PHYSICAL REVIEW B 103, 184407 (2021)

Functional renormalization group study of the Kitaev- model on the honeycomb lattice and
emergent incommensurate magnetic correlations
Finn Lasse Buessen

and Yong Baek Kim

Department of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada
(Received 27 January 2021; accepted 30 April 2021; published 7 May 2021)
The theoretical inception of the Kitaev honeycomb model has had defining influence on the experimental hunt
for quantum spin liquids, bringing unprecedented focus onto the synthesis of materials with bond-directional
interactions. Numerous Kitaev materials, which are believed to harbor ground states parametrically close to
the Kitaev spin liquid, have been investigated since. Yet, in these materials the Kitaev interaction often comes
hand in hand with off-diagonal  interactions—with the competition of the two potentially giving rise to a
magnetically ordered ground state. In an attempt to aid future material investigations, we study the phase
diagram of the spin-1/2 Kitaev- model on the honeycomb lattice. Employing a pseudofermion functional
renormalization group (pf-FRG) approach, which directly operates in the thermodynamic limit and captures
the joint effect of thermal and quantum fluctuations, we unveil the existence of extended parameter regimes
with emergent incommensurate magnetic correlations at finite temperature. We supplement our results with
additional calculations on a finite cylinder geometry to investigate the impact of periodic boundary conditions
on the incommensurate order, thereby providing a perspective on previous numerical studies on finite systems.
DOI: 10.1103/PhysRevB.103.184407

I. INTRODUCTION

Quantum spin liquids are intriguing phases of matter,
which can manifest when strong quantum fluctuations inhibit
the formation of conventional magnetic order [1,2]. They
are accompanied by massive long-range entanglement, which
enables them to possess unusual properties; the physical constituents of the system may fractionalize and give rise to an
emergent gauge structure as well as to the formation of collective parton degrees of freedom with new, effective quantum
numbers [3,4]. Among the many candidate models to host
a quantum spin liquid ground state, the Kitaev honeycomb
model stands out. It is not only exactly solvable at zero temperature [5], but it is also amenable to quasi-exact Monte
Carlo studies at finite temperature [6,7], thus giving unprecedented systematic insight into the fractionalization process in
frustrated quantum magnets.
Following the theoretical inception of the Kitaev model and
its generalization to three-dimensional lattices [8,9], a flurry
of activity commenced in an effort to identify materials, which
could potentially realize the microscopic model. A number
of so-called Kitaev materials with strong bond-directional
interactions have been found since [10–13]. Prominent examples include Na2 IrO3 [14,15], α-Li2 IrO3 [16], and α-RuCl3
[17–21] on the honeycomb lattice and β-Li2 IrO3 on the
three-dimensional hyperhoneycomb lattice [22–30]. All these
materials, however, exhibit magnetic ordering at temperatures
below T ≈ 10 K (T ≈ 38 K for the 3D compound), which is
driven by competing interactions that deviate from the perfect
Kitaev model; such additional interactions often involve
higher-symmetry Heisenberg interactions or lower-symmetry
off-diagonal interactions, commonly referred to as 
2469-9950/2021/103(18)/184407(10)

interactions in the literature [31,32]. To this day, it is
subject of ongoing research to further refine the available
palette of Kitaev material candidates. The magnetic transition
temperature can be suppressed, for example, by chemical
substitution of interlayer Li atoms as demonstrated in
Ag3 LiIr 2 O6 and H3 LiIr 2 O6 [33,34], although for the latter
material it is argued that chemical disorder may play a
relevant role in the suppression of magnetic order [35,36].
In order to provide guidance for further material synthesis
and refinement, it is immensely valuable to understand the
underlying microscopic spin model and its associated phase
diagram. As a minimal model for the microscopic description,
the Kitaev- model has received ample attention. It comprises both Kitaev and  interactions, which are believed to
be the two dominant terms in α-RuCl3 [31,32,37]. Previous
model calculations indicate that multiple competing ground
states are in close vicinity to each other in the part of the
parameter space, which is relevant for α-RuCl3 , i.e., ferromagnetic Kitaev interactions (K < 0) in conjunction with
antiferromagnetic  interactions ( > 0)—thereby rendering
the theoretical analysis of the model extremely challenging [38–40]. Furthermore, in some of the Kitaev materials,
including α-Li2 IrO3 and β-Li2 IrO3 , the formation of incommensurate counterrotating magnetic spirals has been reported,
making their numerical simulation on finite-size model clusters notoriously difficult [41–44].
Most importantly, however, the connection between model
calculations and experiments remained incomplete, since previous studies have only focused on the zero-temperature
properties of the model and experiments are necessarily
performed at finite temperature. The role of thermal fluctuations and their potential driving of an entropic magnetic
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The structure of the paper is as follows. In Sec. II, we define
the Kitaev- model, set the notation, and review previous
studies of the quantum model at zero temperature. We then
briefly introduce the pf-FRG formalism in Sec. III, before
we discuss our findings for the phase diagram in Sec. IV.
We further focus on the incommensurate phases in Sec. V
and study the constraints of a finite cylinder geometry. Our
conclusions are summarized in Sec. VI.
II. MODEL
FIG. 1. Phase diagram of the Kitaev- model on the honeycomb
lattice as a function of the angle α, which parameterizes the ratio of
Kitaev coupling K = − cos(α) and  interaction  = sin(α). The
c , which is an
black curve indicates the characteristic RG scale 
indicator for the onset energy scale of the magnetic order, see text
for details. The shaded regions indicate ordered phases with finite
c . Observed ordered phases are ferromagnetic order (FM), incom
mensurate phase 1 (IC1), vortex phase 1 (V1), antiferromagnetic
order (AFM), incommensurate phase 2 (IC2), and vortex phase 2
(V2). White regions indicate spin liquid phases and the absence of
spontaneous symmetry breaking, mainly the FM and AFM Kitaev
spin liquids around α/π = 0 and α/π = 1, respectively.

ordering transition (order by disorder) has not yet been
explored.
In this paper, we present a take on the spin-1/2 quantum
Kitaev- model, which is based on a pseudofermion functional renormalization group (pf-FRG) approach. The pf-FRG
formalism operates on a genuinely infinite representation of
the underlying honeycomb lattice and is thus able to faithfully
resolve commensurate as well as incommensurate magnetic
correlations, in contrast to approaches, which operate on
finite-size systems. Furthermore, the approach is sensitive to
the impact of thermal and quantum fluctuations, thus complementing previous studies of the zero-temperature ground
state. We study the phase diagram of the Kitaev- model
and show that two extended phases exist, which exhibit incommensurate spin correlations at finite temperature; in the
context of the pf-FRG approach, these phases manifest as
the first instability of the RG flow when the energy scale of
the RG cutoff is lowered. For the incommensurate phases, we
demonstrate that the dominant intensity peaks in the structure
factor, which characterize the incommensurate order, shift
continuously upon variation of the coupling constant ratio.
Moreover, we identify magnetic vortex phases, which are
overshadowed by a subdominant incommensurability effect.
The resulting phase diagram is summarized in Fig. 1. In view
of potential future studies, we point out that the pervasiveness
of incommensurate correlations poses a challenge to many
established methods, which may rely on finite lattice representations; to substantiate this observation, we perform pf-FRG
calculations on a finite cylinder geometry, assessing the extent
to which an anisotropy is imposed by geometrical constraints.
We find that this unphysical anisotropy can become sizable in
phases with incommensurate magnetic correlations, whereas
it remains negligible in the Kitaev spin liquid phases where
correlations are short ranged.

We study the quantum-mechanical spin-1/2 Kitaev-
model on the honeycomb lattice, which is described by the
microscopic Hamiltonian



H=
(1)
KSiγ S γj +  Siα S βj + Siβ S αj ,
i, jγ

where the sum runs over pairs of nearest-neighbor lattice sites
i and j that are connected by a lattice bond of type γ ∈
x, y, z (with α, β denoting the remaining two orthogonal components). The exchange constant K quantifies the diagonal,
bond-directional couplings of Kitaev type, whereas  captures symmetric off-diagonal interactions. We parameterize
the ratio of Kitaev and  interactions by an angle α ∈ [0, 2π ),
which is connected to the exchange constants via
K = − cos(α) and

 = sin(α).

(2)

Throughout the remainder
of this paper, all energy scales are
√
reported in units of K 2 +  2 .
In terms of the parametrization described above, the regime
0 < α < π /2, i.e., ferromagnetic (FM) Kitaev interactions
K < 0 in conjunction with antiferromagnetic (AFM)  interactions  > 0, is believed to be most relevant for the Kitaev
material α-RuCl3 [31]. Earlier zero-temperature model calculations have established, however, that this combination
of exchange constants is not only particularly relevant for
experiments, but it is also a challenging and controversial
part of the phase diagram; various studies employing different methods have predicted different results. (i) Variational
Monte Carlo simulations suggest the existence of a sequence
of small windows of ferromagnetic order, proximate Kitaev
spin liquid, and incommensurate spiral order in vicinity to
the Kitaev spin liquid around α = 0 [45,46]. Zigzag order
eventually manifests when the  interaction becomes comparable in magnitude to the Kitaev contribution. (ii) Tensor
network representations of the model predict a slim region of
ferromagnetic order and a nematic paramagnet near the Kitaev
spin liquid, as well as more intricate magnetic order with
a 6-site unit cell [47]. (iii) Exact diagonalization studies on
24-site clusters point towards an extended spin liquid regime
spanning all the way from the pure Kitaev spin liquid to pure 
interactions [38,48]. (iv) Recent density matrix renormalization group calculations find an extended nematic paramagnet
regime in proximity to the Kitaev spin liquid [40].
Extensions of the pure Kitaev- model by additional detuning parameters have revealed additional insight into the
structure of the phase diagram and the stability of competing
phases; many of the aforementioned candidate ground states
appear to have a phase boundary close the the pure Kitaev-
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model in this extended parameter space. Detuning parameters that have been studied in the past include competing
Heisenberg interactions [45], a spatial anisotropy in the interaction constants [46,48], a type of symmetric, off-diagonal
exchange known as   -interactions [40,47], or simply a magnetic field [40,47,49,50]. Further related efforts to grow our
understanding of the model also include studies of the dimensionally reduced one-dimensional Kitaev- chain [51–53] or
the Kitaev- ladder [54]. The close competition of many
potential ground states has proven to render the numerical
exploration of the phase space a formidable challenge.
III. FUNCTIONAL RENORMALIZATION GROUP

Our aim is to analyze the phase diagram of the model
Hamiltonian Eq. (1) within a pseudofermion functional renormalization group (pf-FRG) approach [55,56]. The pf-FRG
approach is particularly intriguing in this situation, because
it operates on an infinite representation of the honeycomb
lattice, making it naturally compatible with incommensurate
magnetic correlations, which have been suggested as one
candidate among the potential ground states. Moreover, the
method does not rely on an explicit bias that would favor
certain types of ground states, as would be the case, e.g.,
in a mean-field construction or in the choice of initial states
for variational approaches. In this section, we briefly outline
our implementation of the pf-FRG approach, deferring the
discussion of the resulting phase diagram to Sec. IV.
We adopt an established formulation of the pf-FRG,
which is readily applicable to general time-reversal invariant Hamiltonians with two-spin interactions, including our
model Hamiltonian Eq. (1) [56,57]. The approach is based
on a parton construction in terms of spinful pseudofermions,
μ
†
Siμ = fi,α
σαβ
fi,β , with the indices α and β implicitly summed
over the two spin-1/2 basis states at every lattice site i, and
a subsequent solution of the functional renormalization group
flow equations for the resulting quartic fermion model within
the well-developed framework of the fermionic functional
renormalization group [58,59]. The pseudofermion parton
construction provides a faithful representation
 †of the spin
Hamiltonian if the half-filling constraint α fi,α
fi,α = 1 is
fulfilled at every lattice site i. Whereas the constraint can in
principle be enforced by implementing an imaginary chemical
potential μchem = − iπT
[60], such an approach is unfeasible
2
numerically due to the concomitant reduction of symmetries
of the Hamiltonian. Yet, it has been demonstrated that within
the pf-FRG approach the constraint tends to be automatically fulfilled even for subtle incommensurate magnetic order
[62,65,68]. The implicit fulfillment of the constraint can be
attributed to the fact that the pf-FRG approach is formulated at
zero temperature and violations of the half-filling constraint,
which lead to effective spin-0 defects, are thus energetically
suppressed.
The renormalization group (RG) flow equations are obtained by introducing a cutoff  in the (Matsubara) frequency
dependence of the bare propagator G0 (ω) → G
0 (ω) =
θ (|ω|−)
(note
the
absence
of
a
kinetic
term
in
the
bare
iω
propagator for pseudofermions); they form a set of differential equations, which describes the evolution of higher-order
fermionic interaction vertices under infinitesimal variation of

FIG. 2. Flow equations for the cutoff-dependent self-energy
(ω) and the fermionic two-particle interaction vertices (dashed
lines) i1 i2 (1 , 2 ; 1, 2) in diagrammatic representation, where composite indices k = (ωk , αk ) comprise frequency and spin index.
Lattice sites are preserved along solid lines. The self-energy is
independent of lattice site and spin index. Slashed propagator
δ(|ω|−)
lines resemble the single-scale propagator S(ω) = iω−
 (ω) , pairs of
slashed propagator lines denote G(ω1 )Skat (ω2 ) + G(ω2 )Skat (ω1 ) with
θ (|ω|−)
d
G(ω) = iω−
 (ω) and Skat (ω) = − d G(ω). Details are provided in
Ref. [56].


the RG cutoff in the bare propagator. Per construction of the
RG cutoff, the model remains unchanged at  = 0, whereas
in the opposite limit  → ∞ the bare propagator vanishes,
rendering the model particularly simple. In fact, when the bare
propagator vanishes, the fermionic interaction vertices exactly
match the frequency-independent interactions as defined in
the model Hamiltonian Eq. (1), thus marking a well-defined
starting point for the RG analysis.
Imposing the cutoff, an exact hierarchy of coupled differential equations (flow equations) for fermionic n-particle
vertices is generated at any order of n, which connects the
known initial conditions at  → ∞ to the physically relevant
zero-cutoff limit. In general, this hierarchy of flow equations
does not close, and it contains terms to arbitrary order of
n. Within the pf-FRG approach, the hierarchy is then truncated such that it fully resolves the lattice site and frequency
dependence of the self-energy and of the pseudofermionic
two-particle interaction vertex, partially retaining feedback
from the three-particle vertex [55,61]. The truncated flow
equations are detailed in Ref. [56] and schematically shown
in Fig. 2.
On this level of truncation, the pf-FRG formalism is understood to combine aspects of a large-S expansion [62] and an
SU(N) large-N expansion [63,64] on equal footing, recovering the mean-field exact results in the two separate limits.
We formally consider the flow equations at zero temperature, where Matsubara frequencies become continuous.
However, for the numerical solution of the flow equations
we rediscretize the Matsubara frequency dependence and interpolate linearly in between the discrete grid points. In our
implementation, the Matsubara frequency space is approximated by a mesh of Nω = 144 points, which are spaced
logarithmically around the origin in the range −250 < ω <
250.
The dependence of the interaction vertices on the lattice
site indices is treated as follows. We consider an infinite representation of the honeycomb lattice, but set any two-particle
interactions to zero if the lattice sites involved are further apart
than NL = 7 lattice bonds. This truncation scheme can be
viewed as a series expansion in system size, which eventually
converges to a well-defined value when NL is chosen large
enough. Most importantly, the truncation does not impose an
artificial boundary onto the system. It has been shown that this
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approach is well suited to resolve incommensurate magnetic
correlations [65,66]—which are typically difficult to simulate
on finite lattice systems.
Employing the aforementioned discretization schemes, one
obtains a finite set of approximately 5 × 107 coupled integrodifferential equations, which describe the RG flow. The flow is
evolved numerically from UV = 500, which exceeds any intrinsic energy scale of the system, to the effective low-energy
theory. We stop the RG flow at IR = 0.01, below which no
further qualitative changes are expected to occur.
Throughout the evolution of the RG flow, instabilities may
occur that signal spontaneous symmetry breaking and the
onset of magnetic order [55]. Such instabilities can be observed as nonanalyticities
(kinks) in the flow of the magnetic
susceptibility χ  (k) = i, j e−ik·(ri −r j ) χij , where χij are the
real-space elastic spin correlations Si (ω = 0) · S j (ω = 0),
which can be computed from the fermionic interaction vertices at any given RG scale [55]. If no nonanalyticity is present
down to the lowest energy scale IR , the ground state of
the system is assumed to retain its full symmetry—which we
loosely associate with spin liquid behavior.
Locating the critical breakdown scale c merely by visual inspection of the susceptibility curves introduces some
uncertainty to the results. Attempts to identify more robust
signatures of phase transitions within pf-FRG are therefore
subject of current research [67–70]. Here, we employ an approach introduced in Ref. [68], which defines a characteristic
c via the finite-size convergence of the system
RG scale 
as follows. If one computes the on-site susceptibility χii
for different lattice truncation ranges NL = 3, 5, 7, one finds
that the results converge beyond a truncation range, which is
comparable to the length scale of relevant interactions. In trivial paramagnets and spin-liquid phases, only the short-range
correlations are relevant and the susceptibility is typically converged already for a small truncation range NL = 3. Close to
a magnetic ordering transition, however, long-range correlations proliferate and a discrepancy between results for NL = 3
and results for greater truncation ranges NL > 3 develops. The
occurrence of such a sudden change in convergence behavior
c , which, unlike the naive
defines the characteristic RG scale 
definition of c , can be computed systematically. On our level
of numerical uncertainty, a minimum relative deviation of
approximately 1% between the susceptibility values for the
different truncation ranges is found to be a good measure to
c .
determine 
Ultimately, our goal is to compute the ω = 0 component
of the dynamic structure factor to characterize the phase diagram. If the system does not undergo spontaneous symmetry
breaking, we calculate the structure factor for the effective
low-energy theory at the smallest cutoff scale IR . If, on the
other hand, a breakdown of the flow is observed, we calculate
c . In the latter
the structure factor at the characteristic scale 
case, intensity maxima in the structure factor emerge already
slightly above the transition scale and we can read off the
nature of the incipient magnetic order. In fact, with the specific
choice of the RG cutoff function in the pf-FRG approach, the
RG scale  can be interpreted as a temperature via a linear
rescaling  = π2 T [63,71], with the critical scale c corresponding to the critical temperature of an ordering transition.
As such, at finite RG cutoff, the pf-FRG approach resolves

the combined effects of thermal fluctuations and quantum
fluctuations [65,69,72]. We point out, however, that the RG
flow is only meaningful until the first breakdown occurs, and
we can thus only detect the first finite-temperature transition.
If the model implies a multistep ordering process, the lowertemperature phases cannot be resolved.
IV. PHASE DIAGRAM

We now turn to the discussion of the phase diagram associated with our model Hamiltonian Eq. (1) as a function of the
angle α, which parameterizes the ratio of Kitaev coupling and
 interactions. The main phase diagram, obtained within the
pf-FRG approach, is summarized in Fig. 1.
In the vicinity of the FM Kitaev point (α/π = 0), we
naturally observe the manifestation of a paramagnetic ground
state—the ferromagnetic Kitaev spin liquid (KSL). The
concomitant absence of spontaneous symmetry breaking is
indicated by a smooth RG flow of the magnetic susceptibility down to the lowest cutoff IR , as depicted in Fig. 3(a).
The corresponding momentum-resolved structure factor χ (k)
of the FM KSL is displayed in Fig. 4(a), revealing a broad
maximum around the Brillouin zone (BZ) center. From the
analytical solution in the pure Kitaev limit, it is known that
this broad maximum results from the superposition of three
cosine profiles associated with nearest-neighbor correlations
along the x, y, and z-type bonds.
The KSL phase remains stable upon inclusion of small
AFM  interactions. When the strength of AFM  interactions is increased further, the spin liquid eventually becomes
c is observed
unstable and a finite characteristic scale 
beyond α/π > 0.05. For a brief window, 0.05 < α/π <
0.15, the dominant wave vector remains indifferent from our
findings for the FM KSL phase—peaking at the BZ center—
c ,
which, in combination with the finite characteristic scale 
suggests the formation of ferromagnetic (FM) order. The
manifestation of a small region of ferromagnetic order has
previously also been observed in variational Monte Carlo
calculations [45] and tensor network optimizations [47]. In the
latter study it was found that the FM order is in close energetic
proximity to competing configurations, being selected as the
ground state only by an energy difference E ∼ O(10−4 ).
Such near-degeneracy of potential ground state configurations
in this region of the phase space could contribute to our findc appears to connect
ing that the finite characteristic scale 
smoothly to the neighboring phase upon further increasing the
angle α/π .
In the range 0.15 < α/π < 0.61, we observe a broad
regime in which the model exhibits incommensurate magnetic
correlations. We refer to this regime as the first incommensuc is nonzero,
rate phase (IC1). While the characteristic scale 
see Fig. 3(b), it remains relatively small compared to the characteristic scale of other magnetically ordered phases in the
phase diagram (cf. Fig. 1), suggesting that the overall ordering
tendency in this regime is only weak. The characteristic wave
vector, which describes the evolution of incommensurate spiral order lies on the line connecting the BZ center and the
edges of the first BZ (M points), see Fig. 4(b). Its precise
position along the line shifts continuously within the phase;
we discuss the IC1 phase in greater detail in Sec. V.
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FIG. 3. Renormalization group flow of the on-site magnetic susceptibility χii for different lattice truncation ranges NL . The dashed lines
c , which is associated with the occurrence of spontaneous symmetry breaking. The data
(if present) indicate the characteristic RG scale 
displayed is in the (a) Kitaev spin liquid (KSL) phase at α/π = 0, (b) incommensurate phase 1 (IC1) at α/π = 0.37, (c) vortex phase 1 (V1)
at α/π = 0.72, (d) incommensurate phase 2 (IC2) at α/π = 1.30, and (e) vortex phase 2 (V2) at α/π = 1.68.

Around 0.61 < α/π < 0.94, where the Kitaev interaction
and  interaction are both finite and AFM, the system transitions into conventional magnetic order, signaled by a distinct
breakdown of the RG flow as displayed in Fig. 3(c). The associated structure factor shows dominant peaks on the corners
of the extended BZ and subdominant peaks in close vicinity
to the corners of the first BZ (K points), see Fig. 4(c). We
refer to this phase as the first vortex (V1) phase; it nucleates
around the special point αFM /π = 0.75, which is dual to the
Heisenberg ferromagnet via an underlying six-sublattice duality transformation [73]. Its existence has previously been
established also in ED calculations [38] and DMRG calculations [39]. However, in our calculations we also observe a
small drift of the subdominant peak position, ks , near the K
points. Upon entry at the lower phase boundary, the peak is
slightly dislocated from the K point towards the BZ center and
it subsequently shifts outwards as α is increased; it crosses the
K point approximately when α is tuned to the center of the V1
phase, near the special point αFM . The overall shift is observed
to be small, on the order |δks |/|ks | ≈ 0.05.

FIG. 4. Structure factors of the Kitaev- model on the honeycomb lattice in the different phases. The dashed black lines indicate
the first Brillouin zone, the extended Brillouin zone is denoted by the
the solid lines. (a) FM KSL phase, plotted at α = 0. (b) IC1 phase
at α/π = 0.37. (c) V1 phase at α/π = 0.72. (d) AFM KSL phase at
α/π = 1. (e) IC2 phase at α/π = 1.30. (f) V2 phase at α/π = 1.68.
The color code is normalized within each plot. All structure factors
c .
are plotted at the characteristic RG scale 

In the vicinity of the AFM Kitaev point, magnetic order is
eventually destabilized in favor of the AFM Kitaev spin liquid,
which forms the ground state between 0.94 < α/π < 1.09.
In analogy to the FM KSL phase, the corresponding structure factor reveals broad maxima around the corners of the
extended BZ, resulting from the superposition of three cosine
profiles [Fig. 4(d)].
The sequence of phases that follow in the second half of
the phase diagram, i.e., for α/π > 1, is remarkably similar
to the first half. A small region of antiferromagnetic order
(1.09 < α/π < 1.12) separates the AFM KSL from a second
phase of incommensurate spiral order, the IC2 phase (1.12 <
α/π < 1.34). In the latter phase, the dominant wave vectors
characterizing the incommensurate order continuously shift
on the edges of the extended Brillouin zone, between the
  points and the M  points, see Fig. 4(e) and Sec. V for a
more detailed discussion. Subsequently, for a broad parameter
regime with Kitaev and  interactions being mostly ferromagnetic, a second vortex phase is stabilized (V2, 1.38 < α/π <
1.98), with the possibility of a slim paramagnetic regime in
between the IC2 and V2 phases. The V2 phase is associated
with a structure factor that is peaked at the Brillouin zone
center, with subleading maxima appearing on the corners of
the first BZ as well as of the extended BZ [Fig. 4(f)]. It
nucleates around the special point αAFM /π = 1.75, which is
dual to the Heisenberg antiferromagnet via a six-sublattice
transformation [73]. Similar to our observations in the V1
phase, the subleading peaks near the K point in the V2 phase
show a small drift, whereas the peaks at the  point and the
  points remain immobile.
Our overall phase diagram holds remarkable similarity
to previous zero-temperature ED calculations, which have
been performed across the full parameter space on 24-site
clusters [38]. We emphasize two important benchmarks: (i)
First, we compare the stability of the Kitaev spin liquid under
perturbation of small  interactions. Since any finite spin correlations in the unperturbed Kitaev spin liquid are restricted
to nearest neighbors only, one can expect that finite-size effects in ED calculations remain small in the vicinity of the
pure Kitaev points, and ED results may thus provide good
numerical guidance. We find that our pf-FRG calculations correctly reproduce the stability of the Kitaev spin liquid under
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perturbations of AFM  interactions, which is approximately
the same for the FM KSL and the AFM KSL [38,39], whereas
under perturbation of FM  interactions the AFM KSL is
significantly more robust than the FM KSL [38]. (ii) Second,
we focus on the formation of the magnetic vortex phases
V1 and V2. Since these phases nucleate around the special
points αFM and αAFM , respectively, where it is known that the
magnetic order has a six-site unit cell [73], they can be well
captured in ED calculations [38] and in DMRG calculations
[39]. Similar to those ED and DMRG results, our pf-FRG
calculations correctly capture the extended domain of stability
for the V2 phase and the smaller parametric extent of the V1
phase.
Our identification of the incommensurate phases IC1
and IC2, however, deviates from previous ED and DMRG
results. Furthermore, we observed a small, sub-dominant
incommensurability effect in the vortex phases. While the
incommensurate phases have not been reported in DMRG
calculations, the formation of spiral order has been reported
in ED calculations in parametric regimes where pf-FRG observes incommensurate order—albeit in ED calculations the
spiral pitch vectors are naturally locked to momentum points,
which are compatible with the finite system size [38]. In this
comparison, it is important to keep in mind that pf-FRG calculations only resolve the system at RG scales down to the flow
breakdown. A potential multistep ordering process below the
critical scale c cannot be resolved. In particular, the results at
a finite RG scale  > 0 incorporate the joint effect of thermal
and quantum fluctuations and related order-by-disorder effects, which can be decisively different from results obtained
in zero-temperature ED or DMRG calculations.

V. INCOMMENSURATE PHASES

We now turn our attention to the two incommensurate
phases, IC1 and IC2. Conventional magnetic long-range order
is usually characterized by a single peak (and symmetryrelated copies) in the spin structure factor, which defines the
ordering vector in momentum space, cf. the structure factors
of the V1 and V2 vortex phases displayed in Fig. 4. Typically,
this ordering vector remains constant within the phase. This is,
however, qualitatively different in the incommensurate spiral
phases IC1 and IC2: Here, the associated ordering vector
evolves continuously within the phase upon variation of the
underlying exchange constants, yielding an ordering vector
kmax that is dependent on the angle α.
In the IC1 phase, the ordering vector shifts within the
first BZ along the line that connects the BZ center (the 
point) to the midpoint of the BZ edge (the M point). Upon
entry of the IC1 phase at α/π ≈ 0.15, the ordering vector
kmax is located approximately in the middle between the 
point and the M point, corresponding to a relative distance
dM ≈ 0.5, where dM = |kmax − k |/|kM − k | with k the
position of the  point, kM the position of the M point, and |.|
measures the usual Euclidean distance. When α is increased,
the structure factor peak monotonically shifts outwards until
it approaches the M point (dM = 1) near the phase boundary
at α/π ≈ 0.61. The precise trajectory of the peak is shown in
Fig. 5(a).

FIG. 5. Incommensurate ordering vectors in the two incommensurate phases IC1 and IC2. The plots show the position kmax of
the structure factor peak within the Brillouin zone. (a) The peak
in the IC1 phase moves continuously on the momentum-space line
(indicated as a red arrow in the inset) from the BZ center ( point,
corresponds to relative distance dM = 0) to the BZ edge (M point,
corresponds to relative distance dM = 1) as a function of the angle
α. The dashed lines indicate the phase boundaries of the IC1 phase.
(b) Relative distance of the peak in the IC2 phase between the  
point and the M  point.

Similarly, in the IC2 phase, the ordering vector continuously shifts along the edge of the extended BZ. Unlike in
the IC1 phase, however, the shift is nonmonotonic. As shown
in Fig. 5(b), at the lower phase boundary (α/π ≈ 1.12) the
peak starts out near the midpoint of the extended BZ edge
(M  point), dM   ≈ 0.9, retracts closer towards the extended
BZ corner (  point) deep inside the IC2 phase, dM   ≈ 0.7,
before extending again towards the M  point near the upper
phase boundary (α/π ≈ 1.34), dM   ≈ 0.8.
A continuous shifting of the incommensurate magnetic
ordering vector can often be cumbersome for numerical
studies on finite lattices: If the lattice is treated with open
boundary conditions, boundary effects can become sizable.
If, on the other hand, periodic boundary conditions are applied, only a restricted set of momentum points within the
Brillouin zone can be resolved [cf. Fig. 6(b)]. Within the
pf-FRG approach, however, we were able to treat the system
in the thermodynamic limit where the continuous momentum dependence of the ordering vector is accessible. We
now complement our calculations on the infinite system with
additional pf-FRG calculations on a semi-infinite cylinder
in an attempt to estimate the impact of periodic boundary
conditions. We chose a rhombic unit cell as depicted in
Fig. 6(a) and consider a cylinder with a 6-site (3 unit cell)
circumference, which has also been employed in previous
DMRG calculations [39,40]. Potential anisotropies in the
ground state that may result from the geometric constraints
can be quantified via the deviation of the nearest-neighbor
spin correlation χij on a μ-bond (μ = x, y, z) from the mean
value across all three types of bonds. We thus define the
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FIG. 6. Finite cylinder geometry. (a) The rhombic unit cell is
indicated by dashed lines. The cylinder extends infinitely in the a1
direction and is assumed to have periodic boundary conditions in the
a2 direction. (b) Red lines indicate lines of allowed momenta within
the extended BZ for a circumference of 6 lattice sites (3 unit cells).
Dashed lines indicate the first BZ. (c) Explicit breaking of symmetry

by modulating the exchange constants (K,
) = (K, ) along the x
and y bonds.

FIG. 7. Bond anisotropy on a cylinder with rhombic unit cell
and 6-site circumference as a function of the angle α (blue curve),
c . Solid markers denote ζx = ζy ,
plotted at the characteristic scale 
open markers denote ζz . The grey shaded regions correspond to
the incommensurate phases IC1 and IC2, respectively. The yellow
curve shows the anisotropy on an infinite lattice with small explicit
symmetry breaking in the exchange constants,  = 0.01 (see text for
details).

anisotropy measure
ζμ =

3χμ
χx + χy + χz

− 1,

(3)

where χμ is a shorthand notation for the spin correlation χij
with i and j being nearest neighbors along a μ bond.
Performing the pf-FRG calculations on the cylinder gec remains
ometry, we find that the characteristic RG scale 
qualitatively unchanged across the full phase diagram. We
further observe that the anisotropy in the Kitaev spin liquid remains negligible, since the correlation length is short
compared to the cylinder circumference. In the magnetically
ordered phases, on the other hand, a finite anisotropy develops, see Fig. 7. Similar to the phase diagram in the
thermodynamic limit, there exists a striking resemblance between the first half of the phase diagram 0 < α/π < 1, and
the second half 1 < α/π < 2: Being negligible in the FM
(AFM) KSL phase, the anisotropy becomes finite upon entering the incommensurate phase IC1 (IC2), continuously
growing larger as the angle α is increased, reaching its maximum near the phase transition into the V1 (V2) phase. The
finite extent of the anisotropy into the V1 and V2 ordered
phases may seem surprising, since the phases nucleate around
the special points αFM and αAFM , respectively, where it is
known that the underlying magnetic order is compatible with
the rhombic 6-site cylinder geometry [73]. Yet, our observation of finite anisotropy is in agreement with the weak
incommensurate shift of subleading peaks in the corresponding structure factors away from the special points, which we
discussed in Sec. IV. This incommensurate displacement is
largest at the phase boundary and vanishes near the special
points—similarly, we observe that the anisotropy vanishes as
the special points are approached, cf. Fig. 7.
Having established the different proliferation of anisotropy
across the various phases on a cylinder geometry, we now
assess the absolute magnitude of the anisotropy. To this end,
we compare our results on the cylinder geometry to a system

in the thermodynamic limit, where we explicitly break the
rotational symmetry in the Hamiltonian. In the model Hamiltonian Eq. (1) we thus replace the exchange constants K and
 on the x bonds and y bonds by modified interactions
 
 

K
K
= (1 + ) ×
,
(4)



where  parameterizes the strength of the initial symmetry
breaking [cf. Fig. 6(c)]. For a negligible symmetry breaking
( = 0.01) in the initial model we do not observe a substantial RG flow towards an enhanced anisotropy, as shown in

Fig. 7. Instead, the anisotropy measure ζμc , plotted at the
c , remains small and with little variation
characteristic scale 
across the different phases when compared to the anisotropy
arising on the cylinder geometry. We find that the level of
anisotropy induced by the cylinder geometry would require a
more substantial initial symmetry-breaking of approximately
 ≈ 0.05—though we note that the absolute magnitude of the
anisotropy measure is of limited meaning, since within the pfFRG approach we can only trace its evolution up to the phase
transition at the critical scale c , and we cannot estimate the
value it assumes deep within the ordered phase. Regardless,
these results suggest that the tendency of the ground state
configuration to become anisotropic in the incommensurate
phases IC1 and IC2, but also in the vortex phases V1 and
V2, is significantly enhanced on the cylinder geometry, and
a careful finite-size analysis is crucial in this setting.
VI. CONCLUSIONS

We have mapped out the phase diagram of the spin-1/2
Kitaev- model defined in Eq. (1) as a function of the angle
α, which parameterizes the ratio of Kitaev and  interactions, utilizing a pf-FRG approach, which is sensitive to both
quantum and thermal fluctuations. Away from the pure Kitaev
limit, we have identified four extended, magnetically ordered
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phases, which are stabilized by nonvanishing  interactions
at finite temperature: the incommensurate spiral phases IC1
and IC2, as well as the vortex phases V1 and V2; we further
identified two narrow phases with predominantly FM and
AFM magnetic correlations, respectively.
In comparison to the pronounced breakdown of the RG
flow in in the vortex phases V1 and V2, the breakdown
in the incommensurate phases IC1 and IC2 is less distinct
c , which we
and happens at a low characteristic scale 
associate with a low ordering temperature. In light of previous zero-temperature ED calculations, which revealed a
close competition of many competing phases in the parameter regions in question [38], the observation of a suppressed
ordering temperature seems plausible. However, some uncertainty about the interpretation of the breakdown of the RG
flow remains, since it does not manifest as a true divergence.
The classification of a finite kink in the RG flow as either a
genuine flow breakdown, or merely a non-analytic feature,
introduces some ambiguity—which is an inherent limitation
of the pf-FRG approach. In this paper, we followed a classification scheme for the flow breakdown, which is based on the
finite-size scaling behavior of the RG flow and has proven useful in previous studies [68]. Yet, a more rigorous classification
would be desirable, since even the finite-size scaling approach
cannot fully resolve all ambiguity and could, in principle,
overestimate magnetic ordering tendencies. Such a rigorous
approach seems within reach: Only recently, a truncation of
the flow equations has been proposed, which goes beyond the
standard pf-FRG truncation employed here. For Heisenberglike quantum spin models, it was demonstrated that this
so-called multiloop pf-FRG scheme can significantly sharpen
the signature of the flow breakdown and consequently reduce
uncertainty [69,70]. It would thus be an exciting project for
future research to generalize the multiloop truncation to microscopic spin models with reduced symmetry, akin to the one
studied here.
Regardless of their eventual stability, we were able to
identify the leading magnetic ordering channels in the
thermodynamic limit and explicitly resolve the role of incommensurate magnetic correlations, which could only be
speculated on in previous finite-size calculations. Most notably, we showed that large portions of the phase diagram,
namely the IC1 and IC2 regions, are governed by incommensurate magnetic correlations, which continuously evolve
under variation of the angle α. On a more subtle note, in the

vortex phase V1 (V2), we observed a small incommensurate
drift of subleading peaks around the corners of the Brillouin
zone, which vanishes near the special point αFM (αAFM ),
where the Kitaev- model becomes dual to the Heisenberg
ferromagnet (antiferromagnet).
In order to aid the interpretation of our results and to
connect to previous zero-temperature numerical results on
finite lattices, obtained, e.g., by ED or DMRG calculations,
we further performed pf-FRG calculations on a semi-infinite
cylinder. We found that a significant lattice anisotropy in the
two-spin correlation function arises if the underlying magnetic
order is incompatible with the periodic boundary conditions
of the cylinder geometry. The latter is naturally the case for
incommensurate magnetic order, i.e., in the incommensurate
phases IC1 and IC2. Yet, we also observed the anisotropy to
extend into the vortex phases V1 and V2, which we associate with the weak incommensurability effect of subdominant
peaks showing a small drift near the corners of the Brillouin
zone. The anisotropy vanishes concurrently with the displacement of subdominant peaks when the special point αFM or
αAFM , respectively, is approached.
Going beyond the scope of our current work, where we
focused on the minimal Kitaev- model for a general set of
Kitaev honeycomb materials, it would be instructive to extend the analysis to cover more specific material parameters,
informed by ab initio calculations, and potentially including Heisenberg and   interactions. Incorporating these extra
interactions in the pf-FRG approach is straight-forward. Eventually, it would also be interesting to study the related model
on the hyperhoneycomb lattice, which is relevant to the Kitaev material β-Li2 IrO3 —in a three-dimensional setting, the
pf-FRG approach would have a decisive advantage over other
numerical techniques like ED or DMRG, which are severely
limited by finite system sizes.

[1] L. Balents, Spin liquids in frustrated magnets, Nature (London)
464, 199 (2010).
[2] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L.
Balents, Correlated quantum phenomena in the strong
spin-orbit regime, Annu. Rev. Condens. Matter Phys. 5, 57
(2014).
[3] L. Savary and L. Balents, Quantum spin liquids, Rep. Prog.
Phys. 80, 016502 (2017).
[4] C. Broholm, R. J. Cava, S. A. Kivelson, D. G. Nocera, M. R.
Norman, and T. Senthil, Quantum spin liquids, Science 367,
eaay0668 (2020).

[5] A. Kitaev, Anyons in an exactly solved model and beyond, Ann.
Phys. (NY) 321, 2 (2006).
[6] J. Nasu, M. Udagawa, and Y. Motome, Vaporization of Kitaev
Spin Liquids, Phys. Rev. Lett. 113, 197205 (2014).
[7] J. Nasu, M. Udagawa, and Y. Motome, Thermal fractionalization of quantum spins in a Kitaev model: Temperature-linear
specific heat and coherent transport of Majorana fermions,
Phys. Rev. B 92, 115122 (2015).
[8] K. O’Brien, M. Hermanns, and S. Trebst, Classification of gapless Z2 spin liquids in three-dimensional Kitaev models, Phys.
Rev. B 93, 085101 (2016).

ACKNOWLEDGMENTS

We thank Matthias Gohlke for helpful discussions. Parts
of the numerical simulations were performed on the Cedar
cluster, hosted by WestGrid and Compute Canada. This work
is supported by the NSERC of Canada and the Center for
Quantum Materials at the University of Toronto. Y.B.K. is
also supported by the Killam Research Fellowship from the
Canada Council for the Arts.

184407-8

FUNCTIONAL RENORMALIZATION GROUP STUDY …

PHYSICAL REVIEW B 103, 184407 (2021)

[9] T. Eschmann, P. A. Mishchenko, K. O’Brien, T. A. Bojesen,
Y. Kato, M. Hermanns, Y. Motome, and S. Trebst, Thermodynamic classification of three-dimensional Kitaev spin liquids,
Phys. Rev. B 102, 075125 (2020).
[10] G. Jackeli and G. Khaliullin, Mott Insulators in the Strong
Spin-Orbit Coupling Limit: From Heisenberg to a Quantum
Compass and Kitaev Models, Phys. Rev. Lett. 102, 017205
(2009).
[11] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Spin-orbit physics
giving rise to novel phases in correlated systems: Iridates and
related materials, Annu. Rev. Condens. Matter Phys. 7, 195
(2016).
[12] S. Trebst, Kitaev materials, arXiv:1701.07056.
[13] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E.
Nagler, Concept and realization of Kitaev quantum spin liquids,
Nat. Rev. Phys. 1, 264 (2019).
[14] Y. Singh and P. Gegenwart, Antiferromagnetic Mott insulating state in single crystals of the honeycomb lattice material
Na2 IrO3 , Phys. Rev. B 82, 064412 (2010).
[15] J. Chaloupka, G. Jackeli, and G. Khaliullin, Kitaev-Heisenberg
Model on a Honeycomb Lattice: Possible Exotic Phases
in Iridium Oxides A2 IrO3 , Phys. Rev. Lett. 105, 027204
(2010).
[16] Y. Singh, S. Manni, J. Reuther, T. Berlijn, R. Thomale, W.
Ku, S. Trebst, and P. Gegenwart, Relevance of the HeisenbergKitaev Model for the Honeycomb Lattice Iridates A2 IrO3 , Phys.
Rev. Lett. 108, 127203 (2012).
[17] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V. Shankar, Y. F.
Hu, K. S. Burch, H. Y. Kee, and Y. J. Kim, α-RuCl3 : A spinorbit assisted Mott insulator on a honeycomb lattice, Phys. Rev.
B 90, 041112(R) (2014).
[18] A. Banerjee, C. A. Bridges, J. Q. Yan, A. A. Aczel, L. Li, M. B.
Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J. Knolle, S.
Bhattacharjee, D. L. Kovrizhin, R. Moessner, D. A. Tennant,
D. G. Mandrus, and S. E. Nagler, Proximate Kitaev quantum
spin liquid behaviour in a honeycomb magnet, Nat. Mater. 15,
733 (2016).
[19] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone,
M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner,
and S. E. Nagler, Neutron scattering in the proximate quantum
spin liquid α-RuCl3 , Science 356, 1055 (2017).
[20] Y. Kasahara, T. Ohnishi, Y. Mizukami, O. Tanaka, S. Ma, K.
Sugii, N. Kurita, H. Tanaka, J. Nasu, Y. Motome, T. Shibauchi,
and Y. Matsuda, Majorana quantization and half-integer thermal
quantum Hall effect in a Kitaev spin liquid, Nature (London)
559, 227 (2018).
[21] L. E. Chern, E. Z. Zhang, and Y. B. Kim, Sign Structure of
Thermal Hall Conductivity for In-Plane-Field Polarized Kitaev
Magnets, Phys. Rev. Lett. 126, 147201 (2021).
[22] T. Takayama, A. Kato, R. Dinnebier, J. Nuss, H. Kono, L. S. I.
Veiga, G. Fabbris, D. Haskel, and H. Takagi, Hyperhoneycomb
Iridate β-Li2 IrO3 as a Platform for Kitaev Magnetism, Phys.
Rev. Lett. 114, 077202 (2015).
[23] E. K. H. Lee, R. Schaffer, S. Bhattacharjee, and Y. B. Kim,
Heisenberg-Kitaev model on the hyperhoneycomb lattice, Phys.
Rev. B 89, 045117 (2014).
[24] I. Kimchi, J. G. Analytis, and A. Vishwanath, Threedimensional quantum spin liquids in models of harmonichoneycomb iridates and phase diagram in an infinite-D
approximation, Phys. Rev. B 90, 205126 (2014).

[25] E. K. H. Lee and Y. B. Kim, Theory of magnetic phase diagrams
in hyperhoneycomb and harmonic-honeycomb iridates, Phys.
Rev. B 91, 064407 (2015).
[26] H. S. Kim, E. K. H. Lee, and Y. B. Kim, Predominance of
the Kitaev interaction in a three-dimensional honeycomb iridate: From ab initio to spin model, Europhys. Lett. 112, 67004
(2015).
[27] E. K. H. Lee, J. G. Rau, and Y. B. Kim, Two iridates, two models, and two approaches: A comparative study on magnetism
in three-dimensional honeycomb materials, Phys. Rev. B 93,
184420 (2016).
[28] R. Schaffer, E. Kin-Ho Lee, B. J. Yang, and Y. B. Kim, Recent
progress on correlated electron systems with strong spin-orbit
coupling, Rep. Prog. Phys. 79, 094504 (2016).
[29] B. Huang, W. Choi, Y. B. Kim, and Y. M. Lu, Classification
and properties of quantum spin liquids on the hyperhoneycomb
lattice, Phys. Rev. B 97, 195141 (2018).
[30] W. Choi, T. Mizoguchi, and Y. B. Kim, NonsymmorphicSymmetry-Protected
Topological
Magnons
in
Three-Dimensional Kitaev Materials, Phys. Rev. Lett. 123,
227202 (2019).
[31] S. M. Winter, Y. Li, H. O. Jeschke, and R. Valentí, Challenges
in design of Kitaev materials: Magnetic interactions from competing energy scales, Phys. Rev. B 93, 214431 (2016).
[32] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. Van Den Brink, Y.
Singh, P. Gegenwart, and R. Valentí, Models and materials for
generalized Kitaev magnetism, J. Phys.: Condens. Matter 29,
493002 (2017).
[33] F. Bahrami, W. Lafargue-Dit-Hauret, O. I. Lebedev, R.
Movshovich, H.-Y. Yang, D. Broido, X. Rocquefelte, and F.
Tafti, Thermodynamic Evidence of Proximity to a Kitaev Spin
Liquid in Ag3 LiIr 2 O6 , Phys. Rev. Lett. 123, 237203 (2019).
[34] K. Kitagawa, T. Takayama, Y. Matsumoto, A. Kato, R. Takano,
Y. Kishimoto, S. Bette, R. Dinnebier, G. Jackeli, and H. Takagi,
A spin-orbital-entangled quantum liquid on a honeycomb lattice, Nature (London) 554, 341 (2018).
[35] Y. Li, S. M. Winter, and R. Valentí, Role of Hydrogen in the
Spin-Orbital-Entangled Quantum Liquid Candidate H3 LiIr 2 O6 ,
Phys. Rev. Lett. 121, 247202 (2018).
[36] R. Yadav, R. Ray, M. S. Eldeeb, S. Nishimoto, L. Hozoi, and J.
Van Den Brink, Strong Effect of Hydrogen Order on Magnetic
Kitaev Interactions in H3 LiIr 2 O6 , Phys. Rev. Lett. 121, 197203
(2018).
[37] J. A. Sears, L. E. Chern, S. Kim, P. J. Bereciartua, S. Francoual,
Y. B. Kim, and Y. J. Kim, Ferromagnetic Kitaev interaction and
the origin of large magnetic anisotropy in α-RuCl3 , Nat. Phys.
16, 837 (2020).
[38] J. G. Rau, E. K. H. Lee, and H. Y. Kee, Generic Spin Model for
the Honeycomb Iridates Beyond the Kitaev Limit, Phys. Rev.
Lett. 112, 077204 (2014).
[39] M. Gohlke, G. Wachtel, Y. Yamaji, F. Pollmann, and Y. B.
Kim, Quantum spin liquid signatures in Kitaev-like frustrated
magnets, Phys. Rev. B 97, 075126 (2018).
[40] M. Gohlke, L. E. Chern, H.-Y. Kee, and Y. B. Kim, Emergence of nematic paramagnet via quantum order-by-disorder
and pseudo-Goldstone modes in Kitaev magnets, Phys. Rev.
Research 2, 043023 (2020).
[41] S. C. Williams, R. D. Johnson, F. Freund, S. Choi, A. Jesche,
I. Kimchi, S. Manni, A. Bombardi, P. Manuel, P. Gegenwart,
and R. Coldea, Incommensurate counterrotating magnetic

184407-9

FINN LASSE BUESSEN AND YONG BAEK KIM

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

PHYSICAL REVIEW B 103, 184407 (2021)

order stabilized by Kitaev interactions in the layered honeycomb α-Li2 IrO3 , Phys. Rev. B 93, 195158 (2016).
A. Biffin, R. D. Johnson, S. Choi, F. Freund, S. Manni, A.
Bombardi, P. Manuel, P. Gegenwart, and R. Coldea, Unconventional magnetic order on the hyperhoneycomb Kitaev lattice in
β-Li2 IrO3 : Full solution via magnetic resonant x-ray diffraction, Phys. Rev. B 90, 205116 (2014).
I. Rousochatzakis and N. B. Perkins, Magnetic field induced
evolution of intertwined orders in the Kitaev magnet β-Li2 IrO3 ,
Phys. Rev. B 97, 174423 (2018).
S. Ducatman, I. Rousochatzakis, and N. B. Perkins, Magnetic
structure and excitation spectrum of the hyperhoneycomb Kitaev magnet β-Li2 IrO3 , Phys. Rev. B 97, 125125 (2018).
J. Wang, B. Normand, and Z.-X. Liu, One Proximate Kitaev
Spin Liquid in the K-J- Model on the Honeycomb Lattice,
Phys. Rev. Lett. 123, 197201 (2019).
J. Wang and Z.-X. Liu, Symmetry-protected gapless spin liquids
on the strained honeycomb lattice, Phys. Rev. B 102, 094416
(2020).
H.-Y. Lee, R. Kaneko, L. E. Chern, T. Okubo, Y. Yamaji,
N. Kawashima, and Y. B. Kim, Magnetic-field induced quantum phases in tensor network study of Kitaev magnets, Nat.
Commun. 11, 1639 (2020).
A. Catuneanu, Y. Yamaji, G. Wachtel, Y. B. Kim, and H.-Y.
Kee, Path to stable quantum spin liquids in spin-orbit coupled
correlated materials, npj Quantum Mater. 3, 23 (2018).
L. E. Chern, R. Kaneko, H.-Y. Lee, and Y. B. Kim, Magnetic
field induced competing phases in spin-orbital entangled Kitaev
magnets, Phys. Rev. Research 2, 013014 (2020).
L. E. Chern, F. L. Buessen, and Y. B. Kim, Classical magnetic
vortex liquid and anomalous thermal Hall conductivity in frustrated magnets with bond-dependent interactions, npj Quantum
Mater. 6, 33 (2021).
W. Yang, A. Nocera, T. Tummuru, H.-Y. Kee, and I. Affleck,
Phase diagram of the Spin-1/2 Kitaev-Gamma Chain and Emergent SU(2) Symmetry, Phys. Rev. Lett. 124, 147205 (2020).
W. Yang, A. Nocera, E. S. Sørensen, H. Y. Kee, and I. Affleck,
Classical spin order near the antiferromagnetic Kitaev point in
the spin-1/2 Kitaev-Gamma chain, Phys. Rev. B 103, 054437
(2021).
Q. Luo, J. Zhao, X. Wang, and H.-Y. Kee, Unveiling the phase
diagram of a bond-alternating spin-1/2 K- chain, Phys. Rev. B
103, 144423 (2021).
E. S. Sørensen, A. Catuneanu, J. Gordon, and H.-Y. Kee, The
Heart of Entanglement: Chiral, Nematic, and Incommensurate
Phases in the Kitaev-Gamma Ladder in a Field, Phys. Rev. X
11, 011013 (2021).
J. Reuther and P. Wölfle, J1-J2 frustrated two-dimensional
Heisenberg model: Random phase approximation and functional renormalization group, Phys. Rev. B 81, 144410 (2010).
F. L. Buessen, V. Noculak, S. Trebst, and J. Reuther, Functional
renormalization group for frustrated magnets with non-diagonal
spin interactions, Phys. Rev. B 100, 125164 (2019).
F. L. Buessen, A functional renormalization group perspective
on quantum spin liquids in three-dimensional frustrated magnets, Ph.D. thesis, University of Cologne, 2019.

[58] W. Metzner, M. Salmhofer, C. Honerkamp, V. Meden, and
K. Schönhammer, Functional renormalization group approach
to correlated fermion systems, Rev. Mod. Phys. 84, 299
(2012).
[59] C. Wetterich, Exact evolution equation for the effective potential, Phys. Lett. B 301, 90 (1993).
[60] V. N. Popov and S. A. Fedotov, The functional-integration
method and diagram technique for spin systems, Sov. Phys.
JETP 67, 535 (1988).
[61] A. A. Katanin, Fulfillment of Ward identities in the functional renormalization group approach, Phys. Rev. B 70, 115109
(2004).
[62] M. L. Baez and J. Reuther, Numerical treatment of spin systems
with unrestricted spin length S: A functional renormalization
group study, Phys. Rev. B 96, 045144 (2017).
[63] F. L. Buessen, D. Roscher, S. Diehl, and S. Trebst, Functional
renormalization group approach to SU(N) Heisenberg models: Real-space RG at arbitrary N, Phys. Rev. B 97, 064415
(2018).
[64] D. Roscher, F. L. Buessen, M. M. Scherer, S. Trebst, and S.
Diehl, Functional renormalization group approach to SU(N)
Heisenberg models: Momentum-space RG for the large-N limit,
Phys. Rev. B 97, 064416 (2018).
[65] F. L. Buessen, M. Hering, J. Reuther, and S. Trebst, Quantum
Spin Liquids in Frustrated Spin-1 Diamond Antiferromagnets,
Phys. Rev. Lett. 120, 057201 (2018).
[66] N. Niggemann, M. Hering, and J. Reuther, Classical spiral spin
liquids as a possible route to quantum spin liquids, J. Phys.:
Condens. Matter 32, 024001 (2020).
[67] A. Keles and E. Zhao, Absence of Long-Range Order in a
Triangular Spin System with Dipolar Interactions, Phys. Rev.
Lett. 120, 187202 (2018).
[68] D. Kiese, F. L. Buessen, C. Hickey, S. Trebst, and M. M.
Scherer, Emergence and stability of spin-valley entangled quantum liquids in moiré heterostructures, Phys. Rev. Research 2,
013370 (2020).
[69] D. Kiese, T. Mueller, Y. Iqbal, R. Thomale, and S. Trebst, Multiloop functional renormalization group approach to quantum
spin systems, arXiv:2011.01269.
[70] J. Thoenniss, M. K. Ritter, F. B. Kugler, J. von Delft, and
M. Punk, Multiloop pseudofermion functional renormalization
for quantum spin systems: Application to the spin-1/2 kagome
Heisenberg model, arXiv:2011.01268.
[71] Y. Iqbal, R. Thomale, F. Parisen Toldin, S. Rachel, and
J. Reuther, Functional renormalization group for threedimensional quantum magnetism, Phys. Rev. B 94, 140408(R)
(2016).
[72] P. Ghosh, Y. Iqbal, T. Müller, R. T. Ponnaganti, R. Thomale,
R. Narayanan, J. Reuther, M. J. Gingras, and H. O. Jeschke,
Breathing chromium spinels: A showcase for a variety of pyrochlore Heisenberg Hamiltonians, npj Quantum Mater. 4, 63
(2019).
[73] J. Chaloupka and G. Khaliullin, Hidden symmetries of
the extended Kitaev-Heisenberg model: Implications for the
honeycomb-lattice iridates A2 IrO3 , Phys. Rev. B 92, 024413
(2015).

184407-10

