
HAL Id: jpa-00220147
https://hal.science/jpa-00220147

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Quantum Properties Of Spin Polarized 3he (3he↑)
C. Lhuillier, F. Laloë

To cite this version:
C. Lhuillier, F. Laloë. Quantum Properties Of Spin Polarized 3he (3he↑). Journal de Physique
Colloque, 1980, 41 (C7), pp.C7-51-C7-59. �10.1051/jphyscol:1980710�. �jpa-00220147�

https://hal.science/jpa-00220147
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE CoZZoqr~e C7, suppL6ment au n07, Tome 41, juiZZet 1980, page ~ 7 - 5  1 

QUANTUM PROPERTIES OF SPIN POLARIZED 3 ~ e  (3~e+) 

C. Lhuillier and F. Laloe 

Laboratoire de Spectroscopie Hertzienne de ZrE.N.S., 24 ruc Lhomond, F 75231 Paris Cedex 05 

RGsum6.- Les effets d'une forte polarisation nuclgaire dansunensemble d'atomes de 
3 ~ e  sont discut6s thgoriquement. L1indiscernabilit6 des atomes entraine que cette 
polarisation nucieaire augmente leur 6nergie cingtique et rgduit le r61e de leurs 
interactions. En constZquence, les propri6tes macroscopicues de 3 ~ e  gazeux, liquide 
ou solide peuvent Etre changges de faqon apprgciable. Plusieurs exem~les sont suc- 
cinctement discutgs : modifications des propriet6s de transport de 3He gazeux 3 
quelques degrgs Kelvin, du diagramme de phases d16quilibre liquide-gaz ou liguide- 
solide, etc. 

Abstract.- The effect of a high polarization of the nuclear s2ins in an ensenble of 
3 ~ e  atoms are theoretically investigated. One can see from the Pauli antisymmetri- 
zation principle that a non-zero nuclear polarization results in an increase of the 
kinetic energy of the atoms and in a decrease of the effectiveness of their inter- 
actions. As a consequence, the macroscopic properties of gaseous, liquid or solid 
3 ~ e  at low temperatures may be significantly altered. Several examples of these 
changes are briefly discussed in this article : modifications of the transport pro- 
perties of gaseous 3 ~ e  at a few degree Kelvin, of the liquid-vapour and licuid-solid 
phase diagram, etc. 

1. Introduction.- Let us consider two 3 ~ e  Whathappensnow if we try to force two 3He 

atoms, both in the electronic ground state. atoms with yarallel spins to come very 

If we assume that their nuclear spins (1 = close ? We can for example qroduce a head- 

1/2) are parallel, the symmetrization prin- on collision between two atoms and expect 

ciple of quantum mechanics requires thatthe that, during the collision time, their dis- 
-t. 

two atoms wave function, r2), be anti- tance will become very small. Figure 1 shows 

symmetrical in the exchange of the two pictures describing what actually ha?pens, 

atoms : for non-interacting one dimension gaussian 
-+ 

(1) wave packets. We see that, during the col- 
$ 2 )  = - + + +  ( z 2 1  '1) 

lision, that is when the two wave packets 
Since : overlap, q u a n t u r n i n t e r f e r e n c e e f f e c t s  occur 

-f 2 ,  ? 2  = r) = 0 ( 2 )  which ensure that the atoms never come very 

the atoms can never be found exactly at the 

same point of space. As a consequence,there 

is some minimum distance between two points 

where the two atoms can be observed with a 

non-negligible probability. This result is 

independent of the existence of any inter- 

action between the atoms ; we shall see 

below that the minimum distance in question 

close to each other. The minimum dlstance 

of apnroach is some fraction of the De 

Broglie wavelength (which is the shortest 

length we have introduced in the problem). 

If we want to reduce the minimum distance 

between the atoms, we necessarilv have to 

reduce their De Broglie wavelength, which 

increases their kinetic energy. 

depends on the relative kinetic energy of 

the atoms. It is easy to understand that If now the nuclear spins are antiparallel, 

this phenomenon occurs only because the instead of parallellfigure 1.a has to be 

two atoms have parallel spins : if they replaced by figure 2 : no interference 

were antiparallel (nuclear spins in ortho- effects Occur so that the atoms can be 

gonal quantum states), there would be no found very close from each other during 

reason in general why the atoms should not 
the collision (whatever their kinetic 

occupy the same point of space. 
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0 energy) . In practice, the repulsive part 
of the interatomic potential will of course 

put a lower limit on their relative dis- 

tance, but this is a different physical 

phenomenon. 

The aim of the present article is to study 

the differences between the properties of 

ordinary 3 ~ e ,  with nuclear spins pointing 

randomly in all directions, and spin pola- 

rized 3 ~ e  (or 3 ~ e + ) ,  i.e. an ensemble of ts-15 

atoms with all nuclear spins parallel to 

each other. Of course, macroscopic samples 

of 3 ~ e  or 3 ~ e +  contain a very high number 

of atoms, and the preceding discussion, in 

terms of two atoms only, is not sufficient. 

Nevertheless, the physical ideas we have 
1.-1 

obtained remain valid : in ordinary 3 ~ e ,  

the minimum distance at which any pair of 

atoms can be found is simply determined by 

the range of the repulsive potential. On 

the other hand, in 3 ~ e 4 ,  this distance also 

depends on the kinetic energy of the atoms 

and increases when this energy decreases ; 

in fact, at very low energies, the minimum 

distance between atoms becomes completely 

independent of the interatomic potential. . . 
We can obtain the following general conclu- ? I" 

sions from the preceding discussion : 

(i) The polarization of the nuclear spins reduces 

the effects of the atomic interactions. 

In 3 ~ e + ,  the atoms can only interact as 

far as their kinetic energy is high enough. 
1 

For example, if this kinetic energy beco- 0 

mes very low, the De Broglie wavelength 

will exceed the interatomic potential range 
Fig. 1 .- Wave packets of two colliding 3 ~ e  atoms with 

an, so that the effect of the potential parallel nuclear spins. Several simplifying assump- ., 
will be masked (the atoms are never close tions have been made in the computation of these 

figures : the wave packets are Gaussian, they have 
enough to interact). The minimum distance no y-z dependence (one dimension problem), and the 

of approach which can be seen in figure lSe effect of-the interactomic potential is ignored. The 
curves show the probability density associated to the 

is nothing but the size of the so called "relative particle", with position x = xi - x2 (xl 
wexchange holen. ~ h ~ ~ ~ f ~ ~ ~ ,  it is equiva- and x2 give the positions of the two atoms). 

Figure a shows the wave packets before colli - 
lent to say that, at very low kinetic ener- sion ; ADB is the De Broglie wavelength of the atoms. 

gies, the exchange hole strongly reduces When the two wave packets come closer and closer, 
interference effects become gradually more and more 

the effective interactions between the important (fig. b to e) ; they ensure that the pro- 

atoms. bability density at x = 0 always remains zero : both 
atoms can never be found at the same point of space. 

AS an example, let Us consider a low den- The region around x = 0 where the probability is 
negligible is nothing but the "exchange hole", which 

gas Of 3He4r and 'Ompare it to a gas has size comparable to the De Broglie wavelength. 

* A third possibility occurs when the nuclear spins are in the singlet state, which is a coherent superpo- 
sition of states where each atom has a well-defined spin direction. Interference effects then occur again, 
but with a different phase from fig. 1-e : the interference is now constructive at x=O (as for spinless 
bosons) . 



of ordinary 3 ~ e  at the same density and 

temperature T. In a dilute system, the ki- 

netic energy of the atoms depends linearly 

on T (their De Broglie wavelength is pro- 

portional to T-~'~) . Therefore, at very 
low temperatures, the nuclear polarization 

can be used to render the atomic interac- 

tions completely negligible ; in this way, 

an "artificial ideal gas" is obtained. 

all nuclear spins will divide by two the 

one atom density of states, so that the 

Fermi level EF will be raised ; for example, 

at a given density and zero temperature, EF 

will be multiplied by a factor 2 2/3. AS a 
consequence, the equation of state of the 

gas will be modified, as shown in figure 3: 

at given T and atomic density, the gas pree 

sure is increased by the nuclear polariza- 

tion. 

Ideal Fermi - Dirac Gas (s=1/2) 

pt  

Fig. 2 : This figure is similar to Fig.1-e but it 
has been assumed that the atoms have antiparallel 
nuclear spins (for example, the spin of the atom 
coming from the right points upwards, the spin of 
the other downwards). No interference effect then 
occurs and the atoms can be found at the samepoint 
of space. A short range interatomic potential would 
be more effective in this situation than in the 
situation of fig. 1-e. 

(ii) At given dens i ty ,  the nuc2ec:r poZarization 

increases the k ine t ic  energy o f  ?be system. 

We now want to discuss kinetic energy ef- 

fects which are increasing functions of the 

atomic density. Let us qualitatively dis- 

cuss what happens when we increase the 

density of a system made of a high number 

of atoms. Of course, we can always squeeze 

two (or more) atoms in the same small 

region of space, but figure 1 shows us what 

then happens : this operation reduces the 

period of oscillation of the interference 

term, and we know that fast oscillations of 

the wave function always imply a high kine- 

tic energy for the particles. 

Clearly, this effect occurs in both 3 ~ e  and 

3 ~ e 4 ,  since in 3 ~ e  the spins of any given 

pair of atoms may also be parallel. The 

point is that the effect is more pronoun- 

ced in 3 ~ e +  because all pairs of atoms have 

parallel spins. This phenomenon can be 

illustrated hy a very simple case : the 

ideal gas (no interactions). Polarizing 

Fig. 3 : Diagrams showing the equation of state an 
unpolarized ideal gas, compared to a fully polari- 
zed gas at the same density. The role of the Pauli 
exclusion principle is enhanced by the nuclear po- 
larization, which results in a higher pressure. 

The rest of this article is a discussion of 

the consequences of these two physical ef- 

fects on the properties of real 3 ~ e + ,  as 

compared to ordinary 3 ~ e .  We shall first 

study the dilute phasesfthat is gaseous 

3 ~ e 4 ,  and discuss the modifications of the 

gas properties induced by a 100% nuclear 

polarization. Then we shall study liquid 

and solid 3 ~ e 4 ,  which raise more delicate, 

but interesting, questions. We shall only 

discuss here the main physical effects, 

without any detailed calculations ; more 

details can be found in ref. /I/. The rea- 

der is also referred to ref. /2/,  where the 

thermodynamical aspects of these problems 

are discussed and more emphasis is given 

on the properties of dense phases. 

2. Properties of gaseous 3~e4.- 2,&I-ye;y 
cli&ule-qga.- A very dilute sample of 3 ~ e ,  

or3~e+, is non-degenerate , so that at the 
low density limit, gaseous 3 ~ e  and 3 ~ e +  

have the same equations of state. 
This does not mean that the nuclear polari- 
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zation of the atoms has no macroscopic ef- 

fect on the gas, and we shall see several 

examples where they are indeed important. 

It is immediately obvious from figure 1-e 

and 2 that all physical properties of the 

gas which depend strongly on collision phe- 

nomena may change under the effect of nu- 

clear polarization. 

For example, one can think of a scattering 

experiment (neutron scattering for exam- 

ple) where the properties of very close 

pairs of atoms (or 3 ~ e - 3 ~ e  transient mole- 

cules formed during col1isions)are obser- 

ved ; it is clear that the oscillations of 

figure 1-e will affect the value of the 

two body density at short interatomic dis- 

tances and therefore change the properties 

of the light scattered by close atomic 

pairs (in 3 ~ e + ,  the interatomic distance 

in the transient molecules will be larger 

than in 3~e). In this section, we shall 

rather focus the interest on another kind 

of macroscopic properties of a 3 ~ e  gas 

which strongly depends on collisional ef- 

fects : the transport properties, heat 

conduction and viscosity (which are purely 

non-equilibrium properties, in opposition 

to the two body density). The simplest ap- 

proach to study these transport properties 

consists in using the so called mean free 

path theory. We shall use the letter a for 
the mean free path in 3 ~ e ,  and a+ for the 
same quantity in 3 ~ e + .  

According to the discussion given above, 

the interactions between the atoms are mas- 

ked in 3 ~ e +  by particle indistinguishabi- 

lity effects. 

Therefore, we expect that : 

a+ > R 

The lower the temperature, the longer the 

De Broglie wavelength Of the atoms, and 

the higher the value of the ratio &+/a. 

Since the heat conduction coefficient K and 

the viscosity coefficient p are both propor- 

tional to the mean free path in the gas, we 

expect that : 

K+ . K 
?J+ > ?J 

A precise calculation of these quantities 

is given in ref. /I/, adapting to 3 ~ e +  the 

calculations of Munn et a1./3/. Figure 4 

shows the results obtained for the coeffi- 

cients K and ?J ; the qualitative arguments 

given above are indeed vindicatived and, 

at temperature T 5 1 K, significant diffe- 

rences between 3 ~ e  and 3 ~ e 9  are predicted. 

Tig. 4 : Variations of the gas viscosity u (or the 
heat conduction coefficient K) of normal 3 ~ e  and 
3 ~ e f ,  as a function of the temperature T. The quan- 
tit actually shown is u/& where M is the molar 
of 'He, since this number is temperature indepen- 
dent for a classical hard sphere gas.The full line 
gives the theoretical predictions of Monchick et 
a1./3/, the crosses the experimental results of 
Becker et a1 ./4/, both for normal gaseous 3 ~ e .  The 
broken line gives the results of our calculations 
for 3~e+. Two new effects appear at a 100% nuclear 
polarization : 
(i) in the region 2<T<4K,  a strong quantum oscilla- 
tion (quantum diffraction effect), which was hardly 
visible in the case of ordinary 3 ~ e .  
(ii) a low temperature divergence, arising from the 
absence of any s-wave scattering in 3~e4. 

Table I 

Table I gives the values of a and a+ at va- 
rious temperatures. We see that, at room 

temperature, the mean free path of 3~e+and 

3 ~ e  are practically the same, but that they 

become significantly different at low tem- 

peratures. 



Z,Z,-Denser gases.- In denser gases, the 

differences between 3 ~ e 4  and 3 ~ e  also 

appear in the equation of state of both 

systems. The first order correction in 

density of a gas is usually expressed in 

terms of a virial coefficient B(T), which 

characterizes the deviation from the ideal 

classical gas law. A positive value of B(T) 

implies a higher value for the pressure 

(at given density and temperature) and is 

a consequence of either the repulsion of 

the atoms, or of their Fermi statistics. A 

negative value of B(T) in a fermion system 

is due to the attractive part of the inter- 

atomic potential / 5 / .  

Figure 5 shows the calculated values of B(T) 

for 3 ~ e  and 3 ~ e +  as a function of the tem- 

perature T [these numerical values are ob- 

tained by a generalization of the results 

Fig.  5 : Variat ions of the  second v i r i a l  coef f i -  
c i e n t s  B(T) a s  a funct ion of temperature. The f u l l  
l i n e  gives B(T) f o r  o rd inar  3 ~ e ,  t h e  broken l i n e  
f o r  3 ~ e +  . When T = 0.4 K, 'He+ i s  very s i m i l a r  t o  
a c l a s s i c a l  i d e a l  gas ,  b u t  not  3 ~ e .  A t  very low 
temperatures, the  Fermi s t a t i s t i c s  e f f e c t s  dominate 
and both c o e f f i c i e n t s  B ( T )  become l a r g e r  and l a r g e r  
(bu t  the  v i r i a l  development can no longer be l i m i -  
ted t o  i t s  f i r s t  term).  

of Boyd et al. /6/]. We see that, as expec- 

ted, B ( 3 ~ e + )  is always greater than B ( 3 ~ e )  ; 

as a matter of fact, these coefficients are 

significantly different at any temperature 

T 2 2 K. A more detailed discussion of these 

differences is given in ref. /I/, in terms 

of the effect of the nuclear polarization 

on the kinetic energy of the atoms (ideal 

gas term) and on the atomic interactions. 

3. Properties of liquid 3 ~ e +  .- Normal 3 ~ e  

forms a very weakly bound liquid : the bin- 

ding energy per atom is the sum of a kine- 

tic energy Ec = 10 K and a potential energy 

E = -12 K, and therefore results from a 
P 
delicate balance between larger energies. 

Since Ec will be higher in liquid 3 ~ e +  than 

in ordinary 3~e,one may even ask if liquid 

3 ~ e +  will remain stable when fully polari- 

zed. 

Any liquid can be considered as an enormous 

cluster of many atoms. It is therefore in- 

teresting to have an idea of the minimum 

number n4 of 3 ~ e 4  atoms which form a bound 

state (if n+ = m r  liquid 3 ~ e +  does not 

exist). A discussion of this question is 

given by T.K. Lim et al. in the same jour- 

nal issue /7/ : at least n=12 unpolarized 

3 ~ e  atoms are probably needed to form a 

cluster, and n4 is even larger.So, it is 

not easy to bind together several 3 ~ e 4  

atoms. 

In ref. /I/ ,  we give a simple estimation of 

the difference between the binding energy 

of the two phases (this difference is ex- 

trapolated from its low nuclear polariza- 

tion value, which is known from the magne- 

tic susceptibility of the liquid). If this 

result is correct, the energy variation is 

only one tenth of the total binding energy, 

which means that the nuclear polarization 

effects are ten times too small to prevent 

the formation of a liquid. 

Much more elaborate methods to discuss this 

problem have been used by J.W. Clark et al., 

M. Ristig and P. Lam, M. Miller and R. Guyer, 
and one of us in collaboration with D. Le- 

vesque. They are discussed in the corres- 

ponding articles in this journal issue /8/ 

/9/, /10/,/11/. From these studies, a bet- 

ter knowledge of both liquid 3He and 3 ~ e +  

should result. 

Figure 6 shows how the nuclear polarization 

of the 3 ~ e  liquid should change it satura- 

ting vapour pressure : liquid 3 ~ e 4  being 



C7-56  JOURNAL DE PHYSIQUE 

less bound than liquid ordinary 3~e,itsva- 

pour pressure should be higher. Therefore, 

starting with a 3 ~ e f  gas at a very sligh- 

tly lower pressure than the liquid-gas 

equilibrium pressure, it should be possi- 

ble to trigger a liquefaction phenomenon 

(formation of droplets) by destroying the 

nuclear polarization (e.g. by N.M.R. tech- 

niques) . 

Liquid 3 ~ e - 4 ~ e  solutions also provide us 

with interesting physical systems where the 

effects of a nuclear polarization should be 

significant. Very long nuclear relaxation 

times have been obtained in this system by 

M. Taber et al. /12/. We know that two pha- 

ses can coexist at low temperatures : a 

pure 3 ~ e  phase and a mixed 3 ~ e - 4 ~ e  super- 

fluid phase with a fixed 3 ~ e  concentration 
(6% at zero temperature). A simple model 

Fig. 6 : Approximate variations, as a function of 
temperature, of the ratio between saturated vapour 
pressures of 3~ef and 3 ~ e .  

The liquid-gas equilibrium also shows inte- 

resting properties when the nuclear polari- 

zation X is only partial (X = 50% for exam- 

ple). Since X is simply related to the pro- 

portion of spin up and spin down atoms, X 

is somewhat analogous to the concentration 

of a substance A in a mixture of A and B. 

We know that mixtures of two liquids do not 

boil at a fixed temperature, and that the 

concentrations in both phases change during 

the ebullition. Figure 7 gives a sketch of 

the liquid-gas equilibrium diagram of par- 

tially polarized 3 ~ e .  When the two phases 

coexist, the polarization X is higher in 

the gas than in the liquid phase, where a 

strong nuclear polarization implies a lar- 

ger energy increase than in the gas. This 

unusual phenomenon could, at least in 

principle, be exploited to increase the 

polarization of a partially polarized 3 ~ e  

sample by the methods of fractional dis- 

tillation. 

Until now, we have discussed only the equi- 

librium properties of liquid 3~e4. It is 

nevertheless clear that, like in the gas 

phase, the transport properties (sound ve- 

locity, etc..) should also be affected by a 

nuclear polarization. 

Fig. 7 : A sketch of the phase diagram of the liquid- 
vapour equilibrium for partially polarized 3 ~ e ,  at 
constant pressure. Ordinary 3 ~ e  corresponds to X=O, 
fully polarized 3 ~ e  to X=l. When the liquid and va- 
pour phases are in equilibrium, the polarization X 
is higher in the latter phase. This is because a 
given polarization costs more energy in a dense 
phase than in a dilute, non degenerate, phase. 

assimilates the latter to a gaseous 3 ~ e  

phase and allow us to extrapolate the pre- 

diction given above concerning the liguid- 

vapour equilibrium : the nuclear polariza- 

tion should increase the maximum concentra- 

tion of 3 ~ e  in 4 ~ e .  The existence of a tri- 
critical point also raises interesting 

question : how will this point move when 

the nuclear polarization is 100% ? It is 

also clear that, when the nuclear polariza- 

tion X is only partial, it should take on 

different values in the different phases, 

so that interesting phase diagrams as a 

function of X should occur. The effects of 

a nuclear polarization on the transport 

properties of liquid 3 ~ e - 4 ~ e  mixtures are 

also spectacular, as shown by E.P. Bashkin 

and A.E. Meyerovich /13/. 

To conclude this section, we can remark 

that a full nuclear polarization in a 3 ~ e  

system considerably simplifies the problem 

of finding the energy levels and the asso- 

ciated orbital wave functions. In ordinary 



3 ~ e ,  even if one ignores any nuclear spin 

dependent term in the hamiltonian, it is 

not possible in general to write the eigen- 

states under the form of a product : 

where and I$spin> are kets descri- 

bing respectively the orbital and spin va- 

riables of the system. This impossibility 

arises from the complicated structure of 

the antisymmetrical state space, which is 

not simply a tensor product of an orbital 

state and a spin state space. Of course, we 

can always write 

(n) l $> = 1 cn l $orb> e l e spin '"' > 
n 

but, then, an eigenstate of the system is 

associated to several orbital states 1 eoi;'>. 
The situation is therefore much more compli- 

cated than for an ensemble of 'He atoms, 

which can be described by one ket I+orb >  
(i.e. one wave function). 

In fully polarized 3 ~ e + ,  this problem dis- 

appears and the state vector always factori- 

zes : 

I $> = I $orb> I S = N/2, Ms = N/2 > 

where is a state vector belonging to 

the space of orbital variables and I S  = N/2, 

Ms = N/2> the fully polarized spin state 

(the quantization axis is chosen parallel to 

the spin). The ket I$orb> is equivalent to 

a wave function depending on 3N variables, 

the coordinates of the particles. The mathe- 

matical problem of finding the ground state 

level and the first excitations of the sys- 

tem is then similar to the same problem of 

a system of spinless bosons ( 4 ~ e  atoms), 

the only difference being that the wave 

function is now antisymmetrical by exchange, 

instead of symmetrical'"! This should stron- 

gly reduce the spectrum of elementary exci- 

tations in liquid 3 ~ e .  Superfluidity pheno- 

mena should then be markedly different in 

3 ~ e +  than 3 ~ e ,  and appear at significantly 

higher temperatures in the first case. 

(*) In terms of group theory, for normal 3 ~ e  the 
energy levels correspond to orbital wave functions 
which span multidimensional representations of the 
permutations of the particles. For 3 ~ e + ,  as 
for 4 ~ e ,  only one dimension representations are 
useful. 

Even in the absence of superfluidity, one 

may consider both system as two distinct 

Fermi liquids with their own characteristics 

(specific heat, sound velocity, etc ... ) Even 
if the macroscopic properties of fully pola- 

rized 3 ~ e  do not differ dramatically from 

those of unpolarized j ~ e ,  3 ~ e f  provides us 

with a "new" physical system which may be 

easier to understand from a microscopic 

point of view than an ordinary 3 ~ e .  For 

example, variational calculations should be 

more accurate and give a better description 

of reality in 3 ~ e 4  than in 3 ~ e  : this is 

again because the full antisymmetrization 

puts a very strong constraint on the orbi- 

tal wave function and leaves much less free- 

dom for the choice of possible wave func- 

tions. 

Liquid 

Fig. 8 : The changes in the phase diagram of 3 ~ e  
created by a 100% nuclear polarization are schema- 

tically shown in this figure. Full lines : 3 ~ e  ; 
broken lines : 3He+. The nuclear polarization re- 
duces the domain of existence of the liquid phase. 

4. Other phases : solid, adsorbed films, 

etc..- In solid 3 ~ e ,  the atoms are relative- 

ly well localized on a crystal lattice, and 

it is well known that the exchange effects 



C 7 - 5 8  
JOURNAL DE PHYSIQUE 

are weak compared to the same effects in 

the liquid. We therefore expect that the 

consequences of the nuclear polarization 

will be weaker in the solid than in the li- 

quid ; in other words, the kinetic energy 

per atom is relatively high in the solid 

anyway, and the nodes of the wave function 

of 3 ~ e 4  do not imply very different values 

for the energy of the system. 

The situation is then analogous to the gas- 

liquid equilibrium : in 3 ~ e + ,  the domain of 

existence of the solid exceeds the domain 

for normal 3 ~ e .  One can also predict the 

disappearance of the Pomeranchuk effect, 

which arises from a higher nuclear spin 

entropy in the solid 3 ~ e  than in liquid 3 ~ e .  

Obviously, this effect does not occur in 

3 ~ e + ,  where there is no nuclear spin entropy 

anyway. Another extremely interesting fea- 

ture is the possibility, suggested by B. 

Castaing and P. NoziGres /2/ that solid 

3 ~ e +  could be a vacancy solid as introduced 

by Andreev /14/. 

There are other situations where the study 

of the properties of 3 ~ e 4  could be interes- 

tinf. We have already mentioned 3 ~ e + - 4 ~ e  

mixtures,and one can envisage other systems, 

like two dimensional 3 ~ e 4  (i.e. 3 ~ e 4  adsor- 

bed on a solid surface like graphite or on 

a liquid 4 ~ e  surface), etc. 

5. Conclusion.- Spin polarized 3 ~ e  provides 

us with an attractive physical system which 

exhibits several interesting quantum featu- 

res. Of course, the equilibrium states of 

3 ~ e +  are in fact only metastable states,but, 

as far as the nuclear relaxation time T1 is 

long enough, the nuclear polarization X can 

be considered as a new macroscopic variable, 

like the pressure P or the temperature T. 

Phase diagrams including the variable X 

exhibit interesting phase changes and, since 

these diagrams are not precisely known at 

the present time, they seem to be worth 

studying. 

The main practical problems in observing 

3Be+ experimentally are to produce this 

system and to keep it polarized (long re- 

laxation times). Several polarization me- 

thods have been proposed : some use the SO 

called "brute force technique", like the 

fast melting of the solid proposed by 

Castaing and NoziGres /2/ ,  others rely on 

different techniques like optical pumping 

/15/. 
Another fascinating system is spin polari- 

zed hydrogen (H4), which is discussed in 

many of the articles in this journal issue. 

Compared to 3 ~ e + ,  spin polarized hydrogen 

offers several more exciting characteris- 

tics : Bose condensation in a dilute gas, 

no liquefaction at P = T = 0, etc.. Gene- 

rally speaking, H atoms are lighter than 

3 ~ e  atoms so that quantum effects are more 

spectacular. Also, several isotopes can be 

studied : spin polarized Deuterium is also 

predicted to be a fascinating system, obey- 

ing Fermi statistics, Nevertheless, with H4 

and D+, it seems impossible to vary conti- 

nuously the polarization of the spins, which 

has to be practically complete for the sys- 

tem to be stable. Consequently, in this 

case X can not play the role of an addi- 

tional thermodynamical variable. Another 

difference is that, in 3 ~ e ,  all macroscopic 

effects of the nuclear polarization are 

purely statistical effects, without any 

change of the interatomic potential ; the 

stability of the system is not critical and 

ones does not have to worry about atomic 

recombination or possible chain reactions. 

The surface (and bulk) relaxation problems 

are much less severe with 3 ~ e 4  than H4, 

since nuclear magnetic moments are roughly 

lo3 times weaker than electronic spin mo- 

ments. On the other hand, this is clearly 

a disadvantage if one intends to produce a 

spin polarized system by the so called 

"brute force" method. 
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