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Exercise 1. Condensation and crystallization in the lattice gas model.

The lattice gas model is obtained by dividing the volume V into microscopic cells which are
assumed to be small enough such that they contain at most one gas molecule. In two and three
dimensions, the result is a square and a cubic lattice, respectively. We neglect the kinetic energy
of a molecule and assume nearest neighbors interactions. The total energy is given by

H = —)\anj (1)
(i.4)

where the sum runs over nearest-neighbor pairs and A is the nearest-neighbor coupling. There
is at most one particle in each cell (n; = 0 or 1). This model is a simplification of hard-core
potentials, like the Lennard-Jones potential, characterized by an attractive interaction and a
very short-range repulsive interaction that prevents particles from overlapping.

In order to study the case of a repulsive interaction, A < 0, we divide the lattice into two
alternating sublattices A and B. For square or cubic lattices, we find that all lattice sites A only
have points in B as their nearest neighbors.
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Figure 1: Schematic view of the lattice gas model.

(a) Show the equivalence of the grand canonical ensemble of the lattice gas model with the
canonical ensemble of an Ising model in a magnetic field.

Solution. We consider the grand canonical Hamiltonian

H—,uN:—/\anj—uZni. (S.1)
(4,5) @
By introducing Ising spins s; through the relation
1
n; = 5(1—1—51'), s; = *1, (SZ)
we arrive at an Ising model
2l 2l
R >R R LR () |
m sts] th h— 5 J )Nu=Hi— (h—5J)Ny (S.3)
(i:3) i
with
A A n

Here, v denotes the coordination number (number of nearest neighbors) and Ny, is the total number of
lattice sites. The grand partition function Z = Tr[exp[—B(H — uN)]] of the lattice gas is thus related to
the canonical partition function Z1 = Tr [exp(—/SHi1)] of the Ising model through

2o = 71 P (37HE) M (S.5)

with the relations (S.4) for the exchange coupling J and the magnetic field h.



(b)

Introduce two mean-field parameters ma and mp, corresponding to the two sublattices A
and B, and adapt the mean-field solution of the Ising model discussed in Sec. 5.2 of the
lecture notes for these two parameters. What are the self-consistency conditions for ma
and mpg?

Solution. The Hamiltonian of the Ising model is
HI = —JZSiSj —thi. (86)
(4,4 i
We introduce the mean-field parameters ma and mg, which are defined as
ma = (Si)iea,  mB = (Sj)jeB - (5.7)
Now we can write
si=mapB+0 :=map+(si—ma,Bn), (8.8)
where we assume §; to be small. Now we can expand the Hamiltonian as
Hy=—JY (ma+0)(ms+3;)—hY s
(4,9) i
=—J Z (mAmB + mpd; + mAéj + 515]) — hz S
(4,9) i
~—J Z [mame + mge(s; — ma) + ma(s; —ms)] — hZ Si
(i,3) i
= ﬂ Jmams —’yJZmBsi —’yJZmAs- — thi
2 J

(S.9)

iEA JjEB i
= ﬂ Jmamp — Z(’y]mg + h)s; — Z(’meA + h)s;
2 i€A jEB J’

where we used that nearest neighbors always belong to different sublattices and neglected the product §;9;.
We find that the two sublattices A and B behave as paramagnets in the effective fields

i =~Jms +h, hi: = ~Jma + h. (S.10)

The partition function of a paramagnet was already discussed previously, so the partition function of this
mean-field Hamiltonian is

Zi = exp [~ 1 ByNJmams] - [2 cosh (ﬁhg\ﬁ)] N [2 cosh (ﬁh?ﬁ)] s (S.11)

This immediately leads to the Helmholtz free energy

F(B,h,N) = g (J'ymAmB - % {log [2 cosh(ﬂhgg)] + log [2 cosh(ﬁheBg)] }) . (S.12)

The self-consistent solutions are given by the local minima of the free energy. The conditions are therefore

of _ A
G =0 & mp=tanh [ﬂheﬂ] (S.13a)
oFr . B
G =0 & ma = tanh [ﬁhcﬁ] , (S.13b)

where hiy and hiy are given by (S.10).

Use your results from parts (a) and (b) to calculate the grand potential for the lattice gas
and determine the self-consistency relations for the two mean-field parameters pp = (n;)iea
and pB = (1;)ieB.



Solution. We use the mean-field approximation (S.12) derived in part (b) and the relations (S.4) in order
to write the grand potential

1 A
Q(B, u, NL) = 3 log Z6 = Fi(B,h, NL) — (57 + %) Ny

=S |- (B n) + Aeon - 12— (8.14)

7% {log {2 cosh <§ (AMypa + u))] +log {2 cosh (g (AMypB + u))] H ,

where we defined p = £ (1 +m). Here, the effective magnetic fields (S.10) are replaced by
hi” = 3 + 1) (8.15)

We can now reformulate the self-consistency equations (S.13) for the lattice gas by inserting the rela-
tions (S.15). Using artanhz = 1 log[(1 + z)/(1 — z)] for = € [—1, 1], we obtain the two relations

1y, e 1y

lo - A = —lo - A , S.16
p=glog—"- = Ayps = glog T = Aypa (5.16)
which can also be written in the form
1
pA = 1+ e BAype+1r)’ (5.17a)
1

14+ e BAvpa+u) *

By inserting Eq. (S.17b) into Eq. (S.17a), we can in principle obtain the single condition

pa= {1 e (_ﬁ [1 + exp (—g(A’MpA ) T M] )} B (8.18)

In the following we will use the mean-field solution of the lattice gas model in order to discuss
the liquid-gas transition for an attractive interaction A > 0.

(d) Argue, why in this case the mean-field results can be simplified as the two densities must be
equal, pao = pg = p. Use your knowledge of the Ising model to define a critical temperature
T., below which there are multiple solutions to the self-consistency equations, and discuss
the solutions of p for temperatures above or below T.. Define also the critical chemical
potential pg corresponding to h = 0 in the Ising model and use this for a distinction of
cases.

Solution. The two self-consistency equations (S.17) are of the mathematical form

a=o(b)  b=o(a), (S.19)
where the function is given by

o(x)

It is easy to see that for A > 0 this function is monotonically increasing, while it is decreasing for A < 0.

= oo - (S.20)

Now if we assume b > a, this implies f(b) > f(a). This immediately leads to a contradiction, as a =
f(b) > f(a) = b > a. The same contradiction follows for b < a. Therefore, for A > 0 there are only
symmetric solutions pa = pp for the self-consistency equations and we can simplify the whole treatment
by just omitting the second mean-field parameter altogether.

From Eq. (S.4) we see that h = 0 corresponds to ;1 = —Ay/2 =: po. For this case we can use the knowledge
about the magnetic transition in the zero-field Ising model. In particular, there is a critical temperature
ksTc = YA/4 = —po/2 below which there exist two degenerate solutions.
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Figure 2: The density p as a function of temperature T for different values of the chemical potential p.

In the lattice gas, these solutions correspond to the liquid and to the gaseous phase and we will denote
them by pi(T) and py(T'), respectively (see Fig. 2). The third solution of Eq. (S.17) for u = po, namely
p =1/2, is only stable above Tt.

In the general case, there is a unique solution of Eq. (S.17) for T > T, while for T" < T, there are
three solutions in the neighborhood of u = po = —2kg7. but only one minimizes 2 (see Figs. 2 and 3).
The solution with dp/du > 0 is stable or metastable while the solution with dp/du < 0 is unstable and
corresponds to a local maximum of the grand potential Q. Thus, for T' < T¢, the density p(T, p) jumps at
uo reflecting the first-order liquid-gas transition (see Fig. 3).

(e) Find the equation of state p = p(T), p) or p = p(T,v) and discuss the liquid-gas transition
in the p — v diagram. Thereby, v = 1/p is the specific volume. Compare with the van der

Waals equation of state:
(+ %) (s-5) =t
v

What is different in our model?

Hint. For the lattice gas, we have b=1.

Solution. The pressure is given by

P, ) = = 5B, 1, N1)

S N e ) T

where we used Eq. (S.14). For p(8, 1) < pg(B) and p(B, 1) > pi(B) we can simply insert Eq. (S.16) into
the above equation and obtain

A 1
Mﬂm:—gﬁ—gmu—m (8.22)
or in terms of the specific volume v = 1/p
Ay 1 1
p(T,v) = 52 kT log(1l — ;) . (S.23)

But for pg(8) < p(B, 1) < pi(B) there is coexistence of the liquid and the gas. We have to set u = po and
p = pga(T) in Eq. (S.21) (this corresponds to the Maxwell construction) leading to a constant pressure!
This is shown in the p — v diagram Fig. 4.
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Figure 3: The density p as function of the chemical potential p for different temperatures. For T' < T¢ there is a
jump in p at p = po = —2kp7Te.

We can rewrite the van der Waals equation of state as follows:

a 1
T,v) = —— + ksT = .
p(T,v) =~ 5 +ks P

v —

The elementary volume of the gas (hard core volume) b equals 1 in our model, since the volume is given by
the total number of lattice sites, Ni,. Comparing this with Eq. (S.23), we see that the first term is identical
if we set @ = Ay/2, whereas the second term diverges either linearly (van der Walls) or logarithmically
(our model) with v — 1. This different behavior is present in the limiting case of high density and can be
attributed to the short-range difference of the potential for the discrete lattice gas model and the continuous
van der Waals gas.

(f) Find the phase diagram (7' — p diagram). Determine the phase boundary (7', p.(T")) and,
in particular, compute the critical point (T, pc(Tc)).

Solution. The critical pressure is given by Eq. (S.22) for u = po = —2ksT. and p = pg,i1(T)
pe(T) = =2k Tep (T) — kT log(1 — pg.(T)), (S.24)

as shown in Fig. 5. In particular, for T'= T, we have py,;(T.) = 1/2 and

. kT,

pe(Te) (log4 —1). (S.25)

Instead of the liquid-gas transition, which we have observed for an attractive interaction A > 0,
a crystallization transition (sublimation) can be observed for nearest-neighbor repulsion, A < 0.
In this case, we will find that the two mean-field parameters are different, ppo # pp, below some
critical temperature T.

(g) Discuss the solutions below the critical temperature for A < 0. Plot the densities ps and
pB, as well as the average, (pa + pB)/2 for both attractive and repulsive nearest-neighbor
interaction at low temperature, T' < T.
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Figure 4: The isotherms p(7,v). The shaded region denotes the region of liquid-gas phase coexistence.

Phase diagram of the lattice gas model
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Figure 5: p-T phase diagram of the lattice gas model. The two phases coexist when p = po and T' < T¢
(equilibrium line). Above T, there is only one phase (a single density for a given pressure).

Solution. Below the same critical temperature kgT. = v|\|/4 as for an attractive interaction and in a
certain range around po = y\/2, we find graphically that three different solutions for the self-consistency
relations (S.17) exist, corresponding to the crossings of ¢(pa) and ¢(ps) shown in Fig. 7. There are two
degenerate asymmetric solutions pa # pg, which are related by pa <> pp, and one symmetric solution with

pA = pB.
The exact range p € [0 — Ap, o + Ap] for which three solutions exist is given by the condition

¢/(P)|¢(p)=p <-1. (5.26)

This can be understood by looking again at Fig. 7 and by noting that since ¢(p) > 0, there must exist two
asymmetric solutions whenever ¢'(p) < 1 at the symmetric solution (the middle crossing). By inserting
the definition of ¢ into Eq. (S.26) and solving for u, one obtains

o — Ap < p < po + Ap, (S.27)

_ M1 140 _ 4
AM_29+ﬁlog<1_9 , 0= 1+5’Y)\' (S.28)

The asymmetric solutions, which are generally lower in energy, correspond to a crystal structure, where
(at T = 0) one of the sublattices is occupied while the other one is empty. The densities for attraction and

with



repulsion are shown in Fig. 6. While for a nearest-neighbor attraction the densities of the sublattices are
identical, there is a symmetry-broken phase for nearest-neighbor repulsion.
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Figure 6: Densities on the two sublattices for attractive (A > 0) and repulsive (A < 0) nearest-neighbor interaction
at T = 0.57;. The thick lines show the average densities, the dashed and dotted lines the densities of the two
sublattices.

10— " T T T T T

0.8 1

0.6r 1

PB

0.0k ‘ ‘ ‘ ‘ H

PA

Figure 7: Plot of ¢(pa) and ¢(ps), defined in Eq. (S.20), for p € [uo — Ap, po + Apl.



