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Abstract: An account of symmetry is very fruitful in studies of quantum spin systems.
In the present paper we demonstrate how to use the spin SU(2) and the point symmetries
in optimization of the theoretical condensed matter tools: the exact diagonalization, the
renormalization group approach, the cluster perturbation theory. We apply the methods
for study of Bose-Einstein condensation in dimerized antiferromagnets, for investigations

of magnetization processes and magnetocaloric effect in quantum ferrimagnetic chain.
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Anything that works well will be used in progressively
more challenging applications until it fails.

Generalized Peter principle.
1. Introduction

First treatments of symmetry of magnetic materials started in the 1950s were based on a rather
straightforward expansion of crystallographic space groups, taking into account the antisymmetric
operations introduced in Heesch’s pioneer work [1]. An observation that a symmetry of magnetic
materials is related with a crystallographic lattice as well as with a mutual orientation of magnetic
moments results in Shubnikov’s theory of ”‘black-white” symmetry [2]. In the theory, the list of
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elementary symmetry operations, namely rotations and mirror rotations, is expanded by the operation
of spin inversion R, which changes a spin direction to an opposite one. Building closed group sets from
this extended list one recover point magnetic groups, magnetic lattices and space magnetic groups [3—6].

By the beginning of 70s it was realized that Shubnikov’s groups are not sufficient to describe
symmetry of magnets due to the following limitations [7]. (i) Sometimes, Shubnikov’s groups
overestimate a number of basic spin vectors, i.e., give incomplete symmetry description since some
symmetry operations are missed (like in the case of CrCly). (ii) In general, atomic and magnetic
structures can not be simultaneously described by a given Shubnikov’s group. The Landau-Lifshitz’s
relationship between the magnetic M and space G groups [4], G = limy/_,; M, is violated in some cases,
for example, in a-Fe with a ferromagnetic order. (iii) Magnets with a spiral magnetic order are out of
scope of the Shoubnikov’s groups. It concerns as well partially ordered magnetic structures (for example,
longitudinal spin-wave order) and textures with modulated magnetic moments.

Despite that the concept of color magnetic groups [8] enables to overcome these problems,
alternative theoretical schemes invoking no special magnetic groups turn out to be more fruitful. A
systematic analysis of magnetic structures in crystals based on representation theory of space groups
has been developed by Izyumov and Naish [9]. The theory uses the basic assumption of Landau’s
symmetry theory of phase transitions, namely, a phase transition to the low-symmetry phase occurs
according to one of irreducible representations of the high-symmetry (paramagnetic) phase [10]. The
subsequent steps of the theoretical approach may be sketched as follows. (i) Given the wave vector of
magnetic structure, usually determined from neutron magnetic scattering data, one find the reducible
magnetic representation of the space group built from localized pseudovector atomic functions. These
pseudovectors correspond to atomic local moments. (ii) The reducible magnetic representation is
expanded over irreducible representations of the given space group. (iii) Basic functions of the
constituent irreducible representations of the space group built from localized pseudovector atomic
functions realize possible magnetic structures in the low-symmetry phase.

In all the above theoretical schemes, the atomic spin (magnetic moment) is considered as an axial
classical vector (not as a quantum mechanical operator) with a given orientation in the crystallographic
frame. Quantum mechanical realization of Shubnikov’s ”‘black-white” groups can be reached within
Wigner’s corepresentation theory [11], where the spin inversion operator R is replaced for the time
inverse non-unitary operator 0. A magnetic symmetry group includes both unitary and non-unitary
operators [12]. In this case, an application of the group theory methods is based on the usual theorems
provided all representations are substituted for corepresentations. The approach turns out to be effective
for symmetry classifications of excitons in the antiferromagnetically ordered molecular crystals [13,14].

Although there is a principle difference between the group theory methods discussed above, some of
them use the magnetic cell concept whereas others operate a chemical cell, all these schemes assume
an existence of long-range magnetic order. The assumption is valid as long as quantum effects are
ignored. However, the quantum fluctuations are noticeable even in the case of three-dimensional
antiferromagnets, where they lead to a reducing of spin projections onto a quantization axis. In one-
(1D) and two-dimensional (2D) magnetic systems the fluctuations begin to dominate and destroy a
long-range order (Mermin-Wagner theorem) [15]. In addition, in many cases an intrinsic symmetry

of low-dimensional systems can not be described by the one-site order parameter (local moment) and
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more complex mathematical forms are needed to feature a possible magnetic ordering (for example,
in dimerized spin chains and 2D systems with a hidden scalar chirality). As well we note that
Izyumov-Naish’s method is based on Landau’s theory of second order phase transitions, which are absent
in 1D and 2D magnetic systems.

An interest in low-dimensional magnetic systems has not calmed down over the last 30 years. Being
initially stipulated by Haldane’s conjecture for integer-spin chains [16] and the discovery of HTSCs
with layered structures [17], it is nowadays supported by impressive progress in a chemical design
of low-dimensional magnetic materials including single molecule magnets, single chain magnets, spin
ladders etc. [18]. An adaptation of the group theory methods to the more challenging applications is
highly required.

A constructive way, in our opinion, is to use the spin-rotational SU (2) and the point-group symmetries
in a combination with numerical methods which have been developed in the past. Besides an invoking of
the symmetries results in an obvious reduction of computational requirements, i.e., a need of hardware
resources and computation time, an additional classification of quantum states elevates the symmetry
adapted methods in studies of physical phenomena.

Numerical standard methods in the field, such as quantum Monte-Carlo (QMC), exact diagonalization
(ED) [17], and density matrix renormalization group (DMRG) [19] are able to give essentially exact
results on limited size systems and form a versatile methodological triad in simulations of model
Hamiltonians. Even though these techniques have had spectacular successes in calculating ground state
energies and many other properties of 1D and 2D quantum spin systems [20-23] there is a problem with
an utilizing of symmetries and good quantum numbers of the Hamiltonian, which may be exploited to
thin out Hilbert space by decomposing it into a sum of sectors. Common symmetries and conservation
laws encountered in spin systems are: (i) Ising or XY symmetry (magnetization conservation
Sf,=const); (ii) point group symmetry (parity, angular momentum conserved); (iii) full SU(2)
symmetry (S2, conserved). Among these symmetries only the first is usually exploited in numerical
calculations. The full SU(2) spin symmetry is rather hard to implement, since it requires efforts similar
to the diagonalization of the actual Hamiltonian to construct the eigenstates of S3,. An implementation
of nonabelian SU(2) spin symmetry based on Clebsch-Gordan transformations and elimination of
quantum numbers via the Wigner-Eckart theorem was performed for the interaction round a face (IRF)
models in the framework of the IRF-DMRG method [24]. This technique has been successfully applied
to the spin-1/2 Heisenberg chain and, later, to the spin 1 and 2 Heisenberg chains [25]. The performant
DMRG method conserving a total spin quantum number has been suggested by McCulloch and
Gulasci [26,27]. An application of SU(2) symmetries for the matrix product method (MPM) closely
related to the DMRG [28,29] gives a rotationally invariant formulation valid for spin chains and
ladders [29,30]. Along these lines much efforts has been put into the development of an efficient
numerical diagonalization technique in an area of magnetism of single molecule magnets. The using of
the irreducible tensor operator approach based on the spin SU (2) symmetry have proved its effectiveness
in an evaluation of the energy levels, thermodynamic and spectroscopic properties of high-nuclearity
metal clusters [31-33].

As for the lattice point symmetry, only few attempts have been undertaken to combine the full

spin rotational symmetry with point-group symmetries, and these applications are mostly limited by
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magnetic molecules [34,35]. An implemention of this symmetry leads to an additional reducing of
the dimensionality of the problem and yields a labeling of energy levels needed for spectroscopic
classification. The energy levels are enumerated by the values of the total spin as well as by an irreducible
representation (irrep) of the cluster point group. Such a classification can be done if the Hamiltonian
remains invariant under certain permutations of spin centers dictated by the point-group symmetry of
the molecule. The point group symmetry in high-nuclearity spin clusters is more general since it is
applicable to any arbitrary spin Hamiltonian whereas the SU(2) spin symmetry may be exploited only
for isotropic spin Hamiltonians.

The aim of the paper is to illustrate how the symmetry concepts can be applied to the study of
the many-body magnetic systems and what the main advantages are that one can gain. The infinite
systems, namely, the spin-1/2 antiferromagnet on a two-dimensional square lattice, the two-dimensional
dimerized spin system, the spin-1/2 chains with alternative exchange and the ferrimagnetic chain,
are chosen to illustrate the approaches and methodology in problems related with low-dimensional
magnetism such as an optimization of renormalization group (RG) scheme (Section 2), studies of
magnetocaloric effect (MCE) (Section 3) and magnetization processes (Section 4), Bose-Einstein
condensation (BEC) in dimerized spin systems (Section 4) and elementary excitations in spin

chains (Section 5).
2. Two-Dimensional Isotropic Heisenberg Spin-s System

A numerous modifications of the DMRG are originated from the pioneering work by White [19,36].
These methods were used to solve many problems that would have been intractable with any other
approaches. The DMRG was originally formulated from the renormalization group language of Wilson’s
numerical RG [37,38]. Below we present a finite cluster solver based on real-space renormalization
group (RSRG) scheme which allows to exploit both the continuous nonabelian SU(2) symmetry and
discrete symmetry of the lattice point group in application to isotropic two-dimensional spin-S systems.
As an example illustrating features of our method we consider the spin-1/2 Heisenberg antiferromagnet
on a square lattice. The treatment begins by dividing a cluster into a central spin and its environment. In
the course of RSRG iterations the environment increases and it is determined how coupling between the
central spin and the environment varies.

In the first step one must identify the cluster. Care should be taken to ensure that the cluster
has the same point-group symmetry as the lattice. A calculation of non-frustrated antiferromagnetic
systems requires bipartite environment of the central site since a choice of the non-bipartite environment
deteriorates an accuracy [39] (the case of this violation will be illustrated in the example of the cluster
V/13 x v/13). For frustrated systems, when one cannot operate a biparticity, the method holds relevance
if the frustrating interactions possess SU(2) symmetry.

The cluster Hamiltonian

H=JYS,8 s=H,+V (1)

né

+&

is composed of the term V=JS% §0 .5 describing interactions of the central spin So with the nearest
5

neighbors at distances 5 and rest terms denoted as the Hamiltonian of the “environment” ]:[u Since,
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by construction, the cluster retains a lattice point symmetry, its states |¢SMT u) with the energies E;sr
are labeled by the cluster total spin S with the third component M and by the irreducible representation
I'1e of the cluster point group. Different states with the same values SM and Fu are distinguished by

the index :. In addition we need to consider the operator Om1 =2 (So n 5) as a double irreducible
§

tensor which transforms according to identity representation A;. The same arguments enable us to use
the irreducible form of the central spin operator (So) (So)lA1 The part V may be written as the inner

product
A A 0A
V JZ 1 11 11 (So)lAl Ol_jgi = |:(S )1141 01A1i|011 ,
A A A . . .
where L1 1| T 1 is the Clebsch-Gordan coefficient of the cluster point group [40].

Let us suppose that we have found the eigenvalues E; ¢ r, and the eigenstates of the environment
Hamiltonian H,, in the form |1 SuMyUypiy). The basis functions of the full cluster are obtained by the
addition rule of spin angular momentum

Sy s S
i s Hou) %MuJM i pu) |50) (2)
where |...] is a Clebsch-Gordan coefficient, hereinafter we use that of given [41], and |so) is the wave

function of the central spin. Since the state |so) is invariant under all transformations of the point
symmetry group, the cluster basis functions transform like that of the environment according to the same
irreducible representations.

The calculation of matrix elements for the Hamiltonian (1) with the help of the Wigner-Eckart’s
theorem yields (see Appendix A [39])

(iuSuT s 53 SMTupu | H

iLS'T s S'MT >

’ Su S S
= z'uSuFu5z‘u,iz,,5Su,sa5Fu,ra,5uu,u;5s,s'5M,M'+J(—1)S“+S+l/2{ s S 1 }55’SI§M’M,
x (s |1sl] 5) (iuSulw || O | 7,817, ) Or, 1, Oy, 3)

where {...} is a 6j-symbol. The first RME is (s|s]| s) = \/s(s +1)(2s + 1) and the latter may be
obtained if the environment eigenstates are known (see subsection A). The energy per bond is then
calculated as

zSFu
zuSuFu

EiST, = i ( iST, — Z Ei,s,r., 2) - i (EiSI‘u - <Ez(§?z)>) , 4)

where 2 is the number of nearest—nelghbors of the central spin. The eigenfunctions

iSMTp) = 3 8%, r, [iwSul's 8 SMTp) . (T = T (5)
iuSu

and the energy levels F;sr are determined by direct diagonalization of the cluster Hamiltonian H

[Equation (3)]. The values ¢;sr should be regarded as an approximation of the energy spectrum in
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the thermodynamical limit, whereas the energy E;sr divided per bond number is much less appropriate
for this.

It is important to note that from Equation (3) it follows that to build the cluster target state |¢.SMT'u)
we need only to know the states |i,,S,, M, ', 1, ) of the environment with the quantum numbers |.S — s| <
Sy < S+sandyp, =Tp.

The most important quantity typically measured in numerical simulations is the ground-state
staggered magnetization M,.. The quantum mechanical observable for z-projection of the central spin is
given as follows

25 + 1 , 2] S 1 S
SMTp|SE|iSMTp) = (1) py | 22— —1)5| 358
(iSMTp|S§[iSMTp) = (—1) SIS 11 )<||S|| >Zu§S:u( )" s Y S s [
(6)

where the identity (see B.3 [39]) is used. The staggered magnetization M. is determined as

M? = lim 3|(S*(R)S*(0))],

|B| o0

where factor 3 arises from rotational symmetry in spin space. At long distances ‘<SZ(§)SZ(O)>‘ R~
(5#(0))* that yields our estimate of the full root-mean-square staggered magnetization per
spin M, = /3 (Sg)”.

According to Equation (A.1 [39]), spin-correlation function in the states of A;-symmetry, the ground
state symmetry as shown below, is determined as

(iSM A, iISMA,) = ; (iSMA; | $yS;|isMAy)

oAl s ’ Su S S
,S,) (1) *“S"{ e } (7)

S22

> Y BB, (s IISIls) (iuS.

StA (7”])
3Zf inSu i, S,

where 2z is the lattice coordination number. In this calculation it is convenient to introduce the double
irreducible tensor Sji* (r;) = ¥, (Sj); summing spins at distance r;, which transforms according to
identity representation A;. One can see that OlA1 = S5 (0).

As mentioned above, the lattice point-group symmetry should be conserved with increasing cluster
size. The requirement is put into a practical computational scheme by the following algorithm: (i) At
step IV we have the eigenvalues E( s) r, and eigenvectors |iuSumuFu,uu>( N) of the environment. Make
a regular symmetry conserving expansion in the cluster size by adding sites from the next coordination
shell. (ii) Using a scheme of coupling of angular momenta we build the set |i;Sym;) of states with total
spin Sy and third component m; for the part that is being attached to the environment. The index i,
labels other possible quantum numbers. (iii) In general case, these functions form a basis of reducible
representation of the cluster point group. Based on the projection operator technique, one build basic
functions |i;.Sym;';p;) transforming according to irreducible representations I';zi;. (iv) Using a scheme
of coupling of angular momenta build a new set |i;.S;m i Srymyr; Sumyoypey) (N+1) of states associated
to the extended environment, where the notation |i;; S m L) = |iuSumuFu,uu>( ) is introduced.

An interaction between the N-th step environment and the part added to it can be conveniently written
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through the irreducible tensors U'*” and W17 built from spin operators of the ~old” and “new” added

parts, respectively,

Ultwwltow

—qu

P> SIS

tuto YW v.v

The indices t,t, label different tensors of the same symmetry. The matrix elements of the extended
(N + 1)-th step environment is

. . ) y / (N)
(irSrmrirrSirmir; Sumalupty | Hou| 7 SymlpipSpymiy; Sym Uypn,) = E; oy 0808, Omuym, 00, 1, Opu

/ S S Su
+J S F (DT T T T ) (—1)Srtstsa § 20 21
) S S 1

X <i]S]F[ HUMI’Y

#ySTy) (igrSp Ty ||t

Sl ®

The derivation of Equation (8), the definition of the /' sums from Clebsch-Gordan coefficients of the
point group, and the RMEs of the operators involved in Equation (8) are given in Appendix A and
Appendix B [39], respectively.

At final step, we diagonalize (8) and find the eigenvalues Efﬁj%l and eigenvectors

tuSul'y
‘Z“S my I’ “'uu (N+1) ZalISIFIZHSHFH

St S Su

myp Mmpr My

Iy Iy Ty
M1 Hir My

lirStmulrpr) lirrSrrmarlrrperr) -

The iteration is closed by recalculating RMEs of the irreducible tensors W17 in the basis of the
extended environment (see Appendix A). Note that following the scheme we will in some cases form

intermediate clusters, unsuitable for calculations of local results, with a non-bipartite environment.
An example: spin-1/2 antiferromagnet on a square lattice

The spin-half antiferromagnet on a square lattice represents an optimal playground to study the
strength and limitations of the method. To implement the algorithm, we need first to build wave functions
of the environment which are predetermined by the lattice point symmetry.

To perform calculations we start with the cluster of minimal size V5 x /5. The sequence of clusters
involved in the calculations are shown in Figure 1. Within the smallest cluster, the central spin interacts
with the nearest environment consisting of the spins S,,, Sg,,55,,5,,. The spin wave functions of the

environment with the total spin number S, and the third component M, may be written as follows

11 11

55(‘9&1&)55(5’717]1)5 M, >

1/2 1/2 Soqﬁl

Moy Mpy Maypy

Soqﬂd S’Yl"]l Su

My My Moy Moy Moy Mu

- x =

May MGy My My May B5Myym

[ 1/2 1/2 Sy

X |1/ 2ma, ) [1/2mg, ) [1/2me, ) [1/2my,) .

In such a description, all allowed configurations are comprised by a set |00;00), |11;00), |01;1M),
105 1M), )

), where we have dropped the spin 1/2 arguments for notation convenience.
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Figure 1. Clusters used in the calculations.

It is easy to see that the functions [S,,s, S5, ; SuM,) form (in common case) a basis of reducible

representation of the group D, (for details see Appendix C [39])

~ Su ~
g ‘Sm&s’yml; SUMU> - Dg" ) 5%y my Say B Svim <g)

aiB1"v1m?

L8 -SuMu>.

a1y

The matrices Dgf,l, (g) (the upper index denotes the spin S,) with the multiindex x = {S,,3, Sy, | are
readily determined and read

" 10
D2(E) = D (CF) = Du(o,) = Do) = ( 0 ) ,

—V/3/2  —1/2

The functions |00; 00), |11; 00) form a basis of this two-dimensional representation. Still another

DY(Cy) = DEL(CY) = DO (C5) = DOL(CF) = ( 12 V2 ) .

representation of D, can be generated by means of the functions [01; 1M), [10; 1M) and |11; 1 M)

100 —1/2  —1/2 1/V2
DY (Ey=]0 10|, DULCH=| 12 -1/2 -1/v2 |,

00 1 —1/vV2 1/vV2 0

01 0 —1/2 —1/2 —1/V2
DLC) =110 0 |, DLCH=|-1/2 -1/2 1v2 |,

00 —1 1/v2 —-1/vV2 0

/2 1/2  1/V2 /2 1/2 —1/V2
DG =| 12 12 -1V2 |, DOLCH=| 12 12 V2 |,

1/vV2 —1/vV2 0 ~1/vV/2 1/vV2 0
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1 0 0 0 -1 0
D=0 -1 0|, De)=|-1 0 o0
0 0 1 0 0 -1

In a similar way we find the matrices D'?) (§) in the basis |11; 2M/)

R,y

D) (g) =1 (Vg € Dy).

KK

The representations D) are the direct sums of the irreducible representations D(© = D041) g D(0Bz2)
DM = pDUB) g pUE) D) — DA The basis functions of these irreducible representations are

given by a similarity transformation

1S, My, Ty = S T 1S S s Sy ©9)

Saq 8y Syiny i Lr
S@1B1 WSyim

(Sw) 7 . . ..
oy Sy T = TSal 51 Sy Su'sSulutin ds,,s: found with the aid of the projection-operator

technique reads (for details see Appendix D [39])

and the matrix 7'

00; Ay 1) |00; Bol) |1M;B1) |1M;E1) |1M;E2) |2M; A1)

00;00) V3 L 0 0 0 0
11;00)  —1L K 0 0 0 0
01; 1M) 0 0 7 3 3 0
|10; 1M) 0 0 NG -3 -3 0
|11;1M) 0 0 0 NG -7 0
11;2M) 0 0 0 0 0 1

Given the environment eigenfunctions |S,M,; ', u,) with the eigenvalues Es,r,, the RMEs of the
double irreducible tensor O = S, + Sz + S, + S, can be computed straightforwardly using
the Wigner-Eckart theorem and the similarity transformation (9)

~ I T
v oWop

*

(srfor]sm)

— Z Z Ts*lgS34S;SFMTS£25§4S';S’F/M' <512534; S HOLL 512Sé47 S’> ’ (10)

S12,534 15,55,
where the indices a1, (31, 71, n1 are correspondingly denoted by the numbers 1-4.
To calculate the RME that comes into the right-hand side of Equation (10) one has to rewrite O;Z

through the spin operators and employ their expressions for the RMEs of the spin operators

(S1234; S [|S1]] Sj5Sha; S") = (—1) ! Tttt (g gr) 5 51
o N SV CT TR (an
1/2 1/2 1/2 Sio Szs Siy
<SIQS34§ S HS2H 512 34; S/> _ (_1)1+2512+S34+5’ [5127512757 S/]1/2

Sy 1 Sip s 1 S
1/2||S||1/2) ds., 57 » 12
x{ 1/2 1/2 1/2 }{ Sis Ss S, }< /21511/2) S34,54, (12)
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(S12834; S [|S5]| S1pShys S) = (—1)FHETS [y, g1, S, 912

3 1 S s 1 S
1/2|S|]1/2) 6 y 13
X{ 1/2 1/2 1/2 Ss4 Sio 354 < / H H / > S12,5759 (13)

(12534 S [|Sa]] Sj5Sh4; ") = (—1) ! FHFSatSatS g, g S, 512

Sz 1 Su S 1 S
1/21|S]/1/2) dg,, s . 14
x{ 1/2 1/2 1/2 }{ Sy S Sh, }</ 15]11/2) 512,51, (14)

Since the operator O'41 coincides with that of the environment total spin S, it turns out that the

01A1

matrix elements <SuFu

S;F;> are diagonal

<Su1“u o4

SLT%) = /Su(Su + 1)(28, + 1)ds, 5, 0r..1v,

As a consequence, one may check that this property holds for the Hamiltonian of the total cluster

<Sufu; ;; SMT 1ty

. 1
H) ST 5 S’M’r;u;>

u-u

/ S, 1/2 S 3
= J(—1>5“+S+1/2 { 1/2 5/1; 1 } \/QSu(Su + 1)(2Su + 1)55’S/5M7M/5Fu,p;t5M““&(55“15L

Table 1. Energies Esr and egp

ST (1A, [ 1B, [1B,| 1E | 24, 2B, | 2E| 34,
Est| 0 | =g o g |30 L]
esr | 0 | =iy 0 |=lg|=3g| Ly |Ly] 1y

A direct calculation shows that the ground state belongs to the Hilbert space sector with S = 3/2 and
[' = A;. Hence, only the environment state with ST = 1A, is needed to find the ground state energy
(see Table 1).

Let us now consider the next step, an expansion of the current environment block due to the next
coordination sphere of radius V2. After an addition of four spins S,, Sy, Se, S4, the cluster becomes a
square of size 3 x 3 with the bipartite environment of the central site (Figurel). The basis associated
with the added part is

11 11
35 (S5 5 (Sea)Si M1 )
1/2 1/2 Sa | | 1/2 1/2 Su || Sap S Si

-rox

Ma, My, Mec,MMg Map,Med

Mqe My Mgp May Meqa M

% [1/2ma) |1/2my) [1/2my) [1/2my) . (15)

me mq Meg
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Repeating the basic steps in the approach we obtain the symmetry adapted basis |S;My;Tjp). The
matrix of corresponding similarity transformation has the form

|00; A1) |00; By1) |1M; Byl) |1M;E1) |1M;E2) |2M; A1)

00;00) ¥ ! 0 0 0 0
11;00)  —1L B 0 0 0 0
|01; 1M) 0 0 NG 0 7 0
|10; 1M) 0 0 NG 0 ~75 0
111; 1M) 0 0 0 1 0 0
11; 2M) 0 0 0 0 0 1

The environment Hamiltonian includes only interactions between the first and second coordination
spheres

H,=J {§a1 (§d + §a) + S5, (§a 4 §b) +5, (55 4 Sl) + 3, (§C 4 §d)} . (16)

We now introduce the cluster irreducible tensors qu and U, ql}: transforming according to

representations I'y of the point symmetry group D, (for details see Appendix D [39])

1 1
UqllAl = ﬁ (Saq + qu + SCq + qu) ) UqllB2 = ﬁ (Saq - qu + SCQ - qu) )
1 1
UqllE = ﬁ (Saq + qu - ch - qu) ) Uql2E = E (Saq - qu - ch + qu) ]
1 1
VVQIIA1 = E (Salq + Sﬂlq + S"/lq + qu) ) VVqllB1 - ﬁ (Salq - Sﬁlq + S’qu - qu) )
qulE = (Soélq o S’qu) ) W;QE = (5771(1 - Sﬁw) (17)
and then rewrite Equation (16) as
H. — ‘]Z Z(_l)q v oy A Uhwl — ‘]Z {UH % le} 041 (18)
u e v 1 qu " —qu - 01

The RMEs of the irreducible operators that appear in Equation (8) can be obtained exactly from the
result (10)

1

(im0t sy = 5 (St11S1S1) bs,.5,0r, 1, (19)
1
<SUFH HWlAIH S}IF/II> = 72 <SU ”SH SU> 65117531(5F117F}17
[ 0A; 0B, 1B, 1E 2A4; |
04, 0 0 0 V2.0
0B 0 0 —v6 0
ST || UM\ ST = ,
(Sifr o] i) 1B, 0 0 0 -6 0
1IE -1 V3 —V/3 0 —V5
24, 0 0 0 VIO 0 |
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0A; 0By 1By 1E 24

04, 0 0 0 V2 0
0B, 0 0 0 V6 0
Spilpr |WHE| S, T, ) =
O R R O G
IE -1 —V3 =3 0 -5
| 24, 0 0 0 10 0 |
To compute matrix elements of the Hamiltonian /,, we construct the basis
lirSiLr irrS1ilrr Syl pt)
St S Su 'y I';ym Ty |, .
= Z Z Lo ron lir St rper) [irrStrmarLrrperr) (20)
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formed from the eigenstates |i;Sym ) and |i;pSrymyUrppgy) of the “new” and “old” added
parts, correspondingly.  The expression for the matrix H, is similar to Equation (8) with
Eis;r; = E;

the eigenfunctions

usrt; = 0. Applying exact diagonalization to the Hamiltonian H,, one can then find

|ZuSuFu/JJu> = Z Oé::}‘g;‘gﬁmsnrn ‘iISIFI Z-IISIIFII; SuMuFu,uu>
and the energy spectrum E; g, r, of the environment. By using the recursion relation (for details see
Appendix B [39])
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one finds the RME:s in the environment basis |i,,S, A1) that come into the matrix of the total cluster (3).
The formulas (3,4,5) allow us to obtain any of possible 54 square cluster states. Our calculation shows
that the ground state belongs to the Hilbert space sector with S = 1/2 and ' = A;. Hence, only the
environment states with ST' = 0A;,1A; are needed for the evaluation of the ground state energy. Below
we summarize the results obtained for this particular case.
Using Equation (8) and the explicit expressions for the nonzero sums of Clebsch-Gordan coefficients
of the point group D, (see Appendix A [39])

F(AlAlAl; Ah Al, Al) = F(EEAl, AlAlE) = 1,

we obtain
_ 1
aon_| 4, A e
w = —%J —J —\/2J

3
0 —y2J =3J
in the basis of the states [04;0A4,;004,), |1E1E;00A;), |24;2A:;00A4;). The diagonalization of

ﬁu(OAl) yields three states of the 0A; symmetry (see Table 2)
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Table 2. Environment states of symmetry 04,

. 120A; iw0A1 | _iu0A;
tu | Xoa,04, | Y1E1E | Q24,24 Eio0a,

11 0.071 | 0.449 | 0.890 | —3.651J
2] 0.569 | 0.715 | —0.406 | —0.726 J
3| —0.819] 0.535 | =0.205 | 0.377J

As for the ﬁu—operator with S, = 1, we have the following matrix representation, with the same

) ) ~ (0A
considerations as for the Hu( 1)—operator,

00 J 0
~4a) | 00 J 0
R VAN S ) SE

00 -5y —3J

in the basis [0B11B1; 1M Ay), [1B20By; 1M A;), |[1E1E;1MAy), |2A12A1;1M A;). The states of
1A, symmetry are listed in Table 3.

Table 3. Environment states of symmetry 14,

. TelAq iulA; TelA; TulAq A
by | Xoas1a; | X1a,04, | C1EIE | Q24,24 Ei,1a,

0.153 | 0.153 | —0.478 | —0.851 | —3.128 J
—0.470 | —0.470 | 0.566 | —0.487 | —1.202J
—0.505 | =0.505 | =0.672 | 0.196 | 1.330J
—0.707 | 0.707 0 0 0

=W N =

By using the recursion relation (21) with the starting value (2), one finds the RMEs in the environment
basis |i,,5,A1). Plugging them into Equation (3) we get the target states ‘Z%M A1> [see Equation (5)] of
the cluster and their energies £ 1A, (2 = 1..7). The number of states involved in determining the cluster

ground state equals 7 (see Table 4).

Table 4. Data on the ground state of the cluster 3 x 3.

ﬁfOAl ﬂgoAl 650141 /6191141 /831141 BglAl ﬁzlAl Eg
—0.712 1 0.044 | 0.010 | —0.695 | 0.0048 | —0.090 | 0.011 | —4.749

Now we list the results for observables. The energy per bond found with the help of Equation (4)
is ¢, = —0.3442 J. This result may be compared to those results of QMC [23] ¢, = —0.3347J,
and DMRG ¢, = —0.32679.J for lattice of size 20 x 20 and for number of DMRG states 150 [22].
(Extrapolation of the DMRG results in the infinite-lattice limit yields ¢, = —0.3321.J). The best
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available dressed cluster method (DCM) [42], coupled cluster method (CCM) [43] and real-space
renormalization group with effective interactions (RSRG-EI) [44] results are —0.33486.J, —0.33308.J,
and —0.33409.J, respectively. Using (6) we get the ground-state expectation value of the z component
of the central spin (S7), = 0.173 and the staggered magnetization M = /3 (S5); = 0.299. For
comparison, the extrapolated QMC result for the lattice magnetization M = 0.3070. We also provide an
estimate of the spin-spin correlation functions (7)

(S§Si_y) = —0.115, (S§S7_ 5) = 0.073.

These estimates should be compared with the known results -0.1116 and 0.0637, correspondingly [45].

We have made a preliminary calculations by using the small cluster 3 X 3 and one can see that an
accuracy of the results is still insufficient. At further step, the procedure is repeated and the environment
block grows by adding the coordination sphere of radius 2. When the new spins §a2, 552, §72, §n2
of the sphere are added, the cluster transforms into the rhombus of size V13 x 1/13. The cluster
has the non-bipartite environment, hence, it is instructive to study this case to examine the effect of
non-biparticity.

The Hamiltonian of the new environment decomposes as
Hy = Hy(0) + J (Sa,Say + 95,85, + 5,5, + 5,,5,,) - (22)

H,(0) contains all interactions within the ”old” environment, and the second term describes all couplings
between this part and the added sites.

The irreducible tensors built from the added spins are the same as those of the first coordination sphere
(A7)

1

V2

1
(Sazq + Sﬂ2q + S”/gq + qu) ) qulBl = ﬁ (Sazq - Sﬁzq + qu - Sngq) )

qulE = (Sozzq - szq) ) quzE = (qu - Sﬁ2q) : (23)

1A _
Wit =

One can then cast the Hamiltonian (22) in a more amenable form

Fru= L(0) + 37 [0 s w0 4 Dy [ty \}iJ U e
where U7 are given by
Uit = \}5 (Sarq + Spig + Sy + Smg)» Uit = \}5 (Sarg = So1q + Svig — Sina)
Ugi® = (Sarg = Sia) » Ugz’ = (Snag — Spua) - (24)

The matrices formed from the RMEs of W17 tensor coincide with (2). To find those of U'” tensor we
use Equation (B.5) from Ref. [39]. The expressions mentioned (19) are used to initialize the calculations.
From direct calculations one can show that the quantum numbers S = 5/2 and I' = A, are attached
to the ground state of the rhombus. This state is formed from 41 environment states with the symmetry
ST, = 2A; and 22 states of symmetry ST', = 3A;. Numerical diagonalization gives the cluster ground
state energy Eg(gAl) = —5.779J that yields the ground-state energy per bond ¢, = —0.30925 J in the
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thermodynamic limit. If we compare this result with that of QMC, we see that the agreement becomes
worse. Nevertheless, the conclusions made for the square cluster 3 x 3 hold: (i) both the ground state
of the environment and that of the total cluster have the lattice point symmetry A;. (ii) The largest
weight (is of the order 0.993) into the sum of diagonal elements in the density matrix comes from three
lowest-lying 2A; states and one state of symmetry 3A;, whereas the total number of states is 63.

Monitoring energies per bond €;sr for the total cluster spectrum £;sr, we found that the minimal value
Emin ~ —0.3229 J is reached for the lowest state of symmetry 3 A, however, E(2A,) > E, = E(2A)).
A similar situation, when a minimal energy per bond belongs to a higher lying state, has been early
observed in DMRG study of antiferromagnetic chains [19]. Despite the number of sites in the cluster
V13x+/13 s greater than that of in the cluster 3 x 3, we see that the result for €,,;, deteriorates compared
to the QMC value —0.3347J. Close inspection allows us to suggest that this is because we are working
on the cluster with a non-bipartite environment.

To proceed with increasing cluster size and satisfy the biparticity requirement we should take the
square cluster 5 x 5 in the next step. For the 24-site environment of the cluster, an exact-diagonalization
calculation of the fotal spectrum is not possible at present and so, to move on to the next-larger system,
we have to elaborate a procedure for determining the states giving the best approximation to true
environment states. To solve the problem and implement the condition of bipartite environment we take
a system in the form of “decorated cross” obtained from the former cluster /13 x /13 by adding four
spins 503, §ﬁ3, 573, 5773 (Figure 1). The form makes equal a number of sites in both sublattices, though
it incorporates 8 sites that are being attached to the cluster by single lattice bonds. At the same time,
exact diagonalization of the clustery/17 x /17 is allowed, hence we compare the exact diagonalization
results with those obtained from a symmetry based truncation procedure and analyze a truncation error
on a number of states kept. Since the cluster increasing is similar to that used in the previous step, we
present only the results of calculations. The ground state of the extended cluster environment has the
symmetry 0A;. The total number of states with the same symmetry is 194. Together with 439 1A, -states
of the environment they form a ground state of the total cluster labeled by the symmetry numbers %Al.
Results for the ground state energy per bond ¢ = —0.3304, the staggered magnetization m = 0.305
and the spin-spin correlation functions (S§S?_,) = —0.1101, <S§Sf: \/5> = 0.0615 agree well with the
mentioned ED and QMC results and are much better than those obtained for the square cluster 3 x 3. A
deviation from the ED result is found for (S{S?_,) = 0.0169. This discrepancy arises from finite size
effects and an imperfect topology of the cluster.

We now describe the low-energy spectrum of the environment. As the dynamics of Néel order
parameter is the one of a free rotator, the low-energy levels scale as E(S) ~ S(S + 1)/N, where
the inertia of that rotator is proportional to the number of sites [46,47]. The environment lowest-energy
levels (tower of states) belonging to different irreducible representations of the lattice point group are
shown in Figure2 for different S sectors. The SU(2) breaking due to long-range Néel order appears as a
set of A;-states, lying off from other levels, with an energy scaling as £(S) ~ S(S + 1).

In the remainder of this section we describe a version of the truncation procedure. The main idea will
be illustrated on an example of the ground states properties. An inspection of results for the current and
previous clusters reveals that one have to take the lowest-lying environment eigenstates both in the 0A;

and 1A; sectors. As for the number of kept states it seems to be most simple to take M states equally
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from the both subspaces, albeit the choice may not be optimal. To prove that this concept works we
recalculate the observables found above on various number of envronment states kept (see Table 5). As
can be seen from Figure 3 the convergence of the results is exponentially fast in M. Merely keeping 100
basis states may be as efficient as keeping of all 633 environment states intact. We regard the resulting

better than 0.01% agreement for € and m as support for the efficiency of our truncation procedure.

Figure 2. The lowest-energy spectrum of the environment for the cluster v/17 x /17 on the
square lattice. The SU(2) symmetry breaks and a long-range Néel order appears as a set of
S(S + 1) (dashed line). The symbols represent
the irreducible representations of the different eigenstates.
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Table S. Convergence of the ground state properties vs number of environment states kept.

M(0Ay) | M(1IA) | Eo/J | €/ m (Ses*(1) | (Ses*(v2)
1 1 | —7.9010] —0.2410 | 0.354897 | —0.080333 | 0.065647
5 5 | —8.1018 | —0.3136 | 0.304148 | —0.104533 | 0.071420
10 10 | —8.1282 | —0.3238 | 0.304928 | —0.107933 | 0.073201
20 20 | —8.1378 | —0.3279 | 0.305707 | —0.109300 | 0.073872
50 50 | —8.1425 | —0.3301 | 0.305101 | —0.110033 | 0.074247
100 100 | —8.1429 | —0.3303 | 0.305187 | —0.110100 | 0.074289
194 194 | —8.1430 | —0.3304 | 0.305187 | —0.110133 |  0.074300

3. Magnetocaloric Effect in Ferrimagnetic Chains

The magnetocaloric effect, i.e., a temperature change induced by an adiabatic change of an external
magnetic field was discovered in iron by Warburg [48]. Adiabatic demagnetization of paramagnetic salts

was the first method to reach temperatures below 1 K.
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Figure 3. The cluster ground state energy F, the energy per bond ¢, and the staggered
magnetization m convergence for the /17 x /17 cluster vs number of environment states
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Recently, MCE in quantum spin systems attracts a lot of attention. The interest is mainly motivated by
universal behavior of quantum phase transitions induced by an applied magnetic field [49,50]. Another
reason is that the magnetocaloric effect is enhanced by geometric frustration [51,52]. An unusual MCE
is also predicted for non-frustrated quantum ferrimagnetic chains [53].

The magnetization process of the (S, s) ferrimagnetic alternating spin chains is of interest because
of possible quantization phenomena detected as a plateau in the magnetization curve. According to
Lieb-Schultz-Mattis theorem [54,55], a necessary condition for the plateau is

S — m = integer,

where S and m are the sum of spins over all sites and the magnetization in the unit period, respectively.
For the ferrimagnetic spin chains this means that there is the magnetization plateau m = S — s
in the ground state and higher plateaux with m = S — s+ 1, S — s+ 2, ..., S + s. It was
argued that the ground-state plateau has a quantum origin and it is convenient to introduce the
composite spin picture to present the quantum mechanism of the plateau magnetization on the base of
Affleck-Kennedy-Lieb-Tasaki valence-bond-solid (VBS) states as has been suggested for Haldane spin
chains [56]. As applied to the spin (5, s) ferrimagnet this means that the system behaves like combination
of spin-2s antiferromagnet and spin (S — s) ferromagnet [57]. Therefore, one may expect a crossover
in a magnetocaloric behavior of the (S, s) ferrimagnetic spin chains at low temperatures. Indeed, a
magnetic field tuning results in a gap opening for the ferromagnetic excitations, related with the spin
(S — s) ferromagnetic constituent, in a small-field regime that will be accompanied by an increasing
of temperature in an adiabatic magnetization process. Larger fields cause a breaking of the ground
VBS state, related with the spin-2s antiferromagnetic constituent, due to condensation of the triplet
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Figure 4. Construction of the superblock from two blocks of size N = 4 and one central
site. The latter has the spin-1 value. The spin-5/2 and spin-1 are noted by odd and even

numbers, respectively.

L R

excitations. It is expected that in the vicinity of the transition an accumulation of entropy will result in
an enhanced MCE as found for a class of geometrically frustrated antiferromagnets [51].

Below, we consider the enhanced MCE in the example of the (5/2,1) ferrimagnetic model
considered previously in the study of molecule-based heterospin magnets [Mn(hfac);BNOg]
(R=H, F, Cl, Br) [58,59]. Our goal is to calculate the entropy S at the temperature 7" and the magnetic
field H invoking the formalism of SU(2) group.

The Hamiltonian of the ferrimagnetic (.5, s) chain reads
N — —
H=JY (8 5+5 Su) (25)
j=1

and describes two kinds of spins S = 5/2 and s = 1 alternating on a chain with antiferromagnetic
exchange coupling J > 0 between nearest neighbors.
Let us consider a finite-size cluster with 2/NV 4 1 sites as the superblock formed by a left block By, a

central site ® and another block By (Figure4). The cluster Hamiltonian
H = Hp+ Hg + Hin, (26)

is composed of the terms H (Hp) including all couplings within the left (right) block. The rest term
H,,, describes interaction of the central spin with the nearest neighbors

Hl'mg - Jg() (51 + 5_1) .

A Hilbert space of the superblock B; e Br can be written as follows. Form eigenvectors the

“environment” B;, ® Bpg of the central site

Sl Sr Su

myp o My u

’ilslirsr; S’uMu> = Z

my,me

|’ilSlml> ]i,nSrmr> (27)

classified with the total spin angular momentum S,, and the corresponding third component M,. The
states of the left and right blocks are given by the set |i;.5;m;) and |i,.S,m,.), respectively, with the total

angular momentum S and the third component m, where the index ¢ labels other possible quantum
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numbers. The basis functions of the full cluster are obtained by the addition rule of spin angular

momentum

01511, Sr, SuSo; SM) = )

My,mo

|: Su SO S |ilSlirSr; SuMu> ‘ng0> ) (28)

Mu mo

where |Symy) is the wave function of the central spin.

The calculation of matrix elements for the Hamiltonian (26) with the help of the Wigner-Eckart’s
theorem [41] yields

(i1Sti, Sy, SuSo; SM |H|4)5)i,.S,, S,S0; S'M') = (Eis, + Ei,s,) 8i,,i10s,,5104,..05,.5.08,5,055 O a7

r~r?

/ Su S S . . Qs Qo QY
+ J(—l)su-i-So-‘rS { SO S(I) ] } <SO H50|| So> <ZZSZZTSTSU ||Sl + S_l” ZlSllrSrSu> 655’5MM’ (29)

where {...} is a 6j-symbol. The first RME is (S ||Sol| So) = \/SO(SO + 1)(2Sp + 1) and the latter may
be obtained if the environment eigenstates are known (see below). A finding of observables is performed
by the way described in the previous Section. The energy per bond is then calculated as

1
Eis =3 (EiS ->

S

. 2
S0 srise| (Bis, + Eirsr)) : (30)

The eigenfunctions
iSM) =" al%; s s, [01S1irSr, SuSo; SM) (31)

and the energy levels E;s are determined by direct diagonalization of the cluster Hamiltonian H
[Equation (29)]. The values ¢;5 with the inherited cluster quantum numbers eliminate finite-size effects
and should be regarded as an approximation to the energy spectrum of the infinite chain.

The quantities needed to calculate a magnetocaloric effect are the sublattice magnetizations in the

basis |iSM) of the spin chain. The magnetization of the central site is

et ZSHL | yiesors
(1M 1551 iSM) = M {So |150ll S0) \ g g7 (D)

C\Su (s \2 S 1 S
x 3 (=1)% (al%,) { s s 5 } (32)

S
where M is the third component of the chain, Sj is the value of the central spin.
The magnetization of the other sublattice is

I
GSM|SE)iSM) = M |22 E L (Cpyrsess

S(S+1)
, , S 1 S . T e
X Z Z (_1)5“ aifsuaifs; { o 1 g } (1w Su ||151]] 2,55, - (33)
iuSu il S, u u

The observables of the magnetization per block in the |iS M) states

(SBYisn = (S5)isnr + (ST )isns - (34)
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In the course of sequential iterations one should organize an iteration scheme of a cluster size
increasing. To perform calculations we start with the minimal left (right) block consisting of two
spins (S1,S2). The energies of the block are Eg = J/2[S(S+ 1) — S1(S1 4+ 1) — So(S + 1)] with
S1— 83 <5 <51+ 5,. The RMEs of the spins 57, S5 in the basis of the total spin S can be computed
using the Wigner-Eckart theorem

(S195; 8 | A (1) 8795 8)

(—1)LHSHses' (g 5]1/2{ s 1.8 }<51 HAl(l)HS§> 05,55

S!S, S
(35)
(sl sisss) = syt 80 T o)) s,
(36)

where the irreducible tensors A'(1) and A!(2) act on the spin 1 and 2, respectively. This yields
together with (S, ||S| S,) = \/SW(S7 +1)(25,+1) (v = 1,2) the (25 + 1) x (25 + 1) matrices
(9195 8 || S1¢a) | 5195; 5").

At further step, the procedure is repeated for a larger block of four spins with the Hamiltonian

Hy = J (55 + 55 + 5,3).

It is convenient to consider [, as a pair of interacting two-spin blocks H, = H; + H, 4+ V, where the
indices [ and r are related to the (1,2) and (3,4) pairs, respectively. The total spins of the pairs are denoted
as S; and S,.. The basis functions of the four-spin cluster are obtained by the addition rule of spin angular
momentum. The matrices H; and H, are diagonal in the basis, a calculation of matrix elements for the
block interaction V' is performed with the aid of the formula for the scalar product of two irreducible
tensors [41]. This yields the result for the Hamiltonian H,

<SZST; SM |H4| S;S;,, S/M/> = (El —I— Er) 55;5{5&5;555’5MM’

/ S S, S
+J<—1>Sz+sf+5{ o o }535,5MM, (8152 1| Sall S152; ] (S1.52; S, [1S1]| S152; Sy) . (37)
r l

The energy levels E;s and eigenfunctions
[iSM) =3 ags, 15155 SM) (38)

are determined by the direct diagonalization of the Hamiltonian (37).
The iteration is closed by recalculating RMEs of the boundary spins 1 and 4 in the basis (38). Using
the relationship

(iSSi]|i'Sy = > Zaslsragﬁs’, (5,S,; S ||S4] 5757 8"

SlSr S/S’
we get with the aid of Equations (35,36)

S 1 9

GSISilTS) = 3 alfs alfs 18,917 (-1 >”Sl*“{ S 5 S

} <5152; Sy ||51|| S159; Sz’) ;
5,85,
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S 1
S S S,

The procedure may be iteratively repeated for a larger size (either 6 or 8) block of blocks.

(S [1Sul 'Sy = 3 aifls, alh, 15,577 (1 )HS‘+S’“+S{
S15rS].

} (S5159; Sy ||Sa]| S1.52; S5 .

We apply the resulting algorithm to the ferrimagnetic (5/2,1) cluster as shown in Figure4, where the
sites with even and odd numbers correspond to spins with S = 1 and S = 5/2, respectively. Monitoring
the energy per bond ¢, [Equation (30)] and sublattice magnetizations [Equations(32,33)] in the ground
state, we increase a size of blocks to reach values comparable with those found by the spin-wave theory
(SWT) [60] and the MPM [58,59]. For the system under study, whose correlation length is so small as
to be comparable to the unit-cell length, the results are achieved with the 9-site cluster (N = 4): ¢, =
—5.900 J vs —5.899 J (SWT) and —5.903 (MPM), (S§>g = —0.788 vs —0.769 (SWT), (Sf)g = 2.270
vs 2.269 (SWT). In the calculation, the ground state has the spin S = 5 in agreement with Lieb-Mattis
theorem [61], then possible values S, = 4,5, and 6. In addition, we note that an account of the lattice
point symmetry splits Hilbert space into even and odd states, however, the division is a time consuming

operation which is not justified for the 9-site cluster.

Figure 5. Curves of constant entropy for the (5/2,1) ferrimagnetic chain on large scales.
The values of the cluster entropy S measured in units kg are shown by numbers at the end

of each line.
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When performing a calculation of the magnetocaloric effect (d7/dH )4 via the cluster energies
Eisp(H) = Ei;s — M H obtained through an exact diagonalization the strong isoentrope wigglings at
low temperatures cannot be avoided (see inset in Figure6), since the maximum level spacing of the finite
cluster is of order of temperature. This shortcoming can be partly overcome by using an information
about the eigenvalues ¢;5 (30) and the observables of the magnetization per block in the [iSM) states

<SB>iSM = <Sg>iSM + <Sf>iSM’ (39)

where the sublattice magnetizations are determined by Equations(32,33). The isoentrope curves may be
found by considering the block partition function Z(T, H) = Y ;55 exp [— (€is — H (SB)gp) /T
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The adiabatic magnetization curves of the (5/2,1) ferrimagnetic chain are found from a direct
numerical solution of S(H,T") = const (Figure5). This way turns out to be more stable for small
temperatures and fields. Care should be taken to ensure S < kglog[(2S + 1)*(2s + 1)°] =~ 12.66 kp
for the 9-site cluster, or for the entropy per block S/N < 2.81 kg that corresponds to the upper value
S/N=kplog[(25 + 1)(2s + 1)] ~ 2.89 kp in the thermodynamical limit.

Figure 6. Curves of constant entropy for the (5/2,1) ferrimagnetic chain on small scales.
The values of the cluster entropy S measured in units kg are shown by numbers at the end
of each line. The tilt near the putative quantum critical point is shown by the arrow. Inset:
isoentropy curve (S = 1.0 kp) calculated with the cluster energies E;sy; exhibits strong
finite-size features.

0,40 " 1 " 1 " 1 " 1 " 1 " 1 " 1
! 12+ +
0,35 " 37 L
: 08
g =
34
0,30 L
1 3.1
0,25 L
] 5 W s ‘ 28 |
) H/Hc
= 0201 25
] 22
0,15 4 19
] 16 |
1.3
0,10 4 0 r
<4 07 -
0,05 A\m/\/ L
U e s e .
000 025 05 075 100 125 150 1,75 2,00
H/H
[

The results are presented in Figure6 and demonstrate that the isentropes exhibit the expected behavior
and they are tilted towards the point H/ = H, (the field destroying the ground state plateau) with
a minimum in its vicinity. As argued [49,50] the behavior is expected for systems where the finite
temperature entropy landscape is determined by an underlying quantum phase transition. A detailed
analysis of the quantum criticality is performed [53].

4. Bose-Einstein Condensation in Two-Dimensional Spin-1 Dimerized System

A possibility to study BEC with low-dimensional magnetic materials predicted theoretically twenty
20 years ago [62] gave rise to intense experimental researches in the field. The analogy between the spins
and the bosons becomes evident for antiferromagnets where spins form dimers with a spin-singlet ground
state [63]. Originally, the attention was mainly focused on spin-1/2 systems, where excitations inside
each dimer (triplons) were regarded as bosons with hard-core repulsion, i.e., no more than one boson
was presented on a single dimer. The analogy enables to treat spin systems as that of interacting bosons
whose ground state is determined by the balance between kinetic energy and repulsive interactions [64].
If the repulsion dominates the bosons form a superlattice and a finite energy cost is needed to create

an additional particle. This exhibits itself as a jump in chemical potential versus boson number, in the
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spin language, as a plateau in magnetization curve versus magnetic field at rational fraction of saturated
magnetization. Recently, magnetic weakly coupled dimer system with S = 1 moments attracted a lot
of attention [65,66]. The field behavior of magnetization in the system of antiferromagnetically weakly
coupled S = 1 dimers can be described as BEC of magnons by mapping the spin-1 system into a gas of
semi-hard-core bosons [67].

The organic compound FsPNNNO is an example of spin-one dimer based magnetic
insulator [68]. This is 2D Heisenberg system with a singlet ground state, in which S = 1 dimers interact
antiferromagnetically [68,69]. The field magnetization process shows two-step saturation behavior
that is a rare example of observing a plateau in a two-dimensional system. The intermediate plateau
corresponds to the half value of saturation magnetization. The consistent calculation of susceptibility
and magnetization for the finite-size cluster with imposed periodic conditions yields the following
estimations of antiferromagnetic exchange couplings 2.J, = 67.5 K, 2J; = 7.5 K, i.e., the system can be
regarded as a real 2D dimerized spin-one system. Apparently, the quantum antiferromagnet FoPNNNO
offers an opportunity to verify a relevance of semi-hard core boson model for description of dimerized
system.

The Hamiltonian of weakly interacting spin-one dimers on a 2D lattice depicted in Figure 7 is given
by

Hs=Jo Y SuSa+ 1 Y. SaSia, (40)

g (iv,jar)

where Jj is the coupling inside the i-th dimer, J; is the strength of the exchange interaction between
the dimers located on the bonds (i, 7). The indices o, @ mark S = 1 spins that enter into the
interacting dimers, namely, & = 1,2 provided a = 2,1, respectively. Both types of the interactions are
antiferromagnetic .JJo; > 0, and the regime of weakly interacting dimers, |.Jy| > |.J1], is considered.
The Heisenberg model has been previously suggested to explain some thermodynamical properties of
FoPNNNO [68]. Numerical calculations based on the Hamiltonian (40) via exact diagonalization of
small clusters and their comparison with experimental data prove its relevance for the ratio |.J;/Jy| < 1.

To get the energy spectrum, finite-size clusters composed of NV = 10 and N = 18 sites are selected. In
a choice of the cluster care should be taken to ensure that the lattice point group symmetry is hold. Since
intra-dimer interactions are the strongest, the cluster should contain whole dimers and not break them
into parts. To mark sites inside the cluster, chessboard-like notations will be used, where site positions
along the z axis are marked by numbers whereas positions along the y axis are denoted by Latin letters.

To find eigenfunctions of the cluster that inherit the total cluster spin as a quantum number, we should
develop a consecutive procedure for adding spin moments. It is convenient to break the cluster in several
parts. Following the strategy of building a cluster used [39], one should identify the central dimer (center)
and its environment. The center is composed of ¢3 and d3 sites whereas another sites are embodied into
environment.

The Hamiltonian of the central dimer has the form H, = Jog'cgg'dg, whereas the interaction between

the center and its environment is given by

Vie = J1Ses (Sea + Sea) + J1Sas (S + S - (41)
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The environment consists of four parts, namely of two dimers, left (/) and right () ones, with the

Hamiltonians
Hy = JoSe1Sar, and Hy = JoSesSas, (42)
respectively, as well as two fork-like parts, i.e., the down and upper ones, with the corresponding
Hamiltonians
Haown = Jo (SbQSCQ + Sa3Se3 + Sb4Sc4) + J15u3 (sz + 554) ; (43)
Hy, = Jo (§d2§e2 + §eB§f3 + §d4§e4> + J1§es (§e2 + §e4) : (44)

The interaction between the left/right dimers and the fork-like parts is presented as
Venw = N1 (S::QS::I + SpSn + SuSes + §d4§d5) : (45)
The Hamiltonian of the entire cluster gathers all the above terms

H = Hc+‘/c:e+{HZ+HT+Hd0wn+Hup+V:9nv}' (46)

Figure 7. The 18-site cluster used in numerical calculations. The environment of the central
dimer consists of two “fork”-like parts (up and down), and the left (/) and the right () dimers.
The intra-dimer .J; and the inter-dimer .J; interactions are shown by solid and dotted lines,

respectively.

b ——¢—-¢
down
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There are three states of dimer, an elementary block of the cluster, with total spin Sq,, = 0 (singlet),
Sam = 1 (triplet), and Sg,, = 2 (quintiplet). The energies of the states are £y = —2Jy, Ey = —Jo,
Ey = Jy, respectively, and the eigenstates are obtained via the common rule of addition of moments

{1 1 Sy

1115 SamMam) = [SamMam) = > [1oy) [103) . 47)

0102 01 02 Mdm

To increase the size of cluster, RMEs of the operators S(1) and S(2), that constitute the dimer, calculated
within the basis (47), are needed

Sdm

(Sam IS Shyn) = (=1) 500 /(24 + (25, + 1) { S } asiy, @)

(S IS Sh) = (=15 /(2 g+ 1)(25, +1) { S‘f" 1

S/
‘f” }<1 ISI1)y,  (49)

where the RME (1 ||S|| 1) = /6.

The fork-like part includes three interacting dimers. It is convenient to build the basis of this fragment
according to the scheme (2 + 4) + 3 of moment addition, i.e., combining of ”prong” dimer functions
is followed by adding “handle” function. As a result, basic functions with total spin Syoy, of the down
fork-like part have the form

Sy Sy S S, Sz Sdown
|(S2S4) 5247 S37 SdownMdown> = Z [ ]\; ]\/[4 ]\j4 ] [ ]\424 ]j ]\4d ]
Mo M3z My Moy 2 4 24 24 3 down

X |SapMy) |SsMs) [SyMsy) (50)

where S5, S5 and S, are spins of dimers composed of the b2 and ¢2 sites, efc. Within the basis, the
Hamiltonian (43) is presented by the block diagonal 141 x 141 matrix. The blocks are marked by total

spin Sqown = 0,1, ..., 6 values. A diagonalization of H ., matrix yields the spectrum F; and

down Sdown

eigenfunctions

y i wnS W1 .
|ZdownSd0wnMdown> - Z 05((39?254)(15‘;4’33 |(S254) 5247 SS; SdownMdown> )
525354524

where 7q.w, index distinguishes basic functions with the same total Syow, spin. The results for the upper
fork-like part can be obtained the same way provided the site c4 is substituted for d2, and ¢2 is changed
by d4 etc. The assembly of the cluster part is completed by calculations of RMEs [see Equation (80) in
Appendix B].

The next step, we construct the spin functions of the non-interacting parts, i.e., of the left and of the
right dimers
Sr Sy S
M, M, M,

where S, = 0,1..., 4, and upper and lower fork-like parts

|SZST; Slerr> = Z

MM,

|SIMy) |S, M) (51)

Sup Sdown Sud

|iupsupMup> |idownSdownMdown> )
Mup Mdown Mud

(52)

|iupSupidownSdown; SudMud> - Z

MupMdown
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where S,q = 0,1...,12, and add them together to build the basis of environment for the central dimer
‘(iupsupidownsdown) Suda (SZST) Slr; SenvMenv>

Sud Slr Senv
Mud er Menv

- ¥

Mya M,

’iupSupidownSdown; SudMud> ’SlS’I”; Slerr> . (53)

RME:s of spin operators required to build the Hamiltonian of environment are shown in Appendix B [see
Equations(81-84)]. Note, that a number of the states (53) is too much to avoid the truncation procedure
(see below).

Matrix elements of environment Hamiltonian Hey,, = H; + H, + Haown + Hyup + Veny are listed below
<(Z.UPSUPZ'd0WHSdOWH) Slld’ (SlS ) Sl?"? SenvMenleenv| ( up upidownSdown) ud> (SZS,) Sl'r” Sénv env>

- (Eiupsup + EigownSaown T L5 + EST)

X é"LUP 5Sup S é"Ldownvigown 5Sdownyséown 5Sudzs\lld 55[,Sl,5ST,S;651T7SZIT536nV,SénV 6MenV7Ménv
/ Sud S S,
+ ‘]1 5Senv env ( 1)Se"V+Sud+Slr l; /r . 5Menv Menv (54)
Slr ud 1

x {(8155; S 1Sl S175 St} (i Supitonn Saown: udHSQqup upz'down Stomns Sa)

+ (S1Sr; Sir [1Sar | 7573 Sh) (iupSupiaonn Saowni Sua || Szt SipiionmShonni Sha)
(91 Sir [1Ses| 133 Sty (iup Supiaon Saonn; St Seall ZapyStpitonmShonms St

+ (51553 Sir 1S5l 5753 1) (iupSupaonn Saown; Sua 1Saall Ty Siaonm Saowni Sua) } -

The terms in {. ..} include the product of RMEs given by Equations(81,82) for spins that enter into the
left/right dimers and by Equations (83,84) for the constituents of the fork-like parts.

After finding environment eigenvalues F; and eigenfunctions

env Senv

fiemeSemeMeny) = D Bmsen s | (upSupidown Saown) Suds (S151) Strs Seme Men)
(55)
one calculate RMEs for the environment spins that directly interact with the central dimer, within the
basis (see [Equation (85)]).

As the final step of the diagonalization procedure one build the basis of entire cluster

Senv S S

'envSenvasc;SM -
. )= | Mo

Menv Mc

|ienvSenvMenV> |SCMC> )

and determine matrix elements of the cluster Hamiltonian (46)

(lenvSenys Se; SM|H|i, SLS'M") = (Ei.,, Sone + E5.) Oiene it 0Seny, St 05,,5.08,5: 001,07

env env ? env

S oS1

env

/ Senv S S
Ty (1) et { } 05,500, 07
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X ((SelISMIISE) D (ienvSeny 1Skl deny Sene) + (Sc 1S2)1S2) D <ienv5envIISkIIiénvsénv>]7

k2027c4 k:d2,d4
(56)

where RMEs are previously derived [see Equations(48-49) and Equation (85)].  Numerical

diagonalization of the matrix (56) yields target spectrum F;g and eigenfunctions
[iSM) = D V8) o5 [SeneMenys Se; SM) . (57)

The classification of eigenstates of parts we used to gather the total cluster according to irreducible
representations of SU(2)-group enables us to organize truncation procedure inside sectors of Hilbert
space that arise at consecutive steps of the algorithm. A possibility to carry out calculations within
reduced basis is feature of the algorithm that relates it with other renormalization group methods.

We hold the following strategy of truncation procedure to build target states that are obtained after
combining two parts of lattice. For given spin-S sector a certain amount of states having the lowest
energies are kept. Thus each group of |i.S) states is presented in reduced basis. We truncate the basis of
two “fork”-like parts before combining them into a larger lattice segment. This is not the only way to do
so, for example one can truncate the basis of environment after combining the “fork”-like parts, but the
former is easier to perform.

We tested several realizations of truncation procedure either by simply controlling a number of vectors
retained in the reduced basis or by monitoring a genealogy of the target spin-S state through the triangle
rule, i.e., only states that contribute into the target state are taken into account. The last approach gives
an opportunity to keep more vectors in the basis due to omitting of redundant states. Moreover, the
highest-spin cluster states, i.e., those with S > 15 in our problem, are treated exactly. The size of
truncated basis was chosen equal to either 64 or 121 for the scheme without taking genealogy of the
target state into account, and it varies from 12 till 352, being dependent on the total spin S, for the
”genealogical” scheme.

An accuracy of truncation procedure is controlled by monitoring an energy of the lowest state within
each spin sector. The variation of this observable computed through the both schemes does not normally
exceed 1-2% (a maximum discrepancy of order 6% is reached only in the S-8 sector) that provides
an evidence for the correctness of constructed basis, which exhibits almost no dependence on the used
truncation procedure. The results that we present below are obtained within the “genealogical” scheme.

Another feature of the algorithm is combining central unit (one site or dimer) with its environment at
the final step. The procedure does not depend on the structure of environment and looks similar for any
cluster. However, the information about quantum numbers of the environment states enables to simplify
calculations substantially at this stage of the algorithm. Indeed, for given spin-S sector of Hilbert space
of entire cluster one should pick out only those environment eigenfunctions which spins S, obey the rule

Using of truncation procedure results in basises composed maximum from 4-5 thousand states. To
control accuracy of the procedure, results obtained for the 18-site system are compared with those for
the 10-site system. The smaller cluster enables to handle the complete basis without any truncation. The

10-site system is embedded into bigger cluster and consists of the following parts: the central dimer
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3, d3 and neighbor dimers 02, c2, b4, c4, d2,e2 and d4, e4. Apparently, a construction of environment
requires two consecutive steps (i) addition of dimers b2, c2 and b4, c4 as well as d2,e2 and d4,e4
ones according to Equation (51) followed by calculation of RMEs according to Equations (81,82);
(i1) construction of the environment states from upper and lower parts built previously and calculation
of RME of the environment spins that interact directly with the central dimer. The entire cluster
Hamiltonian is obtained through (56). The biggest Hilbert space dimension (2025 x 2025) is reached in
S-2 sector. Numerical results for the supplementary cluster are listed in Table 6 for comparison. Note
that one should compare energy values with the same magnetization per dimer (See Figure 8).

The results of energy spectrum calculation for two N = 10 and N = 18 clusters are listed in
Table 6, where minimal energy F..;, within each spin-S sector along with energy per dimer ¢ =
2Fin/N are given. The magnetization per dimer is determined by m = 25/N. Both N = 10 and
N = 18 dependencies £ (m) are shown together in Figure 8. Points for both clusters lay on the same
curve, i.e., finite-size effects can be ignored which is expected for the regime of a small dimer-dimer

interaction J; < Jj.

Figure 8. Plot of the lowest energy per dimer £ (m) vs m for the N = 10 and N = 18

clusters. The cusp is seen at m = 1.
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A remarkable feature of the curve is the cusp in the middle, i.e., at m = 1. Independent fitting of both
parts by the quadratic form £(m) = eym? + ;m + & jointed in the point yields e, = 0.190 4 0.018,
g1 = 0.828 £0.019, and £y = —2.0073 = 0.0040 for lower part of the curve (0 < m < 1) together with
g9 = 0.200 + 0.058, 1 = 1.4578 £ 0.018, and £y = —2.629 4 0.014 for upper part (1 < m < 2).

Based on N = 18 case data we build a dependence of jumps E.;, when the total spin S changes
from O till 18, or the dimer magnetization varies from 0 till 2 (Figure 9) One can see that the values of
jumps are approximately J; for S < 9 and they increase by a factor of 2 as .S > 10. It means that the
energy of the total system of weakly interacting dimers changes with an increase of magnetic field due
to local excitations inside separate dimers. Indeed, for the single S = 1 dimer the spectrum consists of a
singlet, a triplet, and a quintuplet. The energy difference between the singlet and the triplet is .J, while
the difference between the quintuplet and the triplet is 2.J,.
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Figure 9. Plot of the changes AFE,,;, versus the dimer magnetization m. A distinct jump is

seen at m = 1.
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A standard way to describe magnetization process at 7' = 0 is to define £ (5 (N) as the lowest energy

of the Hamiltonian (40) in the spin-S subspace for the finite system of N elementary dimers. Applying
magnetic field B leads to the Zeeman splitting of energy levels £, (5) (B) = Er(flzl — SB, and therefore,

the level crossing occurs at values Bg = EI(HS;I 1)(B) — Eﬁl)l(B) when the field is increasing. These
level crossings correspond to jumps of value 1/ in magnetization at zero temperature, until the fully
polarized state with magnetization per dimer mg,, = 2N/N = 2 is reached at value of the magnetic field
Bt = Er(fﬁ) (B) —Eggfl) (B). The calculation performed for N/2 = 9 dimers yields the magnetization
points presented in Figure 10 and reveals the appearance of the ground state plateau as well as the plateau
at one-half of the saturation value.

To guarantee the validity of the magnetization curve we use the approach developed by Sakai and
Tahakashi [70] to recover the m(B) dependence in thermodynamical limit. In this case the condition for
crossover fields transforms into B = £'(m), where ¢ is the energy per dimer. The plateau boundaries
are determined by the derivatives in the special points: (i) By = &'(+0) is related with the end of the
ground state plateau; (ii) By = £'(1 — 0) and B; = £'(1 + 0) correspond to the beginning and the end of
intermediate plateau, respectively; (iii) By = €’(2 — 0) marks an emergence of saturation magnetization.

Treating the energy spectrum results in linear dependences relevant to the sectors between plateaus

{ e'(m) = 0.83+0.38m, 0 <m < 1, 58)

g'(m)=1464+0.40m, 1 <m <2,

that yields immediately B; = 0.83Jy, By = 1.21J,, By = 1.86Jy, and By = 2.26 Jy,. Values
normalized to the saturation field Bg,; are listed in Table VII and exhibit a reasonable agreement with
the experimental data for F;,PNNNO system. A comparison of finite cluster calculations with those of
thermodynamical limit (58) is given in Figure 10. One can see that both methods come to the close
results.

Note that the method we used for numerical calculations is intrinsically two-dimensional one whereas

the previous numerical study of the system [68] dealt with essentially one-dimensional “folded chain”
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cluster. The regions between the plateaus of the magnetization curve exhibit a behavior closer to linear

one instead of the S-shape forms obtained earlier.

Table 6. Numerical results of the lowest energy E..;, and the energy € per dimer in the

spin-S subspaces for N = 10 and N = 18 clusters.

S | Enin(N =10)/Jo | €(N =10) | Ein(N = 18)/Jy | (N = 18)
0 —10.0334 —2.0067 —18.0336 —2.0037
1 —9.1853 —1.8371 —17.1431 —1.9048
2 ~8.2123 —1.6425 —16.2529 —1.8059
3 —7.1978 —1.4396 —15.2935 —1.6993
4 —6.1430 —1.2286 —14.3205 —1.5912
5 —4.9344 —0.9869 —13.3164 —1.4796
6 —2.9787 —0.5957 —12.2745 —1.3638
7 —0.9610 —0.1922 —11.1879 —1.2431
8 1.0849 0.2170 —10.0260 —1.1140
9 3.1588 0.6318 —8.8335 —0.9815
10 5.4418 1.0883 —6.8807 —0.7645
11 —4.8994 —0.5444
12 —2.8795 —0.3199
13 —0.8172 —0.0908
14 1.2815 0.1424
15 3.4533 0.3837
16 5.6844 0.6316
17 7.960 0.8844
18 10.3254 1.1473

Table 7. Values of the magnetic field special points compared with the experimental
data [68].

Bi/Bsy |i=1]1=2|i=3|i=4
Theory 0.37 | 0.53 | 0.82 1
Experiment | 0.33 | 0.53 | 0.89 1

The data presented in Figure 9 enable to introduce the boson picture. For J; < J,y the low energy
subspace of spin Hamiltonian (40) consists of the singlet, the S* = 1 component of the triplet, and the
S* = 2 component of the quintuplet. It is convenient to identify the triplet state with the presence of
a bosonic particle (triplon), the quintiplet state as a pair of bosons (quintuplon), and the singlet state as
an absence of bosons. Then, the boson model is formulated via the semi-hard core bosonic operators g;
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and g,LT with the extended Pauli’s exclusion principle giT ® = 0, i.e., more then two bosons per site are
forbidden [71,72]. According to this study, the magnetization curve shown in Figure 10 can be
interpreted as tuning of boson density by applied magnetic field. At small chemical potential, the lowest
energy is achieved by empty states, i.e., those where all dimers are in the singlet state (boson vacuum).
For B > DB, a finite density of bosons (triplons) emerges in the ground state and contributes into
Bose-superfluid (BS) phase. The triplon excitations are mobile due to weak interdimer coupling. The
density (magnetization) increases monotonically as a function of magnetic field until B, where transition
to charge ordering (CO) phase comes up. This corresponds to the boson concentration n = (0.5, when
the triplons crystallize in a superstructure pattern (Figure 11). The fractional plateau requires strong
boson interactions in comparison to the kinetic energy. At B > Bj the filling increases monotonically in
resulting BS phase (quintiplon condensation) until the ground state transforms into Mott insulating (MI)

phase with two bosons per dimer at B > Bj.

Figure 10. Plot of m versus B obtained via B = ¢’(m). The dots mark values found through
the diagonalization algorithm.
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S. Cluster Perturbation Theory

In last ten years, the quantum cluster methods became effective tool in studies of lattice quantum
models. Nowadays they are widely applied along with the ED and QMC methods. The various modern
cluster methods, i.e., the variational cluster perturbation theory (VCPT) [73], the cluster theory of
dynamical mean field [74], the method of dynamical cluster approximation [75], deal with a lattice
cluster of finite size embedded into the infinite lattice, where the cluster environment is modeled either
by auxiliary fields, or by heat bath additional degrees of freedom. In contrast to conventional mean field

theory, these methods are dynamical and completely account of correlation effects [76].
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Figure 11. The low energy subspace of the single dimer spectrum in the presence of a
magnetic field. Boson superlattice patterns corresponding to the charge-ordered and Mott
insulating phases are shown above.
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Figure 12. Spin-1/2 chains with the alternative exchange couplings: J; < 0 and J5 > 0 (a);

Jiy > 0and Jy > 0 (b).
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The simplest of the cluster methods is the cluster perturbation theory (CPT) [77-79], which is a

constituent part of the contemporary VCPT. Below, we consider an extension of the theory to quantum

spin system. We calculate the magnon spectral function for two spin-1/2 chains with the Hamiltonian

N/2 N/2

H=/7 Z Soi 182 + Jo Z S2iS2i11-
i=1 i=1

The Hamiltonian includes two types of alternative exchange couplings between the nearest neighbors
(Figure 12). In the limit |J5/J1| < 1, the first chain belongs the class of Haldane systems with a

gap in the spin-wave excitation spectrum (it is equivalent to spin-1 antiferromagnet at .J; — o0). The

second chain is the dimerized spin-1/2 chain which is of interest due to possible observation of BEC in

low-dimensional magnetic materials [62,64].
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The both compounds has a singlet ground state, however in the first case we deal with a Haldane liquid
phase, i.e., the liquid with antiferromagnetic order without positional order. In the liquid the hidden order
is featured by non-local string order parameter. Elementary excitations presents singlet-triplet excitations
(spinon) traveled along the chain. In the second case elementary excitations are the local singlet-triplet
excitations (triplon) localized inside the dimers. These excitations can be mapped onto boson particles

either with an intersite attraction (J, < 0) or repulsion (J; > 0).

Figure 13. L = 4 cluster decomposition of the spin chain.
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The main idea of the cluster perturbation theory is to divide the lattice into a superlattice of identical
clusters. As a next step one should calculate the spin Green function within the each cluster. Interactions
between the clusters are perturbatively treated. The Lanczos algorithm based on the information about
a ground state of the cluster is a conventional way to calculate the cluster Green function [17]. An
alternative way to get the quantity is to use Lehmann’s representation based on the cluster energy
spectrum and wavefunctions.

The Hamiltonian treated in the CPT can be splitted in two parts
H=Hy+YV, (59)

where
Hy =) Hg
R

18 the sum of cluster Hamiltonians,
RR
V = Z Vi SRaSR/b
RR’

is the sum of intercluster interactions. Here, a and b mark spins inside the cluster, for example, a and b

/

equal to either 1 or 4 as shown in Figure 13. In this case, Valb{R is the exchange coupling between spin
a of the cluster R and spin b of the cluster R.

Firstly, we describe how to calculate the cluster Green function Gap by means of SU(2) group
formalism [80]. In an absence of anisotropic terms in a Hamiltonian, the elementary excitation spectrum

is determined by Matsubara’s pair Green function of transversal

Gt (1) = — (TS, (1) (0), (60)

and longitudinal fluctuations

(1) = —(T(S5(1) = (82)) (S5(0) = (57))) = —~(T'S5(7)) 55 (0)). (61)
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We took into account that in the singlet ground state (S7Z,) = 0.

At zero temperature Lehmann’s representation of the Green function (60) is given by

o (0185 m) (m| Sy |0)
Ca (w)_; w+in— Epn+ Eo’

(62)

where |0) and |m) are the wave functions of the ground and excited cluster states with the energies Ej
and F,,, respectively.

According to Wigner-Eckart theorem the matrix elements in Lehmann representation (62) have the

(0157 m) = <—1>°-°( o )<o

form

Sal|m S

1
) = ﬁ«) m), (63)

where m marks the cluster excited states of spin 1. Then the cluster Green function is simplified to
. 1.0 ’

S, S| 0)
G“"(w):§%: w+m—FE,+FEy,

m(m| .

To obtain the cluster energies £, and the RMEs the exact diagonalization method with an account of
SU(2) symmetry can be used [81]. We briefly sketch the recursion scheme to calculate the RMEs of
spins at the positions a and b.

At given step of iterations the cluster consists of two blocks of n sites, i.e., left (/) and right () ones.
To start the iterations, it is reasonably to take a pair of dimers whose eigensystem is easily determined.

By using the angular momentum addition rule the basis functions of the entire system are constructed

(4151, 4,5, )SM) = >

mymy

m; My

S, S S|, .
[ : M]plslmm&mg, (65)

where 7;(¢,-) indicates the states of the left (right) block with the same quantum numbers S;, m; (S, m,.).
The Hamiltonian matrix of the interaction blocks is built through Wigner-Eckart theorem

((i1S,,S,); SM|H|(3,S,,1.5.); S M) =

U “r~r
) (Eg& ;Eif")(sizsl,izsz 0irs.it5;05,5 Onear + (66)
+J2(_1)SZ+ST+S{ 7; f 555’5MM’ <ilSl||Sln||i25l/><irs7’||srl||i;~S;~>-
S, S, 1 ’ ’
The corresponding eigenfunctions are easily found
iSM)y = Y al%, g |(0S),i,5,)SM). (67)

1S4 Srmymy

The RME of the block edge spins .S, and .5, interacting directly with each other have been determined
at the previous iteration step.
We apply repeatedly Wigner-Eckart theorem and calculate the RMEs within the basis of the extended
cluster of the length 2n. For the sites a = 1, ... n that enter in the left part we obtain
(iSIISalli'S"y =

S 1 8
S, S, S

, e iy (68)

}@'zSzHSaI [025)).
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The corresponding results for the sites a = n + 1, ... 2n at the right parts are given by

(iS]1Sa]li"S") =

S 1 S
S. S S,

T

(69)

’
= [S, S/]1/2< )1+S Z OéllsllrSrOézlgl /S 5i;7il(ssl’7sl(—1)sl+sr

}@;STHSMHz‘;S;%
where [S] = 2S5 + 1.

Following the same route it can be demonstrated that the Green function of the longitudinal
fluctuations (61) differs from the expression (64) only by sign. Without anisotropic interactions this is
explained by degeneration of the triplet states over the spin projections. The fact differs singlet magnets
from systems with ordered local moments. In the last case relevant excitations at low temperatures are
spin waves described by the Green function of the transversal fluctuations. A contribution of longitudinal
spin excitations becomes noticeable at a critical region, i.e., near a temperature of magnetic ordering.

In an approximation of the nearest neighbors the interaction term is given by the complex L x L
matrix

~RR’

yRR _ (5Q7L5b,15R,7RH + 801810

R’,R1> )
that has the Fourier transform

N

Vab(@Q) = Jo (00,05 1€™9% + 0010, "2 (70)
in the reduced Brillouine zone BZ (Brillouine zone of the superlattice). Here, a and La are lattice

constants of the initial lattice and superlattice, respectively.
An account of the interaction within the perturbation theory yields the ’dressed” Green function

~

o[ 6w
G = | i) .

Equation (71) is given in the mixed representation of the real space inside the cluster and of the reciprocal

space for the intercluster distances. The Fourier representation in terms of wave vectors k of the initial
Brillouine zone BZ,, is more preferable. To reach this the wave vector k is decomposed as follows

k=K+Q, (72)

where Q belongs to the reduced Brillouine zone BZr, and the vector K does to the reciprocal superlattice
r=.

A transition to the translationally invariant Green function is given by the transformation

Gerr(k, w) Z Gup(Q, w)eKXa=Ts) (73)

abl

where G,;(k, w) is invariant under the translations K within the reciprocal superlattice.
The spectral function of elementary excitations is determined as follows [79]

Ak, w) = =2 lim ImGepr(k,w + in),

n—07"
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and the corresponding density of states equals to

1
N(M) = 5 ZA<k7w>7
N
k
where NNV is a number of lattice sites.
Firstly, we present the CPT calculations for the cluster composed of 4 sites. To get peaks of finite
width we take 7=0.01. The wave vector k varies within a half of the Brillouine zone k € [0, 7/a]. The
vector () € [0,7/4a] belonging to the reduced Brillouine zone can be found through Equation (72),

where K is one of the reciprocal superlattice vectors {0, 7/4a, 7/2a, 3w /4a}.

Figure 14. A(k,w) and NV (w) for the cluster consisting of 4 dimers. The exchange couplings
are J; = —1 and J, = 0.07.

The plot (Figure 14) of the spectral function A(k,w) of the first type chain (Figure 12a) demonstrates
an appearance of two spinon branches in the excitations spectrum of Haldane’s antiferromagnetic liquid
regime (J5/J; = —0.07). The corresponding density of states possesses two-peak structure.

The case of the dimerized chain (Figure 12b) results in another picture of the spectral function
(Figure 15). There is only one dispersionless branch of singlet-triplet excitations around w ~ J;
corresponding to excitations of bosonic type localized inside the dimer. The maximum of the intensity
A(k,w) falls on the BZ edge. The density of states exhibits one-peak structure.

Being related with an infinite chain the results for the spectral function and the density of states contain
finite-size effects since the Green function G (w) is built for a finite cluster. To elucidate finite-size effects
we repeat the CPT calculations for a cluster of bigger size, and taking, for example, the chain of the first
type. For the case L = 8 the result of such calculations is presented in Figure16. Despite an appearance
of subtleties in the density of states, a direct comparison of the spectral functions A(k,w) for the clusters

of L =4 and L = 8 sizes demonstrates that the size-effects can be ignored.
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Figure 15. A(k,w) and NV (w) for the cluster consisting of 4 dimers. The exchange couplings
are J; = 1 and Jy, = 0.07.
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Figure 16. A(k,w) and V(w) for the cluster consisting of 8 dimers. The exchange couplings
are J; = —1 and J, = 0.07.

In conclusion, we emphasize that a relevant description of spectral properties within the perturbation
theory must be supported by a small parameter of the theory. In our case, the ratio .J,/(J; L), where L
is the cluster length, plays the role of the small quantity. As a result, an increasing of the inter-dimer

interaction .J, must be accompanied by a simultaneous increasing of a minimal cluster size. This may
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invoke the SU(2) symmetry based procedure of a basis truncation similar to those used in the previous

Sections.
6. Conclusion

In summary, the main results of the quantum mechanical applications of the symmetry concepts in
low-dimensional magnetism are reviewed. The treatment is based on the irreducible tensor operator
technique and the group-theoretical classification provided both the SU(2) spin-symmetry and the
lattice point symmetry. The flexibility of the method was demonstrated for several one-dimensional
and two-dimensional spin models. The use of the symmetries allows to essentially reduce the matrices
of Hamiltonians and facilitate evaluation of the excitation spectrum and thermodynamic properties of
low-dimensional magnets. The group-theoretical classification might be crucial for efficient truncation
of Hilbert space in algorithms based on real-space renormalization group procedure. The applications
clearly exhibit that the symmetry concepts are indispensable in the field of low-dimensional magnetism.

Acknowledgements

VES would like to acknowledge the support of the US Civilian Research & Development Foundation
(CRDF) and the Ministry of Education and Science of the Russian Federation (MinES) under the Basic
Research and Higher Education (BRHE) program.

References

1. Heesch, H. Uber die vierdimensionalen Gruppen des dreidimensionalen Raumes. Z. Kristallogr.
1930, 73, 325-345.

2. Shubnikov, A.V. Simmetriya i antisimmetriya konechnykh figur; 1zd-vo AN SSSR: Moscow,
Russia, 1951.

3. Belov, N.V.; Neronova, N.N.; Smirnova, T.S. Shubnikov groups. Kristallografiya 1957, 2,

315-325.

Landau, L.D.; Lifshitz, E.M. Electrodynamics of soilds; Nauka: Moscow, Russia, 1957.

Tavger, B.A.; Zaitsev, V.M. Magnetic symmetry of crystals. Soviet Phys. JETP 1956, 3, 430-437.

Koptzik, V.A. Shubnikovskie grouppy; I1zd-vo MGU: Moscow, Russia, 1966.

Izyumov, Yu.A.; Naish, V.E.; Ozerov, R.P. Neutron Diffraction of Magnetic Materials;

Consultants Bureau: New York, NY, USA, 1991.

8. Koptsik, V.A.; Kotzev, I.N. On the theory and classification of colour symmetry groups. Comm.
JINR 1974, P4-8067, P4-8068.

9. Izyumov, Yu.A.; Naish, VE. Symmetry analysis in neutron diffraction studies of magnetic

N ok

structures: 1. A phase transition concept to describe magnetic structures in crystals. J. Magn.
Magn. Mater. 1979, 12, 239-248.

10. Landau, L.D.; Lifshitz, E.M. Statistical Physics: Part I, Nauka: Moscow, Russia, 1957.

11. Wigner, E.P. Group theory; Academic Press: New York, NY, USA, 1959.

12. Miller, S.G.; Love, W.E. Tables of Irreducible Representations of Space Groups and
Corepresentations of Magnetic Space Group; Pruett Press Boulder: CO, USA, 1967.



Symmetry 2010, 2 760

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Loudon, R. Theory of infra-red and optical spectra of antiferromagnets. Adv. Phys. 1968, 17,
243-280.

Eremenko, V.V. Vvedenie v optichesuyu spektroskopiyu magnetikov; Naukova Dumka: Kiev,
Ukraine, 1975.

Mermin, N.; Wagner, H. Absence of ferromagnetism or antiferromagnettism in one- or
two-dimensional isotropic Heisenberg models. Phys. Rev. Lett. 1966, 17, 1133-1136.

Haldane, F.D.M. Continuum dynamics of the 1-D Heisenberg antiferromagnet: Identification with
the O(3) nonlinear sigma model. Phys. Lett. A. 1983, 93, 464-468.

Dagotto, E. Correlated electrons in high-temperature superconductors. Rev. Mod. Phys. 1994,
66, 763-840.

Gatteschi, D.; Sessoli R.; Villain, J. Molecular Nanomagnets; Oxford University Press: Oxford,
UK, 2006.

White, S.R. Density matrix formulation for quantum renormalization groups. Phys. Rev. Lett.
1992, 69, 2863-2866.

Schollwdck, U. The density matrix renormalization group. Rev. Mod. Phys. 20058, 77, 259-315.
Xiang, T.; Lou, J.Z.; Su, Z.B. Two-dimensional algorithm of the density-matrix renormalization
group. Phys. Rev. B 2001, 64, 104414.

Farnell, D.J.J. Density matrix renormalization group calculations for two-dimensional lattices:
Application to the spin-half and spin-one square-lattice Heisenberg model. Phys. Rev. B 2003,
68, 134419.

Sandvik, A.W. Finite-size scaling of the ground-state parameters of the two-dimensional
Heisenberg model. Phys. Rev. B 1997, 56, 11678-11690.

Sierra, G.; Nishino, T. The density matrix renormalization group method applied to interaction
round a face Hamiltonians. Nucl. Phys. B 1997, 495, 505-532.

Tatsuaki, W. Interaction-round-a-face density-matrix renormalization-group method applied to
rotational-invariant quantum spin chains. Phys. Rev. E 2000, 61, 3199-3206.

McCulloch, I.P.; Gulasci, M. Density matrix renormalisation group method and symmetries of the
Hamiltonian. Aust. J. Phys. 2000, 53, 597-612.

McCulloch, 1.P.; Gulasci, M. The non-Abelian density matrix renormalization group algorithm.
Europhys. Lett. 2002, 57, 852-858.

Ostlund, S.; Rommer, S. Thermodynamic limit of density matrix renormalization. Phys. Rev.
Lett. 1995 75, 3537-3540.

Dukelsky, J.; Martin-Delgado, M. A.; Nishino, T.; Sierra, G. Equivalence of the variational matrix
product method and the density matrix renormalization group applied to spin chains. Europhys.
Lett. 1998, 43, 457-462.

Roman, J.M.; Sierra, G.; Dukelsky, J.; Martin-Delgado, M.A. The matrix product approach to
quantum spin ladders. J. Phys. A 1998, 31, 9729-9759.

Gatteschi D.; Pardi, L. Magnetic properties of high nuclearity spin clusters. A fast and efficient
procedure for the calculation of the energy levels. Gazz. Chim. Ital. 1993, 123, 231-240.
Borras-Almenar, J.J.; Clemente-Juan, J.M.; Coronado, E.; Tsukerblat, B.S. High-Nuclearity
magnetic clusters: generalized spin Hamiltonian and its use for the calculation of the energy



Symmetry 2010, 2 761

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

levels, bulk magnetic properties, and inelastic neutron scattering spectra. Inorg. Chem. 1999, 38,
6081-6088.

Tsukerblat, B. Group-theoretical approaches in molecular magnetism: Metal clusters. [Inorg.
Chim. Acta 2008, 361, 3746-3760.

Waldmann, O. Symmetry and energy spectrum of high-nuclearity spin clusters. Phys. Rev. B
2000, 61, 6138-6144.

Schnalle, R.; Schnack, J. Numerically exact and approximate determination of energy eigenvalues
for antiferromagnetic molecules using irreducible tensor operators and general point-group
symmetries. Phys. Rev. B 2009, 79, 104419.

White, S.R. Density-matrix algorithms for quantum renormalization groups. Phys. Rev. B 1993,
48, 10345-10356.

Wilson, K.G. The renormalization group: Critical phenomena and the Kondo problem. Rev. Mod.
Phys. 1975, 47, 773-840.

Wilson, K.G. The renormalization group and critical phenomena. Rev. Mod. Phys. 1983, 55,
583-600.

Sinitsyn, V.E.; Bostrem, [.G.; Ovchinnikov, A.S. Symmetry adapted finite-cluster solver for
quantum Heisenberg model in two dimensions: a real-space renormalization approach. J. Phys.
A-Math. Theor. 2007, 40, 645-668.

Koster, G.F.; Dimmock, J.O.; Wheeler R.G.; Statz, H. Properties of the Thirty Two Point Groups;
M.LT. Press: Cambridge, MA, USA, 1963.

Varshalovich, D.A.; Moskalev, A.N.; Khersonskii, V.K. Quantum theory of angular momentum;
World Scientific: Singapore, 1988.

Hajj, M.A.; Guihéry, N.; Malrieu, J.P.; Wind, P. Theoretical studies of the phase transition in the
anisotropic two-dimensional square spin lattice. Phys. Rev. B, 2004, 70, 094415.

Zeng, C.; Farnell, DJJ.; Bishop, R.FE. An Efficient Implementation of High-Order
Coupled-Cluster Techniques Applied to Quantum Magnets. J. Stat. Phys. 1998, 90, 327-361.
Malrieu J.P.; Guihéry, N. Real-space renormalization group with effective interactions. Phys. Rev.
B 2001, 63, 085110.

Betts, D.D.; Lin, H.Q.; Flyn, J.S. Improved finite-lattice method for estimating the
zero-temperature properties of two-dimensional lattice models. Can. J. Phys. 1999, 77, 353-369.
Hasenfratz P.; Niedermayer, F. Finite size and temperature effects in the AF Heisenberg model.
Z. Phys. B: Condens. Matter, 1993, 92, 91-112.

Misguich, G.; Lhuillier, C.; Bernu, B. Spin-liquid phase of the multiple-spin exchange
Hamiltonian on the triangular lattice. Phys. Rev. B, 1999, 60, 1064-1074.

Warburg, E. Magnetische Untersuchungen. Ann. Phys. (Leipzig) 1881, 13, 141-164.

Zhu, L.; Garst, M.; Rosch, A.; Si, Q. Universally diverging Gruneisen parameter and the
magnetocaloric effect close to quantum critical points. Phys. Rev. Lett. 2003, 91, 066404.

Garst M.; Rosch, A. Sign change of the Gruneisen parameter and magnetocaloric effect near
quantum critical points. Phys. Rev. B 2005, 71, 205129.

Zhitomirsky, M.E. Enhanced magnetocaloric effect in frustrated magnets. Phys. Rev. B 2003, 67,
104421.



Symmetry 2010, 2 762

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

Zhitomirsky, M.E.; Honecker, A. Magnetocaloric effect in one-dimensional antiferromagnets. J.
Stat. Mech.: Theory Exp. 2004, PO7012.

Boyarchenkov, A.S.; Bostrem, 1.G.; Ovchinnikov, A.S. Quantum magnetization plateau and sign
change of the magnetocaloric effect in a ferrimagnetic spin chain. Phys. Rev. B 2007, 76, 123456.
Lieb, E.; Schults, T.; Mattis, D. Two soluble models of an antiferromagnetic chain. Ann. Phys.
(N.Y.) 1961, 16, 407-466.

Oshikawa, M.; Yamanaka, M.; Affleck, I. Magnetization plateaus in spin chains: Haldane gap for
half-integer spins Phys. Rev. Lett. 1997, 78, 1984-1987.

Affleck, I.; Kennedy, T.; Lieb, E.H.; Tasaki, H. Rigorous results on valence-bond ground states in
antiferromagnets. Phys. Rev. Lett. 1987, 59, 799-802.

Yamamoto, S.; Fukui, T.; Sakai, T. Characterization of ferrimagnetic Heisenberg chains according
to the constituent spins. Eur. Phys. J. B 2000, 15, 211-219.

Ovchinnikov, A.S.; Bostrem, I.G.; Sinitsyn, V.E.; Boyarchenkov, A.S.; Baranov, N.V.; Inoue,
K. Low-energy excitations and thermodynamical properties of the quantum (5/2, 1/2, 1/2)
ferrimagnetic chain. J. Phys.: Condens. Matter 2002, 14, 8067-8078.

Bostrem, 1.G.; Boyarchenkov, A.S.; Konovalov, A.A.; Ovchinnikov, A.S.; Sinitsyn, V.E. On a
quantum plateau of magnetization in metal-organic quasi-one-dimensional ferrimagnets. JETP
2003, 97, 615-623.

Brehmer, S.; Mikeska, H.-J.; Yamomoto, S. Low-temperature properties of quantum
antiferromagnetic chains with alternating spins S=1 and S=1/2. J. Phys.: Condens. Matter 1997,
9, 3921-3930.

Lieb E.; Mattis, D. Ordering Energy Levels of Interacting Spin Systems. J. Math. Phys. 1962, 3,
749-751.

Affleck, 1. Theory of Haldane-gap antiferromagnets in applied fields. Phys. Rev. B 1990, 41,
6697-6702.

Giamarchi, T.; Riiegg, C.; Tchernyshyov, O. Bose-Einstein condensation in magnetic insulators.
Nature Phys. 2008, 4, 198-204.

Rice, T.M. To Condense or Not to Condense. Science 2002, 298, 760-761.

Tsuji, H.; Andraka, B.; Ushida, M.; Tanaka, H.; Takano, Y. Specific heat of the S=1 spin-dimer
antiferromagnet BasMn,Og in high magnetic fields. Phys. Rev. B 2005, 72, 214434.

Stone, M.B.; Lumsden, M.D.; Chang, S.; Samulon, E.C.; Batista, C.D.; Fisher, I.LR. Singlet-Triplet
Dispersion Reveals Additional Frustration in the Triangular-Lattice Dimer Compound BazMn,Os.
Phys. Rev. Lett. 2008, 100, 237201.

Batista, C.D.; Ortiz, G. Algebraic approach to interacting quantum systems. Adv. Phys. 2004, 53,
1-82.

Hosokoshi, Y.; Nakazawa, Y.; Inoue, K.; Takizawa, K.; Nakano, H.; Takahashi, M.; Goto, T.
Magnetic properties of low-dimensional quantum spin systems made of stable organic biradicals
PNNNO, FoPNNNO, and PIMNO. Phys. Rev. B 1999, 60, 12924-12932.

Tsujii, H.; Andraka, B.; Hosokoshi, Y.; Inoue, K.; Takano, Y. Magnetic phase diagram of the
quasi-two-dimensional S=1 antiferromagnet FoPNNNO. J. Magn. Magn. Mat. 2007, 310,
e415-e417.



Symmetry 2010, 2 763

70. Sakai, T.; Takahashi, M. S=1 antiferromagnetic Heisenberg chain in a magnetic field. Phys. Rev.
B 1991, 43, 13383-13393.

71. Sengupta, P.; Batista, C.D. Field-induced supersolid phase in spin-one Heisenberg models. Phys.
Rev. Lett. 2007, 98, 227201.

72. Bostrem, 1.G.; Sinitsyn, V.E.; Ovchinnikov, A.S.; Hosokoshi, Y.; Inoue, K. BoseEinstein
condensation of semi-hard bosons in the S = 1 dimerized organic compound FoPNNNO. J. Phys.:
Condens. Matter 2010, 22, 036001.

73. Potthof, M.; Aichhorn, M.; Dahnken, C. Variational cluster approach to correlated electron
systems in low dimensions. Phys. Rev. Lett. 2003, 91, 206402.

74. Kotliar, G.; Savrasov, S.; Palsson, G.; Biroli, G. Cellular dynamical mean field approach to
strongly correlated systems. Phys. Rev. Lett. 2001, 87, 186401.

75. Hettler, M.H.; Tahvildar-Zadeh, A.N.; Jarrell, M.; Pruschke, T.; Krishnamurthy, H. Nonlocal
dynamical correlations of strongly interacting electron systems. Phys. Rev. B 1998, 58,
R7475-R7479.

76. Maier, T.; Jarrell, M.; Pruschke, T.; Hettler, M.H. Quantum cluster theories. Rev. Mod. Phys.
2005, 77, 1027-1080.

77. Gros C.; Valenti, R. Cluster expansion for the self-energy: A simple many-body method for
interpreting the photoemission spectra of correlated Fermi systems. Phys. Rev. B 1993, 48,
418-425.

78. Sénéchal, D.; Perez, D.; Pioro-Ladriere, M. Spectral weight of the Hubbard model through cluster
perturbation theory. Phys. Rev.Lett. 2000, 84, 522-525.

79. Sénéchal, D.; Perez, D.; Plouffe, D. Cluster perturbation theory for Hubbard models. Phys. Rev.
B 2002, 66, 075129.

80. Ovchinnikov, A.S.; Bostrem, [.G.; Sinitsyn, VLE. Cluster perturbation theory for spin
Hamiltonians. Theor. Math. Phys. 2010, 162, 179-187.

81. Bostrem, .G.; Ovchinnikov, A.S.; Sinitsyn, V.E. The method of exact diagonalization preserving
the total spin and taking the point symmetry of the two-dimensional isotropic Heisenberg magnet
into account. Theor. Math. Phys. 2006, 149, 262-280.

82. Griffith, J.S. The irreducible Tensor Method for Molecular Symmetry Groups; Prentice-Hall
International: London, UK, 1962.

Appendix A

The systematic increasing cluster size requires an iterative procedure to compute the reduced matrix
elements of the double irreducible tensors U'” or W (acting on the states with indices I and I1,
respectively) in the basis

Sr Sy S

myp mpip m

Iy 'y T

liSmIp) =Y oL
Z Hr prr p
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(74)

with aid of the Wigner-Eckart theorem. On the other hand one can use the basis of states (74) to obtain
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The sum over mj, m;; and m} ; 1s performed with the aid of the formula
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The sum of three Clebsch-Gordan coefficients of the lattice point group in turn can be transformed as

follows

>
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After permutation of the first and second columns in the third Clebsch-Gordan coefficient the sum

over projections ji7, jir1, fiy;, V> and i’ is easily performed that gives immediately 6I" symbol [82]

Y I’ F ' Y F/II FII AR
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i
where we use the symmetry property of the Clebsch-Gordan coefficients
[ I, T, T

r, Iy T
K1 Ho p

] = ¢ (I LT [
M2 f1 K

and the sign ¢ (I';['oI") = £1 depends on the point group.
The reduced matrix element can be computed using (75,77) that yields the results
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where [S] = (25 + 1).
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Appendix B

The RME:s for spins on c2 and c4 sites computed in the basis of eigenfunctions of the Hamiltonian
Hyown are given by the 141 x 141 matrix

y ! ! — id wnSd wn 221 wnSél wn
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The RMEs that enter into expression are calculated according to the rules
((S254) S24, S3; Saown [[Seal (525%) 34+ S35 Siown)
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The RMEs for spins on the sites c1 (d1) are given by the 19 x 19 matrix built in the basis of functions,
which are constructed from the ”left” and the “right” dimers Equation (51)
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The RME for spins on the ¢5 (d5) sites are calculated as follows
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The RME:s of spin operators on sites ¢2(d2), c4(d4) calculated on the eigenfunctions of the upper and
down parts form the 73789 x 73789 matrices.
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Zup upldownSdown’ ud>

<iup Supidown Sdown; Sud Sc2(04)

= /(2501 + 1)(28}g + 1)(—1) 1+t ShowntSua

Su 1 S’ .
X ’ d ud <Zdown5down
S, down S up SdOWH

802(84) ‘ Z‘iiownS:iown> 5iupi{,p (5Sup5(lp7 (83)
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. . . ./ Y ! Ll
<ZupSupZdownSdownaSud ’SdZ(dAL) Zup upZdown down> ud>

— \/(QSud +1)(25/4 + 1)(— 1)1+ Sup+SaontSla

1 !
S (s
up down up

The RMEs of spin operators on sites ¢2(d2), c4(d4) are calculated on eigenfunctions of environment.

. /
i S

up up> (Sidowni/doWn 5Sdownséown :

’SdQ(dz;) (84)

The dimension of these matrices determines by dimension of truncated basis of environment

envenv envSenv
<Zenv env ||Sk||lenv env Zﬁzzupsupzdownsdown)sud7(SZST‘)SITBZ St '/ S/ )S/ (S;S’:“)Sl/r

up Ydown® down ud’

X ((iup Supidonn Saown) Suds (5157) Strs Serme [Sl| (1 Stpttonn Shonn ) Stts (5151) Shi St ) > (85)
where k = ¢2(d2), c4(d4) and

<(iuPSupid0WHSdOWH) SUd7 (SZS ) Sl”‘? env ||Sk|| ( up up .downSdown) ud> (SZS,) Slr’ Stlenv>

! env 1 !
- \/(QSBHV + 1)(256/2HV )(_1)1+Sl‘d+slr+5env S/ Senv
ud Slr Sud

X <Zup5up2downsdowna ud HSkH Zup upidOWnSdOWn’ ud> 6515’55 St 65[,«5’ (86)
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