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The layered honeycomb magnet a-LisIrOs has been theoretically proposed as a candidate to
display unconventional magnetic behaviour associated with Kitaev interactions between spin-orbit
entangled jer = 1/2 magnetic moments on a honeycomb lattice. Here we report single crystal
magnetic resonant x-ray diffraction combined with powder magnetic neutron diffraction to reveal an
incommensurate magnetic order in the honeycomb layers with Ir magnetic moments counterrotating
on nearest-neighbor sites. This unexpected type of magnetic structure for a honeycomb magnet
cannot be explained by a spin Hamiltonian with dominant isotropic (Heisenberg) couplings. The
magnetic structure shares many key features with the magnetic order in the structural polytypes -
and v-Li2IrOs, understood theoretically to be stabilized by dominant Kitaev interactions between
Ir moments located on the vertices of three-dimensional hyperhoneycomb and stripyhoneycomb
lattices, respectively. Based on this analogy and a theoretical soft-spin analysis of magnetic ground
states for candidate spin Hamiltonians, we propose that Kitaev interactions also dominate in a-
Li»IrOs, indicative of universal Kitaev physics across all three members of the harmonic honeycomb

family of Li2IrOs polytypes.

PACS numbers: 75.25.-j, 75.10.Jm

I. INTRODUCTION

Magnetic materials in the strong spin-orbit regime are
attracting much interest as candidates to display uncon-
ventional magnetic states stabilized by frustration effects
from bond-dependent anisotropic interactions.! One of
the most theoretically studied Hamiltonians with bond-
dependent interactions is the Kitaev model on the hon-
eycomb lattice, where all bonds carry an Ising exchange,
but the three bonds meeting at each lattice site have
reciprocally orthogonal Ising axes (along cubic x,y and
z directions). This leads to strong frustration effects
that stabilize an exactly solvable quantum spin liquid
ground state,? with unconventional forms of magnetic
order predicted to occur when additional magnetic inter-
actions perturb the pure Kitaev limit.? % A;IrO3 materi-
als (A=Na, Li) with threefold coordinated, edge-sharing
IrOg octahedra have been proposed®? as prime candi-
dates to realize such physics as (i) the combination of
strong spin-orbit coupling and the near-cubic crystal field
stabilize a jog = 1/2 spin-orbit entangled magnetic mo-
ment at the Ir site, (ii) for edge-sharing bonding geom-
etry superexchange between neighboring Ir moments is
expected to be (to leading order) of Ising form, coupling
only the moment components perpendicular to the plane
of the Ir-Oq-Ir square plane of the bond, and (iii) the
three bonds emerging out of each Ir lattice site have near-
orthogonal Ir-Oq-Ir planes. These are key ingredients for

frustrated bond-dependent, anisotropic interactions.

The first material to be explored in search of Kitaev
physics was NasIrO3, which has a layered crystal struc-
ture where edge-sharing IrOg octahedra form a honey-
comb arrangement. The Ir moments order magnetically®
at low temperature in a zigzag magnetic structure® !
(ferromagnetic zigzag chains ordered antiferromagneti-
cally in the honeycomb plane), which was proposed to
be stabilized by many competing interactions.® Evidence
for Kitaev couplings was provided by the observation of a
locking between the spin fluctuations direction and wave
vector.'? LipIrO3 can also be prepared in an isostruc-
tural form (o phase, Ref. 13) with Na™ replaced by Lit.
Furthermore, two other structural polytypes, 8- [Ref. 14]
and 4-LioIrO3 [Ref. 15] have also been recently synthe-
sized. Both latter structures share the same building
blocks of three-fold coordinated, edge-sharing IrOg oc-
tahedra, but rather than being arranged in honeycomb
layers, now the IrOg octahedra form three-dimensionally
connected structures, called hyperhoneycomb and stripy-
honeycomb, respectively. All three polytypes can be sys-
tematically understood as members of a “harmonic hon-
eycomb” structural series.'® This multitude of structural
polytypes for LioIrOs is attributed to the fact that Lit
and Ir*T have rather comparable ionic radii (Nat is a
much larger ion, so only the layered honeycomb struc-
ture appears to form). Both 8- and ~-LisIrO3 show
incommensurate magnetic structures with counterrotat-



ing moments,'®!7 understood theoretically to be sta-

bilized by dominant Kitaev interactions and additional
small terms;'%'819 surprisingly, the 8 and v magnetic
structures are so similar that they can be considered
as “equivalent”,!” leading to proposals of universality
of the magnetism in the family of harmonic honeycomb
iridates.2?

Motivated by those ideas we have performed detailed
experimental studies of the magnetic order in the lay-
ered polytype a-LisIrOg, for which early susceptibility
and specific heat measurements in powder samples?! have
indicated magnetic long-range ordering below ~15 K.
No experimental studies of the magnetic structure have
been reported so far, however many theoretical propos-
als have been put forward for rather exotic magnetic
structures.* 620:22 On the honeycomb lattice many dis-
tinct types of magnetic orders are symmetry allowed, es-
pecially for the case of an incommensurate propagation
vector, so a complete experimental magnetic structure
solution is required in order to provide vital constraints
for candidate theoretical models. Using a sample syn-
thesis method not applied to iridates before, we have re-
cently obtained phase-pure, single crystals of a-LisIrOg
and here we report magnetic resonant x-ray diffraction
(MRXD) measurements on those crystals, combined with
magnetic powder neutron diffraction measurements and
symmetry analysis to determine a complete magnetic
structure solution. We find an incommensurate magnetic
order in the honeycomb layers with counterrotating Ir
moments on every nearest neighbor bond. We comple-
ment the experimental results with a theoretical soft-spin
analysis?? and propose a minimal nearest-neighbor spin
Hamiltonian with dominant Kitaev interactions and ad-
ditional small terms, which naturally explains the sta-
bility of the observed incommensurate structure and the
many common features with the magnetic structures in
the 8 and ~ polytypes. Our results emphasize that Ki-
taev interactions between spin-orbit entangled jog = 1/2
Ir** magnetic moments lead to universal magnetism in
all three members of the harmonic honeycomb LisIrO3
polytypes.

The paper is organized as follows. Section ITA
presents the single-crystal MRXD measurements, which
observe magnetic diffraction peaks with an incommensu-
rate propagation vector ¢ = (0.32(1),0,0). The observed
diffraction pattern is analyzed in terms of magnetic basis
vectors, and their polarization and relative phase are de-
termined from the azimuth dependence of the diffraction
intensities in Sec. IIB. The absolute value of the or-
dered magnetic moment is extracted from neutron pow-
der diffraction data in Sec. III. The obtained magnetic
structure is presented in Sec. IV and similarities with
the magnetic structures in the g- and ~-polytypes are
discussed in Sec. V. Finally, conclusions are summarized
in Sec. VI. The Appendixes contain (A) technical details
of the magnetic symmetry analysis and the decomposi-
tion of the magnetic structure in terms of its Fourier
components, (B) description of the crystal and magnetic
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FIG. 1. (color online) Magnetic peak at (1,1,6)—q. (a)-
(c) Scans along three different reciprocal space directions
(filled/open symbols are at base temperature/above Ty).
Solid lines are fits to a Lorentzian-squared shape [panel (b)
shows a side shoulder attributed to the finite sample mosaic].
(d) Temperature dependence of the integrated peak intensity
(solid line is guide to the eye). (e) Energy scan through the
magnetic peak (thick blue solid symbols) showing a large res-
onant enhancement with a maximum at the onset edge of the
fluorescence signal from the sample (black solid line, scaled).
In contrast, the same energy scan through a structural peak
(dotted line) shows minimum intensity near resonance (due
to increased x-ray absorption). Data points in all panels are
shown with an estimate of the incoherent background sub-
tracted off.

structure of a-LisIrO3 in terms of the orthorhombic axes
common to the § and « polytypes, (C) derivation of the
direct link between the counterrotation of magnetic mo-
ments and the antiphase behavior of the MRXD intensity
at +q magnetic satellites, and (D) a theoretical analysis
of the minimal model Hamiltonian that could stabilize
the observed magnetic structure in a-LisIrOg.

II. MAGNETIC RESONANT X-RAY
DIFFRACTION

A. Experimental results

MRXD experiments were performed using the 116
beamline at Diamond with photon energies near the Lg
edge of Ir. The sample was a single crystal of a-LisIrOg
(maximum dimension ~200 pm, the crystal synthesis and
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FIG. 2. (a) Schematic diagram of the (hkG6) reciprocal plane
with filled circles, diamonds and magenta crosses indicating
positions of structural peaks, measured magnetic peaks and
the absence of peaks, respectively. Lattice points are also la-
belled by the magnetic basis vectors that have finite structure
factor for magnetic peaks at satellite +q positions. (b) Scan
along the (h,0,6) direction observing structural peaks at in-
teger h = 0,2 (intensity scaled by 3 x 10~* for clarity), and
magnetic peaks at satellite positions h = 0 + ¢,2 + ¢q. Solid
(red) line is the calculated magnetic scattering intensity® for
the magnetic structure model depicted in Fig. 5. Data points
are raw counts with an estimate of the incoherent background
subtracted off.

characterization is described elsewhere,?®) placed with
the (001) axis approximately surface normal onto on a Si
(111) plate, and cooled using a closed-cycle refrigerator
with a Be dome. With the x-ray energy tuned to reso-
nance at 11.217 keV, and the sample temperature set to
~ 5 K, diffraction peaks were observed at satellite posi-
tions T + g of allowed structural reflections, T = (h, k,1)
with h + k = even, and with the propagation vector?*
g = (0.32(1),0,0). Throughout we label wave vectors in
reciprocal lattice units of the structural monoclinic unit
cell with space group C2/m (for more details, see Ap-
pendix A). A representative scan is shown in Fig. 1(a)
(solid circles). Also shown are data points collected at
high temperature (17 K, open circles), which illustrate
that this diffraction signal is only present at low temper-
atures. The temperature dependence of the integrated
peak intensity is shown in Fig. 1(d), and was found to
have a typical order-parameter behavior with an onset
temperature Ty = 14.4(2) K, which essentially coincides
with the transition temperature to magnetic order in-
ferred from earlier specific heat and susceptibility mea-
surements on powder samples.?! We therefore attribute
the satellite peaks to x-ray diffraction from the periodic
magnetic order of Ir moments. The satellite peaks were
as sharp as structural peaks in scans along all three re-
ciprocal space directions [representative scans shown in
Figs. 1(a)-1(c)], indicating coherent, three-dimensional
long-range magnetic order. The magnetic origin of the

satellite reflections is further confirmed by the intensity
dependence on the x-ray energy. Figure 1(e)(blue solid
symbols) shows that the peak intensity has a large res-
onant enhancement, as characteristic of magnetic x-ray
diffraction. The empirically observed x-ray resonance en-
ergy is similar to values found in other iridates®!%17 and
agrees well with the edge of the measured fluorescence
signal from the sample [black solid line in Fig. 1(e)].

We note that the observed propagation vector q is close
to the commensurate wave vector (1/3,0,0), which cor-
responds to an exact tripling of the unit cell along a;
however, this commensurate wave vector is not a special
high symmetry point in the Brillouin zone of the struc-
tural C2/m space group, but has the same symmetry
as any general point in the (h0l) plane. In the follow-
ing analysis of the magnetic structure we therefore treat
q as a general incommensurate wave vector. The fact
that q has no component along ¢* has a natural physical
interpretation: adjacent honeycomb layers are stacked
ferromagnetically along c.

B. Magnetic basis vectors

Systematic surveys in reciprocal space revealed that
satellite peaks occurred only around structural Bragg
peaks. For example, Fig. 2(b) shows a scan along the
(h,0,6) direction where the red solid line highlights the
observed magnetic peaks at h = 0 £+ ¢ and 2 £ ¢, with no
magnetic signal at h = 14-¢ [magenta crosses in Fig. 2(a);
several azimuth values were tested, not shown]. There-
fore, the magnetic structure can be fully described in
terms of Fourier components of magnetic moments lo-
cated in the structural primitive cell. «a-LisIrOs has a
monoclinic crystal structure with space group C'2/m with
two Ir atoms in the primitive cell, labeled here as Irl
at (0,y,0) and Ir2 at (0, —y,0) with y = 0.3332, where
the atomic fractional coordinates are given in the C2/m
cell.1326 For a propagation vector g = (g, 0,0) symmetry
analysis®” in the C'2/m space group gives two magnetic
basis vectors with Fourier components at the two iridium
sites in phase or in antiphase, in shorthand notation la-
beled F' and A, respectively. The structure factors for the
two basis vectors for a magnetic reflection at wavevector
Q= (h,k,l) £ q are

St =2fc cos(2mky),
S84 = 2fc isin(27ky), (1)

where the prefactor fo = 1+ €™("tF) arises from the
C centering in the ab plane. Using the approximation
y ~ 1/3 implies that F basis vectors can contribute
to magnetic satellites of all structurally allowed peaks
(h+k = even), whereas A basis vectors could contribute
only to the subset of those with k # 3n, n integer. Below
we use those selection rules and the polarization depen-
dence of the MRXD cross section to determine which
basis vectors are present, their polarization, and relative
phase.
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FIG. 3. (color online) Integrated intensity as a function of
azimuth for three magnetic Bragg peaks: a) pure-F, b) and
c) paired satellites of mixed F'A character. Top diagram illus-
trates the scattering geometry. Data points (filled circles) are
integrated peak intensities from rocking curve scans corrected
for absorption and Lorentz factor. Thick (red) lines show fits
that include all contributions to the MRXD structure factor®
for the magnetic structure model (—iAy, F,, —iA.), depicted
in Fig. 5. Blue/green curves illustrate that other phase com-
binations of basis vectors are ruled out.

For a o-polarized incident beam (electric field normal
to the scattering plane) only the projection of the mag-
netic moments onto the scattered beam direction, K’ ,
contributes to the diffraction intensity.?® By rotating the
sample around the scattering vector, Q = k' — k, by
the azimuth angle, ¥, [see diagram in Fig. 3(a), inset]
the projection of the magnetic moments onto E’ changes,
giving a clear signature of the moment direction [in the

following we employ a convenient Cartesian set of axes
(x,y,z) derived from the monoclinic axes, x || a, y || b
and z || ¢*, to describe magnetic moment directions]. We
have measured the azimuth dependence for three mag-
netic peaks close to the sample surface normal, such that
the ¥ rotation is almost around (001). The origin, ¥ = 0,
is defined as the azimuth when the (100) direction is in
the scattering plane and pointing away from the x-ray
source. Figure 3(a) shows the azimuth scan for a pure-
F magnetic Bragg peak, (0,0,7) + q (S4|x=o = 0). The
intensity drops to essentially zero at ¥ = 0 and £180°
and has maxima near £90°, uniquely identifying this sig-
nal as originating from diffraction by y-moment compo-
nents, i.e., moments parallel to the crystallographic b axis
(solid red line). Scattering from z- and z-moment com-
ponents (shown by dash-dotted and dashed lines, respec-
tively) have a qualitatively different behavior and can be
clearly ruled out. This analysis identifies the presence
of a basis vector component F, and the absence (within
experimental accuracy) of F, and F,. Figures 3(b) and
3(c) show the azimuth dependence of the intensity for
the paired magnetic satellites (1,1,6) F q, where both
F and A basis vectors can contribute. A pure F, basis
vector (dashed line) cannot explain the observed peri-
odicity of the azimuth dependence, and fails to predict
the observed antiphase behavior of the intensity of the
two satellites. The data is naturally explained by adding
an A basis vector component to the magnetic ground
state with a comparable magnetic moment magnitude
to the F, component, polarized in the zz plane, and
with a m/2 phase difference. This basis vector combi-
nation, namely (—iA,, F,,, —iA.), was fit to the data as
shown by thick red lines in Figs. 3(a)-3(c), which gives
a good account of the observed angular intensity depen-
dence for all three azimuth scans. All other basis vector
combinations are ruled out qualitatively by the data as
illustrated by various (thin) lines in the figures. The
fit gives the relative magnetic moment magnitudes as
My : My : M, =0.12(2) : 1:0.74(4).

We note that the empirically determined basis vector
combination, (—iA,, F,, —iA.), corresponds to a single
irreducible representation, I'y, as listed in Table I. The
form of the magnetic structure is therefore fully consis-
tent with a continuous transition from paramagnetic to
magnetic order below Tx.

The absolute magnitude of the ordered magnetic mo-
ments is difficult to extract reliably from the MRXD data
as it requires accurate determination of scale factors be-
tween the magnetic and structural peaks [the latter being
~ 10* more intense; see Fig. 2(a)]. For this purpose we
use neutron diffraction where the structural and mag-
netic neutron scattering factors are comparable, allowing
one to reliably extract the magnetic scattering intensity
in absolute units.



TABLE I. Irreducible representations and basis vectors for a
magnetic structure with propagation vector g=(g¢,0,0). The
labels in brackets correspond to the Miller and Love notation
convention.??

Irreducible Basis
representation vectors
I'1(B1) Az, Fy, A,
I'2(B2) Fp, Ay, F,
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FIG. 4. (color online) Neutron powder diffraction at base tem-
perature (5.9 K, red circles) and in the paramagnetic regime
(30 K, brown circles) in the lowest-angle detector bank. The
four rows of marks below the pattern show (from top to bot-
tom) positions of structural a-Li2IrOs peaks, impurity phase
IrO2 peaks, aluminium peaks (from the sample sachet), and
magnetic Bragg peaks, respectively, and the blue line under-
neath represents the difference between data and fit. Insets:
zoom into the large d-spacing region showing the fundamen-
tal magnetic peak indexed as (000) + g (right panel). In all
panels the solid black line shows the fit (using FullProf*°) to
the structural and magnetic contributions as discussed in the
text.

IIT. NEUTRON POWDER DIFFRACTION

Neutron diffraction measurements were performed on
a 1.2 g powder sample of a-LipIrOs (synthesized as de-
scribed in Ref. 21) using the time-of-flight diffractometer
WISH at ISIS. Powder a-LisIrOjs is susceptible to ab-
sorb moisture when in contact with air, which leads to a
strong background signal due to incoherent neutron scat-
tering from the absorbed hydrogen. To minimize this ef-
fect the sample was heated to a temperature of 110°C un-
der a continuously pumped vacuum (10~ bars) for over
48 h immediately prior to the neutron diffraction exper-
iments. The sample was placed in an aluminium sachet
shaped into an annular cylinder (to minimize neutron ab-
sorption) and located inside a thin-walled vanadium can.
Cooling was provided by a closed cycle refrigerator and

the neutron diffraction pattern was collected at a selec-
tion of temperatures from base (5.9 K) to paramagnetic
(30 K).

Figure 4 shows the measured diffraction pattern in
the lowest angle bank of detectors and the right inset
shows a zoom of the large d-spacing region where the
fundamental magnetic peak indexed as (000) £ g was
clearly observed. We fit simultaneously four contribu-
tions to the diffraction data: structural peaks of the sam-
ple, structural peaks of an impurity phase identified as
IrO, (nonmagnetic), structural peaks of the aluminium
sachet containing the sample, and magnetic peaks of the
sample. The diffraction pattern did not allow for a full
refinement of the a-LisIrOg crystal structure due to rel-
ative peak intensities being affected by neutron absorp-
tion from iridium nuclei. We therefore fixed the internal
atomic positions to those reported by room-temperature
x-ray studies,'® and only refined the lattice parameters
and the atomic displacement parameters. This strategy
was found to be sufficient for scaling the magnetic mo-
ment magnitude. The magnetic structure model deduced
from the resonant x-ray data in Sec. II B with the basis
vector combination (—iA,,F,,—iA,), and fixed magni-
tude ratios M, /M, and M,/M,, was fitted to the data
with only the magnetic moment amplitude M, free to
vary. The overall fit is plotted as a solid black line in
Fig. 4 and shows excellent agreement with the data, both
for the structural pattern (main panel), as well as for the
magnetic pattern (insets). In particular, we note that
the model accounts very well for the observed strong in-
tensity of the fundamental magnetic peak (right inset)
and essentially zero measurable intensity at the nomi-
nal position of the second allowed magnetic peak (left
inset). The obtained ordered magnetic moment magni-
tude is 0.40(5)up when aligned along the b axis, which
is a lower bound owing to attenuation of the diffraction
peak intensity by Ir absorption. The propagation vector
was also fitted and found to be g=(0.319(5),0,0), con-
sistent with the value deduced from single-crystal x-ray
measurements.

IV. MAGNETIC STRUCTURE

Having determined the magnetic basis vectors, their
amplitudes, and relative phases, the magnetic structure
in real space is obtained via Fourier transformation as de-
tailed in Appendix A, Eq. (A2). The resulting magnetic
structure for one honeycomb layer is plotted in Fig. 5a).
We show the projection along the monoclinic c-axis to
better visualize the elliptical envelopes described by the
rotation of the magnetic moments when displaced along
the (horizontal) propagation direction. The elliptical en-
velopes have aspect ratio near 3:4 with the long axis along
b, and they are oriented in a plane that is almost normal
to the ab honeycomb layer (the precise orientation with
respect to the honeycomb layer is obtained by rotation
around the b axis by an angle tan_lf\% = 80.8 + 1.5°).



This tilt is illustrated in Fig. 5(b), which shows the pro-
jection of the magnetic structure onto the ac plane. An
important feature of the magnetic structure highlighted
in Fig. 5(a) is that nearest-neighbor sites in the honey-
comb lattice counterrotate; this is true both for nearest
neighbors of the zigzag chains along a, as well as for ver-
tically connected sites along b; see left curly arrows in
the figure. The counterrotation is a direct consequence of
the basis vector combination F), with ¢4, ., which means
that for Irl and Ir2 sites in the same primitive cell the
y moment components are parallel, whereas their per-
pendicular components in the xz plane are antiparallel,
leading to counterrotation of the moments on the two Ir
sublattices. In Appendix C we show that the counterro-
tation of moments has a characteristic signature in the
MRXD intensity via an interference scattering term that
alternates in sign between +q satellites of the same recip-
rocal lattice point, which leads to an antiphase behavior
of the intensity in azimuth scans. For a given azimuth
value, at one satellite the interference term is added and
at the other satellite it is subtracted, so when one mag-
netic satellite is strong the other is weak, and vice versa.
This effect is directly observed in our experiments at the
paired satellites (116) Fq in Figs. 3(b) and 3(c), which re-
veal a pronounced antiphase behavior of the intensity at
the two positions; this qualitative behavior of the inten-
sity cannot be explained by any other type of magnetic
structure (for more details, see Appendix C).

For a direct comparison between the observed mag-
netic structure and theoretical models for a two-
dimensional honeycomb lattice we show in Fig. 6b) a di-
agram of the reciprocal space of such a two-dimensional
honeycomb, where the blue stars indicate the location
of the empirically determined magnetic Bragg peaks of
a single honeycomb layer of a-LisIrOgs. In this case the
magnetic propagation vector has components (g,0) with
reference to a rectangular a x b unit cell [dashed rectangle
in Fig. 6(a)] of the honeycomb lattice.

V. DISCUSSION

Here we discuss the key features of the magnetic struc-
ture and possible spin Hamiltonians that could explain its
stability. Incommensurate magnetic orders on the hon-
eycomb lattice have been discussed theoretically for var-
ious frustrated spin Hamiltonians,* 62231 however, the
observed counterrotation of magnetic moments on every
nearest-neighbor bond is a highly nontrivial feature to
reproduce theoretically. As explained in Refs. 16 and
20 for a pair of spins that counterrotate the conven-
tional Heisenberg exchange energy is exactly zero at the
mean-field level, i.e., if magnetic moments S; and S,
in the unit cell are counterrotating in a common plane
then (J;;S; - S;) = 0, where (...) means the average
over that type of bond for all unit cells in the crys-
tal. So a spin Hamiltonian based on dominant Heisen-
berg exchanges cannot explain the observed structure.

X / |

FIG. 5. a) Magnetic structure in a honeycomb layer of «-
Li2IrO3 viewed along the monoclinic ¢ axis. Three unit cells
are shown horizontally (along the propagation direction) and
two vertically, with unit cell edges indicated by thin gray rect-
angles. The global phase of the moment rotation was chosen
such as to have the magnetic moments at the origin point-
ing straight up along the b axis. Left curly arrows illustrate
counterrotation of the magnetic moments between consecu-
tive sites along b. In unit cell 2 the light shaded ellipses show
the envelopes of the moment rotation. In unit cell 3 the color
coding of the bonds indicates the anisotropy axes of Kitaev
exchange (black, green, red for x, y, z, respectively). (b) Pro-
jection of the magnetic structure onto the ac plane showing
ferromagnetic order between adjacent layers stacked along c.
The magnetic propagation vector is along the horizontal di-
rection (a*, dashed arrow). Thin gray lines at each site give
the projection of the elliptical envelopes of moment rotation.
The Cartesian axes (z,y,2) used to describe the magnetic
moment components are shown in blue at the bottom of the
figure.



*  o-LiIrO,
O  Néel
@ zigzag

@ O stripy

FIG. 6. a) Honeycomb lattice showing the a x b unit cell
(dashed rectangle). b) Reciprocal space diagram of the hon-
eycomb lattice showing the position of the magnetic Bragg
peaks (blue stars) corresponding to the incommensurate mag-
netic order in a-Li>IrO3. Labels F' and A next to zone center
positions 7 indicate the character of the magnetic basis vec-
tors that can contribute to the intensity of the corresponding
magnetic Bragg peaks at 7 £ g. The inner solid line hexagon
is the first Brillouin zone of the honeycomb lattice, and the
other symbols are magnetic Bragg peak positions for other
types of magnetic structures such as Néel, “zigzag” with spins
ferromagnetically aligned on the zigzag bonds and antialigned
along the vertical bonds, and “stripy” with spins ferromagnet-
ically aligned along the vertical bonds and antialigned along
the zigzag bonds.

In particular, a Heisenberg model with couplings up to
third nearest neighbor can accommodate incommensu-
rate moment-rotating ground states in the phase diagram
with propagation vectors along the a axis (the so-called
H1 and H3 phases) or the b axis (H2 phase);*! how-
ever, all those phases share the key feature that magnetic
moments are corotating, in stark contrast to the exper-
imentally observed magnetic structure. Similarly, The
so-called IC, phase proposed for a model based on frus-
trated triplet ferromagnetic dimers?? of a-LisIrOs; does
have Bragg peaks with the same selection rules as plotted
in Fig. 6(b) (blue stars), however, the ordered moments
are corotating, so can also be ruled out. The positions
of the magnetic Bragg peaks can rule out other mag-
netic structure models, such as a “vertex phase”® with
Bragg peaks at the corners of the first Brillouin zone
[inner hexagon in Fig. 6(b)], or an incommensurate mag-
netic phase® continuously connected to the zigzag phase
observed in NasIrOg; such an incommensurate structure
would have the propagation vector oriented perpendic-
ular to the zigzag chains [of type (0,k), k < 1] in the
diagram in Fig. 6(b), contrary to the observed wave vec-
tor (g,0), oriented parallel to the zigzag chains.

In order to discuss other spin Hamiltonians that could
explain the stability of the observed magnetic structure
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FIG. 7. (a) Magnetic structure in v-LisIrOs projected onto
the orthorhombic a.c, plane (from Ref. 16). (b) For com-
parison, the magnetic structure in one honeycomb layer of
a-LizIrOg is plotted for a scaled propagation vector, fq, with
f = 0.89, such that it shows the same periodicity of mo-
ment rotation as in y-Li2IrOs. For both structures left curly
arrows indicate counterrotation of moments between consec-
utive sites along ¢, and both magnetic structures are plotted
for three orthorhombic cells along the horizontal direction. In
(a) light/dark shaded elliptical envelopes in unit cell 2 illus-
trate the alternation of the orientation of the plane of rotation
between adjacent vertically stacked zigzag chains, whereas no
such alternation occurs in the a magnetic structure [panel
(b)]. In unit cell 3 the color of bonds indicates the anisotropy
axis of Kitaev exchange with black/green/red for x,y,z. The
Kitaev axes are normal to the Ir-Os2-Ir bond planes and are
shown by the unit vectors X, ¥ (2 into the page), as defined in
Eq. (B2). In (b) the axes labels am, by, and ¢, indicate the
“symmetrized” monoclinic axes defined in Eq. (B1).



in a-LisIrOs it is insightful to make a comparison with
the magnetic order observed in the 5 and - polytypes of
LigIrOgs, as in all three cases the magnetic order is in-
commensurate with magnetic moments counterrotating
between nearest-neighbor sites. As explained in Ref. 20
the crystal structures of all three polytypes can be de-
scribed with reference to a common orthorhombic cell,
which coincides with the structural cell for the 5 and
~ structures. In this description the Ir honeycomb of
the a structure is contained in the diagonal orthorhom-
bic plane (a, + b,, ¢c,), where the subscript o indicates
orthorhombic axes. In Fig. 7a-b) we compare the mag-
netic structures of the v and « polytypes by looking at
their projection onto the orthorhombic a,c, plane; this
is a convenient comparison as the two iridium lattices
are identical in this projection (see Appendix B for de-
tails). For a-LisIrO3 [panel (b)] a hypothetical magnetic
structure is plotted with the same magnetic eigenvector
as found experimentally and plotted in Fig. 5, but for
a scaled propagation vector fq, where f ~ 0.89, chosen
such as to have the same periodicity of the magnetic order
as in the 7 structure [panel (a)] (for the scaled propaga-
tion vector fq the magnetic moment orientation repeats
almost every seven zigzag bonds as opposed to a repeat
almost every six bonds for the actual a@ magnetic struc-
ture). Direct comparison between the two panels of Fig. 7
shows that, apart from small variations in the moment
amplitudes, the two magnetic structures are essentially
the same up to a single qualitative difference, which is
the fact that the plane of moment rotation is alternating
between vertically stacked zigzag chains in the v phase
(see light /dark shading of the elliptical envelopes in unit
cell 2), whereas it is not alternating (it is the same for all
zigzag chains) in the « phase. In other words, the mo-
ment components along the Kitaev z axis (orthorhombic
b, axis) are ferromagnetically aligned for every vertical
bond in the v (and §) structures, whereas they are anti-
ferromagnetically aligned for every vertical bond in the «
structure. These two scenarios are clearly differentiated
by our experiment. An alternation of the rotation plane
would give rise to strong diffraction intensities at satel-
lite positions of structurally forbidden reflections, such
as (106)+q, which were not observed (see Fig. 2).

It has been theoretically proposed that the g and -y
magnetic structures are stabilized by a dominant Kitaev
exchange supplemented by additional smaller exchange
terms, 61820 with the Kitaev term being crucial in sta-
bilizing the counterrotation of moments. The strong sim-
ilarity of this magnetic structure with the one observed
in the o phase suggests that Kitaev interactions are also
responsible for the counterrotation of moments in the
latter case. In the 8 and 7 structures it is understood
that the reason for a tilt of the rotation plane away from
the a,c, plane is the presence of a finite Kitaev interac-
tion along the vertical (z) bonds K, < 0 (ferromagnetic),
which favors an alternating tilt of the plane of rotation
between adjacent zigzag chains.?’ The o magnetic struc-
ture also has the plane of rotation tilted away from the

a,c, plane, but there is no alternation between adjacent
zigzag chains.

In Appendix D we perform a soft-spin analysis?® of
the magnetic ground state of candidate spin Hamiltoni-
ans that could be compatible with the observed magnetic
structure in a-LisIrO3. We start with a minimal nearest-
neighbor model that can explain the stability of the mag-
netic structures in both 8 and ~ phases, with dominant
Kitaev interactions K, along the vertical bonds and K, ,
along the zigzag bonds (all ferromagnetic), an additional
smaller (antiferromagnetic) Heisenberg exchange J on
all nearest-neighbor bonds, and an Ising (ferromagnetic)
coupling I.. on the vertical bonds for the spin components
along the bond direction. We find two distinct modifi-
cations of the above Hamiltonian that could explain the
observed eigenvector and pattern of the magnetic struc-
ture in a-LisIrO3. The first modification, model A, has
the Kitaev interaction along the vertical bonds having an
opposite sign (K, > 0, antiferromagnetic). The second
modification, model B, has uniform Kitaev interactions,
but is supplemented by an additional (ferromagnetic) in-
teraction Iy on the zigzag bonds, with |I4| < |I.|. In both
cases, dominant magnitude Kitaev terms are required to
stabilize the counterrotation of moments.

VI. CONCLUSIONS

To summarize, combining single-crystal magnetic res-
onant x-ray diffraction and magnetic powder neutron
diffraction on the layered honeycomb a-LisIrO3 we have
observed an incommensurate magnetic structure with
counterrotating moments for every nearest-neighbor pair
of sites. We have discussed that the counterrotation of
moments cannot be explained by a spin Hamiltonian with
dominant Heisenberg exchange interactions, and we have
compared the observed magnetic structure with the in-
commensurate magnetic orders in the three-dimensional
structural polytypes 8- and 7-LisIrO3. These two poly-
types also have counterrotating moments, proposed theo-
retically to be stabilized by dominant Kitaev interactions
between spin-orbit entangled jeg = 1/2 Ir** magnetic
moments. Based on many striking common features be-
tween the magnetic structures in the three polytypes we
have suggested that Kitaev interactions are the dominant
spin couplings that govern the cooperative magnetism in
all three structural polytypes of LioIrO3, and using a soft-
spin analysis we have proposed a possible generalization
of the spin Hamiltonian used to describe the 8 and ~y
structures that could account for the observed magnetic
structure in a-LisIrOs3.
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Appendix A: Magnetic Symmetry Analysis

Here we give further details of the magnetic symme-
try analysis and the description of the magnetic struc-
ture using basis vectors, following closely the analy-
sis for (B-LisIrOs in Ref. 17. «a-LisIrO3z has a mono-
clinic crystal structure with space group'® C2/m and
room-temperature lattice parameters a = 5.1633(2) A,
b =89294(3) A, ¢ = 5.1219(2) A and 3 = 109.759(3)°.
The iridium ions occupy a single crystallographic site?®
with multiplicity 4, Wyckoff letter g, and site symme-
try 2. There are two iridium atoms per primitive cell,
which in the monoclinic C-centered cell correspond to
Ir1 at fractional coordinates (0, y, 0), and Ir2 at (0, —y, 0),
with y = 0.3332. For the magnetic propagation vector
q = (¢,0,0) symmetry analysis using BasiReps?” gives
two types of magnetic basis vectors, F' and A, which cor-



respond to the case where the Fourier components, Mg p,,
of the magnetic moments of the two iridium sublattices
(n = 1,2 for Irl,2 respectively) are in phase or in an-
tiphase, i.e., Mgo = £Myg, with the upper/lower sign
for F//A. The irreducible representations of the mag-
netic structure and basis vectors are listed in Table I,
where (x,y,z) form a Cartesian set of axes related to
the monoclinic axes as = || a, y || b, and z || c*.
The magnetic moment distribution in real space is ob-
tained by Fourier transformation, i.e., the magnetic mo-
ment on sublattice n at a general position r in the crys-
tal is expressed in terms of the Fourier components as
My = Y iy M ne™ 7, where M_q,, = M, as
the magnetic moment distribution is real.

The requirement that the magnetic structure is invari-
ant under symmetry operations of the full group that
maps g into —q (in the present case a twofold axis 2,
at the iridium sites) imposes additional constraints onto
the relative phases between basis vector components.
For an incommensurate propagation vector perpendic-
ular to the twofold axis the symmetry-allowed mag-
netic structures can be of the following two types: (i)
collinear, amplitude-modulated (spin-density-wave type)
with magnetic moment either along the y axis or in a
general direction in the perpendicular zz plane, or (ii)
moment-rotating, with an elliptical envelope with a prin-
cipal axis along y (no other magnetic structures remain
invariant under the 2, rotation). In particular, for ba-
sis vectors belonging to the I'; irreducible representa-
tion the allowed phase combinations (verified using the
ISODISTORT?? software) are (+£iA,, F,, +iA,) with un-
constrained magnetic moment magnitudes M, M,, and
M. The experimentally determined magnetic structure
(—iAz, Fy, —1A;) is indeed one of those combinations. In
this case the Fourier components of the magnetic struc-
ture are

Mg = [ (2 52 28] gy
2 2 2

where the upper (lower) sign is to be used for the n = 1(2)

sublattice, & indicates a unit vector along the x direction

and so on, and ¢ is a global phase of the magnetic or-

der. The magnetic moment at position r belonging to

site index n is obtained via direct Fourier transformation

from Eq. (Al) as

M, ,, =F(BM, + 2M,)sin(q-r + ¢o)

+yM, cos(q -7+ ¢o) . (A2)

The above equation describes all iridium sites, including
those related by C-centering translations, where 7 is the
actual position of the ion and n is the site index at the
equivalent position (1,2) in the primitive unit cell. The
magnetic structure near the origin (r = 0) for ¢y =0 is
plotted in Fig. 5(a) and shows magnetic moments rotat-
ing between sites displaced along the (horizontal) prop-
agation direction, and describing an elliptical envelope
with a principal axis along b. We note that a nonzero
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global phase ¢y is equivalent to a shift in the origin along
the propagation direction and, therefore, in the incom-
mensurate case, it describes the same global magnetic
structure. The invariance of the magnetic structure with
respect to a 2, rotation is most easily visualized in the ex-
tended plot in Fig. 7(b), which displays many more unit
cells sites (scaling of the propagation vector keeps the
symmetry properties unchanged): here one can see that
the magnetic structure is invariant upon a twofold rota-
tion around a vertical axis located where the magnetic
moment is aligned vertically (the eighth moment along
the horizontal zigzag chain), so the magnetic structure is
indeed compatible with the full symmetry of the space
group.

Appendix B: The crystal and magnetic structure of
oa-LisIrO3 in the orthorhombic basis

As explained in Ref. 20 the crystal structures of all
three polytypes of LisIrO3 could be described in terms
of a common orthorhombic unit cell, with lattice vectors
(subscript o) related to the monoclinic axes vectors by

Gy = Ay + Cp,
b, = a, —cp,

co = 2b,,, (B1)

where the subscript m indicates a “symmetrized” mono-
clinic cell where the lattice parameters satisfy a,, : ¢, =
1 : 1 (in the actual crystal structure of a-LisIrOs this
ratio is'® 1.008 : 1). The orthorhombic description also
has the advantage that the anisotropy (Kitaev) axes as-
sociated with each bond (direction normal to the Ir-Oq-Ir
planes) are easily visualized, in particular,'®

& = (@, + &) /V2,
9 = (Ao *60)/\[27
5=">b,, (B2)

where we have assumed an “idealized” crystal structure
with cubic IrOg octahedra and lattice parameters in ratio
Ao by 1 ¢o = 1: /2 :3. We use SansSerif symbols for
the Kitaev axes (x,y,z) to distinguish them from the italic
symbols (x,y,z), which denote the Cartesian axes used
to describe the magnetic structure. The Kitaev axes are
shown in unit cell 3 in Figs. 7(a) and 7(b) where the color
of the bonds indicates the anisotropy axis of the Kitaev
exchange.

The iridium lattices in the LisIrOs polytypes can be
thought of as being constructed from zigzag chains that
run along one of the two diagonal directions in the or-
thorhombic basal plane a, + b,, connected by vertical
bonds along ¢,. In the a structure all zigzag chains are
in the diagonal plane (a,+b,,c,), and are connected ver-
tically to form a honeycomb lattice. In the 7 structure
pairs of zigzag chains form coplanar honeycomb strips
[33" with 11’ and 22" with 44’ in Fig. 7(a)] that are then



stacked along the vertical direction ¢, alternating in ori-
entation between the two diagonal planes (a,+b,,c,) and
(ao —b,,c,); in the 5 structure single zigzag chains alter-
nate in orientation between the two diagonal directions.
From this description it follows that the projection onto
the a,c, and b,c, planes is then the same in all three
structures (the projections onto the a,b, plane are dif-
ferent).

In the orthorhombic axes notation, the Fourier com-
ponents of the magnetic structure in Eq. (A1), with the
choice for the global phase ¢g = 0, are

M, . M, . M,
Mq,n:$i<§30 20—3/0 2y0>+zo 207 (B3)

where the upper/lower sign is to be used for the sub-
lattices Irl/Ir2 (which correspond to sites 1’/2', re-
spectively, in the ~ structure; see Fig. 7) and M, 6 =
M, cos(8/2) + M,sin(3/2), M,, = —M,sin(8/2) +
M, cos(8/2), and M, = M,. Here &,, Po, 2, are unit
vectors along the orthorhombic a,, b,, and ¢, axes. For
the determined magnetic structure the moment magni-
tudes are M, :M, :M, =0.67:0.33:1 and the moment ro-
tation plane makes an angle ¢ = tan™'(M,, /M, ) = 26°
with the a,c, plane. The magnetic moment expression,
Eq. (A2), transforms to

Mr,n =+ (jono - gOMyu) Sinq T+ 2OMZD cosq - T.
(B4)

Appendix C: Counterrotation of moments and the
interference term in the scattering cross-section

Here we present an intuitive explanation of the an-
tiphase behavior of the magnetic scattering intensity be-
tween the satellites at (116) £ ¢ illustrated in Figs. 3(b)
and 3(c), namely at azimuth values ¥ where the +q satel-
lite is strong the —q satellite is weak, and vice versa. We
will show that this qualitative feature of the magnetic
scattering can only be explained by counterrotating mo-
ments on the two Ir magnetic sublattices. In this case the
scattering intensity contains an interference term that
changes sign between the two satellite positions, natu-
rally explaining the observed intensity behavior.

To highlight the main terms in the scattering cross-
section we first assume M, = 0, i.e., we neglect the con-
tribution from the small moment components along the z
direction. In this case the total magnetic structure factor
vector for a magnetic satellite at Q = (h, k,1) £ q is

‘F(Q) = gSyMy,iq,l + é:'SzMz,iq,l; (Cl)

where S, /. are the structure factors of the magnetic basis
vectors along the y/z directions, M,,,. 141 are the corre-
sponding Fourier components of the magnetic moments
on the Irl sublattice and (z,y, z) are Cartesian axes fixed
with respect to the crystal axes, as defined previously.
Without loss of generality we take My +q1 = M,/2 and
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M 1q1 = €M, /2, where M, ,, are the (real) mag-
netic moment magnitudes along the y/z axes and ¢ is
the relative phase between the y and z components, con-
strained by symmetry to be an integer multiple of 7/2
(see Appendix A).

In the experimental scattering geometry employed, as
indicated in Fig. 3 (inset), the magnetic Bragg peak
intensity depends only on the projection of the total
magnetic structure factor vector F onto the scattered
wavevector direction k’; see Ref. 28. In detail, the inten-
sity is proportional to
2

=

-~ ~ 2 “ 2
R = (M8, [+ R

+ 2k, KL M, M, A]/4, (C2)

where the first two terms are the separate magnetic scat-
tering intensities from the y and z moments, and the last
term is due to interference scattering between the y and
z moments. The intensity dependence on the azimuth

comes exclusively from the projections 154, and kA’Z of K
onto the y and z directions, respectively. The interfer-
ence term in eq. (C2) is directly sensitive to the basis

vector combination through the factor
A =TRcosp £ Tsiny, (C3)

where R and Z are the real and imaginary parts of the
product S,S7 and the upper/lower sign corresponds to
the +q satellite. If the interference factor A cancels, then
the azimuth dependence of the intensity in Eq. (C2) is
essentially the same between paired satellites [up to varia-
tions in the geometrical factors between the two satellites,
which are expected to be small if the two wavevectors are
close, i.e., if [(hkl)| > |q|]. To obtain a large intensity
difference between paired satellites the interference term
needs to be large and to alternate in sign between the
two satellites, i.e., Zsin ¢ # 0 in eq. (C3). Below we ana-
lyze all possible combinations of basis vectors and relative
phases and find that a sign-alternating interference term
occurs only if the basis vectors along the two directions
are of different type and are 7/2 out of phase, which
corresponds to magnetic structures with counterrotating
moments on the two sublattices. This follows from the
fact that the magnetic structure factors for the two ba-
sis vectors in Eq. (1) are either purely real (F') or purely
imaginary (A), so the product S,S? is purely real (R # 0
and Z = 0) if the basis vectors along the two directions
are the same, or purely imaginary (R = 0 and Z # 0) if
they are different. Based on this observation we identify
the following four distinct cases summarized in Table II.

(i) Same basis vectors along the two directions with
relative phase ¢ = 0 or 7, the magnetic structure is a
spin-density wave (SDW), collinear between the two sub-
lattices, the interference term factor is finite and has the
same sign for paired satellites.

(ii) Different type basis vectors with relative phase ¢ =
0 or m, each sublattice has a spin-density-wave order,
but noncollinear between the two sublattices, there is no
interference term.



TABLE II. Properties of the interference factor A in the mag-
netic scattering intensity in Eq. (C2) at (hkl)+q as a function
of the magnetic basis vector combination in the ground state.

Basis Phase Magnetic Interference
Vectors %) Structure factor A
FF 0,m collinear R cos
AA SDW
FA 0,7 non-collinear 0
SDW
FF 7w/2,—7/2 co-rotating 0

AA
FA 7/2,—7/2 counterrotating +Zsing

(iii) Same basis vectors on the two directions with rela-
tive phase p = 7/2 or —m/2, magnetic moments co-rotate
on the two sublattices (the sign of ¢ gives the absolute
sense of rotation on the Irl sublattice), here also there is
no interference term.

(iv) Different basis vectors with relative phase ¢ =
/2 or —m/2, magnetic moments counterrotate on the
two sublattices, the interference term is finite, sign-
alternating between paired satellites and with the abso-
lute sign determined by whether the rotation at site Irl
is clockwise or counterclockwise.

The observation of an antiphase behavior of the in-
tensity between the paired satellites at (116) £+ g [see
Figs. 3(b) and 3(c)] can only be explained by a mag-
netic structure of type (iv) above, with counterrotating
moments. The effect can be understood in terms of a
sign-alternating interference scattering term between the
y and z magnetic moment components, coupled in ba-
sis vectors of F' and A type, respectively, with a relative
phase ¢ = —x/2 [in the main text we have used the
shorthand notation (F,, e A,) to denote this basis vec-
tor combination]. Since the wave vector @Q is close to the
z axis the azimuth dependence of the geometrical factors
are (to leading order) k/ ~ sin6 and k‘;’l ~ —cosfsin U,
where 26 is the total scattering angle; so the largest mag-
nitude interference term in Eq. (C2) (largest contrast be-
tween the intensities of the paired satellites) is expected
for ¥ near £90°, as indeed observed. The red solid lines
in Figs. 3(b) and 3(c) show the calculated intensity in-
cluding the full azimuth dependence of the geometrical
factors and also the effect of the small, but finite M,
moment components.

Appendix D: Minimal spin Hamiltonian for
a-LiQII‘Og

Here we study a range of minimal spin Hamiltonians,
based on nearest-neighbor exchanges only, seeking to cap-
ture the observed incommensurate magnetic structure.
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The important features can be qualitatively summarized
as follows: (1) counterrotation between the Irl/2 sub-
lattice moments and (2) uniformly tilted plane of rota-
tion. Here by “plane of rotation” we refer to the plane in
the Bloch sphere spanned by the various magnetic mo-
ments across the lattice; using the orthorhombic axes
notation as in Eq. (B4), this is the plane spanned by
the vectors (&,Mz, — §oMy,) and 2,. Feature (1) has
been previously shown?? to require anisotropic (i.e., non-
Heisenberg) nearest-neighbor exchange and in particular
is consistent with strong Kitaev exchange. In a minimal
nearest-neighbor model feature (1) can be captured®’ by
(ferromagnetic) Kitaev exchanges on all nearest neigh-
bor bonds K,, Ky, < 0, a smaller (antiferromagnetic)
Heisenberg exchange J > 0 on all those bonds, and a
finite (ferromagnetic) exchange I, < 0 for the vertical
bonds, which couples the moment components along the
bond direction. Here we discuss modifications that are
appropriate for feature (2).

g/ K K=-10, J=2
05

Ferromagnet
C-spiral
Stripy-XY
O stripy-z

® o-LixlrO3
spiral
q=0.32

0.0 0.32 0.5

"o 0.5 1

FIG. 8. (color online) Phase diagram of model B described
in the text, computed in a soft spin approximation. We find
that the observed counterrotating magnetic order (¢ = 0.32,
light blue line), with a uniformly tilted plane of rotation, can
be captured by adding “truncated-dipole” superexchange in-
teractions, Iy and I., within the regime |I.| > |Iq], I4/K > 0.
These interactions couple spins to the spatial honeycomb
plane, which combines with the counterrotation due to Ki-
taev exchange to produce the experimentally observed mag-
netic order pattern. The observed spiral phase is shown in a
color gradient corresponding to the magnitude of the propa-
gation vector ¢, from 0 to 0.5 in units of 27 /a. Comparing to
Fig. 6(b), the wave vector is along the horizontal direction,
with units such that ¢ = 1 would correspond to the white
diamond symbol. Labels stripy-XY and stripy-Z denote an-
tiferromagnetic patterns where spins are aligned with one of
their three nearest neighbors, across a diagonal/vertical bond
for stripy-XY/Z, respectively, and antialigned with the other
two. Label C-spiral denotes an incommensurate counterro-
tating order with propagation vector along the I'-M line, e.g.,
the vertical (é, = by,) direction in Figs. 6(a) and 6(b).

We have found two independent modifications that can
produce feature (2) in a dominant-Kitaev Hamiltonian.
In general, both modifications could occur and could
complement each other. Here we consider them sepa-
rately. The first modification, denoted as model A, con-



sists of a sign change for the Kitaev exchange on “ver-
tical” bonds, i.e., those bonds which lie parallel to the
crystalline ¢, (or equivalently b,,) axis, i.e., K, > 0. In
this model, the b,-axis moment components would be an-
tialigned along those bonds, straightforwardly producing
the observed tilt pattern.

The second modification, denoted as model B, consists
of an additional weaker exchange on the zigzag bonds,
i.e., the nearest-neighbor bonds that are not parallel to
the crystalline ¢, axis. This exchange, which we denote
by I, is a symmetry-allowed nearest-neighbor exchange,
which couples the spin components pointing along the
bond direction
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where 7 is the vector connecting sites ¢ and j. This
exchange interaction has a form that is mathematically
analogous to a truncated dipole interaction (though its
physical origin is through superexchange). It is re-
lated to the I' spin exchange term that has been previ-
ously discussed in the context of the layered honeycomb
iridates.*2° We use the subscripts on I. and I; to de-
note that the value of the exchange can differ between
the “vertical” (along ¢,) and the remaining (zigzag or
“diagonal”) bonds.

Here we start with a model with dominant ferromag-
netic Kitaev exchanges, which for simplicity we take to
have the same magnitude (and sign) on all three nearest-
neighbor bonds (K, = Ky = K < 0), and an addi-
tional small antiferromagnetic Heisenberg exchange J on
all those bonds. We find that adding ferromagnetic I,
and I exchanges (i.e., of the same sign as the Kitaev ex-
change) can stabilize the observed counterrotating mag-
netic order with a uniformly tilted plane of rotation, if
I;/K >0 and |I.| > |14

A representative soft-spin phase diagram is shown in
Fig. 8. The observed a-LisIrO3 counterrotating order
is seen across a range of parameters, with a propaga-
tion vector that varies continuously across the parameter
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space, and which includes the experimentally observed
value (light blue shading). The lowest energy mode in
this phase is seen to have a plane of rotation that is tilted
uniformly. The sign of the tilt agrees with the sign ob-
served experimentally, namely it is a small tilt, away from
the a,c, plane, in the direction away from the plane of
the honeycomb lattice.

Within the soft spin approximation, the magnitude of
the tilt angle is seen to be about half of the experimen-
tally observed value for typical parameter points with
the observed wave vector, and in general varies across
the phase as the I interactions are turned on. However,
we note that the soft spin ground state here requires the
spins to be soft and have nonuniform magnitude, repre-
senting strong thermal or quantum fluctuations, and thus
it is not expected to capture the tilt angle quantitatively.
For instance, a sample set of Hamiltonian parameters can
be chosen as

K=-10, J=2, I.=-5, I;=-35 (D2)
(where the energy unit may be taken as ~0.45 meV in
order to match the observed Tx). For those parame-
ters the propagation vector agrees with the experimental
value ¢ = 0.32(1) and the ordered spin magnitudes, using
the orthorhombic axes as per eq. (B4), are found to be
in the ratio

05, =0.56:0.15 : 1. (D3)
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The qualitative feature of uniform tilt is captured by
this analysis, and may be understood as resulting from
the uniform spatial plane of the honeycomb lattice: the
I. and I; exchanges couple the spins to the orientation
of the bonds on the honeycomb lattice, and can thereby
produce this uniform tilt. The sign of the tilt, which is set
to be away from the honeycomb plane, is produced by the
counterrotation of adjacent sublattices, which sets the b,
components of spins to be anti-aligned between neighbor-
ing sites [as per Eq. (B4)], and is thus tilted away from
the spatial honeycomb plane by a small ferromagnetic I
exchange.



