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We take a two-step theoretical approach to study magnetism of rare-earth quasicrystals by considering Ising
spins on quasiperiodic tilings, coupled via Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. First, we
compute RKKY interactions from a tight-binding Hamiltonian defined on the two-dimensional quasiperiodic
tilings. We find that the magnetic interactions are frustrated and strongly dependent on the local environment. This
results in the formation of clusters with strong bonds at certain patterns of the tilings that repeat quasiperiodically.
Second, we examine the statistical mechanics of Ising spins with these RKKY interactions, using extensive Monte
Carlo simulations. Although models that have frustrated interactions and lack translational invariance might be
expected to display spin-glass behavior, we show that the spin system has a phase transition to low-temperature
states with long-range quasiperiodic magnetic order. Additionally, we find that in some of the systems spin
clusters can fluctuate much below the ordering temperature.

DOI: 10.1103/PhysRevB.92.224409

I. INTRODUCTION

Quasicrystals with their unusual atomic structure char-
acterized by long-range order without a three-dimensional
translational periodicity [1] are known to have rather exotic
physical properties, and so far we lack a good theoretical
understanding for many of them. For instance, the electronic
properties of this material class include a pseudogap at the
Fermi energy [2,3] and multifractal (critical) wave functions
[4] resulting in anomalous electronic transport [5,6]. An
important question in this context is how these electronic
properties influence the magnetism in quasicrystals [7,8].

In general, one can distinguish two types of magnetic
quasicrystals: those with magnetic moments at (i) transition
metal or (ii) rare-earth sites. In the first, moment formation is an
important aspect of the theoretical problem since they appear
only at a small fraction of sites [7]. By contrast, the second class
suggests a simpler description, with well-defined local mo-
ments at concentrations of 5-10% interacting via long-range
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions which
are mediated by the conduction electrons [9,10]. Examples of
the latter class include the icosahedral i-ZnMgR and i-AgInR
materials [9,11], as well as decagonal d-ZnMgR materials [12]
and the recently discovered binary phases i-RCd [10].

Here we use tight-binding models and Ising models to
represent rare-earth magnetic quasicrystals. We examine the
form of the RKKY interactions based on a tight-binding
Hamiltonian defined on two-dimensional quasiperiodic tilings
(see Sec. II). We find that the coupling between pairs of
sites depends not only on their distance but also varies
strongly with the local environment on the tiling. Although
we find ferromagnetic and antiferromagnetic bonds as in
periodic systems, the magnetic interactions do not show a
well-defined spatial period with a Fermi wave vector because
quasicrystals do not have a Brillouin zone. Second, we study
the consequences of these interactions (see Sec. III) by taking
them as exchange constants between Ising spins located at
a fraction of sites on the tiling (those with a particular
coordination number). As all systems show a combination
of frustration and aperiodicity one might expect to observe
a spin glass at low temperatures [13], and in other settings
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quasiperiodic systems are known to behave like random ones
[14]. Our results exclude canonical spin-glass behavior via the
temperature dependence of the order-parameter susceptibility,
the overlap susceptibility, and the magnetic structure factor of
the ground state. Instead we find that the ground state consists
of repeating small clusters of spins, with strong interactions
within each cluster and weaker couplings between different
clusters. Analyzing the magnetic structure factor we find that
these systems show a transition to a state with long-range
magnetic order at low temperatures.

While there has been extensive previous work studying
spin models for magnetic quasicrystals, to the best of our
knowledge none has used RKKY interactions computed from
a quasiperiodic electron Hamiltonian. Moreover much of this
previous work omits the frustration effects that are a natural
consequence of long-range oscillatory RKKY interactions.
Nearest-neighbor exchange on a bipartite tiling necessarily
leads in an Ising antiferromagnet [15] to a classical ground
state with two-sublattice order, and in Heisenberg models it
is known that this order may survive quantum fluctuations
[16]. Also models with frustration due to dipolar and further
neighbor interactions often show magnetically ordered ground
states [15,17-20] although in some cases the frustrated mag-
netic interactions can lead to degenerate ground states or ones
with hierarchical structure [15,21]. RKKY interactions with a
form taken from periodic systems have been used in studies
of Ising models for the Penrose tiling [22] and for i-ZnMgHo
models [23,24], yielding antiferromagnetic or ferrimagnetic
ordered ground states. Neither of these models incorporates the
expected unique coupling of the exotic electronic properties
to the magnetism in quasicrystals. Our model is designed to
address this aspect of the physics in a simple way.

In previous work (Ref. [25]) we have studied the structure of
the RKKY interactions for a limited number of systems. Here
we present a much more thorough analysis and classification
of quasiperiodic spin systems. An important improvement is
an algorithm for the computation of the RKKY interactions
which has higher accuracy and is also applicable to systems
with gaps in the density of states, in contrast to the previously
employed continued fraction expansion. We use this algorithm
to compute the RKKY interactions for a large set of systems.
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This allows us to identify different classes of behavior with
respect to the structure of the magnetic ground state. The
results also provide a more detailed insight into the nature
of low-temperature fluctuations. Finally, we apply finite-size
scaling to show that the critical behavior is consistent with the
two-dimensional Ising universality class.

II. RKKY INTERACTIONS IN TIGHT-BINDING MODELS

Introducing Ising spins o; at some of the sites [ of the tiling,
the spin Hamiltonian has the form Hrgky = A2 X1.m010. Here,
A represents the coupling of the local moment to the conduction
electrons. We model the conduction electrons by the tight-
binding Hamiltonian

Ha=)_ I} (m| M

(L.m)

with one orbital per site and equal hopping amplitudes between
all nearest neighbors of a quasiperiodic tiling (see Fig. 1). The
local susceptibility [26] for T = 0 and Fermi energy Er is (for
areview see Ref. [27])

[o¢]
Yin = | IGLGoilsen(E ~ EME.
T J -

Here G;,, = (I| G |m) is a matrix element of the retarded
Green function G =[E 410 — Hy]™' for the conduction
electrons. Writing the Green functions in terms of the
eigenstates as

v Pa)Pu(m)
Gim=)_ E-E 10 3)

o

Eq. (2) evaluates to

i =2y 22O o — B, )
a.f

E, — Eg

where the sum runs over all eigenstates with either E, < Er <
Eg or Eg < Er < E,. This equation clearly shows that the
properties of the electronic eigenstates of the Hamiltonian Hy
have an important influence on the RKKY interactions. In the
case of quasicrystals, this approach also naturally includes the
multifractal structure of the electronic wave functions [28,29].

The numerical evaluation of Eq. (4) leads to a divergence of
the susceptibility if the Fermi energy E is close to an energy
eigenvalue E,. To overcome this problem we approximate the
sgn function in Eq. (2) with tanh[(E — Ef)/n], where n can
be interpreted as a temperature parameter. This yields a good
approximation as long as the bandwidth of the system >>7.
We use n = 0.03 for all calculations which is much smaller
than the bandwidth for the considered quasiperiodic systems.
Re-evaluating Eq. (2), we can then rewrite Eq. (4) replacing
the sgn(Ep — E,) with the expression

sinh ( Ea—Ep ; Eg )

2 cosh (@) cosh (@) .

&)

Our approach is based on the direct diagonalization of
the electron Hamiltonian H,j. Using fast numerical libraries
(lapack) and parallelization we are able to compute the
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FIG. 1. (Color online) Tilings and RKKY interactions x;, for
magnetic moments at sites with coordination number z, coupling
strength A =1, and n = 0.03: (a) fifth approximant of the Pen-
rose tiling, showing only interactions above the threshold |x; .| >
0.005,z = 5, and Er = 0.07; (b) fourth approximant of the Ammann-
Beenker tiling with | ; ,,| > 0.006,z = 4, and Er = 1.12.

magnetic interactions for systems with up to 10* sites. Our
method is more accurate than the continued fraction expansion,
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which has been employed previously for quasiperiodic tilings
[25,26,30].

The method can be applied to general tight-binding systems.
For a particular model we need to specify three features:
(1) the tiling, (ii) the positions of the spins on the tiling, and
(iii) the value of the Fermi energy Ep. In this paper we study
two different quasiperiodic systems as follows:

(A) Penrose tiling [see Fig. 1(a)]. This tiling can be used to
describe the structure of decagonal quasicrystals [31]. It has
five different local environments with three to seven nearest
neighbors. We consider the fourth to sixth approximants with
521, 1364, and 3571 sites respectively.

(B) Ammann-Beenker tiling [see Fig. 1(b)]: This tiling
models the structure of octagonal quasicrystals [32] and
possesses six different local environments with three to
eight nearest neighbors. We consider the fourth and fifth
approximant with 1393 and 8119 sites respectively.

As stable quasicrystals are characterized by a high degree
of order [5], we choose the spins to be at sites with a
fixed coordination number z. For both tilings the electron
Hamiltonian in Eq. (1) only includes hopping terms along
the bonds of the tiling, i.e., there is no direct hopping along
the short diagonal of the thin rhombi in contrast to some
previously studied systems [15,17,18,20,21]. Although the
latter choice is an interesting variant of our model as it can add
further frustration to the system, we found the same qualitative
behavior for various parameter sets'! when studying a model
with this additional hopping included.

An example for the susceptibility y; , is shown in Fig. |
for each of the two tilings. In general, the susceptibility
strongly depends on Eg and on the local environment, and
interactions of similar strength can be found whenever the
same local pattern reoccurs in the tiling. Since any local pattern
of linear dimension L is repeated in a distance O(L) for each
quasiperiodic tiling [33], the strongest bonds form clusters that
have a fixed form and are repeated quasiperiodically.

In our previous work (Ref. [25]) we studied the distribution
of x;.m in detail for the Ammann-Beenker tiling. We observe
the same qualitative behavior also for the Penrose tiling and
we briefly summarize the main findings here before focusing
on results from Monte Carlo simulations. In general, the
susceptibility x; , is proportional to the local density of states
(DOS) at Er which is known to vary strongly with the local
environment [26]. This also means that interactions are smaller
when Er lies in a pseudogap which is a typical feature of
quasicrystals. We find oscillations between ferromagnetic and
antiferromagnetic interactions as a function of site separation
r, measured along the shortest bond path. This behavior differs
significantly from that in periodic systems with a spherical
Fermi surface, where interactions oscillate within a power-law
envelope that varies as r~¢. Although in some cases the
average (x; ) is reasonably well described by this power
law, individual interactions in quasiperiodic tilings can be
considerably larger, and we usually observe a wide range of
interaction strengths at each r. This results in a quasirandom

The studied parameter sets include four different Fermi energies
corresponding to distinct peaks and pseudogaps of the density of
states for the coordination numbers z = 3, 4, and 5.
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contribution to the magnetic interactions due to the many local
environments in a quasicrystal.

III. MONTE CARLO SIMULATION

We use Monte Carlo simulations to study the statistical
mechanics of the spin Hamiltonian Hgrggy. We apply parallel
tempering which simulates multiple copies of the system at dif-
ferent temperatures 7;, so reducing correlation times [34,35].
We use a geometric distribution of the temperatures at low tem-
peratures with 7,, = ¢{" Ty and a uniform spacing with 7, =
T,.—1 + c2 above the phase transition. For each replica one
Monte Carlo sweep consists of N single-spin flip attempts and
one replica-swap attempt, where N is the number of spins in the
system. The number of replicas (typically 60-100) is chosen to
have an acceptance ratio of at least 30% for the replica swaps.

We compute a selection of observables to study the
phase transition and the ground state of this system. This
includes the energy E =), Xi.m010n and the magneti-

zation M = Z,Ail o;. Thermal averages are computed over
5 x 10° Monte Carlo sweeps. The heat capacity per spin
is C = = [(E?) — (E)?] and the susceptibility per spin is
X = ~=[(M?) — (IM])?]. The former provides a signal for
phase transitions. While for conventional antiferromagnets the
staggered magnetization is a useful tool to detect long-range
order, we do not know the structure of the ground state a priori.
To look for long-range magnetic order in an unbiased way, we
first search for the ground-state configuration {§;} and then
compute the corresponding order parameter M,ys = va: &0
We can use Mg to define the order-parameter susceptibility
Xop = ﬁ[(Mgzs) - (|Mgs|>2]-

Further, we consider some quantities commonly used to
study spin glasses which turn out to be sensitive to different
ordering patterns. This includes the overlap g = % Z,N: 1 a,l 012
and its distribution P(g) obtained from the simulations of
two independent replicas with the same interactions and
temperature. We find that the Binder cumulant Bsg = %(3 —
(") /(g*?) is a good tool to identify order, whether it is
(anti)ferromagnetic or spin-glass-like. This becomes clear by
looking at the limiting cases: at high temperatures the spins
are uncorrelated and we obtain ¢ ~ N~!/2 and Bsg = 0; in
contrast, if there is only a pair of ground states related by a
global spin inversion at low temperatures, we obtain ¢ = %1
and BSG =1.

A. Phase transition

We use Monte Carlo simulations for different parameter sets
for the Ammann-Beenker tiling and the Penrose tiling obtained
by varying Er and choices z for the coordination number of the
magnetic sites. Our results are briefly summarized in Table L.
We were able to classify the systems by the structure of their
ground state into two main classes: The first class is char-
acterized by ground states with large ferromagnetic regions
and we denote it as class FMR. The second class (class AF)
shows ground states with antiferromagnetic correlation. We
can further subdivide this class with respect to the number of
ground state. While class AF1 has only a single pair of ground
states related by time-reversal symmetry, the class AF2 is
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TABLE 1. Classification of low-temperature states for different
Fermi energies Er and spins at sites with coordination numbers
z for the Ammann-Beenker tiling and the Penrose tiling. (We did
not study the Penrose tiling with z = 4 because this system has
a very inhomogeneous distribution of spins.) FMR: ferromagnetic
regions; AF1: antiferromagnetic with a single ground state; AF2:
antiferromagnetic with multiple ground states.

System Er z=3 z=4 z=35
Penrose —4 FMR FMR
—-3.5 AF1 AF2
0 AF1 AF1
0.07 AF2 AF1
2.33 AF2 AF1
2.79 AF1 AF2
Ammann —4 FMR FMR AF1
Beenker -35 AF2 AF2 AF1
0 AF1 FMR AF1
0.7 AF2 AF2 AF1
1.12 AF1 AF2 AF2
1.3 AF2 AF2 AF2
1.95 AF2 AF1 AF2
2.7 AF2 AF1 AF2

characterized by multiple low-energy states. This leads to
distinct differences in the statistical mechanics of the systems
as outlined below. In the following we discuss the classes in
detail.

Due to the computational complexity of our simulations,
we can only obtain simulations results for very few successive
approximants for each system (see also Sec. III D). For these
successive approximants we find the same qualitative behavior
provided they are big enough (about 300 spins) to capture the
physics of the quasiperiodic system.

1. FMR class

Systems with large ferromagnetic regions mainly occur for
Fermi energies near the band edges. In these cases, the domi-
nant contributions to yx; ,, are from electronic wave functions
which have a slowly varying envelope and components on the
two sublattices of the tiling with either the same sign (upper
band edge) or opposite signs (lower band edge). Both cases
lead to dominant ferromagnetic interactions between the spins
with very weak frustration.

A typical example is the Penrose tiling illustrated in Fig. 2
for the Fermi energy Er = —4 with N = 693 Ising spins
at sites with coordination number z = 3. The ground state
shows large ferromagnetic regions and the weak long-range
antiferromagnetic bonds lead in this case to the formation
of large oppositely aligned regions. Often the spin patterns
form rather elongated regions in order to avoid domain walls
along strong ferromagnetic bonds. According to the results
in Fig. 2(a), the system shows a phase transition at about
T; ~ 0.02 from a paramagnetic state at high temperatures to
an ordered state at low temperatures, as suggested by the broad
peaks in the heat capacity C and the susceptibility x as well as
an increase of the Binder cumulant. At very low temperatures
the susceptibility x and the order-parameter susceptibility xop

PHYSICAL REVIEW B 92, 224409 (2015)
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FIG. 2. (Color online) Simulation results for the Penrose tiling
with z =3 and Er = —4 (class FMR): (a) different observables,
(b) lowest energy spin configuration (red and blue circles for up
and down spins), and (c) overlap distribution P(|g|) at different
temperatures.

showa 1/ T divergence due to the fluctuations of small clusters
or single spins. This is discussed in more detail in Sec. IIIC.

2. AF classes

Most of the studied systems belong to the AF class for
which we find a phase transition to low-temperature states with
antiferromagnetic correlations. In the following we focus on
this class, and in Sec. III B we show that the low-temperature
state has quasiperiodic Néel order. To illustrate this transition,

224409-4



LONG-RANGE MAGNETIC ORDER IN MODELS FOR RARE- ...

<

LA
2
A
N

(a)
¢ 1.0
e}
2
b
2 0.5
0'00.00 0.05 0.10 0.15
temperature T
(b)L3 TNV /,/\
SETTY %74« VIR
B B om )
L \ /ﬁ{

(]

A
A

Y
%
A

0 X,
N> 2N\

%
.

‘.

"\
i '
3 t\i‘
\\

Vi
‘/;'\\

A/

‘:i/ﬁ ‘/‘o‘o
f [V WY/
20 % :
R <
]
=]
= ‘,/;/

\

S\ N e 7828 NV

/.«o qb.ﬁe ol \ \, ”ﬁmf\

TN S SRR

AT o BN N e

o~ (X N T

AT 4 A SN NS AV *i'\ﬁfi/lﬁ

A(C) te‘mperatures‘ T

= 0.10f —0.009  0.045

E: — 0.030 — 0.052

5 0.08 0.038 — 0.341

5

£ 0.06f

u

© 0.04}

s

g 0.02}

° J
0085 0.2 0.4 0.6 0.8 1.0

overlap ¢

FIG. 3. (Color online) Simulation results for the Penrose tiling
with z =5 and Ef = 0.07 (class AF1): (a) different observables,
(b) lowest energy spin configuration (red and blue circles for up
and down spins) with strongest bonds according to Fig. 1(a), and

(c) overlap distribution P(|q|) at different temperatures.

we first present simulation results for both subclasses, AF1

and AF2.

A typical example for the AF1 class is shown in Fig. 3. It
corresponds to the Penrose tiling in Fig. 1(a) with N = 375
Ising spins at sites with coordination number z = 5 and taking
Er = 0.07. For this system, the heat capacity C has a peak
near Tt =~ 0.05, and the Binder cumulant Bgg approaches
1 below this temperature. This suggests that the system is
paramagnetic for 7 > T, and that at 7; a macroscopic fraction
of spins lock together into a state with long-range rigidity.
There is a large peak in the order-parameter susceptibility x,p
at Ty associated with the spontaneous breaking of the global
Ising symmetry of the spin model when spins order into a
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0.25x,,, ®—oC
10 %y,, 44Dy

observables

0.0 ‘
0.000 0.025 0.050 0.075
temperature T

¢ ‘ ‘
’S( ) temperatures T
— 0.001 0.035
% 0.06 —0.019 — 0.045
.S 0.027 — 0.079
5
2 0.04f
ko]
©
Q
(—f 0.02 /
()
: AA
0.00 ‘ el ‘
0.0 0.2 0.4 0.6 0.8 1.0
overlap ¢

FIG. 4. (Color online) Simulation results for the Ammann-
Beenker tiling with z = 4 and Er = 1.12 (class AF2): (a) different
observables, (b) lowest energy spin configuration (red and blue circles
for up and down spins) with strongest bonds according to Fig. 1(b),
and (c) overlap distribution P(|q|) at different temperatures.

low-temperature phase with nearly zero magnetization M but
nonzero Mg,. In our previous work (see Ref. [25]) we found
the same qualitative features for the Ammann-Beenker tiling
with Er = 1.95 and z = 4.

In contrast, behaviors in the AF2 class are more complex.
An example is the Ammann-Beenker tiling with N = 478
spins at sites with z =4 and Ep = 1.12 in Fig. 1(b). The
temperature behavior of the observables and ground state are
shown in Fig. 4. Clear indications for a phase transition come
from the Binder cumulant Bsg which increases from O to values
above 0.95 below T; ~ 0.04. Again this is due to the transition
from a paramagnetic state for 7 > Tt to a state with broken
Ising symmetry with antiferromagnetic correlations below 7.
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The heat capacity C and the susceptibility also show very
broad maxima near T5.

To distinguish between the two AF subclasses, we show
the overlap distribution P(q) in Figs. 3(c) and 4(c). For both
systems P(q)is centeredatg = O for T > T; but develops one
or more pairs of peaks at ¢,;(T) for T < T;. If we observe
a single pair of peaks gy — =£1 at very low temperatures,
the spins freeze in a particular ground state. The system in
Fig. 3(c) is an example of this behavior. In contrast, the overlap
distribution in Fig. 4(c) shows four peaks at gy = £1 and
q ~ £0.75for T — 0, indicating that there are two competing
pairs of low-temperature states. We use the standard deviation
of the overlap distribution o[ P(|g|)] at low temperatures to
distinguish the two classes. We find that o = 0.02 is a good
threshold value to distinguish the AF2 class with multiple
low-temperature states (o > 0.02) from the AF1 class with a
single ground state (o < 0.02).

For the AF2 class, signatures of the multiple ground states
are also clearly visible in the order-parameter susceptibility
Xop Which diverges at low-temperature due to a Curie-like
contribution originating from the fluctuations of the system
between the different ground states (see Fig. 4). Also the
susceptibility x of this system has an additional rather sharp
peak at 77 ~ 0.005. In Sec. IIIC we show that this peak is
caused by fluctuations of loosely coupled spins.

Note that the overlap distributions we obtain are strikingly
different from those observed in spin-glass simulations us-
ing the three-dimensional Edwards Anderson model or the
Sherrington-Kirkpatrick model [36] for which P(q) has much
more weight at smaller ¢ below T.

Although we can access only a few approximants numer-
ically, we expect that the number of low-temperature states
in AF stays finite in the thermodynamic limit. Evidence for
this comes from the finite-size scaling results in Sec. III D that
show an excellent agreement of the different approximants
according to relevant scaling equations.

B. Structure of ground state

A key question is what type of order characterizes the
low-temperature phase. Short-distance correlations are readily
apparent in the ground-state spin configuration. For example,
the Penrose tiling in Fig. 3(b) contains many pentagons
with a ferromagnetic spin configuration forming on the 5-
fold symmetric stars of the tiling. Long-range order results
from a tendency of neighboring clusters to antialign due
to antiferromagnetic bonds between the clusters. For the
Ammann-Beenker tiling in Fig. 4(b) two distinct local patterns
can be identified: octagons with an antiferromagnetic spin
configuration form on the 8-fold star patterns, and small
V-shaped clusters form along the strong ferromagnetic bonds.
Again long-range order is caused by a tendency of neighboring
clusters to antialign.

In both cases the nature of this order is revealed to
be quasiperiodic by the magnetic structure factor M (k) =
|, ¥ g > computed from the spin configuration {£}
of the ground state. In contrast to periodic systems, qua-
sicrystals do not possess a Brillouin zone and understanding
the diffraction pattern is usually challenging. However, it is
possible to derive the nuclear structure factor of quasiperiodic

PHYSICAL REVIEW B 92, 224409 (2015)

tilings theoretically, and one can show that the quasiperiodicity
leads to Bragg peaks in a pattern that forms a reciprocal-
space quasiperiodic tiling [37]. The corresponding length
scale is 47w 7 /(5b) for the reciprocal-space Penrose tiling [38]
and 1/(2b) for the reciprocal-space Ammann-Beenker tiling
[39,40] in units of the real-space bond length b and the golden
mean T = (1 + +/5)/2. When only a subset of sites of the tiling
is chosen, the nuclear structure factor is rather robust and there
are often only minor changes in the amplitudes of the Bragg
peaks [41].

Numerical results for a ferromagnetic state (all £ = 1) on
the Penrose tiling with z = 5 are shown in Fig. 5(a). This gives
the nuclear structure factor, and the diffraction intensity M (k)
indeed shows a pattern of peaks which can be overlaid by a
Penrose tiling with the expected length scale. All sites of the
reciprocal-space Penrose tiling fall on one of two different
patterns: a high-intensity peak or the center of a ring with
ten medium-intensity peaks as highlighted in Fig. 5(a). The
10-fold rotational symmetry of the Penrose quasicrystal is also
visible around the central Bragg peak at k = 0.

In the case of an antiferromagnetic ground state the
correlations gives rise to selection rules that result in a shift
of the reciprocal space indices [16,42]. For the example in
Fig. 5(b), this means that all peaks split into several peaks along
the principal directions of the tiling. This is clearly visible for
the central Bragg peak which splits into ten sizable peaks
along the principle directions of the Penrose tiling. All other
high-intensity peaks for the ferromagnetic state in Fig. 5(a)
also split into 10-fold rings of medium-intensity peaks for
the ground state with antiferromagnetic order. The opposite
effect occurs for the 10-fold rings with medium-intensity peaks
of the ferromagnetic state. While each of these peaks again
splits into ten peaks along the principal directions, constructive
interference leads to the formation of a high-intensity peak in
the center of the ring in the antiferromagnetic ground state.
The annotations in Fig. 5 highlight this transformation of the
diffraction patterns (i.e., a peak to a 10-fold ring and vice
versa) between the ferromagnetic and antiferromagnetic spin
configuration. The observed structure factors are also consis-
tent for different approximants, i.e., the peaks occur at the
same positions and become sharper for bigger approximants.

A possible concern is whether the quasiperiodic site
locations by themselves might be sufficient to generate these
features in the diffraction pattern, without magnetic order.
To test this we have computed the magnetic structure factor
for a random spin configuration on the tiling [Fig. 5(c)]: its
amplitude fluctuations are Gaussian [25] and it does not show
any of the high intensity peaks that are present for the ground
state and for a ferromagnetic one. This clearly indicates that
the observed pattern is due to the long-range magnetic order
and not due to the atomic order.

C. Formation and fluctuations of spin clusters

Our results show some distinctive features in addition to
those arising from ordering. In all systems considered, the
RKKY interactions generate strongly coupled spin clusters
with weaker intercluster couplings as illustrated in Fig. 1.
For a given choice of magnetic site and Er the most promi-
nent clusters have a fixed form that is frequently repeated.
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FIG. 5. (Color online) Magnetic structure factor (scaled as
M (Kk)*/® for better visibility) of the sixth approximant of the Penrose
tiling with N = 1003 spins on sites with coordination number z = 5:
(a) ferromagnetic state, (b) lowest energy spin configuration for
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FIG. 6. (Color online) Simulation results for the Ammann-
Beenker tiling with z = 3 and Er = 1.12 (class AF1): (a) different
observables, (b) lowest energy spin configuration (red and blue circles
for up and down spins), and (c) overlap distribution.

According to Conway’s theorem, the prominent clusters repeat
quasiperiodically because any local pattern of linear dimension
L is repeated in a distance O(L) for each quasiperiodic
tiling [33].

In addition, it is striking that in many systems some spins or
small clusters are free to fluctuate at temperatures much below
the ordering transition, yielding a Curie-like contribution to
x and/or x.p. A typical example is the Ammann-Beenker
tiling with z = 3 and Er = 1.12 shown in Fig. 6. The system
belongs to the class AF1 with a single ground state. At about
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FIG. 7. (Color online) Fluctuations (més) of spins for the system in Fig. 6 at different temperatures. Left: for T = 0.01 loose spins and
semicircles of spins are able to fluctuate leading to the peak in x; middle: at 7 = 0.031 additional fluctuations occur; right: at the transition
temperature 7 = 0.078 < T; fluctuations are present at all sites but (mfgs) > 0.

T ~ 0.06 the system shows a (quite broad) phase transition
to a state with antiferromagnetic order. In contrast to the
previous systems, some spins are able to fluctuate much below
the ordering temperature resulting in a 1/7 divergence of
the susceptibility y. We expect that weak interactions will
suppress spin fluctuations at low temperatures, so that x
approaches zero as T — 0. Hence, in some systems y shows
a peak at low temperatures if spin fluctuations are present.

To study further these fluctuations we compute for each
spin i the thermal average of the spin direction with respect
to the ground state &; using (m;':,s) = (sgn(Mg) 0;&;). For a
paramagnetic state at T > T; with no preferred spin direction
we expect (my) = 0. In contrast, we get (m}) =1 when
the system freezes into a single ground state. We find that
many of the studied systems have some “loose spins” that
fluctuate strongly even for T <« T;. In Fig. 7 we show the
spin fluctuations (més) for the Ammann-Beenker tiling in
Fig. 6 at different temperatures. We find that even at very low
temperatures single spins on many of the 8-fold rings and some
of the semicircular clusters are able to fluctuate. Looking at
the magnetic interactions this is caused by frustration effects
due to the presence of ferromagnetic and antiferromagnetic
interactions and the rather broad distribution of interaction
strengths with only weak intercluster interactions.

Fluctuations due to loose spins are also present in the
Ammann-Beenker tiling shown in Fig. 4, as can be seen from
the peak in the susceptibility x at low temperatures. However,
this system shows a second type of fluctuation, between the two
almost degenerate ground states. This leads to the divergence
of the order-parameter susceptibility ., at low temperatures
as can be seen in Fig. 4(a). This is an artefact of the parallel
tempering method which allows fluctuations between different
ground states that are not possible with realistic systems. This
effect can be observed for all systems in the AF2 class.

D. Finite-size scaling

Finite-size scaling is a valuable tool for studying phase
transitions in finite systems and extrapolating to the ther-
modynamic limit. However, it is difficult to employ it for
quasicrystals as on the one hand the system size of successive

periodic approximants grows fast and on the other hand
we require fairly large system sizes to see the effects of
the quasiperiodicity. For instance, the size of successive
approximants grows with a factor v =3 +2+/2 for the
Ammann-Beenker tiling and 7 = (1 + V35) /2 for the Penrose
tiling. Further complications are caused by the fluctuations of
loose spin, multiple ground states and rather broad transitions
in some systems, as all of them lead to a complex temperature
behavior of the relevant observables.

Luckily, some systems avoid these problems. One example
is the Penrose tiling in Fig. 3 with Er = 0.07 and z = 5 for
which we were able to compute the observables for the fifth and
sixth approximants, with 375 and 1003 spins respectively. We
also obtained results for smaller approximants but they show
quite different transition temperatures because they are too
small to adequately describe the quasiperiodic structure. For
the two large approximants, we find that the peak of the order-
parameter susceptibility x,, becomes sharper and the slope of
the Binder cumulant Bgsg increases with the system size.

While in an infinite volume the correlation length &
diverges near the transition pointas & o |¢|™" witht = T — Tz,
in simulations with finite size N = L? the system already
becomes effectively ordered for correlation lengths & ~ L.
Therefore, the observables can be described by the finite-size
scaling equations xqp(L,T) = LV/”gX(Ll/"|t|) for the order
parameter susceptibility and Bsg(L,T) = gg(L'/*|t|) for the
spin-glass Binder cumulant [43,44]. We expect our systems
to be in the two-dimensional (2D) Ising universality class for
which the exact exponents are knowntobe v = land y = 7/4
[45]. To determine an estimate for the critical temperature T;
we use the Binder cumulant Bgg which is less sensitive to
finite-size effects. For the Penrose tiling with Erx = 0.07 and
z =5, we find an excellent agreement of the scaled Binder
cumulant for the two approximants with Ty = 0.0445 (see
Fig. 8). Scaling of the order-parameter susceptibility is also
in very good agreement for this critical temperature.

E. Comparison to experimental results

So far quasiperiodic magnetic order has not been observed
in rare-earth quasicrystals [8]. Experimental data for many of
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FIG. 8. (Color online) Finite-size scaling results of the order-
parameter susceptibility x,, and the Binder cumulant Bsg for the
Penrose tiling with Er = 0.07 and z = 5. Results are shown for
the fifth approximant with N = 375 and the sixth approximant with
N = 1003 spins.

these materials shows a spin-glass behavior with a separation
of the field-cooled and zero-field-cooled magnetic susceptibil-
ity below a freezing temperature 7t [7,8,10]. In most cases the
Weiss temperature ® is negative, indicating predominantly
antiferromagnetic interactions. Also —®/T; is rather large
with values of 5-10 implying strong frustration [9,10].

However, some 1/1 cubic approximants are known to
have long-range magnetic order. For instance, the CdgR
approximants show long-range antiferromagnetic order [46].
Interestingly, the 1/1 cubic approximant of AuSiGd and
AuGeGd are both ferromagnetic below a freezing temperature
but at even lower temperatures the AuGeGd approximant
alone shows an additional transition to a spin glass [47].
According to current structure models, the major difference
is some site disorder of the rare-earth atoms in AuGeGd
which is not present in the AuSiGd approximant [48]. In
general, site disorder of the rare-earth atoms is very common in
quasicrystals. For instance, the structure model for the recently
discovered binary quasicrystals RCd also includes site disorder
for some of the rare-earth positions [49,50]. This suggests that
the spin freezing observed in rare-earth quasicrystals may be
attributed to structural disorder.

With respect to observed spin freezing in rare-earth qua-
sicrystals, some features are in agreement with canonical
spin glasses but there are also important differences. The
frequency dependency of the ac magnetic susceptibility and
the behavior of the nonlinear susceptibility in i-ZnMgR are
typical for a conventional spin-glass transition [9]. However,
neutron-scattering data for i-ZnMgTb and i-ZnMgHo show
the formation of short-range order within spin clusters at
about 20 K. Although individual spins are frozen within the
clusters, the clusters are able to fluctuate in a rather broad
temperature range of about 5.8 K < T < 20K [51-53]. The
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latter observation fits well with our results for the formation
of strongly coupled spin clusters on certain patterns of the
tiling and the fluctuations of these clusters much below the
ordering transition being permitted by the weaker intercluster
interaction.

A natural extension of our model is to include site disorder
in the systems and study their magnetic properties. We find
in preliminary work that RKKY interactions computed in
our model show a high sensitivity to a weak random on-
site potential. This also implies that even disorder restricted
to nonmagnetic sites will influence the couplings between
spins.

IV. CONCLUSION

We have used Ising spins with RKKY interactions com-
puted from tight-binding models on quasiperiodic tilings
as a simple caricature for the magnetic properties of rare-
earth quasicrystals. The RKKY interactions were computed
with an improved numerical method which directly uses
the multifractal electronic eigenstates of the system. For all
systems we find the emergence of strongly coupled spin
clusters with weak intercluster coupling on certain patterns
of the tiling which repeat quasiperiodically.

Using extensive Monte Carlo simulations, we find that
all studied systems show a phase transition at a temper-
ature 7; at which the global Ising symmetry of the spin
model is broken spontaneously. Evidence for this transition
includes the temperature dependence of the order-parameter
susceptibility, spin-glass Binder cumulant, and the overlap
distribution. While some systems have large ferromagnetic
regions at low temperatures, the majority of systems show
a transition to a quasiperiodic Néel state. We demonstrate
that the low-temperature state has long-range quasiperiodic
magnetic order by analyzing the magnetic structure factor.
This result is striking taking into account the frustration
and quasirandomness of the magnetic interactions in our
quasicrystal model.

The formation of strongly coupled clusters and their
fluctuations even at very low temperatures appears to be
consistent with experimental observations of the formation
of ordered spin clusters and collective spin fluctuations. In
contrast, the nature of the ordering transition in the model
shows clear differences to experiments, and it remains an
interesting open problem to investigate the origin of the spin
freezing found in many of these materials.

Of course, the tight-binding models on quasiperiodic tilings
that we study are far from a realistic description of the
electronic structure of a quasicrystal. We cannot exclude this
difference as a potential reason for the discrepancy between
the quasiperiodic magnetic ordering that we find in our study
and the spin-glass behavior that is typically observed exper-
imentally. We note, however, that the order we find persists
across a range of models, including different tilings, choices
of magnetic site, and value of the Fermi energy. Moreover,
we find a finite domain-wall energy per unit length in the
ordered states [25]. For this reason, quasiperiodic magnetic
order can be expected to be robust against perturbations that
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lead only to small changes in RKKY interactions. On the other
hand, disorder in the tight-binding Hamiltonian, representing
nonmagnetic disorder in the quasicrystal, may have larger
effects on RKKY interactions and hence on magnetic order.
We plan to investigate this in future work.
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ACKNOWLEDGMENTS

This research was supported by the 7th European Com-
munity Framework Programme and by EPSRC Grant No.
EP/1032487/1.

[1] D. Shechtman, I. Blech, D. Gratias, and J. W. Cahn, Phys. Rev.
Lett. 53, 1951 (1984).

[2] T. Fujiwara and T. Yokokawa, Phys. Rev. Lett. 66, 333 (1991).

[3] J. Hafner and M. Krajci, Phys. Rev. Lett. 68, 2321 (1992).

[4] M. Kohmoto, B. Sutherland, and C. Tang, Phys. Rev. B 35, 1020
(1987).

[5] Z. M. Stadnik, Physical Properties of Quasicrystals (Springer,
Berlin, 1999).

[6] H. Hiramoto and S. Abe, Jpn. J. Appl. Phys. 26, 665 (1987).

[7] F. Hippert and J. J. Prejean, Philos. Mag. 88, 2175 (2008).

[8] Z. M. Stadnik, in Handbook of Magnetic Materials, edited by
K. H. J. Buschow (Elsevier, Amsterdam, 2013), Vol. 21,
pp. 77-130.

[9] I. R. Fisher, K. O. Cheon, A. F. Panchula, P. C. Canfield,
M. Chernikov, H. R. Ott, and K. Dennis, Phys. Rev. B 59, 308
(1999).

[10] A. I. Goldman, T. Kong, A. Kreyssig, A. Jesche, M.
Ramazanoglu, K. W. Dennis, S. L. Budko, and P. C. Canfield,
Nat. Mater. 12, 714 (2013).

[11] J. Q. Guo and A. P. Tsai, Philos. Mag. Lett. 82, 349 (2002).

[12] T. J. Sato, E. Abe, and A. P. Tsai, Philos. Mag. Lett. 77, 213
(1998).

[13] K. Binder and A. P. Young, Rev. Mod. Phys. 58, 801 (1986).

[14] S. Fishman, D. R. Grempel, and R. E. Prange, Phys. Rev. Lett.
49, 509 (1982).

[15] C. Godreche, J. M. Luck, and H. Orland, J. Stat. Phys. 45, 777
(1986).

[16] S. Wessel, A. Jagannathan, and S. Haas, Phys. Rev. Lett. 90,
177205 (2003).

[17] E. Y. Vedmedenko, H. P. Oepen, and J. Kirschner, Phys. Rev.
Lett. 90, 137203 (2003).

[18] E. Y. Vedmedenko, U. Grimm, and R. Wiesendanger, Phys. Rev.
Lett. 93, 076407 (2004).

[19] E. Y. Vedmedenko, U. Grimm, and R. Wiesendanger, Philos.
Mag. 86, 733 (2006).

[20] D. Ledue, Phys. Rev. B 53, 3312 (1996).

[21] M. Duneau, F. Dunlop, A. Jagannathan, and C. Oguey, Mod.
Phys. Lett. B 05, 1895 (1991).

[22] S. Matsuo, S. Fujiwara, H. Nakano, and T. Ishimasa, J. Non-
Cryst. Solids 334-335, 421 (2004).

[23] S. Matsuo, T. Ishimasa, and H. Nakano, J. Magn. Magn. Mater.
246, 223 (2002).

[24] S. Matsuo, A. Aimurula, T. Ishimasa, S. Motomura, and
H. Nakano, Philos. Mag. 86, 741 (2006).

[25] S. Thiem and J. T. Chalker, Europhys. Lett. 110, 17002 (2015).

[26] A. Jagannathan, J. Phys. 14, 133 (1994).

[27] S. R. Power and M. S. Ferreira, Crystals 3, 49 (2013).

[28] T. Rieth and M. Schreiber, J. Phys.: Condens. Matter 10, 783
(1998).

[29] G. Trambly de Laissardiere, C. Oguey, and D. Mayou, Philos.
Mag. 91, 2778 (2011).

[30] V. Kumar and G. Athithan, Phys. Rev. B 35, 906 (1987).

[31] A. Yamamoto and K. N. Ishihara, Acta Crystallogr. Sec. A 44,
707 (1988).

[32] R. Ammann, B. Grinbaum, and G. C. Shephard, Discrete
Comput. Geom. 8, 1 (1992).

[33] M. Gardner, Sci. Am. 236, 110 (1977).

[34] R. H. Swendsen and J.-S. Wang, Phys. Rev. Lett. 57, 2607
(1986).

[35] E. Marinari and G. Parisi, Europhys. Lett. 19, 451 (1992).

[36] B. Yucesoy, H. G. Katzgraber, and J. Machta, Phys. Rev. Lett.
109, 177204 (2012).

[37] M. Baake and U. Grimm, Aperiodic Order, Vol. 1. A Mathemat-
ical Invitation (Cambridge University Press, Cambridge, UK,
2013).

[38] B. Kozakowski and J. Wolny, Acta Crystallogr. Sec. A 66, 489
(2010).

[39] Z. M. Wang and K. H. Kuo, Acta Crystallogr. Sec. A 44, 857
(1988).

[40] W. Steurer and S. Deloudi, Crystallography of Quasicrys-
tals: Concepts, Methods and Structures (Springer, Berlin,
2009).

[41] C. Sire, R. Mosseri, and J.-F. Sadoc, J. Phys. France 50, 3463
(1989).

[42] R. Lifshitz, Mater. Sci. Eng. A 294-296, 508 (2000).

[43] K. Binder, Phys. Rev. Lett. 47, 693 (1981).

[44] J. Cardy, Scaling and Renormalization in Statistical Physics
(Cambridge University Press, Cambridge, UK, 1996).

[45] L. Onsager, Phys. Rev. 65, 117 (1944).

[46] R. Tamura, Y. Muro, T. Hiroto, K. Nishimoto, and T. Takabatake,
Phys. Rev. B 82, 220201 (2010).

[47] T. Hiroto, G. H. Gebresenbut, C. P. Gomez, Y. Muro, M. Isobe,
Y. Ueda, K. Tokiwa, and R. Tamura, J. Phys.: Condens. Matter
25, 426004 (2013).

[48] G. H. Gebresenbut, R. Tamura, D. Eklf, and C. P. Gmez, J. Phys.:
Condens. Matter 25, 135402 (2013).

[49] A.-P. Tsai, Chem. Soc. Rev. 42, 5352 (2013).

[50] A. I Goldman, Sci. Technol. Adv. Mater. 15, 044801 (2014).

[51] T.J. Sato, H. Takakura, A. P. Tsai, K. Shibata, K. Ohoyama, and
K. H. Andersen, Phys. Rev. B 61, 476 (2000).

[52] T.J. Sato, H. Takakura, A. P. Tsai, and K. Shibata, Phys. Rev. B
73, 054417 (2006).

[53] Z. Islam, L. R. Fisher, J. Zarestky, P. C. Canfield, C. Stassis, and
A. 1. Goldman, Phys. Rev. B 57, R11047 (1998).

224409-10


http://dx.doi.org/10.1103/PhysRevLett.53.1951
http://dx.doi.org/10.1103/PhysRevLett.53.1951
http://dx.doi.org/10.1103/PhysRevLett.53.1951
http://dx.doi.org/10.1103/PhysRevLett.53.1951
http://dx.doi.org/10.1103/PhysRevLett.66.333
http://dx.doi.org/10.1103/PhysRevLett.66.333
http://dx.doi.org/10.1103/PhysRevLett.66.333
http://dx.doi.org/10.1103/PhysRevLett.66.333
http://dx.doi.org/10.1103/PhysRevLett.68.2321
http://dx.doi.org/10.1103/PhysRevLett.68.2321
http://dx.doi.org/10.1103/PhysRevLett.68.2321
http://dx.doi.org/10.1103/PhysRevLett.68.2321
http://dx.doi.org/10.1103/PhysRevB.35.1020
http://dx.doi.org/10.1103/PhysRevB.35.1020
http://dx.doi.org/10.1103/PhysRevB.35.1020
http://dx.doi.org/10.1103/PhysRevB.35.1020
http://dx.doi.org/10.7567/JJAPS.26S3.665
http://dx.doi.org/10.7567/JJAPS.26S3.665
http://dx.doi.org/10.7567/JJAPS.26S3.665
http://dx.doi.org/10.7567/JJAPS.26S3.665
http://dx.doi.org/10.1080/14786430801971482
http://dx.doi.org/10.1080/14786430801971482
http://dx.doi.org/10.1080/14786430801971482
http://dx.doi.org/10.1080/14786430801971482
http://dx.doi.org/10.1103/PhysRevB.59.308
http://dx.doi.org/10.1103/PhysRevB.59.308
http://dx.doi.org/10.1103/PhysRevB.59.308
http://dx.doi.org/10.1103/PhysRevB.59.308
http://dx.doi.org/10.1038/nmat3672
http://dx.doi.org/10.1038/nmat3672
http://dx.doi.org/10.1038/nmat3672
http://dx.doi.org/10.1038/nmat3672
http://dx.doi.org/10.1080/09500830210135580
http://dx.doi.org/10.1080/09500830210135580
http://dx.doi.org/10.1080/09500830210135580
http://dx.doi.org/10.1080/09500830210135580
http://dx.doi.org/10.1080/095008398178534
http://dx.doi.org/10.1080/095008398178534
http://dx.doi.org/10.1080/095008398178534
http://dx.doi.org/10.1080/095008398178534
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/PhysRevLett.49.509
http://dx.doi.org/10.1103/PhysRevLett.49.509
http://dx.doi.org/10.1103/PhysRevLett.49.509
http://dx.doi.org/10.1103/PhysRevLett.49.509
http://dx.doi.org/10.1007/BF01020574
http://dx.doi.org/10.1007/BF01020574
http://dx.doi.org/10.1007/BF01020574
http://dx.doi.org/10.1007/BF01020574
http://dx.doi.org/10.1103/PhysRevLett.90.177205
http://dx.doi.org/10.1103/PhysRevLett.90.177205
http://dx.doi.org/10.1103/PhysRevLett.90.177205
http://dx.doi.org/10.1103/PhysRevLett.90.177205
http://dx.doi.org/10.1103/PhysRevLett.90.137203
http://dx.doi.org/10.1103/PhysRevLett.90.137203
http://dx.doi.org/10.1103/PhysRevLett.90.137203
http://dx.doi.org/10.1103/PhysRevLett.90.137203
http://dx.doi.org/10.1103/PhysRevLett.93.076407
http://dx.doi.org/10.1103/PhysRevLett.93.076407
http://dx.doi.org/10.1103/PhysRevLett.93.076407
http://dx.doi.org/10.1103/PhysRevLett.93.076407
http://dx.doi.org/10.1080/14786430500363569
http://dx.doi.org/10.1080/14786430500363569
http://dx.doi.org/10.1080/14786430500363569
http://dx.doi.org/10.1080/14786430500363569
http://dx.doi.org/10.1103/PhysRevB.53.3312
http://dx.doi.org/10.1103/PhysRevB.53.3312
http://dx.doi.org/10.1103/PhysRevB.53.3312
http://dx.doi.org/10.1103/PhysRevB.53.3312
http://dx.doi.org/10.1142/S0217984991002276
http://dx.doi.org/10.1142/S0217984991002276
http://dx.doi.org/10.1142/S0217984991002276
http://dx.doi.org/10.1142/S0217984991002276
http://dx.doi.org/10.1016/j.jnoncrysol.2003.12.016
http://dx.doi.org/10.1016/j.jnoncrysol.2003.12.016
http://dx.doi.org/10.1016/j.jnoncrysol.2003.12.016
http://dx.doi.org/10.1016/j.jnoncrysol.2003.12.016
http://dx.doi.org/10.1016/S0304-8853(02)00057-4
http://dx.doi.org/10.1016/S0304-8853(02)00057-4
http://dx.doi.org/10.1016/S0304-8853(02)00057-4
http://dx.doi.org/10.1016/S0304-8853(02)00057-4
http://dx.doi.org/10.1080/14786430500252739
http://dx.doi.org/10.1080/14786430500252739
http://dx.doi.org/10.1080/14786430500252739
http://dx.doi.org/10.1080/14786430500252739
http://dx.doi.org/10.1209/0295-5075/110/17002
http://dx.doi.org/10.1209/0295-5075/110/17002
http://dx.doi.org/10.1209/0295-5075/110/17002
http://dx.doi.org/10.1209/0295-5075/110/17002
http://dx.doi.org/10.1051/jp1:1994126
http://dx.doi.org/10.1051/jp1:1994126
http://dx.doi.org/10.1051/jp1:1994126
http://dx.doi.org/10.1051/jp1:1994126
http://dx.doi.org/10.3390/cryst3010049
http://dx.doi.org/10.3390/cryst3010049
http://dx.doi.org/10.3390/cryst3010049
http://dx.doi.org/10.3390/cryst3010049
http://dx.doi.org/10.1088/0953-8984/10/4/008
http://dx.doi.org/10.1088/0953-8984/10/4/008
http://dx.doi.org/10.1088/0953-8984/10/4/008
http://dx.doi.org/10.1088/0953-8984/10/4/008
http://dx.doi.org/10.1080/14786435.2010.523718
http://dx.doi.org/10.1080/14786435.2010.523718
http://dx.doi.org/10.1080/14786435.2010.523718
http://dx.doi.org/10.1080/14786435.2010.523718
http://dx.doi.org/10.1103/PhysRevB.35.906
http://dx.doi.org/10.1103/PhysRevB.35.906
http://dx.doi.org/10.1103/PhysRevB.35.906
http://dx.doi.org/10.1103/PhysRevB.35.906
http://dx.doi.org/10.1107/S010876738800296X
http://dx.doi.org/10.1107/S010876738800296X
http://dx.doi.org/10.1107/S010876738800296X
http://dx.doi.org/10.1107/S010876738800296X
http://dx.doi.org/10.1007/BF02293033
http://dx.doi.org/10.1007/BF02293033
http://dx.doi.org/10.1007/BF02293033
http://dx.doi.org/10.1007/BF02293033
http://dx.doi.org/10.1038/scientificamerican0177-110
http://dx.doi.org/10.1038/scientificamerican0177-110
http://dx.doi.org/10.1038/scientificamerican0177-110
http://dx.doi.org/10.1038/scientificamerican0177-110
http://dx.doi.org/10.1103/PhysRevLett.57.2607
http://dx.doi.org/10.1103/PhysRevLett.57.2607
http://dx.doi.org/10.1103/PhysRevLett.57.2607
http://dx.doi.org/10.1103/PhysRevLett.57.2607
http://dx.doi.org/10.1209/0295-5075/19/6/002
http://dx.doi.org/10.1209/0295-5075/19/6/002
http://dx.doi.org/10.1209/0295-5075/19/6/002
http://dx.doi.org/10.1209/0295-5075/19/6/002
http://dx.doi.org/10.1103/PhysRevLett.109.177204
http://dx.doi.org/10.1103/PhysRevLett.109.177204
http://dx.doi.org/10.1103/PhysRevLett.109.177204
http://dx.doi.org/10.1103/PhysRevLett.109.177204
http://dx.doi.org/10.1107/S0108767310016272
http://dx.doi.org/10.1107/S0108767310016272
http://dx.doi.org/10.1107/S0108767310016272
http://dx.doi.org/10.1107/S0108767310016272
http://dx.doi.org/10.1107/S0108767388004921
http://dx.doi.org/10.1107/S0108767388004921
http://dx.doi.org/10.1107/S0108767388004921
http://dx.doi.org/10.1107/S0108767388004921
http://dx.doi.org/10.1051/jphys:0198900500240346300
http://dx.doi.org/10.1051/jphys:0198900500240346300
http://dx.doi.org/10.1051/jphys:0198900500240346300
http://dx.doi.org/10.1051/jphys:0198900500240346300
http://dx.doi.org/10.1016/S0921-5093(00)01071-6
http://dx.doi.org/10.1016/S0921-5093(00)01071-6
http://dx.doi.org/10.1016/S0921-5093(00)01071-6
http://dx.doi.org/10.1016/S0921-5093(00)01071-6
http://dx.doi.org/10.1103/PhysRevLett.47.693
http://dx.doi.org/10.1103/PhysRevLett.47.693
http://dx.doi.org/10.1103/PhysRevLett.47.693
http://dx.doi.org/10.1103/PhysRevLett.47.693
http://dx.doi.org/10.1103/PhysRev.65.117
http://dx.doi.org/10.1103/PhysRev.65.117
http://dx.doi.org/10.1103/PhysRev.65.117
http://dx.doi.org/10.1103/PhysRev.65.117
http://dx.doi.org/10.1103/PhysRevB.82.220201
http://dx.doi.org/10.1103/PhysRevB.82.220201
http://dx.doi.org/10.1103/PhysRevB.82.220201
http://dx.doi.org/10.1103/PhysRevB.82.220201
http://dx.doi.org/10.1088/0953-8984/25/42/426004
http://dx.doi.org/10.1088/0953-8984/25/42/426004
http://dx.doi.org/10.1088/0953-8984/25/42/426004
http://dx.doi.org/10.1088/0953-8984/25/42/426004
http://dx.doi.org/10.1088/0953-8984/25/13/135402
http://dx.doi.org/10.1088/0953-8984/25/13/135402
http://dx.doi.org/10.1088/0953-8984/25/13/135402
http://dx.doi.org/10.1088/0953-8984/25/13/135402
http://dx.doi.org/10.1039/c3cs35388e
http://dx.doi.org/10.1039/c3cs35388e
http://dx.doi.org/10.1039/c3cs35388e
http://dx.doi.org/10.1039/c3cs35388e
http://dx.doi.org/10.1088/1468-6996/15/4/044801
http://dx.doi.org/10.1088/1468-6996/15/4/044801
http://dx.doi.org/10.1088/1468-6996/15/4/044801
http://dx.doi.org/10.1088/1468-6996/15/4/044801
http://dx.doi.org/10.1103/PhysRevB.61.476
http://dx.doi.org/10.1103/PhysRevB.61.476
http://dx.doi.org/10.1103/PhysRevB.61.476
http://dx.doi.org/10.1103/PhysRevB.61.476
http://dx.doi.org/10.1103/PhysRevB.73.054417
http://dx.doi.org/10.1103/PhysRevB.73.054417
http://dx.doi.org/10.1103/PhysRevB.73.054417
http://dx.doi.org/10.1103/PhysRevB.73.054417
http://dx.doi.org/10.1103/PhysRevB.57.R11047
http://dx.doi.org/10.1103/PhysRevB.57.R11047
http://dx.doi.org/10.1103/PhysRevB.57.R11047
http://dx.doi.org/10.1103/PhysRevB.57.R11047



