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Classical spin liquids in stacked triangular-lattice Ising antiferromagnets
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We study Ising antiferromagnets that have nearest-neighbor interactions on multilayer triangular lattices with
frustrated (abc and abab) stacking, and make comparisons with the unfrustrated (aaa) stacking. If interlayer
couplings are much weaker than in-plane ones, the paramagnetic phase of models with frustrated stackings has a
classical spin-liquid regime at low temperature, in which correlations are strong both within and between planes,
but there is no long-range order. We investigate this regime using Monte Carlo simulations and by mapping the
spin models to coupled height models, which are treated using renormalization group methods and an analysis
of the effects of vortex excitations. The classical spin-liquid regime is parametrically wide at small interlayer
coupling in models with frustrated stackings. By contrast, for the unfrustrated stacking there is no extended
regime in which interlayer correlations are strong without three-dimensional order.
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I. INTRODUCTION

The triangular-lattice Ising antiferromagnet is arguably
the simplest model of a highly frustrated magnet and was
probably the earliest such system to be studied in detail
[1]. At low temperatures it is both highly fluctuating and
strongly correlated; indeed, it remains disordered down to
zero temperature and has a macroscopically degenerate ground
state. The combination of fluctuations with correlations is
typical more generally of highly frustrated magnets, which
in this regime have been termed cooperative paramagnets or
classical spin liquids [2].

In this paper, we consider three-dimensional (3D) Ising
antiferromagnets built from triangular layers that are stacked
in such a way that nearest-neighbor interlayer interactions
are frustrated, and make comparisons with the unfrustrated
stacking. We focus on low-temperature behavior in systems
with weak interlayer coupling, where correlations within each
layer are necessarily strong but correlations between layers are
controlled by a competition between fluctuations and interac-
tions. Using a combination of perturbative and nonperturbative
analytical techniques and Monte Carlo simulations, we show
that this competition leads to a classical spin-liquid regime, in
which strong correlations exist without long-range order.

Models for frustrated magnets can be classified at the mean-
field level according to the properties of the matrix of exchange
interactions. In this approach, the eigenvectors associated with
the minimum eigenvalues of the interaction matrix provide
candidate ordering patterns. These minimum eigenvalues
appear at isolated points in reciprocal space for unfrustrated
systems, but may be highly degenerate for frustrated systems.
For example, for nearest-neighbor interactions on the kagome
and pyrochlore lattices, the subspace of minimum eigenvalues
forms a flat band that spans the entire Brillouin zone [2-4].
Other cases display intermediate behavior: on the diamond
lattice with nearest- and next-nearest-neighbor interactions,
the minimum eigenvalues form a two-dimensional (2D)
surface in the 3D Brillouin zone [5]. The systems we discuss
here are distinctive in having minimum eigenvalues that lie on
lines in the 3D Brillouin zone [6]. One of our central findings is
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that these systems have a cooperative paramagnetic regime in
which they develop strong correlations that are centered near
these reciprocal-space lines.

The three different ways of stacking triangular layers that
we compare in this work are indicated in standard notation
by aaa, abc, and abab (see Fig. 1). Of these, the first
provides a reference model without interlayer frustration,
while the abc stacking yields minimum eigenvalues along
helices in the Brillouin zone, and the abab stacking gives
minimum eigenvalues on a ring around the Brillouin zone
corner. The abc stacking with equal in-plane and interlayer
interactions is equivalent to a nearest-neighbor model on
the face-centered-cubic (fcc) lattice, while the abab stacking
forms the hexagonal-close-packed (hcp) lattice.

Moving beyond a mean-field classification, the theoretical
understanding of stacked triangular-lattice Ising antiferromag-
nets (TLIAFMs) that we develop here is based on the height
model description of low-temperature states for a single layer
[7,8]. This long-established model represents ground states
of a layer in terms of an emergent height field, with a simple
effective Hamiltonian that captures the entropy of fluctuations.
A spin-flip excitation fractionalizes into an unbound vortex-
antivortex excitation pair in the height field, and the vortex
separation sets the correlation length at finite temperature in
the single-layer model. In the following, we derive and study
height models for weakly coupled multilayer systems, showing
how the interplay of interlayer coupling and vortex excitations
allows strong correlations to develop between layers, without
long-range order. We also use the results of extensive Monte
Carlo simulations to test these conclusions and to examine
behavior when interlayer coupling is not weak.

Our study is motivated in part by observations [9,10] of
charge ordering in the materials LuFe,O4 and YbFe,O,4. The
charge states of Fe>" and Fe*™ ions in these systems can be
represented using Ising pseudospins, with antiferromagnetic
coupling between pseudospins arising from screened Coulomb
interactions [9,11]. The pseudospins occupy the sites of an
abc-stacked triangular lattice, though with an alternating
layer spacing that is not included in the models we study.
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FIG. 1. The three different ways of stacking triangular lattices
that are considered in this paper: aaa (top left), abc (top right), abab
stacking (bottom). In-plane interactions J and interlayer interactions
J are indicated with full and dashed lines, respectively.

Experimental studies [9,10,12], in particular of YbFe,O4 [10],
find helices of scattering intensity in a temperature range
above a three-dimensional charge-ordering transition. These
helices mirror in their reciprocal-space location the positions
of minimum eigenvalues of the interaction matrix discussed
above. While an accurate description of these materials would
require treating additional (magnetic) degrees of freedom [12],
the results we present in this paper demonstrate how strong
interlayer correlations can arise over an extended temperature
range without long-range order.

Past theoretical work on charge ordering in these materials
has included quite detailed mean-field treatments [9,11] and
Monte Carlo simulations of a bilayer model [13], but has
not made use of the understanding of single-layer TLIAFMs
provided by height models, or used simulations to study
correlations in the paramagnetic phase with the detail we
present here.

TLIAFMs with other stackings have been examined pre-
viously in a variety of contexts. Treatments of the abab
case include mean-field theory, a low-temperature expansion,
and Monte Carlo simulations [14—16]. That work has probed
the ordering transition, but without examining the limit of
weakly coupled layers or correlations in the paramagnetic
phase. TLIAFMs with unfrustrated (aaa) stacking have been
of long-standing interest [17]. They display a continuous phase
transition that, strikingly, is in the 3D XY universality class
despite the absence of a microscopic continuous symmetry
[18,19]. The two components of the order parameter represent
ordering at the two inequivalent Brillouin zone corners, and the
XY symmetry is broken in the ordered phase by dangerously
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FIG. 2. Schematic phase diagram for stacked triangular-lattice
Ising antiferromagnets. The full line represents the phase boundary,
and the dashed line indicates a smooth crossover.

irrelevant sixfold anisotropies. This model and transition are
also important as an imaginary-time representation of the
quantum dimer model on the hexagonal lattice [20].

The remainder of the paper is organized as follows. We
introduce the models studied and give an overview of their
physical behavior in Sec. II. We describe Monte Carlo results
in Sec. III. We introduce height models in Sec. IV and analyze
their behavior in Secs. V and VI. Results from our different
approaches are compared in Sec. VII. Some technical details
are described in a series of appendixes. An outline of some of
the results has been presented previously in Ref. [21].

II. MODELS AND OVERVIEW

The starting point for our investigation is the nearest-
neighbor Ising antiferromagnet on stacked triangular layers
with anisotropic couplings. Each spin is coupled to its six
in-plane neighbors with an exchange constant J > 0 and to the
closest spins in the layers above and below with an exchange
constant J, (see Fig. 1). The Hamiltonian is

H=1J Z 0i,:0jz + JL Z 0iz0jz+1 + H(l)v €))
(ij).z {ij}.z

where H indicates further-neighbor interactions, which may
be present in the bare Hamiltonian or may represent terms
generated under renormalization. Here, 0; ; = =1, the notation
(i,j) denotes nearest-neighbor pairs of sites from the same
layer, and {i, j} nearest-neighbor pairs from adjacent layers.
The sign of J, may be taken positive without loss of generality
since it can be reversed by the transformation o; ; — o/ =
(=D30 ;.

We are concerned with the statistical mechanics of these
models as a function of temperature 7 and the interaction
strength ratio J, /J. At J, /J = 1, one expects ordering below
a temperature T, ~ J, while for J, /J = 0 the system of
uncoupled layers remains disordered at all temperatures. A
schematic phase diagram obtained by interpolating between
these limits has the form shown in Fig. 2. For J, /J « 1,
the paramagnetic phase extends to temperatures 7 < J. In
this regime, spins are highly correlated within each layer. Our
objectives are to understand interlayer correlations and the
form of the phase boundary for small 7'/J and J, /J, in each
of the three stackings. For the two frustrated stackings we find
that at small J, /J there is a low-temperature regime in which
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the correlation lengths, both in-layer and interlayer, are much
larger than the lattice spacing. A system in this regime is termed
a cooperative paramagnet or classical spin liquid. This regime
is smoothly connected to the conventional paramagnetic state
at T > J but distinguished from it by strong correlations.

For orientation, it is useful to have a simple approach
that gives an initial indication of likely behavior. Mean-field
theory can often be employed in this way but fails here,
wrongly predicting an ordering temperature set by J, even
for small J;. An alternative that has been widely applied
in geometrically frustrated magnets is the self-consistent
Gaussian approximation (SCGA) [22]. It is well controlled
only for n-component spins at large #n, but is known in some
instances to be quite accurate even for Ising systems [23]. In
the SCGA, correlations are given in terms of the interaction
matrix J and the inverse temperature 8 by

(oi0;) = [(BY+AD7';;. @)

Here, A is a parameter fixed by the consistency condition
(loi|?) = 1, which can be satisfied throughout the paramag-
netic phase. Using a spectral decomposition of J in terms
of its eigenvalues € and eigenvectors u! (), where « labels
sites within a unit cell and / labels the bands of J, the SCGA
expression for the structure factor is

S = ;[(ﬂJ + D)) e

> ul* (@)l (o) .

la,a '3 6‘11 + A
From this it is apparent [barring cancellations in the sum
Yo ufl*(ot)uf](a/)] that maxima in S(q) arise from minima
ine.

Applying the SCGA to stacked triangular-lattice antifer-
romagnets, the paramagnetic phase extends to temperatures
T < J if JL < J, and in this regime the maxima in S(q)
are sharply defined. To find the location of these maxima
in reciprocal space, we examine the minima of eé. We take
axes with Z perpendicular to the triangular layers, unit spacing
between neighboring layers for the aaa and abc stackings,
and unit spacing between neighboring a layers in the abab
stacking, which has two sites per primitive unit cell. We choose
in-plane lattice vectors

a = (1/2,4/3/2,0). (@)

The corresponding in-plane reciprocal lattice vectors are
A, =27(1, — 1/4/3,0) and A, = 27(0,2/+/3,0). We use &
to denote the separation vector between neighboring sites
in adjacent layers. Hence, § = (0,0,1), (1/2,x/§/6,1), and
(1/2,«/?/6,1/2) for the aaa, abc, and abab stackings,
respectively.

The contribution to efl from in-plane interactions has a
minimum at the K points of the triangular-lattice Brillouin

zone:
K= 4 0 d K = o 2 4)
—_— — n —_— —_— — .
37 : 3°/3

Upon inclusion of small J,, these minima evolve in different
ways for each of the stackings we consider. For the aaa

a; =(1,0,0) and
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FIG. 3. Location of surfaces on which eigenvalues of the interac-
tion matrix are constant and close to the minimum, for (top) the abc
stacking, and (bottom) the abab stacking, at J, /J = 0.2.

stacking, they lie at isolated points, undisplaced in plane and
at g, = . For the frustrated stackings, their locations can
be specified in terms of the wave-vector-dependent complex
scalar £ = 1 + /9% + /9% [n the abc case they lie on the
curve

JJ_ iq-8
= 6
7€ (6)

and in the abab case they lie on

o
|€|—J, q. = 0. (N

These conditions, respectively, define helices and rings cen-
tered on the zone corners, as shown in Fig. 3. Further discussion
of the interaction matrix eigenvalues is given in Appendix A.

III. MONTE CARLO SIMULATIONS

We use extensive Monte Carlo simulations to find the
ordering temperature for all three models and to study
correlations in the paramagnetic phase of models on the abc-
and abab-stacked lattices. The primary observables computed
are the energy E, specific heat C, and the structure factor S(q),
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FIG. 4. Phase boundaries for the unfrustrated (aaa) and frustrated
(abc and abab) stackings. Points: data from Monte Carlo simulations.
Lines: fits to theory of Sec. V D; see discussion in Sec. VII.

which is obtained from the Fourier transform of magnetization
G =) €0 ®)
i
as

S(q) = (16 (q)I). ©

L2L,

Because of the complex energy landscape arising from geo-
metrical frustration, we employ a parallel tempering algorithm
with single-spin-flip Metropolis dynamics [24,25]. Specifi-
cally, we simulate N; replicas (taking N, ~ 100) at geometri-
cally spaced temperatures, with the highest temperature ~5J.
A Monte Carlo sweep involves one single-spin-flip attempt
per site, followed by one parallel tempering swap attempt
between replicas at adjacent temperatures. A system consists
of L, rhombic layers, each of size L x L lattice constants,
with periodic boundary conditions in all directions. A typical
simulation treats 210 sites (L = 72-200, L. = 12-48) using
10° sweeps. We measure E and C each sweep, and S(q) every
N; sweeps. Further details of the data analysis are presented
in Appendix B.

A. Ordering transition

Phase diagrams as a function of 7" and J; are shownin Fig. 4
for both the unfrustrated (aaa) and the frustrated (abc and
abab) stackings. For a given strength of interlayer coupling,
the ordering temperature (determined from the maximum of
the heat capacity) is much lower in the systems with frustrated
stackings compared with the unfrustrated one. In addition,
over most of the range of J,/J studied, the transitions in
the systems with frustrated stackings are strongly first order:
the probability distribution of the energy is strongly bimodal
at the transition unless J, /J < 1. The discontinuity in the
energy at the transition decreases with decreasing J,, and
for J; < 0.05J the order of the transition is not discernible
from the simulations. Differences in transition temperature
between the two frustrated stackings are very small for
J1/J < 1. Our results for the abc stacking at J, = J can
be compared with earlier work on the fcc lattice, and are in
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FIG. 5. Distributions P(E) of energy E for the abc stacking
with J; = 0.1J. Top: temperatures in the range 0.4J < T < 0.65J.
Middle: temperatures 7 = 0.50J, 0.51J, and 0.52J close to the
transition. System size L = 72, L, = 12. The distribution closest
to the transition is solid red outlined in black, centered around
E = —1.011 in the top panel, and is the middle temperature in
the middle panel. Its bimodal form indicates a first-order transition.
Bottom: finite-size effects, illustrated for L =96 and T = 0.52J.

good agreement with the transition temperature of 7, ~ 1.72J
found in Refs. [26,27].

Examples of the energy distribution at different temper-
atures are shown in Fig. 5. We monitor the overlap of
distributions at adjacent temperatures in the parallel tempering
scheme, as substantial overlap is a requirement for effective
exchange of replicas. The top panel demonstrates that this is the
case in our simulations. At a first-order transition, the energy
distribution is bimodal. The middle panel illustrates this.
Finite-size shifts in our estimates of the transition temperature
are a few percent, as indicated by a comparison of the middle
and lower panels.
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FIG. 6. Cross sections of structure factor at constant ¢, in a system with abc stacking. For each ¢,, sharp maxima in S(q) occur near
the Brillouin zone boundary, which is shown as a green dashed line. As ¢, increases, the maxima precess around the zone corners without
significant change in intensity, indicating that they form helices in the three-dimensional reciprocal space. Parameter values are J, = 0.2J,

T =0.8J,L =72, L, =12; for this value of J,, T, = (0.68 = 0.01)J.

B. Correlation functions

A characteristic feature of classical spin liquids is the
presence of strong correlations and a large correlation length,
without long-range order or proximity to a critical point. In
this section we present correlation functions and correlation
lengths for TLIAFMs with frustrated stackings, determined
from Monte Carlo simulations.

1. The abc stacking

The behavior of the structure factor for a system with abc
stacking in the classical spin-liquid regime is illustrated in
Fig. 6. Combining information from the series of slices in
reciprocal space that are shown in this figure, it is apparent that
maxima in S(q) lie on helices in reciprocal space. The axes
of these helices pass through corners of the triangular-lattice
Brillouin zone.

To analyze this behavior quantitatively, we extract a
reciprocal-space radius Q for the helix and a correlation length
&, by fitting data for S(q) near the maxima to a sum of in-plane
Lorentzians

I
C E0qu —ql(g)P +1

S(@) (10)

from each helix. Provided any dependence of |q"(g.)| on ¢.
is weak, we can make the identification Q = |q°(g.)|. (See
Appendix B for further discussion.)

Results are shown in Fig. 7. The correlation length &, in-
creases rapidly with decreasing T for T < J, as demonstrated
in Fig. 7(a). It reaches large values within the paramagnetic
phase if J /J is small. Its dependence on J at fixed T is very
weak because its value is determined by the density of vortices
in the height field (see Sec. V) and for J; < J this in turn is
controlled mainly by the value of 7/J. The variation of the
helix radius Q with J; and T isillustrated in Fig. 7(b). Its value
is given quite accurately by the SCGA [Eq. (6)] for T 2> J,
and shows a small increase with decreasing temperature.

In the ordered phase, Bragg peaks are expected in the
structure factor, in place of a continuous distribution of weight
on helices. We probe the evolution between the two behaviors

by computing

1
Swe(@:) = 75 > S(@). (1)
qx,qy
(a) 30 T T T I
0.05) ——
s 25} 0.10) -
2 0.15) —+—
@ 20 0.20] —+— |
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©
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FIG. 7. (a) Correlation length &, and (b) helix radius Q, as a
function of temperature for various values of J, in the abc stacking.
&, is measured in units of lattice spacing, Q in units of inverse lattice
spacing. Horizontal lines are SCGA predictions for Q from Eq. (6).
Results were obtained in a system of size L = 72, L, = 12. Data
for each value of J, extend to the lowest temperature employed in
parallel tempering that was above 7.
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FIG. 8. Development of Bragg peaks in the ordered phase for
the abc stacking. Top: Sue(q.) [Eq. (11)] as a function of ¢ at four
selected temperatures near the transition, in a system with J;, = 0.1J.
Dataarefor 7' = 0.45J,0.5J,0.52J,and 0.6/, in order of decreasing
peak intensity, and the transition temperature is 7. ~ 0.54J. Bottom:
Savg(g;) as a function of T for the three values of g, that are marked
with vertical lines in the top panel. Results for both panels were
obtained in a system of size L = 36, L, = 48.

Results in Fig. 8 show the rapid development of Bragg peaks
as temperature is lowered through the transition. Although
we believe that the transition is first order for the value of
J1/J studied here, discontinuities are not apparent in the
temperature dependence of Sy(g;), presumably because of
finite-size rounding. Indeed, since evaluation of correlation
functions is more computationally demanding than calculation
of energy distributions, the results presented in Fig. 8 are for
smaller system size than those in Fig. 5; we find (data not

JL =04 J1L =0.2)
2 4 16
1 3 12
S 0 | 2 D 8
-1 [ L4
-2 ~ 0 “ 0
2 3 4 5 6 7
Ax
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shown) that the energy distribution at the transition is not
bimodal for the smaller size.

2. The abab stacking

Because the abab-stacked lattice has two sites in a primitive
unit cell, the relation between fluctuations and correlations
is less direct than for the abc stacking, in which the unit
cell has a single site. More specifically, the form of S(q) is
affected by interference between contributions from the two
sites. Within the SCGA, this is apparent from Eq. (3), where
contributions involving a given eigenvalue efl of the interaction

matrix are weighted by asum )", , ug(@)ul(e') that includes
both site-diagonal (¢ = «’) and interference (« # «') terms.
In order to eliminate these interference effects and expose
fluctuations in the abab stacking in a simple way, we compute
the structure factor using contributions only from one of the
two sites in each unit cell, by restricting the sum in Eq. (8) to
this set of sites.

We expect from Eq. (7) that this single-sublattice structure
factor will have its maxima lying on closed loops in the g, = 0
plane. An overview of our data, illustrating this behavior, is
given in Fig. 9.

A simple way to extract a correlation length &, is by fitting
data for g, = 0 and g,,q, close to a selected Brillouin zone
corner to the functional form

1
ENQ—lqu — K>+ 1’
where K denotes the location of the Brillouin zone corner and
Q specifies the reciprocal-space radius of the ring of intensity.
This fitting function provides a good description of the data
for small values of J, /J, where the maximum in the structure
factor lies on a circle, but it does not capture the triangular
distortions for larger J, /J that are apparent in the leftmost
panel of Fig. 9. As shown in Fig. 10, and as for the abc stacking,
the resulting values of &, increase rapidly with decreasing
temperature but vary little with J, .

S(q) = (12)

3. Self-consistent Gaussian approximation

As discussed in Sec. II, the SCGA provides a useful
description of frustrated magnets in the strongly correlated
regime. In particular, it offers a simple theoretical prediction
for S(q), which we now show to be a good representation of

J1 =0.15) ], =0.1)
25 40
20 30
15 e
(V) 20 ©
t’ 10 ‘ (%)
L s - 10
=0 =0

FIG. 9. Cross sections of structure factor at g, = 0 for systems with varying J, in the abab stacking. Intensity is maximum on a closed
loop, which is approximately circular for small J, /J but develops triangular distortions with increasing J, /J. Data (from left to right) are for
T =1.14J,0.71J, 0.64J, 0.57J, obtained in systems of size L = 72, 90, 90, 204 and L, = 12, 12, 30, 6. Note the changing intensity scale
and increasing maximum intensity as J, and 7" decrease. The ordering temperatures are 7./J = 0.99 &+ 0.008, 0.680 £ 0.014, 0.602 %+ 0.007,

and 0.502 £ 0.01.
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FIG. 10. Correlation length &, as a function of temperature for
various values of J, in the abab stacking, obtained by fitting to the
functional form given in Eq. (12).

our simulation data. We use the functional form of Eq. (3) in
two ways, which are distinct in principle but yield very similar
results. One of these treats the variable A as a fitting parameter
with respect to simulations; the other fixes its value using the
SCGA condition (|o;|*) = 1.

The SCGA form for S(q) is especially helpful at larger
values of J, /J, when detailed lattice effects are important.
The results of these lattice effects for the abc stacking include
a dependence of the helix radius [q) (¢.) in Eq. (10)] on ¢..
For the abab stacking they generate correlations that are not
represented using the circular maximum in S(q) implied by
the fitting function given in Eq. (12). The SCGA gives a
good description of this physics. Most notably, for the abab
stacking the SCGA fits are effective in capturing the triangular
distortion of the rings, as demonstrated in Fig. 11.

Once the value of A is obtained from the fit, the correlation
length can be extracted from the model. The results for £, are
shown in Fig. 12. They agree to ~10% with those obtained
by fitting the functional forms given in Egs. (10) and (12)
for the abc and abab cases, respectively [see Figs. 7(a) and
10]. Alternatively, the value of A can be determined without

2.5

1.5

SCGA Simulations

FIG. 11. Comparison of SCGA and simulation results for S(q) in
the abab stacking. J, = 0.4J, T = 1.36J.
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FIG. 12. Correlation length &, as a function of temperature for
various values of J, as obtained from the SCGA. Top: abc stacking.
Bottom: abab stacking. The data labeled SCGA have been derived
by imposing the condition {|o|?) = 1 while the variable X is used as a
fitting parameter in the other curves. For clarity, results from the first
of these approaches are shown only at one value of J, ; agreement is
similar at other values of J, .

reference to simulations, using the SCGA condition, yielding
a theoretical prediction for £, . From Fig. 12, it is apparent that
both approaches to determining A yield very similar results.

IV. HEIGHT MODEL

‘We now turn to an analytical treatment of stacked triangular-
lattice Ising antiferromagnets. Although the SCGA, as demon-
strated, provides a good approximate description, it is formally
correct only for n-component spins in the large-n limit. It is
therefore not a natural starting point for a systematic approach.
By contrast, the height model provides a representation of a
single-layer TLIAFM that is known to capture exactly the
physics at low temperatures and long distances. Here, we use
the height model to construct a description of the multilayer
system that allows for a controlled treatment of weak interlayer
interactions.

Following Blote er al. [7] and Zeng and Henley [8], we
map ground states of a single-layer Ising model onto states of
a height model in such a way that spin configurations with
long-range three-sublattice order correspond to flat height
configurations. Because of frustration, domain walls can be
introduced without energy cost between regions with different
types of three-sublattice order. These domain walls correspond
to steps in the height field. In a coarse-grained description,

224413-7



LIU, BURNELL, JAUBERT, AND CHALKER

TABLE 1. Heights (all modulo 6) defined at triangle centers
(column 1) and at triangle corners (columns 2—4), for each ground-
state spin configuration (columns 5-7) of the triangle. The spin
configuration determines the height configuration up to a global shift.
The sublattice labeling is illustrated in Fig. 13(b).

/’lzé(/’lA—Fl’lB +hc) I’ZA /’lB l’lC OA OB oc
0 0 1 5 + -
1 0 1 2 + - +
2 3 1 2 — - +
3 3 4 2 - + +
4 3 4 5 -+ -
5 0 4 5 + + -

steps are represented by a gradient in the height field, and a
large value for this gradient carries an entropy penalty.

The mapping is conveniently described in two stages. First
we define heights at the sites of the triangular lattice, as in
Ref. [7]. Second, following Ref. [8], we average these site
heights to define heights at the centers of triangles, obtaining
a height model that is easily coarse grained.

To map from a spin configuration to heights at lattice sites,
we first assign height zero to a reference site. The heights on
all other sites of the lattice are then fixed by the requirement
that the height difference between the neighboring sites i and
Jjis +2if 0; = 0}, and —1 if 0; = —0; going anticlockwise
around an up triangle (or clockwise around a down triangle)
[see Fig. 13(a)]. Heights at triangle centers are defined as
the averages of site heights at vertices. The advantage of
this locally averaged height field is that ground states with
three-sublattice order are exactly flat in these variables [see
Fig. 13(c)]. In the following, we use the term “height field”
exclusively for the locally averaged quantity.

This mapping is summarized for a single triangle in Table I.
Here, the sites of the triangular lattice are divided into three
sublattices, labeled A, B, C and indicated by the three colors of
dots at the vertices in Fig. 13(b). With this convention, the six
ground states of each triangle are specified by the orientation
of the spin on sublattice A and the location of the frustrated
bond. The ground-state spin configuration of a triangle fixes
the value of the height /4 at its center modulo 6.

The mapping is unique up to labeling conventions. Per-
muting the choice of A, B, and C sublattices (which results
from lattice translations or rotations by 27 /3 about the center
of a triangle) corresponds to a global shift # — h + 2. (By
contrast, rotations about an axis passing through a site leave
the labeling and hence the height field invariant.) Shifting
h — h + 3 corresponds to a global spin-flip operation. The
remaining possibilities (shifting 4 by 1 or 5) correspond to a
combination of the global spin flip and reassignment of the
three sublattices.

The inverse mapping, from a height configuration to a spin
configuration, can be expressed in terms of a function f (/) and
a constant s,. The function f(h) = f(h + 6) takes the values
f(h)y=+1 for h =—-1,0,1 and f(h) = —1 for h =2,3,4.
The constant s,, takes values s, = 0, spg = 2, and s¢c = —2 on
sublattices « = A, B, or C. The spin orientation is then given
by

0oy = f(h+5¢) = fa(h). 13)

PHYSICAL REVIEW B 94, 224413 (2016)

For integer h we can represent this function as f(h) =
%cos ”3—h - %cos mh. Note that since each spin is part of
six triangles, to fully specify the mapping we must choose
which triangle’s height dictates which spin. Reassuringly, one
can verify that this choice is unimportant: when the height
configurations are integers, and can change by at most 1
between any pair of adjacent triangles, every convention yields
the same spin configuration.

Excitations of the spin model consist of triangles in which
all spins are up, or all are down. They are represented by
vortices in the height field, which is multivalued in their
presence: it increases by 6 on going anticlockwise around an
upward-facing excited triangle, and decreases by 6 around
a down-facing triangle. An excited state produced from a
ground state by reversing a single spin necessarily contains
a vortex-antivortex pair, which may be separated by additional
spin flips without further energy cost.

A. Height-model analysis for a single layer

Before discussing stacked TLIAFMs, it is instructive
to review how the height model captures the physics of
a single triangular layer. The relative entropic weights of
different height configurations are represented by the effective
Hamiltonian [7]

K ~
H = 7/dzerh(r)Ier/alzr V). (14)

We can determine the value of K [and verify that (14) captures
the correct physics] by comparing the correlation functions of
this model with V(i) = 0 to those of the exact solution for the
2D TLIAFM. Stephenson [28] has shown that at long distances
a)S
(0a(N)op(r)) ~ —— +c.c., (15)
Ir — ']
where s = (sy — 55)/2 and w = ¢'*"/3. The dominant terms
in the expression for the intrasublattice spin-spin correlation
function in terms of the height fields are

(0a(D)op()) ~ (e TMOTEN T 4 e

277: / \) —S
~ exp —ﬁlnlr—ﬂ (0" +07)

~r — 7% (0 + o). (16)

Hence, at zero temperature, to reproduce the long-wavelength
properties of the exact solution, we take K = /9.

What about the potential term, which we ignored in the
above calculation? Microscopically, the heights are integers;
we can account for this by including the potential V(h) =
—vcos(2mh). At short distances, v is large and positive. At
longer length scales, the effective value of v is determined by
the scaling dimension of the operator cos 27/, which can be
deduced from the two-point function

(cos(2 hr) cos(2rhr)) ~ |r —r'| ¥
implying /dzr cos2mhr’) ~ L*° %, 17

This yields the scaling dimension 2 — % = —7 at T =0;
hence, the effective value of the coefficient v decreases rapidly
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as we probe the system at longer length scales, and its effect
on the long-wavelength correlations is negligible.

Finally, we can ask about behavior at finite temperature. To
describe the system at finite temperature we must include the
possibility of vortices in the height field. Dropping V() in
Eq. (14) but including vortices, we recover the physics of the
2D xy model at an effective temperature that is set by the value
of K. The scaling dimension of the vortex can be computed
by estimating its free energy: for v = 0 the entropic cost of the
gradients in the height field required to insert a single vortex
into a triangular layer of side length L is §H = 97[{ InL/a,
where a is the lattice constant. The number of ways to place
the vortex in the system is L% /a?. Together, these contributions
to the free energy of a single vortex are

9K L
SF = <——2> 1n(—>. (18)
b4 a

For K = 7 /9 this grows more negative with increasing L. We
are therefore in the high-temperature phase of the xy model,
where vortices are unbound. The vortex density, determined
by the fugacity associated with the vortex excitation energy
4J, sets the correlation length. This reflects the fact that the
triangular layer, which is critical at T = 0, is a paramagnet at
any finite temperature.

Hence the height model (14) correctly reproduces the phase
diagram and correlations of an isolated triangular layer. The
potential V (k) is an irrelevant operator and can be dropped
from the long-wavelength analysis; however, the vortices
arising at finite temperature are relevant, making the system
paramagnetic for any 7 > 0.

B. Coupled layers in the height-model description

We now turn to the situation of interest, in which spins in
triangular layers are coupled to their nearest neighbors in the
planes directly above and below. We will derive expressions
for these couplings in the height language, and discuss their
effect on the physics of the system.

(@) (b)

h+1
&2
h h-1
-1
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FIG. 14. Energetically preferred domain-wall stacking. Arrows
at sites of a triangular lattice represent the spin configuration in one
layer. The height in this layer increases by 1 moving from the blue
region to the white region. The dashed parallel green and red lines
indicate the energetically favorable domain walls in a neighboring
layer, with spin orientations as illustrated. The height difference
between adjacent layers determines the orientation of the domain
walls.

Frustrated interlayer coupling favors domain walls in the
three-sublattice order that is represented by flat configurations
of the height field. To minimize the interlayer exchange energy,
these domain walls should stack in such a way that a domain
wall consisting of up spins sits in the adjacent layer to a domain
wall consisting of down spins, as shown in Fig. 14.

To find the functional form of the interlayer coupling
in height language, we use Eq. (13) to express it in terms
of the height fields. We then find the scaling dimensions
of the various contributions to determine which of these
play an important role in the long-wavelength physics. We
will show that, as in the SCGA treatment, for frustrated

FIG. 13. Mapping from Ising spins to heights on the triangular lattice. (a) The height field decreases by 1 (increases by 2) along an
unfrustrated (frustrated) bond as an upward-facing triangle is traversed in the counterclockwise direction. This ensures that the net change in
height field around each triangle is zero provided the triangle is in one of its ground states. (b), (c) Sample patterns of frustrated bonds and
height fields. Green (red) edges on the triangular lattice represent frustrated bonds between pairs of up (down) spins; blue edges correspond
to unfrustrated bonds. The number at the center of each triangle indicates the value of the corresponding height variable; the different shades
highlight regions with different heights. (b) Shows a maximally tilted configuration (height variables at triangle centers decrease as rapidly as
possible from left to right), corresponding to the true ground state for the abc and abab stackings; (c) shows a flat, three-sublattice ordered
configuration with a single domain wall (height variables differ only along the domain wall). Our convention for the three sublattices of Table I
is indicated by the colored circles: A = solid blue; B = yellow with dashed border; C = open white.
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VAR VAR

FIG. 15. Two stacked layers, with sublattice labels and definitions
of the vectors e, e,, and e;.

stackings the relevant terms in the nearest-neighbor model
lead to one-parameter sets of degenerate ground states in the
height models, whose symmetry can be broken by including
further-neighbor couplings.

1. Unfrustrated stacking
It is instructive to begin by studying the unfrustrated
stacking. For the aaa stacking, the interlayer coupling is
J1(04,204 241 + 08,208 241 + 0C,20C 241)
8JJ_ T
= ——cos —(h,41 — h
3 3( z+1 z)
Jy
+?cosrrhZ cosmh,y1+ ..., (19)
|

PHYSICAL REVIEW B 94, 224413 (2016)

where ... represents terms of quadratic and higher order in
the derivatives, which we drop as they are irrelevant in the
scaling sense. The most relevant term is cos 3 (h 41 — h;),
which has a scaling dimension of % for K = /9. The term
cosmh,cosmh,;; has scaling dimension —% and can be
neglected. Hence, the effective Hamiltonian of the height
model for the aaa stacking is

H(uua) — gZ/dzrhvhz(r)F

b4
+ k3 cos g(hz+1 - hz)}, (20

with k3 = 166J, /3K. The ground states
h(r) =y (21

of this effective model have a U(1) symmetry under changes
of the constant y. This symmetry is broken down to a sixfold
discrete symmetry by the interaction V (k), which is irrelevant
in the scaling sense at the fixed point describing uncoupled
layers, and dangerously irrelevant at the three-dimensional
ordering transition [19].

2. Frustrated stackings

For both the abc and the abab stackings, we consider two
neighboring layers as shown in Fig. 15. There is a coupling
between each site on the black lattice and the three sites around
it from an up triangle on the red lattice, or equivalently between
each site on the red lattice and the three sites around it from
a down triangle on the black lattice. We denote heights on the
black lattice by 4,41(r) and ones on the red lattice by h,(r).
The coupling is

H, =J, Z oa(m)[o,(r + e)) 4+ op(r + €) + o.(r + e3)] + symmetry-related terms

reA

=/ Z Salbpr N falbn(r + €D + fiplhn(r + €)] + fe[hn(r + e3)]} + symmetry-related terms, (22)

reA

where “symmetry-related terms” have B or C in place of A, and a corresponding permutation of the vectors e;. These are defined

in terms of the lattice vectors [Eq. (4)] by e; = %az — %al, e = %al — %az, and e; = —%al — %az, and are illustrated in Fig. 15.
Expanding A(r) in a Taylor series, we obtain
A J, T .o
Hi=-37 2 | 008 FUe1(0) = he0Idhe(6) = sin i1 (0) = B (Ol he(0) ) + . (23)
r

where . .. indicates renormalization group (RG) irrelevant terms. Thus, keeping only the relevant interlayer couplings leads to

the effective Hamiltonian for the abc stacking

N 4 . 2 x 2 2
Hbe) — > Z / dzr{<8xhZ — K COS g(hz+l - hz)> + (E)yhz + K, sin g(hz+l - hz)> — (%) } (24)
Z

withk; o« 8J].

For the abab stacking, the derivation is identical except that the vertical unit cell contains two layers, with the layers above
and below offset in opposite directions. We use integer z to label unit cells in the vertical direction and p = 1,2 to label layers
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within each unit cell. The effective Hamiltonian is

PHYSICAL REVIEW B 94, 224413 (2016)

K T .
H(abah) = ? Z / er{ Z |th'li|2 — Kl{ax(hm + hzyz) cos E(hz,z — hz,l) — 8);(hz_1 + hzyz) sin E(th — hz,l)
z nw

T .o
+ 0y (hzy1,1 + B 2)cos E(hz,Z = hzy1,1) — Oy(heq11 + Az 2) sin g(hz,z - hz+l,l)} } (25)

C. Symmetries and further-neighbor couplings

For both frustrated stackings, emergent continuous sym-
metries not present in the lattice models are displayed by the
effective Hamiltonian of Eqgs. (24) and (25) if terms irrelevant
at the J; = 0 fixed point are omitted. Both models have a
U(1) x U(1) symmetry. One U(1) symmetry is associated with
global shifts in the height field. It results from the discrete
symmetry of the microscopic model related to global shifts in
h, which, as for the single-layer height model, is enhanced to
become a continuous symmetry because the pinning potential
V(h) is RG irrelevant and has been omitted. As in the
unfrustrated case [see Eq. (21)] we parametrize it with y. The
second U(1) symmetry is associated with real-space rotations
and is reduced to the discrete rotational symmetry of the lattice
by irrelevant terms. We parametrize it with 6.

In detail, these symmetries take the following form. Let Ry
denote a rotation in the xy plane through the angle 6 and write
r' = Ry(r). Then, H*° is invariant under the transformation

, o, 320
h;(r) = h (r) = h(r')+ — +y. (26)

Similarly, @ is invariant under u(®) — h, (1) with

, 36
b, () =h_ (x') — o +vy

36
and  h ,(r) = h o (r') + 3 +y. 27

Ground-state configurations of the height model for the abc
stacking have the form

3z0
ho(r) = K (x cos O — ysinf) + =2 4y, (28)
b4
For the abab stacking the ground states are

360
he1(£) = ke (xcosf — ysin) — —— +,
T

360
h;2(r) = ki(xcosf — ysin6) + - + v, (29)
b

together with a second symmetry-related set.

The symmetry under continuous changes of 6 is not a
feature of the microscopic model: it is broken by the leading
irrelevant terms in Eq. (23). For the abc stacking, these have
the form

Ho =0 Y, [ @rilidch P ~ 10,hmPlcos b

+20,h;(r)d,h (r)sindh,(r)}, (30)

where we introduce the notation §,h,(r) = F[h 4 ,(r) —
h.(r)] and 6h,(r) = §1h,(r). (The form for the abab stacking
follows the obvious equivalent pattern.)

(

Significantly, it may also be broken by relevant further-
neighbor couplings, if these are present microscopically, or
are generated under renormalization. For the abc stacking,
some relevant and marginal couplings that are not included in
Eq. (24) are

K,
o= 52 f PTVRT) - Vi (0)
T
HZ = K3 27 /er {axhz(r) Cos g(hz+2 - hZ)

0,1 sin S = hz)}, 31)

Hs = ks Z / d’r cos %(hz+3 — h,).
Zz

'H3 is the most relevant of these three: it breaks the degeneracy
of Eq. (28), selecting ground states for which 36 = 0 (;r) for
k3 < 0 (k3 > 0). H, has the same scaling dimension as the
bare interlayer coupling. It also breaks the symmetry, again
favoring states for which 360 = 0 (7) for k; < 0 (k2 > 0). H,,
is marginal, and does not break the degeneracy between the
ground states identified above, all of which have the same
in-plane gradients in each layer.

Therefore, as well as potentially being broken sponta-
neously at low temperature, the emergent U(1) spiral symmetry
of the abc model can be broken explicitly at a scale set by the
coefficients «, and k3. We discuss this scenario in Sec. V.

For the abab stacking, the perturbations of interest are
interlayer gradient couplings similar to H,,, and also

T
Hy=r3) f d’r cos FGeriu—hep), (32
1

the unfrustrated coupling between spins two layers apart. In
contrast to the abc case, H3 is not expected to be important
in determining the ordering temperature: the minimum-energy
solutions of the abab model have a definite value of h,y , —
h,,., and so this term does not lift the ground-state degeneracy.
Instead, symmetry is broken by the irrelevant coupling H,
[Eq. (30)].

V. BEHAVIOR OF THE HEIGHT MODEL

To understand the phase diagrams of these coupled-layer
height models, we take two successive steps. First, we make
a perturbative renormalization group (RG) analysis of the
behavior of weakly coupled layers, as described in Sec. V A.
Depending on the values of T and J , the model under scaling
may remain weakly coupled: this happens in the weakly
correlated paramagnetic regime. Alternatively, it may flow to

224413-11



LIU, BURNELL, JAUBERT, AND CHALKER

strong interlayer coupling. In that case, a separate analysis is
necessary of the influence of vortex pairs, which is presented
in Sec. VB. We find that the minimal models with exact
U(1) x U(1) symmetry have anomalously soft excitations. For
this reason, vortex pairs destroy long-range order, establishing
instead a paramagnetic regime with strong interlayer corre-
lations. Symmetry-breaking or “locking” interactions act in
competition to vortex pairs, and stabilize the ordered phase
when they dominate.

A. Perturbative RG

Our perturbative analysis follows the standard renormal-
ization group techniques of Refs. [29,30]. For small J; and
low T, this allows us to use arguments similar to those of
Sec. IV A regarding the phase diagram of these models. If
unbound vortices proliferate, the interlayer coupling flows
to zero at long distances, while if the coefficient of one of
the cosine terms grows large, a strong-coupling analysis is
necessary.

The leading-order behavior of the RG equations is simply
determined by the scaling dimensions of the relevant interlayer
couplings and vortices. (The intraplane and interplane gradient
terms flow only at higher order.) For the interlayer couplings,
these can be calculated either from the two-point functions
as described in Sec. IV A, or (as is more appropriate for
operators involving derivatives of the height field) using a
standard momentum-shell RG (see Appendix C 1). Using £ to
denote the short-distance cutoff and following the notation of
Egs. (24), (25), and (31), this gives

ML 1y
alnt DKL
8/(3
3 _ 02— Bs, 33
3 n (2 = Bi)ks3 (33)
dy
d = 2—a)y.
an eI ( ap)y

Here, « is the frustrated interlayer coupling that acts between
neighboring layers in the abc and abab stackings, and k3 is
the unfrustrated interlayer coupling, which couples nearest-
neighbor layers in the aaa stacking, second neighbors in the
abab stacking, and third neighbors in the abc stacking. Finally,
y is the vortex fugacity, which dictates the unbound vortex
density. For weakly coupled layers we have

9K

B and ) = —. (34)
T

T 18K

For the unfrustrated stacking, the bare value of «3 is k3,0 ~
BJ.. For the frustrated stackings, the bare value of the
interlayer coupling «, is ko ~ BJ.. In both cases, the bare
value of the vortex fugacity is yo ~ e~*#/. The initial value of
£ is the lattice spacing, which we set to unity.

Let us now consider what we learn from these scaling
dimensions about behavior in the three different models,
keeping only nearest-neighbor interactions and the intralayer

gradient interaction K. Using the value K = § appropriate

for decoupled triangular layers, we have o} = 1, ) = %, and

single-layer vortices are more relevant than their multilayer
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counterparts. Solving the RG equations (33) gives
y=yol, ki =kiol'? and K3 =ik30l*%

The calculation reaches its limit of validity at the scale £ where
the largest coupling is of order unity, and the physical state
of the system is signaled by which coupling first crosses this
threshold. If y ~ 1 with x; and k3 < 1, the system is a weakly
correlated paramagnet. If eitherk; ~ 1 orks ~ 1 withy < 1,
layers are strongly coupled. We turn next to this regime.

B. Strongly coupled layers

To understand behavior of the height models at large
interlayer coupling, we examine the effective Hamiltonian for
each type of stacking at quadratic order in an expansion about
the ground states given in Egs. (21), (28), and (29).

For orientation, consider first the aaa stacking. Let ¢,(r)
denote the deviation of %, from a ground-state configuration
and introduce its Fourier transform via

/ Pe@e @D (35)

@.(r) = 2n)

The energy cost at quadratic order of this deviation from a
ground state is

K
= 3G / IqEQlp) (36)

with
£@) = q: +q; + k(1 —cos qz), 37

where @, = (7?2 /9lk3|. Thus, for this unfrustrated stacking,
excitations have a dispersion £(q) that is conventional in the
sense that it is quadratic in wave vector for all orientations of
q.

An equivalent calculation for the abc stacking (for fluctu-
ations around the ground state with 8 = 0) yields the quite
different dispersion relation

E(q) = g2 +(gy —kising,)* + &1 (1 —cosq,)®,  (38)

where ¥, = (w/3)k . This is anomalously soft, being quartic
in wave vector along the line g, = k| g,. The soft modes do
not give rise to divergent harmonic fluctuations since

0 1 / 5 (1 —cosqz)2
([hny1(r) — hy(0)]7) X d°q 2@ (39
is finite provided «, # 0.
For the abab stacking, since there are two layers within
a unit cell, it is necessary to introduce two fields ¢, ,(r),
with © = 1,2. The resulting quadratic Hamiltonian has two
eigenvalues, which for 6 = 0 are

£+(q) = q; + q; + 2k] £ 2k, | cos(q./2)|\/q? + &3. (40)

In this case as well, the dispersion relation is quartic for one
direction since £_ = ¢> + (Eiq? +qt/k%)/4 for small |q],
but harmonic fluctuations are bounded for «; # 0.

C. Destruction of order by defects

Our discussion of harmonic height-field fluctuations around
ground states of the multilayer model accounts for spin
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fluctuations within the ground-state manifold of each trian-
gular layer, but a separate treatment is required to understand
the effect of excitations out of this ground-state manifold. That
is the subject of this section.

The excitations are represented by vortices and antivortices.
These are unbound in a single layer, as discussed in Sec. IV A,
but acquire a linear confining potential within ordered states
of the multilayer systems. More specifically, suppose that
the height field in a layer containing a widely separated
vortex-antivortex pair has a step of height 6 and width w:
its energy cost per unit length is ~ Kw(w™?2 + Kf_) and is
minimized by the choice w ~ KII. Pairs are therefore bound
with typical separation w when interlayer correlations are
strong. Remarkably, although in other settings bound vortex
pairs are typically irrelevant at large scales, we find that they
exert a controlling influence in multilayer height models with
frustrated stackings.

Height fields in the presence of vortices are in general
multivalued, but can be taken to be single valued in a domain
that excludes a core around each vortex-antivortex pair. The
presence of these pairs influences the height field far from
the cores. A convenient alternative to an explicit treatment of
multivalued height fields is to impose a potential that couples
linearly to the height field and has the same effect on the
far field as a vortex-antivortex pair. In order to demonstrate
the required form of this potential, consider a single layer
containing a pair centered at the origin with separation vector
b. This pair is described by the height-field configuration

3 2x +b-% 2x —b-
h(r) = —| arctan | ——— ) —arctan | ———— | |.
bid 2y+b-y 2y —b-
For |r| > |b| we have

>

<>

3z2-(bxr)
hxy) ~ === @1
bid r
or equivalently
2-(gxb)
hq) ~ 6i 122, 2)

The same far-field height configuration can be induced by
adding a potential term v(q) to the effective Hamiltonian for
the height field. Specifically, for an isolated layer, the effective
Hamiltonian (K /[27%) | d*q[LE@Io(@]? — ¢(—q)v(q)]
has the minimum energy configuration

v(q)
(@=7— 43)
T @
with £(q) = ¢? for a single layer. Thus, choosing a potential
v(q) = 6i2-(q x b), (44)

we recover the desired far-field configuration.

To examine the effect of many pairs j with locations r;,z;
and separations b;, we impose on the multilayer system the
potential

va@ =61 Y 2+ (qx e Wt 45)
J

The ground state in the presence of these pairs is again given by
(43), but now with the multilayer form for £(q). We compute
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the mean-square amplitude of the fluctuations these pairs
generate, averaged over bound pair positions with a Poisson
distribution at a density p, obtaining

p /d3 (lv(@)

q )
(2m)} Exq)
where (. ..) indicates an average over pair separations b. This
integral is convergent at small g for the unfrustrated stacking
but divergent for the frustrated systems. Moreover, corrections
to a Poisson distribution arising from correlations between
pairs appear only at higher order in p. Vortex-antivortex pairs
in the absence of locking interactions therefore destroy long-
range order in the frustrated systems.

We can estimate the correlation length in this disordered
state by determining the small wave-vector cutoff for which
([, (r)1?) ~ 1. We write (|b|?) ~ £2, where £ is the cutoff scale
at which the system reaches the strong-coupling regime with
k1 ~ 1. This scaleis £ ~ (B J1)72. Then, for the abc stacking
the correlation lengths in the in-plane and z directions are

£ L~k '(@p) and &~ (Pp)7 47
For the abab stacking, the corresponding expressions are

£~k '(@p)7? and £~ (Pp)'P (48)

([p.(0)]*) =

(46)

The phase transition to a long-range ordered state involves
a competition between this disordering effect of bound
vortex pairs, and the opposite tendency produced by locking
interactions. A simple estimate for the location of the phase
boundary is obtained demanding that the locking interaction at
the scale ¢, integrated over the correlation volume, is of order
unity.

The most RG relevant locking interaction for the abc
stacking is k3 [see Eq. (31)]. As this is a coupling between
layers three apart, it is not present in the bare description of a
system with only nearest-neighbor interactions. It is, however,
generated under the first steps of RG, so that the initial value
can be taken to be k3 ~ (8J1)7 (see Sec. VI). At the scale
£ the locking interaction is hence «3 ~ (8J. 1)*. Note that an
important role is played by the fact that 3 is generated only at
high order: if instead one had x3,0 ~ (8J1)* as might naively
have been expected for a third-neighbor coupling, then the
value of «3 at scale £ would be O(1) and independent of J .
This would leave no scope for a regime with strong interlayer
correlations but no long-range order.

For the abab stacking, we have not found locking inter-
actions that are RG relevant. The leading (least irrelevant)
locking term in this case is kp, given in Eq. (30). At the scale
itis of order BJ €712 ~ (BJL).

D. Phase diagram

Combining results from our discussion of RG for weakly
coupled layers with our results on the effect of defects
in strongly coupled layers, we can determine regimes of
behavior and phase boundaries for systems with each type
of stacking, in the limit J; <« J. The phase boundaries
determined theoretically in this section are compared with
Monte Carlo results in Sec. VII.

For the unfrustrated stacking, bound vortex pairs have no
important effects. The phase boundary is the point at which
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y ~ k3 ~ 1.Fromthe results of Sec. V A, this implies £ ~ e*//
and BJ e’ ~ 1.Solving approximately in the limit J, < J,
the phase boundary is at J; ~ Je~%/_ Interlayer correlations
are weak for J, <« Je %/ while the system has long-range
order for J, > Je~ %/ Within the minimal model of Eq. (20),
the set of ordered states has a U(1) symmetry, as displayed
in Eq. (21). This is broken by the (RG irrelevant) interaction
V (h), introduced for a single layer in Eq. (14). It selects integer
values of the height field, corresponding to six possible types
of three-sublattice spin order.

In contrast, for both types of frustrated stacking, the condi-
tiony ~ k; ~ limplies J, &~ Je 2/ Interlayer correlations
in this case are weak for J; <« Je 2/, The paramagnetic
regime with only weak interlayer correlations therefore ex-
tends to parametrically lower temperatures and larger values
of J, in these systems than in the unfrustrated stacking.
Moreover, because of the effect of bound vortex pairs in
systems with frustrated stacking, long-range order appears at
still lower temperatures or larger values of J, than strong
interlayer correlations.

In the case of the abc stacking, if long-range order is
stabilized by generation of the RG relevant third-neighbor
coupling k3 the condition /c3“§féz ~ 1 implies order for J, 2
Je3BI/3 " Alternatively, order may be stabilized by residual
contributions from the RG irrelevant coupling ;. Specifically,
RG flow stops on the scale at which kx; ~ 1. At this scale,
interactions (whether RG relevant or RG irrelevant) that break
the U(1) x U(1) symmetry of Eq. (26) down to a discrete
one will act coherently over a correlation volume. This
ordering tendency competes with the disordering effect of
bound vortex-antivortex pairs. Since k3 is generated rather
slowly under RG, RG irrelevant interactions turn out to be the
dominant cause of locking if microscopic interactions are just
nearest neighbor [31]. The condition Kb‘fisz ~ 1 implies order
for J, > Je 208J/11

For the abab stacking, locking is driven only by irrelevant
interactions. Taking into account the dependence of &, and
g, on p for the abab stacking, the condition (8J, )*£2&, ~ 1
yields a boundary for long-range order at J, &~ Je™>F//3,

In summary, with J; < J, the classical spin-liquid regime,
in which correlations are strong both within and between
layers, extends for both types of frustrated stacking over the
interval

e < g jg < e (49)

with ¢ = % for the abc stacking and ¢ = % for the abab
stacking.

E. Spin correlations from the height model

In the classical spin-liquid regime, in which interlayer
correlations are strong but there is no long-range order,
the system is approximately ordered within each correlation
volume &7 &, but different correlation volumes are essentially
independent. We can compute correlations approximately in
this regime as an average over all ground states. The starting
point for this calculation is the expression (13) for spin
variables in terms of height fields, and the expressions (28)
and (29) for ground states of the minimal height models in the
systems with frustrated stackings.
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We require Fourier components of the spin density at wave
vectors that are close in plane to either of the corners K
and K’ of the triangular-lattice Brillouin zone. To obtain the
leading contribution at long distance, it is sufficient to use
the approximation o ; ~ cos 5 [h,(r;) + s, ], omitting higher
harmonics in & (r ;).

Recalling that s, = 0, & 2 on the three sublattices, we have
for the aaa stacking e/K7iz = ¢!™«/3 and 'K Tiz = ¢=175/3,
The same result holds for the abab stacking on one of the two
layers in the unit cell, but for the abc stacking it is necessary
to take account of the relative displacement e; of neighboring
sites on the same sublattice in successive layers. We have
(modulo 27)

(K+n1A; +nA0) -1,
T T
= 3%~ Z(K+nAp +nA5) e = 5(21?2 + Sa)
with p = n;| + n,, and
T
K +nA;+mAy) -1, = E(ZP/Z — S¢)

with p’ =2+ n; +n,. Retaining only smoothly varying
contributions, we can then write for q; small but ¢, arbitrary

i ; iz iq - 2
2 :o-j’zel(K""q)'r,lvz ~ /er e~ i3 HilALTHg+ 5 pIR)
j

and

§ :Uj,z PULST 1o FEIN /er el pilartle: T p'l)
J

where we can include the aaa and the a layers of the abab
stacking by setting p = p’ = 0 in these cases.
We use these expressions to evaluate

SK+q) = (00,00, KO (50)
J.z
and the equivalent with K’ in place of K, computing the average

(...) over ground states [Eqgs. (28) and (29)]. For the abc
stacking this gives

b4 2w
S(K+q) x 8(%6 - EKL cos |:qz + ?[{I)

b4 . 2
X 8<qy + EI(J_ sin |:qz + Tp}) (628

and

, b4 2,
SK' +q) 8<qx + 7L 08 |:qZ + 3P :|>

T . 2,
S 8<qy + EKJ_ sm |:qz + ?P ]) (52)

For the abab stacking, following our discussion in Sec. III B 2,
we focus on the contribution to the structure factor from sites
on only one of t.he two sublattices by restricting ) __ . to the
layer u = 1. This gives

2
S(K +q) = SK' +q) o< 8(g.)0? (qi - [%} Ki)-

(33)
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It is reasonable to expect that the main consequence of finite
correlation lengths &, and &, will be broadening of the delta
functions in these expressions for S(q). Making that allowance,
we see that the height-model calculation produces results
similar to the ones from the SCGA and from Monte Carlo
simulations.

VI. RENORMALIZATION GROUP FLOWS BEYOND
LEADING ORDER

Our calculation of RG flow is perturbative in interlayer
coupling and vortex fugacity. We can improve the estimates
of the previous section by including terms to higher order.
Qualitatively, this has two potentially important consequences.
First, the in-plane stiffness K becomes scale dependent and
interlayer gradient couplings are generated under the RG flow.
This in turn modifies the dimensions of the various operators
discussed above. Second, for the abc stacking, the relevant
further-neighbor couplings that break the U(1) symmetry
under spatial rotations are generated from the irrelevant con-
tribution to the nearest-neighbor interlayer coupling, Eq. (30).

A. Simply stacked triangular layers

To set the stage, it is instructive to consider the case of
aaa-stacked triangular layers. The model [Eq. (20)] is simply
a 3D XY model, in which the coupling between neighboring
layers is much weaker than the intralayer coupling. For small
interlayer couplings there is a regime where the RG flows
are well described by those of a system of coupled 2D XY
models [32,33]. Although this treatment is not adequate to
describe the transition between the low-temperature ordered
phase and the high-temperature paramagnet, which is in the
3D XY universality class, it represents behavior well so long
as the renormalized interlayer coupling is not strong.

For uncoupled layers, two different ways exist to derive
RG equations. The original work by Kosterlitz and Thouless
[29,34] on the 2D XY model used a real-space calculation,
integrating out vortex-antivortex pairs separated by less than a
minimum length scale ¢, and this method has been extended to
include models analogous to (20) with vortices [35]. Somewhat
later, the momentum-shell RG approach was applied to these
systems [36] and we use this second approach, which is
more transparent in the case of the frustrated abc and abab
stackings. We review the method and give technical details of
our calculations in Appendix C; here we discuss the physical
implications of the results.

Including the most relevant interlayer couplings, the
marginal gradient couplings introduced in Eq. (31), and a
new second-layer coupling term cos % [A;42(r) — h (r)] with
coefficient g, the RG equations additional to (33) to quadratic
order in k3 and y are

aK 2 212
= k2 — y2K
e TR
9K, ,
— —cil, 54
e 3 4

082 _ 2—L — o}
e % 18k ) ~ %
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Here, we have allowed for the effect of fluctuating bound
vortex pairs on the stiffness. A deficiency of the momentum-
space approach is that this correction cannot be evaluated
easily, and so we take the result computed in the real-space
RG using Coulomb gas methods [37]. The constants ¢; and c;
are given in Eq. (C37).

The RG flow described by Eqgs. (33) and (54) includes
several important effects. First, at this order the stiffness K
flows towards smaller values if vortices dominate. As the
interlayer coupling «3 is irrelevant if K is sufficiently small,
this ensures that the paramagnetic phase is stable to weak
interlayer coupling. Second, new interlayer couplings are
generated from k3: the marginal gradient coupling K; and the
relevant second-neighbor coupling g,. The latter contributes
to stabilizing long-range order if vortices are not dominant.

Interlayer gradient couplings change the scaling dimensions
of other interlayer couplings and of the fugacity for multilayer
complexes of vortices. The scaling dimensions of Eq. (34)
become more generally

by = T /” dk, 1 — cosk,
T8 ), 2n [ Ko+ X, Kpcos pk |

9
o = ;ZU,’U]‘K‘,‘_N, (55)
LJ

where o; is the vortex strength in layer i.

A striking consequence of interlayer gradient couplings
that follows from these results for scaling dimensions is the
possibility of a sliding phase [38], in which for appropriate
values of {K ,} neither vortices nor interlayer cosine couplings
are relevant. The window of stability of this phase is, however,
quite narrow, and it does not seem likely that it would be
reached by RG flow starting from stacked TLIAFMs with
only nearest-neighbor interactions, whether frustrated or not.

B. abc stacking

We now consider the abc stacking. As for the aaa stacking,
under RG at second order the stiffness K flows and further-
neighbor interactions are generated. The most important of
these are shown in Eq. (31) with coupling constants denoted
by k7 and k3. As they break the spatial U(1) symmetry of @)
[see Eq. (24)], their generation involves the RG irrelevant
nearest-neighbor interaction k; appearing in Eq. (30). The
coupled RG equations

K )

FITYARRS

9K, ,

dne ML

Ky T

ane 18K (56)
8/<2 b4

e K2<1 - 18_K> + cskiKkp,

aalﬁ - <2 - &) + kL

and values of the constants c3, ¢4, ¢s, and c¢ are given in
Eq. (C37); both ¢5 and cg are proportional to K; for small K.
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For each coupling, we have included the flow due to its scaling
dimension, as well as (for those not initially present in the
nearest-neighbor model) the leading-order term that generates
it. Flow of the vortex fugacity y is given in Eq. (33). For
the in-plane stiffness K, we have included the leading-order
nonvanishing contributions to its RG flow, demonstrating that
this is slow.

The most important physical effect captured by this second-
order calculation is the generation of the locking interaction x3
from «;, (which appears microscopically in a nearest-neighbor
model) via the coupling ;. Since k3 is more strongly RG
relevant than «, (which has the same scaling dimension as « | ),
it is the key interaction. It is generated only in the presence
of nonzero K, itself produced from the nearest-neighbor
interaction « ;. Combining these steps, we find for a system
with initial values k| = K1.,0,Kp ™~ K10, and K| = k) = k3 =
0, that «3 ~ (k J_,O)7 is generated after an RG scale change of
order one. As discussed in Sec. V D, this locking interaction
stabilizes long-range order if it dominates over the disordering
effects of vortex-antivortex pairs.

We have not examined RG for the abab stacking in
detail beyond leading order since we have not identified RG
relevant interactions that break the continuous ground-state
symmetry of the minimal model. Symmetry is instead broken
by RG irrelevant nearest-neighbor interactions that are present
microscopically, as discussed in Sec. V D.

VII. DISCUSSION

The results from the three approaches we have presented—
the self-consistent Gaussian approximation, Monte Carlo
simulations, and analysis of height models—establish a
consistent picture. They show that triangular-lattice Ising
antiferromagnets with frustrated stackings exhibit classical
spin-liquid behavior over an extended temperature range if
interlayer coupling is weak. In this regime, there are strong
correlations within and between layers, but without long-range
order.

The most significant weakness of the SCGA is that it
fails to capture the ordering transition, giving instead a finite
correlation length at all nonzero temperatures. The SCGA also
predicts a temperature-independent value for the helix radius
0, while within the height model Q is a function of 8./, . Small
increases in Q with decreasing T at fixed J, are apparent in
Fig. 7(b), although the anticipated continuum behavior is not
fully developed.

Some more detailed comparisons between Monte Carlo
simulations and height-model calculations are possible. The
prediction of Sec. VD that the ordering transition is at
larger values of J, and smaller temperatures in systems
with frustrated stacking compared to the unfrustrated case
(Jo~ Je 2BIM or J, &~ Je™P!/3 compared with J, ~
Je %7 is clearly consistent with simulation results shown
in Fig. 4. For a quantitative test, we fit the phase boundaries
determined in simulations to the form J, = AJe~ ¢/, We
obtain ¢ = 1.90 &£ 0.08 for the abc stacking, c = 1.63 £0.11
for the abab stacking, and ¢ = 5.44 £ 0.2 for the unfrustrated
case, in striking agreement with analytical results. Values of
the other fitting parameter are A = 2.87 £0.2, 2.16 £ 0.27,
and 6.43 £+ 0.5, respectively.
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APPENDIX A: RECIPROCAL-SPACE FORM
OF INTERACTION

In this appendix, we discuss the reciprocal-space form
of the interaction. This is input for SCGA calculations and
is illustrated in Fig. 3. Definitions of the lattice vectors,
reciprocal-lattice vectors, and K, K’ points are given in
Egs. (4) and (5).

The contribution for all three stackings from in-plane
couplings is

Jon(@) = J[cos(q.) + 2 cos(gy/2) cos(v/3q,/2)].

For the aaa stacking, the interplane interactions contribute
J1(q) = cos g, and the combined minima of J(q) = Jop(q) +
J1(q) are isolated points in reciprocal space, at (“T”,O,n) and

2. 2
(57570

For the abc stacking, setting ¢ = 1 + /9% + /9% we can
write the interplane coupling as J ; (q) = JL(g“e_"“"s +c.c.)/2.
The in-plane coupling can also be expressed in terms of ¢, as
Jon(q) = J(I¢ 12 —3) /2. The combined interaction can hence
be put into the form

(AD)

J. 37

L Y TR LA i
M) = Jlee™ ™ 0 = S = 2
From this it is clear that the minima of J(q) lie on the lines
= —(JL/J)e’q"s. If J, « J,these lines are helixes with axes
passing through K points [Eq. (5)] of the triangular-lattice
Brillouin zone: for J(k) with k = K+ n1A; + n,A; + q, the
line is

(A2)

2J, ( +27T >
~ —cos|qg.+—p),
q \/§J q: 3]7

2]1_ . 27‘[
Qy%_ﬁ]SIH C]z‘i‘TPa

where p =n; +ns, as in Sec. VE. For k=K' +nA| +
nyA; + q the line is

(A3)

2JJ_ . 2 ,
qy = — sin{g, + —p |, (A4)

V3J 3

where p’ = 2 + ny + ny. At larger values of J, /J, the helix
is deformed, acquiring triangular projection in the x-y plane,
but the degeneracy of the line of minima is not lifted.

As the abab stacking has two sites per unit cell, the
combined interaction in this case is represented by a matrix

ab
JQ = <J2D(Q) J9 ((I))

A5
J5(q)  Jan(q) (A3)
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In S(K+q)
N
T
1

-2.5 -2 -1.5 -1 -0.5 0

FIG. 16. Illustration of power-law behavior without interlayer
coupling: line has slope —2; system parameters are L = 72 and

2
T =0.31J.

with J{"(@) = ¢ cos(g./2)e'%* and J}(q) = [JP"(@)]*. The
eigenvalues are
J
eq = 5 (11 = 3) % J1 cos(g/D)I¢|. (A6)
Minima lie on the line g, =0, |¢| = J./J. For J, <« J,

they form circles around the K points of the triangular-lattice
Brillouin zone, as shown in Fig. 3.

APPENDIX B: ANALYSIS OF MONTE CARLO RESULTS

In this appendix, we discuss in further detail our Monte
Carlo results for S(q) and the fitting procedures used to
analyze them. As a simple check, we start by considering
uncoupled layers, which are expected to display power-law
correlations at low temperature with S(K + q) o< ¢=¥/2. The
behavior illustrated in Fig. 16 matches this quite accurately.
Interlayer interactions produce significant changes in S(q), and
no clear remnant of the % power law is identifiable even for
the smallest values of J, /J that we have investigated. Instead,
we find for nonzero J, that S(q) is well represented using
Lorenztian functions of wave vector.

1. Correlations for the abc stacking

The data displayed in Fig. 6 show helices of high intensity
with axes passing through the K points of the triangular-lattice
Brillouin zone. In broad terms, we extract the correlation
length &, and the helix radius Q by analyzing simulation
results for S(q) separately at each ¢, and fitting data near the
maximum to a sum of Lorentzian contributions, one from each
helix that intersects the plane.

In detail, we consider values of S(q) at fixed g, with (gx,qy)
spanning one Brillouin zone. To focus on the maxima, we
retain the N largest values of S(q) from a total of L? points
within each g, plane. If NV is too large, some points are included
that are too far in reciprocal space from the helix to be well
represented by the fitting function; if N is too small, statistical

PHYSICAL REVIEW B 94, 224413 (2016)

FIG. 17. Brillouin zone for the triangular lattice, with K points
labeled a—f.

accuracy is sacrificed. Results are insensitive to the choice of
N in the range 20 < N < 200, and we use N = 50. Referring
to Fig. 17, the form of S(q) near the K points labeled a and b
should be dominated by helices with their axes passing through
these K points, but may also be influenced by helices with axes
passing through the four K points c—f if the helix radius is
large. Our fitting function

1
Fan(q1) Z T (B1)
therefore includes six terms, labeled by i. Since the different
values of q, ; are related by symmetry, it contains four real
scalar fitting parameters. The quality of fit we obtain in this
way is illustrated in Fig. 18.

In principle, one expects S(q) to be characterized by two
distinct correlation lengths £, and &,, as discussed in Sec. V. In
practice, we have been unable to extract a second correlation
length from our Monte Carlo data for the abc stacking,
for reasons we now discuss. Consider first the ideal form
of correlations, reached in the limit of divergent correlation

4.5 T T
Data
4nn fit X
4 L i
3.5 -
S_'Z_ HKxK
b 3
S 3+ -
5 t 3
£ *
25 e
2 - -
15 | | |
-3 -2.5 -2 -1.5 -1
In(q)

FIG. 18. Comparison of Fy,, with data for L =72, L, = 12,
J. =0.2J, T =0.8J in the abc stacking.
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20 T T T n I T
18 | Fixed q,, data _
16 - X X X Fixed q, fit X

14 +~ X X -
= 12 _
S X

10 - X -

X
XX % x % X X X
2 Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8

qz

FIG. 19. S(q) vs g. for fixed ¢, g, in the abc stacking, comparing
data and fitting function. J;, =0.1J, L =36, L, =48, T = 0.56J.

lengths:
Sideal(q) = 8(‘1)( - qg(QZ))S(Qy - QS(QZ))' (BZ)

The consequences of finite correlation lengths can be rep-
resented by convolving Sigea(q) with a form factor that is
characterized by its width in two directions transverse to the
line ¢%(q,), q;)(qz). The fitting function Fy,,(q_ ) corresponds
to a choice for this form factor that has circular contours
in the g.-q, plane. More general possibilities have elliptical
contours; we have made fits of this type, but find they do not
show significant in-plane anisotropy. As a demonstration that
the form Fy,,(q.) is an adequate representation of our data,
we show in Fig. 19 a comparison of it with Monte Carlo data,
as a function of ¢, at fixed ¢,, g,, on a line passing through
the helix. The close match indicates that the broadening within
the g.-g, plane that is contained in Fy,,(q_) also accounts for
the broadening of the helix along g..

2. Correlations for the abab stacking

For the abab stacking, our fitting of S(q) as a function of
qx and g, follows similar steps to the ones used for the abc
stacking, but analysis of the dependence on g, has new features.
For this stacking, the peak width of S(q) as a function of g,
yields directly the interlayer correlation length £,. An example
of a fit is shown in Fig. 20 and the resulting values of &, are
displayed as a function of J, and T in Fig. 21.

10 ¢

S
w s U ON 0 ©

qz

FIG. 20. S(q) vs g, for fixed ¢g,,q, passing through the maxi-
mum, in the abab stacking: data (red); fit to SCGA (green); sum of
Lorentzians (black). J, = 0.20J, T = 0.73J.
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FIG. 21. &, vs T for different values of J, in the abab stacking.
The unit of length is the spacing between successive a layers.

APPENDIX C: RG CALCULATIONS

Here, we present technical aspects of our RG calculations,
following a standard momentum-shell approach [30]. The
general method is as follows. Our objective is to evaluate
correlation functions or the partition function

7 = /D[h]e—(Ho+H1) (C1H
with an initial momentum cutoff A = 1/£, where ¢ is the lattice

constant. Here, H) is a quadratic effective Hamiltonian, which
may include both in-plane and interplane gradient terms:

1
Ho=3 Z / dzr[K[th(r)]z

+ Y K,Vh(r)- th+p<r>}.

p>0

(623

We divide the height field into short-wavelength and long-
wavelength modes by writing

hZ(r) = / d’q h (q)e'r,
A/s<|ql<A

K () = / d*q h(qe'". (C3)
lgI<A/s

A new effective Hamiltonian H.¢ with a reduced cutoff A /s is

obtained by integrating out the short-wavelength modes, and

then rescaling all in-plane lengths by s. Note that we retain the

layer index z as a discrete variable, and coarse grain only the

in-plane coordinates. Expanding in powers of H;

e Heit — /np[h;]e*(HmLH])

%/HD[hj]eHO{l—H1+%Hf+... }.(C4)

To quadratic order, the effective Hamiltonian with the reduced
cutoff A/s is

1
Her = Hy + (Hi)o — E(H%)O +..., (C5)

224413-18



CLASSICAL SPIN LIQUIDS IN STACKED TRIANGULAR- ...

where all terms are functions of only the long-wavelength
fields 27 (r), the average (.. .)o is over short-wavelength fields
with weight e =", and H;, is obtained from H, by omitting the
short-wavelength fields. As a final step, lengths in H},, and in
the expectation values on the right are rescaled according to
r — sr.

1. First-order calculation

We derive the first-order RG equations as follows. Consider
the interlayer coupling

Hi =k / dzr[axhz(r) cos 8h(r) — dyh (r)sindh,(r)]

= /cLIm|:/ d’r 8Z:ei5hf(r)], (Co)

where we have introduced ¢, = x; 4+ iy;, and z denotes the
layer with which the coordinates x,y are associated. We have

(Hi)o = KlIm|: / d’r 9 &< (ei‘”'><f~f>>o]. (C7)
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we obtain
2

i <8nh(r,z)2>}

i8,h(r,z) = exp| — —
(e ) p[ 13

72 s
= exp _E(FO_F") =s . (C10)

The rescaling r — sr gives

Hefr = K1 / d*rIm[0; "*"<®2]s! P, (C11)
In the continuum limit s — 1 we have
0 gy (C12)
= -=p5k,.
3¢ PEL

Scaling dimensions of the other operators can be deduced in a
similar way.

2. Second-order calculation

At second order, we must evaluate the quadratic terms in
Eq. (C5). It is useful to introduce some notation. Let H,(z)

Defining denote a contribution to interlayer coupling involving the
F, = (h=(r,2)h-(r,z + n)) height differences 8,/,(r) = Z[h,4,(r) — h(r)] and define
_ Vn quL — Vn IOgS (C8) Am,n,zfz’ = <Hm(Z)Hn(Z/))0 - <Hm(Z)>O(Hn(Z/)>O-
2 2
4K Jnsigas gt 27K We are primarily interested in two types of such term: those that
with contribute to the most relevant interlayer couplings, and those
- L 2 ) K cos nk, that contribute corrections to the marginal gradient couplings.
2r Jo ) [K +2 p>0 Kpcosp kZ] a. Corrections to gradient couplings
and B, = L(Vo — ), (C9) We first compute corrections to the gradient couplings that
18K are generated by A, , ¢ for various 7. An example is
|
A330 = (H3(2)H3(2))o — (H3(2))o(H3(2))o
2
N _(Ké) / d*r d’r'{cos(83h (1) + 8377 (K))((eM1 MMMy — 5720

+ c08(83h < (1,2) — 83h(x 2)) (- DT IHM-72)) — =2y, (C13)

We write
(eiazh?(r)ei%h?(l"))o T2 — s—2ﬂ3(6—4ﬂﬁ30(r—r’) -1, (C14)

where
d2q eiq~r
G(r) =f - (C15)
AJs<lql<a 4T g

Assuming that (e*7/6T—1)

obtain

(k3)?
2

A330 =

1 1 ,
+3 / d’r dzr’{l - E((r — 1) - V837 (r)2s ™2 (P00 1)}.

— 1) is small unless |r — r’| < 1, we expand the long-wavelength height fields in R =r — r’ to

/ d’r d*r'[cos(283h5(r) + (r — ') - V83h I (1) sin(283h 5 () + .. Js 2 (e 00 — 1)

(C16)

The terms in the first line are new, less relevant couplings between spins three layers apart, and can be ignored. The first term
in the second line is a constant, and the second term in the second line is the contribution to the gradient energy that we are
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interested in. After performing the angular integration, only terms of the form (V84 <) remain and we obtain

(k3s~P3)?
8

where the ellipsis represents the less relevant interlayer couplings, and

A3z = — B/er |V[85h7 (r)]]> + const + ..., (C17)

B = / d’R R*(e¥P0M® _ 1, (C18)

The other important corrections to the gradient energy come from A ;o and A, ;. These contain two types of terms, with
the forms

A]’LQ(—'—) — _(KL)z / erer/ [(82_agwei[éh:(r)+6h2(r/)])0 _ <azye[5/1:(r)>0(agweishz(r’)h) + C.C.],

Ay 10(=) = (k1)? / d*r d*r' [(d7 B PO g — (5 <) (B e 4 c.c]. (C19)

Terms of the first type generate new (but irrelevant) interlayer couplings that do not lift the helical degeneracy; they are not
important for our analysis. We are interested in terms of the second type, which reduce to

2
Ar1o(=) = _(";) [ d’r d*r' 9 9, {cos(8hZ (r) — 8hZ(x')s 2P (e 10T — 1)) (C20)

Differentiating both slow and fast fields, and expanding for small R, we obtain the four terms
A _ w1 o d’r {Co|Vh=(r)|> — C\(VhE VSh= C,|VSh=(r))* + C irrel C21
1,1,0(—)—TS r{Co|VhZ ()" — C1(VA (1) - (VA (x)) + Co| VSR (r)|” + C3} + irrel,, (C21)

where

Co = /d2R(e4rrﬁlG(R) -1, C, = 47.[131 /d2R R - VRG(R)]eéln,B]G(R) — —Cy,

1 1 2
Cr=—7 / d’R R [V H1O® _ 872621V, G(R)[2e*H1OR)] = —5Co+ ;T_K()/l + 70) / d’R R*ViG(R)e"POM®,

G

2
/ d’R (;’—K YVrGR) + 2nﬁf|VRG<R>|2>e4ﬂﬂlG<R> (C22)

and we have exploited symmetries in the integration over R.
Summing over layers, the contribution to the gradient energy is

(kis™P)y?

s = LS [ PrRc VAP - (20— CoVAZe) - (V8h5, (6. (€23)

A similar contribution arises from A, ; ¢. Although the leading irrelevant terms in the interlayer coupling also renormalize the
gradient energy, we will neglect their effect here as it influences only the initial part of the RG flow.

b. Generation of new interlayer couplings

We now turn to the most important part of our RG calculation, which is to determine at what order in « the relevant interlayer
coupling Hj3 is generated in a microscopic theory with only nearest-layer couplings. [Recall from Eq. (31) that 3 couples layers
three apart in the abc stacking.] Importantly, we show that although one might expect H3 to be produced at order 2, in fact this
is not the case: generating this interaction requires K; # 0, and it consequently appears at order fcl.

If 'H; is absent, then to generate it we must keep the leading irrelevant term that breaks the U(1) symmetry, which is the
interlayer coupling H;(z) of Eq. (30). Then, H> [Eq. (31)] is generated by the bilinear

Ap11 = (Hi(DHp(z + 1)) — (H1(2)) (Hp(z + 1)) (C24)
and H;3 is generated by
As11 = (Hi(@Ha(z + D) — (H1(2)) (Ha(z + D). (C25)

Other cross terms, such as (H;(z)H1(z + 1)) and (H3(z)H1(z)) also generate new interlayer couplings. However, for our purposes
these can be ignored: they are either less relevant than the terms listed above, or equally relevant but appear at a higher order
in k 1.
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We have

Aoyi = —Kik> / dzr dzl" [<32 8;j+leith(rHézh”l(r,)U _ (aaeiéh:(r))(adHei5zh:+1(r’)> + H.C.] + ...

~ —(k 15 P (ks TPHC3(2) / d’r cos(83h,(r)) + less relevant terms, (C26)

where + ... represents a contribution that generates terms of the form exp{i %[hz+3(r’) + h (r) — hy 1 (¥') — h,y(r)]}, which
produce interlayer couplings less relevant than the terms of interest, which have been neglected in the second line. Additionally,
in the second line we have kept only terms in which all derivatives are applied to the fast height fields, as these generate the most
relevant interlayer coupling, and neglected all but the leading-order term in a derivative expansion of the argument of the cosine
term for small R = r — r'. The coefficient is

n? w2

Cym) = o f d’R { — 71 VRGR) + o v = yo)|VRG(R>|2}e3'?(V°V'WIV">G<R>. (C27)

The frustrated second-layer coupling is generated by
Ab,l,l — _4KlKh / erer/ [(82"ei5h3(r)(a§2/+lei5]13+1(r’)/2)2> _ (&{weiéhz(r»((8;Z/+]ei8hz+](r’)/2)2> + HC] +...,

where again, +... generates interlayer couplings of the form expli 5 (h 12 + h; — 2h,41)], which we omit as they are less
relevant. In this case, because H, involves one derivative of the slow height fields, we must calculate two terms. First, applying
all three of the derivatives to &~ gives the terms

K LK) f dzr dzr/ei(shj(r)-&-sh;](r’)) lim 8- 3:.;,3;.’;, (eiﬁh?(r)eiéh;,(r’)/2ei6h?+,(r~)/2> 4+ Hec.

r//_)r/ {2’

ﬂz

3
= (m“")(xbs—ﬁ')(g—K> (1 — Yar)(V1 — Y0)°]

: < < / z2
x / d?r d?r'[/CF I g: G(r — 1)[9p, G(r — 1)) 4 Hae Je™ sr 07 m2nIG®),

Next, we Taylor expand for small R = r — r’. After integrating over R, the leading-order term vanishes, and the most relevant
term that we are left with is

(kL5 P (kps PHYCy / d*r[8,8:h7 (r) cos(8: (1)) + 3,8k (r) sin(82h 7 (r))], (C28)
where
72\’ 2
“= (97) (1 = Va1 — 10)°] / d’R R, 9, G(R)|VG(R)Pe 5w (72 2G®), (C29)

Second, applying one derivative to 2= in Eq. (28) generates the contribution to H;

4KLKh / d2r dzr/ [eiah:i](l-’)/2agei5}1z<+2(r’)/2<BZVei(Sh;(r)(ei(Sh;r](r')/28§2/ei5hz>+](r’)/2)> + HC]
=K1Ky / d*rd*r [ageiéh;,(r')(822ei&h?(r)acéeiﬁh;l(r')) + H.c.]

~ (k15 P eps~PHCH(1) / d*r{9,h 7 (r) cos(8,h7(r)) + 9,h = (r) sin(8,h 7 (r))) (C30)

with C3(n) as defined in Eq. (C27). The remaining contributions, which come from applying two or three derivatives to &=,
necessarily produce irrelevant couplings, and are safely omitted from our RG calculation. In total, we therefore obtain

Api1 = (Kls_ﬁl)(’cbs_ﬂ])/d2r|:<c3(1) - %C4>{3xhz<(l') cos(82h7 (1)) + dyh (1) sin(82h7 (1)}

+ %C4{8Xhz<+2(r) cos(82h(r)) + dyh 5 (r) sin(62hz<(r))}] + irrelevant terms. (C31)

Although the first terms in the second line are just as relevant as the terms in the first line, they do not contribute to generating
‘H3 until interlayer kinetic terms K, are generated for n > 1 [see Eq. (C2)]. Hence, we have neglected them in our discussion, as
their impact on the other couplings in the RG is very weak. We will also see presently that the coefficient C, is negligibly small
compared to C3(1).
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We emphasize that both C3(1) and C4 are of order at least Ki, since for Ky <« K and K,, = 0,n > 1, we have

— 1 ~1 _£<1_;)~£ =0,n>1 (C32)
P ey TR ey R

and K is generated only at order /ci. Therefore, in summary, k3 is generated not at order /ci, as one might naively have expected,

but at order KJ7_. A similar effect was noted for frustrated couplings in Ref. [39].

3. Evaluation of coefficients

To proceed further, we must evaluate the coefficients B, Cy, Cy, C,, and C3(n). In order to compute the relevant integrals,
we expand the exponentials for small G(r). (We will justify this expansion presently.) To ensure that all integrals are absolutely
convergent, we take our system to have a finite size L, = L, = L, and use periodic boundary conditions. In this case, the
first-order terms vanish after integration since

P 1 . : 1 ifq=0
) 2 2 iqr __ ’
/d rG(r) = /d I‘Z Afs<q<Ah 5 P EZ A/5<¢1<Ap/d ettt = Z A/5<‘1<A{O else.

A similar derivation applies for derivatives of a single power of G, which also vanish. The leading-order contributions are
therefore quadratic in G. Keeping only these terms, the integrals of interest are

= /dzr[G(r)]z, I = /dzrrz[G(r)]z, L= /dzrrzG(r)VzG(r), and I3 = /dzr G(r)VzG(r)—/d2r|VG(r)|2.

The two integrals not involving explicit powers of r are easily evaluated as

1 datior 1 1[N d%q 1 s2—1  ds
_ 2 2 2 ~ _ ~
IO_/dr[G(r)] _F/drqzk: q°k? L2Z"_4NH/A G T A2 2 2AY

/s 4
oi@+kr 1 d’*q log(s)
) 2
/d r[GrV,Gr)] = / rz ek (271)2 /A/ 9 2t 2

We note, somewhat surprisingly, that it is the terms quadratic in G(r), rather than the linear terms, that are proportional to ds.
Our Taylor expansion is nevertheless justified: for higher powers of G, the §-function constraint takes the form §(3_"_, k;). In
practice, this means that nonzero contributions to momentum integrals require both that |k;| is within the momentum shell for
each i and also that | Zl'.:l' k;| lies in this shell. This leads to a strong phase-space suppression of the relevant angular integrals
for n > 2, justifying the quadratic approximation used here.

Evaluating /; and I, we encounter a second difficulty: the resulting integrals retain an explicit dependence not only on the
cutoff A, but also on the system size L. This stems from the factors of 72 in the integrands, which arise from Taylor expansions
of the type

fISR) — =R+~ flr- VA~R)] +... (C33)

followed by an expansion of f for small r. The expansion is justified if G(r) falls off sufficiently quickly in r that only small
values of r contribute; however, in the cases at hand this is not so.

To circumvent this difficulty, we instead expand the function f to quadratic order in the difference 2<(R) — 2=(R + r) of the
height fields, without making a Taylor expansion of the height fields in powers of r. The approach amounts to the substitution

2 21 <1, < 2 2 ~ 2 <1< 2
/d qq hqh_q/d rr F(r)~/d qhqh_q/d r2(1 —cosq-r)F(r).

Using this, we obtain

eItk itk +q)T ei(k1+kz—q)'r>

1
2 2 2 2
11=2/d r(l —cosq-n)[GM)] = — fd r<2 — —
L4 klzk k%k% k%k% klzk%

1 / d’k [ 2 1 1 o, ds (C34)
472 ) K\ k+qP  k—qP A
where in the last line we have kept terms only to quadratic order in g, as higher-order terms are RG irrelevant. Similarly, we may
evaluate

2 ) ) z(k|+k2)-r ei(k|+kz+q)-r ei(k|+k2—q)-r
q°r / 2r(1— cosq-r)G(r)V G(r) = i ka: /d < k]2 — k12 - klz )
2
1 2 1 1 ds
~ — | k| = — - ~ —q* C35
472 <k2 |k + q|? |k—q|2> nA2 (€35)
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Note that in both of these evaluations, we have ignored an important constraint, which is that for the terms involving q, we must
have A/s < |k+q| < A, in addition to A/s < k < A. However, this constraint, if included, will modify the result by a factor

of order unity, provided that g is not large compared to A — A/s. The final results are

ds 1 ds
B = _167”332F’ Co= 5(47T,31)210 = 477/312F’
C n?
Cr=-7
C3(n) = 0K

Cy =0, (C36)

+ @B + v = 7 ﬂ2+8(L>2(V2—V2) &
9K PAVLTT Yo 1 18K ) VO T A2

2

7'[2 2 ) 2
—<—> i(vo — vi + Var1 — V) + (V1 — Var D1 — vo)lIz = E(_> [Vivn — YoVas1l.

9K

Here, the factors of A in each coefficient reflect the total engineering dimension of the couplings involved; these factors can
be eliminated by defining appropriate dimensionless couplings. From these expressions, we can extract values for the constants

appearing in Egs. (54) and (56), obtaining

1
cids = —=B,
8
czds = C,,
1
csds = —§C3(1),

,ds
cods = 27 B3 ek

C
cyds = 70 — (s,

1
ceds = §C3(2). (C37)
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