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We consider the spin-1/2 antiferromagnetic Heisenberg model on three frustrated lattices (the diamond chain,
the dimer-plaquette chain, and the two-dimensional square-kagome lattice) with almost dispersionless lowest
magnon band. Eliminating high-energy degrees of freedom at high magnetic fields, we construct low-energy
effective Hamiltonians, which are much simpler than the initial ones. These effective Hamiltonians allow a
more extended analytical and numerical analysis. In addition to the standard strong-coupling perturbation theory,
we also use a localized-magnon-based approach leading to a substantial improvement of the strong-coupling
approximation. We perform extensive exact diagonalization calculations to check the quality of different effective
Hamiltonians by comparison with the initial models. Based on the effective-model description, we examine the
low-temperature properties of the considered frustrated quantum Heisenberg antiferromagnets in the high-field
regime. We also apply our approach to explore thermodynamic properties for a generalized diamond spin
chain model suitable to describe azurite at high magnetic fields. Interesting features of these highly frustrated
spin models consist in a steep increase of the entropy at very small temperatures and a characteristic extra
low-temperature peak in the specific heat. The most prominent effect is the existence of a magnetic-field-driven

Berezinskii-Kosterlitz-Thouless phase transition occurring in the two-dimensional model.
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I. INTRODUCTION

The study of frustrated quantum antiferromagnets is one of
the most active research fields in condensed matter physics.'
Among them there is a wide class of one-, two-, and three-
dimensional frustrated quantum Heisenberg antiferromagnets
with dispersionless (flat) lowest magnon bands. There is
currently a great deal of general interest in flat-band systems,
since new many-body phases can be realized there (see
Refs. 2—-12, and references therein).

Interestingly, flat-band quantum spin systems”” admit
the application of specific methods of classical statistical
mechanics to study their high-field low-temperature behavior.
For the application of classical statistical mechanics on the
quantum systems, the concept of many-body independent
localized-magnon states is crucial.>*!3-1® Typical ground-
state features related to the localized-magnon states are zero-
temperature magnetization plateaus and jumps,’> high-field
spin-Peierls lattice instabilities,? and a residual ground-state
entropy at the saturation field.*'*!%!” Furthermore, these states
set an additional low-energy scale that dominates the low-
temperature thermodynamics in the vicinity of the saturation
field resulting, e.g., in an extra peak in the specific heat at
low temperatures.*!'* In two-dimensional systems, localized-
magnon states may lead to a finite-temperature order-disorder
phase transition of purely geometrical origin.*!> It is worth
mentioning that this concept for quantum spin systems is
related to Mielke’s and Tasaki’s flat-band ferromagnetism of
the Hubbard model.!!+18:1

The previously developed theories for localized-magnon
spin lattices are valid if the conditions for localization of the
magnon states are strictly fulfilled (so-called ideal geometry).
In real-life systems we cannot expect that, rather the violation
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of the localization condition is typical. Therefore several ques-
tions arise: what happens when the localization conditions are
(slightly) violated? Which features of the localized-magnon
scenario survive? Which new effects may appear?

Although a systematic quantitative theory for such a case
has not been elaborated until now, it is in order to mention
here Ref. 20 considering a distorted frustrated two-leg spin
ladder (see also Ref. 21 related to a frustrated bilayer) and
Refs. 22 and 23 dealing with a distorted diamond spin chain.
These studies, however, are not based on the localized-magnon
picture and use a strong-coupling approach, see below. In our
recent paper,>* we touch this problem suggesting a heuristic
ansatz for the partition function of a distorted diamond spin
chain inspired by localized-magnon calculations.

The aim of the present paper is to develop a systematic
treatment of a certain class of localized-magnon systems,
namely, the monomer class,!* in the presence of small
deviations from ideal geometry. We consider three different
frustrated quantum spin lattices belonging to the monomer
class, the diamond chain, the dimer-plaquette chain (see
Fig. 1), and the square-kagome lattice (see Fig. 2). These
frustrated quantum antiferromagnets were investigated previ-
ously in the literature by various authors.>>~2® The frustrated
diamond chain has been discussed widely in the literature
as a prototype of a quantum spin system with local con-
servation laws (also called “hidden Ising symmetry”), see,
e.g., Ref. 25. It exhibits zero-temperature phase transitions
between a collective ferrimagnetic state and simple product
states driven by frustration. The distorted diamond-chain
Heisenberg model has attracted particular attention as a model
to describe the magnetic properties of the natural mineral
azurite, see below. The dimer-plaquette chain Heisenberg
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model can be understood as the one-dimensional counterpart
of the famous Shastry-Sutherland model.” It also exhibits
zero-temperature phase transitions. Although on the first
glance the diamond chain and the dimer-plaquette chain
seem to be quite similar, the horizontal dimer bond may
lead to quite different properties.’®>” The most spectacular
feature of the model is the existence of an infinite series of
magnetization steps in the magnetization curve between 1/4
and 1/2 of the saturation magnetization.”’ This is a unique
characteristic of this model not found so far in other quantum
spin models. The two-dimensional square-kagome lattice is
an example for a system with corner-sharing triangles. Hence
the square-kagome Heisenberg antiferromagnet shares some
properties with the famous kagome antiferromagnet.

Our strategy to treat the models with small deviations
from ideal geometry is to eliminate high-energy degrees of
freedom, this way constructing low-energy effective Hamil-
tonians which are much simpler to treat than the initial ones.
Among the considered lattices the two-dimensional square-
kagome lattice is particularly interesting, since it shares some
properties with the kagome lattice.”® Moreover, generally in
two dimensions, a richer phase diagram can be expected. The
square-kagome lattice also admits a straightforward appli-
cation of the strong-coupling method developed in previous
papers, see, e.g., Refs. 22, 23, and 30. Note, however, that
the strong-coupling approach is not custom-tailored to the
problem at hand, since it does not take advantage of the
special localized-magnon properties. We also want to compare
our theoretical findings with available experimental results for
azurite.’! Azurite is known to be the model compound for
a diamond spin chain (for other compounds with diamond
structure, see Ref. 32). Although its exchange parameter set
differs from the ideal localized-magnon geometry, it is not too
far from it.”3% Let us mention that there is also an example
of a spin-chain compound possessing the dimer-plaquette
structure, see Ref. 34.

The rest of the paper is organized as follows. First, we
introduce the models and briefly illustrate the localized-
magnon scenario (Sec. II). Then we construct effective
Hamiltonians (Sec. III) considering separately the strong-
coupling approach and the localized-magnon based approach.
In Sec. III, we compare exact-diagonalization results for the
full and the corresponding effective models to estimate the va-
lidity of the effective models. In Sec. IV, we use the constructed
low-energy effective models to discuss the low-temperature
properties of the initial frustrated quantum antiferromagnets
at high fields. We summarize our findings in Sec. V.

II. MODELS. INDEPENDENT LOCALIZED MAGNONS

In the present study, we consider the standard spin-1/2
antiferromagnetic Heisenberg model in a magnetic field with
the Hamiltonian

N

H=> Jjsi-sj—hS, § =Y s J;>0 (1)
(i) i=I

Here, the first sum runs over all nearest-neighbor bonds on a

lattice, whereas the second one runs over all N lattice sites.
Note that [S*,H] =0, i.e., the eigenvalues of S$* are good
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FIG. 1. (Color online) (a) The diamond chain and (b) the dimer-
plaquette chain described by Hamiltonian (2.1). The trapping cells
(vertical dimers) for localized magnons are indicated by bold solid
red lines (J, bonds).

quantum numbers. The pattern of the exchange integrals J;;
of the three different frustrated lattices considered here is
shown in detail in Figs. 1 and 2. On a particular lattice, a
localized-magnon state can be located within a characteristic
trapping cell due to destructive quantum interference.” For
the diamond and dimer-plaquette chains, the trapping cells
are the vertical dimers, see Fig. 1, and for the square-kagome
lattice, the trapping cell is a square, see Fig. 2. Owing to the
localized nature of these states the many-magnon states in the
subspaces S* = N/2 —2,...,N/2 — Rmax, "max X N can be
constructed by filling the traps by localized magnons. Clearly,
all these states are linear independent.’> Moreover, it can
be shown that these localized-magnon states have the lowest
energy in their corresponding S° subspace, if the strength of
the antiferromagnetic bonds of the trapping cells J, exceeds a
lower bound.>%

my,n,,3 J|
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FIG. 2. (Color online) The square-kagome lattice described by
Hamiltonian (2.1). The trapping cells (squares) for localized magnons
are indicated by bold solid red lines (J/, bonds).
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The degeneracy of the localized-magnon states is calculated
via mapping onto spatial configuration of corresponding hard-
core objects on an auxiliary lattice.*!>!# For the frustrated
quantum antiferromagnet on the lattices at hand, this hard-core
system is a classical gas of monomers on a chain or a square
lattice.'>1#

It is important to notice that the magnon localization
occurs due to the specific lattice geometry and hence requires
certain relations between the bonds J;;. For the considered
traps (single bond or square), this condition is fulfilled if
an arbitrary bond of the trapping cell and the surrounding
bonds attached to the two sites of this bond form an isosceles
triangle, i.e., J; = J;3 = J inFigs. | and 2. Atlow temperatures
and for magnetic fields / around the saturation field hg = h
(hy = J, + J for the diamond and dimer-plaquette chains and
hy = 2J, + J for the square-kagome lattice), the contribution
of localized states is dominating in the partition function.'* In
the present study, we deal with the case when the localization
conditions are violated. To be specific, in what follows, we
consider a violation of the ideal geometry by taking into
account different values of J; and J3 but fixing their average,
ie., J1 # J3, J1 + J3 = 2J, see Figs. 1 and 2. This choice is
relevant for azurite®>*? and it is appropriate to illustrate the
main point of our considerations.

For the further treatment of the models we introduce a
convenient labeling of the lattice sites by a pair of indices,
where the first number enumerates the cells [m =1, ... N,
N = N/3 for the diamond chain, N’ = N /4 for the dimer-
plaquette chain, N' = N /6 for the square-kagome lattice, N
is the number of sites; for the square-kagome lattice the cells
are enumerated by the vector index m = (m,,m,)] and the
second one enumerates the position of the site within the cell,
see Figs. 1 and 2.

III. EFFECTIVE HAMILTONIANS

A. Strong-coupling approach

The strong-coupling perturbation theory is well established
in the theory of quantum spin systems, see, e.g., Refs. 22, 23,
and 30. Note that it is not necessarily related to the existence
of localized-magnon states. We begin with a brief illustration
of the main steps of such an analysis. The strong-coupling
approach starts from finite elements/cells (e.g., dimers or
squares) of the spin lattice that do not have common sites and
have sufficiently large couplings, here J,. The number of cells
is denoted by N, N'//N < 1. On these cells the spin problem
is solved analytically. (In the context of localized-magnon
states, these cells will play the role of the trapping cells.)
The cells are joined via weaker connecting bonds J;, i # 2.
The strong-coupling approach is based on the assumption
that the coupling J, is the dominant one, i.e., J; / J, < 1,i # 2.
Specifically, at high fields considered here, only a few states
of the trapping cell are relevant, namely, the fully polarized
state |u) and the one-magnon state |d). All other sites have
fully polarized spins. As the magnetic field decreases from
very large values, the ground state of the cell undergoes a
transition between the state |u) and the state |d) at the “bare”
saturation field Ao of a cell. The Hamiltonian H is splitted
into a “main” part Hy,, [the Hamiltonian of all cells and the
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Zeeman interaction of all spins with the magnetic field A;
for the dimer-plaquette chain, it includes also the interaction
along horizontal bonds, J4, see Fig. 1(b)] and a perturbation
V (the rest of the Hamiltonian H). The ground state |¢y) of
the Hamiltonian without the connecting bonds, i.e., J; =0
fori#2,ath—hy=0is 2V fold degenerate and forms a
model space defined by the projector P = |¢) (¢o|. For J; # 0,
i #2,and h — hy # 0, we construct an effective Hamiltonian
H.¢ which acts on the model space only but gives the exact
ground-state energy. Heg can be found perturbatively and is
given by3’~%’

|9 ) {Pa

HeffszPJrPVZrS ;
0~ Cu

a#0

VP+---. 3.1

Here, |¢,), o # 0, are excited states of Hp,i,. Finally, to rewrite
the effective Hamiltonian in a more transparent form amenable
for further analysis, it might be convenient to introduce
(pseudo)spin operators representing the states of each trapping
cell.

Next, we present the concrete effective Hamiltonians
obtained according to the above described procedure for the
frustrated quantum Heisenberg antiferromagnets at hand, see
Appendix A. In all cases, we get the spin-1/2 isotropic XY
model in a transverse magnetic field with the Hamiltonian

N
Her =JY (TiTF+T)T)) —hY T:+NC.  (32)

(mn) m=1

Here, the first sum runs over all nearest neighbors on a
simple chain (diamond and dimer-plaquette) or a square
lattice (square-kagome) of A sites and the second sum runs
over all sites of the simple chain or the square lattice. The
(pseudo)spin-1/2 operators for each cell 7%, @ = x,y,z act in
the subspace of the two states, |u) and |d). For specific values
of the Hamiltonian parameters see Appendix A.

B. Localized-magnon approach

As illustrated above, the strong-coupling consideration
provides a low-energy description for the considered frustrated
quantum Heisenberg antiferromagnets at high fields provided
that the intracell coupling J, is much larger than all other
couplings. This might be a quite natural requirement for
cell-based (e.g., dimer-based or square-based) spin systems but
it is not necessary in the context of localized-magnon systems.
Indeed, the localized-magnon picture for the considered spin
systems emerges when J; — J;3 = 0 whereas (J; + J3)/2 = J
is only smaller, but not much smaller than J,.'*

At first glance, we may extend straightforwardly the
above described scheme introducing another splitting of the
Hamiltonian H taking advantage of the specific features
of the localized-magnon scenario. As the main part of the
Hamiltonian we take that part of the initial Hamiltonian that
corresponds to the ideal geometry, i.e., a Hamiltonian with
J = (J1 + J3)/2instead of J; and J3 ath = h;. The remaining
part of the initial Hamiltonian, which contains J; — J and
h — h; only, we consider as the perturbation. The ground
state of the main part is the well-known set of independent
localized-magnon states, however, the excited states that are
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necessary for calculation of the second term in Eq. (3.1) are
generally unknown.

We may overcome this difficulty considering as a starting
point instead of H the Hamiltonian

H = PHP, P - ®J,>l/:17)m» (33)
where P, is the projector on the relevant states of the
trapping cell m. It was defined for the various models under
consideration in Appendix A. It is important to note that by
contrast to the projection operator P used in strong-coupling
approximation [Egs. (3.1) and (A1)], the projection operator
‘P used here does not fix the intermediate spins connecting
the trapping cells thus allowing more degrees of freedom.
Nevertheless, we have made an approximation by reducing
the number of states taken into account [namely, instead of
four (16) states of each vertical bond (square) we consider
now only two of them, the fully polarized state |u) and the
localized-magnon state |d)]. Moreover, the restriction to states
|u) and |d) limits the possibility of spreading the cell states
over the lattice. For the reduced set of degrees of freedom, it
is then straightforward to introduce in H again (pseudo)spin
operators.

The usefulness of this new Hamiltonian H is twofold.
First, it is interesting in its own rights providing an effective
description of the initial spin model in terms of a simpler model
with a smaller number of sites, see below. Second, a major
advantage is that for H, we can eliminate the spin variables
relating to the sites that connect the traps perturbatively
with respect to small deviations from the ideal geometry
(but not with respect to the total strength of the connecting
bonds) arriving at an effective model, which is certainly an
improvement of the strong-coupling one. More specifically,
we split H into a main part Hy,i, (that is the Hamiltonian
‘H with J; = J3 =J and h = h;) and a perturbation V =
H — Hmain- The ground state of Hyi, is the same as that
of the strong-coupling approach |¢g) (although with another
value of the ground-state energy &, since the connecting bonds
are present in Hp,n) and, hence, also the projector is the
same P = |gp)(@o|. Moreover, for the Hamiltonian H yain, all
relevant excited states |, ), o # 0, are known and therefore
an effective Hamiltonian (3.1) can be worked out. Below we
present further details for each frustrated quantum Heisenberg
antiferromagnet under consideration.

1. Diamond and dimer-plaquette chains

After eliminating irrelevant states of the vertical bond in
favor of the two relevant ones, |u) and |d), and introducing
(pseudo)spin T operators (A2), we obtain from Eq. (3.3),

H = Xi————~%h—hﬁ~(h—ﬂ%3
Ji — Js )
+ = (T + D) + I T
Ji — s

STt +8m3Toi1) + Js5, m+1i|

34

=2
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That is a spin-1/2 X X Z model with alternating isotropic XY
bonds in an alternating magnetic z field on a simple chain of
2N sites, i.e., the unit cell contains two sites.
To exclude further the spin variables at the sites m,3, m =
.,V perturbatively, we consider the main Hamiltonian

N
h J
Hmain:Z[_El_Zz_(hl_JZ)Ty;_

m=1

(hy = J)s, 5

(TS5 5ia i) | G3)
where hy = J, + J. That is an Ising chain Hamiltonian
with known eigenstates |¢,). The set of ground states
[1,(v)113))m. where v is either u or d, has the energy
g0 = (=5J2/4 — J/2)N. Now we consider the perturbation
YV = H — Hmain and the set of excited states |¢,) that enter
Eqg. (3.1). Again, we consider the states with one flipped spin
on the site m,3. However, now (since J # 0) the energy of the
excited state depends on the states of the neighboring vertical
bonds. Namely, ¢, = 9 + Jo — J if for the neighboring sites
T* =1/2, ¢ = &9 + J, if for one of the neighboring sites
T* =1/2 and for another one T° = —1/2, and &, = g +
Jo + J if for the neighboring sites 7° = —1/2. Taking into
account this circumstance in Eq. (3.1), after straightforward
calculations, we arrive at the effective Hamiltonian

N
Herr = Z (T Ty + T Toyy) + ST, — DT +C]
m=1
(3.6)
with the following parameters:
Jo (i =)y 1
41, 1-— J—z
Ji — B)? 1
J: = (J1 3) < _ 1)’
4.]2 1 —_ J_z
Ji — J3)?
heh—py = DB (3.7)
4J,
ho I (= 5)? 1
C=—-h——+— 1),
4 2 16J, 1-— % *
Ji+J
J ';*,m_h+J

We may expand the effective couplings and field with
respect to J/J, in Eq. (3.7):

R AY)
g Wiz B’ (1+i+.-.),

4J, Jr
(Jy — )
Jo=— -, 3.8
4J, <12+ ) 68
Ji — J3)?
h:h_hl_M.
47,

This result reproduces not only the second-order perturbation
theory in 1/J, reported in Refs. 22 and 23, but also the third-
order terms®” in 1/J5, see Eq. (6.3) of Ref. 22.

Repeating such calculations for the dimer-plaquette
chain (see Appendix B), we again finally arrive at the
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effective Hamiltonian (3.6), however, now with the following

parameters:

(- 5L (= )
8(Jr — Jy) 8J,

Jd=

’

. Ji—J) 1 (1—x)
" 8(h— ) 1 J+l— T2 14 x2
+ 2(J2—Js)
(1+ x)2:|

+ (J1 — J3)? | 1
8J, AN 1+ x2
+ 2J,

(J; — J3)? 1 (1—x)?
8(Jr — Js) | J+d—/T2+72 1+ x2
+ 2(2—Js)
(J1 — J3)? 1 (14 x)*

8.J, J—dgt ST 14+ x27
1+ By —

h=h—h —

(Jy = J5)? ! 1 (1—x)?
32(Jr — Jy) 14 J+l—J 477 1+ x2

2(2—Js)
(Ji — J3)? - 1 (14x)
32/, | g Il 14+x2 |
+ 2,

Jo—\JJ}+ J?

, X =—"

J

N+ 5
2
hy=J,+ J.

J

(3.9)

In the limiting case J/J, — 0, J/Js — O, this result trans-
forms into the one obtained using the strong-coupling ap-
proach, cf. Eq. (AS).

2. Square-kagome lattice

Similar calculations for the two-dimensional square-
kagome lattice presented in some detail in Appendix B lead
finally to the following effective Hamiltonian:

Mo = Y (TTE + TT) + T3]

(mn)

N
—-h) T;+NC.

m=1

(3.10)

Here, the first sum runs over the neighboring sites of an
N -site square lattice and the parameters have the following
values:

S _Ui—hp
- _ -
165, 1,
JZZ(JI—J3)2< 1 )
J J ’
16, \1-2 1-2
Ji—=J)? 1
h=h—h1—(l 3) -
8, 11—
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5 3 (Jy — J3)? 1 1
C=—2h+2J— ,
PR 27 ( + 1_L>

J
1=35 45
Ji+
2 9

- hy =20, + J. (3.11)

T T

S J,=0.§5, ‘J2=3‘,‘J3=1‘.15; T=O/./Q‘Qlﬁ

[7,=6
04 _/_

S 03 L :
¥ 6.96 7
02 | ]
H —
0.1t Hep —— 1
_1}_[ ________
ol e J
3.953.96 3.97 3.98 3.99 4 4.01 4.02 4.03 4.04 4.05
h
A=6, J,=0.85, J,=3, J;=1.15, h=3.98
H
0.2 Hegp ————
5_[ --------
— Hogf e
=
&
ROV
0 i
0.0001  0.001 0.01 0.1 1
T
2=6,J,=0.85, J,=3, J;=1.15, h=4.01
02t
<
&
ROV
ok
0.0001  0.001 0.01

FIG. 3. (Color online) Comparison of the full model with ef-
fective models for the distorted diamond chain of N =6 cells:
field dependencies of the magnetization (per site) and temperature
dependencies of the specific heat (per site) for J; = 0.85, J, =3
(main panels) and J, = 6 (inset), J3 = 1.15. The values of hy;, hy,
[as they follow from Egs. (3.6) and (3.7)] along with the value of
hy are indicated by filled triangle-down, triangle-up, and square. For
more explanations, see the main text.
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0.4 I
- 7,02
E‘ 031 3 301
s
02
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o P4 =09, 1,22, J3=1.1, J,=1: T=0.0001
2.995 3 3.005 3.01 3.015
h

FIG. 4. (Color online) Comparison of the full model with effec-
tive models for the distorted dimer-plaquette chain of N = 4 cells:
field dependencies of the magnetization (per site) for J; = 0.9, J, =
2,J; = 1.1, J, = 1 (main panel) and J; = 0.2 (inset) at 7 = 0.0001.
Note that for J, = 0.2 (inset), all curves practically coincide. For
more explanations, see the main text.

Obviously, in the limit J/J, — 0, this result coincides with
that one obtained within the strong-coupling approach, cf.
Eq. (A7).

C. Exact diagonalization

In this section, we will discuss the region of validity of
the effective Hamiltonians obtained in the previous sections
by reducing the dimension of the full Hilbert space and by
using perturbation expansions. To check the quality of the
obtained effective Hamiltonians, we perform extensive exact
diagonalization studies for the initial and the effective models
and compare the results focusing on magnetization curves and
the temperature dependence of the specific heat.

In Figs. 3-5, we show the magnetization curve at low
(including zero) temperatures for the considered distorted
models of N'= 6 (diamond chain, Fig. 3), N' = 4 (dimer-
plaquette chain, Fig. 4) as well as N' = 4 and 8 cells (square-
kagome lattice, Fig. 5). In Figs. 3 and 5, we also show the
temperature dependence of the specific heat at high fields.
Results for the initial full model (2.1) (thick solid black curves)
are compared with corresponding data for the effective models
[() strong-coupling approach, Hamiltonian Hg, see Eqgs. (A3)
and (A4), (A3) and (AS), and (A6) and (A7), thin long-dashed
green curves; (ii) localized-magnon description, Hamiltonian
‘H, see Egs. (3.4), (B1), and (B3), short-dashed blue curves;
and (iii) localized-magnon description with subsequent pertur-
bation approach, Hamiltonian H.¢, see Eqgs. (3.6) and (3.7),
(3.6) and (3.9), and (3.10) and (3.11), dotted red curves].

Comparing the full initial model with the effective ones,
we find a quite excellent agreement with the localized-magnon
based effective models described by H and H.s. Note that in
our plots, the deviation from ideal geometry, i.e., J; = J3, is
up to 20%. We mention that even for fairly large deviations,
not shown here, the agreement is still satisfactory. Moreover,
the perturbative localized-magnon description by Hegr almost
coincides with nonperturbative localized-magnon description
by H for temperatures including the full low-temperature
maximum in ¢(7). Hence the former one is the favored
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FIG. 5. (Color online) Comparison of the full model with effec-
tive models for the distorted square-kagome lattice of N' = 4 (main
panel and left inset) and N = 8 (right inset): field dependencies of the
magnetization (per site) and temperature dependencies of the specific
heat (per site) for J; = 0.8, J, = 2 (main panels and right inset) and
J, = 4 (leftinset), J3 = 1.2. For more explanations, see the main text.

approach, since it contains much less degrees of freedom and
therefore its treatment is simpler. The neglected degrees of
freedom become relevant only at higher temperatures. On
the other hand, for J, =3 and 2 considered in Figs. 3-5,
the strong-coupling approach is significantly less accurate.
Naturally, it becomes better by increasing of J;, see, e.g., the
inset in the upper panel of Fig. 3. In general, we may conclude
that the derived effective models approximate the exact results
remarkably well for a wide range of parameters.
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Some generic features emerging due to the deviation from
the ideal geometry are already clearly visible from the data
obtained for the initial full models of small size. First, we
mention that the deviation from ideal geometry, i.e., J; # J3,
does not yield a noticeable change of the width of the plateau
that precedes the magnetization jump to saturation in the
ground state (note that the full plateau is not shown in Figs. 3-5,
where data near the upper end of this plateau are presented
only). However, the deviation from ideal geometry has a
significant influence on the magnetization jump at /; present
for J; = J3. Instead of the jump, there is a (small) finite
region, hy; < h < hyy, where the low-temperature magnetiza-
tion shows steep increase between two plateau values. While
the strong-coupling approach predicts the boundaries of this
region hy; and hyy, only qualitatively and underestimates the
width of the region hy, — hy;, the localized-magnon approach
gives much better results for ij; and hy;. Further, we notice
that the specific heat ¢(7T) shows a two-peak temperature
profile, typical for localized-magnon systems, also for the
distorted models. The double-peak structure is even present for
magnetic fields within the region /1, < h < hy;. All effective
Hamiltonians are capable to reproduce the low-temperature
peak of c¢(T) related to an extra low-energy scale set by
the manifold of almost localized-magnon states. Again the
localized-magnon approach yields much better agreement with
the full model than the strong-coupling approach. Note that the
effective model H can reproduce qualitatively even the second
high-temperature maximum of the specific heat, see Figs. 3
and 5. However, for the description of the low-temperature
thermodynamics, the simpler effective model H. is favorable,
since both effective localized-magnon based models yield
almost perfect agreement with the full model.

Before we will discuss the low-temperature physics of the
models at hand in more detail in the next section, let us
summarize the main findings of the present section relevant
for the further considerations: we have presented three types
of effective models that are capable to describe frustrated
quantum antiferromagnets of the monomer universality class'*
at high fields and low temperatures. All effective models refer
to a reduced Hilbert space (only two states for each trapping
cell are taken into account), the strong-coupling approach
assumes J/J, to be small, whereas the localized-magnon
approach needs a more modest requirement: the deviation from
the ideal geometry should be small. Comparisons of exact
diagonalization data illustrate the quality of the suggested
models. The fairly simple and well investigated spin-1/2
X XZ model with uniform nearest-neighbor interaction in a
z-aligned magnetic field on a chain or on a square lattice,
respectively, provides an accurate low-temperature description
of the frustrated initial spin-1/2 Heisenberg models. In the
limit of sufficiently strong J,, the even simpler spin-1/2
isotropic XY model is adequate.

We may conclude the above considerations by the state-
ment: instead of a classical hard-core models adequate
to describe the low-energy degrees of freedom for ideal
geometry, we are faced with quantum models in the case
of nonideal geometry. However, these quantum models are
well-known standard ones, they are unfrustrated and they
allow a straightforward application of efficient methods of
quantum magnetism such as Bethe ansatz, density matrix
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renormalization group, or quantum Monte Carlo techniques.
Moreover, for the effective models, the particle number is
smaller than that of the initial models. Finding of effective
Hamiltonians is a key result of our paper from which several
consequences follow to be discussed below.

IV. HIGH-FIELD LOW-TEMPERATURE
THERMODYNAMICS

Now we discuss in more detail the properties of the con-
sidered frustrated quantum antiferromagnets in the high-field
low-temperature regime using the effective models derived in
the previous section. For that, we use the fact that the effective
models, the spin-1/2 isotropic XY or X X Z Heisenberg model
on a chain or on a square lattice, were extensively studied
by different analytical and numerical methods in the past.
Hence we can use this knowledge to discuss the physical
properties of the much more complicated initial frustrated
models in the relevant regime. In particular, we provide
some theoretical predictions for the high-field low-temperature
properties of azurite as well as a new intriguing scenario for a
magnetic-field driven Berezinskii-Kosterlitz-Thouless physics
in the two-dimensional case. To achieve these goals, we have
performed numerical calculations for the effective models
with specific parameter sets corresponding to the considered
frustrated quantum antiferromagnets.

A. The one-dimensional case

The spin-1/2 isotropic XY chain in a transverse field is
a famous exactly solvable quantum model.*’ Therefore the
one-dimensional systems considered here can be described
analytically even in the thermodynamic limit A" — oo if the
strong-coupling approach is adequate, i.e., if J, is sufficiently
large. In Fig. 6, we report some thermodynamic quantities for
the distorted diamond-chain Heisenberg antiferromagnet (2.1)
with J; = 0.85, J, = 6, J3 = 1.15 (cf. the inset in the upper
panel of Fig. 3) obtained by using the effective Hamiltonian
H.g given in Egs. (A3) and (A4).

From the upper panel of Fig. 6, itis obvious that the ground-
state magnetization jump at 1, = 7 existing for ideal geometry,
J1 = J3, transforms into the smooth magnetization curve of
the spin-1/2 isotropic XY chain in a transverse magnetic field
for the distorted model. This smooth magnetization curve
has an infinite slope with exponent 1/2 when approaching
continuously the plateaus at hy; = hy =7 and hy, = hy +
(J1 — J3)?/(2J,) = 7.0075. Furthermore, the finite residual
ground-state entropy per site at the saturation field, s(T =
0,h = h;) =1In(2)/3 =~ 0.231, present for J; = J3,is removed
immediately by distortions, i.e., s(T = 0,h) = 0. However,
with a slight increase of the temperature, the whole manifold of
almost localized-magnon states becomes accessible for iy <
h < hyy, thus producing a tremendous entropy enhancement,
see the corresponding panel in Fig. 6. The behavior of the
specific heat, shown in the lower panel of Fig. 6, depends on the
value of h. For hy; < h < hy,,onehas ¢(T) x T for T — O,
which corresponds to the gapless spin-liquid phase of the
effective spin-1/2 isotropic XY chain in a transverse magnetic
field. Otherwise, there is an exponential decay of ¢(7T) for
T — 0 (within the gapped phase of the effective spin-1/2
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FIG. 6. Magnetization per site m(7T',h), entropy per site s(T,h),
and specific heat per site ¢(7', i) at high fields and low temperatures for
the distorted diamond-chain Heisenberg antiferromagnet (2.1) with
J1 = 0.85, J, = 6, J; = 1.15 according to the effective Hamiltonian
Heff (A3) and (A4)

isotropic XY chain in a transverse field). Correspondingly,
the character of maxima in ¢(7) seen in the lower panel of
Fig. 6 (representing the extra low-temperature maxima of the
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full model) is different. It is that one for the spin-1/2 isotropic
XY chain in the spin-liquid phase when hy; < h < Ay, but
it is the one for (weakly interacting) spins in a field if & is
significantly below (above) hy; (k). A crossover between
these types of behavior produces interesting behavior of the
position and the height of the low-temperature maximum
of ¢(T,h).

Qualitatively the behavior shown in Fig. 6 remains in the
case of XX Z (pseudo)spin interactions as well as in the two-
dimensional case, although quantitative details are obviously
different [cf., for example, Figs. 10 and 11 which show
results for the (effective) square-lattice XX Z model using
a slightly different/complementary format of representation].
But, clearly, it is much harder to obtain analytical*'*> or
numerical results for X X Z models.

B. Azurite

Next, we apply the elaborated effective description to
discuss some low-temperature properties of natural mineral
azurite Cus(CO3),(OH),,* where the magnetization curve is
experimentally accessible even beyond the saturation field.?!
It is known that the magnetic properties of azurite can be
explained using the diamond-chain Hamiltonian (2.1) with
the following set of parameters: J; = 15.51 K, J, =33 K,
J3 = 6.93 K with h = gugH, g =2.06, ug ~ 0.67171 K/T,
see Refs. 23 and 33. Note, however, that also a small exchange
interaction J,, = 4.62 K between the sites m,3 and m + 1,3
[see Fig. 1(a)] may be relevant. Neglecting J,, the exchange
parameters of our effective Hamiltonian H., see Egs. (3.6)
and (3.7), are J = 0.845 K, J* = 0.287 K, and the effective
magnetic field is h = (1.384H — 44.778) K, where H is the
experimentally applied magnetic field measured in teslas.
This effective Hamiltonian is appropriate to describe the
low-temperature properties of azurite above 30 T. Note that
in Ref. 23, slightly larger values of the effective parameters J
and J* were obtained (taking into account J,, = 4.62 K) by
analyzing the excitations above the one-third plateau state and
by fitting to the values of the upper edge field of the one-third
plateau and of the saturation field.

We present results for the azurite parameters for various
temperatures, including 7 = 0.08 K related to the measured
magnetization curve,’! in Figs. 7-9. In the inset of Fig. 7, we
first compare the results of different approaches for N' = 6
(i.e., N = 18). Again, we observe that the results for H, H,
and Hegr agree very well, whereas the data for the strong-
coupling approach, H.g, deviate noticeably. Hence we further
focus on data obtained from our effective Hamiltonian Hes
(3.6), (3.7) for N' =20, i.e., N = 60, with the parameters
J=0.845 K, J* =0.287 K, and h = (1.384H — 44.778) K.
The magnetization curve at 7 = 0.08 K is shown in Fig. 7,
the field dependencies of the specific heat per site ¢ and the
entropy per site s at 7 = 0.08 and 0.4 K are shown in Fig. 8,
and in Fig. 9, we present the temperature dependencies of the
specific heat ¢ and the entropy s for three values of the magnetic
field, H = 31, 32.5, and 34 T. Remember that the effective
model Hg covers the low-temperature region, whereas the
high-temperature maximum in ¢(7") and the corresponding
entropy s — In2 = 0.693 are not provided by Hegs.
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FIG. 7. (Color online) Low-temperature (7 = 0.08 K) magne-
tization curves for the distorted diamond-chain Heisenberg antifer-
romagnet (2.1) with azurite parameters J, = 15.51 K, J, =33 K,
J3 =6.93 K (J,, = 0), and the gyromagnetic ratio g = 2.06. Inset:
N =6,ie., N = 18; main panel: ' = 20, i.e., N = 60.

There are well pronounced features below 1 K, which
can be attributed to traces of independent localized-magnon
states: a steep increase of the magnetization (see Fig. 7),
an enhanced low-temperature entropy that reaches In(2)/3 ~
0.231 (see Fig. 9), and a low-temperature maximum in the
specific heat (see Fig. 9). The large entropy change caused by
variation of the magnetic field (see Fig. 8) implies an enhanced
magnetocaloric effect as it was noticed already in Refs. 17
and 23. (Note that recently the magnetocaloric effect in an
X X Z chain has been examined rigorously.*) It is in order to
mention here recent experiments on the magnetocaloric effect
for other (frustrated) quantum Heisenberg antiferromagnets.*
Corresponding experimental magnetocaloric studies for azu-
rite would be of great interest.

C. The two-dimensional case

The effective Hamiltonians for the distorted square-kagome
lattice are well-known spin-1/2 square-lattice models: the
N -site square-lattice isotropic XY model (A6), the 3N -site

Hgp 220; J;=15.51K, J,=33K, J;=6.93K

02 I S(T=0.08K,H) e |
' o(T=0.08K,H) ——
S(T=0.4K,H)
0.15 | e C(T=0.4KH) —— |
0.1
0.05
0 e N -
30 31 32 33 34 35

H (D)

FIG. 8. (Color online) Field dependence of the entropy per site
(thick) and specific heat per site (thin) for the distorted diamond-
chain Heisenberg antiferromagnet (2.1) with azurite parameters J, =
1551 K, J, =33 K, J; =6.93 K (J,, = 0), and the gyromagnetic
ratio g = 2.06 at low temperatures, 7 = 0.08 and 0.4 K.
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FIG. 9. (Color online) Temperature dependence of the entropy per
site (thick) and specific heat per site (thin) for the distorted diamond-
chain Heisenberg antiferromagnet (2.1) with azurite parameters J;, =
1551 K, J, =33 K, J5 =6.93 K (J,, =0), and the gyromagnetic
ratio g = 2.06 at high magnetic fields, H = 31, 32.5, and 34 T.

XXZ model on a decorated square lattice (B3), and the
N -site square-lattice X X Z model (3.10). All models contain a
Zeeman term with a magnetic field in z direction. The first and
the third models have been studied quite extensively in the past
(also in the context of hard-core bosons; then the magnetization
corresponds to the particle number and the magnetic field to
the chemical potential).*->3

It is generally known that the classical version of the
isotropic XY model (without field) undergoes a Berezinskii-
Kosterlitz-Thouless (BKT) transition®* at 7. & 0.898|J|.>
The BKT transition occurs in the quantum spin-1/2 case
too, although, at a lower temperature, T, & 0.343|J|.46:48-50
The quantum model is gapless with an excitation spectrum
that is linear in the momentum. The specific heat shows 72
behavior for T — 0, it increases very rapidly around T,
and it exhibits a finite peak somewhat above T,. This kind
of the low-temperature thermodynamics survives for not too
large z-aligned magnetic field |h| < 2|J| (see, e.g., Figs. 3
and 8 in Ref. 52). Also, for the spin-1/2 square-lattice XX Z
model with dominating isotropic XY interaction in a z-aligned
magnetic field, the BKT transition appears.>

These known results can be translated to the considered
case, i.e., the distorted square-kagome spin model (2.1) in
the high-field low-temperature regime. Again, we use exact
diagonalization for the effective model Hg (3.10) and (3.11)
of N' =20 sites for the set of parameters J; = 0.8, J, =
2, J3 = 1.2 to analyze the low-temperature features of the
initial N-site square-kagome model (remember that A = 20
corresponds to N = 120). From the previous section, we know
that Heg for this set of parameters works perfectly well at
least up to 7 = 0.1, cf. Fig. 5. Our results are collected in
Figs. 10 and 11. Instead of the former jump of the ground-state
magnetization per site between 1/3 and 1/2 present at h; = 5
for J; = J;3 = 1, the magnetization m(7T,h) shows a smooth
(but steep) increase varying the field 4 from hy; = 4.996 to
hy, = 5.027, see Fig. 10(a). Due to the distortion, the former
2V fold degeneracy of the ground states at saturation field
is lifted and, as a result, there is no residual entropy at
T = 0. Since these 2V energy levels remain close to each
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FIG. 10. (Color online) (a) Magnetization per site m(T,h),
(b) entropy per site s(7,h), and (c) specific heat per site c(7T,h)
at high fields and low temperatures (7 = 0.001,0.004,0.01) for
the distorted square-kagome Heisenberg antiferromagnet (2.1) with
J1 = 0.8, J, =2, J; = 1.2. The data are obtained from the effective
Hamiltonian Heg (3.10) and (3.11) with N = 20.

other, in the field region hy; < h < hyy, by a slight increase
of T all these states become accessible and the entropy
shows clear traces of the former residual entropy of size
In(2)/6 = 0.116, see Figs. 10(b) and 11(a) and cf. also Ref. 13.
Concerning the behavior of the specific heat of the distorted
square-kagome model for 7 — 0, we use the knowledge for
the energy spectrum of the effective easy-plane X X Z model:
the spectrum is gapless with a linear dispersion of excitations
in the field region hy; < h < hyy, and, as a result, the specific
heat is 72 at low temperatures. Outside that field region
the spectrum is gapped leading to an exponential decay of
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FIG. 11. (Color online) (a) Entropy per site s(7',k) and (b) spe-
cific heat per site ¢(7,h) at high fields (h = 4.99,5.01,5.02,5.03)
and low temperatures for the distorted square-kagome Heisenberg
antiferromagnet (2.1) with J; = 0.8, J, = 2, J; = 1.2 according to
exact diagonalization data for the effective Hamiltonian H.g (3.10),
(3.11) with A/ = 20. Temperature dependence of ¢(T,h) is shown
also for N' = 16 (thin curves) and N = 10 (very thin curves).

the specific heat for T — 0. The tiny features at extremely
low temperatures for 4 = 5.01 and & = 5.02 in Fig. 11(b) are
finite-size artifacts related to finite lattices considered here.

With respect to the BKT transition the low-temperature
maximum of the specific heat, cf. Figs. 10(c) and 11(b),
deserves a more detailed discussion. For the gapped spectrum,
there is a broader maximum in ¢(7"). By contrast, in the
gapless field region hy; < h < hyy, the maximum occurs at
lower temperatures and it is more pronounced, i.e., it becomes
peaklike [compare, e.g., the curves for h = 4.99 and 5.01
in Fig. 11(b)]. As mentioned above, this well-pronounced
maximum is located somewhat above the BKT transition
point 7.

Comparing the data for N' = 10, 16, and 20, see Fig. 11(b),
one clearly sees that the maximum in the ¢(7T) curves
corresponding to hy; < h < hy, shows significant finite-size
effects (in particular, the height of the maximum increases
noticeably with system size \), whereas in the gapped regime
the ¢(T') curves are insensitive to the system size also around
the maximum. The size dependence of the height of the
maximum can be interpreted as signature of the BKT transition
(see also the discussion in Ref. 46).

Using the maximum in the specific heat as an indicator of
the BKT transition in the distorted square-kagome Heisenberg
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FIG. 12. (Color online) Sketch of the phase diagram of the dis-
torted square-kagome Heisenberg antiferromagnet (J; = 0.8, J, = 2,
J; = 1.2) at high magnetic field (thick dashed green line) as it is
indicated by the position of the maximum 7* of the specific heat
¢(T,h) (thick solid blue curve). Thin dashed red curve corresponds
to the value of ¢(7T*,h) divided by 1000. By filled violet circles the
values of hy; and hy, are indicated.

antiferromagnet, we can construct a sketch of the phase
diagram of the model in the A-T plane, see Fig. 12. The
largest transition temperature 7, appears for zero effective field
h, which corresponds to & ~ 5.011 of the initial model, see
Eq. (3.11). A finite effective field |h| > 0 yields a decrease in
T, finally T, becomes zero entering the gapped phase at /; or
at hy;. As mentioned above, these features appear only at very
low temperatures. By lowering of J, and/or increasing of | J; —
J3|, one can get effective exchange parameters being larger by
one order of magnitude, see Eq. (3.11), and correspondingly
enlarged 7. Discussing the field dependence of T, sketched
in Fig. 12, in terms of the initial model, we may conclude that
in the highly frustrated quantum Heisenberg antiferromagnet
on the square-kagome lattice with deviations from ideal ge-
ometry the BKT transition appears only for nonzero magnetic
fields, i.e., we are faced with a magnetic-field driven BKT
transition.

V. CONCLUSIONS

Motivated by recent experiments on frustrated quantum
Heisenberg antiferromagnets and recent theories of localized-
magnon systems, we have investigated the high-field low-
temperature regime of various frustrated quantum spin systems
belonging to the monomer class of localized-magnon systems.
In the case of the ideal geometry, i.e., when the localization
conditions are strictly fulfilled, their low-temperature physics
is well described by noninteracting (pseudo)spins 1/2 in a
field. This description is equivalent to the mapping onto
hard-core objects used in previous papers. Deviations from
ideal geometry, which are relevant for possible experimental
detection of the features related to localized magnons, set
a new low-energy scale determined by the distortion of the
exchange constants. An effective description of the corre-
sponding low-energy physics for the distorted systems is
given by nonfrustrated X X Z models, i.e., collective quantum
phenomena emerge. New generic features due to the deviation
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form ideal geometry appear for magnetic fields in the vicinity
of the former saturation field /4; of the undistorted systems,
namely: (i) the ground-state magnetization curve exhibits
a smooth (but steep) part (instead of perfect jump at k),
(ii) there is a drastic enhancement of the entropy at very
small but nonzero temperatures (instead of nonzero residual
ground-state entropy at /1), and (iii) the specific heat exhibits
a power-law decay (instead of zero specific heat at 4; and
exponentially vanishing specific heat just in the vicinity of 4;).
It is worth noting that strong variation of entropy with varying
magnetic field leads to a noticeable magnetocaloric effect at
low temperatures around the saturation field. Moreover, we
mention that the characteristic extra low-temperature peak
in the specific heat survives in distorted systems. The most
prominent collective phenomenon is the appearance of a BKT
transition driven by the magnetic field in the considered two-
dimensional distorted localized-magnon system, the square-
kagome Heisenberg antiferromagnet. Likely, such a scenario
is not restricted to this particular model, rather it should be
also present in other two-dimensional quantum Heisenberg
systems built by weekly coupled localized-magnon cells. We
may conclude that the findings of our paper can be useful
searching for experimental manifestation of localized-magnon
effects.
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APPENDIX A: EFFECTIVE HAMILTONIANS WITHIN
THE STRONG-COUPLING APPROACH

1. Diamond chain

In the case of the diamond chain, the following two states of
each vertical bond are taken into account: |u) = |1;1,) with

the energy J,/4 —h and |d) = (|1;1,) — |4112))/+/2 with
the energy —3J,/4. Furthermore, hy = J,. For the projector
onto the ground-state manifold, we have
P = ®i\n[:1 Pm»

Pm = Pm ® (|T’%><T3|)m7

P = (lu)(ul + |d)(d])m.
The set of relevant excited states |, ), o # 0, is the set of the
N2V states with only one flipped spin || 3) on those sites which
connect two neighboring vertical bonds. Moreover, &, = &9 +

ho = &y + J,. After introducing (pseudo)spin-1/2 operators
for each vertical bond,

7% = §(lu)(u| — |d)(d]), T+ = u)d],
T~ = |d)(ul,

(AD)

(A2)
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Eq. (3.1) becomes
N

Hor = Y [I(T3 Ty + T Toy,) —hTi +C] (A3)
m=1
with
Ji — J3)? Ji — J3)?
J:(l 3), h=h—h1—(1 3),
4.]2 4.]2
bho T (= )
TR S A Clht Vi At
4+2 8J» (AD)
J J
h=bh+J J= ‘er 3

The effective Hamiltonian in strong-coupling approach cor-
responds to an unfrustrated spin-1/2 isotropic XY chain in a
transverse magnetic field.*’ This result coincides with that one
obtained in Ref. 23.

2. Dimer-plaquette chain

In the case of the dimer-plaquette chain, the relevant two
states of each vertical bond are the same, but the projector onto
the ground-state manifold obviously contains the projector on
the up-state for both spins on each horizontal bond [J4 bond
in Fig. 1(0)], i.e.s Pr = Py @ (113)(13] ® [14) (14])» Where
P, is defined in Eq. (Al). Instead of a flipped spin on the
site, which connects two neighboring vertical bonds being an
excited state for the diamond chain, we consider here two
classes of excited states. The first one contains the singlet
state on the horizontal bond, |s) = (|1344) — |¢3T4))/\/§. The
energy of this excited state is &, = &9 + J» — J4. The second
one contains the S* = 0 component of the triplet state on
the horizontal bond, |t) = (|15)4) + |13 T4))/«/§. The energy
of this excited state is &, = &9 + J>. As a result, we again
obtain the one-dimensional spin-1/2 isotropic XY model in
a transverse field given by Eq. (A3), however, with different
parameters,

_ (11—13)2J4
EVEAYA
Ji= )220, —J
h:h_h'_é(lj 3J)) R
3 J 21 4J 2(/ 5?20, —J (A3)
C=—h-242 5 1707 22
A L L T T AN A A
Ji+J
W=yt g, J=21t0

Note that we get J — 0 if J; — 0 as it is expected from
physical arguments.

3. Square-kagome lattice

In the case of the square-kagome lattice, we take into
account the following two states of each square: |u) =
[111213714) withthe energy J, — 2h and |d) = (|.T1T2T3¢4) -
[T 1243 14) + 1T 1dat3Ta) — 11213 14))/2 with the energy
—J» — h, and hg = 2J,. For the projector P, in Eq. (Al),
we now have Py = Pn®(15)(15] ®[16){T6Dm: Pm =
(Ju){u| + |d){d|)m, see also Fig. 2. Similar to the case of
the diamond chain the relevant excitations have one flipped
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spin on those sites connecting two neighboring squares either
in the horizontal or in the vertical direction. Their energy is
&q = €0 + ho = &9 + 2J,. The resulting effective Hamiltonian
(3.1) has the form

N
Her =J) (TaTy +T)T)) —h ) T;:+NC,

(mn) m=1

(A6)

where the first sum runs over all nearest neighbors on a square
lattice and

Ji — J5)? Ji— 5)?
JZ_(I 3), h=h—h1—(1 3)’
16]2 8-]2
5 3 (J, — J3)?
C=—-h+-J-—"— 2" A7
2 +2 16J, (A7)
h+J
hy=20L+J, J= ‘er 3

Again we get a basic model of quantum magnetism, the square-
lattice spin-1/2 isotropic XY model in a transverse magnetic
field.

Itis interesting to note that the effective interaction constant
J may have different signs. Its sign depends on the coupling
geometry of the initial frustrated quantum Heisenberg antifer-
romagnet, on the specific expression for the one-magnon state
|d), as well as on the specific excited states |¢,) involved in
Eq. (3.1).

APPENDIX B: EFFECTIVE HAMILTONIANS WITHIN
THE LOCALIZED-MAGNON APPROACH

1. Dimer-plaquette chain

In the case of the dimer-plaquette chain, the Hamiltonian
given in Eq. (3.3) reads

J
H = Z |:__ - = — (h Jz)TZ (l’l — E) (s,i,j + an,4)

11 —J3 ;Y

+T(T£52,3+Tr2 Swa) + I TS+ JaSns - Sma
Ji— s

BRG] (SmaTosr + SmaTr) + 5504 m+l:|

B

This Hamiltonian corresponds to a spin-1/2 X X Z model in a
magnetic z-field on a simple chain of 3 sites with a unit cell
of three sites.

The starting point for the construction of the N -site
effective model is

N
h J
Hmain=Z|:__l__2_(hl_J2)TrZ

m=1
J Z Z a4
- hl - E (Sm,3 + sm,4) + JTmsm,'J’

+ J4sm,3 * S+ JS;,4T,,Z1+1:| (B2)
with h; = J,+ J. That is an Ising-Heisenberg chain
Hamiltonian,”’ cf. also Eq. (3.5). Next, we take into
account the perturbation V and consider excited states
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|¢s). In contrast to the strong-coupling treatment where
the excited states correspond to one horizontal bond in the
state |s) or |t), now we are faced with a more complicated
situation, since the excited states and their energies depend
on the states of the neighboring vertical bonds. If both
neighboring vertical bonds are in the state with 7° = 1/2,
the first excited state |...(Ju)|s)n(u)|T314))m+1-..) has
the energy &, = g0 + J» — Js, and the other excited state
[ () E)m ()| 137 4))m+1 - - ) has the energy eq = o + Ja.
Similarly, if both neighboring vertical bonds have 7% = —1/2,
the excited state |...(|d)[s))m(Id)|T314))m+1-..) has the
energy &, =¢o+Jo—Js+J, and the excited state
[ () EDm(d)[1314)m+1-..) has the energy &, =
&0 + Jo + J. Furthermore, if 77 = 1/2 and Trﬁﬂ =-1/2,
the excited state  |...(|1u)|sua)m(Id)[13T4Dm+1--.)s
Isua) = (Is) + x[))//1 + x2, x=a—NI+ I/
has the energy e, = &9+ Jo + J/2 — Ja/2 — NI} + J?/2,

3 3 J .
H=> [ —Jh = =217 — (h - EJ) (sis+ She) + 5 TasSms +
m

J—J ,
+ %(Sﬁn,s T vtm, +SmsTotim,) +

Ji— '
x X y y
- 2 (sm,Gme,m_v+1 + sm,6me,m}.+1) .

1Tzsz

It corresponds to a spin-1/2 X X Z model on a decorated square
lattice (which is also known as the Lieb lattice®®), see Fig. 2.
The Hamiltonian H i, is given by Eq. (B3) with J; = J3 = J
and h = h; = 2J, 4+ J. The states with one flipped spin on
those sites connecting two neighboring squares constitute the
set of relevant excited states. The energy of the excited states
depends on the states of these two squares. Namely, it acquires

Ji—

m-m,6
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and the other excited state | ... (|u)|ta))m(1d)| 131 4))m+1 - - -)s
|t.a) = (—x]|s) +|£))/~/1+x% has the energy &, =&+
LA J2— 024N+ T2 HT; =—1/2and T} | =
1/2, the excited state |...(|d)[sau))m([u)[T3Ta))m+1--)s
Isqu) = (Is) — x|t))/~/1+x% has the energy &, =
g0+ o+ J/2—Jy/2 — N JZ + J*/2, whereas the excited
state L () tau)Dm () |13 4 Dt - - 2)s |tau) =
(x|s) +12))/+/1+x% has the energy e, =¢o+Jo+
J/2—Jy/2+ 142 + J?/2. Taking into account all these
formulas in Eq. (3.1), after some calculations, we arrive at the
effective Hamiltonian given in Egs. (3.6) and (3.9).

2. Square-kagome lattice

For the square-kagome lattice, the Hamiltonian H (3.3)
reads

Ji

- J J
S (Tasis + Tasms) + 55T,

z
my+1,m,

, J
X X VoY 4 4
( msm,ﬁ + Tmsm,6) + zsm,éka,my-H

(B3)

the value ¢, = g9 + 2J, — J if both squares are in the |u)
state, the value &, = g9 + 2J, — J/2 if one of the squares is
in the |u) state and the other one in the |d) state, and the value
&q = &0 + 2J, if both squares are in the |d) state. Taking this
into account, we can calculate the second term of Eq. (3.1) and
arrive at the Hamiltonian (3.10) with the parameters given in
Eq. (3.11).
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