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Abstract

An exact solution (incomplete) of the ground-state problem for an Ising model
in an external field on a 3D honeycomb zigzag-ladder lattice with two types
of sites is found. It is shown that the geometrical frustration due to the
presence of triangle elements leads to the emergence of a variety of magnetic
phases. The majority of these are partially disordered (highly degenerate).
The theoretical results are used to explain the sequence of experimentally
observed phase transitions in the honeycomb zigzag-ladder magnets and to
predict the appearance of new phases.
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Figure 1: A 3D honeycomb zigzag-ladder lattice. There are two types of sites (spins): red
and blue. The coupling between two neighboring spins along ladder legs (runs) is Jy; for
red sites and Jyy for blue ones (J1; and Ji2), respectively. The coupling between “red”
and “blue” neighboring spins is Jo. External field parameters are h; and hg for the “red”
and “blue” spins, respectively.

1 Introduction

Geometrically frustrated magnets, due to richness of their magnetic structures and be-
haviors, are the most intensively studied objects in physics of magnetism and magnetic
materials during several last decades. Their theoretical description is a rather difficult
task, especially in the case, where quantum effects are essential. However, among frus-
trated magnets, there are many compounds with large-moment magnetic atoms. These
magnets can be well described with classical Heisenberg spin models. If, in addition, there
are easy axes of magnetization, then Ising-type models could be applied.

In the present paper, we study geometrically frustrated magnets with magnetic atoms
carrying large spins. These are 3D honeycomb zigzag-ladder magnets such as STRE5Oy4
[1,2] and BaRE2Oy4 [3H6], where RE is a rare earth atom. These families of compounds
exhibit a very rich magnetic behavior, especially in an external magnetic field [7HI5]. Rare
earth magnetic atoms in these compounds occupy two crystallographically inequivalent
positions with substantially different values of magnetic moments (which can be considered
as classical ones) and, very often, almost orthogonal axes of easy magnetization.

One of the most important experimental and theoretical challenges is to determine
magnetic structures of these magnets in an external magnetic field at low temperature.
If an appropriate Hamiltonian is established, then one can try to solve the ground-state
problem for it. This is difficult even for rather simple classical Hamiltonians and, although
several methods have been developed, no general algorithm exists [16-25].

To give an appropriate description of honeycomb zigzag-ladder magnets, we consider
an Ising-like Hamiltonian with seven parameters. Since we deal with two types of spins,
and the direction of the external field is arbitrary, two, rather than one, external field
parameter should be introduced. Although we refer to spins throughout the text, one has
to keep in mind that the orbital contribution to the magnetic moments is significant in
almost all STRE2O4 and BaREsO4 compounds.

The ground-state problem for Ising-like Hamiltonians can be solved by using the
method of basic rays and basic sets of cluster configurations [26H-28]. In the previous
studies by one of the authors, this method was used to rigorously prove the completeness
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of solutions found in some other ways. Here, we use the method as a tool for finding a
solution to the ground-state problem for an Ising model on a honeycomb zigzag-ladder
lattice with two types of sites. We consider the smallest clusters, that is, triangular pla-
quettes. However, there are four types of such plaquettes with six configurations for each
type, therefore, the problem is rather complex. We have found 22 basic rays (edges of
ground-state regions in the parameter space), but it is not a complete set — to determine
all the basic rays, bigger clusters should be considered. In principle, it should be possible
to establish a complete solution for this ground-state problem using a specially developed
computer software, but it is not elaborated yet and, for the purposes of this paper, we
restrict ourselves to an incomplete solution.

However, even the incomplete solution of the ground-state problem sheds extra light
on the magnetic properties of honeycomb zigzag-ladder magnets, STRE204 and BaRE,Oy.

The paper is organized as follows. Subsection 2.1 of Section [2] gives the description of
the model under consideration and the cluster method used. In Subsection 2.2, triangu-
lar plaquettes and their spin configurations are introduced, the Hamiltonian is presented
as a sum of energies of all the plaquettes of the lattice. In Subsection 2.3, all the ba-
sic rays (vectors) which can be found using the triangular plaquettes are listed. Fully
dimensional (that is, seven-dimensional) ground-state regions and corresponding ground-
state structures found on the base of these basic rays are described in Subsection 2.4. In
Subsection 2.5, the disorder (degeneracy) of fully dimensional phases is analyzed. Subsec-
tion 2.6 addresses the completeness of the sets of basic rays for each phase. In Subsection
2.7, “nontriangular” fully dimensional structures neighboring “triangular” ones are con-
structed and analyzed and, in Section H, six examples of ground-state phase diagrams are
presented. In Section Bl the relation between the experimental and the theoretical results
is discussed and, in Section M| the conclusions are drawn.

2  “Triangular” ground-state structures

2.1 Model and method

The magnetic lattice of 3D honeycomb zigzag-ladder magnets is shown in Fig. [l The
structure is composed of three types of zigzag ladders. There are two species of nonequiv-
alent sites, these are depicted with two colors: blue and red. The value of spin at each site
is equal to —1 or +1. The coupling between two neighboring spins along ladder legs (runs)
is Jo1 for red sites and Jyo for blue ones (J1; and Ji2). The coupling between spins at
neighboring sites of different colors (along ladder runs) is J. There are also two external
field parameters, h; and hs for red and blue sites, respectively; these parameters depend
on the components of an external field along the two easy magnetization axes and the
values of the magnetic moments at red and blue sites. We therefore consider an Ising-type
model with seven parameters and the Hamiltonian of the model reads

H = Z Jmaiaj—i— Z J020'i0_j+ Z Jllgz‘gj"f— Z J12Uz‘0j

< ll))l;::i;l > < bonds > < b:)(isis > < bbolr‘;l;s >
+ Z JQO'Z'O-J' — Z hio; — Z hoo;. (1)
(Mhanas ) (aives ) (Sites)

To find the ground states of such a model, we use a cluster method developed by one
of the authors in the previous papers, the so-called method of basic rays and basic sets of
cluster configurations. Let us briefly elaborate on the main aspects of the method used.
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The ground-state phase diagram for any Ising-type model is a set of convex polyhedral
cones in the parameter space. A polyhedral cone is the linear hull, that is, all linear
combinations with nonnegative coefficients — the so-called conic hull — of a set of vectors.
It is fully determined by its edges or vectors along them. The most important are fully
dimensional polyhedral cones (seven-dimensional for the model considered). These cones
fill the parameter space without gaps and overlaps. We refer to a structure, which is a
ground-state structure in a fully dimensional polyhedral cone, as fully dimensional and to
the corresponding edges (vectors) as basic rays (vectors) [26H28]. A ground-state problem
can be considered as resolved if all the edges (basic rays or basic vectors) of all the fully
dimensional polyhedral cones are determined as well as all the ground states at these
edges. The ground states in basic rays (the same along an entire ray) are constructed with
the lowest energy configurations of a cluster (or clusters). We refer to the sets of these
configurations as “basic sets of cluster configurations.”

2.2 Triangular plaquettes and their energies

Let us consider the simplest plaquettes of the lattice shown in Fig. [l — triangular ones
(Fig.[2). There are four types of triangular plaquettes, the total energy can be distributed
between them in different ways, as every plaquette has vortexes and sides shared with the
neighboring plaquettes. The arbitrariness in energy distribution can be taken into account
by introducing a set of coefficients oy, a9, 8, 71, 2, 1, and 72 which can take arbitrary
values between zero and one and which we refer to as “free” coefficients. The four types
of the triangular plaquettes and energy distribution between them are shown in Fig. Bl
The Hamiltonian ([Il) can be presented as a sum of energies for all the plaquettes,

2

J
H=Y)" [(1 —a1)Jo1oi 0 + %(%2%3 + oizoin) — “y1h(oi + 0i2)

—(1-61)(1 - ’Yl)hlaii’)}

1—m
2

J12
+ Z [(1 — a9)Jo20i1042 + 7(02‘2%‘3 + 043041) — Yaha(oi1 + 0i2)
o

00 ;

—(1 —=62)(1 = y2)ha0i3

1—
+ Z[ Joroinoiz + (1 — B)Ja(0in0i3 + oizoin) — Ul%hl(gil + 0i2) — 02 272 hzm:«z}

1—
+ Z [ Jo20i10i2 + (1 — B8)J2(0i20i3 + 0i30i1) — 772%@(0@'1 +0i2) — 01 2% h10i3} ,

(2)

where the first, second, third, and fourth summations go over all the plaquettes of the
type a, b, ¢, and d, respectively.

Let us show, for instance, that the energy of every red site is taken into account only
once in the sum of energies of all the plaquettes on the lattice, that is, in the Hamilto-
nian (2)). Every red site belongs to three plaquettes of type a (to one in upper position
and to two in lower position), to four plaquettes of type ¢, and to two plaquettes of type
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Figure 2: Four types of triangular plaquettes and their energies (see Fig. [I). The arbi-
trariness in energy distribution between plaquettes of different types with common sites
or bonds is taken into account by introducing a set of coefficients a1, s, 8, 1, Y2, 11, and
12 which can take arbitrary values between zero and one and which we refer to as “free”
coefficients.

d. Therefore the one-site energy is

e = —O'h1 <(1 - 51)(1 - '71) + 2(1 _2771)'71 + 477121 + 251(12_'71)) _ —Uhl, (3)
where o is the value of spin at the red site. It should be noted that the Hamiltonian (2])
does not depend on free coefficients despite the fact that the four plaquette Hamiltonians
do depend on them.

There are six configurations of each plaquette, ooo, oo., o.o, .o., o.., and ..., where open
and solid circles denote spins ¢ = —1 and ¢ = +1, respectively. The energies of these

configurations for all the four types of plaquettes are given in the Appendix.

2.3 Basic rays (vectors) and basic sets of triangular plaquettes configu-
rations

Using the expressions for these energies (see Appendix), one can find 22 basic rays.
They are given in Table [l In the first column of the table, the basic rays [7-vectors
(Jo1, Joz2, J11, J12, J2, hi, he)] are listed. Symbols *,”, and — denote the following transfor-
mations: sublattices swap (red sublattice becomes blue and vice versa), spin flip on the
blue sublattice, and spin flip on both sublattices. In the second column, the ground-state
configurations of the four types of plaquettes for the corresponding basic ray are given.
The symbol || separates configurations for four different types of triangular plaquettes.
The symbol go denotes the set of all the six configurations. In the last column, the “free”
coefficients values that minimize the energies of the corresponding configurations in the
basic ray are presented.

Let us consider an example. If ay = 0, then, in ray ry for which Jy; < 0 (ferromagnetic
coupling) and all the other parameters are equal to zero, the following triangular plaquette
configurations have the lowest energies: ooo, o.o, .o., and ... for the types a and c of triangular
plaquettes (configurations oo. and o.o have higher energies while oo. and o.o configurations,
despite having the lowest energies, are incompatible with the remaining configurations)
and all the possible configurations for the types b and d of triangular plaquettes. Any
global configuration, constructed with these local ones, is a ground-state configuration in
this ray, that is, any global configuration, where local configurations oo., o.o, oo., and o.o are
excluded, is a ground-state in this ray (and vice versa). It is clear that for these ground
states all the red chains are ferromagnetic while the blue chains could be arbitrary. We



SciPost Physics

Submission

Table 1: Basic rays and basic sets of configurations for the Ising model on a honeycomb

zigzag-ladder lattice.

Basic ray Basic set “Free”

(Jo1, Jo2, J11, J12, Jo2, h1, h2) of configurations R; coefficients

r, (=1,0,0,0,0,0,0) socoeses |60 cocoeese || oo a1 =0

ri (0,-1,0,0,0,0,0) 60 cocoesee |00 [ cocoeeee ay =0

ro (1,0, -2,0,0, 0,0) ooo ooo o.o o.o || OOO || OOO || OOO o =0

r; (0,1,0,-2,0,0,0) OOO | ooo ooo o.o :o I OOO I OOO ag =0

rg (1707 2,0,0,0, 0) ooo o.o .o. o.o H ooo H OOO H OOO o =0

I'§ (07 1,0,2,0,0, 0) OOO H ooo o.o .o. o.o H OOO H OOO g =

ry (2,0, 0,0,1,0, 0) OOO H OOO || ooo o.o .o. o.o || OOO a;=1,8=0

ry (2,0, 0,0, -1, 0,0) ooo H ooo || ooo ooo o.o o.o || OOO a;=1,5=0

r; (0,2,0,0,1,0,0) 00 [ 00 | 60 || ce 0o ee ce ay=1, 8=

7" (0,2,0,0,-1,0,0) 06 [ 06 | 60 || 50 ce ce e ay =1, 8=

Iy (1,0,0,0,0,2,0) ooo .o. o.o o.o H OOO || ooo .o. o.o o.o H OOO a1 =0,11=1,m=0
I'g (17070,070, —270) ooo ooo o.o o.o H ooo H ooo ooo o.o o.o H Ooo oap=0,m1=1,m=0
I'E (07 1,0,0,0,0, 2) OOO H ooo .o. o.o :o H OOO H ooo .o. o.o o.o ar=0,72=1,1m=0
I'g_ (0, 1,0,0,0,0, —2) OOO H ooo ooo o.o o.o || OOO || ooo ooo o.o o.o ag=0,7%=1,m=0
Iy (0,0, 1,0,0,2, 0) o.o .o. o.o o.o || OOO || OOO || ooo Y1 = %, 51 =0, m = 0
re (0,0,1,0,0,-2,0) 000800 e || oo I oo I oo Y1 =3%,6=0m=0
ry (0,0,0,1,0,0,2) oo | coeeoceee | oo I oo Yo=13,0=0,1m2=0
ry”  (0,0,0,1,0,0,-2) 0o | socecoes oolloo 2 =10=0,7=0
r- (0,0, 0,0, 1,4,4) ooo H ooo H o.o .o. o.o o.o || o.o .o. o.o o.o B =0, "= 1, T2 = 0,

ro  (0,0,0,0,1,—4, —4)
ry  (0,0,0,0,—1,4, —4)

r>=  (0,0,0,0,—1,—4,4)

o) o) 0O 0o @ O O O @ O
00 H 00 H foYoXeY YeloX X} || feYoXoY XeloX X

o) o) 0O 0 o0 e O e @ e
00 H 00 H cOOCe ee ee H foYoXoToXeX X YT

o o c e e @ o oo e
00 H 00 H 00000® e H XL X T X 1)

(5221,171:1
5:0a71:1,’72:0,
do=1,m=1
620771:17’72:07
52:1,n1:1
620771:17’72:07
(5221,171:1
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refer to a structure constructed with a set of triangular plaquette configurations in such a
way, that is, without any additional condition, as a “triangular” structure.

It should be noted that, at this stage, it is not yet proven that the r; is a basic ray.
As it will become apparent below, the 22 rays listed in Table [I] are indeed basic rays but
they do not form a complete set.

2.4 Fully dimensional “triangular” phases

Although the set of basic rays is incomplete, many fully dimensional global ground-state
configurations can be found using these basic rays, they are given in Table [2land Figs. 3-7.

The first column of Table Pl labels the regions in the parameter space. In the second
column, the triangular plaquette configurations that generate all the ground-state struc-
tures in this region are shown. Under the plaquette configurations basic rays (not all in
most cases) for the region considered are also listed in this column. The third column
lists some characteristics of the structure(s), such as energy (per six plaquettes), relative
number of each plaquette configuration in the structure(s), and dimensionality of disor-
der. The magnetization of the “red” (“blue”) sublattice per one sublattice site for a phase
is equal to the coefficient before hy (hg) taken with opposite sign in the expression for
the energy. Among the basic vectors for every region, there are necessarily seven linearly
independent ones, except for region 15. For this region seven basic vectors are determined
but only six of them are linearly independent. However, one can prove that phase 15 is
fully dimensional. To obtain all the basic vectors for this phase, larger clusters should be
considered.

Let us show an example. Structures 3 (see Fig. Bl), composed of red uu chains and
blue ud chains, are generated with triangular plaquette configurations ..., oo., o.o, .o., ...,
and o.., that is, every triangular plaquette in these structures should be one of these.
This set of triangular plaquette configurations is a subset of basic sets R; for basic rays
ry, Ty, 5, 15,15, r7%, 15, v5, 15,14, 17, and vy (see Table[l). It means that, in the conic hull
of this set of vectors, structures 3 are the ground-state ones. To calculate the energy of
structures 3, it is sufficient to determine the relative number of each plaquette configuration
in these structures (see Appendix). These numbers are 2, 1, 1, 2, 2, and 4, respectively.

In Table 2l we give only one representative per class of structures. Other structures of
the class can be obtained from given one by applying three transformations (*,”, and ).
For instance, the class of structure 5 contains eight structures (see Table 3] and Fig. H):

5, 5%, 5, 5*, 5, 5, 5, and 5*. This is the maximum number of structures in one class. It

should be noted here that n* = (n)*. The class of structure 14 contains only structure 14
because this structure is symmetric with respect to all the three transformations. There
are 69 “triangular” phases in total.

2.5 Disorder of the phases

Now, let us analyze the disorder of phases. Phases 1, 5, 8, and 12 (and the phases obtained
from them by using the transformations described above) are ordered. All the other phases
are disordered, that is, there are an infinite number of structures with the same energy. A
disorder can be characterized by its dimensionality. For instance, the disorder of phase 7
is one-dimensional, as shown in Fig. @l The structures of this phase are constructed
with two hexagonal well configurations that can be depicted as hexagons with two arrows
showing the shift of the corresponding chains. The global lattice configuration is mapped
on two-dimensional arrow configurations. It is easy to see, such an arrow configuration
is determined by an arbitrary one-dimensional sequence of arrows. So, the disorder is
one-dimensional.
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Table 2: Fully dimensional regions and “triangular” ground-state structures of the Ising
model on the honeycomb zigzag-ladder lattice. The structures (from first to 14th) are

numbered in order of decreasing magnetization of the

“red” sublattice.

Generating configurations
and basic rays

Characteristics of the structure(s)
(energy per six plaquettes)

1 oo | oo I oo I oo Jo1 + Jo2 + Ji1 + Ji2 +4Jy — h1 — ho
rlvr)f’r%ra’vrz"rz*’ [1 H 1 H 2 H 2 ]7 order
rs,I5,Tg, IG5, Ty, I, Tr
2 oo | P || coce || oo e %(3J01 —Jo2 +3J11 — Jiz2 +4J2 — 3hy — h2)
Iy, Ty, T3, I}, T, T, T, TG, Iy, 17 [3] 1,2 2,41 4,2], 2D disorder
3 oo [ cece || sees || ce Jo1 — Jo2 + J11 —
I'l,I'Q,I'E,I'g,I'Z,I'Z*, [2 || I, 1 || 2,2 H 4 ]a 2D disorder
ry, r5,r; g, rp, Ty
4 oo [ 00 ee || eeos || 000 Jor + Jo2 + J11 — Ji2 —
r, T}, Ty, 5,15, 6, T5, TG, Tr, I [21,1]2,2] 2,2], 2D disorder
5 .o. o.o o.o | o.o .o. o.o I ooo o.o I ooo o.o o.o é(Jm + Jo2 + Ji1 — 3J12 + 12J3 — 3hy — ha)
r3, ),y Iy, re, g, Iy [1,2,2 ] 1,2,2 || 4,6 || 2,4,4 ], order
6 secees || coee | eece || cosees 5(2Jo2 — 2J12 — 4J5 — hq)
ri(7r§7r47r57r67rgvrg_7r7 [ 17271 H 272 H 474 H 47272 ]7 2D disorder
7 ceceee | cecees || sece || seoce $(=Jor — Joz + Ji1 + Jiz — 4Jp — hy — hy)
rQarg’réLarZ’rE)’rg’r? [ 15 1’ 1 || 1’ 15 1 H 254 H 254 ]’ 1D disorder
8 ee0s || 68 ce | sece || eece $(=Jor — Joz — Ju1 — Jiz — 4Jy — hy — hy)
Iy, 5, Ty, T3, 05, T, T, IG5, Ty [1,2 ]| 1,2 ] 2,4 | 2,4 ], order
9 .o. o.o H .o. o.o || ooo o.o o.o || ooo o.o o.o %(—Jm —Joo —J11 —Jio+4Jy— hy — hz)
ry, I3, ), )", s, T5, Ty, T (1,2 1,2 2,2,2 || 2,2,2 ], 2D disorder
10 eeoce [oecees |[cecese |[cecese 3(—Jo1 — Joz — Ji1 + Jiz + 4Jo — hy — ha)
r5,rs, ), )%, Ty, T5, T [1,2] 1,1,1 ] 2,2,2 || 2,2,2 ], 3D disorder
11 eece | cece || cesecese || 0eos %(—Jm —3Joz — J11 — h1)
1 DS G TS Pl SIS o3 Yo N [2,4 ] 3,3 4,2,4,2 || 4,8 ], 2D disorder
12 coee || coee || oo ee || 00 ee Jor + Jo2 — Ji1 — Jiz — 4J2
ry,r],rs,rs, ), [1,1] 1,1 2,21 2,2], order
rg, g, T4, g ,T7,T7
13 ooo o.o H o.o .o. || ooo o.o || ooo o.o .o. o.o —Jo1 + Jo2 — Ji2
I}, Ty, T3, 15,0y, T, 5, o, TS, TG [1,1 1,11 2,2 1,1,1,1 ], 2D disorder
14 ceoce || ceoe || cece || cece —Jo1 — Joz
ry, I, T3, T%, [1,1] 1,11 2,2 2,2], 2D disorder
IS S P Sl S S o3 ol
15 eeoe [ 0o ee || 3(=Jo1 + 3Jo2 — J11 — 3J12 — h1)

O O e e O @ O e
(ol X 1 Nel X 1 ] H [oJoNoloN I N ] ]

* * * *—
ry,r3,rs, rs, rg, g, g

[2,4 3,3 4,2,4,2 || 2,4,2,4 ], disorder
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Figure 3: Phases 2, 3, 4, 5, 6, 8, 11, 12, 13, 14, and 15. For each phase, the left hand panel
shows the configuration of the spins within each chain of a hexagonal well. The larger
colored circles at the bottom of some chains are a key that indicate how the spins along
a chain are distributed in each of the arrangements shown in the right hand panels. For
each phase, the right hand panel shows the setting of the spins viewed down the chains
from above. The configurations of triangular plaquettes are also given. Phases 5, 8, and
12 are ordered, while phases 2, 3, 4, 6, 11, 13, 14, and 15 are disordered (the disorder is
two-dimensional).

The disorder of phase 2 is two-dimensional, since all the chains are ordered but every
up-up-down (uud) chain can be in three different positions. That is, there is a perfect order
along the c¢ direction (along the chains) but a disorder in the ab-plane. The disorder of
phase 4 is also two-dimensional, since every “blue” ladder can be in two different positions.
It is shown in Fig. [l that the disorder of phase 9 is two-dimensional as well, because all
the chains are ordered and, in the structure generated by arrow configuration b, the local
arrow configurations depicted in upper part of the figure are interchangeable.

The disorder of phase 10 is three-dimensional, that is, the degeneration is macroscopic
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Figure 4: Phase 7. The structures of this phase are constructed with two configurations
of hexagonal well: @ and a’. The arrows show the directions of shift for chains. The global
arrow configuration (constructed with two hexagon configurations) is fully determined by
a line of arrows (depicted in cyan). Therefore, the disorder is one-dimensional.

Table 3: Structure 5 and seven other structures obtained from it using transformations *,
~,and —.

Characteristics of the structure
(energy per six plaquettes)

Generating configurations
and basic rays

5 .o. o.o o.o | o.o .o. o.o I ooo o.o I ooo o.o o.o %(Jm + Joz2 + Ji1 — 3J12 + 12J2 — 3hy — ha)
ry,ry, ryt e, g, vh, T [1,2,2 ] 1,2,2 | 4,6 || 2,4,4 ], order

5" o.o .o. o.o I .o. o.o o.o I ooo o.o o.o I ooo o.o %(Jm + Jog — 3J11 + Ji2 + 12J3 — hy — 3ha)
ry, ry, ryt kg, vh, Tr [1,2,2 ] 1,2,2 | 2,4,4 || 4,6 ], order

5 eecess |0ecoee |[seoce [ cosece 1(Jo1 + Joz + Ji1 — 3J12 — 12J5 — 3hy + ho)
3, Ty, T}, T5, 06,15 Ty [1,2,2 ] 2,2,1 || 6,4 | 4,2,4 ], order

5  ceocoes | sscees [ 0oeece || seocs %(Jm + Jo2 — 3J11 + Ji2 — 12J2 + hy — 3h2)
S I I o S L [2,2,1] 1,2,2 ] 4,2,4 | 6,4], order

5 ooo ooo o.o I ooo o.o .o. I ooo o.o I ooo ooo o.o %(Jm + Jo2 + J11 — 3J12 + 12J5 + 3hy + ha)
10 S Rl S U WIS S [2,2,1] 2,2,1] 6,4 4,4,2], order

5* ooo o.o .o. | ooo ooo o.o I ooo ooo o.o | ooo o.o %(Jm + Jo2 — 3J11 + Ji2 + 12J2 + hy + 3h2)
S S S S S R e [2,2,1] 2,2,1] 4,4,2 6,4 ], order

5 500000 [l 0oeece || ceoo || cecoee %(Jm + Joz2 + Ji1 — 3J12 — 12J2 + 3hy — ha)
r 7r47r 7r_7r_7r 7r_ ) 7 7 ) 7 ) 7 ) Or er

5 LA T TE TG T TS 2,21 (1,22 4,6 4,2,4], ord
5* o.o .o. o.o I ooo ooo o.o I ooo o.o .o. I ooo o.o %(Jol + Jo2 — 3J11 + J12 — 12J5 — hy + 3ha)

o k— *— -
T3,Ty,Cy, 5 T, T 517

[1,2,2 ] 2,2,1 | 4,2,4 || 4,6 ], order

and therefore there exists a residual entropy in this phase. Let us prove this. The structures
of phase 10 are constructed with ten hexagonal well configurations, shown in Fig. 6.
These well configurations are composed of identical chains, uud. The shift of a chain
configuration when passing to a neighboring one can be indicated by an arrow. So, we
have ten arrow configurations of hexagons. Notation ' means that all the arrows in the
hexagon are opposite to those in hexagon configuration . In Fig.[7 an example of arrow
configurations and another representation of the same structures, by explicit indication of

10
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well configurations corresponding to

9 is composed of six hexagonal

(s)

Figure 5: Structure
six arrow configuration

in which two arrows are pointing
The global arrow configuration

generated by local configuration b is depicted. The substitution shown in the upper part

')

and ¢

)

b/

clockwise and two others anticlockwise or vice versa.

c, d,

)

(a, b

s of hexagons

of the figure can be made locally without violating the ground state rules. Therefore, the

disorder is two-dimensional.

and €’ (the last four are

)

d/

not shown), in which one arrow is pointing clockwise and four others anticlockwise or vice

versa.

/
)

L]
a,b,c

o e o e e o e e o e
.. O.HO. oce ..HO. oce ..HO. ceee
b’ C’ d’ e’

Figure 6: Structures 10 are composed of ten hexagonal well configurations corresponding

to ten arrow configurations of hexagons, a,

“shaded” chains the shifts of all the three neighboring

chain positions, are given. For the

one of two spins in each oval (Fig. [7 right panel)

can point in an arbitrary direction with other being opposite. So, the disorder in phase

10 is three-dimensional.

)

chains are equal. In such blue chains

2.6 Completeness of sets of basic rays for each phase

Considering a set of basic rays (vectors) for a fully dimensional phase (see Table ), we

can check whether this set is complete. First of all we should find all the six-dimensional

11
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tions *, and ~. Transformation — (spin flip on both sublattices) gives additional four
structures. Only one hexagonal well is shown for each structure.

faces (6-faces) of corresponding seven-dimensional polyhedral cone and the configurations
of triangular plaquettes for these 6-faces. As an example, let us consider phase 13. The
set of basic vectors for this phase is {r},ry, 13,15, 1, r7, 15,15, 15,5 }. The sets of basic
vectors for its 6-faces and corresponding sets of plaquette configurations are given below.
For each 6-face the corresponding neighboring phase is indicated in parentheses.

(1) {rjlkv Ty, T3, Ty, I‘Z, I's, FE, I‘E}a (3*7 13)

o e e O @ o e O @ O e
ceoe H coeeee H ceoe H 00 0O 0@ @@

(2) {r},ry,rg, vy, vy, 5, v5,T5 }, (3%,13)

12
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o e o e o o e O @ 0 @
ceoe H 0000 0 H ceoe H 0000 0@ 0@

(3) {ry,rg,r3, vy, vy, T, vy, 5}, (11%,13)
o e ® O o o e O O @ O e e
ceoe H coeeo0e H ceoe H 00 0@ 00 0000 00

(4) {ry,r3, x5, vy, vy, 15,15, 15 }, (ﬁ*, 13)

o e o e o o e O 0O @0 @ @
ceoe H Y XeleX 1 H ceoe H foYoXeY XeloX T XX X 1)

(5) {rT’rQ’rg’rZ’r’é’rg’rg_}’ (22’ 13)

O e e e O oc e e O @ 0 @
ceoe ee H coee H ceoce ee H 0000 0@ 0@

(6) {ry,ry, x5, ry, rs,r5 15 b, (22,13)

O O e o o o O e O @ O e
[eloXe] Nel J H oooe H oo oOeoOe || [eJoNelox I X ] ]

(7) {rjlkv Ty I‘§, Ty, Ty, I"é, I‘g_}, (2~27 13)

o e e ® O o O e O @ O e
(o] Nel X 1 J H [ooX 1 ] H ceee e || [eJoNelox I X ] ]

(8) {rf,rp vy rpry,rg ey}, (22,13)

O O e ® O o e e O @ O e
[eloXe] Nel J H [ooX 1 ] H (o] NeJeNol ) || [eJoNelox I X ] ]

(9) {ri: r37 r§7 I'Z, r57 rg7 I'g_}’ (23, 13)

O O e ® O o e o O @ O e
ce eeOe H [ooX 1 ] H cecCeee || [eJoNelox I X ] ]

(10) {r},rg, r5, vy vy, vg,rg }, (23,13)

o e e ® O o O e O @ O e
(o] NeloXel J H [ooX 1 ] H oo oOeoOe || [eJoNelox I X ] ]

(11) {r¥,rq, 15, vy, vs, 15, v+, (23,13)

O O e ® O o O e O @ O e
ce eeOe H [ooX 1 ] H ceee e || [eJoNelox I X ] ]

(12) {rjlkv rs, r§7 Ty, I‘5_, I‘g, I‘g_}, (éév 13)

o e e ® O o e o O @ O e

[eX XeloXel ) H coee H oY YeleXeX) || 0000 0@ 0@

In the first four faces, in addition to the structures 13, there are other structures that
we have previously identified. This means that these faces indeed bound the region for
phase 13. The remaining eight faces also bound this region, since, in addition to structures
13, some new structures can be constructed for these faces. The structures (among these
new ones) containing the most of plaquette configurations which are absent in structures
13 (configuration oe and ow for the fifth face; configurations oe and ow for the ninth face)
are the structures of fully dimensional phases whose regions have common boundaries with
region 13. These structures are shown in Fig. [0l and we therefore have found the complete
set of basic vectors for phase 13.

The complete sets of basic vectors are also found for phases 4 ({r;,r],ry,r3, 15,1,
I'g, I'g_, rr, I'7N}), 11 ({I"ﬁ, rs, I'g, I'Z, fZ*’ s, I"g, rg_’ rG})’ and 14 ({rQ’ I'E, rs, I'g, Ty, TZ’ I'Z, rZ*,
rs, 15, v, r; " }). For the rest of the phases the sets of basic vectors are incomplete (see Sup-
plement [29]). Consider, for instance, phase 10. Its set of basic vectors, {r3,rs,ry, r}*, rs,
r},rg}, is incomplete. The sets of basic vectors for six-dimensional faces of region 10 and
corresponding sets of plaquette configurations are as follows

(1) {I‘;, fZ’ TZ*a s, rg’ rG}’ (1’ 10)

O e e o e e o e e O e e
ee Oe 0@ H cece ee H ceceee H ceOe ee

(2) {rgarB’rZar&rg’rG}’ (2*510)
o e o e e o e e O O e e
ee® Oe@ H ceceee H ceceee H eI X1 Neol X 1]
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(3) {rgeraFZ*v%arger}v (97 10)
o e O O o o o e e o e e
[ X Xl } H ceeece 00 H ceoceee || ceoe ee

(4) {r§7r37rz*7r57rg7r6}7 (11710)
o e o e e O O o o O e e
eeOe H ceoceee H ceeeceee || ceoce ee

(5) {r§7r37r27rz*7r57rg}7 (147 10)

o o e o e @ o e @ O e e
ce eeOe H cece ee H ceceee || ceoe ee

(6) {r§7r37r27rz*7r57r6}7 (207 10)

o e OO0 e @ o e @ O 0O @ @
eeOe@ H oYXl X I X X} H ceceee H foYoXoX XX X 1)

(7) {r;, I'3,I'Z, rZ*’rEa rG}’ (_’ 10)
e O @ o e e 0O 0O @ @ o e e
oo eeoe H cece ee® H [eYoXoY XeT X 1) H cece ee

Face 6 gives a new phase, phase 20 (Fig. [@). Face 7 is not a face between two fully
dimensional phase regions because, with the corresponding set of triangular configurations,
it is not possible to construct any structure different from structures 10 (although it is
possible to construct a new configuration of a well). Therefore the set of basic vectors for
region 10 is incomplete.

2.7 Fully dimensional “nontriangular” phases

As discussed above, the majority of 6-faces found with an incomplete set of basic vectors for
a “triangular” phase region are real 6-faces of this region and, even if the neighboring phase
is not a “triangular” one, it is possible to determine the ground-state structure(s) for this
phase. Such structures should have a maximum number of new triangular configurations
which are absent in structures of the neighboring phase already known but present in
ground-state structures at the common boundary (6-face). We found nine phases (more
exactly, nine classes) of this type. The list of these phases is given in Table [ (one
representative per class) and the corresponding structures are depicted in Figs. 9-14. In
these figures, new triangular configurations are framed by dotted squares. It should be
noted that the sets of triangular configurations in Table @ and in the figures are the
sets of ground-state triangular configurations for six-dimensional boundaries. As one can
see from Figs. OHIT] some “nontriangular” structures, in contrast to “triangular” ones, are
composed of two different types of red ladder (phases 16, 18, 19, 22, and 23) or blue ladder
(phases 20 and 21) configurations. These phases are due to the interaction between red
and blue ladders, they are therefore excluded from considerations in the one-dimensional
models, such as 1D ANNNI model used in Ref. [30].

It is worthwhile to study the disorder of these “nontriangular” phases. Phases 17 and
20 are ordered. As it is clear from Fig. [0 (upper panel), the disorder of phase 16 is one-
dimensional, since the structure is completely determined by a sequence of arrows showing
the shifts of neighboring red uud chains. The disorder of phases 18, 21, 22, and 23 is two-
dimensional due to ud chains. A complex disorder is present in phase 24. The structures
of this phase can be mapped on two-dimensional arrow configurations composed of ten
hexagon arrow configurations in which one arrow is aligned clockwise and the five others
anticlockwise or vice versa, the arrow between blue sites being aligned with the majority
of the arrows. Three arrows depicted in Fig. [[3] (left hand panel) produce an infinite half-
chain of hexagon arrow configurations. At the first sight, the local arrow configuration
shown in Fig.[I3] (middle panel) should produce a three-dimensional disorder. However, the
number of this arrow configurations is infinitesimal, since every configuration of this type
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Figure 9: Phases 16, 17, 18, 19, 20, 22, and 23. They appear at boundary of phases 2, 3, 4,
4, 10, 13, and 13, respectively. The triangular configurations shown below the structures
are the ground-state configurations at these boundaries. New triangular configurations
are surrounded by dotted squares. The principe of these structures construction is to find
at the given boundary the structures containing maximum number of such configurations.
To show chains, only one hexagonal well configuration is depicted for each phase. A more
detailed picture of phase 20 is shown in Fig. [l (middle panel) with “dashed” ddu chains.
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Figure 10: Disorder of phase 19. Open and filled circles denote two types of ferromagnetic
chains. A similar disorder is present in phases 18, 22, and 23.

[ o

o e O @@ )0 O e e O Ut e
ooooHoooo,o.iHo.oooo.oHo.‘Q.o.

Figure 11: Phase 21. There is a two-dimensional disorder in this phase due to the presence
of ud chains. Lower panel gives more detailed picture of the structure (compare with Fig. [7],
middle panel).

generates at least two half-chains of hexagons. So, the disorder is not three-dimensional
but two- or, possibly, even one-dimensional.

2.8 Ground-state phase diagrams in the (h;, hy)-plane

Consider the ground-state phase diagrams in the (hi, he)-plane. Although the solution of
the ground-state problem is incomplete, at some particular values of the parameters Jp1,
Jo2, J11,J12, and Js, it is possible to construct exact and complete phase diagrams. Six
examples of such diagrams are given in Fig. [[4l The boundaries shown with dotted lines
are not strictly proven.

Let us show how to prove that the point where three phases, for instance, 2, 5, and 9,
meet, exists in a ground-state phase diagram. This point is determined by the following
set of vectors (common for all the three phases), {r},r}™*, r5,rs,r5}. At fixed Jo1, Joz, J11

16
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Table 4: Fully dimensional regions and “nontriangular” ground-state structures of the
Ising model on the honeycomb zigzag-ladder lattice.

Boun- Triangular configurations Characteristics
dary and basic rays of “nontriangular” structures
(2,16) cecese || sece | 5(Jo1 — Joz + 2J11 — Jia — 2h1 — hy)
eo oo oo || s0ce ee [1,1,4 || 2,4 || 4,4,4 | 2,8,2], 1D disorder
ry,r3,I5,T5,T§, Ty
(3,17) eecess [ cecess | é(!]m —3Jo2 + Ji1 + Jiz — 4J2 — 3h1 — ha)
.o. o.o o.o | .o. o.o [1,2,2 ] 2,2,1 | 4,4,2 || 2,8], order
r5, Ty, 5,5, T, Iy
(4,18) ooo o.o o.o | o.o .o. | i(QJm + 4Jo2 + 3J11 — 4J12 — 4J2 — 3hq)
.0. o.. ... H o.o .O. ... [ 1, 1,6 || 4,4 H 8,4,4 H 8,2,6 ], 2D disorder
Ty, 15, r5, 5, TG Ty
(4,19) soee || coee | $(2Jo1 + 2Jo2 + 2J11 — 2J12 + 4J2 — hy)
ooo .0. ...H ooo o.o ... [ 17 3 H 27 2 H 2’ 2,4 H 27 2’4 ], 2D disorder
r,r],ry, r4, 5,15 17
(10, 20) eece || cocecess | §5(—=3Jor — 3Joz — 3J11 + 3J12 + 12J5 — 3hy — hy)
ooo o.o o.o | ooo ooo o.o o.o [3,61,3,3,2 8,4,6 || 2,4,8,4 ], order
r5,rs, Iy, Iy, s T
(11,21) esce [ cecess | §(=3Jo1r — TJog — 3Ju1 + J12 — 4J2 — 3hy — h)
ooo .o. o.o o.o | ooo .o. o.o [3,6 [ 4,4,1 | 4,4,8,2 || 4,2,12 ], 2D disorder
r5,rs, T, 5,15, T
(13,22) cecess | coes | i(—2J01 +4do2 + Ji1 — 4J12 +4Jo — )
oooo.o:o | oooo.o .o. o.o [3,3,2 ] 4,4 8,4,4 | 4,4,2,6 ], 2D disorder
I, Ty, 5, T, s, TS, TG
0o e ®o0 1 B B B
(13,23) ceeeoe |[ooee || 15 (—=10Jo1 + 12Jp2 — J11 — 12J19 + 4J2 — hy)
cecess || 0000 ee ee [9,2,13 || 12,12 || 24,20,4 || 12,12,10,14 |,
I, T3, T3, 5, TS, TG 2D disorder
(14, 24) oo. .O. o.. H oo. o.. ... H %(—3J01 - 3J02 - Jll + J12 - 4<]2 - hl - h2)
oo e ;00 ®

ce eeOe H ceee0e®
* * *
r2’r3’r4’r4’r5’r5

[1,1,3 ] 2,2,1 2,2,6 || 2,2,6 ], disorder
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Figure 12: Structures 24 are determined by ten arrow configurations of hexagon (a, b,
¢, d, e, d, v, d, d, and €¢) in which one arrow is pointing clockwise and five others
anticlockwise or vice versa. The arrow between blue sites is aligned with the majority of
the arrows. An example of global arrow configuration is also shown.

J12, and Js the solution of the equation

azry 4+ ay*ry* + asrs + agrg + agrg = (Joi, Joz, Ji1, Ji2, J2, ha, ha) (4)
is

az = Joo +2J2, ay* = —Jo, a5 = Jo1, ag = Ji1, ag = —2Joz + Ji2 — 4Jo,

hi1 = 2Jy1 + 2J11, he = —4Jys + 2J12 — 8.Js. (5)
For Jo1 = 1.0, Jgo = 0.65, J11 = 0.60, J12 = 0.75, and Jo = —0.25 all the five coefficients
are nonnegative, so, the linear combination in the left side of Eq. [ belongs to the conical
hull of the set of vectors, and, therefore, for these values of parameters, the point where
the phases 2, 5, and 9 meet exists in the ground-state phase diagram for these values of
parameters. It is the point hy = 3.2, ho = 0.9.

In a similar way one can, for instance, find conditions for the existence of the region
13 — region 23 boundary in the (h1, hy)-plane,

Ji1 >0, Jig>0, Jo <0, 2Jp1 — J11 +4J2 >0, Jig — 2Jp2 > 0. (6)
Then, for this boundary we have

hy = 2Jo1 — J11 + 4Ja,
4Jos — 2J19 < hg < 2J19 — 4Jy if Jyo > 0,
—2J19 < hg < 2J19 if Jyo < 0. (7)
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Figure 13: Disorder of phase 24. Half-chain of hexagon arrow configurations for phase 24
(see Fig. [[2) is completely determined by the three arrow depicted in olive or in green
(left hand panel). Local arrow configuration shown in olive (middle panel) could lead to a
three-dimensional disorder because a rearrangement of spins in blue chains of such config-
uration is possible (right hand panel). However, the number of this arrow configurations
is infinitely small, since every configuration of this type generates at least two half-chains
of hexagons.

3 Application to STRE;O, and BaRE>;O, compounds

In this section, we consider an application of the theoretical approach discussed above
to the magnetic properties of the two families of rare-earth compounds, SrRE2O4 and
BaRE2O4. We start by briefly summarizing what is experimentally known about the
ground state configurations of these zigzag-ladder magnets, particularly focusing on the
in-field behaviour of SrErsQ4, SrHo204, SrDy204 and BaDy5Oy.

The crystal structure of these compounds is very close to the one depicted in Fig. 1,
with two RE ions in different positions forming a set of triangular ladders running along
the ¢ axis [I]. The ladders are arranged in a honeycomb-like lattice in the a — b plane,
however, the honeycombs are significantly distorted so that the distances between the
ions are not identical, which results in the need to introduce different exchange couplings,
J11 7& J12 7& JQ in our model.

One important question to address here is to what degree the STRE20O4 and BaRE,O4
compounds could be characterized as Ising-type magnets. The answer to this question
should come most naturally from considering the effects of crystal fields (CFs), however,
the task of establishing the sets of relevant CF parameters for the two ions in crystallo-
graphically inequivalent positions is far from trivial. Because of the low overall symmetry
and the large number of atoms in a unit cell, interpretation of inelastic neutron scattering
data does not necessarily return a unique set of CF parameters unless supplemented by
optical and electron paramagnetic resonance measurements, and so far this has only been
done for SrEr,04 [31].

In zero field, the Er ions positioned in SrEroO4 on different sites participate in the for-
mation of two different magnetic systems acting almost independently of each other [32]33].
Erl sites form a long-range antiferromagnetic order with the magnetic moments aligned
parallel to the ¢ direction. For this site, each ladder is made of the two ferromagnetic chains
aligned antiparallel to each other. Er2 sites participate in the formation of a short-range
one-dimensional order, where the spins lay in the a — b plane, and demonstrate very strong
antiferromagnetic in-chain correlations (along the ¢ axis) with much weaker correlations
between the chains (that is in the direction normal to the ¢ axis). In the absence of an
external field, phase 13 is realized in SrEr,O4 (without degeneracy of the Erl subsystem).

In SrHosQO4, the zero-field ground state is similar to that of SrEroOy4, however, for the
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Figure 14: Examples of ground-state phase diagrams in the (hj, he)-plane (the fields and
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Hol sites, the magnetic order remains limited even at the lowest experimentally achievable
temperature [34]. This can be explained by the degeneracy (disorder) of both Hol and
Ho2 subsystems in phase 13.

In SrDy20Oy, there are no long-range correlations between the magnetic moments in
zero field, but they can be induced by applying a relatively weak magnetic field along the
b axis [12]. In fact the magnetization process in all the three compounds demonstrate
similar features, as revealed by the low-T' single-crystal magnetization M (H) measure-
ments [7]. For certain directions of an applied field, the process is characterized by the
appearance of a magnetization plateau, albeit not very pronounced but still clearly visible
on the dM(H)/dH curves. To stabilize the plateaus, the field should be applied along the
a axis in SrEr.O4 and along the b axis in SrDy204 and SrHosO4. The value of magneti-
zation on the plateaux is approximately a third of the magnetization observed in higher
fields [7]. The 1/3 magnetization plateaux are, of course, a common feature of many trian-
gular antiferromagnets, they correspond to the states with the two spins on each triangle
pointing along the field and the third spin pointing in the opposite direction (so called
up-up-down, uud, structure) [35,36]. Overall magnetization data are consistent with the
Ising behavior in these three SrRE5O4 compounds. The two magnetic sites have their
magnetization easy-axes aligned along (or very near) the two crystallographic axes, while
when the field is applied along the third crystallographic axis, the measured magnetization
is significantly lower (particularly for Ho and Er compounds [7]) suggesting that it is a
hard magnetization axis for both sites.

Apart from the magnetization data, the evidence for the field-induced wud struc-
ture comes from the results of neutron diffraction for SrDy,04 [12,[13], SrHo2O4 [14],
SrEryO4 [37] and BaDy2Oy4 [15]. The wud structures are characterized by the appear-
ance of the sharp, almost resolution-limited magnetic peaks at non-integer positions. In
SrHoy0y4, the observed peaks are at the (h03), (h03) and symmetry related positions [14],
in SrDy2Q0y, they are indexed by the propagation vector k' = [0 é %] [12,[13] and in
BaDy30y4, the propagation vector is k'=[0 0 ] [15].

Let us consider the case of a field induced 1/3 magnetization plateau — the field applied
along the easy-magnetization direction for the RE2 site, a axis in SrEroO4 and b axis in
SrHoo0y4 (see Fig. [[H]). The high-field phase with all the spins on the RE2 sites polarized
along the field direction is phase 4. The experimentally determined uud structure is phase
15 (see Table 2] and Fig. B). However, it follows from our study that regions 13 and 15
as well as regions 4 and 15 have no common 6-face. Therefore some intermediate phases
should exist between them. These are probably phases 23 and 6 (23 and 6 if J, > 0) (see
Fig. [[5). We hope that in future the additional low temperature measurements will be
able to verify the presence of these theoretically predicted phases in the STRE2O4 magnets.

For H || b in SrDy20y, the situation should be somewhat similar, but the low-field
transition is from a disordered state and therefore difficult to describe within the framework
of our theory. The transition from the field-induced wud structure into a fully polarized
state should, however also involve an intermediate phase. For H || b in SrDy2O4, the zero-
field phase is the disordered phase 14. There are several possibilities for the field-induced
uud phase from phase 14 (see Supplement [29] and Fig. [[4]). The transition from the uud
structure into a fully polarized state should also involve an intermediate phase.

A very interesting case is found in BaDy2Oy4. Its low temperature zero-field structure
is characterized by two half-integer propagation vectors, k1 = [3 0 2] and ko = [3 1 1] [6].
In an applied field, the uud structure is inferred from powder neutron diffraction measure-
ments and from a pronounced plateau in the magnetization curve [15]. The uud structure
appears to be much more stable than the zero field states, but finding any further inter-
mediate magnetic states in BaDy2O4 will be experimentally challenging in the absence of
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Figure 15: Sequence of the proposed phase transitions in SrHooO4 and SrEr,0O4 for a
magnetic field applied along the easy-magnetization direction for the RE2 site, a axis
in SrErsO4 and b axis in SrHogOy, for J; < 0, J;3 > 0. For Jo > 0 (J;; > 0), the
phase 23 should appear instead of the phase 23 and the phase 6 should appear instead of
the phase 6. The corresponding sequence of magnetization values for the red sublattice
is 0, 1/12, 1/3, 1/2, and 1 (per one site of red sublattice). Transition field values are
hi13-23 = 2Jo1 — J11 +4J2, hi23—15 = 2Jo1 — J11 — %Jz, hy15—g = 2Jo1 + 2J11 + 12J3,
hig_4 = 2Jo1 + 2J11 — 4J2. The width of the region 6 is three times the width of the
region 23 in (hy, ha)-plane (see Fig. [14]).

a large size single crystal samples of this compound. The zero-field phase for BaDy,O4 is
phase 14 as for SrDys0O,4. For BaHo,QO4 it is phase 13.

Let us also consider the case of a field applied along the ¢ axis (direction of the chains
of the magnetic atoms). For this geometry, magnetization data for SrtHosO4 and SrEroOy4
suggest a single phase transition to a state with a full polarization of a site for which the
easy-magnetization direction coincides with the ¢ axis. In the language of this paper, the
transition is from a zero-field phase 13 to phase 3* where all spins on one of the magnetic
sites are parallel to the field while the other site remains the same as in zero-field. The
proposal is that with increasing field, structure 11* is stabilized between phases 13 and
3* (see Fig. [I0), although a direct transition between these phases is also possible (see
Supplement [29]).

4 Conclusions

We present a solution to the ground-state problem for an Ising model in an external field for
a honeycomb zigzag-ladder lattice with two different types of magnetic sites. Although the
solution is incomplete, the presence of a variety of ground-states is proved and, for several
phases, the corresponding regions in seven-dimensional parameter space are completely
determined. Some of these phases are ordered but the majority are disordered with the
disorder being one, two, or even three-dimensional.

The solution is used to explain the existence of experimentally detected spin arrange-
ments in honeycomb zigzag-ladder magnets STRE2O4 (and potentially BaRE2O,4) in an
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Figure 16: A sequence of phase transitions proposed for an increasing field applied along
the ¢ axis in SrHooO4 and SrErsO4. The corresponding numbers for magnetization of the
blue sublattice are 0, 1/3, and 1. Jyo > 0. If Jy2 < 0, then there is a direct transition
from phase 13 to phase 3*.

applied magnetic field. New phases, yet to be detected experimentally, are predicted,
especially those with two different types of magnetic configurations on the same ladder.

Since the set of basic rays that we found here is incomplete, we hope that the paper
will inspire further efforts to find the remaining basic rays and to establish a complete set
for this very interesting and complex ground-state problem.

A Appendix

. . . (o] (o] [ ] o [ ] [ J
Here we present the energies for all the six configurations, oo, oe, 0o, ee; ce, anld ge (Open

and solid circles denote spins 0 = —1 and o = +1, respectively), of the four types of
plaquettes (see Fig. 2 and Eq. [2])).

er1 = (1 —a1)Jor + Jun + [(1 = n)y1 + (1 = 01)(L — 71)]ha,

e = —(1—aq)Jor + (1 = 61)(1 — 71)h,

e13 = (1 —a1)Jor — Ju + [(1 =)y — (1 = 01)(L — 71)]ha,

ey = (1 —a1)dor —Ju = [(1 = m)y1 — (1 = 01)(L — 71)]ha,

e1s = —(1 —a1)Jor — (1 —61)(1 — y1)ha,

e16 = (1 —a1)Jor + Ji1 — [(1 —n)y1 + (1 = 01)(1 — 71)]ha; (8)

ea1 = (1 —a2)Joa + Jia + [(1 — m2)y2 + (1 — 62)(1 — 72)]he,

ez = —(1 —ag)Jo2 + (1 — 62)(1 — 72)hao,

e23 = (1 —a2)Joz — Ji2 + [(1 — m2)v2 — (1 — 02)(1 — 72)]ha,

e = (1 —a2)Joz — Ji2 — [(1 — m2)y2 — (1 — 02)(1 — 72)]ha,

e2s = —(1 — ag)Joz — (1 = d2)(1 — y2)ha,

e26 = (1 —a2)Joz + Ji2 — [(1 = m2)y2 + (1 — d2)(1 — 72)]ho; 9)
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72)

a 1-
€31 = ?1J01 +2(1 = B)J2 +771%h1 + 52(Th27
« 1-—
€32 = —71!]01 + 527( 272)h2,
(0] 1 -
e33 = 71J01 —2(1 = B)J2 +n1%h1 - 52(2772)@7
a 1-
€34 = ?1J01 —2(1-8)J2 — Ul%hl + 52(2772)@,
« 1-—
e35 = —71!]01 - 527( 272)h2,
a 1-
e36 = ?1J01 +2(1-8)J2 — m%hl - 52(2772)h2; (10)
e (1 _’Yl) 2
€41 = EJOQ +28J2 + 5lTh1 + 772Eh2’
«o 1-—
642=—§J02+517( 2%)h1,
a 1-
€43 = 72J02 —2BJ2 — 51(72%)% + Uz%hza
« 1-
eqq = 721702 —28J2 + 51&}” - 772%h27
«o 1-—
645=—?2J02—517( 2%)h1,
« 1-
€46 = 72J02 +28Js — 51%% - 772%@- (11)

To calculate the energy of a structure (or structures in the case of degeneracy), it is

sufficient to know the relative numbers of plaquette configurations which generate this
. . . ® (o] [ J (o]

structure. For instance, structures 2 are generated with seven configurations ¢e, ee, ce, ee,
..., o.., and ... (see Table [2), relative numbers of which in these structures are 3, 1, 2, 2, 4,

4, and 2, respectively. Hence, the energy (per six plaquettes) of structures 2 is

1
ey = 5(3616 + €24 + 2e25 + 2e34 + 4dess + dess + 2e46)

1
= 5(3J01 — J02 + 3J11 - J12 + 4J2 — 3h1 — hg). (12)

It should be noted that this energy does not depend on free coefficients although e;; do
depend on these. The magnetization of the red sublattice (per one red site) is equal to
3-1/3 =1, for the blue sublattice, it is equal to 1/3.

Let us show how to find conditions for the existence of a region in the (hy, ha)-plane,
for instance, region 4. This region is determined with the set of basic rays {r,, r},ry, 3,15,

* *— ~
re, r5,re I, 17}

From the equation

airy + air] 4 aory + a3ry + asrs + agrg + agrg + ag ry  + a;r; +ayry
= (Jo1, Joz, J11, Ji2, J2, ha, ha) (13)

we have

* * *— * * ~
ay = ag + ay — Jo1, a] = a3z — Jo2, ag = 2a9 + J11, a5 = —2a3 — ag + J12, a; = a7 + Jo,

hi = 4ay + 2a5 + 8a7 + 2J11 + 4J2, he = 4aj + dag — 2J12 + 4.J5.
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All the coefficients a should be nonnegative, therefore, we obtain

Jio >0, —2Jgo + Jio > 0. (15)

These inequalities are the conditions for the existence of region 4 in hy, ho-plain at fixed
Jo1, Jo2, J11 Ji2, and Js. For hy and hg of region 4 we have,

hi > 2J11 + 4| J2| if Jo1 <0,

hi > 2Jo1 + Ji1 + 4] J2] if Jo1 > 0, J11 <0,

hi > 2Jo1 + 2J11 + 4| J2| if Jo1 >0, J11 >0,

—2J10 +4Jy < hg < 2J19 +4J5 if Jyo < 0,

4Jos — 2J12 +4Jy < he < —4Jgo + 2J12 + 45 if Jgo > 0. (16)
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