PHYSICAL REVIEW B

VOLUME 1,

NUMBER 4 15 FEBRUARY 1970

Crystalline Stability and Order in One and Two Dimensions

Jurio F. FERNANDEZ
Physics Department, University of South Carolina, Columbia, South Carolina 29208
(Received 30 June 1969)

It is shown that no quantum system of particles, regardless of their interactions, can form a stable solid
in one or two dimensions, if both the temperature and the compressibility are different from zero. By stable
solid we mean that (2) be finite. It is also proven that a neutral system of electrons and nuclei cannot exhibit
crystalline order, of the usual kind, in one or two dimensions. This last proof is based on Bogolyubov’s

inequality.

I. INTRODUCTION

T was proven long ago, by Peierls,! that a two-
dimensional system of particles connected by linear
springs will not form a solid. Landau? obtained the same
result using phenomenological arguments. More re-
cently, Mermin® has been able to prove from first
principles that a system of particles interacting through
a two-body potential ¢(r) satisfying the conditions

¢(r) — 1/r2te as
o(r)— |A|/r*te as r—0

1’—-)00,

will not form a solid.

Two outstanding examples of systems covered by the
proofs from first principles are the system of hard cores,
and the system of particles interacting through the
Coulomb potential. The computer experiments of
Alder and Wainright? performed on a two-dimensional
system of hard cores indicate a change of phase, from
a fluid to a crystalline state.

The case of the Coulomb potential is of great interest
because it is the source of all pertinent nonrelativistic
forces in macroscopic physics. It has been studied in the
realm of models, and it has been predicted that a system
of nuclei and electrons can undergo a liquid-solid phase
transition in one dimension.’

We shall discuss now three different criteria that may
be used to diagnose the existence of the solid phase
before we describe the contents of this paper. These
well-known criteria are:

(a) The stability condition is
()<, ¢y

where u; is the displacement of the sth particle from its
equilibrium position, and the brackets denote thermal
averages. To speak about (%) requires distinguish-
ability of particles. One of the objections that one can
raise against this condition is that even in a system
which one knows to be in a solid phase, (#;?) may be
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infinite, meaning only that particles diffuse. But one
can have a solid with diffusion. One way to avoid this
criticism, simultaneously making the particles distin-
guishable, is to join the particles in the system by ex-
tremely weak springs, which would now act in addition
to the previously existing intermolecular forces. If one
still cannot satisfy Eq. (1), one does not have a stable
solid. This criterion was used by Peierls! and Landau.?

(b) A less stringent view of crystalline order is one in
which p(r), the particle density as a function of posi-
tion, has the periodicity of some lattice. Then if G is a
reciprocal-lattice vector,

i {pc) 0
ym =70, )

where IV is the total number of particles and

pe=/p(r)e—"G"dr

is associated with crystalline order.

The criterion given here was used by Landau? and
Mermin.? It is necessary for the existence of Bragg peaks
in x-ray® or neutron scattering’ by the system under
consideration.

In Appendix A, the connection between the criteria
(a) and (b) is discussed. It is shown that Eq. (1) implies
Eq. (2), although the converse is not true.

(c) We give the last example of a condition that one
may impose on a system to be accepted as a solid. That
is, that the zero-frequency shear modules of elasticity not
be zero. This imposes a condition on the shear-stress—
shear-stress time-dependent correlation function.?

As Frenkel® stressed, the high-frequency shear modu-
lus is not qualitatively different in fluids and solids. In
the infinite-frequency limit, the shear and bulk moduli,
in fact, obey the Cauchy relation.1%:1! It makes sense,
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though, to associate a nonvanishing zero-frequency
shear modulus with a solid, and a vanishing one with a
fluid. This creterion goes along with Alder’s'? idea of
the solid-fluid transition. We will only use criteria (a)
and (b).

In Sec. IT we give an argument, from first principles,
to show that no system, regardless of the interaction
potential, can satisfy Eq. (1) in one or two dimensions
if the compressibility is not zero at 7'£0. This argument
is valid for a system of hard cores, particles interacting
through the Coulomb or any other potential. In Sec.
IIT we prove that a neutral system of nuclei and elec-
trons interacting through the Coulomb potential cannot
satisfy Eq. (2) in one or two dimensions at 75£0. In
Sec. IV we discuss the results.

II. INSTABILITY OF SOLIDS IN
TWO DIMENSIONS

In this section we treat a quantum system of dis-
tinguishable particles. It will be shown that Eq. (1)
is ot satisfied in two dimensions. The argument given
here is not rigourous in one regard, namely the, limit
interchange shown in Eq. (6). Our procedure is to assume
(u?) <o and arrive at a contradiction. For simplicity
we treat the case of one particle per primitive cell.

The definition of

pk=/p(r)e—“"fdr
and 3)
o) =X o)

allows us to write

(putp) = (e @) ()

@

where X; is the position vector of the 7th lattice site,
and u; is the displacement of the ith particle away from

the site.
If we substitute into Eq. (4) the expression

e~k @i =cos[k- (u;—uy) | —i sin[k- (u;-u;) ]
and
cosa=1—2%a?+(cosa—1+43a?), sina=a-(sina—a),

we obtain

(pxctpry =N?8y,6[1—(k-1)*)]
+N(k-Qitk- Qi)+ fi, (5)

where G is a reciprocal-lattice vector,

Qu=N"123 yeisXi
i

2B, J. Alder, W. R. Gardner, J. K. Hoffer, N. E. Phillips, and
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and
Je=E e T coske: (i)
—14+5{[k- (ui—u) 1) —i((sin[k- (u;—u,)])
— (k- (u;—uy)))}.

We now divide Eq. (5) by NV, take the limit N — o, and
finally, let £ — 0. Since (%)<, by hypothesis, it is
reasonable to assume that

fim fim 2% 0. ©)

k>0 N-oo N
We are then left with

pxtp
lim Tim <P

k-0 N> IV

=i Ym0 Quk Q).
Using a well-known relation, the left-hand side of the
previous expression may be replaced by

(lv/ﬂ)XTKBT:

where Q is the volume of the system, Xy is the isothermal
compressibility, Kp is Boltzmann’s constant, and 7 is
the temperature. With Eq. (6) we obtain

N
lim lim <ka+k Qk>= ——S;XTKBT. (7)

k>0 N>

From the definition of Qy it follows that
1
(u#)=—3 (Qx*Qx) )
N &
In the thermodynamic limit @ —w, N —w, N/Q
=const, Eq. (7) and (8) imply that
1 XpKgT

(u?)> R —-k2 dk. 9)

This equation implies that if 750 and Xy#0, then
(u:?)> . It contradicts our hypothesis. Xy =0 implies
that the particles are jammed against each other, so it is
geometrically impossible for (#:%) to go to infinity. At
T'=0 the entropy plays no role, so again it is not sur-
prising to find (%) not infinite. Equations (7) and (8)
also imply, of course, that

dim (ui—u)=co, i 750, X540
—j| >0

If each particle is not “permanently bound” to its
nearest neighbor, (#2) = may simply imply diffusion.
If, however, in addition to the given intermolecular
potential, one connects the nearest-neighbor particles
by extremely weak springs, and (#?)= o persists, then
it must imply only infinite fluctuations in the absence of
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diffusion. The Hamiltonian of the system plays no role
at all in the derivation of Eq. (9). It follows, then, that
this equation is still valid whether we join particles by
springs or not. So (#?)= persists, after we join par-
ticles by springs to prevent diffusion. For a discussion of
the relation between (#?)=« and Eq. (2) see Appendix
A.

We point out that the results of this section are in-
dependent of the interaction potential. It is also worth
noticing that the results are useless for a system of
charged particles in an oppositely charged static back-
ground, since the compressibility is zero in this case.

III. NUCLEIEAND ELECTRONS

Here we treat a system of electrons and nuclei inter-
acting through the Coulomb potential in one and two
dimensions. The system is treated quantum mechani-
cally. (Classically, such systems are unstable and
collapse.) It is proven in this section that Eq. (2), the
condition for crystalline order, it not satisfied by such
system.!® The proof fails for a system of charged par-
ticles in static charge background. The proof given here
is based on the Bogolyubov!4® inequality.

The system is placed in a “soft box,” i.e., in the one-
dimensional case every particle is subjected to the ex-
ternal potential

Hw =f[\71/4 Z [—x,@(—xz)—i—(xz—Lz)ﬁ(x,—Lx)] ,

where 6(z) is the step function, « is the particle position,
f is a finite quantity, and IV is the number of nuclei. In
the thermodynamic limit, N —, Q—w, N/Q finite,
we get impenetrable walls. (The external potential in
the two-dimensional case is the obvious generalization
of this.)

To start with, we invoke Bogolyubov’s inequality

K4, A+ TG HICHY> KaT | [C,AD]2 (10)
and choose
C:]k=Z(k.pi+%k2>e~ik-ri
Z +X (k- PA-3kY)e R (11)
and |

A=pe_x¥N=3 ¢ (6K Ry,

v

(12)

Here the brackets denote thermal averages; p; and r;
are the momentum and position, respectively, of the
ith electron; P, and R, are the momentum and position
of the »th nucleus. To avoid confusion, Latin indices

18 The results of this section were reported at the Twenty-First
Yeshiva University Statistical Mechanics Meeting, March 31,
1969 (unpublished).

4 N. N. Bogolyubov, Physik Abhandl Sowjetunion 6, 1 (1962);
6, 113 (1962); 6, 229 (1962).

15 N. D. Mermin and H. Wagner, Phys. Rev. Letters 17, 1133
(1966).
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are used for electrons and Greek ones for nuclei. C is
the kth Fourier component of the mass current density
of the electrons plus nuclei. 4 is the G—k Fourier
component of the nuclear number density. (In Sec. IV
the physical idea motivating the choices of C and 4 is
discussed.)

Let the wave vector k take the values k,=2mn,/L,,
ky=2wn,/L,, where n. and n, are integers. The func-
tions e?t* do not make up a complete set for the soft
box, although they do form a complete set in the re-
stricted region where the external field is zero. However,
in the thermodynamic limit, the set e with out choice
of k’s, goes into a complete set.

The various terms in Bogolyubov’s inequality must
now be computed. The term on the right-hand side is

([C,AD*=[(k—G) -k]*|{pa|. (13)

We wish to show that no crystalline order exists by
showing that (Y6)=0, where (Ya)=limy_.N"Ypg), for
G>0. At T#0, ($c)=0 in any number of dimensions
if [P,H]=0, where P is the total momentum. In order
to enable the system to condense into a crystalline state
if periodic boundary conditions are used, one adds a
term to the Hamiltonian which breaks the system’s
translational symmetry. (See Wagner,'s for example.)
However, this procedure is not necessary in our case
since the walls break the translational symmetry of the
Hamiltonian. We now compute the term [[C,H],C+] in
inequality (10). First we obtain

(L75H1, 7)) =3NTZ/m+1/ M 0+68() V(K Ees
T (k- V,k- V,H)ek Rk

+3 (k- Vik- V;H)ei (rimsd)
()

+2X «k V.k-V,H)eik (ti—Ry)

+ fNM(Oz\(:J 2)), C)dimensions, (14)

where N(KE) is the total kinetic energy of the system,
8 is given by

B(e) = CZ(KE =) (k- p)/B(pit)(KEmot)
X P, /RPN (KE)Y,

where a is the angle between k and G, and the last term
in the equation is due to the contribution of the soft
walls to H. The explicit form of H is

pi2 PVZ
H=Z - +Z - +% Zl UijEE‘*‘% Z’ U“VNN
i 2m v oM i =z

S UsNE+H,, (15)

16 H. Wagner, Z. Physik 195, 273 (1966).
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where
U(lrl)EE=Z_2U(|rI)NN= —Z_IU(m)NE

=—2me?|r}, in 1 dimension

=—2¢In|r|, in 2 dimensions. (16)
Substituting this Hamiltonian into Eq. (14) gives

NA(K)k*=iN[Z/m—+1/M Jk*+65(c) N(KE)E?
0
+N/[:1—2 s1n2(0—a)]<2>r‘

X[1—cos(k-r)]g(r)dr

o(t N
+ Ny (0(N1/2)>7 (Z)dlmensxons, a7
where
1 N
6= — [ / (qR)g(R+1))— EZ(Z+1)6(r)]dR, (18)

and ¢(R) is the charge density at R, i.e.,

g(R)=Zep"(R) —ep”(R). (19)

oY(R) and pZ(R) are, respectively, the nuclear and elec-
tronic number density at R, Ze is the nuclear charge;
NA(K)E*=([[J«,H],Jt]), and 6 is the angle between
r and G.

Using the definition of A. Egs. (11)-(13), Eq. (10)
may be cast into the following form:

i eronys Ko PO LG KT
—ﬁp-G+k PG-k" /BB N2 A(k)kt .

Multiplying both sides of the above inequality by
eIz summing over all the allowed values of k, and
taking the thermodynamic limit results in

D>kpT| ()] 2‘/‘dk e"’z’“”/”t—(gﬂ, (20)
- Ak)R?
where
D=/S(G—k)e‘”2’°2/2dk (21)
and

1
S(G—k)=lim E(P—-GHKN po-i).

To conclude the proof, we have to show that D is
finite and how A(k) depends on k. It follows from the
definition of D that

2 1
D=— lim — /dR dr (o (R)pV(R+r1))

g2 N> [y

= =
e—iG 1 —-r2l2a2_

(22)

We assume that the system is nonpathological, in the
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sense that
/ (¥ (D)p¥ (R-+1))dR dr.
AQ1 JAQ2

is finite, where AQ, and AQ, are any two finite domains
of integration for r and R. It then follows that D is
finite.

In one dimension, it follows from Egs. (20) and (17),
and the assumption that the kinetic energy per particle
is finite, that there exists a #’>%0 such that

sTG
6(KE) J, k2

k’
dlki —k202/2
—¢

(23)

D> | {Ya)|

and therefore, that Eq. (2) is not satisfied.

The two-dimensional case is not as simple. It is shown
in Appendix B, where we take care of A(k), that there
exists a k1520 and a finite quantity 4 such that inequality
(20) implies

D> |@e)|* TR, (24)

EsTG? /”"lldlkl
o |k

which again shows that Eq. (2) is not satisfied in two
dimensions.

IV. DISCUSSION

We will first indicate the physical ideas that motivate
the choice of C and 4 in Bogolyubov’s inequality. One
wants to have [C,4]~ps/N on the right-hand side
of the inequality, since this is the operator whose expec-
tation value we want to show vanishes. Now
[JkN,pG_kNJNpGN and []G_kN,pkN:]NpGN. One has to
decide which one of these, J or p, is to be identified with
C, and which one with 4. [[p,H],p*] is independent
of the spatial part of H, and nowhere else in Bogolyu-
bov’s inequality do the properties of H enter. Therefore,
if the proof would go through with this choice of C it
would imply no crystalline ordering even in the presence
of an external field having the periodicity of the lattice.
Therefore, the proof cannot go through with such a
choice. One should then choose C to be the current and
A the density. That is not enough for the proof to go.
We are dealing with two speciew of charged particles,
nuclei and electrons. Each of these species has approxi-
mately two modes, the plasma mode and the sound
mode. The plasma is mode undesirable for the proof to
go through for the reasons that follow. We note first that

(] [

20
[5<[A(t),A+(0>])] —([A,77,4+).

and
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Furthermore,
N

e
JNO) =Mi—,
ot

and, from the f sum rule!”
/w wXVV(kw)dw=NEk*/M ,
where
X0 = [ Co o O e,
it follows that

/ W3 XYV (K w)dw~ Nk?

for small &.

This last expression is proportional to ([[C,H ],Ct]) if
we choose C=J", and the k dependence will ruin the
proof. On the other hand, if only sound waves were
present the previous expression would go as k* for small
k, which is the desired % dependence. The way to cir-
cumvent the plasma mode is to choose C equal to the
total mass current density, i.e., electronic plus nuclear,
as in Eq. (11). The local center of mass of the two
charged species does not feel the plasma motion; in the
plasma mode the two charge species move 180° out of
phase as in an optical mode in a solid. This is the reason
why the choice of C made in Eq. (11) yields ([[C,H ],C*])
~NEk4 '

The previous discussion makes clear why the proof
of Sec. IIT does not go through for a system of electrons
in a static positive background, in two dimensions.

If one tries to prove lack of crystalline order for a
system of hard cores in a fashion similar to that of Sec.
IIT, one gets A= . The inequality seems useless in this
case.

The stability proof of Sec. IT implies that for large N,

<M,‘2> Z kB TXT lnN

in two dimensions, which for systems such as a har-
monic solid, where Eq. (A2) is valid, implies that

[{pa}| /N S N-G*KBTxT, (25)
On the other hand, the proof of Sec. III implies that
[{pe)| /NS (InN)~1/2 (26)

in two dimensions for a system of N nuclei and ZN
electrons. It follows that either Eq. (A2) is not a good
approximation in this case, or Bogolyubov’s inequality
provides a poor bound. The latter is probably the case,
since the application of the Bogolyubov inequality to a

17 P. Nozitres and D. Pines, Nuovo Cimento 9, 4 (1958).
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harmonic solid yields an equation like (26), but one
knows that Eq. (A2) is valid in this case and therefore
Eq. (25) holds for this particular system.

With some modifications, the proof of Sec. ITT can be
extended to partially finite geometries.’® The extension
of Sec. II to partially finite geometries follows the work
of Krueger® in a trivial way.

Although the results of Sec. IT are useless for a system
of electrons in a positive background in one dimension,
it follows from the results of Sec. III, i.e., that there
can be no crystalline order for this system, and Ap-
pendix A, that this system is unstable, i.e., it does not
satisfy Eq. (1). No such statement can be made about
the two-dimensional system.
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APPENDIX A

We discuss here the connections between Egs. (1)
and (2), i.e., the relations between the stability condi-
tion for a solid, (#)< e, and the crystalline-order
condition

- el
lim
N> N

#0.

It follows from the definitions of pg and G that

{pe)/N = (e™v), (A1)
For a harmonic solid2°
(pe)/N == (©-ud% 2 (A2)

and the connection is then very clear. Unfortuna tely,
no similar equation can be written in general. Glauber2!
proved Eq. (A2) in “general,” but under the assumption
of independent linear fields which has only been justified
for the harmonic solid. For a reflection invariant system
Eq. (A1) may be written as follows:

<pG>/N=<COS(G"ui)>=/ cos(G-uy) P(u;)du;, (A3)

where P(u;) is the probability that the sth particle is
at a point u; away from its lattice position.

It follows from Eq. (A3) that if P(u) is a reasonable
function of u then (#?)< e implies Eq. (2) but the
converse does not follow necessarily. In fact, an example
can be given in which Eq. (2) is satisfied but Eq. (1)
is not. A system under the influence of an external po-
tential such as ¢cpg+Zpe™ will satisfy Eq. (2) in any

18 J. F. Ferndndez (to be published).
9 D. A. Krueger, Phys. Rev. Letters 19, 563 (1967).

% D. Pines, Elementary Excitations in Solids (W. A. Benjami
Inc., New York, 1963), pp. 40-44. ( cramin,

2 R. Glauber, Phys. Rev. 98, 1692 (1955).
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number of dimensions, but, as shown in Sec. I, (%2)
would equal infinity in two dimensions even in the
presence of the external potential, as long as the com-
pressibility remained finite. Therefore, Eq. (2) implies
Eq. (1), but the converse is not true.

APPENDIX B

It is shown in this appendix that there exist a k;5%0
and a finite quantity & such that

/ dk P [(k—G)-KTF Ikl d|k|e oG
z/' are
0

AR)E bl k| B

which enables one to go from inequality (20) to in-
equality (24). Consider the integral

2

/ da[(k—G)-KJ2/A(K),

where « has been defined as the angle between k and G.
Since A(k)>0, it follows that

w  [(k—G)-k] [~
/d[( )]Z/d

[ [(s—G)-KT"
Also,

A(k) Alk)

[(k—G)-kJ>1k%G? for
It follows, then, that
> / d

/2” i [(&—G)-k]

A(k)
It follows from the fact that, in general,

“2 dx 2 dx
[l
o f(x) z1 <f(”c)>

$la<lr.

k2G?

« () . (B2)
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if >0, that the inequality (B2) is strengthened if we
replace A(k) by

4 2 4 T
Al(k)=—/ A(k)da>—/ A(K)da.

™ T

Therefore,

0 Ak)

> irikiG?

AR

[

(B3)

In order to arrive at inequality (B1), we now have to
consider the behavior of A'(k) for small k. From the
definition of AX(k), and Eq. (17) we write

) Irz 1 41
lim A'(k) =8 {~[:— + ——]—I—SKE] +lim lim — —
k-0 4 m M a—>0 k>0 T k2
X/e‘“”'[l —2sin*(0—a)]
X[1—cosk-r]-g(r)da db » dr
with the help of virial theorem?? in two dimensions
2;1;&2/N=2<KE)—{—%/g(r)dr,
where g(r) has been defined in Eq. (18), we get
. . . Q
%cl_r)rol Al(k) =8[p§ +2(KE>:| .
Therefore, assuming the pressure and kinetic energy per
nucleus to be finite, then there exists a finite quantity

b and a k;70 such that AY(k)<8b/7 for |k|<|ky|.
Inequality (B1) follows.

% J. C. Slater, J. Chem. Phys. 1, 687 (1933); J. de Boer, Physica
15, 843 (1949); P. N. Argyres, Phys. Rev. 154, 410 (1967).



