of electric analogy. —FIG. 6

pure superconductive metals (known
as type I) whereas in superconductive
alloys (type II) and in bulk helium
there appears to exist an intermedi-
ate region between the pure friction-
less state and the normal one. It is
significant that in both cases this
transitional region is marked by a
state of vorticity within the super-
fluid component. Also, in both cases
the vortex lines themselves corre-
spond to single quanta of rotation,
each involving an enormous number
of particles. The parallelism extends
further to the first onset of friction,
which in helium as well as in super-
conductivity is sudden.

Qualified success of BCS

Summing up, the evidence as it exists
so far in favor of a frictionless state of
aggregation, that is, a condensate in
momentum space embracing both su-
perconductivity and superfluidity,
has become pretty strong. In the
meantime, however, theory based on
particle interaction, too, has made re-
markable progress. A microscopic
theory of superconductivity devel-
oped by John Bardeen, Leon N. Coop-
er and J. Robert Schrieffer is generally
accepted as correct. It explains the
phenomenon as due to an attraction
between electrons through the inter-
mediary action of the ionic lattice. Its
success has been greeted by those
working in the field with a sign of
mingled relief and disappointment-

relief, because at last a correct ex-
planation had been given, and disap-
pointment that with a double fanfare
of the most spectacular effects, the
Creator should have revealed nothing
better than a little second-order inter-
action.

In fact, although the theory is
doubtless correct in explaining the
small energy gap that had been sug-
gested by the Thomson heat experi-
ment, it tells us nothing about a new
form of aggregation. Again going
through a similar exercise, as we did
in the case of the position-order aggre-
gates, makes this quite clear. Assum-
ing our present knowledge of the su-
perconductive phenomena and having
the BCS theory, but knowing nothing
about liquid helium, could we predict
superfluidity? The answer must be
categorically in the negative. The fail-
ure of a theory based on particle in-
teraction to lead to the general phe-
nomenon of momentum condensation
in its macroscopic aspects is some-
what similar to the case of the melting
point. There, too, this type of theory
had proved unsuitable.

The obvious problem arises as to
whether all systems when cooled
close enough to absolute zero must
undergo condensation, in either posi-
tion or momentum space. Unfortun-
ately for once thermodynamics can
not help us to make a decision. All
that the Nernst theorem does is to re-
quire the entropy to become zero. It

does not tell us anything about the
manner in which this is to be
achieved. For crystals and the mo-
mentum condensates, however, not
only the entropy itself tends to zero
but also its temperature coefficient.
On the other hand, the entropy of a
metal before it becomes superconduc-
tive and that of liquid helium above
the lambda point also extrapolate to
the value zero at 0 K, but as linear
functions. Thus these systems, too,
would satisfy the Nernst theorem
even if momentum condensation were
never to occur.

Statistics and condensations

As things stand at present there are a
number of metals which remain non-
superconductive at the lowest tem-
peratures investigated so far. Equal-
ly, liquid helium of isotopic weight 3
as yet shows no sign of superfluidity
even at temperatures below 0.01 K. It
is generally considered significant
that this substance, unlike the super-
fluid heavy isotope, obeys Fermi-
Dirac statistics. As is well known, an
ideal Bose-Einstein gas, when cooled
enough, will condense into a state of
zero momentum, and it has been sug-
gested that this type of phenomenon
might account for superfluidity. This
idea received a new impetus when it
was discovered that the attractive
term in BCS theory involved pairs of
electrons of opposite spin and mo-
mentum. In fact their existence as
carriers was shown experimentally in
the quantization of persistent cur-
rents which turned out steps of hc/2e
and not, as had been expected, of
hc/e.

Attractive as the idea of supercon-
ductivity as a Bose-Einstein conden-
sate may be, there are some difficul-
ties. First, the electron pairs can not
be considered as Bose particles since
they are not correlated in position but
in momentum. However, this still
would qualify them as bosons for pur-
poses of statistics. Second, and this is
more important, the normal electron
fluid out of which condensation oc-
curs is made up of fermions which
can not lead to a Bose-Einstein con-
densation. Perhaps the truth can be
found in the Solomonic answer given
to me by the late Lev Landau when
I asked him this same question. He
said that, in his opinion, bosons are
required to produce superfluidity but
that he was equally convinced that the
lambda point of helium is not a feature
of Bose-Einstein condensation.
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Perhaps the parallelism between
condensates of position and momen-
tum goes even further than one has
suspected so far. It was mentioned
earlier that, quite irrespective of the
mechanism invoked for its formation,
the pattern of position order is always
a crystal. Equally, one might con-
clude that there can exist various
quite different mechanisms in which
order in momentum space can be
achieved. Even so, the result would
always be a condensate that exhibits
the quite general features of the fric-
tionless state of aggregation.

Extension and generalization

Such a wide generalization, however,
would hardly be appropriate if super-
conductivity and superfluidity were
the only representatives of momen-
tum condensation. Possibly no others
exist under terrestrial conditions, but
we must not forget that nothing is
known about the continuation of the
melting curve towards higher pres-
sures and temperatures than those ac-
cessible to us so far (figure 3) . It may
eventually lead to another critical
point, one between solid and fluid.
Such data as we have, however, do
not seem to favor it since with rising
pressure the entropy difference in-
creases, indicating that the two states
become increasingly dissimilar. It has
been suggested that the melting curve
may eventually bend over towards
the pressure axis, making the crystal
a closed region in the diagram of
state. Again, present results show no
tendency of this kind. The third pos-
sibility, that the melting curve might
continue indefinitely, is clearly un-
tenable since eventually, at high
enough pressures, atomic structure
and with it the crystalline state must
be crushed out of existence. Matter in
aggregation under these conditions,
such as in the white dwarf stars, is
likely to be a fluid, and, under certain
conditions, its entropy will be low
enough to require an ordered pattern.
Since ordering in position space may
be structurally impossible, momen-
tum condensation would seem to be
the only alternative. In fact, it may
turn out that, as far as order patterns
in the universe are concerned, the
frictionless state of aggregation is the
prevalent form and the crystalline
pattern a rare phenomenon.

4 Biology and condensation
'• It is not necessary to reach into outer

space in search for unexplained pat-

terns of aggregation. They are with us
all the time in the shape of living or-
ganisms. It may appear almost irre-
verent to regard life as another form
of aggregation, but this approach has
at least the virtue of being untried so
far. Arguments can be advanced that
life is transient and unstable and that
this should preclude it from being
classified as an aggregation. On the
other hand, the individual human
being presents a fairly steady state
lasting for 70 years or more, and the
helix spelling out the code homo
sapiens has been with us for the better
part of 1013 seconds.

Although for certain purposes we
thus can regard life as a stationary
state, it never is in thermodynamic
equilibrium, and the conventional
diagram of state has little meaning for
it. We therefore must turn to the next
best thing which is to look at the or-
der pattern. Leaving out such aspects
as biogenesis, replication and devel-
opment, the salient feature that
stands out is the immense statistical
improbability of even the simplest
living structures. Possibly the most
generalized statement characterizing
life is to say that it opposes random-
ness.

This, of course, does not mean that
life is in contradiction with the sec-
ond law of thermodynamics since its
ordered structures are always created
with an overall increase of entropy.
Nevertheless, from the space oc-
cupied by life, randomness is always
excluded to a remarkable extent. This
feature is so general that it applies
not only to the living organism itself
but also to its works, from beehives
to conurbations. An ocean liner re-
quires for its proper functioning more
individual parts arranged in a pre-
selected order than a simple organ-
ism capable of propagation.

Once we concede the exclusion of
randomness as the central characteris-
tic of the aggregation called life, its
other features such as replication and
development may possibly follow as
necessary corollaries. Like any other
form of aggregation, life has to exist
under external constraints, and these
constraints include life itself. It may
turn out that development into stead-
ily increasing complexity becomes in-
evitable for survival in competition
with other forms of life. It thus need
not be regarded as a separate phe-
nomenon requiring an independent
explanation. Neither is "survival" it-
self a new concept because it denotes

nothing more than the maintenance of
the central feature of life. It simply is
the name given to the steady state,
mentioned earlier, which excludes
randomness.

Physical basis of life

As yet we know almost nothing about
the mechanism by which the exclu-
sion of randomness is achieved. In the
last decades the combination of x-ray
analysis and the computer has led to
rapid advances in molecular biology.
A physical basis is being provided
for the genetic code, and the process
of replication has been reduced to an
exercise in stereochemistry. Today
most molecular biologists are con-
vinced that the features and functions
of life will eventually be explained by
the geometric fitting of chemical
bonds between individual atoms. The
order pattern involved would be one
according to positions or, as Schro-
dinger once called it, an aperiodic
crystal.

This view certainly has the great
advantage of simplicity, but one won-
ders whether it is not just a little too
simple. According to it, living struc-
tures appear as a smooth extension of
the crystalline state, and no account
is taken of the hiatus that undeniably
exists between the periodic and the
aperiodic crystal. The limitation of
the position order pattern lies in the
short range of information that
reaches essentially no further than the
nearest atomic neighbor. This dis-
tance seems far too short to account
for the large-scale aperiodic pattern
required for excluding randomness.
Whether large-scale geometrical fit-
ting can bridge this gap must appear
doubtful.

In our review of order patterns we
have dealt with those operating with
regard to either position or momen-
tum, but we cannot exclude the pos-
sibility of mixed condensates em-
bodying both types of order. Postulat-
ing them on first principles, one can
expect these aggregates to have a dis-
tinct shape and at the same time to
exhibit a coherence that goes far be-
yond the interatomic distance. In
fact, they would look suspiciously like
living matter.
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