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Abstract

Spin-1/2 Heisenberg model on the Shastry-Sutherland lattice is considered
within the many-body perturbation theory developed from the exactly solved
spin-1/2 Ising-Heisenberg model with the Heisenberg intradimer and Ising in-
terdimer interactions. The former model is widely used for a description of
magnetic properties of the layered compound SrCu;(BO3)2, which exhibits a
series of fractional magnetization plateaux at sufficiently low temperatures.
Using the novel type of many-body perturbation theory we have found the
effective model of interacting triplet excitations with the extended hard-core
repulsion, which accurately recovers 1/8, 1/6 and 1/4 magnetization plateaux
for moderate values of the interdimer coupling. A possible existence of a strik-
ing quantum phase of bound triplons is also revealed at low enough magnetic
fields.
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1 Introduction

The spin-1/2 quantum Heisenberg model on the Shastry-Sutherland lattice [1], which is
traditionally referred to as the Shastry-Sutherland model, is the modern playground for
the study of the complex structure of quantum matter emergent in low-dimensional spin
systems. Its structure is characterized by the two-dimensional array of mutually orthog-
onal spin dimers [2]. The competition between the antiferromagnetic intradimer J and
interdimer .J’ couplings brings on the shortly-correlated singlet-dimer and singlet-plaquette
phases in the ground state |1,3]. The application of the magnetic field invokes several sub-
tle fractional magnetization plateaux with complex ordering of localized triplon excitations
(see Ref. [4] for a review). The theoretical study of the Shastry-Sutherland model gen-
erally represents a complex problem tackled by many numerical methods like CORE [5],
pCUTs [618], tensor network iPEPS [9-11], and others (for a review see Ref. [2]). Besides,
the possible emergence of bound states [9,/]12-17], topological triplon modes |18-20] and
Bose-Einstein condensation [2,21] is of the current research interest. Recently, the numer-
ical variational approach shed light on the quantum phases emerging at the boundary of
the singlet-dimer phase [22]. The study of thermodynamics is even more complex due to a
problem with thermal averaging. Most recently the quantum Monte Carlo (QMC) method
has been specifically adapted to the Shastry-Sutherland model in a dimer basis in order to
avoid a sign problem within QMC simulations of this frustrated quantum spin system [23].
The dimer basis has been also utilized to calculate the thermodynamic properties by the
suggested numerical methods based on typical pure quantum states and infinite projected
entangled-pair states [17]. Temperature-driven phase transitions and crossovers are being
another challenging task, which nowadays attract considerable attention [24}-26].

The most prominent experimental representative of the Shastry-Sutherland model is
the layered magnetic material SrCuz(BOs3)2. Being rediscovered by Kageyama et al. [27],
this magnetic compound provides a long sought after experimental realization of the
singlet-dimer phase at zero magnetic field and several exotic quantum phases, which are
manifested in a low-temperature magnetization curve as a series of fractional magneti-
zation plateaux [10,28,[29]. What is even more, the ratio between the intradimer and
interdimer couplings in this magnetic compound is quite close to a phase boundary be-
tween the singlet-dimer phase and the singlet-plaquette phase [3]. It turns out that the
external pressure indeed paves the way for tuning the relative ratio between the interdimer
and intradimer coupling constants through the crystal deformation and hence, one may
observe at low enough temperatures a phase transition between the singlet-dimer, singlet-
plaquette and Néel phases [30]. Physical manifestations of these phases in SrCuy(BO3)s
is under intense current experimental and theoretical research [31-35]. Nevertheless, even
the magnetic behavior at low magnetic fields is still not completely understood yet. In
Ref. [28] the fractional magnetization plateaux at 1/8, 2/15, 1/6, 1/4 of the saturation
magnetization were revealed by nuclear magnetic resonance and torque measurements at
T = 60 mK, while in Ref. [10] magnetization measurements at ultrahigh magnetic fields
gave evidence for the 1/8, 1/4, 1/3, 1/2 magnetization plateaux recorded at 7' = 2.4 K. It
is noteworthy that the Dzyaloshinskii-Moriya interaction is also important for the proper
description of the magnetic properties of SrCuy(BOs)s [18,|21,36+38]. In particular, it
leads to the non-trivial topological band structure of triplons [1§].

It should be noted that SrCuy(BOs3)2 is not the only example of the physical realiza-
tion of the Shastry-Sutherland model. The magnetic structure of (CuCl)CasNbsOqg is
also consistent with the Shastry-Sutherland model, but the ferromagnetic character of the
interdimer coupling regrettably prevents emergence of fractional plateaux in the respective
low-temperature magnetization curves [39,40|. On the other hand, the rare-earth tetra-
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Figure 1: A schematic phase diagram for the Shastry-Sutherland model (panels a, b) and
for the related magnetic compound SrCuy(BOs3)2 (panels ¢, d). The color strips indicate
the different plateaux. (a) The Ising-Heisenberg model on the Shastry-Sutherland model
with the intradimer J/kp = 85.4 K and interdimer J'/kp = 54.1 K couplings, the thick
vertical bar corresponds to puoHe1 = 45.5 T, recovered from Eq. @ using the relation
poH = poh/gus; (b) the results of the perturbative approach given in Secs. |3 and |4 for
the same Interactions as specified in above: the vertical bars denote the transition fields
between different plateau phases of localized triplons from left to right ioHo_1/8 = 28.1 T,
poH1/s—176 = 28.4 T, poHy 6174 = 33 T, poH1/4—1/3 = 39 T recovered from Eq. @ A
magenta bar denotes the critical field for the bound-triplon phase poHpoung—t = 27.4 T
(see Sec. |4 and Eq. therein); (c) the result of the NMR measurements in the field
range 27 — 34 T [2§]: 1/8 plateau is detected below 28.2 T, 2/15, 1/6 plateaux are found
within the field ranges 28.7 — 29.2 T and 31.5 — 32.2 T, respectively, while 1/4 plateau
arises at 33.6 T; (d) the results of the magnetization measurements reported in Ref. @]:
1/8, 1/4 and 1/3 plateaux start at 26 T, 33 T and 39 T indicated by arrows pointing to
vertical bars.

borides RBy (R = Dy, Er, Tm, Th, Ho) afford another intriguing class of the magnetic
materials, which display a complex structure of fractional magnetization plateaux inherent
to the anisotropic Heisenberg model on the Shastry-Sutherland lattice with a rather strong
Ising-type anisotropy . While the antiferromagnetic spin-1/2 Ising model on the
Shastry-Sutherland lattice is capable of reproducing the fractional 1/3-plateau only ,
the possible exchange coupling between localized Ising spins and the spins of conducting
electrons in the metallic rare-earth tetraborides may be essential for a description of their
magnetic properties ,.

In the present work we will consider the Shastry-Sutherland model by means of the
strong-coupling approach based on the perturbative treatment of XY interdimer interac-
tion. The main result of this many-body perturbation calculation is summarized in Fig.[1}
The Ising-Heisenberg model on the Shastry-Sutherland lattice shows only the 1/3-plateau
above the zero magnetized singlet-dimer phase, see Fig. ( a). The perturbative treatment
of the XY part of the interdimer coupling is capable of reproducing the series of the
fractional 1/8-, 1/6-, and 1/4-plateaux presented in Fig. [I|(b), which shows a rather good
agreement with the experimental measurements summarized in panels (c¢) and (d) accord-
ing to Refs. @ In Sec. We will define the model and expose the applied perturbative
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Figure 2: A schematic representation of the Shastry—Sutherland model defined through the
Hamiltonian . Thick (red) lines denote the stronger intradimer coupling J, while thin
(blue) lines show the interdimer coupling J’. Bold lines mark clusters of three subsequent
strongly correlated dimers in the Ising-Heisenberg model given by the Hamiltonian .

method. In Sec. [3| we will discuss in particular the results of the second-order perturbation
theory with the main emphasis laid on the phases of localized triplons emergent in the
ground-state phase diagram. Here, we will also demonstrate to what extent the sequence
of fractional plateaux in SrCus(BO3)s can be described. The quantum correlated phases
are considered in Sec. [} while the most interesting findings are summarized in Sec.
Some specific technical details of the calculation procedure are shown in Appendices.

2 Shastry-Sutherland model

Let us consider the spin-1/2 Heisenberg model on the Shastry-Sutherland lattice [1] in an
external magnetic field defined by the following Hamiltonian:

H:JZsl-sm+J’Zsl-sm—thf, (1)
1

(Lm) ((Lm))

where (I, m) and ({1, m)) denote the summation over all intradimer J and interdimer J’
interactions, the general site index 1 = (n, i, j) involves a reference number n = 1 or 2 of
the spin in a dimer in addition to two reference numbers ¢ and j specifying the dimer’s
position in a column and a row of the Shastry-Sutherland lattice, respectively (see Fig.
for enumeration of sites). Last, the parameter h = gugH denotes the standard Zeeman’s
term, up is the Bohr magneton, g is the gyromagnetic factor of magnetic ions and H is
the external magnetic field.

A usual procedure for the perturbative treatment starts from the limit of non-interacting
dimers leaving the weaker interdimer coupling as a perturbation [14}/51]. However, such
an approach is slowly converging and requires the higher-order expansion terms. For in-
stance, the expansion up to third order is able to reproduce only the 1/2 and 1/3 plateaux
of the Shastry-Sutherland model |14]. In the present work we will develop the unconven-
tional perturbation theory from the exact solution for the ground state of the spin-1/2
Ising-Heisenberg model on the Shastry-Sutherland lattice with the Heisenberg intradimer
and Ising interdimer couplings given by the Hamiltonian [52]:

HIH:JZsl-sm—i—J' Z sfsfn—hZSf. (2)
1

(Lm) ((Lm))
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If the intradimer interaction is assumed to be much stronger than the interdimer interac-
tion, i.e. J > J’, it is convenient to utilize the dimer-state basis for a pair of spins coupled
by the stronger intradimer interaction:

10)i5 \f(l Mgl P2ig — 1 Dl Taig),

[Dig =1 gl D2y

|2>7«,] }(| T>1,w| ¢>27m +| ¢>1,m| T>27m)

3)ig = 1 Vgl 2o (3)
where |0); ; denotes the singlet-dimer state, and [1); j, |2); j, |3)i ; correspond to the triplet-
dimer state with the following values of z-component of the total spin S7; = sj,,; +

3.4, ;=1,0,—1, respectively. Such a representation provides a transparent description of
all ground states, which emerge in the spin-1/2 Ising-Heisenberg model on the Shastry-
Sutherland lattice given by the Hamiltonian ({2 . [52]. In fact, the z-component of the total
spin on a dimer 57, is a well defined quantum number and the Hamiltonian Hrpy can be
brought into a diagonal form by the unitary transformation (see Ref. [52] and Appendlx
for further details). Thus, the problem of finding its ground state is turned into the
minimization of the diagonalized Hamiltonian with respect to the quantum states on local
dimers. It has been verified previously [52] that the ground state of the spin-1/2 Ising-
Heisenberg model on the Shastry-Sutherland lattice for J' < J can be characterized
by the following four phases: the singlet-dimer phase for h < h¢;, the stripe 1/3-plateau
phase (see Fig.|3) for hey < h < heo, the checkerboard 1/2-plateau phase for heo < h < hes
and the saturated paramagnetic phase for h > h.3. The critical fields determining the
relevant ground-state phase boundaries are explicitly given as follows:

cl — A /JQ J/2
hey = —J + 2V J? 4 J72,

hes = J + 2. (4)

It should be pointed out that the ground state of the spin-1/2 Ising-Heisenberg model
on the Shastry-Sutherland lattice is macroscopically degenerate at the first critical field
hc1 and moreover, this highly degenerate ground-state manifold can be treated as a gas
of S% =1 triplet excitations referred to as triplons [53] emergent on a background of the
crystal of singlet dimers. It has been shown previously [52] that the ground states of the
spin-1/2 Ising-Heisenberg model on the Shastry-Sutherland lattice can be constructed from
a six-spin cluster composed of three consecutive dimers (see Fig. [2)) under the following
restriction: no more than one triplon excitation can be located on each six-spin cluster.
This hard-core condition follows from the fact that at the critical field between the singlet-
dimer and 1/3 plateau phase the ground state configuration can be constructed from the
three-dimer clusters defined by the Hamiltonians @), where each cluster may contain
no more than one triplet excitation (see Ref. [52] for the details). Consequently, such
triplet excitations should obey the hard-core constraint: triplons cannot be created on
four adjacent (nearest-neighbor) dimers and such an exclusion rule should be additionally
extended for a vertically (horizontally) oriented dimer to its two alike oriented further-
neighbor dimers in horizontal (vertical) direction (see Fig. [3).

In the following our attention will be focused on a phase boundary between the singlet-
dimer and stripe 1/3-plateau phases, i.e. the magnetic-field region sufficiently close to
the first critical field h.;, where the low-temperature magnetization curve of the spin-
1/2 Heisenberg model on the Shastry-Sutherland lattice exhibits the most spectacular
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Figure 3: The schematic representation of the stripe 1/3-plateau phase and a hard-core
repulsion condition for triplons. Dashed (empty) rounded rectangle denote S* = 1 triplet
(singlet) states on dimers. The blue shaded area indicates a hard-core constraint for a
central dimer in a triplet state, which excludes triplons on all its four nearest-neighbor
dimers as well as two alike oriented further-neighbor dimers along one spatial direction.

features (see Ref. [4] for a review). To this end, the Hamiltonian of the spin-1/2
Ising-Heisenberg model on the Shastry-Sutherland lattice at the critical field h = hop with
exactly known ground state will be considered as an unperturbed part of the Hamiltonian
of the spin-1/2 Heisenberg model on the Shastry-Sutherland lattice. The remaining
part of the Hamiltonian involving the XY-part of the interdimer interaction will be
perturbatively treated together with the deviation of the magnetic field from the critical
value heq:

H =7 Y (sTsh+s{st) = (h—ha) Y si. (5)
((L,m)) 1

It should be noted that the feasibility of the perturbation method might be limited to
very small values of the interaction ratio J'/J due to the fact that the energy of the
configuration with two triplons placed on adjacent dimers is quite close to the ground-
state energy.

3 Effective model of triplon excitations

Let us apply the many-body perturbation theory (see for instance Ref. [54] for a general
procedure) to the XY-part of the interdimer interaction at the phase boundary between
the singlet-dimer and stripe 1/3-plateau phase, where the ground state is macroscopically
degenerate and can be presented as a lattice gas of triplet excitations on dimers. Within the
second-order perturbation expansion one obtains the following effective Hamiltonian when
excluding from consideration two triplet states |2); ;, |3);; of each dimer while retaining
only the singlet state |0); ; and fully polarized triplet state |1);; (see Appendix |B| for
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details):

HeffZPQ[E0+H1+Ht+H2+H3+...]P0,
Hy = (e + he — h)znl, 1= (I, 1),

1
Hy=W1 Z nny + Va Z nny + V3 Z niny,
(LI") (L1")! (L)

Hy=Var Y, mmyme +VAy > mmpme +Vag > mnpny
(171/71//>1 <1’1/71//>{l (171/71//)2

+VAs E mnyny 4+ VA, E mnyny + Vas E nnyny,
A1y, QY Ly,

N
i
Hy =t (nijo1+niji) (e a0 a1 500 ;)
ij=1
N
¢ + +
+1 Z (i—1,5+1i11,5) (0] 1@ j 1+ 5107 541)- (6)
ij=1

The summation symbol > (32”) is restricted by the constraint i +j = odd (i +j =
even) extended over all vertical (horizontal) dimers and Py is the projection operator
incorporating the hard-core condition for triplons (see Fig.|3|and Eq. ) Each site of the
effective model @ corresponds to a dimer of the Shastry-Sutherland lattice, and an empty
(filled) site n; = 0 (n; = 1) of the effective model is assigned to the singlet state |0); (triplet
state |1)1) of the lth dimer of the original Shastry-Sutherland model (). In addition to the
occupation number operator n; we have also introduced the creation and annihilation hard-
core boson operators afr and a;, which describe the transformation of the lth dimer from the
singlet state |0); to the triplet state |1); and vice versa. The physical meaning of individual
terms entering into the effective Hamiltonian (6) are as follows: H; corresponds to the
renormalized energy of a single triplon, Hy describes effective pair interactions between
triplons placed on further-neighbor dimers (see Fig. 4), H3 contains the most valuable
contributions among effective three-particle interactions between triplons (see Fig. |5)), and
H, represents the correlated hopping term (see Fig. @ The correlated hopping parameter

Figure 4: A schematic representation of effective pair interactions between triplons. Red
rounded rectangles around the central dimer in the triplet state (dashed rounded rectangle)
shows the hard-core condition, the colored rectangles indicate the interaction between the
central triplon and its further neighbors.

t, the single-triplon energy term e, and all effective interaction potentials V'’s emergent in
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Eq. @ are analytic functions of J, J' and h as dictated by the explicit expressions given
in Appendix[B

Figure 5: A schematic representation of effective three-particle interactions between
triplons.

Figure 6: A schematic representation of the correlated hopping of two triplons, which are
placed on two next-nearest-neighbor dimers.

Up to the second-order expansion, there are no direct tunneling terms for triplons. It
should be mentioned, however, that such terms are negligibly small also in the ordinary
strong-coupling approach starting from noninteracting dimers, where they appear only in
the 6th order of the perturbation expansion [55]. For completeness, the coupling constants
with a significant impact on a magnetic behavior entering in the effective Hamiltonian @
are explicitly given in Appendix [B] whereas their respective dependencies on a relative
size of the coupling constants J'/J are shown in Fig. @ In general, the magnitudes of
the effective couplings are relatively small for all values of the coupling ratio J'/J, which
stabilize the singlet-dimer phase at zero magnetic field. Note furthermore that the three
effective pair interactions generally decay with distance between dimers. Surprisingly, the
correlated hopping parameter prevails at sufficiently small values of the interaction ratio
J'/J, while the effective pair interaction V; between closest-spaced triplons allowed by the
hard-core constraint (Fig. |3| and Eq. ) becomes the most dominant at higher values
of the coupling ratio J'/J. It is evident from a comparison of Fig. [7[a) and (b) that
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Figure 7: The effective pair (a) and three-particle (b) couplings (€] normalized with respect
to the intradimer interaction J as a function of the relative size of the coupling constants
J'/J. The correlated hopping term is shown in panel (a) as a dotted line together with
the effective pair couplings.

the effective three-particle couplings are much smaller in magnitude than the effective
pair interactions and thus, they do not have an essential impact on phase boundaries
between different ground states. Moreover, the strength of the effective three-particle
couplings drops off rapidly with the distance between triplons. It should be noted that
the complete effective Hamiltonian developed up to the second order would also contain
effective many-particle interactions of higher order (e.g. four-, five-, six-particle couplings).
However, their values are expected to be much smaller in comparison with the effective
three-particle interactions. This conjecture is based on the observation that the effective
three-particle interactions are much (order of magnitude) smaller than the pair ones,
and their values decay fast with the distance between triplons. Below, we show that
the three-particle interaction results in small corrections to the transition field between
different phases. Hence, the higher-order effective interactions are not envisaged to have
any essential impact and we have therefore left out all those terms from the effective
Hamiltonian (@

As a first step we have found the ground-state phase diagram of the spin-1/2 Heisen-
berg model on the Shastry-Sutherland lattice by ignoring the correlated hopping terms,
which might seem to be irrelevant due to the strong repulsion between closely spaced
triplons. The analysis of the latter quantum terms is postponed till the next section.
Thus, the problem becomes equivalent to finding the lowest-energy triplon configuration
of the effective Hamiltonian @ without the correlated hopping term. It can be proved
that the ground state contains the phases corrsponding to the fractional magnetization
plateaux 1/8, 1/6 and 1/4 (see Appendix|C)).

The first fractional magnetization plateau, which appears while applying the magnetic
field, is the 1/8-plateau. The relevant ground state corresponds to the most dense packing
of triplons, which avoids any repulsive pair and three-particle interactions between them.
The 1/8 plateau phase corresponds to the highly degenerate ground-state manifold. The
simplest columnar and checkerboard ordering of the vertical triplons are shown in Fig.[§
(a) and (b), respectively. As it is shown in Appendix@ the most general configuration can
be obtained when the phases with vertical and horizontal ordering of triplons are mixed
(see Fig.|17 and the discussions in Appendix @

Upon further increase of the magnetic field the 1/6-plateau phase becomes favorable.
The relevant ground state displays a striking columnar orderings of triplons developed ei-
ther on the horizontal or vertical dimers. The latter configuration is schematically shown
in Fig. (c) for illustration. The degeneracy of the ground state at the border between
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the 1/8 and 1/6 plateau phases is an important feature. In Appendix @ we show that
the energy of the configurations is invariant under some local changes of the triplon con-
figuration, e.g. one triplon can be replaced by two neighboring triplons as in Fig. ( a).
Therefore, any magnetization between the 1/8 and 1/6 magnetization can be achieved
by such kind of substitution. In particular, the 2/15-plateau phase, which was identified
in Refs. |6,|7] and also revealed experimentally in Ref. [28], can be recovered here (see
Fig. ( b)) as one of the many coexisting states at the respective phase boundary. Hence,
it is quite plausible to conjecture that the 2/15-plateau phase may eventually emerge when
the perturbation expansion would be developed to higher orders.

The next consecutive ground state is the 1/4-plateau phase, which exhibits a stripe-
like arrangements of triplons either on vertical or horizontal dimers. Fig. (d) illustrates
the particular case, where triplons have vertical disposition. Note that the stripe-like
character of the 1/4-plateau phase is ultimately connected to the effective three-particle
interactions Va1 and VJ{,, because the zigzag pattern of triplons has the same energy as
the stripe one whenever the effective three-particle couplings Va1 and Vi, are neglected.
On the other hand, the effective three-particle interactions are much weaker than the pair
ones and thus, the zigzag configuration mentioned above may emerge even at comparably
small temperatures.

The last possible ground state within this picture is the 1/3-plateau phase schematically
illustrated in Fig.[3] which displays another stripe ordering of triplons being simultaneously
the most dense packing of triplons satisfying the hard-core condition exemplified by blue
shaded region there. It could be thus concluded that the present consideration of the
effective couplings between triplons leads to the emergence of three additional ground
states emergent in between the singlet-dimer and stripe 1/3-plateau phases (see Fig. .

The ground-state energies of all aforementioned phases per one dimer read as follows:

1
EI/S = é(—h-f- hcl + 60)7
1
E1/6 = 6(—h+ hcl + €0 + 2‘/3),

1
Eyjy = ~(=h+he +e0+Vi+ V34 VA +2Vas),

4
1
Ey3 = g(‘h +her +eo + Vi 42V + Vo +2(Vaz + VAg + VA3)) (7)

It should be noted that all fractional-plateau phases are exact eigenstates of the effective
Hamiltonian @ The 1/8- and 1/6-plateau phases contain the localized triplons only. On
the other hand, the correlated hopping of triplons placed on next-nearest-neighbor dimers
(see Fig. @ is hypothetically possible in the 1/4- and 1/3-plateau phases although it is
still suppressed due to a stripe arrangement of triplons satisfying the hard-core condition
sketched in Fig. The critical fields delimiting phase boundaries between individual
ground states can be readily found from a direct comparison of the respective eigenenergies

given by Egs. :
ho_1/8 = he1 + eo,
hi/8-1/6 = he1 + €0 + 8V,
hij6—1/a = her + €0 + 3Vi — V3 + 3V, 4 6Vas,
hija—1ys = her +e0+ Vi +8Va = 3V3 + VA +8(Vaz + Vag + VAy) —6Vas.  (8)
The critical fields derived within the developed perturbation theory can be straight-

forwardly utilized for a construction of the overall ground-state phase diagram of the
spin-1/2 Heisenberg model on the Shastry-Sutherland lattice, which is displayed in Fig. |§|

10
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Figure 8: A schematic illustration of ground states of the spin-1/2 Heisenberg model on
the Shastry-Sutherland lattice emergent in a low-field region as fractional magnetization
plateaux: (a)-(b) stripe and checkerboard configuration for 1/8-plateau [56] (see Appendix
[(] for other degenerate configurations); (c) 1/6-plateau; (d) 1/4-plateau.

in the J'/J — h/J plane together with available numerical data obtained previously using
CORE [5] and iPEPS [10] methods. A direct comparison of the critical field h; /4 /3 with
the respective numerical data of CORE [5] and iPEPS [10] methods implies that the phase
boundary between the 1/4- and 1/3-plateaux is reproduced by the newly developed pertur-
bation scheme with an exceptional high accuracy up to the interaction ratio J'/J ~ 0.5.
The phase boundary between 1/6- and 1/4-plateaux is also in a reasonable accordance
with the result of the iPEPS method [10] even up to higher values of the interaction ratio
J'/J =~ 0.6. The deviation of our results from the CORE method [5] for the phase bound-
ary between the 1/6- and 1/8-plateaux might be explained by the finite-size limitations.
The developed strong-coupling approach anticipates a relatively broad field range for the
1/6-plateau phase and a tiny field range for the 1/8-plateau phase, whereas the 2/15-
plateau coexists at the phase boundary between the 1/8- and 1/6-plateaux. However, this
finding seems to be in contradiction with the experimental observation for SrCuy(BO3)s9
where a relatively broad 1/8-plateau was contrarily detected [27].

The obtained results open possibility to understand to what extent the present results
are able to describe the physical properties of SrCus (BOs )2 at low temperatures. It is clear
from Fig. |§|that the phase boundaries of 1/4-plateau depend linearly on J’/J near plausible
values of the interaction ratio J'/J & 0.6. Using the linear approximation for these phase
boundaries and experimentally observed fields poH7™ = 33 T and poH5™” = 39 T, which
determine lower bounds of the 1/4- and 1/3-plateaux of SrCuz(BO3)2, one finds absolute

11
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Figure 9: The ground-state phase diagram of the spin-1/2 Heisenberg model on the
Shastry-Sutherland lattice in the J'/J — h/J plane. The critical fields derived within
the perturbation theory, which was developed from the exactly solved Ising-Heisenberg
model up to the second order, are shown by lines of different styles: hy_;/s (red solid
curve), hyss_1/6 (green dash curve), hyss_14 (blue short-dash curve), hy;4_1/3 (magenta
dotted curve). The lowest dash-dotted line correspond to the critical field hpgynd—t
discussed in Sec. . Symbols “+” display the phase boundary between the 1/4- and 1/3-
plateaux, while the field range delimited by symbols “x” corresponds to the 1/6-plateau
(for N = 36 spins) and the field range delimited by symbols “x” corresponds to the 1/8-
plateau (for N = 32 spins) obtained by the numerical CORE method [5]. Empty squares
and circles show iPEPS results for lower critical fields of the 1/3- and 1/4-plateaux, respec-
tively |10]. The inset shows an enlarged scale of the phase diagram for the J'/.J interval
close to the presumable microscopic parameters for SrCug(BOs3 )s.

values of the coupling constants J/kp = 85.4 K and J'/kp = 54.1 K. Note that these
specific values of the coupling constants as well as a relative strength of the interaction
ratio J'/J = 0.634 are in a close coincidence with the previously reported fitting set of
parameters gained from the temperature dependence of the magnetic susceptibility [57].
Next, the deduced coupling constants envisage for the phases with character of localized
triplons the following critical field poH;/6—1/4 = 33 T between the 1/6- and 1/4-plateaux
and poHy /316 = 28 T between the 1/8- and 1/6-plateaux, respectively. The energy of the
localized triplon in zero field is found to be 43 K, which is slightly higher than the energy
gap A/kp = 35 K experimentally observed at zero magnetic field |56]. The complete
quantum spin model for SrCus(BOs3)y is however much more complex and it includes
among other matters the weak Dzyaloshinskii-Moriya term |21},|37,(38] and significantly
small interplane [58] couplings.
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4 Quantum correlated phase of bound triplons

The presence of the quantum hopping term and the extended hard-core repulsion make the
solution of the full effective model @ including the correlated hopping rather complicated.
The mean-field approach is not capable of providing a proper description of the quantum
motion of triplons with strong short-order bonding. In our case the correlated hopping
could be blocked by the strong repulsion between two triplons on next-nearest-neighbor
dimers. On the other hand, a pair of bound triplons may gain even a lower energy due to
the quantum correction terms.

The only rigorous result in this section is limited to the instability point where the
energy of the single delocalized bound-triplon state becomes less than the energy of two
singlet dimers. In this case, the bound triplons start to populate spin dimers leading to
a complex quantum phase. At first, let us denote a state of bound horizontal triplons at
the lattice positions (i,7) and (i + 1,7 + 1) as |1; j1i41,+1). The action of the effective
Hamiltonian @ can be straightforwardly calculated as

HeprlLlijlivijr1)=[2(eo+her—h)+ V1| Lijliv1 i) (1 Lim1 1 Lig) +liv1411iv2,5)). (9)

It is clear that the motion of a triplon pair is one-dimensional, i.e. bound triplons on the
horizontally (vertically) oriented dimers are moving in the horizontal (vertical) direction.
Therefore, it is convenient to introduce the further notation for the bound-triplon state:
1) = |Lijliv1+1), [Tiv1) = [Lit1+1lit2), and so on. Here we preserve only the index
corresponding to the direction of the triplons movement. Now we can write the equation
for the eigenenergies of the single bound-triplon excitation in a quite simple form

[2(cother—h)+Vil[T) +t(|Ti-1)+[Tit1)) = E|L3). (10)

Implying the periodic boundary conditions, the solution of the difference equation has the
form of the free-wave state |¢) = >, exp(ikl)|1;) with the eigenspectrum

e(k) = 2tcos(k) + 2(eg + her — h) + V4. (11)

where k = 27l/N, and | = 0,1,--- ,N, (N, is the number of dimers in the horizontal
direction). Of course, the energy spectrum and eigenstate of the vertically oriented triplons
has an analogous form. Hence, it might be useful to compare the minimal energy of the
bound-triplon state e(m) = —2t + 2(eg + hcx — h) + Vi with the energy of two separate
(noninteracting) triplons 2Eipion = 2(eo + he1 — h). The difference of two energies de =
€(m) = 2E4ipion s displayed in Fig. which shows that the free-wave state of the bound
triplons always has lower energy than a pair of localized triplons. Owing to this fact,
the quantum phase of bound triplons should appear at low magnetic fields prior to the
crystal of localized triplon phases. The critical field for the emergence of the quantum
bound-triplon phase at sufficiently low magnetic fields is given by

hpound—t = €0 + her —t + Vi/Q (12)

The relevant phase boundary of the quantum bound-triplon phase is plotted in the ground-
state phase diagram together with all other phase boundaries (see also inset in Fig. @ It
is quite evident that the energy of the quantum state of the bound triplons rises rapidly
with increasing their numbers, and therefore a stability region of such a quantum phase
is limited to a very narrow range of the magnetic fields. Moreover, the behavior of this
quantum phase at larger magnetic fields is highly uncertain and would require a more
comprehensive study.
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Figure 10: The energy difference between the bound triplons and two localized triplons as
a function of their interaction ration J'/.J.

To get some notion about the origin of the quantum phase of bound triplons, we
consider a simplified model, where all states of localized triplons are excluded leaving
only the possibility for the mobile pairs of triplons. For such a model one can devise the
correspondence to the two-component hard-core Bose gas on the dual lattice (see Fig.
whose sites are defined at the center of pairs of dimers. Each site can be either empty or
occupied by one of two kinds of hard-core bosons: h-bosons (or v-bosons) representing a
bound pair of triplons moving along the horizontal (or vertical) direction. These bosons
obey the following hard-core conditions: first, no more than one boson is allowed on a
site, second, each boson on site (4, j) forbids the occupation of neighboring sites according
to the hard-core condition of separate triplons given by Eq. and shown in Fig. @ (see
also shaded area in Fig. . These conditions can be fulfilled by the following projection
operators for h-bosons:

Pijn = (1 = 0 nMijo) 1,176 - 17041, 1T 1, T4 1,4+ 10 j 4 1T~ 1,4+ 1701,
X M1, —2Mi,j—2T 421041, 42T —1,j—3,h Vi j—3, ATVi+1,5—2,h
X M1 2,0, 43, h Vi1, j43,h V=2, — 1w T2, j,0Ti42,j,0Ti42,j+ 1,0, if & + J = odd,

Pijh = (1 = 1 j a1 o) i1, 17 51711, 1T+ 1,5 741+ 1T, 11 11,

X

N j—2Mit1,5—2Mi—1,j4+27% j4+2Mi—1,j—2,h N j—3,hi+1,j—3,h

X

T 1,43,k 0, j+3,h it 1,542,k 0i—2,§,0Ti—2,j+ 1w Thit2,j—1,0Ti+2,50, if ¢ + J = even,

Nijo =1 = Nijv, Tij =Nijh+ Nijo. (13)

The projection operators for v-bosons P; ;, can be deduced from Eq. by interchanging
indices 7 and j. Since triplons in a pair can move along its orientation only, the corre-
sponding quasiparticle is able to move in the same direction. Now, one can see that the
hopping of a triplon between sites can be presented as a jump of a quasiparticle identified
on the dual lattice. Finally, one arrives at the following Hamiltonian:

Hyound = Por Y {07 pbis1gn + by s wbigin + 055 bigarw + 05501 ubigw)
i’j
+ (2(eo + h1 — h) + V1) Z Nija + (V1 +2VA1) (i j nnig2,jh + N6 jomij+2,0)
a=h,v
!
+ (Vi + Va1 + VaD) (i anice j+1,n + Mg nliv2 10 + Nijwolitl,j+2,.0
+ 1 jaMi—1,5+2,0) } Pots (14)

where b

i i.a (bi;a) creates (annihilates) a pair of triplons in a horizontal (vertical) direction
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Figure 11: The effective model for bound triplons. Small circles and ellipses denote sites of
the dual lattice. The empty circle corresponds to the empty site, horizontally (vertically)
oriented ellipses mark the bound state of two triplons in the horizontal (vertical) direction.
The hard-core condition for a given two-triplon state is highlighted by shaded area of
different color for each triplon. The hard-core condition for bosons on the dual lattice is
outlined by red circles (sites are forbidden for any boson) and red horizontal or vertical
ellipse (site is forbidden for the horizontal or vertical boson).

(o = h,v), Py denotes the projection where the hard-core conditions for bound
triplons are incorporated.

It is still hard to get the exact solution even for the restricted model . However,
we can look into the ground-state properties at magnetic fields close to hpound—: connected
to appearance of bound triplons. At h = hpound—¢, the ground state is degenerate, since
the energy of the single two-triplon bound state e(m) (11|) equals to zero. Bearing in
mind the hard-core condition given by Eq. and schematically shown in Fig. we
can deduce that the maximal number of the free-wave solutions for bound triplons is
Ny /4, where each stripe (i.e. two rows) of the delocalized bound-triplon state should be
separated by two rows of the singlet-like dimers. In case h > hpoynqg—t¢ it is not possible
to accommodate a larger number of free-wave states of the bound triplons anymore. It is
plausible to conjecture that the new bound triplon states will be created on the stripes
already occupied by the free-wave states of bound triplons. Such an option allows to
minimize the effect of the hard-core condition in contrast to the cases when an additional
excitation is accommodated on the singlet-like stripes in-between two bound-triplon states,
or across them which may cost even much more energy. Such a picture is reminiscent
of the 1/8-plateau phase revealed in the Shastry-Sutherland model on a tube geometry
with the four dimers in the transverse direction . In the latter case it is implemented
as a wheel state of bound triplons. It is natural to suppose that by extending the width
of the tube to infinity this state become identical to the stripe-phase of delocalized bound
triplons suggested above.

15



SciPost Physics

5 Conclusions

In the present paper we have elaborated an approximate method for the spin-1/2 Heisen-
berg model on the Shastry-Sutherland lattice, which relies on the perturbative treatment
of XY part of the interdimer coupling. The spin-1/2 Ising-Heisenberg model on the
Shastry-Sutherland lattice has been used as a useful starting ground (unperturbed refer-
ence system), for which the ground state is known exactly [52]. Our particular attention
has been focused on a range of sufficiently low magnetic fields, which magnetize the system
up to the intermediate 1/3-plateau when the magnetization is scaled with respect to the
saturation value. Within the second order of the many-body perturbation theory, we have
obtained an effective lattice-gas model for the triplon excitations with the special hard-
core repulsion. This effective model allows for the consistent analytical description of the
sequence of fractional 1/8-, 1/6- and 1/4-plateaux observed also in the related magnetic
compound SrCus (BO3 )y |10,28]. The nature of ground states pertinent to these fractional
magnetization plateaux was clarified in detail and it either corresponds to columnar or
stripe orderings of localized triplons. Moreover, the stripe ordering of triplons in the 1/4-
plateau phase is stabilized by a small three-particle interaction. Therefore, we showed
explicitly that the XY part of the interdimer coupling is responsible for the existence of
smaller 1/8-, 1/6- and 1/4-plateaux. In addition, we have found that the ground state
at the transition fields between the singlet-dimer and the 1/8-plateau phases, as well as
between the 1/8- and 1/6-plateau phases are macroscopically degenerate. Higher-order
perturbation theory can lift the macroscopic degeneracy, and hence one cannot rule out
existence of other tiny plateaux in-between 0 — 1/8 as well as 1/8 — 1/6 plateaux. We
have also analyzed the importance of the correlated hopping terms, the only quantum
part of the effective Hamiltonian @ which allows one to find the critical field as related
to uprise of the quantum phase of bound triplon. Overall, we obtained a minimal effective
model, which gives us the consistent picture for the magnetization plateaux in the Shastry-
Sutherland model and clarifies their origin. The distinctive feature of the effective model
is the one-dimensional character of the quantum hopping terms, which might imply the
absence of the quantum frustration therein. This intriguing feature opens the possibility
of more effective numerical simulations within the framework of the QMC method, which
might bring insight into the manisfestation of the quantum phase of bound triplons at
finite temperatures even for rather large systems.

It is noteworthy that the derived critical fields for the fractional magnetization plateaux
are in a good agreement with the available numerical data when the respective deviation
is less than 5%. The linear dependence of the critical field near the presumed ratio of the
coupling constants J'/J ~ 0.6 has allowed us to refine the coupling constants from the
phase boundary of the 1/4-plateau observed experimentally in Refs. [10,28]. A reliable
agreement with the experimental data were also found when comparing the critical fields
for other fractional magnetization plateaux with the ones detected in SrCug(BOs3)2 [10427,
28]. In addition, it turns out that the calculated energy of the localized triplon excitations
only slightly overestimates the energy gap of SrCus(BOs3), experimentally observed in zero
magnetic field [56]. Finally, the importance of quantum terms in the form of the correlated
hopping process has been analyzed. It has been demonstrated that the correlated hopping
may give rise to the creation of the bound pair of triplons with much lower energy in
comparison with two localized triplons. Thus, a stripe-like order of the delocalized bound
triplons is presumed to evolve at sufficiently low magnetic fields. This conjecture might
be of considerable interest for future experimental testing and numerical simulations.
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A Diagonalization of the Ising-Heisenberg model

In this part, we will derive the exact ground state of the spin-1/2 Ising-Heisenberg model
on the Shastry-Sutherland lattice using the formalism of the projection operators |59} 60]
A?f; = |a); ;(bli;, where |a); ; and (b|;; are the dimer states defined by Eq. . For the
sake of clarity, it is better to consider the relevant Hamiltonian in the notation of full
indices [52]:

N N
/ "
Hiy = Z H; (i1 + E Hi 141,

t,j=1 t,j=1
H[i—l:i—l—l],j:J(Sl 4.J SQ@J)+J (Sz 1jslzj+821j H—lj) hSiZj’
Hi,[j—l:j+1]: (Sl,i»j ’ SZ,i,j)‘i’J (SZ] 151 zg+82 z]Sz ]—1—1) th]? (15)

where ' (32") is restricted by the constraint i + j = odd (i + j = even) and Si; =
$1,j 85, ; is the z-component of the total spin on a dimer. The cluster Hamiltonians 1.}
can be rewritten in terms of the introduced projection operators into the following form
(see Ref. [61] for the similar representation of the spin-1/2 Ising-Heisenberg orthogonal-
dimer chain):

1 4 J/ 4 Z 4 zZ
Hy 1i41y5=J (414?;]) *hSz‘ﬁL? [( 1S5 )55 +H(S - z’+1,j)(A22;]+A?j2)]a

J, z z z 4 z
[(5 G185 1) S5 +(ST o — i,j+1)(Az2]('J+A?j2)]'

(16)

1
H;j—14=J <4—A00> —hS5;+

For compactness we have preserved the spin operator S’Z = All A33 in the cluster
Hamiltonians . It can be readily proved that all local Hamlltonlans commute with
each other and, therefore, they can be diagonalized independently. Followmg Refs. [52,61]
it is advisable to define the unitary transformation Ui, (v = h,v denote either horizontal
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or vertical orientation of the central dimer in a cluster):

UY; = (AL 4 A3 4 cos i (AOO AZ) 4 sin = ’J(A20 A%,

J —SZ .
cosah J , smah (Si- LJ +1’]) , if i+j=even,
TS5 =S ) VI I(SE =S5 )
J J —S7.
cos , sinay (5 hi—l Z’]H) , if i+j=o0dd,
PS50 PS50
h / h
al s 14 cos o
COS ;’]: #’]—1‘*‘( )P\1|(Sizfl,j_Sf+1,j)+(cg__1)P|2|(Sffl,j_Serl,j)u
h h
in 25 _ggn(sinal ) SN e py (57— S5y ) s Pea(S7 1 =S
sin 5 *Sgn(snlai,j) B =cj Py ( i—1,j z’+1,j)+02 o ( i—1,j i+1,j)7
v
cos # =14 (¢f = 1)Py(SF;-1 — SFj41) + (c5 = 1) Ppy(S7j-1 — S5 j41)5
v
i7

: Jj - z z - z z
ST =6 Pi1(S7 ;21 — 87 1) + g Pea(S] ;21 — S 541),

P R S Y R
V2 VT2 2 V2 T2+ 4]

P(SF;—55 )=0(|57 ;- f,,j,\—) (AP 5+AP) (AP ,+A )+ (A00+A22)(A11,+A2, ),

Po(S7;— S5 ) =0(157; — Si | —2) = A“A ,+A33A
P (S5 — Sf/,j/) = (Sf,j — 55 1)8(155, g1=1)
= (Al - A?,?J")(A ’ + A ) — (A%} + AT (ALY — A7),
1
Pyo(S7; — S7 ) = §(Siz,j — S5 08187 — Siy| —2) = AL AR, — AV AL, (17)

where §(...) denotes the Kronecker symbol. One can check that the unitary transfor-
mation U/ ; removes all non-diagonal operators from the cluster Hamiltonians 1} what
results in a "classical” (fully diagonal) representation of the Hamiltonian of the spin-1/2
Ising-Heisenberg model on the Shastry-Sutherland lattice [52]:

~ J! 2 . 1
Hiiviy1); = UijHpi—1:i4),U55= < 2 (871 ;+ H—l,j)_h) So+d <4—A?]Q>

1
+ §I(|Sf—1,j - f+1,j|)(A2‘2 - A?jo)v
J/ z z z 1 00
H, (11 = UijH, - LU= ((5 1S i) —h ) S5+d Z—Az’j
(’S i,7—1 SZJ+1|)(A12]2 - A?ﬁ)?

I(|Siz+1,j z 1 ] \/J2 J/2 z+1 J Siz—l,j)2 —J. (18)

All ground states of the Hamiltonian were found in Ref. [52], to which readers in-
terested in further details are referred to. It should be stressed that 1/3 plateau can be
found from the condition that only one out of three dimers can be excited into the triplet

state within the three-dimer clusters given by Eq. (see also Eq. @ for the diagonal
representation).
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B Technical details of the perturbation theory

Let us start with the brief reference of the many-body perturbation theory adapted accord-
ing to Ref. [54]. Within this scheme, it is convenient to decompose the total Hamiltonian
into the unperturbed part Hy and the perturbed part H':

H = Hy+ \H, (19)

where the eigenvalue problem for the unperturbed part of the Hamiltonian Hy|®;) =

0 |®;) should be rigorously tractable. If P; is the projection into the unperturbed model
space Hy and Q; = 1 — P;, then, one gets within the perturbation theory:

Hepp = PiHP; + NP H'R, Y [(H' — 6E;)R,)" Q;H'P;,
n= 0

®,, Prn
RsZQiE_—Z’ =2 0 (20)

m#i E; — Em m#i E; — E7(71)

where 0F; = E; — Ei(o) and F; is the energy eigenvalue corresponding the state |®;).
Thus, one obtains from the perturbation expansion (20| the following effective Hamilto-
nians Hé?)f = PoHyPy, e(f)f = \NPoH'Py, (f)f = NPyH'R,H'Py, where the effective
(n

Hamiltonian H_ J)c denotes the n-th order of the perturbation expansion .

In particular, we will consider here the perturbation about the phase boundary between
the singlet-dimer and stripe 1/3-plateau phase of the spin-1/2 Ising-Heisenberg model on
the Shastry-Sutherland lattice emergent at the critical field hey = —vJ? + J2 + 2J [52
The ideal part H© of the Hamiltonian was chosen as the Ising-Heisenberg model l)
at the critical field h.;, and the deviation from the critical field and the XY part of the

interdimer coupling goes into the perturbed part H':

N N
- Z Hz{,j + Z HZHJ’

i,7=1 i,j=1
J/
HZ{J 2y {S—i_( 51— 1+8213 1)+S (12] 1+8213 1)}_(h_h01)siz,j7
H(’-—%[SJF(S + 59, 15) + S, (st + s )}—(h—h )SE; (21)
LD 1,5 \71,i+1,5 2,i—1,5 1,i+1,5 2,i—1,5 cl)94,55

Where we have introduced the spin raising and lowering operators slil = Spi isiyl o

; and H; i ; correspond to the condition ¢ 4 j =odd and i +- j =even, respectlvely Here
we have mtroduced the separate notation J;y for the XY part of the interdimer coupling
in order to highlight the perturbation order, though this coupling constant will be finally
put equal to the z part of the interdimer coupling. However, we put J;, = J' in the final
equations. As it was proved in Ref. [52], the ground state is the lattice gas of triplons
with the hard-core repulsion given in Fig. Henceforth, we will exploit the projection
operators defined in Appendix [A] instead of the spin operators. The hard-core condition
can be implemented by the following projection operator:

N N
4 L "
Po= [T (A% + APl IT (A% + AL P),
t,5=1 t,j=1
AO(J] 1Az J+1Az 2]‘4?01 JA?J% ]Az+2j’
Az 1 ]Az+1 gAO(j) QA?(; lAz ]+1Az J+2- (22)
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It should be noted that the perturbation expansion needs to be performed for the unitary
transformed operators O = UOUY, where U = (H, Uiyj) (H” Ui,j)- In this case,
the Hamiltonian of the Ising-Heisenberg model gains a fully diagonal form as given by
Eq. . The perturbation approach is valid for J' < 0.678.J, where the zero-field ground
state consists of a product of singlet dimers [3].

The first-order term is the perturbation operator projected on the subspace 1| HO =
PUH'UTP. The field term gives the only contribution here:

HYy = (hea —h) > APy, (23)

4,J

The second-order term follows directly from Eq. :

e _ Z PoUH'UTP,, UH'UTPy

0 EY - B 2

It is useful to be decompose the tedious calculation into more elemental parts. We start
with the calculations of the following expressions explicitly ((i + j) = even):
Usf 195 UtPy = —(cf + CI)Am( AO] 1+t ¢ Azg 1)A1]+1730
+ep (Al J - Al j)A30A ,j+1(AOj+2 +(cf —e)A j+2)7)07
USQZ] 15 UTPy = (Cl +op )Azl( A0]+1 +cp Azg+1)Al(J] 1Po
- Cl (Az 1,5 Az—l—l j)A?)OAzJ I(AOJ 2+ (Cl - Cl )Alj 2)7307
AE’O A30[A2j 2(A1] 1 +61+Aij 1+¢ A?(} 1)
+ Al% o{(cies +erey )A03 1+ (e —ciex)A ?2-71}],
121?0 A30 [Algﬂ + Az]+2(cl A0]+1 t¢ Ai,j+1)
+ A o{(cf e + 7)) AN — (ef eg — i) AT Y,

1 00 20 11 + 400 — 420
A,jﬂ:l Az]:tl(Az 1gi1+01 A 1,j+£17 ey A 1]:&1)(Ai+1,j:|:1+cl Az‘—}—l,j:l:l_cl Ai+1,j:|:1)v
(25)

Usy. 2]+lS Ut Po=—cy Alo(Az 157 Aty ])(Alj 1‘|’CTAZJ 1—¢ Azg 1)
x {(A j+2+(01 +ep )Azg+2)A33+1+[ (ef +er )A0]+1+(Cl )Aszrl]
x (AP e AP s ) (AR i~ AR 1)} Po
Usg,i_ 1S UTPy = —¢; Alo (A 1,j AZ+1,3)(A1]+1 +c AQ,(])'+1 + cl_A?(])'+1)
x {—(A (; ot (e + e )Az] 2)143] (e e )AOJ 1+ = )Az] 1]
x (cf A7° 1,j—1F¢ Azzolj (e Ai+l,j 1_61_A12+1,j71)}P0
Az]il Azgil[Aerl g+l T A2, jil(ci’_A?J?l FES A?J?l,jﬂ)
+All, el g + 76 )Ai-l—l,jzl:l — (e — CIC;)A?—?—LJ':I:I}]
x [Ail g+l T A?EQ,jil(cTAggl,jil + 01_14@291,34[1)
+ Ai—2,jil{(c1+05r + CICE)Aggl,jﬂ + (cfeq — CIC;)AZZELJH:IH’ (26)

where cl and 02 are given in Eqs. . The expressions for Us1 41,79 Ut 770, U32 i—1,9 UtPy,

Usy it jS UTPy, Usy, i1 ]U“‘Po can be recovered from the equatlons 6f) by in-
terchangmg the indices.
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The expressions — can be subsequently inserted into Eq. in order to get
the effective Hamiltonian in the second order. However, this is rather cumbersome com-
binatorial problem and we provide here only a sketch of such calculation. At first let us
consider the diagonal terms, which appear by contracting the perturbation terms acting
on the same sites:

L %>

(POUSUJHS UTPoUsT, 5015, U P

B, E(O) _ Ef,?)
+730U31”HS Ut PmUs“]HS UTP, P0U82” 1S+U+73 USZZ] 150 UTPy
5D _ B0 5D _ 5D
PoUSQZ] 1S U+ PmUSQH 1S UTP
* E(o> 0

Zuz <730U31 1S U PnUsT S U TP
0 0

3,j=1 mz#0 E(g ) _Er(n)

POUSMHJS UPnUsy 41 55U Po PoUs% L SEUTPLUSsS, S UM Py

E(O) _ (0) (0) _ Efr?)
730Us2Z 1ijU PrmUsy 1JS UTP (27)
E(O) E(O) ’

where E(()O) is the energy of the singlet-dimer state, and Ef,?) are the energies of the states
excited by the perturbation operator.

Further we will single out terms containing one, two or more triplet states separately.
At first we extract the terms containing projection to the triplet excitation just on one
site, while other sites are either in the singlet state or their states are not specified. It
gives the one-particle contribution

= Ey Z Al Po,

)P T )2 (D) (e ) ) e)? | (G )P (e)?

o= {2[ J VI 2.J
(c1)°(er)? (c)°(e1)?

i <3J IRV oy ALY SRy o J'2> } ’

Hereafter we retain the contributions up to (c¢;)? ((¢f)? ~ 0.91, (¢;)? ~ 0.09 at the
limiting value J’/J = 0.7). The contribution for the two-triplon interaction can be found
by extracting from Eq. the terms containing the product of projections on two triplon
states. Additionally, we have to subtract the one-particle contributions due to the relation

(28)
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A?S- =1- AZ% As a result we get:

7Y =N

1,

+K2Az% ( Z Z Aﬁnl:j+n2+ Z Z Aﬁmﬁ‘”ﬂ)]

ni=+2ns==+1 ni==x1 no==+2

N N
FRs | ST Y N Al t 2 AL Y D Al | P

i,j=1 ni=+x3 no==+1 i,j=1 ni==x1no=+3

11 11
Kl Alvj Z Z Ai+n1 Jtne

ni=+1no==%1

(29)

where the effective parameters are as follows:

Ki=—

(Jy)? [2(01*%1‘)2(6?)4 2(cf e ) () (e1)?* | 2(ef +¢1)* () (e)?

4 [J+T VT2 T" J4+J' 3V J?4-J" 3+ V2T
n 2(ci ) ey )? (c)8(cy)? 2(c ) (e )?

5J —3J —/J?2+ J? 2J —J' 5J 4+ J —+/J2 + J2?
2(cf +c)?(e)5(er)? | 2(cf —e)2(¢))8(e))? | 2(ef ef + 1) (e )2 (er)?
—J+ T+ VI T? =T+ T+ 3V R+ T2 5] —VJ? +4J7
(i +e)’( @)’ (e +e)*(@)Me)? (b + ) () (e)?

J J+ I+ J? 2J
_3 < (e )(c1)? N (c)%(er)? )]
3J—J —VI2+J2% 3J—VIZ+J?)]’

Koy = )’ [(q + D))’ (e e (eD)Mer)? | (ef +ep)? () o)’
8 1/J2_|_J/2 J+,/J2+J/2 2,/J2_|_J/2
A CoN s 2etes +erep) ()M er)? | 2l = ep)*(ef) (e )?
5] —J —NJ2+J? 5J =2J' = J2+4J"? 5] —J —VJ2+J?
2(ef ) (e )? (e1)%(er)? | 20 +e1)*(ef)(er)?

+ +
5J —J — 2+ 7 2J 5J —J — 2+ 7

(el +e)*(@)® (e +e)(@)er)® (e +e)*(e) o)

J J+VJ? 4 J? 2J
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3J—J —NIEFJ? 3]+ J? )|’
o - ol [ 2+ P ) e
4 2J — J' 5J —VJ? +4J7 3J—J =2+ J?
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3J —VJE+J?

The significant part of three-particle interactions includes the triplon configurations where
at least two of them are at the closest location with respect to each other. It corresponds
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to the following effective Hamiltonian:

H:§2 =9 K1 Z A Z Al Lj+n z+1a+n Z”A Z AHM HW“

i,j=1 nil i,j=1 n==+1

+ Kp Z AH AHU 1A21J1r1g+1+f4 ]+1Az+1g 1)

i,j=1
N
" 11
Kz | DALY (Al Al e + AL Al )
ij=1 n=-+1

"
§ : 11 § : 11 11 11
+ A Az—l—n,] lA +n,j+2 + Az—i—ng 2Az+n,j+l)
1,j=1 n==+1

N
/ § : 11 § : 11
+ KAQ Ai,j (Az 2n,j— nAz n,j—2n + Az+2n J— nAiJrn,ijn)
1,j=1 n==1

N
l
§ : 11 § : 11
Ai,j ( i— 2ng nA 3n]+Az+2nj nAz+3n,])

ij=1 n==+1

"
11
+ Z A Z i— n] QnAZJ 3n Az nj+2nAZj+3n)

3,j=1 n==%1
N
AT " 11
+ Kz | Y AL Y Al At + Z Ay D Altng 2 Al | ( Po.
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(31)

We omit here the explicit expressions for the effective three-particle couplings because
of their extensive length. However, the dependencies of these parameters are shown in
Fig. [7(b)

The contribution of quantum terms is obtained by contracting the terms corresponding
to neighboring interdimer couplings:

_ (n)? N, (P()US2” SEUYPLUST, 1S, U Py

0 0
Fyrdifonrr! E( ) _ g
PoUSQZJ 155 U*TPp, USMJHS UTPy POUSUJ_HS UTPp, Usgw 155 UTPy
(0)_ (0) [()0)_E§r?)
E(O)_ (0)
N
. (J1,)? Z//Z (POUSQZ i STUYPRUSsT S UTPy

0 0
4 ij=1 m#£0 E(())_E’r(n)

730U522 1JS UtP,, UleH]S UtP, PoUsll_HJS”U‘*'P Us22 1]5 UTPy
(0)_ E(O) (0) Eﬁr?)

POUSMHJS UtPnUsy,; 1 :SiUTPo
EO _ g0

(32)
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Figure 12: Diagrams presenting virtual hopping processes leading to the correlated hop-
ping term in the effective Hamiltonian (6). Panels (a) and (b) correspond to Egs. (33)

and 1) The shaded ovals correspond to the triplons with 57 ;=1 (black) or S7 ;=1
(cyan).

For the sake of clarity, the diagrams on Fig. [IZ illustrate the action of the perturbation
terms in the second-order theory. The first two diagrams correspond to the contribution
of the first term in Eq. (29), which can be reduced to the following form in terms of the
projection operators:

UL, (0 P = AL ABAL, AT, PEABAL A1 P

Lt (33)
4 (B~ E7)

The others diagrams represent the contributions proportional to (cl_)2 of the second term
in Eq. (29) as the following result

i—1,5 )

(Ja/cy)2 (e )2 ()0l + e )PP(AL, ; — Azl}rl,j)A%A?S‘HA%’—1P5A},(}A?,§+1AO,2—1P
0 b

(34)

Here Py, E; and Py, E; are the projection and the energy of the excited states shown
schematically on panels (a) and (b) of Fig.[13  Eq. can be recast into the form
involving the correlated hopping of triplet excitations on a lattice:

N
2 !
P =Y e(Al - AL (AR, AN

01 10
J i i+ Ay A1)

J J
ij=1
N "
+ > AR+ AL (AN LAY+ AR AL )
ij=1
(J;y)2 (C+)4(C_)2 [ 2 2(01’— +Cl_)2(cii—)2 .
4 BT 3 — VR TR T+ J TR+ P

All second-order contributions given by Egs. — are collected in the effective
Hamiltonian:

t =

(35)

2 2 2 2 2 2
B, =8P + B + BP + BP + B + .. (36)

Instead of the projection operators we can introduce the representation of the quantum
lattice gas, where n; ; = AZ% is the occupation number operator, and a;-fj = A}g (a;; =
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A%) is the triplon creation (annihilation) operator. Thus, the effective Hamiltonian can
be presented in a more compact form:

H{® = By > o,
1

H2(2) =W Z nny + Vo Z nny + V3 Z nny,

<1LU'> <>’ <LU>"

2
H§ N Z nynyny + Vo Z mnyny + Vao Z mnyny

<LV 1>, <LV 1> <LV,1">9

+ VAQ Z ninyny + VK? Z mnyny + Vasg Z nnyny,

<LV 17>, <LV 1>y <LV >l

N
(2) _ ! + +
Hy” = tnaj1 +niji) (0 jai1y + aisgal g ;)
ij=1
N

"
+ +
+ > iy 4 nivg) (@0 F aigraa ),
4,7=1

(37)

where Vi = 2K, Va = 2Ky, Vs = 2K3, Vay = Kpy, Vi, = K, V)| = K, Vas = Knas,
Vaa = Kpa.

C Proof of the ground-state configuration for the localized
triplons

To get the proof for the ground state of the effective model in case of localized triplons, we
need to decompose the total Hamiltonian @ into the sum of the local clusters composed
of eight dimers (see Fig. :

N N
! /i
H=Y Hi;+Y H, (38)

ij=1 ij=1

where

H] i =(eo + het — h)[ao(nij 4+ niy1j + i1 + nig1j41)
+ o1 (Nim1j+1 + Nij—1 + Nig1 j+2 + Nigo ;)]
+ Vil (nignisn g + nigeanicg)
+ ’Yil)(ni,jnifl,j+1 + M2 N 141 T N j—1MG 41,5+ Nir1Mg 1, 42)]
+ Vz[’y(()Q) (ni_l’j+1ni+17j + NG 12,5 + M j—1M+1,5+1 + ni,jnz’+1,j+2)

(2)
+ Y7 (i1 1M -1 F M j— 11§ + M2 jMi+1 42 + Mit1,j+2M—11,5+1)]
+ Va[ni—1 j41mit2,j + i j—1Mit1,j+2]

25



SciPost Physics

(i+],j+2) (l,_]+2)

(i+1,j+1)
(i+1,j+1)
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(i+1,)
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(ij)
(i+2,j)  (i-1))

(ij—1) (i+1,j-1)
Figure 13: The local clusters of eight dimers given by Hamiltonians .

H{'; =(eo + het — h)[ao(nij + nig1j + i g1 + nig1j41)
+ o (ni—1j + Nig1-1 + N2 + Nit2j+1)]
1
+ Vil (namig g + nijriniv)

(1)
+ 1 (M1, j—1 + Nie1jM 1 + N oMt 1 j41 + NijMiv2,j+1)]
(2)
+ V2l (Rim1 i1 s + a2t + e j-1 + Mg raniv ;)
(2)
F (i1 M1 g1+ M1 2 M gaNig2 g1+ R i 1)
+ Va[ni—1,jnit2,j+1 + Nit1,j-1i j+2], (39)
l . . .
a; and ’yi( ) are free parameters, which we fix later depending on the region of the ground-
state phase diagram. Since sites and bonds may belong to several cluster Hamiltonians
(39), the normalization conditions are required to secure that each of them is counted only
once, i.e

dag+4ay =1, A0 +290 =1, A 1 D = . (40)

It should be noted that all three-particle couplings in the Hamiltonian @ as well as the
correlated hopping terms are excluded preserving only pair interactions in the effective
Hamiltonian . The analysis of the correlated hopping terms is considered in Sec.
The rigorous treatment of the three-particle couplings is still possible but it would require
larger clusters and a more intricate analysis. On the other hand, weak three-particle
interactions do not contribute to the low-field phases up to 1/6 plateau at all. As we show
below they lift the degeneracy in the 1/4-plateau phase selecting the stripe-like phase (see
Fig. [§(d)).

The idea to prove the ground state is based on the variational principle. At first
we determine the allowed configurations of the cluster Hamiltonians with the lowest
eigenenergy. If we are able to construct some global state consistent with each allowed
local configuration, this state will acquire the lowest eigenenergy as the ground state.

The ”vacuum” state for the effective Hamiltonian as well as for each local Hamiltonian
has zero energy. All other possible topologically nonequivalent configurations with
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S

Figure 14: One-triplon configurations of the local Hamiltonians .

2c

Figure 15: Two-triplon configurations of the local Hamiltonians .

triplons are given in Figs. Their energies can be readily calculated from Egs. :

Eiq =ag(eg + he1 — h),
Ey, =a1(eg + het — h),
EQa :2a1(60 + hcl — h) + V?,,

1
By = (0 + het = h) +7” Va,

Esc =20i1(eg + he1 — h) + ’752)‘/27
Esq =20p(eg + het — h) + ’Y(gl)Vh

1
Es, 21(60 +her — h) + ’YF)VL

Esa =(ag + 201)(e0 + het — h) + 1 VA + Va, (41)

For low fields the free parameters can be set equally, i.e. ag = a3 = 1/8, 7(1) 'yi ) =

1/3, 7 0 = 7{2) = 1/2. Tt is evident that the configuration with zero triplons corresponds
to the lowest energy constituting the singlet-dimer phase till (e 4+ he1 —h) > 0. Otherwise
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plateau phase.

the configurations with triplet excitations may attain lower energies. Thus, the upper field
of the singlet-dimer phase corresponding to zero plateau is

h071/8 =eg+ hcl' (42)

It is easy to show that right above hg_; g one-triplon configurations (1a) and (1b) have
the lowest energy among others. It becomes evident, since all pair couplings are repulsive.
In the aforementioned configurations only one of eight dimers is in the triplet state. That
means that any phase made of these configurations corresponds to the 1/8-plateau phase.
To get all possible ground-state configurations in this case one has to fill up the lattice with
(1a) and (1b) clusters only. It can be shown by direct construction that the 1/8-plateau
phase is highly degenerate, and can be built as a mixture of the vertical and horizontal
ordering configurations (see Fig. .

Upon increasing of the magnetic field, the energy of two-triplon configuration (2a)
approaches the energy of one-triplon states E1, = E1p. The condition Fo, = E1, = Erp,
thus, defines the upper limit of 1/8 plateau phase:

hi/6-1/8 = he1 + e + 8V3, (43)

It is interesting to observe that the addition of another configuration (2a) increase sub-
stantially the number of possible ground state configurations and the states with any mag-
netization between plateaux 1/8 and 1/6 magnetization becomes possible. For instance,
we may replace a triplon state on the horizontal dimer (on the right panel of Fig.
to two triplons on the neighboring vertical dimers without cost of energy (see Fig. .
Thus continuing such kind of replacement, we may achieve the configurations with any
magnetization between the 1/8- and 1/6-plateaux. A particular example of 2/15-plateau
is given on the right panel of Fig.

To prove that 1/6 plateau phase is the ground state above hy /61 /8, we need to force
that the cluster configurations (1a) and (2a) that creates this phase have equal energy.
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example of the 2/15 plateau configuration (right panel).

That is Eo, = EF1,. This condition leads to

(1. " 11V
W=\ TR )M T3\ B )
1
Eoq = FE1q = é(Eo +2V3) (44)

In order to find the upper limit of the 1/6-plateau we need to imply that the energies
of configurations (2d) and (2e) are equal Esq = E9.. This fixes values of the variational

parameters ’y[()l) and 'yfl):

1 /1 2
S0 (Eo+ V3+V1>,

~ 315 \12 3
o_ L (g Ay 45
" 3V1<6033+1' (4)

So that the energy of this configurations is as follows

5 2 1
Eog = Foe = —Eo+ Vs + = V4. 4
2 2 = 1g 0+9V3+3V1 (46)

From the condition FEa, = Eo; we find the transition from the 1/6- to 1/4-plateau:
hi/6—1/4 = he1 +e0+3V1 — V3 (47)

The stability of the 1/4-plateau is ensured by the configurations with equal energies
FEo, = Eog = FEs.. We find the following values for the variational parameters:

1 1
o = @(Eo —Vi+3V3), ag = 1o
1) 2 1 1
= 2 —2a0By + > By + -
Y% 3V1< Qg 0+4 0+2V1 ,
N T Ny A (48)
! 3V; 4

In consequence of that, the energies of all selected configurations are equal
1
FEyq = Eaq = Eae = Z(EO + Vi + V3). (49)
In general, the 1/4-plateau phase built from the configurations (2a), (2d), (2¢) is degener-

ate and may have zigzag-like form shown in Fig. However, the three-particle interaction
lifts the degeneracy selecting as the ground state only the stripe phase shown in Fig. (d)
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Figure 19: Zigzag-like configuration for the 1/4-plateau phase.

It can be understood from Fig. [5] that V5; > 0 increases the energy of the zigzag-like
configurations, and Vj; < 0 favors the linear ordering of three subsequent triplons.

While increasing the magnetic field, another configuration (3a) reaches the energy level
of the aforementioned configurations of the 1/4 plateau, i.e. (Foq = Foq = Ea.) = F3,4. It
signals for the transition from 1/4- to 1/3-plateau at the critical field:

hija—1/3 = €0 + her + V1 + 8Va — 3V3. (50)

There is no macroscopic degeneracy at the boundary. The ground state shows a stripe
disorder, where the diagonal stripes of triplons are separated by either two or three stripes
of singlet-like dimers.

The stability of the 1/3-plateau can be satisfied if F3, = FEoy < FEaq, i.e. the 1/3-
plateau is composed of two former configurations only. Therefore one can set:

m_1
71 _27
1 1 1
= (-Ey+:Vi-Va). 1
o1 3E0<4 0+2V1 Vz) (51)

Finally, it is worthwhile to recall that all transition fields were found when disregarding
the weak three-particle interactions. To get the enhanced values for the transition fields
between the 1/6-, 1/4-, 1/3-plateaux, it is necessary to recalculate the energies of these
states with the three-particle couplings. Such a procedure recovers the transition fields
presented in the main text.
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