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We have combined single crystal neutron and x-ray diffractions to investigate the magnetic

and crystal structures of the honeycomb lattice NazIrOs.

The system orders magnetically be-

low 18.1(2) K with Ir'T jons forming zigzag spin chains within the layered honeycomb network with
ordered moment of 0.22(1) ug/Ir site. Such a configuration sharply contrasts with the Néel or stripe
states proposed in the Kitaev-Heisenberg model. The structure refinement reveals that the Ir atoms
form nearly ideal 2D honeycomb lattice while the IrOg octahedra experience a trigonal distortion
that is critical to the ground state. The results of this study provide much-needed experimental
insights into the magnetic and crystal structure crucial to the understanding of the exotic magnetic
order and possible topological characteristics in the 5d-electron based honeycomb lattice.

PACS numbers: 75.25.-j,61.05.cf,75.50.Ee

The 5d-based iridates have recently become a fertile
yet largely uncharted ground for studies of new physics
driven by the spin-orbit coupling (SOC). It is now rec-
ognized that the SOC (0.4 - 1 eV), which is proportional
to Z* (Z is the atomic number), plays a critical role in
the iridates, and rigorously competes with other relevant
energies, particularly the on-site Coulomb interaction U
(0.4 - 2.5 V), which is significantly reduced because of
the extended nature of the 5d orbitals. A new balance be-
tween the competing energies is therefore established in
the iridates and drives exotic states seldom seen in other
materials. Recent experimental observations and theo-
retical proposals for the iridates have already captured
the intriguing physics driven by SOC: Je.¢ = 1/2 Mott
state,! % spin liquid in hyper-kagome structure,” high-
T¢ superconductivity,® Weyl semimetal with Fermi arcs,’
correlated topological insulator with large gaps,'%! Ki-
taev mode,'? 3D spin liquid with Fermionic spinons,!?
etc.

Of all iridates studied so far, NasIrO3 has inspired a
great deal of experimental and theoretical efforts. 111418
In essence, the honeycomb lattice NagIrOj is predicted to
be a topological insulator or a layered quantum spin Hall
insulator.!® However, conspicuous discrepancies among
various theoretical proposals and experimental observa-
tions clearly point out a lack of much-needed characteri-
zation of the magnetic and crystal structures of NasIrOg,
whose band topology could vary significantly with slight
variations in the crystal structure. This situation chiefly
originates from the fact that the heavy transition met-
als such as Ir strongly absorb neutrons, which makes a
comprehensive neutron study on the single crystal a non-
trivial challenge.

In this paper, we report a combined neutron and x-ray
diffraction study on relatively large, thin single-crystal

NayIrOs. This study reveals that Ir*t ions order mag-
netically below 18.1(2) K, and form zigzag spin chains
along the a axis of the honeycomb structure with an or-
dered moment of 0.22(1) up/Ir. Moreover, the struc-
tural refinements illustrate that the Ir atoms feature a
nearly perfect two-dimensional (2D) honeycomb lattice
and a trigonal distortion characterized by the IrOg oc-
tahedra deviating from a high-symmetric cubic environ-
ment. These results are different from the previous x-ray
powder diffraction study, where the honeycomb was char-
acterized by three distinct bond lengths.'*

Single crystals of NasIrOs were grown using a self-
flux method from off-stoichiometric quantities of IrOq
and NayCOs. Similar technical details are described
elsewhere.* % The crystals have circular basal area cor-
responding to the honeycomb plane with diameters of ~
10 mm and thickness ~ 0.1 mm. Such geometry provides
a unique advantage to significantly alleviate the technical
difficulty due to the inherent neutron absorption of the
iridates. Energy dispersive x-ray spectroscopy (EDX) us-
ing a Hitachi/Oxford SEM/EDX indicates a perfect sto-
ichiometry of NagIrOs throughout the crystals studied.

The x-ray diffraction measurements were performed
using a Bruker SMART APEX CCD diffractometer with
Mo K, radiation and an Oxford cryostream cooler. More
than 40 crystals from four different growth runs were
screened at 125 K and full data sets were collected on four
crystals. The neutron diffraction measurements were car-
ried out at the HB1A triple axis spectrometer and HB3A
four circle diffractometer at the High Flux Isotope Re-
actor at the Oak Ridge National Laboratory with fixed
incident neutron wavelength of A = 2.367 A and 1.536 A,
respectively. For the HB1A diffraction measurement, the
crystal is aligned in the (0, k, 1) scattering plane to allow
the probing of various magnetic reflections.



4F T T T
(c) H Il c-axis
3 uH=0T

C (J/mole K)
N

0 5 10 15 20 25 30
T(K)

(d) q=(0,1,l0.5)

300-

Counts/120 mcu (~2mins)

FIG. 1. (Color online) (a) Crystal structure of NazIrOs with
C2/m symmetry. (b) The honeycomb lattice formed by Ir
atoms within the basal plane with nearly equivalent distance
between neighboring Ir atoms. The dashed line denotes the
unit cell. (c) Specific heat C'(T) at H = 0 and H = 14 T.
Note that the application of a magnetic field of 14 Tesla sup-
presses the transition temperature by only 0.5 K, apparently
not characteristic of a conventional Néel state. Inset shows
the picture of single crystals used for diffraction experiments.
(d) The T-dependence of peak intensity of the (0, 1,0.5) mag-
netic reflection from neutron diffraction measurement. The
solid line is the power law fit described in the text.

The systematic absences in the single crystal x-ray
diffraction measurements unambiguously determine that
the space group of NasIrOs is C2/m and not C2/c as
initially reported.'* This finding is consistent with re-
cent single crystal x-ray diffraction study by Choi et al.
[Ref. 19]. The typical crystal diffraction pattern shows
diffuse streaking, characteristic of stacking faults within
the layer sequence. Stacking faults involving fractional
translation and rotation of the fundamental C2/m layer
module have been modeled to some extent in the iso-
structural Li;MnOs3.2° Polytypism analogous to that ob-
served in the micas is also possible. We adopted a struc-
tural model that allows for intermixing of the Nal and
Ir sites to artificially account for some amount of stack-
ing disorder, yet retain the ideal stoichiometry. The
overall structure exhibits a virtually regular honeycomb
layer of edge-sharing IrOg octahedra, similar to that ob-
served in other so-called dioctahedral sheets [e.g., gibb-
site AI(OH)s] in which the octahedra are slightly flat-
tened perpendicular to layer stacking. In addition, the
three O-Ir-O bond angles perpendicular to the basal
plane are all greater than 90° whereas the bond an-
gles across the shared edges are narrower, 84.1(3)° and
84.5(3)°, in contrast to the undistorted 90°, as shown in
Fig. 2(a). The structural distortion indicates a presence

of the trigonal crystal field in addition to the cubic crys-
tal field, due to the repulsion of neighboring Ir atoms
across the shared-edge of the octahedra. The trigonal
crystal field in NasIrO3 makes the otherwise well sepa-
rated gap between Jog = 1/2 and 3/2 levels [Ref. 3] less
pronounced, highlighting an important role in determin-
ing the electronic band structure topology.?!

TABLE I. Structural parameters at 7=125 K from single crys-
tal x-ray diffraction measurements. The full data sets could
be indexed using space group C2/m with a = 5.319(1) A,
b=9215(2) A, ¢ = 5.536(1) A, and 8 = 108.67(1)°. The
Ir-O bond distances are 2.069(8), 2.067(9), and 2.060(12) A,
and the Ir- - -Tr distances are 3.073(1) and 3.0705(8) A. Refine-
ments are made using SHELXL-97,%? yielding an agreement
factor R1 = 0.0687 for 334 reflections with Fops > 40 (Fops).

Site T y z Occupancy U(A?)
Irl 4g 0 03332(1) 0 0.823(6)  0.006(1)
Nad 4g 0 03332(1) 0 0.177(6)  0.006(1)
Nal 2a 0 0 0 0.646(9) 0.014(2)
2 2a 0 0 0 0.354(9)  0.014(2)
Na2 4h 0 0.8363  1/2 1 0.003(2)
Na3 2d 0 1/2 1/2 1 0.004(2)
O1 8 0.259(3) 0.3204(7) 0.792(3) 1 0.001(3)
02 4 02703) 0  0.792(3) 1 0.001(3)

(@) l trigonal ,

distortion

FIG. 2. (Color online) (a) Local structure within the basal
plane. The compression of IrOg octahedron along the stacking
leads to the decrease of O-Ir-O bond angles across the shared
edges. (b)-(c) Comparison of stripe and zigzag order that
are consistent with the symmetry associated with observed
magnetic reflections. In both cases, the Ir moments between
honeycomb layers are antiferromagnetically coupled.

The magnetic ground state is further characterized
by the neutron diffraction on the single crystals. The
magnetic propagation wave vector was determined to be
q,, = (0,1,0.5) in the C2/m notation based on exten-



sive survey in reciprocal space using the four-circle neu-
tron diffractometer. Figure 1(d) shows that the mag-
netic Bragg peak intensity (Ip o< |Mjs|?, M; is the order
parameter) disappears above Ty = 18.1 = 0.2 K, con-
sistent with the anomaly observed in the specific heat
data [Fig. 1(c)]. Fitting Ip to the power law scal-
ing function of (1 — T/Tx)?” yields a critical exponent
B = 0.29(2) that is typical of a three-dimensional mag-
netic system. The determination of magnetic propaga-
tion wavevector and the correct description of the crys-
tal structure put stringent constraints on the possible
magnetic models. The magnetic reflection appearing
at (0,1,0.5) rules out the Néel configuration [character-
ized by antiferromagnetically-coupled nearest neighbor-
ing spins with g, = (0,0,0.5)] but leaves the choice of
either stripe or zigzag order in the basal plane as de-
picted in Figs. 2(b)-2(c). Group theory analysis indi-
cates that the magnetic representation I'yae can be de-
composed into an irreducible representation (IR) I'mag =
I'y +T'9 4+ 2T's 4+ 2Ty with corresponding basic vectors
(BV) listed in Table II. Since the moment direction has
been characterized to be along the a axis by magnetic
susceptibility and polarized x-ray measurements,'® this
information is implemented to perform the model calcu-
lation and magnetic structural refinement. Figs. 3(a)-
3(c) show the rocking scans of three characteristic mag-
netic Bragg reflections 1 = (0,1,0.5), g2 = (0,3,1.5)
and g3 = (0,3,0.5) in the (0, k,1) scattering plane. The
strongest reflection occurs at q; and the intensity de-
crease sharply at q2 that has a larger momentum trans-
fer. In contrast, there is no sign of magnetic scattering at
qs at base temperature. For single crystal magnetic scat-
tering at wavevector transfer q, the measured intensity
follows

[FL(a)]® = [Fin(a)]® — [& Fu(a)]*. (1)

where & is the unit vector along the q, and F,,,(q) is the
magnetic structure factor that can be expressed as

Fon(q) =p Y fi(q)Sk;exp2mi(q-r;).  (2)
j=1

Here the sum is over all the magnetic atoms in the crys-
tallographic cell, p = r.y/2 = 0.2695, Sk ; are the Fourier
components proportional to the BVs listed in Table II, r
is the vector position of atom j, and f(q) is the magnetic
form factor for the Ir** ions.?3

As summarized in Table III, both stripe and zigzag
spin orders give the identical ratio |F| (qz2)/FL(q1)]?*
Therefore the magnetic scattering at these two reflec-
tions alone cannot distinguish the difference between the
two spin configurations. However, the magnetic scatter-
ing at qs is expected to be strong for the stripe spin
configuration but absent for the zigzag spin chains; the
absence of the magnetic scattering at qs illustrated in
Fig. 3(c) clearly indicates a presence of the zigzag spin
order. To determine the magnitude of the magnetic mo-
ment /Ir, a large set of nuclear reflections under the same

TABLE II. Basis vectors (BVs) ; of an IR of the space group
C2/m and k = (0,1,0.5). BVs are defined relative to the
crystallographic axes. Magnetic moments for j atom in [*}
cell are given by my ; = ) Sy j exp(—2mik - Ry) and Sy ; =
Zi Civ;, where C; is the mixing coefficient. Only I's and
I'y are relevant since they describe the correct spin direction
along the a-axis.

P1(T1) Y2(T2)  s3,v4(T'3) Ps,Pes(Ta)

Ir (0,0.333,0) (0,1,0) (0,1,0) (1,0,0),(0,0,1) (1,0,0),(0,0,1)
Ir (0,0.667,0) (0,1,0) (0,-1,0) (1,0,0),(0,0,1) (-1,0,0),(0,0,-1)

TABLE III. Calculated magnetic scattering |Fy (q;)|* at qi
(normalized to 100), g2 and qs for stripe and zigzag spin
orders and their comparison to the measurement. Errorbar is
statistical and refers to one standard deviation.

qi = (0,1,0.5) q2 = (0,1,1.5) qs = (0,3,0.5)

s (stripe) 100 51.1 186.5
Ty (zigzag) 100 51.1 0.002
measurement  5.40 4 0.38 2.77+£0.32 0

experimental configuration were collected to get the scale
factor for normalization, yielding a magnetic moment
of 0.22(1) up/Ir; this is considerably smaller than that
(1 pug/Ir) for a S = 1/2 system, consistent with early ob-
servations for systems such as SraIrO4 and BalrOg where
the ordered moment is no more than 15% of 1 pup /Ir.4 624
The significantly reduced moment might be ascribed to
the strong hybridization of the Ir 5d orbital with the lig-
and oxygen 2p orbital and the moments are largely can-
celed out in the antiferromagnetic state. Moreover, the
wavevector scans presented in Figs. 3(d)-3(e) show reso-
lution limited Gaussian profile and Lorentzian-like line-
shape for the in-plane and out-of-plane magnetic correla-
tion, respectively. The data reinforce that the spins form
a long-range order in the honeycomb basal plane while
a short range order might still remain to some extent
(with correlation length ¢ ~ 139 4 21 A) between layers
due to the inherent imperfection in crystal structure as
suggested in the x-ray diffraction presented above.

In recent theoretical proposals, NasIrOs is regarded
as one of a few model systems that can be mapped
into the exactly solvable Kitaev model.2> The combi-
nation of isotropic Heisenberg exchange interaction and
anisotropic Kitaev term through strong spin-lattice cou-
pling gives rise to a rich variety of low energy magnetic
ground states. This includes the topologically nontrivial
quantum spin Hall system in the weak interaction limit!'®
and evolution from the conventional Néel order to the
spin liquid state sandwiched by a stripe phase depending
on the microscopic parameters in the strong spin-orbit
coupling limit.'2:26 The geometric frustration due to the
longer range exchange paths and the dynamic frustration
caused by the Kitaev term leave the physical properties
of NaoIrOgs highly tunable by small perturbations such as
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FIG. 3. (Color online) The rocking scans of characteristic

magnetic reflections of (a) (0,1,0.5), (b) (0,1,1.5) and (c)
(0,3,0.5). (d)-(e) The in-plane and out-of-plane wavevector
scans for the (0, 1,0.5) peak. Solid line in panel (e) is the fit
to the Lorentzian form with instrument resolution convoluted.
Horizontal bars in (d)-(e) denote the instrument resolution.

magnetic field, vacancies and structural distortions.2”3°

Only recently has the magnetic ground state been exper-
imentally examined and proposed to be a possible zigzag
spin state using resonant magnetic x-ray scattering.!®
The unexpected spin state inconsistent with the origi-
nal Kitaev-Heisenberg model underscores the novelty of
the magnetic ground state, prompting theoretical sugges-
tions that the zigzag magnetic order could be explained
only when the long-range magnetic Heisenberg interac-
tions (J2,J3) [Refs. 16 and 27] or a trigonal distortion
of the IrOg octahedra332 in the [1, 1, 1] direction (local
basis of the octahedron) is taken into account. Indeed, a
new quantum phase transition from normal to topologi-
cal insulator is recently predicted in NasIrOs if both the
long-range hopping and trigonal crystal field terms are
included.?! On the other hand, noticeable inconsisten-
cies still exist in the band topology predictions that are
likely due to the structural parameters used for the first-
principles calculations.'®33 With the presence of the trig-
onal crystal field, it is suggested that the Joq = 1/2 dou-
blet is no longer as critical in NapIrOs as in SralrOg4,' >
BalrO3® and other layered iridates; instead, the trigo-
nal crystal field (0.6 eV) and long-range hoping dictate
the topological character, which is extremely sensitive to
slight structural changes.?!

One of the unique aspects of this work is that both neu-
tron and x-ray diffraction data were collected from single
crystals of NagIrOs. The results of this work therefore
provide the well-defined characteristics of the magnetic
and crystal structures of the honeycomb lattice, and sig-

nificantly improve our understanding of this intriguing
system. We expect this study will help clarify the topo-
logical character of the ground state in NagIrOs, a fertile
ground yet to be fully explored.
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