Quadrupolar Ordering in Two-Dimensional Spin-One Systems

THESE N° 5037 (2011)

PRESENTEE LE 29 AVRIL 2011
A LA FACULTE SCIENCES DE BASE
CHAIRE DE THEORIE DE LA MATIERE CONDENSEE
PROGRAMME DOCTORAL EN PHYSIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Tamas Andras TOTH

acceptée sur proposition du jury:

Prof. N. Baluc, présidente du jury
Prof. F. Mila, Dr K. Penc, directeurs de thése
Prof. D. lvanov, rapporteur
Prof. A. Kolezhuk, rapporteur
Prof. C. Lhuillier, rapporteur

(Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Suisse
2011






Résumé

Le but principal de ce travail de these est d’approfondir notre connaissance
de la compétition entre degrés de liberté magnétiques et quadrupolaires sur
des réseaux a deux dimensions.

Des études récentes du matériau NiGayS, ont révélé plusieurs propriétés
anormales qui pourraient étre expliquées par la présence d’un ordre quadrupo-
laire. Comme le modele de Heisenberg bilinéaire-biquadratique pour des
spins S = 1 donne lieu aux phases ferroquadrupolaire et antiferroquadrupo-
laire, c¢’est un bon candidat pour la description du systeme a basse tem-
pérature. Dans ce travail, nous proposons un modele plus réaliste qui tient
compte de ’anisotropie sur site. Nous avons réalisé une étude détaillée du di-
agramme de phase variationnel de ce modele et nous avons montré qu’il donne
lieu a nombre de phases non-conventionnelles. Nous avons déduit le spectre
d’excitations des phases quadrupolaires de ce diagramme de phase et nous
avons mis en évidence que l'ordre ferroquadrupolaire est particulierement
sensible a la nature de 'anisotropie. Finalement, nous avons étudié pertur-
bativement les effets quantiques dans la limite d’une grande anisotropie et
nous avons montré que la dégénérescence non-triviale de la solution en champ
moyen est levée par I’émergence d’une phase supersolide. Nous avons aussi
discuté les conséquences expérimentales de nos résultats dans le contexte de
I’étude de NiGagSy.

Dans la deuxieme partie de la these, nous tentons d’approfondir la compré-
hension de I'influence mutuelle entre la frustration géométrique et les degrés
de liberté quadrupolaires en décrivant le diagramme de phase du modele
bilinéaire-biquadratique pour des spins 1 sur un réseau carré. Notre approche
variationnelle révele un remarquable plateau d’aimantation 1/2 de caracteére
a la fois quadrupolaire et magnétique, au-dessus de la phase “semi-ordonnée”
classiquement dégénérée, et ce résultat est confirmé par des diagonalisa-
tions exactes sur des réseaux de taille finie. Au-dessous du plateau, le
phénomene d’ “ordre-par-le-désordre” donne lieu a un état antiferroquadrupo-
laire ordonné sur trois sous-réseaux, état réellement surprenant étant donné
la nature bipartite du réseau carré. Nous avons pris un soin particulier a



étudier les propriétés du modele de Heisenberg SU(3), pour lequel il y a
une compétition subtile entre fluctuations thermiques et quantiques. Nos
résultats suggerent la disparition de l'ordre de Néel a deux sous-réseaux
sur un intervalle fini au-dessous du point SU(3). Nous avons aussi discuté
les conséquences expérimentales pour les états isolants de Mott d’atomes
fermioniques a trois saveurs dans des réseaux optiques.

Mots-clés: ordre quadrupolaire/nématique, interactions biquadratiques,
systemes frustrés, anisotropie sur site, NiGagSy, supersolide, plateau d’aiman-
tation, modele de Heisenberg SU(3), approximation de champ moyen, théorie
d’ondes de saveur, “ordre-par-le-désordre”, diagonalisations exactes
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Abstract

The principal aim of this thesis is to gain a better understanding of the
competition between magnetic and quadrupolar degrees of freedom on two-
dimensional lattices.

Recent experimental investigations of the material NiGayS, revealed seve-
ral anomalous properties that might be accounted for within the framework
of quadrupolar ordering. Exhibiting both a ferroquadrupolar and an antifer-
roquadrupolar phase, the S = 1 bilinear-biquadratic Heisenberg model on the
triangular lattice is a possible candidate for describing the low-temperature
behaviour of the system. In this work, we put forward a more realistic model
that includes single-ion anisotropy. We perform a thorough investigation of
the variational phase diagram of this model and we show that it exhibits
a variety of unconventional phases. We derive the excitation spectrum of
the quadrupolar phases in the phase diagram and we point out that ferro-
quadrupolar order is particularly sensitive to the nature of anisotropy. Fi-
nally, we study quantum effects in the perturbative limit of large anisotropy
and we argue that the non-trivial degeneracy of the mean-field solution is
lifted by an emergent supersolid phase. We also discuss our results in the
context of NiGagSy.

In the second part of the thesis, we aim at gaining an insight into the inter-
play between geometrical frustration and quadrupolar degrees of freedom by
mapping out the phase diagram of the spin-one bilinear-biquadratic model
on the square lattice. Our variational approach reveals a remarkable 1/2-
magnetization plateau of mixed quadrupolar and magnetic character above
the classically degenerate “semi-ordered” phase, and this finding is corro-
borated by exact diagonalization of finite clusters. “Order-by-disorder” phe-
nomenon gives rise to a state featuring three-sublattice antiferroquadrupolar
order below the plateau, which is truly surprising given the bipartite na-
ture of the square lattice. We place particular emphasis on investigating
the properties of the SU(3) Heisenberg model, which is shown to feature a
subtle competition between quantum and thermal fluctuations. Our results
suggest a suppression of two-sublattice Néel order in a finite window below
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the SU(3) point. Experimental implications for the Mott-insulating states of
three-flavour fermionic atoms in optical lattices are discussed.

Keywords: quadrupolar/nematic order, biquadratic interactions, frus-
trated systems, single-ion anisotropy, NiGasSy, supersolid, magnetization
plateau, SU(3) Heisenberg model, mean-field approximation, flavour-wave
theory, “order-by-disorder”, exact diagonalizations
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Chapter 1

Preface

The term "magnetic” conventionally refers to systems that exhibit ordering
of atomic dipoles due to quantum-mechanical exchange: as liquids crystal-
lize into solids on cooling, spins in magnets generally develop a long-range
periodic order. However, quantum fluctuations enhanced by frustration and
low dimensionality may suppress the ordering process and lead to the ap-
pearance of qualitatively new quantum phases: these are called spin liquids.
The exploration of such novel phases represents one of the central themes of
contemporary condensed matter physics.

The relevant effects produced by low dimensionality may be demonstrated
by considering the isotropic antiferromagnetic (AFM) nearest-neighbour Hei-
senberg model of spins one-half on a bipartite lattice. In the case of the cubic
lattice, the ground state shows magnetic long-range order with an effective
spin shortening of less than 20%, and even though the value is greater on a
square lattice (it is approximately 40%), long-range magnetic order is still
preserved in two dimensions. In the case of the chain however, the ground
state retains the full spin-rotational symmetry of the Hamiltonian, and the
staggered magnetization vanishes.

While low dimensionality generally enhances quantum fluctuations and
may thus either reduce or completely suppress the order parameter of a clas-
sically stable ordered phase, frustrated interactions on the square lattice may
lead to a variety of qualitatively different behaviours already at the classical
level. In the limit of the triangular lattice, which is achieved by introducing
couplings along one of the diagonal directions, we find that whatever spin
arrangement we try, we cannot minimize simultaneously all single-bond en-
ergies. The classical ground state of the isotropic AFM Heisenberg model on
a triangular lattice will feature a 120-degree ordering of the spins, and since
the AFM interactions are doomed to be less effective in a non-collinear struc-
ture than a collinear one, fluctuation effects become more spectacular in the



2 Preface

quantum limit: for a system consisting of spins one-half, the effective spin
shortening exceeds 50%), which is quite a bit larger than what is found for the
square lattice. However, instead of yielding an ordered state as a compro-
mise, frustrated interactions may also induce disorder via a large degeneracy,
as it happens for the J;-J5 model on the square lattice for J,/J; > 1/2, and
the quantum limit may then give rise to a number of interesting phenomena,
such as the promotion of an ordered state within the classically degenerate
manifold via the so-called “order-by-disorder” mechanism.

Considerable effort has been dedicated to the investigation of spin-one
systems in the above context, and results have shown in a number of cases
the emergence of phases which both lack a classical analogue and are qual-
itatively different from phases that appear in the extreme quantum case of
spins one-half: the most noteworthy example is perhaps the celebrated Hal-
dane phase of the antiferromagnetic spin-one chain. In the current study, we
will concentrate on the quadrupolar degrees of freedom that are associated
with spin-one systems. A quadrupolar state is a type of non-magnetic state
that breaks SU(2) symmetry by exhibiting a long-range order of quadrupo-
lar operators: instead of the usual vector that is representative of dipolar
order, the order parameter in a quadrupolar phase becomes a tensor of rank
two. A local example of a quadrupole is the S, = 0 state of an .S = 1 spin:
even though the expectation value of the spin components vanishes in such a
time-reversal-invariant state, anisotropic spin fluctuations nevertheless break
SU(2) symmetry. The fluctuations occur mostly in the directions perpendic-
ular to an axis (in our example: the z axis) that is referred to as the director.
The aim of the present work is to gain an insight into the nature of quadru-
polar ordering within the conceptual frameworks of low dimensionality and
frustration.

The thesis is organized as follows. In the first half of chapter 2, we give
a general introduction into the quadrupolar character of spin-one wavefunc-
tions, and we draw a comparison between the quadrupolar states of spins
one and the qualitatively different coherent spin states of spins one-half. The
second half of the chapter is devoted to a study of the bilinear-biquadratic
Hamiltonian, which is the minimal model for describing the competition be-
tween magnetic and quadrupolar degrees of freedom in spin-one systems. We
begin chapter 3 by reviewing the phase diagram of the bilinear-biquadratic
Hamiltonian on the triangular lattice, which has recently been explored in an
attempt to provide a phenomenological explanation for the low-temperature
behaviour of the material NiGayS,. Motivated both by theoretical curiosity
and the possible experimental relevance, we map out the phase diagram of
the model in the presence of single-ion anisotropy, placing particular empha-
sis on quadrupolar phases. Finally, having thoroughly investigated the effect



of biquadratic interactions on the triangular lattice, we work our way towards
a better understanding of the interplay between geometrical frustration and
quadrupolar behaviour in chapter 4 by studying the bilinear-biquadratic Ha-
miltonian on the square lattice.






Chapter 2

Introduction to quadrupoles

In this introductory chapter, we discuss the basic elements of quadrupolar
physics in spin-one systems. We will show that a spin-one wavefunction con-
tains quadrupolar degrees of freedom, which can be accessed via a set of
operators that are quadratic in the conventional spin operators, and as a re-
sult, it may describe a state that is invariant under time reversal and has no
magnetic moment. We will parametrize these so-called quadrupolar states
and we will investigate their behaviour in the presence of a magnetic field and
an anisotropy field. We will also introduce an SU(3)-bosonic representation
of S =1 spins that lies at the heart of the semi-classical theory of quadru-
polar phases. We will begin the second half of the chapter by presenting the
bilinear-biquadratic Hamiltonian that describes the most general isotropic
interaction between neighbouring spins one on a lattice, and after discussing
its symmetry properties, we will investigate its spectrum for elementary sys-
tems. We will introduce furthermore a variational ansatz that may render
this Hamiltonian tractable on two- and three-dimensional lattices by allowing
for a mean-field description of quadrupolar phases. Finally, we will review a
set of mechanisms that may give rise to an effective biquadratic coupling in
realistic spin systems.

2.1 Quadrupolar nature of a single spin one

A common way of introducing a basis in the Hilbert space of a local S =1
spin is by choosing the z axis as a quantization axis for the spin operator
and selecting the three eigenstates of S*. However, in order to describe



6 Introduction to quadrupoles

quadrupolar physics, we find it more convenient to define the following basis:

|z) = E(!U — 1),

L an (2.1)
ly) = \/5(!1>+\1>),
12) = —i[0).

A general normalized wavefunction with a fixed phase may then be charac-
terized by four real parameters:

1) = €™ sind cos p|x) + e sin ¥ sin ply) + cosV|z), (2.2)

where {0, ¢} € [0,7/2] and {«, B} € [0,27[. A particularly attractive feature
of the basis (2.1) is that the time-reversal operator 7 leaves it invariant: this
can be easily verified by recalling! that time reversal changes the sign of |0),
while it interchanges |1) and |1), i. e. 7|0) = —|0), 7|1) = |1) and 7|1) = |1).
Another interesting property of the basis (2.1) is that its elements are zero-
eigenvalue eigenstates of the corresponding spin operators,

S¥|lx) = SY|y) = S%|z) =0, (2.3)

and in fact, the action of the spin operators on the basis (2.1) can be written
in a concise form:

SN B) =i Z Eapr|7)- (2.4)

’y:'r7y7z

Any hermitian operator O acting in the Hilbert space of a spin one can
be decomposed into a sum of the form

0= Awla)(sl, (2.5)

a’ﬁzl

where the [1), [2) and |3) states form a basis of the Hilbert space and A}, 5 =
Apq. Since a three-dimensional self-adjoint matrix is characterized by nine
real parameters, we may introduce eight non-trivial independent physical

! Alternatively, one may envisage |0), |1) and |1) as the triplet states of two spins one-
half: |0) = % (1LY +141)), [1) = [11) and 1) = |[]). A general S = 1/2 wavefunction of
the form |¢) = exp(—ip/2) cos(¥/2) 1) + exp(iw/2) sin(¥/2)|]) describes a spin pointing
in the {¢,p} direction, and 7 reverses all spin components by definition, thus we may
deduce that, neglecting an overall phase factor, Ta|1) = a* |]) and T |]) = —a*|T).



2.1. Quadrupolar nature of a single spin one 7

operators? that are possible on-site order parameters for a system consisting
of spins one. Obviously, three such candidates are the components of the
spin operator, while the remaining five will contain these to a higher order.
Generally speaking, the 2k + 1 components of a rank-k tensor operator T*)
satisfy the following commutation relations [1]:

(5%, T{P] = T,
(55,70 = /E(k + 1) — qg £ DT,

q

(2.6)

Using (2.6), we may systematically construct T for all ¢ € [—k,k]. The
= 1 case reproduces ST, S* and S~, whereas for k£ = 2 we find

= §tST,
TP = —(SS* + §°57),

JWZVQMW—a&H» (2.7)
T® = (578 + 5°57),
T8 =575

Suitable linear combinations of the five Tq@) operators result in five hermitian
operators that we may arrange conveniently in a vectorial form:

Q= (57)% = (8v)?
Q¥ 75 (2(5%)2 = (57)? = (5v)?)

Q=] Qv |[= Se8Y + SvSe S (28)
Qv SYS* 4 525

We call the components of Q quadrupolar order parameters. An alternative
way of introducing them is by decomposing the S*S? quadratic form? into a
scalar S(S + 1)0? /3 representing the spin length, a three-component vector
(S8 —§P) /2 (dipolar operators) and a symmetric, traceless, rank-two tensor
(S8 4 §P2) /2 — S(S + 1)§*F /3 (quadrupolar operators). It is worth noting
at this point that even though Tq(k) = 0 for £ > 2 in the case of a spin one?,
one may envisage more possible on-site order parameters for higher spins:

2A trivial operator is the identity operator I = Y _ |a){al.

3Note that any operator having a non-vanishing expectation value in a time-reversal-
invariant state (such as the elements of the basis (2.1)) has to contain products of an even
number of spin operators.

‘However, Ték) = 0 already for k = 2 in the case of a spin one-half.



8 Introduction to quadrupoles

indeed, a spin of size S will feature multipolar states of degrees k up to 25,
the order parameters being rank-£ tensor operators.

In conclusion, apart from spin ordering, a system of local spins one is
inherently capable of showing quadrupolar order. The competition of the
two vectorial order parameters S and Q is reflected in the following equality
that is valid for an arbitrary spin-one wavefunction:

() +(Q)* = . (2.9)

One may show that |5, S?) is an eigenstate of Q? for any spin S:

4
Q?|S, 5% = gS(S +1) (S(S +1)— %) |S,S%), (2.10)
and consequently
4
(Q* + S%)|S,5%) = 552(8 +1)3|S, 5%, (2.11)

we may therefore view (2.9) as a sum rule for the standard deviations of the
possible on-site order parameters of a spin one. We would assume that similar
sum rules can be constructed for higher spins, involving all their multipolar
degrees of freedom.

2.1.1 SU(3)-bosonic representation of an § = 1 spin

We will now present the basic ingredients of an SU(3)-bosonic representation
of spin-one states and operators. The notions introduced here will prove
essential in later sections, when we wish to treat elementary excitations of
quadrupolar phases.

A standard construction of the SU(3) generators is based on three in-
dependent pairs of annihilation and creation operators (often referred to as
three “flavours”), {(a;, a;"),i = 1,2, 3}, that obey the following commutation
relations:

[ai, (ZjT] = 572]'7 [Cl,', (Ij] = 0, [aﬁ, ajw = 0. (212)

Let us define the operators

Qo = —a' N, a=1,2...8, (2.13)



2.1. Quadrupolar nature of a single spin one 9

where a' = (a7, ay, as’) and A\, are the Gell-Mann matrices that satisfy the
commutation relations®

Aas Agl = 2i fapy Ay a,B,y=1,2,...8 (2.14)
with well-known real structure constants f,z,. The @), operators are her-

mitian and one can show that they obey SU(3) Lie-algebra commutation
relations: indeed,

1
[Qa, Q5] = ~aitajar a;(Naijhss — Msijram) =

4
1
= ZaiT(akTaj + 5kj)al<)\a,ij)\6,kl — )\,B,ijAa,kl) =
1
= ZaiTakTajal<)\a,ij)\,B,kl — AgijAakl)+ (2.15)

1
+ ZaiTal(/\a,ik)\ﬁ,kl — AgikAakl) =

1 1 )
= ZaiTakTajal<)\a,ij)\B,kl — AgijAak) + Z_LaiTCLIQZfaﬁW)\'y,il;

and since the four-operator term gives zero as a result of bosonic commutation
relations,

Zaitayt

1
1 a1 (Aaij Akl — AglijAakl) = ZakTaiTalay’(Aa,kMﬂ,z‘j — Ak Aasij) =

1
= —ZakTaz’T@l%(}\a,Mﬁ,kl — AgijAakl) =

= _ZaiTakTajal(Aa,ij)\ﬁ,kl — AgijAakl)s
(2.16)

we end up with

[Qom Qﬂ] = ifaﬂ'y@'y- (217)

In addition to the above property, each @), conserves the total number of
bosons:

[Qa, N] =0, (2.18)

where N = a'a, it is therefore convenient to restrict ourselves to a subspace
of the complete Hilbert space in which the total number of bosons is a fixed

®Note that from now on, we use the convention of summing over any index that appears
twice in an expression.



10 Introduction to quadrupoles

number N. This way, one may systematically generate all “triangular” irre-
ducible representations of SU(3), as they are in one-to-one correspondence
with integer numbers [2]. A basis of the selected subspace is given by the
states |nj, ng, n3), where n; denote bosonic occupation numbers that satisfy
the constraint

ny +ng +mng = N. (2.19)

It can be shown that |nj,ng, ng) is an eigenstate of the operator Q,Q.:

N
QaQuln1,n2,n3) = g(N + 3)|n1,n2, n3). (2.20)

In order to represent a local S = 1 spin, we may set N = 1 (the Hilbert
space has dimensionality three) and choose the spin operators in the following
manner:

57 205
s=|( s |=| —20: |. (2.21)
57 —2Q,

One may easily verify that the spin commutation relations
(5%, 5] = icnp, S (2.22)

are indeed satisfied. The quadrupolar operators defined in (2.8) are the
following®:

Qv 2Q3
Q3z2—7"2 2@8
Q=] ov |=| —20 |. (2.23)
QY —2Q,
Q¥ —2Qs

Via use of the operator-identity

(Q% + 8?) = 4Q,Q., (2.24)
equation (2.20), and by showing that
SQ|n1,n2,n3) = 2|n1,n2,n3>, (225)

one can verify that equations (2.10) and (2.11) are indeed satisfied for our
case of § = 1. Let us however turn our attention now to the physical in-
terpretation of the bosonic operators {a;,as,as} and the basis states they

6This is a direct consequence of setting N = 1. Note that choosing spin operators
according to (2.21) is possible for any value of N.
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represent: |1,0,0), |0,1,0) and |0,0,1). Based on (2.4), we may deduce a
bosonic form for the spin operators, and comparing it to (2.21), we find that
the three flavours correspond in fact to the basis (2.1). From now on, we
shall therefore refer to the bosonic operators {as, a2, a3} as {ay, a,,a.}. The
explicit bosonic form of the spin operators is given by

S* ) (azTay — ayTaZ)
S=1[ SY | =| 1 (axTaz — aZTax) , (2.26)
S* 1 (ayTaz — axTay)

while that of the quadrupolar operators is written as

QxQ—y2 ayTay - a:cTax
G | e et e
Q _ Qxy — _ (ayTaz + a;pTay) . (227)
Qyz — (azTay + ayTaz>
QZf — (CLZTCL;E + a:vTaZ)

Before concluding this subsection, we would like to draw the reader’s
attention to a few more mathematical observations that bear physical rele-
vance.

In particular for our study of spin-one systems, it will prove useful to em-
phasize that the representation of the SU(3) Lie algebra that was generated
by the @, operators defined in (2.13) has a complex conjugate representation,
the generators of which are given by

1
—-Qr = E&T (=A%) a, a=1,2...8. (2.28)

It follows from the structure constants f,g, being real that the —Q? operators
satisfy the same commutation relations as the (), operators. In order to see
this, it suffices to take the complex conjugate of (2.17):

Q% Q5] = —ifasy @5,
Q% — Q5] = ifasy (-Q3)

As the three Gell-Mann matrices corresponding to the spin components de-
fined in (2.21) are purely imaginary, while all the other Gell-Mann matrices
are purely real, we may simply replace (), by —Q? on the right-hand side of
(2.21), whereas the same replacement on the right-hand side of (2.23) induces
a minus sign. In other words, the two representations are not equivalent.

In order to draw a parallel with the well-known Schwinger-boson construc-
tion, we point out that one may also define SU(2) generators via the method

(2.29)
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described above, namely by introducing only two pairs of bosonic creation
and annihilation operators that obey (2.12), and consequently replacing the
definition of the generators (2.13) by

1
S = édTao‘d, oa=2x,v,z, (2.30)

where a' = (a7, ay") and 0@ are the Pauli matrices satisfying the commuta-
tion relations

(0%, 0”] = 2ieqp,07, a, B,y =ux,y, 2. (2.31)

An important difference from the case of SU(3)-bosons is that one is in
fact able to generate all irreducible representations of the SU(2) Lie algebra
this way: different representations correspond to a different total number of
bosons, i.e. to different spin lengths.

As a closing remark, we add that introducing N bosonic flavours allows
for the construction of the N2 generators of the SU(N) Lie algebra’:

Smm’ = amTam’7 m, m/ = 1, 2 . N (232)

It is easily checked that the operators above indeed satisfy SU(N) commuta-
tion relations®:

[Smm’7 Snn’] = 6m’nSmn/ - 5mn’Snm" (233)

This property paves the way to a straightforward generalization of the con-
cepts introduced in this subsection, which eventually allows for a systematic
treatment of bosonic excitations of general multipolar phases of high (S > 1)
spins.

2.1.2 Coherent spin states vs quadrupolar states

A coherent spin state |2) is a state in which the spin length is maximal,
ie. ((QS|€2))* = 1 in the case of a spin one’. Such a state describes a spin
pointing in the direction of the unit vector €2 and is fully characterized by
the polar angles {¥, p}:

sin ¥ cos ¢
(QS|N) =52 =S| sinvsing |, (2.34)
cos v

"Note that the number of non-trivial generators is N2 — 1.

80ne may also check that the commutation relations remain intact even if the operators
a; are fermionic instead of being bosonic.

9Tt is useful to note right from the outset that the Hilbert space of a spin one-half
consists only of coherent spin states.
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where ¥ € [0, 7] and ¢ € [0,27]. The coherent spin state |§2) is furthermore
an eigenstate of the spin component parallel to the vector €2:

(Q-9)|Q) = 5|Q). (2.35)

For the case of a spin one, the coherent spin states may conveniently be
written in the form

1+cosd . sin ¢ —cosv

Q) = 1 0 w1 2.36
) = SR+ 2+ D, (236)
and they obey the completeness relation
. 3 s 2w
= —/ / ddde sin 9]€2) (2. (2.37)
T J9=0J p=0

Applying the identity operator I in the form (2.37) to an arbitrary spin-one
state [1), one finds

) = ) = 47T/19 OL dide sin 9 ()]0, (2.38)

i.e. [¢) may be expressed as a superposition of coherent spin states with
amplitudes (Qy). This result allows for a pictorial representation of spin-
one wavefunctions that we will make use of later on.

A quadrupolar state |d) of a spin one is a state in which the spin length
is zero: ((d|S|d))* = 0. However, spin fluctuations are anisotropic in such
a time-reversal-invariant state, as they occur only in a plane perpendicular
to an axis that is referred to as the director. As an example, one may ver-
ify that the state |0) is a quadrupolar state with the axis z as the director:
indeed, spin components vanish (time-reversal invariance up to a phase fac-
tor), furthermore (S*)*[0) = [0) and (S¥)|0) = |0), while (S%)*]0) = 0. A
quadrupolar state is fully characterized by the polar angles {1, ¢} defining

the unit vector
sin ¢ cos ¢

d=| sin?sing (2.39)
cos v

that points along the director axis. Quadrupolar states may be written in a
convenient form using the basis (2.1):

|d) = dofz) +dyly) + d-|2), (2.40)

where d; are the components of the vector d. This form reveals the nematic
nature of a quadrupolar state: |—d) = —|d), i.e. the quadrupolar states
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characterized by d and —d are physically equivalent. Bearing that in mind,
we shall nonetheless often refer to the vector d as the director, rather than
to the axis along which it points. The quadrupolar state |d) is an eigenstate
of the spin component parallel to the director d:

(d-S)|d) = 0. (2.41)

We have shown that while a single S = 1/2 spin is always in a coherent
spin state (or dipolar state), an S = 1 spin may also be a quadrupole, which
might lead us to expect that a further increase of the dimensionality of the
local Hilbert space would yield even more exotic multipolar states. This is
indeed the case, as we will briefly demonstrate for S = 3/2 wavefunctions.
Let us compose a basis |S*) with the help of three spins one-half:

D= 5= sy, e
“§> =1L, ’—%> = % (TLL + 1T+ L) . (243)

Since 7[7) =|]) and 7|]) = —|1), it follows that

3 3 1 1

)" 2) (R
3 3 1 1

-2)=]3) |-3)=Iz) 24

which makes it clear that it is impossible to construct a time-reversal-invariant
state for an S = 3/2 spin, for essentially the same reason as it is for a spin one-
half. As a matter of fact, this conclusion can be reached for half-integer-spins
in general, as they can be composed of an odd number of spins one-half, and
therefore, according to the celebrated Kramers-theorem, an arbitrary half-
integer-spin wavefunction [¢) will be orthogonal to 7|1). On the other hand,
it is quite easy to write down a spin-three-half state in which the spin length
is zero: take as an example the state

o) e

Having seen that |O) is neither a dipole nor a quadrupole (in the sense that
it is not time-reversal-invariant), we conclude that we have found a state
of octupolar character. Now, based on [3], we may write the coherent spin
states of a general spin S in the form

T

T

e’ |Q2) = (COS 5) exp {tan 561”5_} |57 =95), (2.47)
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—]

Figure 2.1: Spherical plots of the amplitudes |(£2]))|? for (from left to right)
an S = 1/2 dipole (|¢v) = |1)), an S = 1 quadrupole (J¢/) = |0)) and an
S = 3/2 state of octupolar character (|¢)) = |0)).

where we have introduced the phase factor on the left-hand side in order to
remain consistent with the expression (2.36), and we note furthermore that
the completeness relation (2.37) can be easily extended to the case of an
arbitrary spin by replacing the prefactor 3/47m by (25+1)/47. With the help
of these results, we have created spherical plots of the amplitudes |[(2]1))|? for
a spin-one-half dipole, a spin-one quadrupole and a spin-three-half octupole:
these are shown in figure 2.1.

2.1.3 Parametrization of spin-one states

Coherent spin states and quadrupolar states are only the two “extreme”
types of states that a spin one may assume. A general spin-one state will
reveal both spin and quadrupolar character (see (2.9)), and its physically
relevant properties will in fact be fully determined by four independent real
parameters (see (2.2)). It follows that fixing the length and the direction of
the spin vector does not lead to a unique physical state, as three parameters
are sufficient to account for these properties’. While one may think of a
variety of ways of characterizing spin-one wavefunctions, we will often prefer
to adopt the parametrization of [4] that introduces a pair of three-dimensional
vectors. In this subsection, we explain the details of this parametrization.

We shall write a general spin-one state [¢) in the form

V) = (usz + vg)|z) + (uy + 1vy)|y) + (u, +iv,)]2), (2.48)

0For spins one-half, however, the polar angles {1, ¢} of the spin vector already define
a wavefunction that is unique up to a phase factor.
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where the real vectors u and v satisfy the normalization constraint
w4 v =1, (2.49)
and the overall phase of |¢) is adjusted so that the following condition holds:
u-v=0. (2.50)
The expectation value of the spin operator in the state [¢)) is
(V|S[y) =2u x v, (2.51)

and the spin length is given by
(¥[S[¥))" = 4u?v?. (2.52)

Coherent spin states correspond to u?> = v? = 1/2, while a quadrupolar state
will have either u? = 0 or v2 = 0, with the non-vanishing vector defining the
director. One may in fact refer to the larger of the two vectors as the director
in the case 0 < ((¢0S]¥))* < 1 as well: it will become apparent in the next
paragraph why this extended concept of a director holds no ambiguity.

Let us assume first that an arbitrary normalized spin-one state may indeed
be written in the form (2.48) with the conditions (2.49) and (2.50) satisfied,
and take a look at what different {u, v} choices are equivalent in the sense
that the corresponding wavefunctions are related to each other by a phase
transformation. Let us define a restricted phase transformation of the state
|1} so that the resulting state

[¥') = €ey) (2.53)

can also be characterized by vectors u’ and v’ satisfying conditions (2.49)
and (2.50). The vectors u’ and v’ can be written as

u =cosy u—siny v,
e (2.54)
V. =Cosy V-+simny u,

which makes it clear that they automatically satisfy (2.49). Their scalar
product is

u' - v = (cos®y —sin®y) u- v+ cosysiny (u® — v?), (2.55)
so we can deduce that an equivalent formulation of condition (2.50) is

sin(27) (u* — v?) = 0. (2.56)
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If u? = v2, (2.56) is satisfied for an arbitrary v, and a phase transformation
becomes equivalent to a simultaneous rotation of u and v around a common
axis perpendicular to their plane!'. However, if u? # v2, we have to restrict
~: the case v = 0 is the identity, v = 7 corresponds to taking the opposite of
both u and v, while v = 7/2 and v = —7 /2 correspond to taking the opposite
of one of the vectors and changing their order, i.e to the cases {—v,u} and
{v, —u}. Therefore, without loss of generality, we may adopt the convention
of choosing the pair of vectors {u,v} in such a way that u? > v? and we
may refer to u as the director'?.

We will now verify the initial assumption of the previous paragraph. Let
us take a normalized spin-one wavefunction of the form (2.48) with the vec-
tors {u, v} satisfying condition (2.49), but not condition (2.50): we will show
that a suitable phase transformation of the form (2.53) will result in a state
|¢") that is characterized by vectors that satisfy both conditions. The vectors
u’ and v’ are given by (2.54), and they automatically satisfy (2.49). How-
ever, their scalar product (2.55) vanishes if and only if the following equation
holds:

cos (27) 2u - v +sin (27) (u* — v*) = 0. (2.57)

If u? # v2, the phase v is well-defined by

2u-v
tan2’y = m,

(2.58)

where v €] — /4, 7/4[. Note that choices of v outside of this interval would
simply correspond to choosing between equivalent sets of {u’,v'}, as dis-
cussed in the previous paragraph. If u?> = v2, one may choose v = 7/4, for
instance.

Finally, we wish to illustrate the practical use of this parametrization
in distinguishing between physically different wavefunctions that feature the
same spin vector (S), with a spin length lower than one (in other words, the
spin is not “fully developed”). It is evident from (2.51) that the director
u has to lie in the plane perpendicular to the spin vector, and combining
equations (2.49) and (2.52), we find that its length is completely determined
by the spin length:

w = (14 yi= (isio?). (2.50)

Nonetheless, the director may still freely rotate around in the plane, and each

HTn this particular case, the vectors u’, v/, u and v all have the same length 1/\/§
2Note that coherent spin states do not have a director.
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Figure 2.2: Plot of every non-vanishing spin and quadrupole component of
the wavefunction [¢) = cosn|z)+isinn|y). While (S?) is symmetric, (Q**~¥")
is antisymmetric around n = /4.

resulting configuration will correspond to a different quadrupole moment!3.
Let us exemplify this statement with the help of a simple trial wavefunction:

|t) = cosn|z) +isinn|y), (2.60)

where n €]0,7/2[. The wavefunction [¢) describes a dipole moment (S) =
(0,0,sin27n) that is symmetric around i = 7/4, the director however, while
being undefined for n = /4, is either the x axis or the y axis, depending on
whether n < /4 or n > w/4. This indicates that the quadrupole moment
will not show the same symmetry as the dipole moment, and indeed, (Q) =
(—cos2n,1/4/3,0,0,0). In figure 2.2, we plot all non-vanishing components
of (S) and (Q).

2.1.4 Orientating quadrupoles with a field

Let us investigate the effect of a magnetic field on quadrupolar states. We will
assume as a starting point that we have a lattice structure comprising spins
one, and due to local isotropic interactions, the system is in a so-called ferro-
quadrupolar phase: every site features a quadrupolar state and the directors
are parallel to each other, however, global SU(2) symmetry implies that this
common director may point anywhere!*. The question we ask ourselves now

I3Note however that configurations that are related to each other by a rotation of 7 are
physically equivalent.
14We will encounter such phases later on in this work.
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is the following: what happens if we turn on a small uniform magnetic field
of the form —hS*? Since the dipole moment vanishes in a quadrupolar state,
there is no first-order selection within the degenerate manifold, and therefore
in order to find the answer, we have to take into account the deformation of
the local wavefunctions. Since the model retains rotational symmetry around
the z axis, we may assume without loss of generality that the directors lie
in the zz plane in the A — 0 limit. The lowest-order deformation of such a
state

[90) = sind|x) + cosV|z) (2.61)
may be described by the wavefunction
[) = |to) + 6 (COS ne'®|yy) + sinnewwg)) , (2.62)
where § < 1 and
|t1) = — cosd|x) + sinV|z),

(2.63)
[¥2) = [y)
define a basis together with |¢)g). With the help of (2.4), we find
S|4y = —id sin 0 sinne™|1g) + i cos ¥ sin e |4y )+ (2.64)

+ i (sind — 6 cos ¥ cosme™™) |1ha),
and therefore the first non-vanishing correction to the energy is given by

—hM = —2hd sin¥sinnsin §. (2.65)

(Y1)

The energy may be minimized by taking either {J = 7/2,n = = 7 /2} or
{¢ =—n/2,n = —p = +7/2}, and we end up with

) = £ (Jz) +id]y)) . (2.66)

In conclusion, the director turns perpendicular to the magnetic field, and the
quadrupole starts developing a dipole moment parallel to the field [4, 5].

If the ferroquadrupolar phase is submitted to a uniform field that corre-
sponds to a quadrupolar operator, the directors may be orientated without
a deformation of the local wavefunctions. Perhaps the simplest example of
this kind of mechanism is evoked by a single-ion anisotropy field of the form
D (Sz)2. Taking the same wavefunction [iy) as in the preceding paragraph,
we find

D (o] (S%)? |1bo) = D sin® 9, (2.67)
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i. e. the non-vanishing expectation value of the anisotropy field leads to a
lift of the ground-state degeneracy. An easy-plane field (D > 0) will pin the
director to the z axis, while an easy-axis field (D < 0) will only confine it
to the xy plane. We mention that in real materials, single-ion anisotropy
generally arises due to a combined effect of the crystal field and the spin-
orbit coupling. In particular, let us briefly consider a lattice featuring Ni?*
ions in an octahedral environment. In this case, the crystal field splits d-
orbitals into two groups, corresponding to a lower ty, level and a higher e,
level, and the resulting electronic configuration tggef] will have a total spin
S = 1. Since the orbital moment is completely quenched, spin-orbit coupling
may be treated in higher-order perturbation theory, and it is reasonable to
expect the emergence of single-ion anisotropy in such a calculation, as this is
the simplest magnetic-field-independent term that a single-ion effective spin
Hamiltonian may feature for S > 1/2 spins'®. The fact that the crystal field
does not make a distinction between the positive and the negative z axis is
nicely encapsulated in the time-reversal invariance of single-ion anisotropy,
furthermore, in contrast to Dzyaloshinsky-Moriya interactions [6, 7], which
are also quadratic in spin operators, single-ion anisotropy is compatible with
the inversion symmetry of a lattice. For a more detailed discussion on this
topic, we refer the reader to the excellent book by Patrik Fazekas [8].
Finally, let us discuss the magnetization process of a spin one that is
prepared in a quadrupolar state via an easy-plane anisotropy field. We write
the Hamiltonian as
H=D(S*)>—-h-S, (2.68)
however, we will only treat the cases where the magnetic field is either parallel
or perpendicular to the director. A magnetic field applied along the director
(h = he,) leaves the ground state unharmed below the critical value h, = D,
at which there is a level-crossing with the state |1): considering a system
of decoupled spins, one would find a jump in the magnetization per site
from zero to one at the critical magnetic field, which is the hallmark of
a first-order phase transition. On the other hand, if the applied magnetic
field is perpendicular to the director (h = he,), a quite different behaviour
is observed. As the magnetic field is increased, the ground state evolves
continuously from the non-magnetic state to the fully polarized one:

1) = cosn|z) —isinnly), (2.69)
where
vVD?2+4h?2 - D
tann = +2h . (2.70)

15Single-ion anisotropy is forbidden for spin-one-half ions, which is perhaps most easily
seen by noting that the square of any Pauli matrix is the identity operator.
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Figure 2.3: Spherical plots of the amplitudes |(€2|1)|* for three states of the
form (2.69): (from left to right) a pure quadrupole (n = 0), a state with
magnetization 1/2; and a fully polarized state (n = 7/4).

The intermediate state n €]0,7/4] has a director along the z axis and a
dipole moment of length sin 27 pointing in the x direction. Consequently,
for a system of independent spins, one would expect to observe a smooth
magnetization curve as a function of the magnetic field. We present spherical
plots of the amplitudes [{£2|+))|? at three different stages of the magnetization
process in figure 2.3.

2.2 The biquadratic interaction

The general form of an isotropic coupling between two spins one is given by
the bilinear-biquadratic Hamiltonian:

H = Jcos® S8, + Jsind (S:S,)%, (2.71)

where J > 0 sets an energy scale and ¥ € [0, 27[ controls the sign and the
relative strength of the two independent terms. Introducing higher powers
of the scalar product S;S,, or any other scalar operator!® in fact, does not
change the form of (2.71), since these extra terms can be rewritten as a
linear combination of bilinear and biquadratic terms. One may verify this
statement by using the well-known formula
Ji+j2
DU & pliz) — Z D(j)7 (2.72)

®j=|j1—72|

where DY) denotes the spin-j representation of SU(2). Indeed, a pair of S = 1
spins may form a singlet, a triplet and a quintuplet, therefore the independent

16Scalar operators are SU(2)-invariant, i.e. they commute with the total spin.
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operators acting in the Hilbert space may be classified according to

(D(O) o DY g D(Q)) ® (D(O) @ DY g D(2)) —
= 3D @ 6DY 6D @ 3D® @ DW, (2.73)

i.e. we find two non-trivial scalar operators, six dipolar operators, six quadru-
polar operators, three octupolar operators and one hexadecupolar operator.
It is interesting to contrast this result to the case of a bond of spins one-half
9], where one would find only one non-trivial scalar operator S;Ss, three
vectorial operators S; + So, S1 — S, and S; X S,, as well as a quadrupolar
operator!”. We may conclude that (2.71) is indeed the most general SU(2)-
invariant Hamiltonian for a pair of spins one!s.

A closer look at the formula (2.73) suggests that one may systematically
construct all independent scalar operators for a pair of spins S by taking the
scalar products of each on-site order parameter. This implies that it should
be possible to reexpress the biquadratic term (S; 82)2 as a linear combination
of S1S, and Q;Q5, and indeed, a straightforward calculation reveals that

4 2 1
QlQQ = g (8182)2 — § (Sl X 82)2 + 55182, (275)

which, combined with

(S1 X S2)% = €ap,€arnS) S3STSY =
= (63-0y — Opu0yr) SYSISTSY =
= 57505757 — 59575755 =
= 5%(S 4+ 1)? — 5757(S5S] + ieypaSS) =
= 52(S 4+ 1)? — (S18,)” +icap,SL 5755 =
= S%(S+1)% = (5:S,)* — S S,

(2.76)

1"Note that SU(2) symmetry and the Zo geometrical symmetry of the bond are indepen-
dent from each other, therefore each order parameter will either stay invariant or change
sign if the indices 1 and 2 are interchanged. Remembering that triplet (singlet) states
are symmetric (antisymmetric) in spin space and denoting by A; (Asz) the symmetric
(antisymmetric) representation of Zy, one finds

(D(l) ® Al P D(O) ® A2) ® (D(l) ® Al ® D(O) ® A2) =

=200 @ A, 62D ® Ay DY @ A @ D @ Ay, (2.74)

18For a pair of spins S, one would find 25 non-trivial scalar operators, thus a general
isotropic Hamiltonian may contain powers of the scalar product S;S, up to 2S.



2.2. The biquadratic interaction 23

leads eventually to
2
Q:1Qo = 2(S:1S,)* +S:S, — §S2<5 +1)2 (2.77)
Substituting (2.77) into (2.71) and setting the spin length to one yields a
new form of the bilinear-biquadratic Hamiltonian:

sin 4sin ¥

in
= Qe+ T (2.78)

H:J(cosﬁ— )8182+J

2.2.1 SU(3) symmetry of the bilinear-biquadratic Ha-
miltonian

We shall now discuss the symmetry properties of the bilinear-biquadratic
pair-Hamiltonian (2.71) of spins one. Let us introduce three bosonic flavours
satisfying (2.12) on each site, with the condition that operators belonging
to different sites are independent. Denoting by a; and b; (i = 1,2,3) the
flavours on site 1 and 2, respectively, we may thus write

[ai, bj] = [a;, ;"] = 0, i,j=1,2,3. (2.79)

Using the SU(3) generators QY and QY constructed on each site according
to (2.13), one may define the operators

Qr = QW 4+ Q?, a=1,2...8, (2.80)

which are easily shown to be hermitian and to obey the SU(3) Lie-algebra
commutation relations (2.17). The generators QT provide a means of verify-

ing that the coupling Q5 QY is SU(3)-invariant: indeed,

QLR Q1 = [QV0?. QY + QY =
= [V, 0102 + VP, QY =

= ifusr (QVQP +QVQY) =
s 07

(2.81)

since the structure constants f,g, are completely antisymmetric. Using (2.21)
and (2.23), and thereby restricting the Hilbert space to that of local spins

one, we may express QS)QE?) in terms of spin and quadrupolar operators,

QYQY = i (S1S2 + Q1Q2), (2.82)
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and a glance at (2.78) tells us therefore that the bilinear-biquadratic Hamil-
tonian (2.71) is SU(3)-invariant at the points ¢ = 7/4 and ¥ = 57/4, where
it assumes the form of an isotropic SU(3) Heisenberg model. For this reason,
we shall refer to the points ¥ = 7/4 and ¥ = 57 /4 as antiferro and ferro SU(3)
points, respectively. Actually, it can be shown via use of the complex conju-
gate representation (2.28) on one of the sites (take site 2 for instance) that
there exist two additional points of SU(3) symmetry: indeed, the coupling

Qa Q ) commutes with the SU(3) generators {Q((ll) — QZ(Q), a=1,2...8},
and it can be rewritten for spins one as

—QIQ:® == (818 — QiQy), (2.83)

.Jklr—*

hence the Hamiltonian (2.71) is SU(3)-invariant at the points ¥ = 7/2 and
¥ = 31/2 as well.

Introducing single-ion anisotropy of the form
Hp = D ((S5)° + (55)°) (2.84)

generally reduces the SU(2) symmetry of the Hamiltonian (2.71) to U(1)xZs,
however, the case of the SU(3)-symmetric points is somewhat special. Rewrit-
ing the anisotropy term as

Hp = 4D (8008 + Q508 (2:85)

one may verify that it commutes with the first three components of Q7
defined in (2.80). Let us take the first component Q7 as an example:

Q408 + @0 Qf) =

_ [ (1)Q§1) +Q52) (2) Q(ll) X Q(2)] _

= Q21)[Q2 7Qll)] [ (1)]Q21)+
+0571Qy, Q] + [QQ QPP = (2.86)

—@f217(Q2Q +Q1)Q1)—|—Q Q _|_Q >

= ifns (QQF + QL + QPP + QP QPY),

where we have used the fact that the only non-zero structure constant f,s,
that has two of the indices {1, 2,3} has the third one as well. The anticom-
mutators can be rewritten with the help of the bosonic expressions (2.13),
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and following steps similar to those in (2.15), we indeed find

{QQa QB} - az ag a]al<)\2 Z]>\3 K+ )\3 z])\2 kl)

1
+ 7% Tar( Mgk Az ikt + Azindont) = (2.87)

=0,

since the first three Gell-Mann matrices are of the form

A = (‘6 8) : (2.88)

i. e. they anticommute with each other, and the four-operator term van-
ishes for a local spin one. The first three components of Q7 form an SU(2)
subalgebra of SU(3), and therefore the result

[HD7Q£] = 07 o= 17 273 (289)

unveils the remaining SU(2) x Zy symmetry of the complete Hamiltonian H +
Hp at the ferro and antiferro SU(3) points. Let us note that these symmetry
considerations are valid for the SU(3) points ¥ = 7/2 and ¥ = 37/2 as
well, as one may demonstrate by using the complex conjugate representation
(2.28) on one of the two sites.

Finally, let us take another look at the form of the Hamiltonian (2.71) at
the ferro and antiferro SU(3) points. Denoting the total number of bosons on
each site by N; (i = 1,2), we may rewrite the operator Q&l) ) in a bosonic
form as )

QWQX %:az a;b;Tb; — NN, (2.90)

and setting the spin length to one (N; = Ny = 1), we find the identity

2
Slsg + Q1Q2 - 2P12 - g, (291)
where the so-called transposition operator
P12 = Z aiTajbiji (292)

]
exchanges the states of the two sites'. Injecting (2.91) into (2.78), we derive
yet another expression for the bilinear-biquadratic Hamiltonian:

H = J(cosv —sind) S1Sy + Jsind (1 + Pio). (2.93)

19The Schwinger-bosonic construction of the SU(2) algebra (2.30) allows for a similar
identity: setting the spin length to one-half, one finds 25,S; + 1/2 = Py».
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4t

Figure 2.4: Singlet (S), triplet (T) and quintuplet (Q) energy levels of the
Hamiltonian (2.71) of a spin-one bond. We find level-crossings at the four
SU(3)-symmetric points, as well as at two extra points satisfying tan = 1/3.

2.2.2 The bond and the triangle

We have shown earlier that (2.71) is the most general spin-rotationally in-
variant Hamiltonian for a bond of spins one. In order to derive its spectrum,
it is sufficient to notice that it can be rewritten as

Jo J1

T(Si+8)" + (3 - 2J2) (S1+82)> + (41 — 2J1),  (2.94)

H =

where we have used the notation J; = Jcosd and Jy = Jsind for brevity.
The energy levels can be divided into a non-degenerate singlet level, a three-
fold degenerate triplet level and a five-fold degenerate quintuplet level, and
the corresponding eigenvalues are

Es =4Jy —2J4,
ET == J2 - Jl, (295)
Eg=Jy+ Ji.

A plot of the energy levels is presented in figure 2.4. The crossing of the
singlet and quintuplet levels at ¥ = 7/4 and ¢ = 57/4 is due to the fact
that the Hamiltonian (2.71) becomes an SU(3) Heisenberg model at these
points, and therefore it only gives rise to an energy difference between SU(3)
multiplets. The corresponding eigenstates of (2.92) are easily derived with
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the help of the bosonic representation: denoting the three flavours defined
on each site by a, b and ¢, we find that the symmetric states |aa), |bb), |cc),
lab) + |ba), |ac) + |ca) and |bc) 4 |cb) belong to the eigenvalue 2.J5, while
the antisymmetric states |ab) — |ba), |ac) — |ca) and |be) — |cb) belong to
the eigenvalue 0. We note that, using a common shorthand-notation for
irreducible SU(3) representations (for reference, see [10]), the transformation
properties of these states under the SU(3) algebra can be summed up in
a concise manner as 3 ® 3 = 6 @ 3. Similarly, the crossing of the triplet
and quintuplet levels at the SU(3) points ¢ = 7/2 and ¢ = 37/2 may be
interpreted as 3 ® 3 = 8 @ 1. Finally, we note that a degeneracy of the

singlet and triplet levels occurs for tan? = 1/3, where the Hamiltonian
(2.71) becomes equivalent to a projector to the quintuplet subspace:
2J
H =2)1Psoy — =", (2.96)
with )
Pso =g, ((S1+S2)* —2) (S1 +S,)°. (2.97)

If we extend such a coupling with J; > 0 over a chain of spins one and
impose periodic boundary conditions, we end up with a unique ground state,
the so-called valence-bond solid state [11].

While we do not wish to enter a thorough discussion on this subject,
we nonetheless deem it worthwhile to mention that the spin-one bilinear-
biquadratic chain exhibits a particularly rich phase diagram that includes the
famous Haldane phase with a homogeneous ground state, a gapped spectrum
and an exponential decay of correlations. The gap collapses at ¥ = —7/4,
where an exact solution is provided by the Bethe ansatz (see references in
[11]), and the decay of correlations follows a power law. This critical point
marks the boundary of the Haldane phase with another singlet phase, the
so-called dimerized phase, in which the spectrum of excitations is gapped and
spin correlations are short-ranged again, however, the ground state breaks
translational symmetry and becomes two-fold degenerate. The dimerized
phase spans the whole —37/4 < ¥ < —m/4 region [12], which includes the
integrable point ¥ = —m/2 [13]. The ferro SU(3) point separates the dimer-
ized phase from a ferromagnetic phase, and it has the particular property
of allowing for long-range ferroquadrupolar correlations, despite the system
being one-dimensional, owing to the fact that the ferroquadrupolar order pa-
rameter commutes with the Hamiltonian at this point [14]. Finally, we note
that the exactly-solvable Lai-Sutherland point ¥ = 7 /4 [15, 16] separates
the Haldane phase from a critical phase with three soft modes at £k = 0 and
k = £27/3 [17]. Interestingly enough, the dominant correlations in the crit-
ical phase are antiferroquadrupolar, and they have a period of three lattice
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spacings. For further references and a discussion on recent developments, see
[18]. Reference [8] contains an instructive comparison of the properties of
the spin-one-half chain and the spin-one chain.

Finally, let us add some remarks on the spin-one triangle. One may
construct fourteen independent SU(2)-invariant physical operators in this
case, but restricting ourselves to two-spin interactions leaves us with only
six, namely the bilinear and the biquadratic terms defined on each bond?:
using (2.93), the Hamiltonian can thus be written as

H=J (COSQ9 — sin 19) (Slsg + SQS3 + 8381) +

2.98
+Jsin19(3+P12+P23+P31). ( )

Even though the Hamiltonian (2.98) can not be expressed simply in terms
of the total spin operator, unlike the Hamiltonian (2.71) of a bond, one may
nonetheless carry out a useful decomposition®' with the help of the following
hermitian SU(3) generators that are defined analogously to (2.80):

QI =V + QP +QY, a=12..8 (2.99)
Using (2.91) and (2.82), we rewrite the Hamiltonian (2.98) as

1
H = J(cosv — sin ) (5 (S1+ Sy +S3)° —3) +

+Jsind (442 (QUQY + POV +QYQL)),

and finally, using the definition of the spin operators (2.21), as well as the
N =1 case of (2.20), we derive the expression

H = J(cost —sind) (2(QF Qs + Q3 Q% + Q7Q7) — 3) + Jsind QLQL.
(2.101)
We note the appearance of the Casimir operator QZQZ, which commutes
with all of the generators??, i. e.

[QIQE, Q%] = QLIQL, QF] + [QF, QFIQL =
= ifas, (QLQT +QTQT) = (2.102)
=0,

(2.100)

20Tn the case of a spin-one-half triangle however, there are only four independent scalars:
apart from the bilinear interactions, one may also define a scalar chirality of the form
S1 (S2 x S3), which is easily shown to be hermitian, as well as to commute with the total
spin.

21This decomposition is available for all geometries where each site is connected to all
other ones. The bond, the triangle and the tetrahedron are examples of such “complete
graphs”.

22 An analogous Casimir operator in SU(2) Lie algebras is the operator S2.
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hence we find that the total spin St and the pair of Dynkin coefficients (g1, ¢2)
representing SU(3) multiplets® are all good quantum numbers and can be
used to label eigenstates of the Hamiltonian (2.98). Without entering into
further details (for the complete spectrum, see [18]), we note that 3 ® 3 ®
3=10®8® 8@ 1. At the ferro SU(3) point, the ground state is ten-fold
degenerate, and it belongs to the A; (completely symmetric) representation
of the D3 point group of the triangle, while at the antiferro SU(3) point
(and in its vicinity), it is a non-degenerate SU(3) singlet belonging to the A,
representation of D3. The points ¢ = 7/2 and ¢ = 37/2 lose their SU(3)-
symmetric character due to the presence of frustration. Let us conclude
by highlighting an important difference between the spin-one bond and the
spin-one triangle: for ¥ € [r/4,7/2], the earlier has a triplet ground state,
while the lowest-lying level of the latter is a singlet, which means that the
bond is more easily magnetized than the triangle in this particular region.
Interestingly enough, this simple observation remains quite relevant when
one applies a variational treatment to the square and the triangular lattices.

2.2.3 Variational approach for spin-one systems

In this subsection, we will introduce the basic elements of a variational scheme
that will be used extensively throughout the present work. The key approx-
imation of the method lies in neglecting quantum entanglement between the
S =1 spins that are defined on different sites, however, all on-site quantum-
mechanical degrees of freedom are treated accurately, including those of quad-
rupolar nature. Mathematically speaking, we approximate the ground state
of a lattice of L sites with a site-factorized wavefunction of the form

) = TTTT ey (2.103)

j=lie);

where the normalized spin-one wavefunction [¢;(¢)) is defined on site 4, while
the index j accounts for the fact that one may allow for different wavefunc-
tions on different sites: the number of different single-site wavefunctions is
n, and \; denotes the ensemble of sites featuring the same wavefunction. As
the phase of |1;(i)) may be chosen arbitrarily**, |¢) is determined by 4n real
parameters, where n < L. Our aim is to minimize the expectation value
(Y|H|v), where H is the Hamiltonian of the lattice.

23Dynkin coefficients provide a unique labeling, in contrast to our earlier notation, which
is only used for small representations. Expressions such as 3 ® 3 = 6 @ 3 can thus be
rewritten as (1,0) ® (1,0) = (2,0) & (0, 1).

24Changing the phase of any |1);(i)) corresponds to an overall phase transformation of
[1)) and thus leaves expectation values invariant.
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It has to be emphasized that while such a variational approach may give
a useful insight into the physics of two- or higher-dimensional systems [19],
where at zero temperature one often encounters a symmetry-breaking long-
range-ordered state that can be characterized by a relevant on-site order
parameter, it is generally of limited use in the study of one-dimensional sys-
tems, where, unless the order parameter is a conserved quantity, quantum
fluctuations are expected to restore the continuous symmetry of the Hamilto-
nian. One may think of the spin-one bilinear-biquadratic chain for instance,
where out of the four phases, the ferromagnetic one is the only one that
features long-range order, and it is not possible to describe the other three
phases in terms of a site-factorized wavefunction of the form (2.103). On
the other hand, when it is applicable, the variational ansatz (2.103) may not
only give a good approximation of the ground state in terms of its dominant
correlations, but it also serves as a natural starting point for studying the
excitation spectrum and the effect of quantum fluctuations by means of a
flavour-wave expansion. We will discuss these issues in detail further on, but
it might already be useful to quote an analogy with spin-one-half systems,
where on-site wavefunctions describe classical dipole moments in essence, and
quantum fluctuations may be induced systematically via a 1/S-expansion.
The underlying concepts can be extended in a straightforward manner to
systems of higher spins, however, the on-site wavefunctions may quickly de-
velop a considerable complexity, and consequently, the minimization problem
becomes more complicated as well. We also mention that several attempts
have been made to render the variational treatment suitable for the study of
one-dimensional systems [19, 20].

In order to provide a simple but rather instructive demonstration, we will
now apply the variational method to a spin-one bilinear-biquadratic bond:
this is a problem that was first studied in the excellent paper by Papanicolaou
[19]. While one may be tempted to overlook the importance of investigating
elementary systems within the variational framework, the results we derive
here will actually prove to be essential when we attempt to construct the
variational ground state of realistic two-dimensional lattices. One finds that
the minimization is greatly simplified for some selected values of ¥, namely at
the antiferromagnetic (AFM) and ferromagnetic (FM) points that feature a
pure bilinear coupling, and at the so-called antiferroquadrupolar (AFQ) and
ferroquadrupolar (FQ) points, where only quadrupole moments are coupled
(with a positive and a negative coefficient, respectively). We present the
result of the minimization at these particular points first.

AFM point (¢ =0) : Both sites feature coherent spin states with the spin
vectors pointing in opposite directions.
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FM point (J = ) : Coherent spin states with coinciding spin vectors.

AFQ point (¢ = arctan2 =~ 0.357) : A glance at (2.78) tells us that we
have to minimize (Q;Qz), which can be rewritten as

2
(Qi1Qo) = |di* - do|* +|dy - dao]* — 3 (2.104)

where the components of the vector d; give the projection of |¢;) to
the states of the basis (2.1). We see that (Q;Qs) is minimized if [t)q)
is orthogonal both to |¢1) and its time-reversal transform: it follows
that one of the sites has to have a pure quadrupole with a director d,
while the other one will feature either a quadrupole with its director
perpendicular to d, or a spin vector of arbitrary length pointing along

d.

FQ point (¢ = arctan2 4+ 7 ~ 1.357) : (Q1Qs) is maximized by two quad-
rupolar states with parallel directors®.

A numerical minimization reveals that each of the above solutions extends
over a finite ¥-interval, and the four resulting regions are separated from each
other by SU(3)-symmetric points?®: this is perhaps most visible on the plot
of the energy-minimum as a function of ¥ that we show in figure 2.5. It is
important to emphasize that the AFQ solution is peculiar in the sense that
fixing the state on the first site as a quadrupole with a well-defined director
does not completely determine the state on the second site. In fact, as we
show in figure 2.6, the state on the second site may interpolate continuously
between a pure quadrupole and a coherent spin state: the director may ro-
tate around that of the first site, and the spin length may also be chosen
arbitrarily. The degeneracy of the bond-solution has a remarkable conse-
quence, when one extends the AFQ coupling to a spin-one triangle. While a
dipole moment is no longer admitted in this case, the energy of every bond
can be minimized simultaneously via three quadrupolar states with mutually
perpendicular directors, hence the frustration effect is lifted (see figure 2.7).
At the same time, since the variational solution is unique up to global SU(2)

25We note that for two quadrupolar states, (Q1Q2) = 2(d; ~d2)2 - % is maximized
(minimized) by a parallel (perpendicular) arrangement of directors, therefore we say that
a negative (positive) quadrupolar exchange favours a ferroquadrupolar (antiferroquadrupo-
lar) state.

26This finding is easily verified analytically [19]. In fact, in analogy with (2.104), we
may rewrite the bilinear coupling as (S1S2) = |d1* - da|? — |d; - d2|?, and we may deduce
that the total energy can only be minimized by configurations in which |d;* - dz|? and
|d; - dz2|? both attain extreme values.
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Figure 2.5: Variational energy of the spin-one bilinear-biquadratic bond. The
dots are the results of a numerical minimization, while the curves come from
conjecturing particular types of solutions: AFM (red curve), AFQ (green
curve), FM (blue curve) and FQ (purple curve). The four distinct regions
are separated by the SU(3)-symmetric points.

Figure 2.6: Degeneracy of the AFQ solution for a bond. Keeping one of
the sites in a quadrupolar state, one may find either a quadrupole (left), a
partially developed dipole (middle) or a fully polarized state (right) on the
second site. Directors and dipole moments are represented by blue lines and
red arrows, respectively.
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Figure 2.7: Interplay of frustrated geometry and antiferroquadrupolar cou-
pling. While the variational solution for a triangle is unique up to global
SU(2) rotations (left), the square admits a number of possible configurations
(two examples are shown in the middle and on the right). Directors and
dipole moments are represented by blue lines and red arrows, respectively.

rotations, non-trivial degeneracies are eliminated. The importance of frus-
trated geometries in this aspect is further exemplified by the case of a single
square, where it can be shown that a configuration with minimum energy will
feature two quadrupoles with parallel directors along one of the diagonals of
the square, but the states on the other two sites can be varied independently
from each other, and even if both states are magnetic, they might feature
different spin lengths or the dipoles might point in opposite directions (al-
though they will have to align themselves with the common director of the
quadrupoles). We depict two examples in figure 2.7.
Let us now treat the SU(3)-symmetric points separately.

antiferro SU(3) point (¢ = 7/4) : With the help of (2.93), we may de-
duce that the quantity to minimize is (Po) = |(1]w9)?, i. e. the states
on the two sites have to be orthogonal to each other. A wide range
of possibilities includes the solutions for the AFM point and the AFQ
point, and one finds that a peculiar type of antiferromagnetic state
is also satisfactory: it features two spin vectors of the same length
pointing in opposite directions, and the directors of the two states are
perpendicular to each other.

ferro SU(3) point (9 = 57/4) : The two sites must feature the same states.

¥ =m/2 : A variety of solutions includes those of the AFQ point and the FM
point, as well as a peculiar type of ferromagnetic state which features
the same spin vector on both sites, while the directors of the two states
are perpendicular to each other.

¥ = 37/2 : The minimum is given by the solutions of the AFM point and
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the FQ point, and by an intermediate type of state which features two
spin vectors of the same length pointing in opposite directions, while
the directors remain the same on both sites (in other words, the two
states are connected via time reversal).

It turns out that these points of higher symmetry do not only admit the
solutions of the two regions that they separate from each other, but also al-
low for configurations that interpolate continuously between these solutions.
Simple examples of such intermediate states could be

[91) = cosnlz) +isinnly),

& 2.105
|1ha) = cosnly) + isinn|z) o
for ¥ = /4,
1) = cosnla) +isingly), (2.106)
|12) = cosn|z) + isinn|y)
fOI' 19 == 57T/47
[v2) = cosnla) +isingly), (2.107)
[1hg) = cosnly) — isinn|z)
for ¢ = 7/2, and
1) = cosnla) + isinnly), (2.108)

|[2) = cosn|x) —isinn|y)

for ¥ = 3w /2, with n € [0,7/4]: these configurations are depicted in figure
2.8. It is interesting to notice a particular difference between the SU(3) points
Y =m/2 and ¥ = 37/2: while the earlier possesses a number of exotic varia-
tional ground states that are different from the ones we mentioned explicitly,
the latter does not admit other configurations but the ones that interpolate
between the AFM and the FQ solutions®”. As a consequence, if we consider
a spin-one triangle with pure biquadratic couplings®®, we get very different
types of behaviour depending on the sign of the coupling. For a negative
sign, the variational ansatz yields a simple ferroquadrupolar configuration,

2"The exact spectrum of the bond may provide an explanation for this difference: since
the triplet and quintuplet levels cross at these points, the ground state is eight-fold de-
generate for ¥ = 7/2, while it is non-degenerate for ¢ = 37/2 (see figure 2.4), therefore
practically any state written up at random has a good chance of belonging to the ground-
state manifold for ¢ = /2.

28We remind the reader that this model does not possess SU(3) symmetry.
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Figure 2.8: Interpolating configurations at the SU(3) points. In each row
from top to bottom, we represent pictorially the wavefunction (2.105),
(2.106), (2.107) and (2.108), respectively. Blue lines symbolize directors,
while red arrows symbolize dipole moments.



36 Introduction to quadrupoles

however, for a positive sign, we still end up with an extensive degeneracy?.
These observations suggest that the ferroquadrupolar region of the bilinear-
biquadratic model extends further for the triangle than for the bond (i. e. it
penetrates the ¢ > 37/2 domain), moreover, the point J = 7/2 remains
a separating point between the ferromagnetic and the antiferroquadrupolar
regions for the triangle as well. Finally, we add that the interpolating state
found for the bond at ¥ = 7/2 allows for a particular configuration on the
triangle, in which one of the sites is quadrupolar, the other two feature iden-
tical spin vectors that are parallel to the director of the quadrupole, and the
directors of the two magnetic states are perpendicular to each other®.

2.2.4 Origins of the biquadratic coupling

(Classical spin systems with frustrated antiferromagnetic interactions often
possess a high degeneracy in the ground-state manifold, and are therefore
particularly susceptible to perturbations. Several cases are known where the
introduction of a physically-motivated extra term induces a selection mech-
anism that favours a collinear configuration of the spins, and this effect can
be conveniently modeled with the help of a phenomenological biquadratic in-
teraction. As an example, one might think of the coupling between spin and
lattice degrees of freedom that originates in the dependence of the exchange
integrals on the atomic positions in a crystal [21]. Since the exchange inte-
grals are linear functions of the displacement coordinates, while the elastic
energy of the deformation shows quadratic behaviour, a frustrated system
may gain energy by distorting the lattice: naturally, the lattice distortion
and the associated energy gain depend on the particular spin configuration,
and this leads to a lift of degeneracy in the ground-state manifold. This phe-
nomenon is discussed in detail for the case of a single tetrahedral molecule
with four spins in [22], and one indeed finds that collinear states are selected.
If we assume that the exchange integral for a pair of spins ¢ and j depends only
on the inter-atomic distance (a reasonable assumption for direct exchange),
furthermore that the elastic energy associated with a bond distortion can be
written as k(dr;;)?/2, where dr;; is the variation of the bond length and « is
the elastic constant, we end up with the so-called bond-phonon model:

H» =% {J(1 — adri;)S:S; + g((srij)?} , (2.100)
(3,9

29Naturally, the solutions include the fully polarized ferromagnetic configuration, as well
as the antiferroquadrupolar state with three mutually perpendicular directors.

30We only mention in a footnote that this result explains the emergence of an exotic
2/3-magnetization plateau in the vicinity of ¢ = m/2 for the triangular lattice bilinear-
biquadratic model [5].
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where « is the spin-lattice coupling constant. Considering dr;; as indepen-
dent parameters, we may integrate them out3' and find an effective spin
Hamiltonian:

HE =Y {S:S; —b(S:S;)’} (2.110)

(i.3)

where b = Ja?/2k is a dimensionless constant. We may conclude that due to
the emergent biquadratic term, a collinear arrangement of spins will become
favourable. It was suggested on the basis of the bond-phonon model, as
well as the improved site-phonon model which induces an effective coupling
between different bond variables, that lattice distortion may play a crucial
role in the stabilization of the robust half-magnetization plateau phase that
was found in some spinel oxides [24, 25]. Let us point out however that the
introduction of extra coupling terms is not the only way of lifting the ground-
state degeneracy in classical frustrated systems. It was shown on a quite
general basis that both quantum and thermal fluctuations tend to favour
collinear spin configurations, and they may eventually give rise to long-range
order in a vast variety of systems [26, 27, 28, 29]: this is the so-called “order-
by-disorder” phenomenon [30]. The associated ground-state selection may
often be modeled by introducing an effective biquadratic exchange term: the
case of the anisotropic Heisenberg model (or XXZ model) will be discussed
in detail in appendix B.

Having motivated the study of biquadratic terms in classical spin systems,
we will abandon this topic for the remainder of the present work. In fact,
these classical biquadratic terms are not only conceptually very different from
the quantum-mechanical biquadratic interaction that addresses the quadru-
polar nature of spins one, but the physical intuition gained from the study of
the earlier might also be misleading in the study of the latter?. One must em-
phasize that the variational approach based on site-factorized wavefunctions
is not quite the same as the classical treatment where the spins become unit
vectors, and this remains true even if we restrict the Hilbert space to coher-
ent spin states. This is easily demonstrated already for a single biquadratic
bond: considering a pair of coherent spin states, ((S1S2)) ~ (Pi2) — (S1S5)
is minimized only by a ferromagnetic configuration, a classical biquadratic
term however gives the same for parallel and antiparallel spins, and it is
minimized only by a pair of perpendicular spins. Even though the difference
in this particular case might simply be attributed to the apparent presence

31Note that this step breaks down for quantum spins due to non-commutativity [23].

32The 1/3-magnetization plateau on the triangular lattice, however, can be seen as a
counterexample, as it may be stabilized either via an effective biquadratic term modeling
quantum fluctuations around the classical limit [28], or via the introduction of a true
quantum-mechanical biquadratic term in a spin-one system [5].



38 Introduction to quadrupoles

of quadrupolar components in the coupling, one might wonder about the
possibility of frustrating a spin-one system with pure bilinear couplings to
such an extent that it starts accessing the quadrupolar degrees of freedom in
the on-site wavefunctions. This certainly does not happen yet for a spin-one
triangle, as the variational approach yields 120-degree order with fully devel-
oped spins in this case. Bearing these remarks in mind, we will nonetheless
often refer to the variational treatment as “classical” for two reasons: firstly,
because even though on-site wavefunctions describe quantum-mechanical de-
grees of freedom, there is no entanglement between wavefunctions belonging
to different sites®®, and secondly, because site-factorized wavefunctions pro-
vide a starting point for the flavour-wave expansion that is analogous to the
semi-classical spin-wave expansion.

In the upcoming chapters, we will consider the biquadratic interaction as
a true quantum-mechanical term stemming from virtual fermionic transitions
that are associated with the Hubbard model in the limit of strong repulsion.
Having electrons in mind, one may not expect the emergence of biquadratic
terms in the non-degenerate Hubbard model, since it accounts for the physics
of Mott insulators with localized spins one-half, however, the presence of
orbital degeneracy may quite naturally give rise to an effective biquadratic
coupling. In order to demonstrate this, we present the case of the simple
e, molecule, following the discussion in [8]. Let us consider two sites, each
with a two-fold degenerate orbital: the electronic operators corresponding
to the one-particle states can be written as c}ao and c;ba, where j € {1,2}
is the site index, a and b represent the orbitals, and o € {7, |} stands for
the spin variable. Assuming that the hopping does not mix the orbitals,
furthermore that all hopping processes have an equal amplitude ¢, we may
write the one-particle hopping term as

HhOP =—t Z <cia002aa + cgaaclaa + Cibac2b0 + C;boclba> : (2111)

g

We will denote the on-site Hubbard repulsion for electrons in the same or-
bital by U, and for electrons in different orbitals by U,,, and we introduce
an exchange constant J > 0 that ensures that if two electrons occupy dif-
ferent orbitals on the same site, they form a spin triplet. The two-particle

33For this reason, the variational ansatz may also be called a mean-field ansatz.
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interaction can then be written as

Hin =U Z (NjarMjay + Mjpry) + Uap Z Z NjaoMjbo’ —

J j oo’

B Mjat — Mjal Mjb1 — Tjb
2J ; 5 5 (2.112)

i i i i
—J2 <CjaTCjaleblcij T CjalcjachbTCjbl> )
j

where the last term, the spin-flip term, is the only non-diagonal one. Let
us consider the system at half-filling (four electrons), in the limit of strong
interaction defined by U, Uy, J > t. In the absence of the hopping terms
(t = 0), the ground-state manifold is spanned by configurations featuring
two electrons on each site, one in each orbital, and the two electrons of
a given site form a triplet. Since the local triplets are independent, the
ground state is nine-fold degenerate. However, if charge fluctuations are
not entirely suppressed but still remain relatively small, they introduce an
effective coupling between the spin degrees of freedom of the on-site triplets,
in the spirit of perturbation theory. Naturally, since Hyop + Hing is isotropic
with respect to the spin variables, the effective Hamiltonian H.g will be an
SU(2)-invariant spin-one model: in order to find Heg, it is therefore sufficient
to calculate the energy of the |S = 2,5% = 2) quintuplet state, the |S =
1,5% = 1) triplet state and the |S = 0,5% = 0) singlet state. Elementary
spin algebra reveals the form of these states:

1S =2,5"=2) =1)® 1),

S =157 =1) = —= (0 ® 1)~ 1) o). o113)
5=0.5"=0) =—= (VO + D& |h-10)®0).

where |0), |1) and |1) represent the on-site triplet states. Let us denote the
three states on the left-hand side of (2.113) by |Q), |T) and |S) for brevity,
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and express them with the help of the fermionic operators:
Q) = CIaTCIbTC;aTcng [vac),
T) = % [(CIaLCIbT + CIaTCLu) C;ﬁcgm_
_CLTCL)T (Cgaicgm + Cg[ncgbi)} [vac), (2.114)

1
_ T ot T ot
|S) = ﬁ [claTcleCZaic%l t Cla1C1p) C2a1 Cony —

1
(A A (A A
D) ( lajC1pp T ClaTclbl> <02a102bT + C2aT62bl>:| [vac),

where |vac) is the electronic vacuum. The energy of the quintuplet level is
easy to find, since neither hopping, nor spin-flip events may occur in the
state |@), i. e. it is an eigenstate of the Hamiltonian. The associated energy-

eigenvalue is
Eqg=2U44 — J. (2.115)

Acting with the Hamiltonian on the triplet state, we find an ionized state:

(Hyop + Hint) |T) = 2Uap — J) |T) — 2t Texc), (2.116)
where
Lrs & (4 1 b
Texe) = b [ClaTc2aT (Cmcwl + CszCm) +
(2.117)
+CJ{bTC;bT (CIQTCJ{(LL + C;aTcgal)] [vac),
however, since
(Hhop + Hint) [Texe) = Uap + U) |Toxe) — 2t|T), (2.118)

the states |T") and |Ti.x.) span a two-dimensional subspace of the Hamiltonian.
Subtracting the constant Eg from the energy of both states, we may find the
triplet-quintuplet splitting by solving the equation

'—)\ —2t

—2t —A+U+ J’ =0 (2.119)

and picking the solution A that vanishes in the ¢ — 0 limit. The result is

U+J 16¢2
Er—Fp=—"(1- 14+ —— 2.120
TT e 2 ( +(U+J)2>’ ( )
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which may be expanded to quartic order in t as

4t? N 16t
U+J  (U+J)P

The energy of the singlet level can be found in a similar way, however, the
calculation is a bit more tedious, therefore we will only quote the result from

8]:
612 N
U+J

ES—EQ%—

12¢* 3 2 N 2
U+I2\U+J 20+Usp)+J 200-Up)+J)
(2.122)

The lowest-order term is easily verified with the help of second-order pertur-
bation theory: indeed,
Hiop|S) = V61| Sexe), (2.123)

where the excited state

1
|Sexe) = 78 [(CLTC;@ - CI@C;@O (CIbTCJ{bl + CngC;m) +
(2.124)

oot oot oot Toor
+ (Cmcm - Clblc%T) <ClaTclal + CQaTCQal):| [vac)

is connected to |S) via a matrix element V/6t, and the excitation energy is
U + J. Let us compare the energy levels we obtained to those of a spin-one
bilinear-biquadratic Hamiltonian: a glance at (2.95) reveals that we need to
satisfy

Er — Eg = —2.J;,

2.125
Eg — Eg =3(J2— J1), ( )
which gives
2t 8t
Jl = - 39
U+J (U+J) (2.126)

PR I 2 B 2
P UIR\U+T 2U+Uy)+J 20U —Uy)+J)’

up to fourth order in ¢. Considering only second-order virtual hopping
processes, we recover a pure antiferromagnetic Heisenberg coupling, which
should not come as a surprise, since these processes only involve the exchange



42 Introduction to quadrupoles

of a single electron of spin one-half. However, starting from fourth order in
t, the bilinear interaction alone is insufficient to account for the splitting of
the energy levels, and we find an effective biquadratic term which, assuming
that U — Uy, < U, has a negative coefficient. Since the bilinear-biquadratic
Hamiltonian is the most general spin-rotationally invariant Hamiltonian for
a pair of spins one, virtual hopping processes of higher order will only renor-
malize the coupling coefficients J; and J, in the present case. If our molecule
had higher on-site spins, further terms would emerge in subsequent orders of
t, however, the biquadratic interaction would still be the dominant correction
to the Heisenberg Hamiltonian: in fact, this coupling was first found exper-
imentally for Mn** ions with an S = 5/2 spin [31, 32]. On the other hand,
if one considers a molecule comprising several spin-one sites, terms such as
(S1S2)(S2S3) might appear already at the fourth order in ¢, in addition to
plaquette exchange and further-neighbour pair exchange that are present in
spin-one-half systems as well [33].

Our study of the e, molecule might lead us to think that the effective bi-
quadratic interaction will generally have a small negative coefficient. While
this is certainly a reasonable expectation in most cases, we have to keep in
mind that we have completely neglected the role of higher-lying states in the
preceding discussion. In fact, if we introduce a low-lying third orbital ¢ that
is separated by a small crystal-field splitting from the orbitals a and b, we
will allow for additional second-order hopping processes that favour a ferro-
magnetic alignment of spins®!, and this may eventually reduce the value of
J1 quite considerably, perhaps even push it in the negative regime. Cancel-
lation effects in the leading order of perturbation theory enhance the role of
higher-order contributions, and a dominant biquadratic term with Jo < 0 was
shown to emerge in several situations of orbital quasi-degeneracy [34, 35]. We
mention that the underlying mechanism seems to be experimentally realized
in the spin-one chain system LiVGeyOg [36]. While a sizeable biquadratic
interaction with Jy > 0 still remains to be found within the framework of the
electronic Hubbard model, an effective spin-one model with J; = J; > 0 is
easily recovered if we consider three-flavour fermions in the limit of strong
interaction. Let us take a simplified SU(3)-symmetric Hubbard model with
a single orbital:

H=—t Z (cjacja + c}acm) +U Z NiaNig, (2.127)

(,4), i,a<f

34Starting out from the state |Q) for instance, an electron now has the opportunity to
hop back and forth via the ¢ orbital of the neighbouring site, and the intermediate state
will have a relatively low energy due to Hund’s coupling that favours parallel spins on a
given site. As a result, the quintuplet configuration will gain energy.
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where ¢! and ¢, create and annihilate a fermion at site ¢ with flavour a,
T

respectively, and n;, = ¢},¢,,. Considering L /3 fermions on a lattice of L sites
(1/3-filling), the ground-state manifold has a degeneracy of 3% in the absence
of hopping: each particle occupies a different site with an arbitrary flavour.
Virtual hopping processes will induce an effective interaction between the
flavour degrees of freedom, and to second order in ¢ /U, the low-energy physics
is captured by the SU(3) antiferromagnetic Heisenberg model with a coupling

constant J = 2t%/U:

Hey=JY Py (2.128)
(i.4)

where F;; is the familiar transposition operator that exchanges the states of
sites ¢ and j, i. e. Pyj|la; ;) = |Bia;). The effective model Heg can be seen as
a spin-one bilinear-biquadratic model at the antiferro SU(3) point ¥ = /4.






Chapter 3

Quadrupolar ordering on the
triangular lattice in the
presence of single-ion
anisotropy

In recent years, considerable effort has been dedicated to the exploration of
the phase diagram of the spin-one bilinear-biquadratic model on the trian-
gular lattice. These extensive studies have been partly motivated by exper-
imental investigations of the material NiGasS, (see figure 3.1) that revealed
anomalous low-temperature properties indicating the emergence of a spin-
liquid state [37]. Extending the Heisenberg model with a phenomenological
biquadratic term, Tsunetsugu and Arikawa have shown that several of these
properties, in particular the absence of magnetic Bragg peaks, the finite value
of the susceptibility at zero temperature and the characteristic T2-behaviour
of the specific heat, might be accounted for within the framework of an-
tiferroquadrupolar ordering [38]. Lé&uchli, Mila and Penc mapped out the
complete phase diagram of the model in a magnetic field: having compared
the two emergent quadrupolar phases, they pointed out experimentally rel-
evant properties that depended on the sign of the biquadratic coupling and
they emphasized that the occurrence of ferroquadrupolar order in the ma-
terial remained a possibility as well [5]. A parallel study by Bhattacharjee,
Shenoy and Senthil highlighted the role of anisotropy in the context of dis-
tinguishing between the two different types of nematic order [39]. We should
mention that the unambiguous identification of such elusive states of matter
remains quite a challenge from the experimental point of view [40, 41, 42],
and alternative theoretical attempts were also made to explain the measure-
ments [43, 44|, however, the recent finite-temperature results of Stoudenmire,
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Figure 3.1: Crystal structure of NiGayS,. The material is a Mott insulator
featuring a highly two-dimensional structure with triangular layers of NiS,.
Magnetism is associated with the S = 1 spin of the Ni** jons. The figures
are taken from [37].

Trebst and Balents reasserted the possible relevance of quadrupolar physics
to NiGaQS4 [45]

In this chapter, we are aiming to enter the above discussion via a de-
tailed study of the effect of single-ion anisotropy on quadrupolar phases.
More specifically, we will consider spins one on a triangular lattice with
nearest-neighbour bilinear-biquadratic interactions in the presence of a uni-
form anisotropy field:

H = JZ [cos¥ S;S; + sind (S;S;) —i—DZ (57)? (3.1)
(.)

We will perform a thorough investigation of the variational phase diagram of
the model (3.1), employ flavour-wave theory to derive the excitation spectrum
of the emergent quadrupolar phases, and carry out a perturbative analysis of
the effect of quantum fluctuations in the limit of large (easy-plane or easy-
axis) anisotropy. We will conclude the chapter by discussing our results in
the context of NiGayS,.

3.1 Phase diagram of the bilinear-biquadratic
model with an anisotropy field

Let us calculate the ground-state phase diagram of the model (3.1) within
the framework of the variational ansatz (2.103) that was introduced in the
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previous chapter!. The following considerations reveal that one may assume
three-sublattice order in the minimization of (¢|H|1), i. e. the wavefunction
(2.103) can be chosen to be of the form

IT [ea@) TT les) T lee) (32)

1EA 4 1€EAR 1€EAC

where A; denotes the ensemble of sites belonging to sublattice j. Let us
rewrite the Hamiltonian (3.1) as a sum of triangular plaquette terms:

2L
H=> H, (3.3)
a=1

where L is the total number of sites. Denoting the spins of plaquette o by
{Sia,;i=1,2,3} and using the convention S;, = S;,, we may write the
plaquette Hamiltonian as

2

3 3

D
H, E cosV S; 0Sit1.0 +sinV (S;0Sit1.a) + 5 E , (34)
=1 1=1

J
2
where the factors 1/2 and 1/6 account for the fact that every spin belongs
to six different plaquettes and every bond has two neighbouring plaquettes.
A priori, the plaquette energies may not be minimized independently from
each other, and thus, denoting the ground-state energy of H, by FE,, one
may only state that 2LFE, is a lower bound of the ground-state energy of
the total Hamiltonian. Nonetheless, there is an essentially unique way of
constructing spin configurations that minimize all plaquette energies, and
thus the energy of the total Hamiltonian as well. Indeed, let us select a
plaquette of the triangular lattice and choose a configuration that minimizes
its energy: this arrangement of spins can then be extended in an unambiguous
way over the whole lattice, leading to a three-sublattice ordered state of the
form (3.2) that minimizes ()| H|¢)). Choosing a plaquette configuration that
does not minimize the energy of the selected plaquette, or deviating from
the prescribed way of extending the plaquette solution over the whole lattice
both lead to states of higher energy?. We may conclude therefore that it

'We will often refer to the resulting phase diagram as the mean-field or classical phase
diagram.

20n the other hand, one may envisage a case where the plaquette solution is such that
fixing two of the spins does not determine the third spin completely, thus there are several
different ways of constructing ground states over the whole lattice, starting from a single
plaquette. The triangular lattice Ising antiferromagnet could serve as an example of such
a case.
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is sufficient to minimize the energy of three spins on a triangle in order to
minimize (¢|H|[¢). The energy per site of a three-sublattice ordered state is
given by

e = (YalHalva), (3.5)
where
HA = JCOSQ9 [8182 + SQSg + 8381] +
+ Jsind [(S182)” + (8285)° + (S381)°] + (3.6)
D
+ 5 15D + (85)° + (59)’]
and

[ha) = [1) |[12)]s). (3.7)

In some simple cases, the ground state may be found analytically, however,
for a general set of parameters {¢, D/J}, the minimization has to be carried
out numerically®. In appendix A, we present the principal elements of a
stability analysis that may complement these numerical investigations.

3.1.1 Isotropic case: D =0

We should emphasize that familiarity with the variational solution for a single
bilinear-biquadratic bond proves invaluable in the swift determination of the
phase diagram of the model (3.1) in the isotropic case D = 0. In fact, with the
help of the results of subsection 2.2.3, an interested reader may immediately
deduce five-eighth of the complete phase diagram. However, since the present
problem has already been investigated [38, 5], we prefer to skip a discussion
on technicalities that are associated with exploring the ground-state manifold
of the model, and state the final results straightaway instead. We find four
distinct phases: an antiferroquadrupolar (AFQ) phase for 7/4 < ¥ < 7/2, a
ferromagnetic (FM) phase in the region 7/2 < ¢ < 57 /4, a ferroquadrupolar
(FQ) phase in the interval 57/4 < ¢ < 6, and finally, an antiferromagnetic
(AFM) phase in the parameter ranges < ¢ < 27 and 0 < 9 < 7/4, where
we have denoted by § = 2r—arctan 2 ~ 1.657 a second-order phase boundary
between the FQ and AFM phases. A plot of the energy of a bond is shown as
a function of ¥ in figure 3.2. In the FM phase, the same coherent spin state is
found on every site, while the FQ and AF(Q phases feature pure quadrupolar

3We have optimized the Random Search method of Mathematica 5.2 for this task. In
our experience, this method is far more efficient in finding global minima of £ than other
built-in direct search methods of Mathematica such as Nelder-Mead, Differential Evolution
or Simulated Annealing.
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Figure 3.2: Energy of a bond in the three-sublattice ordered state on the
triangular lattice. The dots are the results of a numerical minimization,
while the curves come from conjecturing particular types of phases: AFM
(red curve), AFQ (green curve), FM (blue curve) and FQ (purple curve).
The point § ~ 1.657 denotes a second-order phase transition. The variational
energy of an isolated spin-one bond is also shown for comparison (black curve)
in the region where the bonds of the triangular lattice are frustrated.
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states: in the earlier, the quadrupoles are identical, while in the latter, a
three-sublattice order is formed via three different quadrupolar states with
mutually perpendicular directors. None of the bonds are frustrated in the
region m/4 < < 3m/2, however, the shift in the boundary of the FQ phase
to the ¥ > 37/2 region is a manifest sign of frustration at work: eventually,
the FQ phase becomes locally unstable at ¥ = 0, and the ensuing continuous
transition gives rise to a peculiar AFM phase. This latter features three
dipole moments of equal length forming 120-degree order: the directors of
the three states are collinear for ¥ < 0, they are undefined for ¥ = 0 as
the spin vectors become fully developed, and they subtend an angle of 120
degrees with each other for ¢ > 0. In order to provide a full description of
the AFM phase, we introduce the single-site wavefunctions

[¢1) = cosnlz) —isinnly),

. V3 1
|1ha) = cosm|z) +ising (7lw> + §Iy>> , (38)

[9s) = cosnlz) + ising (—? o)+ %m) ,
where 7 €]0,7/2[. The set (3.8) corresponds to three spins in the zy plane
with an angle of 120 degrees between each pair of them: the spin length
is sin(2n), the quadrupolar exchange between any two states is given by
(QiQ;) = % — 4sin?n + % sin®n, and the directors of the three states are
parallel to the z axis for n < 7/4, whereas they form 120-degree order in the
xy plane for n > 7/4. A minimization of & with respect to n gives

9 3sin 1) + 6 cos v

ST = %sinﬁ—l—mcosz?’ (3.9)
£_6Sim9_(?>sin19+6cosz9)2 '
J 3sin + 24 cosv

We see that the expressions (3.9) are consistent with the properties of the
AFM phase that we mentioned earlier. At the antiferro SU(3) point, we
find sinn = /2/3, which ensures the orthogonality of the set (3.8). In the
¥ — 6 limit, we recover a ferroquadrupolar state with directors parallel to
the z axis. Finally, let us say a few words about the three phase boundaries
that were not shifted by the presence of frustration. We should not feel
surprised to find that both the ferro and the antiferro SU(3) points admit the
configurations that are representative of the neighbouring phases, however,
the same property holds for the ¢ = /2 point, despite the fact that its
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SU(3)-symmetric character is lost due to frustration. All three points possess
a variety of variational solutions, and while this degeneracy is easily captured
for the SU(3)-symmetric points?, it is quite difficult to characterize at the
point ¥ = 7/2. Nonetheless, it is interesting to note that, as follows from
our earlier discussion on interpolating states (see figure 2.8, for instance),
a peculiar deformation of the antiferroquadrupolar arrangement is allowed
both for ¥ = 7/2 and ¥ = 7w/4. Two of the quadrupoles may develop dipole
moments along the director of the third quadrupole, while the directors of
the three states remain mutually perpendicular: for ¢ = /2, the two dipole
moments are identical, while for © = 7 /4, they add up to zero.

Before moving on to the case of finite anisotropy, let us give an overview
of the effect of quantum fluctuations on the phase diagram of the isotropic
model [5]. It is clear that the symmetry-breaking long-range ordered states
that stem from the variational approach may only be stabilized in the ther-
modynamic limit, however, exact diagonalization of small clusters provides
nonetheless a useful numerical insight into the physics of the quantum sys-
tem. Different phases may be identified by calculating the correlation func-
tions and by investigating the low-energy spectrum: should a long-range
ordered state emerge in the thermodynamic limit, finite-size scaling will re-
veal its dominant correlations, furthermore, a particular set of eigenstates,
the so-called Anderson tower, is expected to gradually collapse on the ground
state upon an increase of the system size [46]. We should emphasize that the
symmetry properties of the states that form the tower are intimately linked
to those of the proposed long-range ordered state [47]. An introduction to
the related concept of symmetry-breaking is given in [48], and the Anderson
towers that were obtained for the present problem may be found in [18]. Tt
turns out that the mean-field description of the phase diagram is basically
correct on qualitative grounds, which is certainly an important motivating
factor for the variational study of the model (3.1) in the D # 0 case. How-
ever, quantum fluctuations give rise to a further shift in the boundary of
the FQ phase towards the ¥ = 0 point, and this change is quite consider-
able, as the numerical analysis indicates 6P ~ 1.97. The proximity of this
quantum phase transition to the Heisenberg point, together with the finding
that long-range ferroquadrupolar order may coexist with short-range helical
magnetic order, are among the principal arguments in support of the idea
that the elusive properties of NiGayS, may be attributed to the presence of
strong ferroquadrupolar correlations in this material.

4For ¥ = 57 /4, all sites feature the same state, whereas at the point ¥ = /4, the
requirement is that the three states that are representative of the three sublattices form a
basis in the Hilbert space of a spin one.
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3.1.2 Easy-plane anisotropy field: D >0

Let us begin by highlighting two observations that will prove particularly
helpful in understanding the variational phase diagram of the model (3.1) in
the D > 0 case. Firstly, we should point out that the quantum-mechanical
model possesses a unique ferroquadrupolar ground state with all directors
aligned parallel to the z axis in the D/J — oo limit, and in the variational
approach, one should recover this solution at a sufficiently large but finite
D/J ratio for an arbitrary fixed value of ¥. We note that the variational
energy of the configuration is ¢/J = 6sin ). Secondly, all four phases that are
present for the isotropic model feature a high level of degeneracy, therefore
it is natural to expect that the behaviour of the system in the D/J — 0
limit will be governed by a lift of degeneracy that is associated with the
symmetry-reducing character of the anisotropy field.

The phase diagram features six distinct phases, and it is shown in fig-
ure 3.3. The ferroquadrupolar phase mentioned earlier occupies the region
5m/4 <19 < 0 down to arbitrarily small values of the anisotropy field, how-
ever, lowering D for other values of ¥ may give rise to three different phases
via a second-order phase transition.

6 — 27 < < m/4 : Three-sublattice order emerges at D/J = 3 sin 946 cos ¥.
We enter a phase where we find three spin vectors of equal length in
the xy plane with an angle of 120 degrees between them, and the three
states feature coinciding directors that are parallel to the z axis. The
phase is described by the wavefunctions (3.8), and a minimization with
respect to n yields

5 381n19+600319—§

ST = %sim?—l—l?cosﬂ (3.10)
€ _ 6sind (3sim9+6cosq9—%)2 '
J S 3sind + 24 cos v

Decreasing D leads to an increase in the spin length, and if ¥ > 0, we
eventually end up with coherent spin states at D/.J = 9sin1)/4 (dashed
line in figure 3.3): below this value of the anisotropy, the parameter 7
in the wavefunctions (3.8) becomes greater than 7/4, i. e. the directors
show 120-degree order in the xy plane. In the D — 0 limit, we recover
the AFM phase.

/4 <9 <arctand ~ 047 : At D/J = 9sind, the directors of the three
sublattices open up to form an umbrella configuration, however, the
states remain purely quadrupolar. The three directors have the same z
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Figure 3.3: Variational phase diagram of the spin-one bilinear-biquadratic
model with an easy-plane anisotropy field on the triangular lattice. Solid
(dotted) lines denote second-order (first-order) phase boundaries. The arrows
represent partially polarized magnetic moments: along the dashed lines, at
least one of the spins is in a coherent spin state. Solid black lines represent
quadrupolar directors. Inset: a magnified view of the phases with fan-like
spin configurations.
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component, and they subtend an angle of 120 degrees with each other
in the zy plane. The phase is described by the wavefunctions

[91) = cosnlz) + sinn|z),

) = cosnl) +sing (—%m + %gm) ,

(3.11)
. L, V3
[4s) = cosle) + sing (—§|x> - 7|y>) ,
and a minimization with respect to n leads to
9sing — &
ity = 20
5 sind (3.12)
£ (9 siny — 2)2
— =6sint — ~—rn—L4
J 27sin

The overlap between the wavefunctions of nearest-neighbour sites is
given by 1 — 3sin?7/2, and it vanishes in the D — 0 limit, where we
recover the usual AF(Q phase.

arctan4 < 9 < 5w /4 : The quadrupoles start developing identical dipole mo-
ments in the xy plane at D/J = 12(sinv — cos?), but the directors
remain pinned to the z axis. The wavefunctions are given by

1) = [¢2) = [¢h3) = cosn|z) — isinnly), (3.13)

and a minimization with respect to 7 yields

) 12(sin®d — cos¥) — &

ST 24(sin ¥ — cos )
_ o (3.14)
€ _ Gsing — (12(sin ¥ — cosv)) — &)
g 48(sin ) — cos V)

Lowering the anisotropy leads to an increase in the spin length, and if
¥ > 7 /2, we recover the FM phase with fully developed dipole moments
in the D — 0 limit. However, if ¥ < 7/2, a second-order transition
occurs at D = 36 cos v, which will be discussed in detail further on.

The case of ¥ = /4 is somewhat special, due to the remaining SU(2) sym-
metry of the model (3.1) along this line. The general variational solution can
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be written in the form

|11) = cosn|z) + sinnld),
|12) = cosn|z) + sinn|j), (3.15)
|t3) = cosn|z) + sinnlk),

where 1 €]0, 7/2[, and the wavefunctions |i), |j) and |k) are linear combina-
tions of |x) and |y) that satisfy the constraint

(il3) = (1K) = (kli) = —3. (3.16)

A minimization with respect to 7 results in the same expression as (3.12),
and it is easily seen that the variational solution admits the configurations
of the two phases that are separated from each other by the ¥ = 7/4 line.
The inset of figure 3.3 reveals that the phase diagram is rather exotic in
the arctan4 < ¥ < 7/2 region. Here, an instability of the large-D ferro-
quadrupolar phase gives rise to a phase with spontaneous magnetization in
the xy plane, however, the directors remain parallel to the z axis and the
ordering wavevector is still k = 0. This phase is different in almost every
aspect from the three-sublattice ordered quadrupolar umbrella phase that re-
tains time-reversal invariance, and which is expected to be stable for D < J,
however, a partial resolution of this discrepancy is achieved by a tilting of
the directors from the z axis at D/J = 36 cos?). The concomitant second-
order transition leads to the appearance of two fan-like spin configurations:
the arrangement of spins found for smaller (larger) values of ¢ features a
non-vanishing (vanishing) magnetization component along the z axis.

m, # 0 fan configuration : Two sublattices feature identical wavefunc-
tions, therefore two of the three spin vectors coincide with each other,
however, the third spin vector is of different length and its z compo-
nent is of opposite sign. All spins point in the same direction in the zy
plane, and there is a net magnetization along the z axis in favour of the
two coinciding spins. Furthermore, even though the directors are no
longer parallel to the z axis, they still remain in a common plane with
it. Setting the spin vectors in the yz plane with a positive y component,
we may conveniently characterize this phase using the wavefunctions

[91) = icosm|z) + sinm (= cos ily) +singi|2)) = |iha),

) . . 3.17
a) = i cos e} + sin s (— cos paly) + sin pal2)) (3.17)

where m/4 < n15 < 7/2, furthermore 0 < ¢y < 7/2 and 7/2 < ¢y <
m. The value of these parameters may be obtained numerically as a



56 Quadrupolar ordering on the triangular lattice

function of {¥,D/J}. We note that the replacement ¢, — 7™ — ¢;
in a variational ground state with magnetization (0,m,,m,) leads to
another one with magnetization (0, m,, —m.).

m, = 0 fan configuration : Two of the spin vectors are reflections of each
other with respect to the xy plane, while the third one is of different
length and its z component is zero. All spin vectors point in the same
direction in the xy plane, and all directors remain in a common plane
with the z axis. This phase may be characterized with the help of the
wavefunctions

|¥h1) = i cosm|z) + sinm (cos ply) +sinp|z))
[19) = icosmi|z) + sinm (—cosply) +sinp|z)), (3.18)
|[93) = i cosm|z) + sinna|z),

where 7/4 < mo < m/2 and 0 < ¢ < 7/2. For sufficiently large 9,
lowering the anisotropy leads eventually to 17, — 7 /4, i. e. the spin in
the xy plane becomes fully polarized (this happens along the dashed
line in the inset of figure 3.3). A further decrease in D/J pins the
director of this spin to the zy plane, hence it becomes perpendicular
to the director of the other two spins. This region is easily accessed by
the above wavefunctions if we modify the domain of the parameter 7,
to 0 <me < m/4.

The boundary between the two phases with fan-like spin configurations corre-
sponds to a first-order transition, and both phases have a first-order bound-
ary with the quadrupolar umbrella phase that is eventually stabilized for
a sufficiently low anisotropy field. It is interesting to note that the quad-
rupolar umbrella phase is actually locally stable up to the value D/J =
9sin(29)/(siny — 2cos¥), as one may confirm with the help of the stabil-
ity analysis described in appendix A. However, since the energies defined in
equations (3.12) and (3.14) cross below this value of the anisotropy field, we
may conclude that a first-order transition shall indeed occur in the region
0<D/J < 9sin(29)/(sind — 2cosv). The location of this transition can be
determined numerically.

3.1.3 Easy-axis anisotropy field: D <0

This subsection discusses the phase diagram of the model (3.1) with D < 0.
In contrast to the case of easy-plane anisotropy, the |D|/J — oo limit does
not feature a unique ground state: in fact, any state is a ground state in
which none of the sites have a |0) component, we thus have a macroscopic
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degeneracy of 2¥, where L is the total number of sites. Therefore, as far
as the variational approach is concerned, the minimization of the energy is
simplified for “sufficiently large” anisotropy: this threshold value |D*|/.J de-
pends on ¥, and it can be determined either numerically or with the help
of simple analytic arguments, by looking for the disappearance of the lo-
cal |0) components. In the region of the FM phase for instance, i. e. for
v €]m/2,5m /4], even an infinitesimal anisotropy field suffices to lift the con-
tinuous degeneracy, and we find a two-fold degenerate ferromagnetic state
with all spins completely polarized along the (positive or negative) z axis.
However, we should point out that the maximum value of | D*|/.J, reached for
¥ = arctan4 =~ 0.4, is about 4.37, therefore the region of the complete phase
diagram where the anisotropy can not be considered “sufficiently large” is
quite considerable nonetheless.

Let us first investigate the case |D| > |D*|. Since the |0) components
vanish on every site, the single-site wavefunctions characterizing a three-
sublattice ordered state assume the form

;) = e7/2 cos 5|1) + /% sin §|1), (3.19)

where ¥; € [0, 7] and ¢; € [0,27[. As a consequence, the x and y components
of the spin vectors vanish, and (S?) = cos?J);. The interaction terms in the
Hamiltonian are simplified as follows:

(S;S;) = cosV; cos v,

2

, U 9, (0 W U
2 2 2 2
(3.20)

Let us now define an S = 1/2 wavefunction |¢}) by carrying out the replace-
ments |[1) — | 1) and |1) — | |) in the wavefunction [¢;): this way, we have
defined a pseudo-spin that points in the {¥;, ¢;} direction, i. e.

1
(of) = 5 sin ¥; cos ¢,
1
(c?) = 5 sin ¥J; sin ¢, (3.21)

(07) = 5 cos ;.

Note that the term “pseudo” originates from the fact that |¢)/) does not ac-
tually describe an angular momentum. While one may define SU(2) algebra
in an arbitrary two-dimensional Hilbert space with the help of the Pauli ma-
trices, a real spin one-half would reverse its components under time reversal.
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In fact, it can be easily deduced from the equality (S7) = 2(¢7) that the xy
components of the pseudo-spin represent the quadrupolar character of the
original spin-one wavefunction, and indeed, time reversal will only reverse
the z component of the pseudo-spin. It is furthermore straightforward to
show that

7 (3.22)

where p;; = 20,6, + 1/2 is the transposition operator for the pseudo-spins.
Since the anisotropy term is already minimized in the absence of |0) compo-
nents, the total energy per site is given by

9 .
= W lHAJW) + 5 sind —|D), (3.23)
where
Hj = J2sind [o{05 + 0{0l + o505 + oiof + o507 + o4o}] + (3.24)
+ J(4cos¥ — 2sind) [o705 + 0505 + 0507] '
and
V) = 1) 183) |¢5). (3.25)

We may conclude that within the framework of the variational approach,
the spin-one bilinear-biquadratic model with a sufficiently large easy-axis
anisotropy presents an identical problem to that of the S = 1/2 XXZ model.
Moreover, one may notice that the variational treatment of this latter effec-
tively leads us to solve the classical XXZ7 model, since, neglecting an overall
phase factor, spin-one-half wavefunctions are in one-to-one correspondence
with coherent spin states. Amusingly enough, the ground states of the clas-
sical XXZ model on the triangular lattice may be obtained via analytical
means: for a complete solution, we refer the reader to appendix B, here we
will restrict ourselves to interpreting the results. With respect to the original
spin-one system, we find two pure quadrupolar phases featuring directors in
the zy plane: the directors are parallel in the region 57/4 < 9 < 6, while
they form 120-degree order for 7/4 < ¥ < arctan4 ~ 0.4w. A ferromagnetic
state is realized with fully developed spins (local |1) or |1) wavefunctions) in
the region arctan4 < ¥ < 5m/4, while a non-trivial one-parameter contin-
uous degeneracy is found in the ground-state manifold for § < ¥ < 27 and
0 < ¥ < 7/4. The point ¥ = arctan4 also features a peculiar degeneracy:
with the help of a freely-varying continuous parameter, we may interpolate
between a ferromagnetic configuration of coherent spin states and a quadru-
polar state with a 120-degree ordering of the directors in the xy plane. At
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Figure 3.4: Variational phase diagram of the spin-one bilinear-biquadratic
model with an easy-axis anisotropy field on the triangular lattice. Solid (dot-
ted) lines denote second-order (first-order) phase boundaries. Filled (empty)
arrows represent completely (partially) polarized magnetic moments. Solid
black lines represent quadrupolar directors. The phase with a non-trivial
degeneracy is shown in gray colour. Note the presence of a tiny antiferro-
magnetic phase where the common plane of the spins does not contain the
easy axis.

the ¥ = 0 point, two sites of any given triangular plaquette will be fixed in
a 11 configuration, however, the wavefunction of the third site is arbitrary,
hence we encounter a macroscopic degeneracy in the ground-state manifold.
Finally, for 9 = 7/4 (9 = 57/4), the pseudo-spin model is isotropic®, there-
fore we find |(¢;|¢;)| = 1/2 (|(¢i|¢;)| = 1) for any pair of nearest-neighbour
sites.

The preceding discussion might have lead us to expect a particularly rich
phase diagram in the region 0 — 27 < ¥ < 7/4, and figure 3.4 confirms
this notion indeed. However, let us first explore the case of an arbitrary
anisotropy field in the region w/4 <9 < . It turns out that the threshold
value |D*|/J vanishes for 7/2 < 9 < 0, therefore the results presented in

5The remaining SU(2) symmetry that was uncovered in subsection 2.2.1 manifests itself
at these points.
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the previous paragraph are directly applicable to the complete range of D
in this interval. On the other hand, simple considerations reveal that for
/4 < 0 < w/2, a quadrupolar umbrella configuration should be stabilized in
the |D|/J < 1 limit: this phase may be seen as a continuation of the one that
we encountered in the case of easy-plane anisotropy, and an increasing easy-
axis anisotropy field will have the same qualitative effect of opening up the
umbrella, as a decreasing easy-plane anisotropy field had. If ¥ < arctan4,
the directors are eventually pinned to the xy plane at D/J = —9sinv/2,
as one may check with the help of (3.12), however, the completion of this
smooth process is prevented for ¢ > arctan4 by a first-order transition to
the ferromagnetic phase: the corresponding boundary, D/J = —9sind/2 +
V/81sind(sind — 4 cos¥9)/2, may be obtained by comparing the energy of the
two phases. Finally, let us add that the quadrupolar umbrella configuration
is admitted along the line ¢ = /4, where the general variational solution is
a continuation of the one found in the case of easy-plane anisotropy.

A closer look at figure 3.4 reveals that there are four antiferromagnetic
phases in the region |D| < |D*|. As 9 is increased in the interval |0 — 27, /4],
these phases emerge one-by-one via a series of second-order phase transitions,
we will therefore find it convenient to describe them in order of their appear-
ance. In these antiferromagnetic phases, the spin vectors are in general only
partially polarized, furthermore the single-site wavefunctions representing
three-sublattice order are rather complicated, therefore we will restrict our
analysis to the arrangement of dipole moments. We should emphasize how-
ever that in our calculations, we have only encountered degeneracies that
were associated with trivial symmetries of the model (3.1), such as the sym-
metry of rotation around the z axis, reflection symmetry with respect to the
xy plane, or the symmetry of permutation with respect to the three sublat-
tices. In other words, we have found a well-defined and essentially unique
configuration of the spin vectors for an arbitrary set of parameters {¢, D/J}
in this domain of the phase diagram. In the first phase, two of the spin vec-
tors are reflections of each other with respect to the z axis, while the third
spin vector is of different length, its z component is of opposite sign, and it is
parallel to the z axis. This configuration gives rise to a spontaneous magne-
tization component along the z axis. At the boundary of the second phase,
the third spin tilts away from the z axis, and the first two spins cease to be
mirror spins (their length also starts to differ), which leads to the appearance
of a net magnetization component in the zy plane as well. We should point
out however that the three spins remain in a common plane with the z axis.
Entering the third phase, we find the same configuration as in the first phase,
except that this time, the role of the 2z axis is played by an arbitrary axis
in the zy plane. The z component of the total magnetization vanishes in
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Figure 3.5: Magnetization components of a triangular plaquette for ¥ =
7w/18. One may observe three second-order phase transitions driven by an
increasing easy-axis anisotropy field. The final transition marks the begin-
ning of the phase with a non-trivial degeneracy.

this phase, due to the fact that one of the spins is in the xy plane, while the
other two spins are reflections of each other with respect to it. Finally, upon
rotating this configuration around the spin vector that is pinned to the zy
plane, we obtain the arrangement of dipole moments that is characteristic
of the fourth antiferromagnetic phase. The three spin vectors remain in a
common plane which no longer contains the z axis, and as a result, the spin
chirality vector

2
= ——(S1 xSy + Sy, xS3+4+S3 xS 3.26
K 3\/3(1 2 2 3 3 1) ( )

will have a non-vanishing z component. In conclusion, if we take a triangu-
lar plaquette and calculate its magnetization components perpendicular and
parallel to the easy axis, furthermore its chirality component parallel to the
easy axis, we may consider the resulting quantities mg,, m, and s, as the
order parameters of the three phase transitions that occur in the ¥-interval
10 — 2w, /4] for |D| < |D*|. A plot of these order parameters is shown as a
function of the anisotropy field for two representative values of ¥ in figures
3.5 and 3.6. It is particularly interesting to observe the reentrant behaviour
that the phase transition between the third and the fourth antiferromagnetic
phases exhibits along the lines of constant .
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Figure 3.6: Magnetization and spin chirality of a triangular plaquette for
¥ = 297/120 ~ 0.247. The magnetization (chirality) component shown is
perpendicular (parallel) to the easy axis. Upon an increase of the anisotropy
field, we find an intermediate phase with x, # 0.

3.2 Excitation spectrum of quadrupolar pha-
ses

We have previously mapped out the variational phase diagram of the spin-one
bilinear-biquadratic model with a single-ion anisotropy field on the triangular
lattice. In this section, we shall study the excitation spectrum of the quad-
rupolar phases that appear in the phase diagram, via the use of flavour-wave
theory. This method relies on the SU(3)-bosonic representation of S = 1
spins that was introduced in subsection 2.1.1: the local spin operators can
be written as

1 (azTay — ayTaz)
S, =1 SY | = i(ayfa, — azTaz) , (3.27)
SZ 7 ayTax - azTay)

while the transposition operator becomes

Py= > a/abb,. (3.28)

mV=x,Y,z
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The local bosonic operators {a,,ay,,a,} and {b;,b,,b.} correspond to the
time-reversal-invariant basis states

(11) = 11)),

|z) =

Hg|®

2
L . (3.29)
) = 75 (0 +1D),
2) = ~il0)

on sites ¢ and j, respectively. The initial form of our Hamiltonian will be the
following:

H=JY {(cost) —sind)S;S; +sind (L+ Py)}+ DY _(57)*. (3.30)
(4,3) i

3.2.1 Ferroquadrupolar phase

Let us first investigate the case of easy-plane anisotropy. We consider quan-
tum fluctuations around the variational ground state by generalizing the local
SU(3)-bosonic representation to an arbitrary “triangular” one, in which the
total number of bosons is M on every site®. This local constraint may be
eliminated [19]: for each site i, we carry out the replacements

a,,a, — \/M —azta, —aylay,, (3.31)

and thus we end up with two independent bosonic operators per site’. The
classical (variational) limit corresponds to a condensation of the replaced
bosons, and thus quantum fluctuations are taken into account via a 1/M-
expansion:

fa, + a,’ay) 1
M avian e, — iF - Glatalay +o(—). 3.32
VM - el = e, il e B

An expansion of order M of the interaction terms between site ¢ and j leads
to
S;S; =M (abex + ayb,t — a, b, — axbx) +

3.33
+ M (a,'b, + ayb," — a,'b," — ayb,) + O(1) (3.33)

6The original system may be recovered by setting M = 1.
"One may check that the replacements leave the local SU(3) commutation relations
intact.
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and

Py = M? — M (a,ta, +a,'a, + b,b, + b,b,) +

+ M (a,'b, + a,Tby + ab,’ + ayb,’) + O(1). (3.34)
As far as the anisotropy term is concerned, we might be tempted to sim-
ply take the expansion of S7 and multiply it by itself. However, since the
expression of S7 does not contain the boson a., we end up with a quartic
operator of order 1: neglecting this operator would correspond to neglecting
the effect of anisotropy, while multiplying it by M for instance would force
us to treat it using approximative methods. As a matter of fact, we would
also encounter a difficulty if the a, boson were condensed instead of a,: in
that case, we would find a quadratic term of order M, however, we would not
recover the constant of order M? that should appear in the classical energy.
The situation can be remedied by noting that the SU(3)-bosonic representa-
tion makes it possible to express any on-site operator as a quadratic form.
We first rewrite the anisotropy term using the definitions (2.8) that are valid
for spins one:

(57)% = é (VBQ¥" " +2). (3.35)

The bosonic representation of Q2*°~"" is given in (2.27):

1
Q¥ = —(3a,tay + 3a,Ta, — 2), (3.36)

V3

and so we finally end up with
(S7)* = a,ta, +a,la,. (3.37)

Note that the anisotropy term is an on-site term, therefore it has to be
multiplied by M in the spirit of the flavour-wave expansion: as a result, it
will have the same order of magnitude as the interaction terms that appear
in the Hamiltonian (3.30). All in all, in order M? we recover the classical
interaction energy, and in order M we find a Hamiltonian that is quadratic in
the bosonic operators. We may introduce propagating states over the whole
lattice via a Fourier transformation of the form

1 .
= 2 Y T, ),

keBZ

1 .
at = /Z 3 R, i (k),

keBZ

(3.38)
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where L denotes the total number of sites of the triangular lattice, and the

sum extends over all k vectors in the Brillouin zone. Summing up all inter-
action terms leads to

Z (Sr,SR;-a; + SR,SR;-a; + SR,SR;+a1+a;) =

=3M Y > {(vk) +y(k))a,l (K)a,(k)— (3.39)
—v(k)a,' (K)a, (—k) — (k) a,(k)a.(~k)}

and

Z (PRiRi*al + PR,R;—a; T PRiR¢+a1+a2) =

i 3.40
=3M > > (v(k) + (k)" = 2)a,  (k)a,(k), 340

p=z,y k
while the anisotropy term yields

ST =30 > 4 (Kay(k), (3.41)

( p=z,y k

where a; = ae, and a; = —ae, /2 + aey\/§ /2 are elementary lattice vectors
of the triangular lattice, furthermore (k) = (e~ka1 4 e~tkaz 4 gik-(@i+az)) /3.
Denoting the Hamiltonian of order M by H®, we may finally write

H®

6JM
= #;yg { (cos ﬁw —sind + %) a, (k)a,(k)—

—(cosv) — sin ) (@a,ﬁ(k)aﬂ(—k) + fy(k)*au(k)au(—k)) } :

(3.42)
The z and y bosons are decoupled from each other and they behave iden-

tically, which leads to a two-fold degeneracy of the spectrum of excitations.

For sufficiently high D/J, the Hamiltonian H® can be diagonalized via a
Bogoliubov transformation:

)
= 3 Y wka (Ko )+

p=zy k

n % 33 (@lk) — (cos dy(k) — sind +d)),

p=zy k

(3.43)
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where we have introduced the variables d = D/6J and (k) = (y(k) +
v(k)*)/2, and the dispersion is given by

wk) = \/(d + cos y(k) — sin®)® — (cos ) — sind)* (k). (3.44)

Lowering the anisotropy field leads eventually to the closing of the gap, and
one may show that for arbitrary ¢, this occurs either at k = 0 or at the
corners of the Brillouin zone. A three-sublattice instability emerges at D/J =
6cos? + 3sind for 2r — 0 < ¥ < 7/4, furthermore at D/J = 9sind for
/4 < 9 < arctan4, whereas the gap closes at k = 0 along the line D/J =
12(sin¥ — cos ¥) for arctan4 < ¢ < 57/4. On the other hand, no instability
is found for a finite anisotropy field in the region 57/4 < ¥ < 6, and taking
the d — 0 limit, we recover® the excitation spectrum that is characteristic of
the isotropic model [5]. The phase boundaries indicated by the flavour-wave
method are in perfect agreement with the variational calculus®. Figure 3.7
shows the closing of the gap for ¢ = arctan 4.

If the single-ion anisotropy field is of easy-axis type, ferroquadrupolar
order is locally stable in the region 57/4 < ¢ < 6 for an arbitrary D/J.
While this phase is conceptually different from the gapped ferroquadrupolar
phase discussed above, its excitation spectrum may be derived quite easily
with the help of the results of the previous paragraph. Assuming that the
directors are aligned parallel to the = axis, we may convince ourselves that
a 1/M-expansion of the interaction terms is obtained by replacing the index
x with z in the expressions (3.33) and (3.34). However, the anisotropy term
is more subtle: multiplying

(87 = M —a.ta, (3.45)

by M, we recover a classical on-site energy term of order M?, and we may
deduce furthermore that the dispersion of z-type bosons will acquire a gap.

8We should mention that the dispersion obtained in [5] actually corresponds to w(k)/2.
We believe that this slight discrepancy is due to a misprint.

9This is essentially due to the fact that we may associate the corresponding second-
order phase transitions with the closing of the gap, i. e. the appearance of zero modes in
the spectrum. Whenever the flavour-wave expansion yields a zero mode for a wavevector,
a “classical” flavour-wave expansion, in which the bosonic operators are replaced with
complex numbers, will also feature a zero mode for the same wavevector. Finally, this
latter method can not indicate a second-order instability on the triangular lattice that the
stability analysis of appendix A would not detect.



3.2. Excitation spectrum of quadrupolar phases 67

Figure 3.7: Closing of the gap of the ferroquadrupolar phase for v =
arctan4 &~ 0.4w. The two-fold degenerate branch of excitations softens si-
multaneously at k = 0 and at the corners of the Brillouin zone. The lattice
constant is chosen as unity.

The Hamiltonian of order M becomes

H®
6JM
= Z { (cos ﬁw — sin 19) a,' (k)a,(k)—
: (k) (k)"
—(cos ¥ — sin ) ( 5 a,'(k)a,' (k) + 5 ay(k)ay(—k)> } +
+ Z { <cos ﬁw —sing — %) aZT(k)az(k)—
. v(k) (k)
—(cos¥ — sin¥) <TazT(k)azT(—k) +— az(k)az(—k)) } ,
(3.46)
and following a Bogoliubov transformation, we end up with
(2)
éI]M = {wyk)ay (K)ay (k) +w.(k)a." (k)a. (k) }+
k (3.47)

F 23 )+ — 2 eos 09— sn) ~ ).
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where d and (k)" are the familiar variables, and the dispersions are given

by

wy(k) = \/(Cos y(k) — sin)® — (cos ¥ — sin¥)® v(k)"2,

(3.48)
w, (k) = \/(|d\ + cos ¥y(k) — sin®)® — (cos ) — sind)* (k).

The w, branch retains a gapless mode at k = 0, which is the Goldstone-
mode associated with the broken U(1) symmetry. Approaching ¢ = 0, a
three-sublattice instability is indicated by a softening of the w, dispersion
at the corners of the Brillouin zone, in accordance with the variational re-
sults. We note that the zero-point energy vanishes for ¥ = 57 /4, where the
ferroquadrupolar state becomes an exact eigenstate of the Hamiltonian.

3.2.2 Quadrupolar umbrella phase

The umbrella phase is actually a helical phase: we may assume for instance
that on site R; we have the wavefunction

[¥i) = cosn|z) +sinn (cos pilx) + sinpily)) , (3.49)

and the distribution of the angles ¢; over the lattice satisfies ¢; — ¢; = 27/3
if R; — R; = {—aj, —as,a; + a}. The angle n and the classical energy are
given in (3.12), as a function of ¥ and D/J. In order to derive a flavour-wave
expansion around a classical ground state, we may introduce a local SU(3)
rotation of the form

a1 Qg
as; | = U' | ay (3.50)
as; Az

in such a way that the classical limit will correspond to a condensation of
ay;: in the present case, it is convenient to choose the rotation matrix as

sinncosy; sinmsing; cosmn
U = | cosncosy; cosnsing; —sing | . (3.51)
— sin p; COS Y; 0

We may now express the local spin operators as
ai;

Sai = (CLUT G/QiT agﬁ) Sai (0573 5 a=x,Y,z, (352>
as;
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with the help of the definition s = U;'A\®U;, where \* = (§ 0 io)) A =
( 0 0 6) and \* = (9 0 8) are Gell-Mann matrices. Carrying out a 1/M-
— 00 000

expansion, we find

at [e %) / at at at at
S = MSH -+ M(Slzagi + S13A3; + 821(12¢T + SglagiT>+

+ ((3(2)% — sih)agitas + S%GQiTaBi + Sgéa?jazi + (555 — S(ff)a:aﬁagi) +
1
+o ().
VM

Let us select a pair of nearest-neighbour sites ¢ and j with bosons a, and
b,, respectively: up to order M, the scalar product of the spin operators,
S;S; = >, 55%, assumes the form

(3.53)

8iS; = M* ) siist{+
+ MVM Y {s51(s39bs + s33bs + s57bot + s57b51)+
-
53] (st40a + sfias + s5iaat + s§ias) } +
+ M {55((s53 — 552y + s53ba"bs+

+ S;gbgsz + (Sgg — S?f)bgTbg)—i‘
(3.54)

+ 577 ((s53 — si1)az’as + sgiaztag+
+ s5tastay + (553 — 59 asTas)+
+ (s%ag + s%ag + sSias’ + sSias’)-
{(859y + 859bs + sabal + s57bsT) } +
+O(VM).
Since S is a hermitian operator, the diagonal elements of s* must be real:

however, since the elements of the matrix U;! are real while the matrix A® is
purely imaginary, we find that for any given site,

Srim = (Spm)™ = (U;Lk wUim)" = UTk(_ Ui = =5y (3.55)

mm mm m mm?
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therefore s* = 0. It follows that (3.54) is greatly simplified, and the first
non-vanishing term is of order M:

S:S; =M {(sfiaz + sfias + s5jax" + s§as")-
(839by + s79bs + s57bot + s37bsT) } + (3.56)

+O(VM).

Inserting the rotation matrix given in (3.51), we end up with

B —cosd cos 7 sin 0 by
-V { (02 a3) (— cossind  —cosncos § — sin’ 77) <bs !
—_— 1 T
b cos d cos 7 sin o by
+ (as asf) (_ cosnsing — cos?ncosd —sin?n ) \bst ) T
- cos d —cosnsind by
+ (a2 asf) (cos nsind cos?ncosd +sin’n ) \bs "

oot cos o cos 7 sin g a2
+ (0" o) (_ cosnsind  cos? 1 cosd + sin? 77) <a3> } '
+O(VM),

where 0 = ¢; — ¢;.

In the absence of anisotropy, the only other term we need to take into
account is the interaction P,;, the 1/M-expansion of which can be simplified
using the fact that nearest-neighbour sites ¢ and j have orthogonal wavefunc-
tions for D/J = 0, i. e. the first rows of the matrices U;' and U;" are orthog-
onal vectors. In such cases, we may always find a third vector {Us;, Uss, Uss}
so that

ULy Ul Uist
Ut = UjT,ll U;,l? UjT,13 (3.58)
Uy Usy Us
is an SU(3) rotation matrix, and define a common SU(3) rotation on both
sites:

aq Ay
ay | =U" | a, (3.59)
ay a.

and
v, by
v, =U"[b,], (3.60)

b, b
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where we have denoted the bosons on site ¢ and j by a and b, respectively.
Since P,; is invariant with respect to SU(3) rotations,

P = Z a,'a,b,b, = Z al,talb), 1, (3.61)

W V=T,Y,2 wn,r=1,2,3
we may easily carry out the 1/M-expansion:
Py = M (ayah + b, T0) + abTv) T + ahb)) + O(1). (3.62)
The operators al, and b} can be expressed using the locally rotated bosons:

ab, = u,ay + U qas,
A (3.63)
by = wi12bs + u3bs,

where u = U;TU; and v’ = u', and so we eventually find

P;=M {(U21612T + uzraz’ + uiabs + u13b3)-
(b bo 4wy by” + wizas + ufyas)} — (3.64)
— M (uiauy; + uizu; ) + O(1).
Note that the constant term at the end of (3.64) will vanish if the operators
are written in normal-ordered form, furthermore, since u;; = u}j; = 0 and

uu' = U;'U;U;U; = 1, the constant term is actually —M, hence it is inde-
pendent of the actual parametrization. Inserting the rotation matrix given

in (3.51) and setting sinn = /2/3, cosn = /1/3 and ¢; — ¢; = 27/3, we

end up with
1 1 1 by
ro=arg e o (4 5) () 4
1 1 byt
sl (4 2) () +
1 =1\ (as (3.65)
(G )G

Combining (3.65) and (3.57), and carrying out a Fourier transformation, we
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find the bosonic Hamiltonian of order M:

H®) B ag(k)
STIE ; {(aQT(k) as'(k)) M (k) (a3 (k)> +

2

Mi (k) = ( (cos ¥ — sin ) 15 sin® + (cos ¥ — sin ) o

_( cos¥E  cos¥T (3.67)
My (k) = (— cos V3 —cosﬁ%) ’

Ms(k) = My (k)".

sin® — (cos ¥ — sin ) 1L (cos ¥ — sin ) L2 )

The Hamiltonian H® can be diagonalized in the region 7/4 < ¢ < 7/2 via
a Bogoliubov transformation:

H®)
STM = Y fwr)as(k)ay (k) +w-(k)a-f(k)a-(k)}+
k (3.68)
1 :
+ 5 Ek: (wi(k) +w_(k) —2sind),
where the dispersions are given by
we(k) = \/(Sinﬁ + (sin® — cos )|y (k)|)* — cos? 9| y(k)|2. (3.69)
While w, is gapped in the entire Brillouin zone, w_ vanishes for k = 0

and at the corners of the Brillouin zone, which reflects the breaking of the
global SU(2) symmetry. In the ¥ — 7/4 limit, the two dispersions become
degenerate. The zero-point energy disappears for ¢ — 7/2, due to the fact
that the quadrupolar umbrella configuration becomes an exact eigenstate of
the original Hamiltonian. We note that we have found the same spectrum of
excitations as the authors of [38], despite the fact that they use a different
formulation to obtain a bosonic Hamiltonian.

Turning on an easy-plane anisotropy, one has to treat the (Sf)2 term in
the Hamiltonian, furthermore, the wavefunctions on neighbouring sites cease
to be orthogonal to each other, and as a consequence, the expansion of P,
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becomes more complicated than in the case D/J = 0. Let us deal with the
anisotropy term first: it can be rewritten as

(Sf)2 =a, a, + ayTay =

sin®n sinncosn 0 ai; (3.70)
= (alﬁ gt agﬁ) sin 7 cosn cos?n 0 as |, '
0 0 1 as;

and therefore its flavour-wave expansion is simply

M (57)* = M?sin®n + MV M sinn cos n(ag; + az’)+

3.71
-+ M (COS QT]CLQZ‘T(ZQi -+ COS2 nagﬁa;%) + O <\/ M) . ( )
As far as Pj; is concerned, we may reexpress it using (2.91),
1 1
Pij =5 (8:8; + QiQy) + 3, (3.72)

and carry out a flavour-wave expansion of the Q;Q; term in a similar way as
we did with the S;S; term'. We refrain from presenting calculatory details,
and we quote the result that in order M? one recovers the classical energy,
while in order M+/M the classical condition (3.12) leads to a cancellation
of all one-boson terms. The quadratic Hamiltonian of order M assumes the
same form as in (3.66), with the matrices

M1(k)_(1—(c—1—d+2d2)if (c—1+d)V1+2d52 )
sind  \ (c—1+d)VI+2d55 14 (c—1+d(1—2c)Ex )"
My(k) [ (c+d—2d*)2  (c—d)V1+2d2

sing ((d—c)m% (—c+d(2c—1))%)’

Ms(k) = Mz(k)*7

(3.73)

where we have introduced d = D/9Jsin¥ and ¢ = cot?. The Hamiltonian
H® can be diagonalized in the region m/4 < 9 < arctan4 for 0 < d < 1 and
in the region arctan4 < ¢ < w/2 for 0 < d < 2¢/(1 — 2c¢), via a Bogoliubov
transformation, and one finds the exact same form as in (3.68), including the
expression for the zero-point energy. However, the dispersions are given this
time as the two positive eigenvalues of the matrix

( M, (k)* My(k)* + Mg(k)T> 7

— My (k)* — My(k)T — M, (k)* (3.74)

0Note that one has to simultaneously multiply the constant 1/3 by M?2.
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and we may choose their labeling in agreement with the D/J = 0 case. We
find that w, (k) remains gapped in the entire Brillouin zone, while w_ (k)
retains a gapless k = 0 mode, which is the Goldstone mode of the broken
U(1) rotation symmetry around the z axis. In the limits ¢ — 1, d — 0,
d — 1 and d — 2¢/(1 — 2¢), we find a softening of the dispersion w_(k) at
the corners of the Brillouin zone. The other branch of excitations, w, (k),
loses its gap at k = 0 for ¢ — 1 and d — 1. It is interesting to note that
flavour-wave theory fails to detect the first-order transition that occurs in the
region arctan4 < ¢ < 7/2, and instead predicts the same boundary as the
stability analysis of appendix A. This opens up the possibility of studying
a 1/M-renormalization of the boundary between the quadrupolar umbrella
phase and the phases with fan-like spin configurations, via a calculation of
the corresponding zero-point energies [49], however, such an analysis goes
beyond the scope of the present work. Finally, we would like to emphasize
that we have chosen D/J > 0 mainly for a brevity of discussion: in fact, the
calculations presented above are easily extended to the case of an easy-axis
anisotropy field, and the dispersions are given by the same expressions as
before. Again, we find a branch of excitations featuring a Goldstone mode,
and a gapped dispersion that eventually softens at k = 0 when the directors
open up to the xy plane. Similarly to the easy-plane case, the quadrupolar
umbrella phase remains locally stable beyond the first-order phase boundary
that is indicated by the variational calculus.

3.3 Perturbative analysis in the limit of large
anisotropy

In this section we study the limits of large easy-plane and easy-axis anisotropy
with the help of perturbation theory.

For D > 0 and J = 0, the ground state of the system features the |0)
state on every site, while the first excited states will have it replaced with
|1) or |1) on exactly one site: the energy difference between the first excited
states and the ground state is D. A small bilinear-biquadratic coupling will
alter the ground-state energy and split the degeneracy of the first excited
states: as a result, the gap of excitations is also modified. We will calculate
perturbative corrections to the gap and draw a comparison with the result
of flavour-wave theory. Note that the role of higher-lying excited states will
be neglected in our treatment.

For D < 0 and J = 0, the ground state is macroscopically degenerate, and
a basis in this manifold is generated by setting the state on site ¢ = 1...L
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to be either [1) or |1), hence the dimensionality of the local Hilbert space
is reduced to two. We will show that the effect of the perturbative terms
that appear for J # 0 may be described to lowest orders with the help
of a relatively simple effective spin-one-half model, which is well-studied in
literature. The quantum fluctuations that are induced by a finite J will lift
the macroscopic degeneracy of the ground state and lead to the stabilization
of a supersolid phase.

3.3.1 Easy-plane anisotropy: finite-J corrections to the

gap
We begin by dividing our Hamiltonian into an unperturbed part
Hy=DY (57 (3.75)
and a perturbative term
Hy=JY {(cosy —sin) S;8; + sindd (1 + P;)} . (3.76)

(i.3)
The ground state of Hy is |0) = [000...), and the ground-state energy is
Ey = 0. Let us denote the excited states of Hy as |n), and the corresponding
energies as F,, where n # 0: the first- and second-order corrections to the
energy are given by

e1 = (0|H:[0) (3.77)
and
es = (0| H, (Z %) H,|0). (3.78)
n0
Since
P;;10:05) = 10;0;) (3.79)
and
S:S8;10,05) = |L1;) + [Li1y), (3.80)
the first-order correction is easily obtained:
g1 =6LJsind. (3.81)

The second-order correction can be calculated as

g9 = J(cos v — sin?}) Z(O|H1 (Z %) S;S;]0) =
- 00— n
Pleost s, o .
~ J?(cos¥ —sin o2

(6,9)
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and since ) ) )
(SiS;)?[0;0;) = 2/0,0;) — [1,1;) — |T;1;), (3.83)
we find
J?(cos ) — sin1))? J? g
g9 = 03D 3L2 = —GLE(COSﬁ —sind)”. (3.84)

Note that the second-order correction vanishes if cos ¥ = sin ¢: actually, since
|0) is an eigenstate of P,;, all perturbative corrections disappear at the SU(3)
points, except for the first-order shift in the energy ;. The total energy of
the ground state can be written as

J2
Eo+é1 +e9=6LJsintg — GLE(cosﬁ — sin¥)?, (3.85)

up to corrections of order O(J?/D?).
The first excited states of Hy can be labeled by a site index and a sign:

1
it) = —5F|0) =10...01,0...),
V2 (3.86)

1 _
75510 = | )

and they all satisfy the equation

i)

Ho|i*) = D|i*). (3.87)
We will find it useful to introduce propagating states in this degenerate man-
ifold: ]
k) = — ) elRijE) 3.88
) = 7 3D ) (3.58)
and naturally,
Ho|k™) = D|k™). (3.89)

Since the perturbative term H; commutes with the total spin, we don’t expect
a mixing of states with different sign indices. Denoting the projector to the
manifold of first excited states by P, i. e.

P=3 (G 1)) = D0 (K (6H + [k (T), (3.90)

k

we may write the first-order effective Hamiltonian as

HY = PH,P. (3.91)
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The following equations are easy to verify:

> Plit) = (3L - 6)]i*) + Z|<¢+5)i>,

(l,m)

PZ (S-S + S;SiE) |i*) Z|@+5 (3.92)
> SpS5 i)
(I,m)
and thus we find

W]i#) = 6.J(L — 1) sin9]i*) + Jcos ) Y |(i + 0)*), (3.93)
5

where the 0 vectors point towards all first neighbours of a site, and |(i+4)*)
corresponds to the site R; + 5. The operator H is diagonal in the basis of
propagating states:

HW|K) = 6J(L — 1) sin9|k*)+
—|—Jcos¢9—z kR Z| (i + 0)*

=6J(L — 1)s1m9|ki>

+JcosﬁZe"k5\/_Ze’k Z+5) ) = (3.94)
= | 6J(L —1)sind + J cosv Z emikd k*),
5
hence we indeed acquire dispersive modes. All in all, we may write
(Ho+ HY) k*) = (D + & +&1(k)) [k*), (3.95)
and the dispersion is given by
e1(k) = 6J (cos ¥9y(k) — sin o), (3.96)
where we have used the quantity (k) = ge_ik'g /6 that was already de-

fined in the previous section. Let us now calculate the second-order effective
Hamiltonian: it is given by

H® = PH19H1P, (3.97)
a
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where the operator ()/a stands for

Q _ ) (n|
P D_E. (3.98)
n,En#D
It is immediately clear that
Q "
- Pm = 07
0 ’ (3.99)
=3 S Silit) =0,
(t;m)
furthermore
¢ > : (SIS + 87 Sh) i) = ! > L (SitS + S7S5) i)
a &= 2 VMo T D—3D g \THTm T Ems
(I,m) l;él‘,m)#‘
(3.100)

therefore we find

. J(cos ! — sin ¥
%Hﬂli):— ( 5 )

2
: Z {10...01,1,,0...01,0...) 4+0...01;1,,0...01,0...)}.
(1m)

i
(3.101)

In order to calculate PH1%H1|F>, we must distinguish between different
types of (I, m) bonds in the above expression. There are 3L — 30 bonds that
are connected neither to site ¢ nor to any of its first-neighbour sites: these
bonds will only contribute if a spin-flip term acts on them, and thus their
total contribution is

J?(cos ) — sin1))?

_ - (3L — 30)2|i*). (3.102)

There are 18 bonds that are connected to exactly one first neighbour of site
1: these bonds will contribute both when a spin-flip term acts on them, and
when a spin-flip term acts on the bond linking them to site i. Assuming that
site 7 is in the state |1;) and site m is its first neighbour, we may write such
processes in the concise form
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and we find that the total contribution of such terms is

J?(cos ¥ — sin¥)? N
_ 18 % 213 E) —
5D 8+ 2[i™)

J?(cos ) — sin1))?
2D

Z,: |(i45408)%), (3.104)

5,8

where ' denotes a sum in which we only take into account the 18 terms
where & + & neither vanishes nor points to a first neighbour. There are 6
bonds that are connected to exactly two first neighbours of site i: these bonds
will contribute both when a spin-flip term acts on them, and when a spin-flip
term acts on any of the two bonds that link them to site 7. Assuming that
site 7 is in the state |1;), the corresponding processes can be written in the

form
|1lliim> + |Ll,-1m> — |100) + 2|010) + |001), (3.105)

and therefore the total contribution of such terms is

J?(cos ) — sin1))? J?(cos ) — sin1)? : N
— D D Q;I('LM) ). (3.106)

6 * 2[i*) —

Summing up all the contributions, we find

J?(cos v — sin)?

H?)i*) = — 5 (6L — 12)]i*)—
2 i a9)2
- J (COST;D sin ¥) Z (i 46+ 0)2). (3.107)
5,8
5+6'#£0

Similarly to H®, the second-order effective Hamiltonian H? is diagonal in
the basis of propagating states:

J?(cosv) — sin)?

HY|k*) = — 5 (6L — 18)|k*)—
2 _ gin®)2 . (3.108)
J (COSgD sinv)) Zefzk-(6+6)|k:t>’

57

3,
and thus we end up with
(Ho+ HW + H?) k) = (D + &, + &2 + e1(k) + e2(k)) [k*),  (3.109)

where P 9 i)
k) = — L8 = SO a6y (k)2 — 18). (3.110)
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The energy gap as a function of k is given by

D + 51(12 + 52<k> =14+ %] (008197(1{)/ — sinﬁ) -

_ (%)2 (cos ) — sin )2 (%v(k)’z - %) + (3.111)

J3
(2.

One may compare this result to the expansion in powers of 1/d = 6.J/D
of the excitation spectrum that was derived in the previous section using
flavour-wave theory:

wik) __ 1+ L (cos ¥y (k) — sind)) —
d d
1 : 2 1 2
3 (cos ¥ — sin ) 2fy(k) + (3.112)

of3)

We find that the perturbative and the semi-classical results coincide with
each other in order %, however, in the next order, the earlier features a
k-independent term, while the latter does not. This discrepancy can most
likely be attributed to the fact that the state |0) is not an exact eigenstate

of the Hamiltonian for a finite J.

3.3.2 Easy-axis anisotropy: emergence of supersolidity

It is convenient to use our earlier definitions of H, and H;, however, we
have to keep in mind that D < 0 in the present case. The ground-state
manifold of Hy has a degeneracy of 2¥, and the ground-state energy is given
by Ey = LD < 0. We may again denote excited states of Hy as |n): the Iy,
excited level will feature exactly [ sites with the state |0), and the energy shift
is given by —(D > 0. Denoting the projector to the ground-state manifold
by P, we may write the first-order effective Hamiltonian as

HY = PH,P =] PhyP, (3.113)
(i.4)

where

hij = (cos¥ —sind) S;S; +sind (1 + Py;) . (3.114)
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It is simple to show that

hijl ... 1;1;...) = (cos¥ +sind)| ... 1;1;...),

hij| ... 1;1;...) = (cos¥ —sind)|...0,0;...)+
+ (2sind — cos V)| ... 1;1;.. )+
+sind| ... 1;1;...),

hijl ... 11 ...y = (cos¥ —sindd)|...0,0;...)+
+ (2sind — cos¥)| ... 1;1;...)+
+sind| ... 1;1;...),

hijl ... 11 ..y = (cos¥ +sind)|... 1;1;...),

(3.115)

and introducing local effective spin-one-half states via the mappings |1) =
| 1) and |1) = | |), along with the corresponding SU(2) algebra'!, we may
furthermore write
W] 1315 ) = (cos 9 +sind)] ... 1515 ...,
WY1l o) = (2sind — cos9)] ... Taly )+
+ Sin’l9| PN lsz .. .>,
WY Lty o) = (2sind — cos9)] ... LTy .. )+
+ Sil’l’l9| PN T’llj .. .>,
WY Lily o) = (cosd +sind)]. .. [l ...,

(3.116)

where hl(-Jl-) = 4(cos v — sind)oiof + sind(1 + pj;), and py; = 26,0; + 1/2 is
the transposition operator for the effective spins one-half. A comparison of
(3.115) and (3.116) reveals that

1
Phi;P = h{), (3.117)
since the projection operator P suppresses the state |...0,0;...) that does
not belong to the ground-state manifold. All in all, we find

gO — JZ {2 sind (o70f + o¥o?) 4 (4cos¥ — 2sin)oio? + ; Sinﬁ} ,
(i.5)
(3.118)
in other words, the S = 1/2 XXZ model introduced earlier is not only ap-
propriate for a variational description of the original spin-one system for the

1Tt is trivial to show that the mapping between operators is the following: o =

S+SF /2, 07 = §7S; /2 and oF = S7/2. '
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case of sufficiently high anisotropy, but it is also an effective model in the
perturbative sense, at least to first order in J/D. As discussed in appendix
B, the model (3.118) features a V/3 x /3 supersolid phase that breaks both
the U(1) symmetry associated with rotations around the z axis, and the
translational symmetry of the lattice. With respect to the original spin-one
system, this corresponds to a simultaneous presence of long-range dipolar and
quadrupolar ordering patterns in the parameter region —0.157 < 9 < 7/4.

Let us push the perturbative expansion to second order: the effective
Hamiltonian is given by

Q

a

HP=1J) PHl%hijP, (3.119)

(6,9)

H® = pH,

where the operator ()/a stands for

%: > % (3.120)

n,En#FEo

A glance at (3.115) reveals that

Q

—hg| ... 1;1:...) =0,

Zhil il )
QhU’1ZTJ>I—(COS"19—SH]19)‘010]>,

0 2D (3.121)
Eh”|111]>:E(COSQ9—SH]19)|0Z0j>,

and applying PH; to the above equations, we may notice that only terms
that act on the selected pair of sites (7, j) yield a non-vanishing result, i. e.

Q Q

PH,=Zh;|...1,1,..)=PH,=
1a ]’ J > 1a

= P%(cosﬁ —sind)hy|...0,0;...) = (3.122)

J , _ _
= E(cosﬁ—smﬂ)zﬂ...1i1j...) + . L1 0).

Defining

(2) = J 1 z z
hiy’ = E(Cosﬂ —sind)? (py; — 40707 | (3.123)
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we may deduce that

Rty ) =D Ll ) =0,

= ﬁ(cosz(} —sin?)?()... Taly )+ LTy ),
(3.124)
and therefore 0
PHy b P = hij) (3.125)

Finally, the second-order contribution to the effective Hamiltonian is given
by

2

J 1
H® = ﬁ(cosﬁ — sind)? Z {2 (o70f +olol — UZ-ZU]Z') + 5} - (3.126)
(4,9

We note that H? vanishes at the SU(3) points, and so should all subsequent
perturbative terms as well, since Pj; does not connect the ground-state mani-
fold to excited states. Since further-neighbour interactions do not yet appear
at this order, we may conclude that the only physical effect of H® is a renor-
malization of the coefficients of HV. As a result, the ¥ ~ —0.157 boundary
of the supersolid phase will be slightly shifted, however, the ordering patterns
remain unharmed.

3.4 Conclusions

We have mapped out the complete phase diagram of the spin-one bilinear-
biquadratic model with a single-ion anisotropy field on the triangular lattice,
and have found that it exhibits a variety of unconventional phases, due to
a competition between magnetic and quadrupolar degrees of freedom. It
was shown in particular that a quadrupolar umbrella phase emerges when a
positive biquadratic exchange overcomes the antiferromagnetic bilinear cou-
pling, and the excitation spectrum of this phase features a Goldstone mode
that is associated with the spontaneous breaking of the U(1) symmetry of
rotations around the anisotropy field. Due to the remaining SU(2) symme-
try of the model with identical bilinear and biquadratic coupling coefficients,
the boundary between the quadrupolar umbrella phase and the neighbour-
ing antiferromagnetic phase does not shift in the presence of anisotropy. In
contrast to the umbrella-like arrangement of directors, ferroquadrupolar or-
der is quite sensitive to the nature of the anisotropy field, as the common
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director will turn perpendicular to an easy axis, and be pinned perpendicular
to an easy plane. In the earlier case, a Goldstone mode is retained, while in
the latter, a gap develops for an arbitrarily small field. We have calculated
this gap both within the framework of a semi-classical approach and in the
perturbative limit of a high anisotropy field, and have drawn a comparison
between the two methods. It was also observed that an easy-plane anisotropy
field will shift the boundary between the ferroquadrupolar phase and the an-
tiferromagnetic phase, however, this effect only becomes appreciable if the
anisotropy field is of the order of the exchange. Finally, we have shown that
a sufficiently large easy-axis anisotropy leads to non-trivial degeneracies in
the ground-state manifold in a considerable region of the phase diagram, and
have argued on the grounds of perturbation theory that this degeneracy is
lifted by the emergence of a supersolid phase.

Coming back to the discussion on NiGayS,, we may conclude that quad-
rupolar order remains quite robust in the presence of single-ion anisotropy.
Provided that a sufficiently large biquadratic exchange is present in the mate-
rial, our results should help in identifying the nature of the low-temperature
phase. In this respect, one should keep in mind that a coupling between
quadrupolar degrees of freedom is inherently present for spin-one antifer-
romagnets, and even when it is weak, it will give rise to unconventional
correlations in magnetically ordered phases, particularly in the presence of
frustration. In future work, it will be highly desirable to explore the effect of
impurities on quadrupolar phases, and to investigate microscopic electronic
processes that may enhance an effective biquadratic exchange.



Chapter 4

Three-sublattice ordering on
the square lattice for a spin-one
antiferromagnet with
biquadratic interactions

We have seen in the preceding chapter that antiferroquadrupolar order in-
duced by a positive biquadratic exchange is unfrustrated on the triangular
lattice in essentially the same manner as conventional antiferromagnetic or-
der is on the square lattice. The mean-field analysis of the spin-one bilinear-
biquadratic Hamiltonian

H=17) [cos S;S; +sind (S;S;)°] (4.1)
(i.3)

has revealed a long-range ordered antiferroquadrupolar phase on the trian-
gular lattice in the parameter region 7/4 < ¥ < 7/2, and this phase has
proved to remain robust in the presence of quantum fluctuations [38, 5]. The
importance of geometrical frustration can be highlighted in this context by
investigating the mean-field phase diagram of the model (4.1) on the square
lattice. In fact, as explained in section 2.2.3, the variational energy of a bond
is minimized for 7/4 < ¥ < w/2 by any configuration in which one of the
sites features a pure quadrupole, and the local wavefunctions of the two sites
are orthogonal to each other. In the case of the triangular lattice, the three-
sublattice structure of the lattice is ideal for three quadrupoles with mutually
perpendicular directors to form a long-range ordered state: every bond is sat-
isfied, and the state is uniquely determined up to global rotations. However,
the connectivity of the square lattice is lower than that of the triangular
lattice, so even if we restrict ourselves to pure quadrupolar wavefunctions,



86 Three-sublattice ordering on the square lattice

SU(3)
/2

Figure 4.1: Phase diagram of the spin-one bilinear-biquadratic model on the
square lattice. The inner circle shows the variational results: the ferromag-
netic, ferroquadrupolar and antiferromagnetic phases are denoted by FM, FQ
and AFM, respectively, while SO stands for “semi-ordered”. The outer cir-
cle shows the numerical results of [51], in the region where Quantum Monte
Carlo simulations do not face a sign problem.

there are many configurations that satisfy all the bonds, similarly to the case
of the three-state antiferromagnetic Potts-model on the square lattice [50].
Furthermore, nearest-neighbour sites of a quadrupolar site with director d
may also be magnetic, featuring a spin vector of arbitrary length parallel to
d (see figure 2.6). We may conclude therefore that on the square lattice, the
variational approach leads to a highly degenerate ground-state manifold in
the parameter region w/4 < ¥ < m/2. Following Papanicolaou [19], we will
call this phase “semi-ordered”.

The situation in the “semi-ordered” phase is reminiscent of frustrated an-
tiferromagnetism, where the competition between exchange paths may give
rise to an infinite number of classical ground states!. In that case, quantum or
thermal fluctuations often restore long-range order by a selection mechanism
that favours collinear or planar configurations and is known as the “order-by-
disorder” mechanism [27], and one might wonder if a similar scenario might
be realized for the present model. Figure 4.1 summarizes what is currently
known about the phase diagram of the spin-one bilinear-biquadratic model
on the square lattice. The variational approach reveals four phases that are

'We should emphasize however that no bond is frustrated in the “semi-ordered” phase.
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separated from each other by the highly symmetric SU(3) points. Adjacent to
the “semi-ordered” phase, we find two magnetic phases with fully developed
spins: for —7/2 < ¥ < w/4, a two-sublattice ordered Néel antiferromagnet is
realized, while ferromagnetic order is stabilized in the region 7/2 < 9 < 57/4.
Finally, a ferroquadrupolar phase emerges for 57/4 < ¢ < 37/2. Quantum
Monte Carlo simulations by Harada and Kawashima have confirmed the vari-
ational phase diagram for the —m < 9 < 0 case [51], however, much less is
known about the 0 < ¢ < 7 region. While there can be little doubt that the
ferromagnetic phase should persist in the interval /2 < ¥ < 7 (see the exact
spectrum of a bond in figure 2.4), quantum effects remain truly unexplored
in the case when the bilinear and the biquadratic exchange are both positive.

In the present chapter, we aim to eliminate the question mark in figure 4.1,
via a combination of variational analysis, exact diagonalization calculations
and flavour-wave theory. We will place particular emphasis on investigat-
ing the properties of the SU(3)-symmetric point ¢ = 7 /4, which appears
naturally as the low-energy effective model of the p = 1/3 and 2/3 Mott in-
sulators of repulsively interacting three-flavour fermions in an optical lattice.
The exact diagonalization results that appear in the current chapter are all
credited to Andreas M. Liuchli®.

4.1 Emergence of three-sublattice order in the
“semi-ordered” phase

We will uncover the quantum phase diagram in the region 7/4 < 9 < 7/2 in
several steps. Firstly, we will show that the introduction of a magnetic field
lifts the ground-state degeneracy in the “semi-ordered” phase and leads to
the stabilization of an exotic 1/2-magnetization plateau. We will complement
this result by mapping out the full magnetic phase diagram of the model
(4.1). Secondly, we will discuss the exact diagonalization calculations of
A. M. Lauchli that confirm the presence of the plateau phase, but indicate
the emergence of a three-sublattice ordered state in the low-field limit. We
should emphasize that the latter finding is truly surprising, given the bipartite
nature of the square lattice. Thirdly, we will demonstrate that quantum
fluctuations give rise to a selection mechanism at the harmonic level which
is in qualitative agreement with the implications of the numerical analysis.
Finally, we will expand on the local stability of three-sublattice order on the
square lattice.

2Max Planck Institut fiir Physik komplexer Systeme, D-01187 Dresden, Germany
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4.1.1 Lift of degeneracy via a magnetic field

Owing to the fact that the variational bond configuration for 7/4 < ¥ <
/2 admits a dipole moment on one of the sites, an infinitesimal magnetic
field suffices to induce a first-order selection within the degenerate ground-
state manifold of the “semi-ordered” phase. As a result, a two-sublattice
ordered structure emerges, with an average magnetization of 1/2 per site: one
of the sublattices retains ferroquadrupolar order with the common director
parallel to the field, while the other sublattice is ferromagnetic, featuring
fully developed spins aligned with the field. Assuming that the field points
in the z direction, the configuration of every bond is given by |0) ® |1). Since
a magnetization process on the quadrupolar sublattice would require a tilting
of the directors from the z axis, we expect a 1/2-magnetization plateau to
develop, analogously to the case of the 2/3-magnetization plateau above the
antiferroquadrupolar phase on the triangular lattice [5].

In figure 4.2, we mapped out the complete variational phase diagram of
the model (4.1) in the presence of a magnetic field:

H =17 [cost) S;S; +sind (S;S;) —hZSZ (4.2)
(4.7)

As suggested earlier, the 1/2-magnetization plateau appears above the “semi-
ordered” phase for an infinitesimal field, and it extends up to

% =4 <\/sin JI(sin — cosv) — (sind — cos 19)) , (4.3)

where a second-order transition occurs: the director of the quadrupolar sub-
lattice starts tilting away from the magnetic field so that a dipole moment
with a non-vanishing z component may develop, however, due to the coupling
between the two sublattices, the spin vector of the ferromagnetic sublattice
will not be aligned with the field anymore. We enter a supersolid phase?
characterized by two sublattices that feature partially polarized spins of dif-
ferent length, the zy components of which cancel each other out. Upon a
further increase of the field, the supersolid phase evolves continuously into a
canted Néel-like phase, where the two spin vectors become reflections of each
other with respect to the z axis. Finally, the phase diagram is completed
by two phases with k = 0 order: apart from the conventional ferromagnetic
phase in which every site has a coherent spin state, we also obtain a pecu-
liar ferromagnetic arrangement where the spins are only partially polarized.

3We use the word supersolid in the sense that one may simultaneously observe trans-
verse order and a real-space modulation in the z component of the spin vectors.
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Figure 4.2: Variational phase diagram of the spin-one bilinear-biquadratic
model in a magnetic field on the square lattice. Solid (dotted) lines denote
second-order (first-order) phase boundaries. Filled (empty) arrows represent
fully (partially) polarized magnetic moments, and the solid black line is a
quadrupolar director. Note the presence of a phase with a magnetization
plateau at 1/2 (shaded in gray), which is separated from the canted Néel
phase by a tiny supersolid phase. In the Néel phase, coherent spin states are
found only along the ¥ = 0 line.

In this latter phase, the single-site wavefunction is the same on every site:
choosing the common director parallel to the y axis, we may write

|thi) = cos(m/4 —n)|y) — isin(m/4 —n)|z), (4.4)
and a minimization with respect to n gives

2(cos ¥ — sin¥) — L
in’7 = 27 4.
S 4(cos ) — sin ) (45)

At h/J = 4(cos? — sind)), the spins become fully polarized, whereas in the
h — 0 limit, we recover a ferroquadrupolar state. The transition between
this phase and the Néel phase is generally continuous, with a boundary given
by h/J = 2v/—16sin 9 cos ¥, however, if the magnetic field is of the order of
5J, the two phases are separated from each other by a first-order boundary
that runs above this line.

It is instructive to briefly investigate the stability of the ferromagnetic
state against a single spin flip. Let us first rewrite our Hamiltonian as

H =Y [(Ji = J2)SiS; + Jo (1 + Py)] hz (4.6)
(4,9)
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where we have introduced J; = Jcos?¥ and Jy = Jsind. Noticing that
SiSj|1il;) = Pyy|Lil;) = [1i1) (4.7)

and
SiS;|1i0;) = Fi;[1:0;) = 10:1;), (4.8)

we may deduce that the bilinear coupling and the transposition operator have
an identical effect both on the ferromagnetic state and in the S* = L — 1
subspace of single spin flips (L is the number of lattice sites). Therefore,
the form (4.6) makes it apparent that the J, coefficient of the biquadratic
exchange does not enter the expression of the gap that separates the ferro-
magnetic state from the single-magnon branch. Let us verify this by explicit
calculation. The ferromagnetic state |111...) is an eigenstate of the Hamil-
tonian with energy Ey = 2L(J; + J2) — Lh, and in the subspace of single spin
flips, propagating states of the form

k) = % zi:eikﬁf%mm ) (4.9)
will diagonalize the Hamiltonian:
(H — Eo)lk) = e(k)[k). (4.10)
The single-magnon dispersion relation is given by
e(k) =h+4J1(y(k) — 1), (4.11)

where y(k) = > 5 e~ikd /4, and the sum extends over all first neighbours of
a site. We may conclude that the gap is indeed independent of J,, and if
J1 > 0, it will eventually close at the corners of the Brillouin zone, when the
magnetic field is lowered to the value h = 8.J;. This boundary is in perfect
agreement with the variational result in the J; > 0 region, where we find a
second-order transition to the canted Néel phase, however, if the coefficient
of the biquadratic exchange is a sufficiently large negative number, figure 4.2
indicates either a first-order transition to the Néel phase, or a continuous
instability towards a shortening of the spin vectors, and both of these events
occur at a field A > 8J;. Furthermore, the latter instability may also emerge
for J; < 0, in which case the single-magnon gap would not close at a finite
field. These features point towards the formation of bound-magnon states in
the presence of a sufficiently large negative biquadratic exchange [18].

Let us also comment on the peculiar interplay between the magnetic
field and the quadrupolar degrees of freedom in the Néel phase. We may
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recall that in the zero-field phase, a coherent spin state was found on every
site, even in the presence of a considerable biquadratic exchange, due to
the unfrustrated nature of two-sublattice magnetic order?*. However, once
we turn on the field, the single-site wavefunctions acquire a quadrupolar
character everywhere in the phase, aside from the 9 = 0 line, and the sign
of the biquadratic exchange becomes important. For ¥ < 0, not surprisingly,
the directors on the two sublattices coincide with each other, and they are
pinned to the plane perpendicular to the magnetic field. On the other hand,
if the coupling coefficient of the biquadratic term is positive, the directors
are in a common plane with the spin vectors, and they too become reflections
of each other with respect to the z axis. We may conclude that knowledge
of the length and the z component of the spin vectors allows for a complete
determination of the single-site wavefunctions everywhere in the Néel phase,
and these two parameters may be obtained via a numerical minimization®.
For the special case ¥ = 0, the spins remain fully polarized for an arbitrary
magnetic field, and their angle with respect to the z axis is given by cosn =
h/8.J, thus the magnetization grows linearly with the field. In contrast to the
Néel phase, the supersolid phase is a three-parameter phase. The reflection
symmetry of the configuration with respect to the z axis is lost, however,
the directors remain in a common plane with the spins, therefore the phase
is characterized up to global rotations by the length of the spin vectors on
the two sublattices, and the z component of the spin vectors on one of the
sublattices®. The arrangement of dipole moments and quadrupolar directors
is shown for the Néel phase and the supersolid phase in figure 4.3.

As a closing remark, we would like to emphasize that the excitation spec-
trum of the plateau phase may be obtained explicitly with the help of flavour-
wave theory. A straightforward calculation yields four gapped dispersions in
the reduced Brillouin zone of two-sublattice order, and one of the dispersions
eventually softens at the I'-point, as we approach the classical boundary of
the plateau phase. This finding indicates a second-order transition into a
two-sublattice ordered phase, in perfect agreement with the variational anal-
ysis that predicts the emergence of a supersolid phase. We may recall that
while rotational symmetry around the z axis was preserved in the plateau
phase, it is broken in the supersolid phase via the selection of a plane for the
spin vectors.

4This behaviour is in sharp contrast with the one observed on the triangular lattice,
where the single-site wavefunctions feature a director in the presence of an arbitrarily
small biquadratic exchange.

5Note that the state breaks rotational symmetry around the z axis, so there is an extra
degree of freedom associated with the selection of a common plane for the spin vectors.

6We may recall that there is no spontaneous magnetization in the xy plane.



92 Three-sublattice ordering on the square lattice

Figure 4.3: Spin vectors and quadrupolar directors on the two sublattices in
the Néel phase for ¥ < 0 (left) and ¥ > 0 (middle), and in the supersolid
phase (right). Dipole moments and directors are represented by red arrows
and blue lines, respectively. Note that in the first picture, the directors are
perpendicular to the plane of the spin vectors, whereas in the other pictures,
they are in a common plane with them.

4.1.2 A numerical analysis of quantum effects

In order to check the scenario suggested by the mean-field calculations,
A. M. Lauchli performed exact diagonalization studies of small clusters. In
figure 4.4, we show magnetization curves for ¢ = 37/8. It appears that the
plateau is indeed there, but starts only at a finite value of the field: below the
plateau, there is another phase where the magnetization grows slowly from
m = 0. We should emphasize that the magnetization process at 1 = 37/8 is
representative of the entire “semi-ordered” region.

One may gain an insight into the nature of the zero-field phase by calcu-
lating the spin and quadrupole structure factors’ via exact diagonalization
for different momenta as a function of ¢: the results are shown in figure 4.5.
For 9 = 0, the structure factor is the largest (and grows with the system size)
at (m,m), as we expect for a two-sublattice ordered Néel antiferromagnet. As
we turn on a positive biquadratic exchange, the structure factor gradually
decreases, and for ¥ &~ 0.197, a three-sublattice stripe order takes over with
a structure factor that peaks at (27/3,27/3): spin-spin correlations prevail
for ¢ < m/4, while quadrupolar correlations become dominant in the region
between the two SU(3) points. A three-sublattice ordering is also suggested
by the peculiar dependence of the ground-state energy on the number of sites:
we consistently get lower energies for clusters that are multiples of three. The
low-energy spectrum of the 18-site cluster, shown for three different values of
9 in figure 4.6, provides further support for the above predictions: while the
Anderson tower that is characteristic of two-sublattice Néel order is clearly
recovered for sufficiently low values of 1, it vanishes upon approaching the
SU(3) point, and one eventually finds that for ¢ > 7/4, an Anderson tower
emerges that corresponds to two copies of the Anderson tower of the three-

"The structure factor for a momentum k is defined as > exp(ik - R;)(CoCy), where
C; stands for the spin or the quadrupolar operator at site j.
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Figure 4.4: Magnetization curves of finite clusters for ¥ = 37/8. Varia-
tional magnetization curves are also shown for comparison: the dashed line
is calculated with the help of the usual variational ansatz, while the dashed-
dotted curve is the result of a restricted variational ansatz that assumes
three-sublattice order. There is a clear indication of the presence of a 1/2-
magnetization plateau.
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Figure 4.5: Structure factors for two different momenta, calculated by exact
diagonalizations of small clusters. Empty (filled) symbols represent spin-spin
(quadrupolar) correlations, while system sizes are labeled by the symbol type.

sublattice ordered antiferroquadrupolar state on the triangular lattice [18].
The two copies refer to the Zy degeneracy of the state, i. e. to the orientation
of the stripes. We should mention as a closing remark that while the stabi-
lization of a three-sublattice ordered state on the square lattice is certainly
an unexpected finding, it is not as difficult to accept as one may initially
think. In fact, as we may recall from the discussion in subsection 2.2.2, the
one-dimensional bilinear-biquadratic chain is in a critical phase between the
SU(3) points ¥ = 7/4 and ¥ = 7/2, and this phase features strong antifer-
roquadrupolar correlations with a period of three lattice spacings, therefore
it does not seem unreasonable to assume that a long-range ordered state of
similar character may emerge when quantum fluctuations become less pro-
nounced due to an increase in dimensionality.

The strong tendency of quantum effects to drive the system towards three-
sublattice ordering makes it tempting to see what the variational calculus
yields, if we restrict it to three-sublattice ordered states. In figure 4.7, we
sketch the spatial structure of single-site wavefunctions for a variational state
that assumes either two- or three-sublattice order on the square lattice. In
both cases, we may observe diagonal stripes, and there is an alternation
between either two or three different stripes. However, a three-sublattice
ordered state admits two inequivalent stripe orientations, which may be con-
veniently associated with the ordering wavevectors (27/3,£27/3). Upon
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Figure 4.6: Energy spectrum of an 18-site cluster of the square lattice, cal-
culated for three different values of ¥. In the vicinity of the Heisenberg point
¥ = 0, the tower of states indicates two-sublattice Néel order (a), however,
the structure obtained for ¢ < 7/4 is difficult to interpret (b). The tower of
states that is characteristic of the 1 > /4 region suggests the presence of a
three-sublattice ordered antiferroquadrupolar phase (c).
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(@) (b)

Figure 4.7: Pictorial representation of three-sublattice (a) and two-sublattice
(b) order on the square lattice. For an ordered state of a given type, different
colours correspond to different single-site wavefunctions in the variational
ansatz.

taking a closer look at figure 4.7, it is easy to convince ourselves that mini-
mizing the energy of a three-sublattice ordered variational wavefunction on
the square lattice leads us back to solving the variational problem of a single
triangle: indeed, the number of bonds connecting two given sublattices is
2L /3, irrespective of which two sublattices we choose, and this gives rise to a
frustration effect®. In zero magnetic field, we recover three quadrupolar states
with mutually perpendicular directors for w/4 < ¢ < w/2, which happens to
be one of the many true variational ground-state configurations in the “semi-
ordered” region, and as a result, a frustration relief occurs. However, once
the magnetic field is finite, we may not expect to find the absolute variational
energy-minimum using the restricted class of three-sublattice ordered states,
since these may not account for the plateau phase, the supersolid phase or
the canted Néel phase. According to [5], for sufficiently low fields, one of the
sublattices retains a pure quadrupolar state with a director pinned parallel to
the field, whereas the states on the other two sublattices develop a magnetic
moment parallel to the field, however, the three directors remain mutually
perpendicular in the process. We may characterize this phase with the help
of the single-site wavefunctions

|th1) = cos(m/4 — n)|x) +isin(7/4 —n)|y),
|tha) = cos(m /4 —n)|y) — isin(n/4 —n)|z), (4.12)
[U3) = |2),

80ne should keep in mind that if the effective coupling constant on the triangle is taken
to be J, the on-site magnetic field will have to be renormalized by a factor of 1/2.
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and a minimization with respect to n € [0, /4] gives

2(30519—%
4 cos v

When the magnetic field reaches the value h/J = 2cos®, which is above
the boundary of the plateau phase, the magnetic sublattices become fully
polarized, and the assumption of three-sublattice order will give rise to a dis-
tinct 2/3-magnetization plateau. The magnetization curve, shown in figure
4.4 for ¥ = 37/8, is linear below this plateau. Let us emphasize once more
that if a finite magnetic field is turned on in the region 7/4 < ¥ < 7/2,
the assumption of three-sublattice order leads to a variational energy that is
higher than the one obtained with the help of the general variational ansatz.
In fact, one may show by explicit calculation that the resulting mean-field
state is unstable within the framework of linear wave theory.

2

sin“n = (4.13)

4.1.3 “Order-by-disorder”

The fact that the variational picture is insufficient to account for the low-field
numerical results is indicative of the presence of strong quantum fluctuations
in the “semi-ordered” region. The large degeneracy of the variational solution
for h = 0 hints at an “order-by-disorder” effect: the spectrum of excitations
and hence the zero-point energy will depend on the particular configuration,
and this allows for a selection mechanism. In this subsection, we will use
flavour-wave theory to calculate the zero-point energy associated with two-
sublattice order and three-sublattice order in the region 7/4 < 9 < w/2. The
starting point of the upcoming analysis is essentially identical to that of the
flavour-wave study of quadrupolar phases: see section 3.2 for details.

The three-sublattice ordered variational ground state corresponds to three
quadrupolar states with perpendicular directors, we may therefore choose the
single-site wavefunctions for sublattice A, B and C' as |z), |z) and |y), re-
spectively, and induce quantum fluctuations via the familiar 1/M-expansion.
Carrying out the replacements

Az, aziT - \/M - a:ciTam' - ayiTayia

Qg aij —_— \/M — CLijCLyj — azﬂazj, (414)

yhy Qyt,| — VM — ata — agpta,

fori € A, j € B and k € C, respectively, we end up with two independent
bosonic operators per site, however, the lowest-order expansion of the inter-
action terms between site ¢ of sublattice A and site j of sublattice B will
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contain only two bosons of the possible four:
S:S; =—-M (amTazj + am-azjT — amTaij — am»azj) + O(\/M) (4.15)
and
Py = M (ay'ag: + azjlaz; + azilaz;t + agiaz;) + O(VM). (4.16)

We may introduce propagating states on each sublattice via a Fourier trans-
formation of the form

3
Qi = E Z €ZkRZCLM(k),
keRBZ <417>
3 —1
aMT “\I Z € kRiauT(k%
keRBZ

where L denotes the total number of sites of the square lattice, and the sum
extends over all k vectors in the reduced Brillouin zone of three-sublattice
order. Summing up all interaction terms between sublattices A and B leads
to

Z (Sr,SR;+a; + SR,SR;-a;) =

i€A

- _QMZ {7(k) a.(k) + 7(k) az(k)a" (k) — (4.18)

—7(k)a," (k)a.'(~k) — (k) as(k)a:(~k) }

and

Z (PRiRi+al + PR¢R¢*a2) =
icA

= 2M Z {a."(K)az (k) + a.(k)a. (k)+ (4.19)

+y(k)a," (K)a. (=k) + (k) az(k)a. (k) } ,

where a; = ae, and a; = ae, are elementary lattice vectors of the square
lattice, and (k) = (e®a1 4 e¢~ka2) /2 Note that we have omitted the sub-
lattice indices, since a, (a,) bosons come from the A (B) sublattice, and
the sublattices are chosen in such a way that they are spanned by the lat-
tice vectors 3a; and a; + as, furthermore the vectors a; and —a, connect
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each site of sublattice A to its nearest neighbours from sublattice B. One
may easily associate this configuration with a pictorial representation upon
a straightforward introduction of the directions e, and e, in figure 4.7(a).
Taking all the remaining interaction terms into account, we find that up to
order M, the complete Hamiltonian may be written in the form

H
— =2M*Lsind + 2M [h(az4, a.5) + h(ayp, azc) + h(azc, aya)], (4.20)

J
where

h(a,b) =

= (sind — cos¥) > {y(k)al (k)b(k) + y(k)*a(k)b! (k)—

K a (KB (—K) — ~(K) a(k)b(—
v(k)a'(k)b'(—k) — (k)" a(k)b(—k) } + (421)

+sing Y {al (k)a(k) + b (k)b(k)+
+y(k)al (k)b (k) + y(k)"a(k)b(—k)} .

Every boson enters the Hamiltonian (4.20), and the three terms h(a,a, a.5),
h(ayp,azc) and h(a.c,a,4) may be diagonalized independently from each
other’. We should emphasize that in the ¢ — 7/4 limit, one may associate
the indices =, y and z with an arbitrary basis in the Hilbert space of a spin
one, i. e. the bosonic spectrum and the zero-point energy will be the same for
any three-sublattice ordered state. The case of the other SU(3)-symmetric
point is also special: the bond equation

(Pr2 —818y) [z)|y) = 0 (4.22)

implies that the variational state becomes an exact eigenstate of the initial
Hamiltonian in the 9 — 7/2 limit, and this results in an absence of quantum
fluctuations. We will define the zero-point energy ezp of a three-sublattice
ordered state as the ground-state energy of the Hamiltonian (4.20) in the
case M = 1, divided by the number of sites'®: we obtain

2 S (1) 4w (), (423)

9Tt is straightforward to extend our results to the triangular lattice, where the vari-
ational ground state in the 7/4 < ¥ < 7/2 region is also a three-sublattice ordered
antiferroquadrupolar state.

ONote that in section 3.2, we used a slightly different definition and referred to the
ground-state energy of the bosonic part of the flavour-wave Hamiltonian as “zero-point
energy”.
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where each of the dispersions

wi(k) = 1/ (sind £ (sin 9 — cos )y (K)[)* — (cos IR (4.24)

is three-fold degenerate. While w, (k) is gapped all throughout the reduced
Brillouin zone, the other branch features a line of zero modes: it can be
shown that

w(k)=0s k)| =1k = —k (4.25)

for an arbitrary value of ). This particular softening of the excitation spec-
trum may be seen as a sign of classical degeneracy: we may easily convince
ourselves that a simultaneous rotation of the directors of two neighbour-
ing diagonals in their common plane does not cost energy, as long as they
remain perpendicular to each other, and such a wave-like excitation is es-
sentially one-dimensional. This interpretation of the gapless modes is given
further support, if we extend our calculus to the triangular lattice: indeed,
we recover the same dispersions as the authors of [38], and the line of zero
modes is absent, demonstrating a lift of this peculiar classical degeneracy!!.
Let us add as a closing remark that in the ¥ — 7/4 limit, the w, branch
also softens along the k, = —k, line, as it becomes degenerate with the w_
branch.

The two-sublattice ordered variational ground state corresponds to a pure
quadrupolar state with a director d and either another quadrupole with its
director orthogonal to d, or a spin vector of arbitrary length pointing along
d. We will choose the single-site wavefunctions for sublattice A and B as |z)
and cosn|z) + isinn|y), respectively, where n € [0,7/4] is a freely varying
parameter that is associated with the magnetization of the state!'?. Let us
carry out a global rotation of the a, and a, operators:

a;’ = cosna,' +isinna,’,
a1 = COSNay; — 1SIN 1Ay,

P . ; (4.26)
a;' = sinna,' —1cosna,’,

@) = SIN1Na, + 1 COS M)Ay,

1A triangular lattice can be constructed by introducing cross-couplings perpendicular
to the diagonals in figure 4.7(a). If we now rotate a neighbouring blue and red diagonal,
there will be an increase in energy, unless we simultaneously rotate every other blue and
red diagonal of the lattice.

12Note that the director of the magnetic sublattice may be rotated around the director
of the ferroquadrupolar sublattice without an energy cost.
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and use the inverse relations

a,' = cosna;! +sinna,
a; = cosnar +sinnay, (4.27)
ayJr = —isinna;’ +icosna,’, '

Ay = 1S TGy — 1COSNaG|

to express all terms in the Hamiltonian. Condensing the a, boson on sublat-
tice A and the a; boson on sublattice B, one finds the following interaction
terms in the leading order of the 1/M-expansion:

SiSj -
=-M {0035 (aTiTazj + aTiaZjT) +sin& (aliTazj + Guaij) -

4.28
— (apas’ + apazy) —sin®€ (atay —apay) + (4.28)
+ sing cos€ (ar;fay; + aliTaTi)}
and
Py =M (%‘Tan +aztas + apta,t + ariaz;) (4.29)

where site i (j) belongs to sublattice A (B), furthermore £ = 2n € [0,7/2].
One may notice that the bilinear interaction does not involve the a; boson of
the B sublattice, while the transposition operator leaves out the a; boson of
the A sublattice as well. We introduce propagating states on each sublattice
via a Fourier transformation of the form

(4.30)

where L denotes the total number of sites of the square lattice and the sum
extends over all k vectors in the reduced Brillouin zone of two-sublattice
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order. Summing up all interaction terms leads to

Z Z SR, SR, +s =

= —4MZ {cos &y(k) (aTT(k)aZ(k) + aT(k)aZT(k» +

+ sin &y(k) (aﬂ(k)az(k) + al(k)a;(k)) -

(4.31)
— (k) (a1 (K)a." (k) + a1 (k)a.(—k)) —
—sin?¢ (aTT(k)aT(k) — aiT(k)ai(k)) +
+sin& cos & (aTT(k)al(k) + GLT(k)aT(k))}
and

Z Z PRiRi+5 =

i€A &

=4M Y {ar (K)ar (k) + a.f (k)a. (k) + (4.32)

+7(k) (a1 (K)a.' (—k) + a(k)a.(-k)) },

where we have omitted the sublattice indices: every “up” and “down” boson
comes from sublattice A, while the a, bosons belong to sublattice B. The
0 vectors point towards the four nearest neighbours of a site, and (k) =
(cos(k - a;) + cos(k - a3))/2, where a; = ae, and a; = ae, are elementary
lattice vectors of the square lattice. Up to order M, the Hamiltonian assumes
the form

H
5= 2M?*Lsind + 4Mh(asa,a.5,a,4), (4.33)
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where
h(a,b,c) =
= (sin) — cos ) > _ {cos&y(k) (al (K)b(k) + a(k)bi(k)) +

+sin &y(k) (c'(k)b(k) + c(k)bf(k)) —

— (k) (a'(K)0" (k) + a(k)b(~k)) —
—sin? € (af (K)a(k) — ¢! (K)e(k)) + (4.34)
+siné cosé (af(k)e(k) + a(k)c'(k)) } +
+sind Y {al (k)a(k) + b (k)b(k)+
k +7(k) (a'(k)b'(—k) + a(k)b(—k)) } .

The “down” bosons from sublattice B do not enter the Hamiltonian (4.33),
and therefore they form a completely flat band in the reduced Brillouin zone.
This is indicative of the fact that the variational solution allows for a local
rotation on any set of sites of sublattice B, provided that ferroquadrupolar
order is preserved on sublattice A. In the ¥ — m/4 limit, local rotations are
allowed on both sublattices, which results in another flat band that is asso-
ciated with the “down” bosons of sublattice A, furthermore, the remaining
two bosons may actually correspond to any two orthogonal spin-one states.
At the other SU(3)-symmetric point, the variational state becomes an ex-
act eigenstate of the initial Hamiltonian, therefore the zero-point energy will
coincide with the variational energy when ¥ — 7/2. Rewriting the bosonic
part of the Hamiltonian (4.33) as

k Cc

a(k)
h(a,b,c) =Y < (af(k) bi(k) cf(k))Mi(k) b(llg +
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where
M (k)
sing
(cot) —1)sin?¢ +1 (1 —cot)coséy(k) (1 — cotdd)siné cosé
= | (1 —cot?)cosé&y(k) 1 (1 —cotd)sinéy(k) |,
(1 —cot)sin€cosé (1 —cotd)sinéy(k) (1 —cotdd)sin?é
0 cotvy(k) 0O
M2(k) _ o 0 0]
sin v 0 0 0
(4.36)

we may obtain a convenient form for a Bogoliubov transformation. The
zero-point energy, defined in analogy with the case of three-sublattice order,
becomes

€ 2

=7 ;{wl(k) +wy (k) +ws(k)}, (4.37)
where the three dispersions are given as the positive eigenvalues of the matrix

—Ma(k) — My(k)" — M (k) ' '

If the magnetization is non-vanishing, i. e. 0 < £ < /2, two of the branches
are gapped, while the third one features a soft mode at k = 0. However, if
both sublattices are ferroquadrupolar (£ = 0), the “down” bosons of sublat-
tice A do not enter the Hamiltonian, which leads to a completely flat band
in the spectrum!®. Among the remaining two branches, one is gapped, while
the other one softens at the I'-point.

In figure 4.8(a), we compare the zero-point energies of the two-sublattice
ordered antiferroquadrupolar state, the 1/2-magnetization plateau, and the
three-sublattice ordered antiferroquadrupolar state in the region 7/4 <9 <
/2. We find that three-sublattice order prevails in a convincing manner
all throughout the region, and this conclusion remains valid even if one
takes into account two-sublattice ordered configurations with an arbitrary
magnetization value 0 < m < 1/2, since their zero-point energy can be
shown to increase with a decreasing m. In other words, even though quan-
tum fluctuations favour the 1/2-magnetization plateau among all states with
two-sublattice order, it is still not plausible for small magnetic fields. An
estimate can be given of the extent of the three-sublattice ordered phase in
the magnetic phase diagram between the two SU(3) points by comparing the

13In this case, local rotations are allowed on both sublattices.
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Figure 4.8: (a) Zero-point energy of the two-sublattice ordered antiferro-
quadrupolar state “AFQ2”, the 1/2-magnetization plateau “PL”, and the
three-sublattice ordered antiferroquadrupolar state “AFQ3”, as a function
of 9. The variational energy “MF” is also shown for comparison. (b) Zero-
point energy of the helical states as a function of ¢, for different values of
. All m/4 < 9 < 7/2 curves feature a minimum at ¢ = 27/3, while the
Y = 7/2 curve is completely flat.
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Figure 4.9: (a) Variational phase diagram of the “semi-ordered” region in the
presence of a magnetic field. AFM2 and SS2 denote two-sublattice ordered
Néel and supersolid phases, respectively, while FM stands for ferromagnet.
Flavour-wave theory suggests that a three-sublattice ordered phase (AFQ3)
is stabilized by quantum fluctuations: the dashed line represents an estimate
of the corresponding phase boundary. (b) The ground states of the 18-site
cluster, calculated via exact diagonalizations.

zero-point energy at h = 0 to the Zeeman-energy of different states. Based
on the discussion at the end of the previous subsection, one may deduce
that the variational energy per site of the three-sublattice ordered state is
g3 = €50 — h?/6J,, where J; = Jcosd, and it decreases slower in the field
than the energy of the 1/2-magnetization plateau given by e = g0 — h/2.
Therefore, assuming that the change in the zero-point energy difference may
be principally attributed to the classical magnetic energy terms, the extent
of the three-sublattice ordered phase will eventually be limited by the linear
Zeeman-energy of the plateau state: we show a sketch of the phase boundary
in figure 4.9. In agreement with the numerical results, flavour-wave theory
predicts that a considerable fraction of the variationally conjectured plateau
phase is replaced by a three-sublattice ordered phase in the presence of quan-
tum fluctuations.
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4.1.4 The role of helical states

In the previous subsection, we have demonstrated that quantum fluctuations
on top of the three-sublattice ordered classical ground state induce a line of
zero-energy excitations in the Brillouin zone'* for 7/4 < 9 < m/2. On the
one hand this line of soft modes defined by k, + k, = 0 reduces consider-
ably the zero-point energy of the state, but on the other it can be shown
to yield a divergent correction to the classical order parameter and thereby
render linear wave theory inconsistent. On the classical level, one may in-
terpret the presence of this line as an indicator of degeneracy, similarly to
the (0,0) and (m,m) Goldstone modes of the Néel state of a conventional
spin-one-half antiferromagnet on the square lattice'®. In the present case,
we may select a k vector of arbitrary length along the line, which implies
that one may construct helical states of one continuous parameter in the
classical ground-state manifold. Quantum fluctuations will lift the degener-
acy of these helices, however, three-sublattice order may only prevail if its
zero-point energy remains the lowest. In this subsection, we shall investigate
the stability of three-sublattice order with respect to helical states.

Let us write the single-site wavefunction of a general helical state in the
form

[Yr) = U™~ |y) (4.39)

where U is an SU(3) matrix, the vectors R = R,ae, + Ryae, are lattice
vectors of the square lattice, and a is the lattice constant. Our choice cor-
responds to a helix with k, + k, = 0, as the single-site wavefunction does
not change along the diagonals where R, — Iz, is kept fixed. If we allow for
a magnetic diagonal, it follows that the neighbouring diagonals will have to
feature identical quadrupolar states, and we eventually end up with a two-
sublattice ordered state of alternating quadrupolar and magnetic diagonals
over the whole lattice. Such states may be discarded immediately, since their
energy is higher than that of the three-sublattice ordered antiferroquadrupo-
lar state in the presence of quantum fluctuations. However, if we restrict
ourselves to pure quadrupolar states, U may be associated with a fixed-angle
rotation of the directors around a given axis, and as a result, we obtain a

MEven though the dispersion with a line of soft modes is defined in the reduced Brillouin
zone of three-sublattice order, it is three-fold degenerate, thus in total we may define one
dispersion with a line of soft modes over the complete Brillouin zone of the square lattice.

Both of these modes arise due to the breaking of spin-rotational symmetry. One
may create the corresponding classical helices |1/)(0,0)> = [[grU|Tr) and |1/)(7r,7r)> =
[Ig U'"=*2v |TR), where U and U’ are SU(2) matrices, U’? = 1, and |TRr) is either |T) or
[|), depending on whether R = R, ae, + R ae, belongs to sublattice A or B. One may
parametrize the matrices U and U’ and minimize the classical energy with respect to the
resulting parameters. In both cases, we end up with the conventional Néel state.
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quadrupolar umbrella configuration. Let the z axis be the axis of the rota-
tion, let us choose the state of the site R, = R, = 0 as cosn|z) — sinny),
where 7 € [0,7/2], and let ¢ € [0, 7] denote the angle of the rotation with a
corresponding direction defined according to the right-hand rule, as R, — R,
is increased!®: the resulting configuration may be described by the single-site
wavefunctions

[Yr) = cosn|z) +sinn [sin((Re — Ry)p)|x) — cos((Re — Ry)p)|y)] . (4.40)

In the “semi-ordered” phase, neighbouring sites have to feature orthogonal
wavefunctions, which leads to the condition

cos? 1) + sin? 1) cos o = 0. (4.41)

The condition (4.41) may only be satisfied for ¢ € [7/2, 7], and the parameter
7 is given by |
1—cosp’
We may conclude that the three-sublattice ordered (¢ = 27/3) and the two-
sublattice ordered (p = 7/2 or ¢ = 7) antiferroquadrupolar states are in
fact adiabatically connected to each other via a class of helical states. We
should emphasize that while the stabilization of two-sublattice order may
be excluded on the basis of our earlier results, there is no a priori reason
to rule out the emergence of a helical phase with ¢ # 27/3 in the “semi-
ordered” region, and it is important to keep in mind in this respect that a
helical state with an incommensurate wavevector close to (27/3, £27/3) can
not be detected by exact diagonalization methods. Nonetheless, the effect
of quantum fluctuations can be studied at the harmonic level via the use of
flavour-wave theory. Since the calculation of the excitation spectrum of the
helical states is similar to the one shown in subsection 3.2.2, we prefer to omit
technical details and we discuss the results straightaway instead. We obtain
two dispersive branches for an arbitrary value of the helical parameter in the
region /2 < ¢ < m: one of the dispersions is gapped all throughout the
Brillouin zone, while the other one retains the k, +k, = 0 line of zero modes,
i. e. the qualitative behaviour of the excitation spectrum is independent of
the helical parameter. A plot of the zero-point energy is shown as a function
of ¢, for different values of 7/4 < ¥ < 7/2, in figure 4.8(b). We find that
apart from the ¥ = 7/2 point, where all helical states are eigenstates of
the Hamiltonian, quantum fluctuations favour three-sublattice order for an
arbitrary value of 9.

sin?n = (4.42)

16T this case, a choice of 7w < ¢ < 2w could be interpreted as a rotation of angle 2 — ¢
in the inverse direction.
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4.2 Three-sublattice ordering of the SU(3)
Heisenberg model

This section will be devoted to the investigation of the properties of the SU(3)
Heisenberg model on the square lattice, which can be seen both as a special
high-symmetry point of the SU(2) spin-one bilinear-biquadratic model, when
the two couplings are equal, and as an effective model of strongly interacting
three-flavour fermions in an optical lattice. For the sake of simplicity, we will
define the model as

H=J> Py (4.43)
(4,3)

where J > 0 sets an energy scale and F;; is the familiar transposition opera-
tor that exchanges the states of sites ¢ and j. We aim to present an overview
of the results of the previous section that are relevant to the model (4.43) and
provide further arguments in favour of the stabilization of three-sublattice or-
der by extending both the semi-classical and the numerical analysis. We will
also study the “order-by-disorder” phenomenon in the presence of thermal
fluctuations and discuss the role of dimensionality.

4.2.1 Semi-classical approach

In subsection 4.1.4, we have demonstrated the existence of one-parameter
helical states that connect the two-sublattice ordered state to the three-
sublattice ordered one. In the “semi-ordered” region, these states corre-
sponded to a quadrupolar umbrella configuration, however, as we have al-
ready suggested in subsection 4.1.3, this need not be the case for the SU(3)-
symmetric model. In fact, based on (4.40), we may now characterize a general
helical state with the help of the single-site wavefunctions

[Yr) = cosn|2) + sinn [sin((Ry + By)p)|a’) — cos((Ry + By)@)ly)], (4.44)

where ¢ € [1/2, 7], n € [0,7/2] is given by (4.42), and the set of states |z’),
|y} and |2’) forms an arbitrary basis in the local Hilbert space of a site!”.
Thinking of a spin-one system, we are not restricted to time-reversal-invariant
single-site wavefunctions in the presence of SU(3) symmetry: for instance, if
we choose |2') = i|x), |v/) = i|ly) and |2') = |z), where |z), |y) and |2) are the
familiar quadrupolar states, we obtain a magnetic helix for any value ¢ #
7/2. In these helices, neighbouring spin vectors subtend an angle ¢ with each

1"Note that in contrast to (4.40), we have now chosen a helix with k, = k,, as this
choice will facilitate the extension of our results to higher dimensions.
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other, and the spin length is given by sin(2n). The case ¢ = 7 corresponds
to the conventional Néel state with fully polarized spin vectors, while the
helix ¢ = /2 describes two-sublattice antiferroquadrupolar order: the two
configurations have the same classical energy for the SU(3)-symmetric model
(4.43).

In order to derive the excitation spectrum of the helical states, we may
rely on the formalism of subsection 3.2.2. Using the rotation matrix

sinmsing; —sinncosyp; cosn
Ul = [ —cosysing; cosncosyp; sinn |, (4.45)
COS Y; sin @; 0

where ¢; = (R, + R},)p, we may introduce a local rotation of the form

a1 Qgrg
a2; = UZT Ay (446)
a3z; Az

and express the transposition operator with the help of the new bosons in
accordance with (3.64). For a pair of nearest-neighbour sites that satisfy
©; — p; = @, we obtain

Py =
“aufe o) (i ) (i)
0 ) (et Y e ) ()
o) (i ) ()
O] — e T )
+0(1),

(4.47)

where we have denoted the bosons on site ¢ and j by a and b, respectively.
We would like to emphasize that the matrices in the expression (4.47) are
independent of our original choice of the basis states |z’), |y') and |z’), which
demonstrates explicitly that harmonic quantum fluctuations will only distin-
guish between helices with a different helical parameter'®. A Fourier trans-
formation over the whole lattice, followed by a Bogoliubov transformation,

18The conclusion remains valid in the presence of anharmonic terms as well, due to the
SU(3) symmetry of the model (4.43).
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Figure 4.10: Flavour-wave dispersions of (a) the three-sublattice ordered
state, (b) a helical state with ¢ = 0.757, and (c) the two-sublattice ordered
state. (d) Zero-point energy per site, as a function of the helical parameter.
The minimum is located at ¢ = 27/3 in both two and three dimensions.

yields the ground-state energy of the flavour-wave Hamiltonian at the level
of harmonic fluctuations:

T S () w9}, (1.43)

where we have omitted a constant term —2 on the right-hand side!®. The
dispersions are given by the equation

wt—4 [2(1 — )+ (2 =9 — (v)H(1 + 2cos @)2] w4+

)
4.49
+ 256(cos ¢ + cos? )3 (1 — yy*)? =0, (4.49)

where v = (k) = (e*= + ¢™*v) /2 (the lattice constant is chosen as unity).
For the three-sublattice ordered state, the branches are degenerate,

wi(k) = wa(k) = 2¢/1 = |y(Kk)[?, (4.50)

while in the case of two-sublattice order, i. e. ¢ = 7/2 and ¢ = 7, one finds
the dispersions

wi(k) =0,
wa(k) = 2/4 — (v(k) + 7*(k))>2.

The corresponding spectra are shown in figures 4.10(a) and 4.10(c). All
helical states give rise to a line of zero modes, as we demonstrate by an
example in figure 4.10(b). A comparison of the zero-point energies is shown
in figure 4.10(d): in accordance with the results of subsection 4.1.4 (see figure

(4.51)

19Tn fact, the energy of the state is lowered in the presence of quantum fluctuations. We
may recall that the classical energy value is zero.
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4.8(b)), we find that among all helical states, the three-sublattice ordered one
is favoured by quantum fluctuations. We have also compared the zero-point
energy of the three-sublattice ordered state with that of random ground
states on finite clusters, as well as with that of stripe states featuring three
different stripes with a higher period, with the conclusion that it is always
lower. In summary, the three-sublattice ordered state appears to be quite
robust within the framework of flavour-wave theory.

4.2.2 Numerical approach

The numerical study of the spin-one bilinear-biquadratic model that we pre-
sented in subsection 4.1.2 mainly focused on the magnetization process, the
behaviour of the correlation functions as a function of 1, and the structure of
the low-energy spectrum in the “semi-ordered” region, however, it nonethe-
less provided a strong indication that three-sublattice order may be stabi-
lized at the SU(3)-symmetric point ¥ = 7/4. Let us now address directly the
properties of the Hamiltonian (4.43) via exact diagonalization calculations
for finite clusters. The results presented in this subsection are credited to
A. M. Lauchli.

The energy per site for square samples of up to 20 sites is shown in figure
4.11(a): as it was suggested in subsection 4.1.2, the energy is significantly
lower for the samples whose number of sites is a multiple of 3 (9 and 18), pro-
viding evidence in favour of a three-sublattice symmetry breaking. In order
to check if the continuous SU(3) symmetry is also broken, we have plotted
in figure 4.11(b) the energy levels as a function of the quadratic Casimir op-
erator Cy of SU(3), keeping track of the irreducible representations (IRs) of
the space group symmetry. Should a symmetry breaking occur, one expects
the low-energy part of the spectrum to align linearly as a function of Cj,
giving rise to a tower of states [52]. This is clearly the case in figure 4.11(b),
as highlighted by the dashed line. This tower of states can be thought of as
a combination of two towers corresponding to the two possible propagation
directions, which results in the finite-size splitting of some levels (e.g. T'Al
and I'B2), as well as the increased degeneracy of some IRs (e.g. W). Note
also that the tower is not as well-separated from the rest of the spectrum
as in other systems [52], which is a consequence of the “order-by-disorder”
selection mechanism that leads to low-lying excitations associated with other
mean-field solutions. The structure of the energy spectrum further indicates
that the state with an equal population of the SU(3) basis states is stable
with respect to the occurrence of spontaneous population imbalance or phase
separation. Finally, based on an inspection of the real-space correlation func-
tions of the 18-site sample, one may roughly estimate the ordered moment to
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Figure 4.11: (a) Energy per site from exact diagonalizations of various finite-
size square clusters, compared to the flavour-wave (FW) result. (b) Tower
of states for 18 sites. I' denotes points in the centre of the Brillouin zone,
with A1l and B2 one-dimensional and E1 two-dimensional IRs, while W is a
four-dimensional IR with wavevectors (+27/3, £27/3).

be about 60-70% of the saturation value. Long-wavelength fluctuations on
larger systems might further reduce this moment, but with such a large value
on 18 sites, we expect the order to survive in the thermodynamic limit?°. Al-
together, we may conclude that exact diagonalization calculations provide
very clear evidence in favour of the three-sublattice ordered flavour-wave
state.

4.2.3 Thermal fluctuations and dimensionality

We should emphasize that the selection of the three-sublattice ordered state
is quite surprising from the point of view of “order-by-disorder”. Indeed, the
two-sublattice ordered state has by far the largest number of zero modes?!,
and according to common wisdom, it should be selected. However, this
need not be the case for quantum fluctuations: if the non-zero modes have
sufficiently large energy, they may compensate for the vanishing contribution

20We note that the ordered moment may not be estimated within linear flavour-wave
theory, due to the line of zero modes.

2I'We may recall that a completely flat band is found in the excitation spectrum, due to
the fact that a local rotation is allowed on any site.
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of the zero modes. This is what happens here for the two-sublattice ordered
structure, the upper branch of which is larger than twice the degenerate
branch of the three-sublattice ordered structure, for all wavevectors. By
contrast, for thermal fluctuations, the stabilization of the configuration with
the largest number of zero modes is systematic, since the low-temperature
free energy reads [53]

v — Nou

N
TT — 5T, (4.52)

NZM

F=EFE,—

where N, is the total number of modes and Nz, is the number of zero
modes. The classical spectrum is found for the helical states by replacing the
creation and the annihilation operators in (4.47) by complex numbers®?: its
four branches are given by the equation

N =22+ (1+2cos¢)(y+7")] A+ 16(—cosp — cos® ¢) (1 —y7*) = 0.
(4.53)
Similarly to the SU(2) case, the classical and the quantum spectrum are dif-
ferent, but they are related to each other: in particular, one may show that if
the classical spectrum softens for a wavevector k, the quantum spectrum will
also soften at the same wavevector k, and vice versa. Therefore, this analysis
predicts that thermal fluctuations stabilize the two-sublattice ordered state,
in agreement with classical Monte Carlo simulations [54].
Let us now briefly discuss the model (4.43) on the cubic lattice. The
quantum spectrum of the helical states is easily generalized for the case of a
lattice of dimension D: one only needs to replace equation (4.49) by

wh = D?2(1 = 97" ) + (2= 7" = (7)) (1 + 2cos p)?] w?+

4.54
4+ 16D*(cos ¢ + cos? )3 (1 — yy*)? = 0, (4.54)

and redefine 7 as v = y(k) = (e?** 4 e'*v + . ..)/D. The zero-point energy of
the helical states is shown in figure 4.10(d) for the cubic lattice: we find that
the three-sublattice ordered helical structure is again favoured by quantum
fluctuations. Equation (4.53) is generalized as

N —=DR2+(1+2cos)(y+7)] A+ 4D*(—cosp — cos® ) (1 — ) =0,
(4.55)
and we may convince ourselves that the two-sublattice ordered state possesses
the largest number of zero modes for D = 3, as well as for D = 2, therefore,
as far as entropic selection is concerned, we reach the same conclusion in
both cases.

22We note that in the literature, the term “classical spectrum” may often refer to the
quantum spectrum obtained in linear wave theory.
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The above results enable us to make predictions both for the square and
the cubic lattice, and we may expect that the competition between quantum
and thermal “order-by-disorder” leads to a rather rich physics. In both 2D
and 3D, the system should first develop two-sublattice ordering tendencies,
as it is cooled below the exchange scale. In two dimensions, we expect the
system to undergo a finite-temperature transition at lower temperatures into
a directionally ordered state (selection between the two independent spiral
propagation directions), and to reach a three-sublattice ordered state at zero
temperature. In three dimensions however, a finite-temperature transition
into a two-sublattice ordered state is possible in principle, therefore we may
think of two different scenarios. Upon lowering the temperature, the system
might first undergo a transition into a two-sublattice ordered state, which is
followed by a second transition into the three-sublattice ordered state selected
by quantum fluctuations. Alternatively, it could undergo a direct first-order
transition from the paramagnetic into the three-sublattice ordered state. A
high-temperature series expansion of the SU(N) case on the 3D cubic lattice
seems to favour the second possibility [55].

4.3 Instability of the Néel state below the an-
tiferro SU(3) point

In the region 0 < ¥ < 7/4, the variational ground state is unambiguous: it is
a two-sublattice ordered Néel state with fully polarized spins. However, the
considerable zero-point energy difference between the two-sublattice ordered
and the three-sublattice ordered helical states at the SU(3) point makes it
clear that quantum fluctuations will suppress this state in a finite window
of ¥ below the antiferro SU(3) point. This prediction of flavour-wave theory
is in qualitative agreement with the numerical results of subsection 4.1.2:
the structure factors in figure 4.5 indicate that three-sublattice stripe order
emerges with dominant spin-spin correlations for ¥ &~ 0.197, and an instabil-
ity of the two-sublattice ordered Néel state above this value of ¥ is further
suggested by the absence of the corresponding tower of states in the low-
energy spectrum of finite-size clusters (see figure 4.6). We should emphasize
however that the true nature of the ordering in the intermediate phase re-
mains an elusive issue: first of all, the structure of the low-lying states is
quite difficult to interpret in the region ¥ < 7/4, and secondly, we must bear
in mind the deficiency of finite-size cluster methods in probing small shifts in
the ordering wavevector. In this section, we will discuss the implications of
flavour-wave theory concerning the region below the antiferro SU(3) point.
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We will begin our analysis by investigating the excitation spectrum and
the zero-point energy of the two-sublattice ordered Néel state in the region
0 < ¥ < w/4. We choose the single-site wavefunctions for sublattice A and

B as (|z) +ily))/v/2 and (|z) — ily))/v/2, respectively. Let us carry out a
global rotation of the a, and a, operators:

1 .
1
ar = —=(a, —iay),
\/15 (4.56)
af = E(%T — iay"),
1 )
a,l = E(a% —I— 'lay),
and use the inverse relations
S
Uy’ = E(QT +ay'),
(0 +a)
Ay = ——= CLT al s
\_/?. (4.57)
a,’ = E(QTT —ay'),
)
ay = —=(ay —a)

S

to express all terms in the Hamiltonian. Condensing the a; boson on sublat-
tice A and the a; boson on sublattice B, one finds the following interaction
terms in the leading orders of the 1/M-expansion:

S,S; = —M*+

+ M {QQUTGU + QGTjJraTj + azﬁazi + aZjTazj— (458)
- (aziTaij + aziazj)}

and
Py =M (ajtay +alay + ala’ + ajay) (4.59)

where site 7 (j) belongs to sublattice A (B). One may notice that the spin-
spin interaction involves all of the bosons, while the transposition operator
leaves out the a, bosons of both sublattices. We introduce propagating states
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on each sublattice via a Fourier transformation of the form

(4.60)

where L denotes the total number of sites of the square lattice and the sum
extends over all k vectors in the reduced Brillouin zone of two-sublattice
order. Summing up all interaction terms leads to

> ) Sw,Sr4s = —2LM*+

i€cA &
+4MZ{2 a,"(k)a, (k) + a;'(k)ar (k) +
+aza'(K)aza(k) + ap'(k)a.p(k)—
—(k) (4" (k)ap" (—k) + a.a(k)a:p(-k)) }
(4.61)
and
> Pamriis —4MZ{‘11 k) + a;'(k)a; (k)+
i€A 6 (462)

+7(k) (a;"(K)a; (=k) + a;(K)ar;(=k)) } ,

where we have omitted the sublattice indices for the “down” and the “up”
bosons, as they all come from sublattices A and B, respectively. The §
vectors point towards the four nearest neighbours of a site, and (k) =
(cos(k - a;) + cos(k - a3))/2, where a; = ae, and a; = ae, are elementary
lattice vectors of the square lattice. Up to order M, the Hamiltonian assumes
the form

H
— =2M?Lsing — 2M*L(cos 9 — sin¥) + 4M (hy(aya,arg) + ha(a.a, a.p)),

J
(4.63)
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where

hi(a,b) = (2cos¥ —sind) > {af(k)a(k) + bf (k)b(k)+

00 (0109 (10 + a(90(—1)
(4.64)
and
ha(c,d) = (cos ¥ —sind) »_ {cl(k)e(k) + df (k)d(k)—
K (4.65)

—(k) (c'(k)d'(~k) + c(k)d(-k)) }

are independent terms that can be diagonalized separately. A Bogoliubov
transformation yields

hy = ZM (k) (arT(K)as (k) + B (k)31 (K)) +
k 4.66
+Z(w1(k) — (2cosv — sin ) (400)

k

and

he = Y wa(k) (s (K)an (k) + o' (k) Ba(k) +

) (4.67)
+ Z (wa(k) — (cos ) — sin ),
Kk
where the dispersion relations are given as
tan ¢/ 2
and
wa(k) = (cosd —sind)/1 — v2(k), (4.69)

furthermore both branches are two-fold degenerate in the reduced Brillouin
zone of two-sublattice order. Setting ¥ = 7/4, we recover the dispersion rela-
tions that are characteristic of the SU(3) point: it is interesting to note that
apart from the presence of a completely flat band, which can be attributed
to the extra degree of freedom in local rotations, the flavour-wave expansion
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of an SU(3) antiferromagnet gives the same spectrum of excitations as the
spin-wave expansion of an SU(2) antiferromagnet, under the assumption of
two-sublattice order. A closer look at the case ¥ = 0 reveals that while
flavour-wave theory reproduces the conventional spin-wave branches for an
SU(2) antiferromagnet, it also gives rise to a non-dispersive mode which is
separated from the ground state by an energy gap of 8J: while these high-
lying excitations may be safely neglected in the treatment of conventional
SU(2) antiferromagnets, they start to play a role once the biquadratic cou-
pling is sufficiently strong. We will define the zero-point energy of the Néel
state as the energy of the complete Hamiltonian (4.63) for M = 1, in accor-
dance with the definition used in subsection 4.1.3.

Based on the discussion at the end of subsection 4.1.2, and on the results
of subsection 3.1.1, we may deduce that within the framework of the varia-
tional picture, three-sublattice order in the region 0 < ¥ < 7/4 corresponds
to a 120-degree ordering of partially developed spin vectors in a common
plane. The single-site wavefunctions are given by the expressions (3.8) and
(3.9), however, the energy per site needs to be rescaled by a factor of 2/3,
due to the reduced connectivity of the square lattice:

e 2 , (3sind + 6 cosd)?
j_§<68m19_ 381n19+2400519)' (4.70)

In contrast to the two-sublattice ordered Néel state, the three-sublattice or-
dered spiral state does not minimize the energy of every bond??, and one
may explicitly show that linear flavour-wave theory breaks down for this
state. However, we may nonetheless estimate its energy in the presence of
quantum fluctuations by using an argument similar to the one presented at
the end of subsection 4.1.3: we will assume that the change in the zero-point
energy of the state may be approximated by the change in its classical energy,
at least in the neighbourhood of the SU(3) point. In figure 4.12, we show a
comparison of the zero-point energies of the two-sublattice ordered Néel state
and the three-sublattice ordered spiral state: a naive assumption of a first-
order transition yields an estimated phase boundary of ¢ ~ (0.17 — 0.18),
which is a slightly lower value than the one predicted by exact diagonalization
calculations.

We should emphasize that the situation becomes more subtle once we con-
sider the helical states that are adiabatically connected to the three-sublattice
ordered state. The discussion presented at the beginning of subsection 4.2.1
suggests that upon an SU(3) rotation of the quadrupolar helices, we may ob-

23We may recall that the situation was drastically different in the “semi-ordered” region.
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Figure 4.12: Zero-point energy per site of the two-sublattice ordered Néel
state and the three-sublattice ordered spiral state, below the SU(3) point.
While the earlier curve was calculated exactly in the framework of linear
wave theory, the latter one relies on an approximation (see text for details).
The boundary between the two phases is slightly below the one suggested by
the numerical analysis of finite-size clusters.

tain magnetic helices that are characterized by the single-site wavefunctions
[Yr) = cosnl|z) + ising [sin((Re + Ry)p)|z) — cos((Re + Ry)p)ly)] . (4.71)

where ¢ € [r/2, 7] and n € [0,7/2]. These helical states interpolate between
the three-sublattice ordered spiral state (¢ = 27/3) and the two-sublattice
ordered Néel state (¢ = 7). Upon minimizing the variational energy of these
states in the region 0 < ¢ < 7/4, we find

.5 sin (1 4 cos ) — 2 cos v cos ¢
sin®n =

4.72
sin (1 4 cos )? — 4 cos v cos ¢ (472)

and

in (1 —2 2
§:2sin19+2(sin19— (sin 9(1 + cos ) = 2cos v cos o) ) (4.73)

sin (1 4 cos ¢)? — 4 cos v cos ¢

Setting ¥ = 7/4 recovers the condition (4.41), while setting ¢ = 27/3 repro-
duces (4.70). For an arbitrary value of ¥, the energy curve (4.73) features a
minimum at ¢ = m, furthermore, one may show that % < 0 in general and
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i—i = 0 if and only if ¢ = 7/2. Introducing the deviation 6 = 1/2 + cos ¢
from the three-sublattice ordered state, we find that the variational energy
of the helical states is a linear function of § around ¢ = 27/3, and since the
¥ = m/4 curve in figure 4.8(b) seems to show quadratic behaviour around
the minimum, one may argue on the basis of the approximation used in the
previous paragraph that the helical parameter will immediately shift from
the value ¢ = 27/3 once we move away from the SU(3) point. Actually,
a more thorough investigation of the zero-point energy curve for ¥ = 7 /4
reveals a non-analytic behaviour around the minimum:
gﬁ_&_‘_&éQ (lni—l) +...,
™

3 (4.74)

J T

where we neglected terms that are of higher order in d, however, the non-
analyticity is not strong enough to pin the three-sublattice ordering for 9 <
/4.

In conclusion, linear wave theory presents us with two possible alterna-
tives with respect to the nature of the ordering in the intermediate phase
between the two-sublattice ordered Néel phase and the SU(3) point. Both
of these proposals rely on an approximation of the zero-point energy for
¥ < m/4, since linear wave theory breaks down for the helical states with
¢ # m in this region. We should emphasize that while neither the semi-
classical approach nor the numerical study seems to be able to settle the
question whether a three-sublattice ordered stripe state or a continuously
evolving helical state, if any of the two, is a more likely candidate to be
realized, they nonetheless provide strong arguments in favour of the desta-
bilization of the Néel phase in a finite window below the antiferro SU(3)
point.

4.4 Conclusions

In this chapter, we have explored the quantum phase diagram of the spin-
one bilinear-biquadratic model on the square lattice: a summary of our
results is shown in figure 4.13. We have demonstrated that the introduc-
tion of a magnetic field lifts the degeneracy in the “semi-ordered” phase and
leads to the stabilization of a remarkable 1/2-magnetization plateau of mixed
magnetic and quadrupolar character. Exact diagonalization calculations by
A. M. Lauchli confirmed the presence of the plateau phase, however, they
suggested that it emerges via a first-order transition from a state with fi-
nite spin susceptibility that governs the low-field limit. We have studied
the zero-field case with the help of flavour-wave theory and have shown that
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Figure 4.13: Schematic phase diagram of the spin-one bilinear-biquadratic
model on the square lattice. The inner circle shows the variational results:
the ferromagnetic, ferroquadrupolar and antiferromagnetic phases are de-
noted by FM, FQ and AFM, respectively, while SO stands for “semi-ordered”.
The outer circle represents the numerical results. Quantum fluctuations give
rise to a three-sublattice ordered antiferroquadrupolar phase in the region
/4 < ¥ < /2, and they destabilize the classical Néel state between 9 ~ 0.27
and ¥ = /4.
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“order-by-disorder” mechanism gives rise to a three-sublattice ordered anti-
ferroquadrupolar state in the entire “semi-ordered” region, which is a rather
exotic finding for a bipartite lattice. We have thoroughly investigated the
nature of the ordering at the antiferro SU(3) point as well, where we have un-
covered a subtle competition between quantum and thermal fluctuations. We
presented strong numerical and analytical arguments in support of the sup-
pression of two-sublattice Néel order below the antiferro SU(3) point, and put
forward alternative proposals for the intermediate phase. Finally, we have
discussed the shortcomings of linear wave theory and finite-size studies in
clarifying the role of helical states, and suggested that a more sophisticated
analysis will be required to explore the properties of the intermediate phase.

Let us briefly discuss the experimental implications of our results. While
we do not know of a spin-one antiferromagnet with sufficiently large bi-
quadratic interactions to destabilize the Néel phase, ultracold atomic sys-
tems might provide a means of observing a three-sublattice ordered stripe
state on the square lattice. Recent experimental advances using multi-
flavour atomic gases [56, 57, 58, 59] have paved the way to the investiga-
tion of Mott-insulating states with more than two flavours in optical lattices
[60, 61, 62, 63, 64], and since the exchange integral of the SU(N) case is
equal to 2t?/U, independently of N, it is realistic to expect that the ex-
change scale can be reached for SU(N) fermions as soon as it is reached for
SU(2) ones. In this respect, it will be important in experiments to carefully
choose the optimal coupling strength U/t, which should be large enough to
put the system into the Mott-insulating phase described by the SU(3) Hei-
senberg model, but not too large to lead to accessible values of the energy
scale set by the exchange integral. The detection of three-sublattice order
might be attempted using noise correlations [65], since the structure factor
is expected to have a peak at the ordering wavevector, and a recent report
of single atom resolution experiments [66, 67] suggests that direct imaging
might also be possible, provided that some contrast can be achieved between
different atomic species.






Appendix A

Stability analysis in the
variational approach

In this appendix, we will discuss an analytic way to treat second-order insta-
bilities in the framework of the variational approach. Let us assume that a
numerical or analytical minimization of (3.5) in a parameter range R of the
Hamiltonian (3.1) indicates the presence of a phase that is characterized by

|tho) = W) [¥2) |¢3), (A.1)

where [¢1), [12) and [i3) may depend continuously and in a well-defined
manner on the parameters of the Hamiltonian (3.1). Our goal is to investigate
the question whether the phase reveals an instability of second order beyond
the parameter region R, and if it does, to discuss the nature and the exact
location of the corresponding second-order phase transition. We would like
to emphasize that the method we present here might fail to capture a first-
order transition that occurs before we reach the proposed point of instability,
therefore its predictions will have to be verified numerically in general.

Let us allow for a continuous deviation of the wavefunction from (A.1) in
the following form:

3

) = H (\/1 — 0% (din*din + dig*dia) |90i) + 0dia|[oin) + 5dz‘2|¢z’2>) . (A2)
i=1

where d = (dy1, dy2, da1, da2, ds1, d32) is a complex vector of norm one, i. e. d*-

d = 1, 0 is a small non-negative parameter, i. e. 0 < § < 1, furthermore,

the normalized spin-one wavefunctions |t;1) and [¢);2) are chosen such that

together with |¢);), they form a basis in the Hilbert space of the local spin i.

We assume that the quantity
Ae = (Y[Halv) — (vo| Haltho) (A.3)
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has a series expansion with respect to ¢ in the parameter region R of the
Hamiltonian (3.1), and expanding it to second order leads to a non-vanishing
result. A straightforward calculation shows that

Ae=6(d*-v+d-v')+
+ 67 (%d -Hyd + %d* CHfd*+d*- (Hy — 5OI)d) + (A.4)
+0 (8%,
where €9 = (Yo Halto),

(11| (Wl (3| Haltbo)
(V12 (Y2l (3| HAltbo)
v=| (Dil{al{ds|Haltbo) | | (A.5)

(461 ) 4] (| L o)

and finally Hy (H») is a symmetric (hermitian) 6 x 6 matrix, whose explicit
form is easy to derive but shall nonetheless be omitted here for brevity.
Introducing the decomposition d = d;+tds, where d; and d; are real vectors,
the normalized vector D = (3; ), the vector V. = (izfj’fv), as well as the
matrix

q_ ( He—eol +5(Hi+HS) iHy—ieol + 5(H, — HY) (A.6)
—iHy +igol + 3(Hy — HYY) Hy—eol —3(H,+ HY) )7 v

we may rewrite Ae¢ in a concise manner:

Ae =6D-V+6D-QD+ O (6°). (A7)

The hermiticity of 2 ensures the realness of the quadratic term, and the
decomposition into real and imaginary parts, Q = RQ 4 i3€, leads finally to

Ae =06D-V +4§°D-ROQD + O (8%). (A.8)

The stability of the phase (A.1) in the parameter region R of the Hamil-
tonian (3.1) requires V = 0, as well as that the symmetric matrix R be
positive semidefinite!. Assuming that the above expansion can be extended
in a continuous manner beyond the parameter region R with the linear term

'If the phase breaks a continuous symmetry of the Hamiltonian, the eigenvectors of RQ
that can be associated with symmetry operations of the Hamiltonian will automatically
belong to the eigenvalue zero.
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still vanishing, one may look for a boundary across which one or more of
the eigenvalues of (2 change sign. Let us suppose that we have only one
such eigenvalue, we may then inject the corresponding eigenvector D; into
the expression (A.3) and push the expansion to the first non-vanishing order
at the boundary: if the resulting term contains an even power of § with a
positive coefficient, we may talk about an instability of second order with re-
spect to deformations along the vector Dy, and conclude that we have found
a second-order phase boundary?. If the eigenvalue that changes sign across
the boundary is p-fold degenerate, we may find a set of orthonormal eigen-
vectors belonging to this eigenvalue, {D;,7 = 1...p}, and inject an arbitrary
normalized real linear combination of the form > 7 ;D; into the expres-
sion (A.3): the coefficients of a subsequent series expansion with respect to
0 at the boundary will then depend on «; and instability issues therefore be-
come more complicated. We will only mention a simple case where the first
non-vanishing term is of fourth order in 6 and has a positive coefficient: if
the minimization of this coefficient with respect to «; yields a unique result,
the corresponding vector Y " | ;D; can be associated with the dominant
instability.

Let us briefly demonstrate the practical use of the stability analysis out-
lined above by considering the isotropic model (D = 0). The discussion at
the end of subsection 2.2.3 suggested that spins on a triangular lattice would
retain ferroquadrupolar order in a finite window above 9 = 37/2, however,
it did not reveal the true extent of the phase. Assuming that all directors
are parallel to the z axis, we have |[¢)g) = |z)|z)|z), and it is convenient to
choose |¢;1) = |z) and |1);0) = |y) for all i. Diagonalizing the matrix R for
¥ = 3w /2, we find that the eigenvalue zero is two-fold degenerate, and the
vectors

S ERP
V3TTVBTTYB

define a basis in the corresponding eigenspace. An arbitrary (normalized
and real) linear combination of these vectors corresponds to a simultaneous
rotation of the director axis on every site, and this deformation obviously
costs no energy. In other words, the zero eigenvalue that we found may sim-
ply be attributed to the symmetry-breaking nature of the ferroquadrupolar

0,0,0,0,0,0, O)

2We remind the reader again that we may not exclude on the basis of the present
method that a first-order phase transition occurs before we reach the proposed second-
order phase boundary.
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phase, and the corresponding eigenspace is two-dimensional since the com-
mon director may tilt in two independent directions. All other eigenvalues
of RQ are strictly positive for ¥ = 37/2, however, increasing the parameter
9, we find that a four-fold degenerate eigenvalue eventually changes sign at
¥ = 2m — arctan 2 &~ 1.657. The first six components of the corresponding
eigenvectors vanish, which means that dipole moments start developing in
the zy plane that is perpendicular to the directors. Injecting an arbitrary
eigenvector D into (A.3) and carrying out an expansion in ¢ at the proposed
phase boundary, we find that the first non-vanishing term is of order 6 and
its coefficient is positive, hence the transition is expected to be continuous.
Furthermore, it turns out that this coefficient is minimized only by eigenvec-
tors that correspond to a 120-degree ordering of the dipole moments, such
as the vector

V3

A numerical minimization of (3.5) confirms all of these predictions.

1
D=— (0,0, 0,0,0,0,0,—1, == ~ Y2 —) . (A.10)



Appendix B

Ground-state configurations of
the classical XX7Z model on the
triangular lattice

In this appendix, we derive analytically the ground-state configurations of
the model

HzJZ{(afaf%—afo?) + Aojoj}, (B.1)
(4,9

where J sets the energy scale, as well as the sign of the in-plane coupling,
A € [—00,400] is the anisotropy parameter, and the spins &; are classical
vectors of length |6;| = 1/2 defined on the sites of a triangular lattice. In
spite of the fact that this model has been studied extensively, we feel that
a complete and detailed analysis of all ground-state configurations is still
missing in the literature, and therefore we aim to present one in this appendix.
Naturally, our discussion will rely on earlier works [68, 69, 70, 71].

We may convince ourselves, using arguments similar to those presented
at the beginning of section 3.1, that it is a priori sufficient to consider the
minimization problem on a triangular plaquette, however, as a second step,
one has to examine whether setting the state on one triangular plaquette
leads to a unique ground state over the whole lattice. The energy of a three-
sublattice ordered configuration is given by

4F . .
57 = sin ¢4 sin¥s cos (1 — o) +
+ sin ¥y sin Y3 cos (s — p3) + (B.2)
+ sin ¥z sin ¥y cos (¢3 — p1) +

+ A (cos ¥y cos ¥y + cos ¥y cos Vg + cos 3 cos )
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where ¥; € [0,7], ¢; € [0,27] and sind; = /1 —cos??9; > 0. Note that
from the point of view of the physical interpretation of the configurations, it
poses no problem whatsoever to leave the variables {9;, ¢;} completely un-
constrained: this enables us to treat the energy (B.2) as a smooth periodic
function in all variables, which might only feature a minimum at stationary
points. Obviously, due to periodicity, it is then sufficient to solve the sta-
tionary equations in a domain {¥;,p;} € [—m, 7[. In the following, we will
use the notations s; = sin#; and ¢; = cosv; for brevity.

We begin our analysis by considering the case |A| — oo, where the in-
plane couplings can be neglected. Dividing the energy (B.2) by A, we have

4F

m = Ci1Cy + CoC3 + C3C1, (B?))

i. e. the dependence on the ¢; variables is suppressed. It is then straightfor-

ward to consider ¥J; as freely running variables and look for stationary points
. . o 4AE _ :

of the energy by solving the system of equations 39742 = 0 which can be

explicitly written as

s1(ca 4+ ¢3) =0,
82(03 —+ Cl) = 0, (B4)
=0.

s3(c1 + ¢2)

Taking into account the symmetry of reflection with respect to the xy plane,
as well as the fact that one may freely permute the three spins, we find the
following types of solutions:

s1 = s3 = s3 = 0: The spins are parallel to the z axis, ferromagnetic
configurations such as 117 have energy 4F/JL = 3A, while other con-
figurations such as 17| have energy —A.

Co + c3 = s9 = s3 = 0: Two antiparallel spins are fixed along the z axis,
while the third spin is arbitrary. The energy of this configuration is
—A.

Cy + c3 = c3 + ¢ = s3 = 0: These are configurations along the z axis of the
type TT] with energy —A.

Co+c3 =c3+c1 = c1+co =0: All spins are in the zy plane and the energy
1S zero.

We conclude that in the ferromagnetic case, i. e. JA < 0, all spins point in the
(positive or negative) z direction, while in the antiferromagnetic case JA > 0,
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two of the spins are fixed along the z axis in an antiparallel way, and the
third spin remains arbitrary. In this latter case, setting the spin configuration
on one triangular plaquette does not determine the configuration over the
whole lattice: in fact, similarly to the case of the Ising model, we are faced
with a macroscopic classical degeneracy and a non-vanishing entropy at zero
temperature.

Let us also give a brief reminder of the case of an isotropic exchange
coupling. Setting A = 1 enables us to rewrite the energy as

4F
JL

= 4(6152 + Gab3 + G301) = 2 (61 + Ga + 73)° —

, (B.5)

NN V]

and therefore we may easily deduce that in the ferromagnetic case (J < 0),
all three spins point in the same direction and the energy of the configuration
is 3, while for J > 0, the three spins are in a common plane subtending an
angle of 120 degrees with each other and the energy is —3/2.

In the following sections, we will consider an arbitrary anisotropy parame-
ter A €] — oo, +o00[ (however, we will assume A # 1) and derive all stationary
configurations that are possible candidates for minimizing the energy. The
discussion will naturally break into two parts, one where we treat the general
case of so-called “non-planar” configurations, and one where we investigate
“planar” configurations that feature all three spins in a common plane with
the z axis. At the end of this rather technical analysis, we will present the
phase diagram of the classical XX7 model. Finally, we will conclude the
appendix by discussing some peculiar features of the XXZ model in the case
of quantum spins.

B.1 Stationary “non-planar” configurations

Returning to the expression (B.2), we may note that the energy is invariant
under a simultaneous rotation of all three spins around the z axis, therefore
we may choose 1 = 0 without loss of generality. It will again prove useful
to consider all other angles as freely running variables: this way, one may
look for the energy minima simply by comparing the energy of all station-
ary points. Taking the derivatives with respect to o and @3, we find the
equations

$182 8IN g = —$9838in (Y2 — ©3)

. . = 5182 81N g = —S351 SIN Y3,
$381 8in 3 = S9838in (g — 3)
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while the derivatives with respect to 9; lead to the equations

c1 (52co8 g + s3C083) = Asy (ca + c3),
o (8108 g + 5308 (P2 — ¢3)) = Asa (e3 + ¢1), (B.6)
3 (89.cos (2 — 3) + 81 cosp3) = Asz (¢1 + ¢2) .

If we assume s; = 0, it follows that
0 = s9838in (w2 — p3) = 4 (0¥05 — 050y) = —4(d2 X 73)°, (B.7)

in other words, all three spins lie in a common plane with the z axis. Since
the cases s, = 0 and s3 = 0 yield similar results, and since we intend to
treat such “planar” configurations separately, we have to assume s;$383 # 0,
which allows us to rewrite the system of equations as

$181n g = —S3sin (902 - 803) )
$1.8in 3 = s sin (Y2 — p3),
S981n g = —S3sin (3,
89 COS (P2 + S3COS Y3 + S1
_ = A
¢l . c1=A(e +c3), (B.8)
51 COS g + S3 COS — +s
2L Y2 + 53 8(S02 ©3) 2_62:,4(034—61),
2
S9€O8 (g — +51c08p3+ S
cs 2 (902 (103) 1 #3 3 _ Cc3 = A (Cl + CQ) .

53

If we now assume sin ¢, sin pssin (@2 — p3) = 0, we find sin gy = sinps =
sin (g9 — 3) = 0 and we end up with “planar” configurations again. There-
fore, let us write sin g9 sin pssin (s — ¢3) # 0 instead, which leads to a
simplification in the last three equations: for instance, the fourth equation
features the expression

5 S Sin (o3 COS Wy — SN (s COS Y3 + sin _
22 COS g + 23 cospg + 1= #3 P2 P2 ¥3 (902 903> _
S1 S1

sin (w2 — 3)
= 0.
(B.9)
We find that the ¢; variables are solutions of the equation
1 A A C1
A1 A co | =0, (B.10)

A A1 C3
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and the ¢; angles can be derived with the help of the following identities:

51— 55— 83
= cos (p2 — ¢3)
25283
2 2 2
52— 52 —5
32 71— cos s, (B.11)
28182
53 — 55 — s
= COS 3

A trivial solution is given by ¢; = ¢o = ¢3 = 0: in this case, all three spins are
in the zy plane and, since s;s; cos (p; — ;) = —1/2, they show 120-degree
order with an energy value of —3/2. Noting that

1 A A
det | A 1 A | =(1-A)721+24), (B.12)

A A1
we may deduce that another type of solution exists for A = —1/2: in this case,
¢1 = ¢y = ¢3 = a is an arbitrary number in the interval | — 1, 1], furthermore
si8;cos (p; — ;) = —1/2(1 — a?), hence the spins form an umbrella around

the 2z axis and they show 120-degree order in the xy plane. The energy of
this configuration is given by
4F 3 3 3
— = (1-a}) -Za*=—-2 B.13
L~ ) gt =—g (B.13)

and the case o = 0 reproduces the solution found earlier for an arbitrary A.

B.2 Stationary “planar” configurations

Let us turn our attention now to configurations where all three spins lie in
a common plane with the z axis. Without loss of generality, we may set
©1 = g2 = p3 = 0 if we extend the interval of the variables ¥; to [—m, 7[.
The energy can then be written as

4F
JL
We may easily find the minimum in the special case A = 0: indeed, let

us consider ¥J; as freely running variables and introduce the variables ¥ =
7/2 — ¥;, then the energy assumes the simple form

= $189 + S9853 + 53851 + A (0162 + CoC3 + 0361) . (B14)

4F

Si ciCy + ches + cacl, (B.15)
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which is identical to the one we encountered for |A| — oo. All in all, we find
that in the ferromagnetic case, all spins point in the (positive or negative)
x direction, while in the antiferromagnetic case, two of the spins are fixed
along the z axis in an antiparallel way and the third spin remains arbitrary.
However, one may note that the energy of this latter configuration is higher
than that of the “non-planar” configuration featuring a 120-degree ordering
of the spins in the zy plane. We conclude that for A = 0, all three spins are
in the zy plane, and they show either ferromagnetic order (J < 0 case) or
120-degree order (J > 0 case).

Let us now consider the general case A # 0,1. Leaving the variables v;
unconstrained, we find the following equations for the stationary points:

C1 (82 4+ 83) = ASl (CQ + Cg) y
Co (53 + 51) = ASQ (Cg + Cl) y (B16>
C3 (81 + Sg) = A83 (Cl + 62) .

It would be sufficient to solve this system of equations in the interval ¥; €
[—7, w[, however, this is a non-trivial task due to the fact that the three ¥J;
variables appear both through sine and cosine functions, i. e. one effectively
has to treat six variables with three constraints of the type s?+c? = 1 between
them. We may introduce the function tan (¥;/2) and use the formulae

2tan %
sin; = 5
1 + tan? &
2 (B.17)
1— tan* % '
cos; = =
14 tan® %

in order to satisfy the constraints automatically, however, we have to keep
in mind that the case where any of the 1J; variables becomes —m can not be
treated this way. Let us employ the notation ¢; = tan (¢;/2) for brevity, then
we may rewrite the stationary equations as

(14 tats) ((1 — t])(t2 + t3) — 2At1(1 — tat3)) =0,
(L4 tst1) ((1 — t3)(t3 + t1) — 2At5(1 — t3t1)) =0, (B.18)
(L4 tita) (1 — £3)(t1 + t2) — 2A4t5(1 — t1t5)) = 0.

We can easily convince ourselves that demanding that the first term disap-
pear in all three equations yields complex solutions, let us first assume there-
fore that the second term vanishes in the first equation, while the first term
vanishes in the other two equations: in that case we find t3 = to = —1/t;, fur-
thermore (t3 —1)(1—A) = 0. We conclude that for an arbitrary A there exist
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stationary configurations with energy —1, where the spins are fixed along the
x axis in an 17| arrangement. On the other hand, if we assume that the first
term vanishes in the first equation, while the second term vanishes in the
other two, we find the equations

tots = —1,
(=Dt3(1 —t3 —24) = t,(1 — 15 + 2A¢t3), (B.19)
titg(1 —t2 —2A4) =1 — 2 4 2At2,

which can be shown to possess only complex solutions. Finally, we are left
with the case where the second term disappears in all three equations'. We
find the following stationary configurations:

t; = ty = t3 = 0: Ferromagnetic alignment along the z axis. The energy of
this configuration is given by 4F/JL = 3A.

t; =ty = t3 = £1: Ferromagnetic alignment along the x axis. This config-
uration has an energy value of 3.

t1 =0,ty = —t3 = £/1 + 2A, for A > —1/2: This configuration has energy

4F 1+ A+ A2
A S (B.20)
JL 1+ A

and it may describe for instance a continuous transition between a 120-
degree ordering of the spins with one spin pointing in the z direction
(A —17), and an T]] configuration along the z axis (A — 00).

t; = +1, and the other two variables are given by t; (—1 —A+V2A+ Az),
for A < —2 and A > 0: The energy of this configuration is given by
(B.20). This arrangement of spins is suitable for a continuous interpola-
tion between states where one spin is pointing in the x direction and the
other two spins are either adjusted to form 120-degree order (A — 17),
or they have closed up onto the z axis in an antiparallel way. Another
physically interesting domain of anisotropy is A €] — 2, —oo|, where we
find a transition between a ferromagnetic configuration along the x axis
(A — —27) and a configuration where one of the spins is unchanged,
but the other two form an 1| pair along the z axis (A — —00).

'While a complete analytical solution exists for this case, it is cumbersome to derive.
We employed the Reduce function of Mathematica 7.0 for this purpose.
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one-parameter degeneracy : As long as t; # 0,41, furthermore t3(1 +
2A) # 1, and the expressions

t2(1+2A4) -1

(B.21)

with
p(t1) =1+ 2A +t](4A" + 8A® —4A —2) +t](1 +24)  (B.22)

remain real, the parameter ¢; may be arbitrarily chosen. The other
two variables are given by (B.21), and the energy of each resulting
configuration is (B.20). An analysis of the polynomial p(t;) in the
square root reveals that the degenerate solution exists for A < —2 and
A > —1/2. Tt is particularly interesting to note that for A < —2, one
may choose ¢} from the domain [t2,¢2], where

2 1424 — 443 — 24 £2,/(A+ A2)3(A+ A2 —2)

(B.23)
+ 1+2A ’

and choosing either of the two extreme values corresponds to a transi-
tion between a ferromagnetic configuration along the x axis (A — —27)
and a configuration where the three spins feature an 17| or an T|] ar-
rangement along the z axis (A — —o0). In fact, p(¢;) vanishes in both
cases, which implies that ¢, = t3, and choosing furthermore ¢+ > 0, one
may easily verify that

bt = to(ty =t )ta(ty = t_) = t3(ty = t )ts(ty =t_) =1, (B.24)

i. e. the two configurations are related to each other via reflection with
respect to the zy plane.

We conclude our discussion on “planar” states by solving the set of equa-
tions (B.16) in the case where one of the variables, say ¥, is set to —m. The
equations are simplified as follows:

So + S3 = O,
CoS3 — ASQ (Cg - ].) y (B25)
389 = Asz (o2 — 1).

A set of solutions is given by s; = s3 = 0, which corresponds to an ar-
rangement where all three spins are fixed along the z axis: ferromagnetic
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configurations such as ||| have energy 3A, while other configurations such
as ||T have energy —A. On the other hand, assuming sss3 # 0 and switch-
ing to the variables to = tan (J/2) and t3 = tan(J3/2), we may rewrite
our system of equations and find a stable configuration for A > —1/2 with
ty = —t3 = £1/4/1+ 2A. Note however that this latter configuration has
already occurred in our calculations, as reflecting it with respect to the xy
plane corresponds to a ¥; — m — 1J; transformation, therefore we may easily
recover the solution {t; = 0,1ty = —t3 = £v/1 + 2A} found earlier.

B.3 Ground-state configurations

A comparison of the energies of all stationary configurations gives the ground-
state phase diagram of the model (B.1). In order to facilitate the use of these
results in the main text, let us redefine the coupling constants:

H = J’Z {2sin? (070§ 4 o¥0?) +
(4,3)

+(4cos?) —2sind)ojo} |,

(B.26)

where J' > 0 and ¥ € [0, 27]. The ground-state energy is plotted as a func-
tion of ¥ in figure B.1. We find the following ground-state configurations:

¥ = 0: For each triangle, two of the spins are fixed along the z axis in an an-
tiparallel way, while the third spin is arbitrary. There is a macroscopic
degeneracy in the ground-state manifold.

0 < ¢ < m/4: In addition to the symmetry of rotations around the z axis,
there is a continuous one-parameter degeneracy present. In a three-
sublattice ordered state, one of the sublattices may feature a completely
arbitrary spin, while the spins on the other two sublattices are adjusted
so that all spins lie in a common plane with the z axis®. This degen-
eracy is referred to as “non-trivial”, because it does not correspond
to symmetry operations of the XXZ model*. In figure B.2, we show

2We will use the notation § = 27 — arctan 2 ~ 1.657 that was introduced in the main
text.

3In fact, this parameter region of ¥ corresponds to A > 1, i. e. all coefficients of the
polynomial (B.22) are strictly positive and ¢; may be chosen arbitrarily. One may check
that the limits ¢t; — 0,41 — £1,¢; — +1/v/1 4 24 and ¢t; — £oo of the expression (B.21)
make sense and reproduce expected solutions.

4The classical J;-Jo Heisenberg model on the square lattice also features a non-trivial
degeneracy in the ground-state manifold for J5/J; > 1/2.
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tan~1(4) P = ] 2n

IS

Figure B.1: Ground-state energy of the classical XXZ model on the triangular
lattice. Ferromagnetic configurations along the z axis and in the zy plane
are represented by blue and purple curves, respectively, while the green curve
corresponds to a 120-degree ordering of the spins in the xy plane. The energy
curve of phases featuring a non-trivial continuous degeneracy has red colour.
The ground state is ferromagnetic between the points arctan4 =~ 0.47 and
0 ~ 1.657.

Figure B.2: Symmetric “planar” configurations for 0 < ¢ < w/4. The angle
a () decreases (increases) as we move away from the ¥ = 7 /4 point.

Figure B.3: “Planar” configurations for 0 < ¢ < 2w. The angles v and ¢
increase as we move away from the ' = 6 point.
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symmetric “planar” configurations where one of the spins is kept fixed
either along the z axis or in the zy plane, while the other two spins are
reflections of each other with respect to the first spin.

¥ = 7 /4: The spins form 120-degree order in an arbitrary plane.

m/4 < ¥ < arctan4 = 0.4m: The spins form 120-degree order in the zy
plane.

¥ = arctan 4: We find a continuous degeneracy associated with an umbrella
configuration around the z axis that interpolates between a 120-degree
ordering of spins in the xy plane and a ferromagnetic alignment along
the z axis.

arctan4 < 9" < 5m/4: Ferromagnetic configuration along the z axis.
¥ = br/4: Ferromagnetic configuration along an arbitrary axis.
br/4 < 9 < 0: Ferromagnetic alignment in the xy plane.

0 < ¥ < 27 A non-trivial one-parameter degeneracy allows for, among
other states, a particular “planar” configuration where two of the spins
coincide. We find furthermore a symmetric “planar” configuration
where one of the spins is kept fixed in the zy plane, while the other
two are reflections of each other with respect to it. See figure B.3.

B.4 Quantum effects in the XXZ model

We conclude this appendix with a discussion on the way quantum effects
restore the discrete degeneracy of the XXZ Hamiltonian. Linear spin wave
theory reveals that quantum fluctuations lift the non-trivial continuous de-
generacy that the model (B.1) exhibits in the (J > 0, A > 1) region, via an
“order-by-disorder” mechanism [71, 72]: the selected configurations are the
symmetric ones with one of the spins pointing along the z axis (see figure
B.2). This fluctuation effect can be conveniently modeled [71] by introducing
a phenomenological biquadratic exchange of the form

H' =-16xY_(6:5;), (B.27)
(i.5)
which gives rise to an energy term
El

/i_L = —(8182 + 0102)2 — (8283 —+ 0203)2 — (8381 + 0361)2. (B28)
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Figure B.4: Energy of the biquadratic exchange as a function of the param-
eter ¢; for A = 1.05. The minima (maxima) correspond to symmetric spin
configurations where one of the spins points along the z axis (is kept fixed in
the zy plane).

One may express this energy with the help of the familiar variables t; =
tan (9;/2) and eliminate t5 and t3 using (B.21). For a given anisotropy pa-
rameter A > 1, the resulting expression will depend on ¢, which leads to a
lift of the one-parameter degeneracy. We find that all extrema correspond to
symmetric configurations, and for £ > 0 the minima (maxima) will feature a
spin pointing along the z axis (kept fixed in the zy plane). More precisely,
for t; > 0, the minima are attained at t; =0, t; = 1/v/1 + 24, t; = V1 + 24
and in the t; — oo limit, the maxima are located at t; = 1+ A — /24 + A2,
ti=1and t; =14+ A+ V2A 4+ A2, and the width of the energy curve is
2(A—1)3/(A+1)3 In figure B.4, we show the dependence of the energy on
the parameter t; for A = 1.05. Interestingly enough, thermal selection takes
place beyond the order of harmonic excitations, and it favours a different sub-
set of the ground-state manifold [71], namely the symmetric configurations
with one of the spins kept fixed in the zy plane (see figure B.2).

A semi-classical treatment is appropriate to account for small fluctuations
around classical ground states, however, the extreme quantum case of the
model (B.1), where the on-site objects &; are spins one-half, is also well-
studied in the literature. In particular, a hard-core boson representation
of the local spins is often employed: the spin operators are expressed as
o = a;', 0; = a; and 07 = n; — 1/2, and the XXZ Hamiltonian (B.1) is

7
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rewritten as

H=> {-t(ala; +a;\a;) +V (n; — 1/2) (n; = 1/2)} , (B.29)
(6.3)

where t = —J/2 and V = JA. Ordering of the z component of the spins at
a non-zero wavevector translates into solid order (diagonal long-range order)
in the bosonic language, while spin order in the xy plane corresponds to
superfluidity (off-diagonal long-range order). Since we are mainly interested
in the parameter regions where the classical model features a non-trivial
degeneracy, we may restrict ourselves to a repulsive bosonic interaction (V' >
0), however, we allow both for a non-frustrated (¢ > 0) and a frustrated
(t < 0) hopping term. For the latter case, Quantum Monte Carlo simulations
are faced with the infamous sign problem, but other sophisticated techniques
[73, 74, 75] have revealed the presence of a robust v/3x /3 supersolid phase in
the region —1 < 2¢/V < 0. Crystal order is of the type (2m,+9, —m., —m.),
i. e. there is a small spontaneous magnetization along the z axis in the spin
model, while the structure of superfluid order is (0,m,, —m ). Both ¢ and
m, become more pronounced when the interaction strength V' is increased,
superfluid order on the other hand, while it can be shown to persist in the
V' — oo limit, becomes gradually suppressed. It is interesting to note that
the semi-classical picture we discussed earlier is actually consistent with a
number of these features. When the hopping term is unfrustrated, Quantum
Monte Carlo methods are available, and several studies [76, 77, 78, 79] have
shown that a distinct v/3 x v/3 supersolid emerges from the large-t superfluid
phase when the hopping amplitude is sufficiently low, ¢t/V ~ 0.1, and it
persists down to arbitrarily small values of ¢/V. While crystal order is the
same as in the frustrated case, and there is again a small density deviation
from half-filling, superfluid order is of the type (m ,m/ ,m’/ ). We note that
the fact that two of the three sublattices behave identically is reminiscent of
the classical “planar” configuration in the left-hand side of figure B.3.
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