A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

OFFPRINT

The main 1/2 magnetization plateau in
Shastry-Sutherland magnets: Effect of the
long-range Ruderman-Kittel-Kasuya-Yosida

interaction

J. J. FENG, L. Hvo, W. C. HUuANG, Y. WANG, M. H. QIN,
J.-M. Liu and ZHIFENG REN

EPL, 105 (2014) 17009

Please visit the new website
Www.epljournal.org



A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

AN INVITATION TO

SUBMIT YOUR WORK

The Editorial Board invites you to submit your letters to EPL
EPLis a leading international journal publishing original, high-quality Letters in all
areas of physics, ranging from condensed matter topics and interdisciplinary research
to astrophysics, geophysics, plasma and fusion sciences, including those with
application potential.

The high profile of the journal combined with the excellent scientific quality of the
articles continue to ensure EPL is an essential resource for its worldwide audience.
EPL offers authors global visibility and a great opportunity to share their work with
others across the whole of the physics community.

Run by active scientists, for scientists
EPL is reviewed by scientists for scientists, to serve and support the international
scientific community. The Editorial Board is a team of active research scientists with
an expert understanding of the needs of both authors and researchers.

www.epljournal.org



A LETTERS JOURNAL EXPLORING

www.epljournal.org

THE FRONTIERS OF PHYSICS

2.753

* Aslisted in the ISI® 2010 Science
Citation Index Journal Citation Reports

500 000

full text downloads in 2010

30 DAYS

average receipt to online
publicationin 2010

16 961

citations in 2010
37% increase from 2007

“We've had a very positive
experience with EPL, and
not only on this occasion.
The fact that one can
identify an appropriate
editor, and the editor

is an active scientist in
the field, makes a huge
difference.”

Dr. Ivar Martinv

Los Alamos National Laboratory,
USA

Six good reasons to publish with EPL
We want to work with you to help gain recognition for your high-quality work through
worldwide visibility and high citations.

Quality — The 40+ Co-Editors, who are experts in their fields, oversee the
entire peer-review process, from selection of the referees to making all final
acceptance decisions

Impact Factor — The 2010 Impact Factor is 2.753; your work will be in the
right place to be cited by your peers

Speed of processing — We aim to provide you with a quick and efficient
service; the median time from acceptance to online publication is 30 days

High visibility — All articles are free to read for 30 days from online
publication date

International reach — Over 2,000 institutions have access to EPL,
enabling your work to be read by your peers in 100 countries

000 O

0 Open Access — Articles are offered open access for a one-off author
payment

Details on preparing, submitting and tracking the progress of your manuscript

from submission to acceptance are available on the EPL submission website

www.epletters.net.

If you would like further information about our author service or EPL in general,
please visit www.epljournal.org or e-mail us at info@epljournal.org.

ERS

10P Publishing

EDP Sciences 10P Publishing

European Physical Society Societa Italiana di Fisica

www.epljournal.org



A LETTERS JOURNAL
EXPLORING THE FRONTIERS
OF PHYSICS

EPL Compilation Index

www.epljournal.org

Visit the EPL website to read the latest articles published in
cutting-edge fields of research from across the whole of physics.

Each compilation is led by its own Co-Editor, who is a leading
scientist in that field, and who is responsible for overseeing
the review process, selecting referees and making publication
decisions for every manuscript.

e Graphene
Biaxial strain on lens-shaped quantum rings of different inner 0 q
radii, adapted from Zhang et al 2008 EPL 83 67004. e Liquid Crystals

¢ High Transition Temperature Superconductors

e Quantum Information Processing & Communication
e Biological & Soft Matter Physics

e Atomic, Molecular & Optical Physics

e Bose—Einstein Condensates & Ultracold Gases

e Metamaterials, Nanostructures & Magnetic Materials
e Mathematical Methods

e Physics of Gases, Plasmas & Electric Fields

e High Energy Nuclear Physics

Artistic impression of electrostatic particle—particle
interactions in dielectrophoresis, adapted from N Aubry
and P Singh 2006 EPL 74 623.

If you are working on research in any of these areas, the Co-Editors would be
delighted to receive your submission. Articles should be submitted via the
automated manuscript system at www.epletters.net

If you would like further information about our author service or EPL
in general, please visit www.epljournal.org or e-mail us at
info@epljournal.org

( . .
K sa| JOP Publishing
Artistic impression of velocity and normal stress profiles “ y S“;?[{f-il;fclfm SCIENCES

around a sphere that moves through a polymer solution,
adapted from R Tuinier, J K G Dhont and T-H Fan 2006 EPL
75929. Ty . . .
L2y Image: Ornamental multiplication of space-time figures of temperature transformation rules

(adapted fromT. S. Bir6 and P. Van 2010 EPL 89 30001; artistic impression by Frédérique Swist).



A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

January 2014

EPL, 105 (2014) 17009
doi: 10.1209/0295-5075/105/17009

www.epljournal.org

The main 1/2 magnetization plateau in
Shastry-Sutherland magnets: Effect of the long-range
Ruderman-Kittel-Kasuya-Yosida interaction

J. J. FENG', L. Huo', W. C. Huanc!, Y. Wanc!, M. H. QIn2®  J-M. Liv3®) and ZuirEnG REN?(©)

L Institute for Advanced Materials and Laboratory of Quantum Engineering and Quantum Materials,
South China Normal University - Guangzhou 510006, China

2 Department of Physics and TcSUH, University of Houston - Houston, TX, 77204, USA

3 Laboratory of Solid State Microstructures, Nanjing University - Nanjing 210093, China

received 12 November 2013; accepted 6 January 2014

published online 4 February 2014

PACS T75.10.Hk — Classical spin models

PACS 75.60.Ej — Magnetization curves, hysteresis, Barkhausen and related effects
PACS 75.30.Kz — Magnetic phase boundaries (including classical and quantum magnetic

transitions, metamagnetism, etc.)

Abstract — The ordering of the classical Ising model on the Archimedean lattice that is topolog-
ically equivalent to the Shastry-Sutherland one is studied in order to understand the fascinating
magnetic properties experimentally observed in rare-earth tetraborides such as TmB4. The long-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction which is expected to be predominant
in these systems is taken into account, and the magnetization plateaus and rich ordering behaviors
depending on the Fermi wave vector kr are investigated in details by Monte Carlo simulation.
The experimental 1/2 magnetization step can be qualitatively reproduced and its stability against
the change of kr is confirmed, suggesting that the coupling between conduction electrons and lo-
calized moments may play an important role in modulating the magnetization behaviors in these

systems.

Copyright © EPLA, 2014

Introduction. — In the past few years, the magnetic
orders in Shastry-Sutherland (S-S) magnets have drawn
much attention due to the intrinsic effect of geometri-
cal frustration [1-5]. Specifically, the so-called S-S lattice
can be mapped as a square lattice with antiferromagnetic
(AFM) couplings Jo along the edges of the squares and di-
agonal AFM couplings .J; in every second square, as shown
in fig. 1(a) [6]. It has attracted great interest since its
experimental realization in SrCus(BO3)s which exhibits
a fascinating sequence of magnetization (M) plateaus at
fractional values of the saturated magnetization (M) in
1991 [7,8]. On the other hand, similar magnetization be-
haviors have also been observed in another representative
S-S magnet: rare-earth tetraborides RB4 (R = Tb, Dy,
Er, Tm, etc.) with the magnetic moments located on
an Archimedean lattice (fig. 1(b)) that is topologically

(a)E-mail: qinmh@scnu.edu.cn
(P)E-mail: 1iujménju.edu.cn
(©)E-mail: zren@uh.edu

(@

Fig. 1: (Color online) (a) The Shastry-Sutherland lattice with
the diagonal coupling of J; along the edges of the squares and
Jo diagonally, and (b) the topologically identical structure re-
alized in the (001) plane of rare-earth tetraborides with the
additional interactions Js, J4 and Js.

equivalent to the S-S one [9-12]. For example, the
magnetization multi-plateaus at M/Ms = 1/2, 1/7, 1/9,
etc., have been experimentally reported in TmB,, and
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> 6.0 0 %
Fig. 2: (Color online) Spin configurations in (a) the collinear
state, (b) the Néel state, (c) the UUD state, and (d) the FI

state. Filled and open circles represent the up-spins and the
down-spins, respectively.

several theoretical attempts to understand this fascinat-
ing phenomenon are reported [13-16].

Unlike SrCuy(BO3)s with Cu?* ions carrying a quan-
tum spin S = 1/2, TmB, presents a large total magnetic
moment (the magnetic moment of Tm?3* is ~ 6.0u3), and
can be considered as a classical spin system. In addition,
TmB, exhibits a strong easy-axis anisotropy due to the
strong crystal field effects, thus it can be reasonably de-
scribed by the classical Ising model. The magnetization
process of the classical Ising model on the S-S lattice has
been studied using the tensor renormalization-group ap-
proach, and various spin orders have been revealed [17].
Under low magnetic field (h), either the collinear state
(fig. 2(a)) or the Néel state (fig. 2(b)) can be developed
depending on the value of Jy/Jo (filled and open cir-
cles represent the up-spins and the down-spins, respec-
tively).  When h is increased, a single magnetization
plateau at M /My = 1/3 resulting from a particular spin
state in which each triangle contains two up-spins and
one down-spin (the UUD state, fig. 2(c)) was predicted.
Most recently, the ground states of the Ising model on
the S-S lattice are investigated and the existence of a sin-
gle 1/3 plateau has been rigorously proved [18]. In addi-
tion, the ferrimagnetic (FI) state (fig. 2(d)) resulting in
the M/Ms = 1/2 step has been predicted when the addi-
tional interactions are considered. In our earlier reports,
the effects of the further interactions on the magnetiza-
tion process have been systematically discussed via Monte
Carlo simulations [19,20]. On the other hand, the quan-
tum spin-(1/2) Ising-like XXZ model with additional in-
teractions on the S-S lattice was visited using the quantum

Monte Carlo method, and quantum spin fluctuations and
long-range interactions are believed to play an important
role in the emergence of the M /Mg = 1/2 plateau [21,22].

All these theoretical works suggested that additional
long-range interactions were indispensable to understand
the main M/My = 1/2 plateau experimentally observed
in TmB4. However, the origin of the additional interac-
tions is not clear in physics so far. On the other hand,
it is reasonable to expect that the long-range Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction may predomi-
nate in a metal system such as TmBy, as will be explained
below. The so-called RKKY interaction which refers to a
coupling between localized inner electron spins in a metal
by means of an interaction through the conduction elec-
tron was first introduced to explain the unusual width of
the resonance absorption line of Ag, and was believed to
be more suitable for rare-earth metals [23]. For exam-
ple, the RKKY coupling between the localized 4 f electron
through the 6s conduction one may be dominant in TmBy
and may play an important role in its magnetization pro-
cess, as suggested in earlier work [11]. Thus, a systematic
study of the effect of the RKKY interaction on the mag-
netic properties is seriously needed to completely under-
stand the magnetization process of this system. However,
the itinerant character of electrons is generally ignored
in the most previous spin models for such a system, and
few works on this subject have been reported as far as we
know. In order to clarify this issue, we start with a classi-
cal Ising model on the two-dimensional (2D) Archimedean
lattice interacting with the long-range RKKY interaction,
and then extensive simulations on the magnetization be-
haviors are performed. The main M/Ms = 1/2 plateau
observed in experiments can be qualitatively reproduced,
and rich ordering behaviors are revealed depending on the
parameters used in the simulation.

The remainder of this paper is organized as follows:
in the following section, the model and the simulation
method will be presented and described. The third sec-
tion is devoted to the simulation results and discussion.
Finally, the conclusion is presented.

Model and method. — The Hamiltonian can be writ-
ten as
H=Y J(ri;)Si-S; —hY_S, (1)
ij i

where S; represents the Ising spin with unit length on site
i, 13; is the distance between the sites i and j, the long-
range RKKY coupling between the spins at the sites ¢ and
J is described by [24]

3 | cos(2kprij)  sin(2kpri;)

3 1
T Qkprij

J(’I“ij) = —J()a

(2)

where Jy is the constant that describes the intensity of
the RKKY exchange interaction, a is the lattice constant
which is set to be 1 for the sake of briefness, kr is the Fermi
wave vector. One may note that kp is one of the most
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Fig. 3: (Color online) (a) Magnetization M /M vs. temper-
ature T and magnetic field h. Spin configurations in (b) the
q-Néel state and (c) the 1/4 state.

important parameters to tune the oscillation of the RKKY
interaction. In our simulation, a smaller kp = 27/1.243
in units of a~! than that in Tm is chosen due to the fact
that the free-electron density of TmB, is lower than that of
Tm [25]. Naturally, we also simulate the model with other
values of kr in order to examine the stability of the spin
orders. In addition, Jj is selected to satisfy the nearest-
neighbor interaction J; = 1 and the choice of other values
will not affect our conclusion at all.

Furthermore, it is noted that the ratio J;/Jo is nearly
equal to 1 in TmB4 and ErB,4, which is also realized in our
simulation. In our simulation, the distance between two
sites is calculated on the Archimedean lattice, while the
spin configurations are discussed in its topologically equiv-
alent S-S one in order to help one to easily understand the
spin orders. The simulation is performed on an L x L
(L = 24 is chosen unless stated elsewhere) lattice with pe-
riodic boundary conditions using the standard Metropolis
algorithm and the parallel tempering algorithm [26,27]. In
order to save CPU time, a cut-off radius R;; = 6 is chosen.
It will be checked later that the choice of R;; never affects
our conclusion. An exchange sampling will be taken ev-
ery 10 standard Monte Carlo steps. The initial 1 x 10*
Monte Carlo steps are discarded for equilibrium consider-
ation and another 1 x 10* Monte Carlo steps are retained
for statistic averaging of the simulation.

Simulation results and discussion. — Figure 3(a)
shows the calculated M as a function of temperature (T)
and h for kp = 27/1.243. Atlow T (T < 0.1), four magne-
tization steps can be observed respectively. Interestingly,
instead of the collinear state or Néel state, a particular
AFM state (g-Néel), with spin configuration (fig. 3(b))
which is similar to that of the Néel state, is developed
and results in the M = 0 step for small h. When h in-
creases to about 1.2, M switches to M = M;/4 result-
ing from the 1/4 state (the spin configuration is shown
in fig. 3(c)). Subsequently, the magnetization step at
M = M,/2 caused by the FI state is observed as h is

MIM,

Fig. 4: (Color online) (a) Magnetization M/Ms and (b) the
local energies as a function of h for different spin orders at
T =0.02.

further increased to about 2.4, which is similar to the ear-
lier report [21]. Finally, M switches to My above h ~ 4.8,
demonstrating the replacement of the FI state by the fer-
romagnetic (FM) one. It is noted that the 1/4 state is not
much stable and can be completely destroyed by thermal
disturbance when T increases to about 0.1. Contrarily,
the FI state with the M = Mj/2 step is rather stable even
at T = 0.4, although the width of the step is noticeably
decreased.

Similarly [17], the ground states and the transition h
between two successive plateaus can be estimated by com-
paring the energies at different spin configurations which
are confirmed in our simulation. Specifically, the magne-
tization curve at 7' = 0.02 is shown in fig. 4(a) in which
three transitions h are recognized. Accordingly, fig. 4(b)
shows the calculated energies as a function of h for six
possible states including the collinear state, the Néel state,
the g-Néel state, the 1/4 state, the FI state and the FM
state. The energy of the q-Néel state is lower than that
of the collinear state or Néel state, leading to its stabiliza-
tion for small h. When h increases to the first transition
field h ~ 1.2, the 1/4 state is in the lowest energy, re-
sulting in the emergence of the magnetization plateau at
M = M/4. Similarly, the 1/2 plateau can be observed
due to the fact that the FI state is in the lowest energy
when £/ is further increased to the second transition h. Fi-
nally, the FM state is developed when the static magnetic
energy is predominant above h = 4.8.

In an earlier work [20], it has been proved that an AFM
Js or a FM J5 (fig. 1(b)) tends to stabilize the M = M,/2
plateau together with the destabilization of the M = M/3
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Table 1: The kr-dependence of the exchange interactions Js, Js and Js, the spin orders for M = 0, and the main magnetization

steps observed at low T'.

27Tk;1 1.035 1.055 1.065 1.100 1.120 1.220 1.243 1.250 1.260
J3 —0.0187 |—0.1534 |—0.2307 |—0.6246 |—1.1167 0.2992 | 0.1135 0.0707 0.0168
Jy —0.1245 |—0.0585 |—0.0162 0.2143 0.5012 —0.1973 | —0.0771 —0.0488 | —0.0128
Js —0.0094 |—0.0800 |—0.1180 |—0.2783 |—0.4325 —0.1114 |—0.1451 —0.1503 | —0.1546
Spin order Néel q-Néel q-Néel Néel
for M =0
Main steps M/Ms=1/3 None M/My=1/2,1/4 | M/Ms=1/2
277']4};1 1.270 1.300 1.360 1.390 1.410 1.420 1.430 1.450 1.460
Js —0.0304 | —0.1437 |—0.2963 —0.3501 | —0.3802 —0.3937 | —0.4063 |—0.4290 |—0.4392
Jy 0.0187 0.0934 0.1800 0.1991 0.2037 0.2036 0.2019 0.1934 0.1865
Js —0.1560 | —0.1457 | —0.0813 —0.0346 0.0005 0.0191 0.0384 0.0792 0.1007
Spin order Néel
for M =0
Main M/M, =|M/M, = M/M, =1/2 M/M, =1/2
steps 1/2 5/12,1/6

one, because more local AFM J3 or FM .J5 interactions
can be satisfied in the FI state than those in the UUD
one. To some extent, the presence of AFM J3 or FM
Js interactions may be understood as a consequence of
the oscillating nature of the RKKY interaction. In our
simulation, these couplings are calculated to be Js3/J; =
0.1135 and J5/J; = —0.1451 for kp = 27/1.243, leading
to the stabilization of an extended M = M;/2 plateau in
the absence of the M = M;/3 one at low T

The stability of the FI state against the possible change
of kr has been examined, and the simulated results are
summarized in table 1. The values of Js, J4 and J5 are
also given in order to help one to better understand the
results. Similar results can be obtained for kp = 27/1.220
and 27/1.250 close to the case studied above. The q-Néel
state is developed, resulting in the M = 0 step for small h.
In addition, it is noted that the 1/4 state is so unstable
and can be quickly suppressed with the change of kp, as
clearly shown in fig. 5(a) (dotted lines) which gives the
estimated phase diagram in the (kg, h)-plane at T = 0.02.
In the intermediate h range, the M = M,/2 plateau re-
sulting from the FI state can be observed. However, when
kp is further decreased from 27 /1.2, the system enters
into a somewhat unphysical region in which the magni-
tude of J3 or Jy is several times larger than that of Jj.
For example, J3 = —3J; and J3 = —83.J; are obtained for
krp = 2w /1.141 and kp = 27/1.152, respectively, which is
obviously inconsistent with experimental report.

Furthermore, the UUD state with the M = M;/3
plateau can be developed when kg is further decreased
to 2m/1.100. Tt is noted from table 1 that the FM J;
decreases its magnitude and .J3 changes its sign from neg-
ative to positive with decreasing kr. Thus, the FI state
becomes unstable and can be replaced by the UUD one,
leading to the emergence of the M = M/3 plateau. On

NN
f
\:}D‘\C./t c/:\‘o)
»y ome |/o o/.
D/l v/‘.\.,
D./ \r
D/l /\.
g %3 s/‘\'
.ej.;/v\.

‘\!“Kt‘%“ ‘\’.‘%"‘\;

Fig. 5: (Color online) (a) The estimated phase diagram of the
magnetization plateau in the (kr,h)-plane at 7' = 0.02. The
transition h is estimated from the magnetization curves and
the positions of the peaks in the magnetic susceptibility. Spin
configurations in (b) the 1/6 state and (c) the 5/12 state.

the other hand, different magnetic behaviors arise when
kg is further increased from 27 /1.250. For example, the
M = My/6 and M = 5M;/12 plateaus are predicted
for kr 27/1.300. The spin configuration of the 1/6
state is shown in fig. 5(b), which is the same as in an
earlier prediction [13]. In addition, the 5/12 state with
the spin structure shown in fig. 5(c) can be developed in
the intermediate-h region. This result is also confirmed
by the energy comparison among those possible spin or-
ders, although the corresponding results are not shown
here. However, the FI state is revived again when kg is
increased to about 27/1.350. This phenomenon could be
understood from two different points of view. On the one
hand, the AFM Jj is replaced by the FM one which fa-
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vors the UUD state rather than the FI state, as discussed
earlier. On the other hand, J; gradually decreases and
eventually changes its sign from negative to positive at
around kp ~ 27/1.270. Importantly, the AFM J, tends
to favor the FI state rather than the UUD one due to
the fact that more AFM J, interactions can be satisfied
in the FI state. This viewpoint can be easily understood
from the respective spin configurations which are shown
in fig. 2. Finally, the FI state can be developed as a conse-
quence of the strong competitions among the long-range
interactions even for increasing kr. Furthermore, either
the Néel or the g-Néel state is recognized for small h at
low T, demonstrating the fact that the collinear state is
unfavorable throughout our simulation.

However, one may note that some of the fractional
plateaus at M/M, = 1/7, 1/9, etc. reported in ex-
periments can not be simultaneously reproduced with
M/Ms = 1/2 even when the long-range RKKY interac-
tion is taken into account. This inconsistency between the
experiment and the present simulation may be understood
from the following two aspects. On the one hand, the time
available in experiment may not be sufficient for the spin
rearrangement for small A at low 7', and the spins may
be easily trapped into a metastable state rather than into
the equilibrium one. Actually, the effect of the magneti-
zation dynamics on the magnetic behaviors of a classical
spin model on the S-S lattice has been investigated and
the formation of domain walls due to the non-equilibrium
magnetization process is suggested to be responsible for
the emergence of the fractional plateaus [28]. On the other
hand, it is noted that the disorder effect caused by the in-
homogeneity inevitable in realistic materials is completely
ignored in our simulation, which may also contribute to
the inconsistency in some extent.

Anyway, the present work reveals a significant effect of
the long-range RKKY interaction that is expected to be
predominant in rare-earth tetraborides RB4 due to their
metallic character. The experimental M = M;/2 plateau
can be qualitatively reproduced and the FI state occupies
a considerable region of the parameter space, strength-
ening our conclusion that this plateau may be caused
by the long-range RKKY interaction. In other words,
it is partially suggested that the additional interactions
responsible for the 1/2 step in S-S magnets may be of the
RKKY type. Definitely, some other factors may be needed
to fully understand all the experimental results. For ex-
ample, the magnetization dynamics or/and the inevitable
disorder effect may be the potential choices. However, the
related subject is beyond the scope of this study and will
be discussed elsewhere.

Finally, in order to verify the reliability of our simula-
tion, the dependences of the step-like magnetization fea-
ture on the cut-off radius R;; and the lattice size L are
also checked. The simulated magnetization curves for dif-
ferent R;; (R;; =6, 7, and 8) for kp = 21/1.243 are pre-
sented in fig. 6(a). These curves perfectly coincide with
each other, indicating that the choice of R;; in this work

1.0 -(a) (b) 1.0
0.8} 40.8
. o6f {0.6 E"’
S =
04r k =2m/1.243 104
P k,=2m/1.243
0.2+ 40.2
T7=0.02 T=0.02
0.0 40.0

Fig. 6: (Color online) The calculated magnetization curves for
(a) different cut-off radius R;; and (b) different lattice sizes L
at T' = 0.02.

is reasonable. Moreover, fig. 6(b) shows the simulated
magnetization curves for different L (L = 16, 20, 24, and
28). The simulated curves overlap, demonstrating that
the finite-size effect on the magnetization properties in
this model is negligible and our conclusion is reliable.

Conclusion. — In conclusion, we have studied the mag-
netic behaviors of the classical Ising model with the long-
range RKKY interaction on the Archimedean lattice by
means of Monte Carlo simulation in order to understand
the magnetic process in rare-earth tetraborides such as
TmB,4. The main magnetization plateau at M = M;/2
observed in experiments can be qualitatively reproduced
and is proved to be stable in a wide range of the parameter
kp. Thus, our work strongly suggests that the M = M;/2
plateau in such a system may be resulting from the long-
range RKKY interaction.
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