Proceedings of Institute of Mathematics of NAS of Ukraine 2004, Vol. 50, Part 2, 804-810

Classification of Equilibrium States of Condensed
Media with Spontaneously Broken Symmetry

A.P. IVASHIN ', M.Y. KOVALEVSKY T and L.V. LOGVINOVA *

¥ National Science Center “Kharkiv Institute of Physics and Technology”,
1 Akademicheskaja Str., 61108 Kharkiv, Ukraine
E-mail: iwashin@kipt.kharkov.ua, mik@kipt.kharkov.ua

' Belgorod State University, 85 Pobedy Str., 308007 Belgorod, Russia

In the present paper the classification of equilibrium states of condensed media with spon-
taneously broken symmetry is carried out. The used approach is based on concept of the
quasiaverages. The admissible properties of equilibrium state symmetry of a quantum fluid
and relevant structures of an order parameter are found from requirements of the residual
and spatial symmetry at nonzero values of an order parameter. The superfluid in a state
with triplet pairing, the superfluid nuclear matter in a state of d-pairing, liquid crystal states
of matter are considered in this paper as the examples. Admissible conditions of the spatial
symmetry and the general structure of the corresponding generator are found.

1 Introduction

The classification of equilibrium states of condensed media with spontaneously broken symmet-
ry based on the phenomenological Ginzburg-Landau approach requires the exact free energy
dependence on the order parameter function and essentially depends on the type of the model
we consider. The other group-theory approach is based on the conception of residual sym-
metry of the degenerate state of equilibrium as the subgroup of normal phase symmetry. The
corresponding transformation properties of the order parameter in Hamiltonian symmetry trans-
formations are essential in this approach. This consideration is free from any model assumption
about the form of free energy. The classification of homogenous states in terms of both men-
tioned approaches was carried out in particular for the superfluid *He [1-3], and for d-pairing
in superfluid quantum liquid [4,5]. In the present paper the general microscopic approach to
the classification of equilibrium states of condensed media with spontaneously broken symmetry
based on the conception of quasiaverages is suggested. The permissible properties of symmetry
of quantum liquid equilibrium state and the corresponding structures of order parameter are
found from the conditions of residual symmetry at the nonzero values of order parameter. As
the examples of degenerate condensed media with spontaneously broken symmetry we consider
the superfluid liquids in state with triple type of pairing (*He), superfluid nuclear matter in
d-pairing state and liquid crystals.

2 Symmetry properties of the normal equilibrium state

The theory of many-particle systems that describes the equilibriums of a normal Fermi liquid is
based on the statistical Gibbs operator

W = exp (2 — Vo), (1)
here 4, = (ﬂ, 75k, N, 5’a> are additive integrals of motion (a = 0, k, 4, a): H is the Hamiltonian,

N

P is the momentum operator, N is the particle number operator, S, is the spin operator,
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Thermodynamic potential 2 = Vw(Y') is defined by the normalization condition Spw = 1. The
set of thermodynamic forces Y, includes the temperature YO_1 =T, the velocity Yk_1 = v, the
chemical potential —Y; /Yy = g, and the effective magnetic field —Y, /Yy = hq.

The additive integrals of motion entering the Gibbs distribution result in a certain symmetry
of the equilibrium.The symmetry properties of equilibrium statistical operator (1) have the form

[@,Pe] =0,  [w,H] =0, [w,N]=0, [0,%]=0 [bLy]=0 (2)

and reflect the space-time translation invariance and the phase invariance. The requirement
for the symmetry under rotations in the spin and configuration spaces implies neglecting the
weak dipole and spin-orbit interactions. Here, 3, and L; are the generalized spin and orbital
momentum operators

Sao g, 3[/ = —i&aﬁ,yYﬁaiy, L,=L;+ ﬁzf, [:3/ = —igi Yk (9?/[ (3)
acting on the Hilbert space and on the thermodynamic parameter space. The action of the
differential operators on the vectors Y;(Y,) is defined by z[ﬁ}f, Y]] = ik Y, 1[5’5 , Yp] = €aBpY3-
The corresponding means of commutators involving the orbital momentum operators have the
form Sp [, Li+ EY}b( ) = Spﬁ)[ﬁ“ lA)(x)} + LY Sp wb(x). According to definition (3), the ope-
rators 3, and L; satisfy the relations

~ ~

i[ﬁz’,f/k] = —eml, i[Sa, Bg] = _Eaﬁ'yﬁ)'y-

3 Equilibrium degeneracy and quasiaverages

The theoretical foundation of the statistical physics that describes equilibriums of condensed
matter with a spontaneously broken symmetry is Bogoliubov’s concept of quasiaverages [6].
A constructive point of this concept is inserting an infinitely small source vF into the equilibrium
statistical operator, that reduces the symmetry of the statistical equilibrium in comparison with
the symmetry of the Hamiltonian and allows generalizing the Gibbs distribution to condensed
matter under spontaneous symmetry-breaking conditions. The quasiaverage value of a quanti-
ty a(x) in a statistical equilibrium with a broken symmetry is defined by

(a(x)) = lim lim Spw,a(zx), W, = exp (Q — Yoo — VF). (4)

v—0V—=00

The operator F has the symmetry of the condensed-matter phase under study and removes
the degeneracy of the equilibrium. In accordance with the concept of quasiaverages, we choose
the source F in the form of a linear functional of an order parameter A, ()

F= /d3a;(fa(x,t)Aa(x) +h.c.),

where f,(x,t) is some function of coordinates and time that is conjugate to the order parameter
and defines its equilibrium value Ag(z,t) = (Au(z)) in the sense of quasiaverages (4). The
structure of the function f,(x,t) is defined by the symmetry properties of the phase under study.
The last circumstance gives a possibility of introducing additional thermodynamic parameters
into the Gibbs distribution in the framework of the microscopic theory [7].

A description of condensed matter with a spontaneously broken symmetry essentially rests
on the notion of the order parameter. In the language of the secondary quantization, the order-
parameter operators Aa(:ﬁ) are built from the field creation and annihilation operators. We form
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late the commutation properties of the order-parameter operators. The translation invariance
condition is

i[Pr, Ag(2)] = —ViAa(). (5)

The generator of the phase transformation group is the particle number operator N. The
relation

[V, Aa(2)] = ~gala(2) (6)

holds for the order-parameter operator Aa(:c) The constants g, depend on the tensor dimension
of the order-parameter operator.

Under the transformations related to the internal-symmetry group with the generators S,
(a = z,y, z) the operators Aa(az) transform according to the representations of this group, which
yields the equality

i[ga, Aa(l‘)] = _gaabAb(x)7 (7)

or, in compact notation,

~

i[ga, A(ZU)] = —EJaA(x):

where (§o)ab = Jaap— are some constants. Because i[S’a, S’ﬁ} = —Eagvs'ﬁ,, from formula (7) and
the Jacobi identity for the operators S, and A (), we have

[ﬁa, f]g] = —€apvJy- (8)

Under the transformations related to the spatial-rotation group with the generators £; (i =
1,2,3), the order parameter operators Aa(:v) at the point z = 0 transform according to the
representations of this group. The equality z[ﬁl,Aa(O)] = —giapAp(0) therefore holds, and
noting that [ﬁz, ﬁj] = iaijkﬁk, we obtain a relation similar to (8)

(96, 95] = —cijkdn.
Because A, (z) = e*”san(O)e”ﬁx, e=PeLeiPT = [, — z-:ijkxjﬁk, by virtue of (5) we have
Z[ﬁl, Aa(:c)] = —giabﬁb(az) - EijkxkvjAa (a;) (9)

It is known from the phenomenological theory that, in general, an adequate description of
the thermodynamics of non-equilibrium processes in condensed matter with a broken symmetry
requires introducing new thermodynamic parameters into the theory; these are not related to
conservation laws but are due to the physical nature of the thermodynamic phase. In the case
of normal condensed matter, the thermodynamic parameters are defined by only the densities of
the additive integrals of motion. We show how the symmetry properties are formulated for the
equilibriums of degenerate condensed matter and how the additional thermodynamic parameters
are introduced based on this. We consider the translation-invariant subgroups of the residual
symmetry H of the total group G. The translation invariance implies that the equilibrium
statistical operator satisfies the symmetry relation

[, Py] = 0. (10)

We analyze the translation-invariant subgroups of the residual symmetry for the equilibriums
starting from the relation

[@,T] =0, (11)
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where the generator T of the residual symmetry (a generator of the subgroup H) is a linear
combination of the integrals of motion (see for comparison (2))

T = a;Li +baXa +cN =T(€) (12)

with some real parameters (a;, ba, ¢ = &). The unitary transformations U(€) = exp[iT'(¢)] form
the continuous subgroup of the residual symmetry U (&)U (E') = U(£"(&,¢')) for the equilibrium
state. Using the equalities

iSp[w,T]Aq(z) =0,  iSp[w, Px]Au(z) =0,

and taking algebraic relations (5)—(7), (9) and definition (12) into account, we obtain the equa-
tions

0A 0A .

ai | GiabDo + €kt Y | + ba | GaadDb + €apr Yoo | +i9a2q = 0, ViA, = 0.
Y] oY,

which establish certain relations between the parameters £. For simplicity, we consider the case

where Y, = Y, = 0. In this case, we have

TabAb = 07 Tab = @iGiab + bozgaab + igaéab‘ (13)

The requirement that set of linear equations (13) has a nontrivial solution A, # 0 leads to the
equality det |T,;| = 0, which imposes restrictions on the admissible values of the parameters £
of the residual symmetry generator.

4 Translation-invariant equilibrium states of the condensed
media with spontaneously broken symmetry

A. Translation-invariant equilibrium states of the superfluid 3He. For the order parameter ope-
rator A, (z) it is convenient to choose [7]

Aok () = ¢ (2) 0200 Vi) () — Vit () 02001 () .

Here, 0, are Pauli matrices. The matrices (0204),, = (0204),,, are symmetric with respect to
indices ¢ and v. We see that in accordance with this definition and the canonical commutation
relations for Fermi operators, the equalities are valid:

i[Sa, Api(0)] = —capyBi(z), [N, Agi(a)] = —2A4(x),
Z[ﬁk, Aaz’(iﬁ)] = —ViAai(2), i[ﬁk,Aai(w)] = 117 Vilai(z) — eruAa(). (14)

By virtue of algebra (14) and relations (13), we obtain the equality defining the equilibrium
structure of the order parameter:

areritAgr + bacapyAyi + 2icAg; = 0.

This system of equations has many anisotropic solutions that are present in Table 1. Let us
consider the state corresponding to the isotropic superfluid phase. We introduce the orthogonal
rotation matrix that describes the change of the orientation of the spatial coordinate system
with respect to the spin S = 1 by the equality b, = a;R;q. Taking (12) into account, we
obtain a; [w, Li+ Riaga} = 0. The isotropy condition implies the validity of the last relation
for arbitrary directions of the vector @. The symmetry property of the states therefore has the
form

A~ N

[?f), L; + Rmsa] =0.
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This state describes the B phase of the superfluid ®He. For the states with this symmetry, the
mean of the order parameter is

Aok = ARgq.

The resulting classification of the residual symmetry properties and the corresponding order
parameter values in the equilibrium of *He for the translation-invariant case is presented in
Table 1. We assume that the projection of the Cooper-pair orbital momentum onto the I
direction is equal to m; and the projection of the Cooper-pair spin onto the d direction is equal
to mg.

Table 1.
Residual symmetry generator | my M Order parameter Phase
Ei + RiaSa — - ARai B
+1 0 Ada (mk F an) A
IL— "N
0 +1 Alea Fifa)lk s
+1 +1 A(ea $Z'fa) (mk $ink) Aq
S — meN
0 0 Adly, Polar
0,+1 0 do (Amk + Bng + Clk)
dS — 2my [mg| 1L — Im,N | +1 | £1 A (mg Fing) (eq Fifa)
+Bda (mk + ink) Al + A
0 +1 (ea F ifa) (Amk + Bny, + Clk) As
0 0,+1 (Aey + Bfy + Cdy) Uk
I£—2mg|my|dS — ImyN | £1 | +£1 | A(mg Fing) (ea Fifa) + Bl (ea Fifa) | A1+
+ 0 (Aea + Bfa + Cda) (mk F ink) B2
0,+ | 0,F eo (Amy + Bny) + fo (—Bmy + Any)
+Cdl ¢
0 ¥
I£+dS — L(my +mg)N Aly, (e Fifa) + Bdo (my, T iny,) €
+ 0
+ + A(eq Fifa) (my Fing) Ay

B. The superfluid nuclear matter in a state of d-pairing. We define the order parameter
operator of d-pairing in the terms of the operators of creation and annihilation of Fermi-particle:

Au(x) = Vih() oo Vi (2) + Vi (2) o2 Vit (z) — §5ikvﬂz)($)02vﬂz($)» (15)

where o9 is the Pauli matrix.
Using this definitions we obtain the operator relations for the operators of number of partic-
les N, momentum Py, spin S, and orbital momentum Ly

[N, Ai(2)] = —2A4(2), [Sa, Ajx(z)] =0, i[Pr Ain(z)] = —ViAi(),

i[ﬁl, Azk(ﬂf)] = _5lijAjk(33) - 5lijji(1‘) - ElijijAik(x) (16)
The mean values of the order parameter Ay, (x, p) = Sp pAy(x) , (p is the arbitrary statistical
operator) have properties A, (x, p) = Api(z, p), Nii(z, p) = 0.

If we use the general approach developed in Section 3 we get the relation for residual symmetry
operator (12)

is M .
[mgfrngN]:O (17)
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Here M is quantum number taking the values 0, 1, +2. Let us decompose the vector @ on the
indicated coordinate @/a = aii + i + ’yf. The vectors m, 7, [ are the axes of an anisotropy,
representative unitary and mutually perpendicular vectors and the quantities «, 3, v obey the
equality o + 3% +~2 = 1.

From this relation it is easy to obtain the expression for the order parameter, according
to formalism developed in Section 3 and taking into account (15), (16). To obtain the final
expression for order parameter we define mean value according to the paper [8]

A = kiAgjik;, EErﬁsin@sincp—l—ﬁcos@—i—fsin@cosgp.

For M = 0 in according to (13), (17) we obtain

3 3
AP = (A+iC) (k2 —-1/3),  E*=(3/2), (2=(3/2), A*+C*=3/2

) _ 1
A —ip {(ﬂkzy + ak, + vhy)? - —} . Ay =i {(ﬁky + ak.)” —} )

These solutions correspond to the “real” state [8].
The solution for M = +1 in according to (15), (17) gives the equality

AW = A(ky + ky) (£iV2ks + ky — k), A2 =1/4.
At last, in a case (M = £2) we obtain
A® = A(k, +ik,))?, — A2=1/4.

This solution coincides with “axial” state of work [8].

C. Liquid crystal states of matter. Let us consider the translation invariant states of liquid
crystal equilibrium and define their possible equilibrium structures of order parameter. We
choose the order parameter in the form

Oun(@) = Vot (2) Vot (z) + Voot (2) Vot (z) — gawvjw(x)vﬂzi(x). (18)

According to definition (1) of operators for number of particles, momentum operator and orbital
momentum, we obtain the commutative relations:

[N, Quo(@)] =0, i[Ph, Quo(2)] = =V Quo(),
Z[[:zv qu(l‘)] = _Eiuijv(x) - Sivaju(m) - Eiklxkleuv(x)- (19)

In case of uniaxial nematic we perform the analysis of the subgroups of unbroken symmetry
states in the rest frame reference on the assumption of (11). As the phase invariance in liquid
crystal is not broken, the expression for residual generator for homogeneous state has the form

T = a;L;,

here a; are the real parameters. According to (18), (19), (11) we have

Qi = Q <nmk — %5214) .

In the case of biaxial nematic the residual symmetry generator has the form

T(@,m, ) = a;L;(m, 7). (20)
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The generalized orbital momentum operator is defined by equality

sl 5 AT AR A . 0 - .
L; (m, n) =L+ L]+ L7, Ll = —zeiklmka—ml, LY = —igjng

0
—. 21
o, (21)
The vectors 77 and m are unitary and mutually perpendicular vectors. Using the condition of
symmetry (11) with the generator in the form (20), (21) we obtain the following order parameter

Qi = Q1 (nmk - %51‘1@) + Q2 (mzmk - é&k) :

The description of the equilibrium state of degenerate condensed media with rather compli-
cated order parameter is considered on the basis of microscopic approach. Representation of
residual symmetry of the equilibrium state in combination with the conception of quasiaverages
allows to suggest an alternative to the Ginzburg-Landau method of classification of possible
condensed media phase states. The present approach can be generalized for description of the
states without translation invariance. It gives the possibility of consideration of the periodical
spatial structures with discrete or continuous residual symmetry.
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