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Impact of disorder on dynamics and ordering in the honeycomb-lattice iridate Na,IrO;
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Kitaev’s honeycomb spin-liquid model and its proposed realization in materials such as «-RuCls, Li,IrOs,
and Na,IrO; continue to present open questions about how the dynamics of a spin liquid are modified in the
presence of non-Kitaev interactions as well as the presence of inhomogeneities. Here we use **Na nuclear
magnetic resonance to probe both static and dynamical magnetic properties in single-crystal Na,IrO;. We find
that the NMR shift follows the bulk susceptibility above 30 K but deviates from it below; moreover below Ty
the spectra show a broad distribution of internal magnetic fields. Both of these results provide evidence for
inequivalent magnetic sites at low temperature, suggesting inhomogeneities are important for the magnetism.
The spin-lattice relaxation rate is isotropic and diverges at Ty, suggesting that the Kitaev cubic axes may control
the critical quantum spin fluctuations. In the ordered state, we observe gapless excitations, which may arise
from site substitution, emergent defects from milder disorder, or possibly be associated with nearby quantum

paramagnetic states distinct from the Kitaev spin liquid.
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In recent years there has been increasing interest in the
so-called Kitaev materials A;IrO3; (A = Na, Li), which are
model systems for Kitaev honeycomb physics, similar to
«-RuCl;s and Li;RhO;3 [1-5]. The Ir has electronic configura-
tion 54°, and a combination of spin-orbit coupling, Coulomb
interactions, and crystal-field interactions give rise to a Mott
insulating state with a gap of 340 meV [6]. Importantly, the
j = 1/2 Ir spins in the honeycomb structure experience Ising
interactions along different x, y, z directions with the three
neighboring spins in the lattice. These couplings are strongly
frustrated, and theory predicts an exotic spin-liquid ground
state with itinerant, gapless Majorana fermion states [3]. In
addition to the Kitaev interaction, higher-order Heisenberg
terms are relevant in Na,IrOs, giving rise to long-range zigzag
antiferromagnetic order of the Ir spins below 15 K [7-9].
At high temperatures, the magnetic susceptibility exhibits
Curie-Weiss behavior with an effective moment close to
that expected for spin 1/2 [10,11]. Diffuse magnetic x-ray
scattering experiments have provided compelling evidence
for the presence of significant bond directional interactions,
which suggest that the Kitaev interactions indeed dominate
the magnetic degrees of freedom [12].

The low-energy spin dynamics in Na,IrO; and their rela-
tion to the relative size of the Kitaev and Heisenberg inter-
action terms have remained unclear, however. Complicating
matters is the fact that disorder could potentially give rise
to additional magnetic moments with their own low-energy
dynamics. NMR is a powerful microscopic probe that can
shed light on the low-temperature behavior of the iridates.
The NMR shift, K, probes the intrinsic spin susceptibility.
Disorder and extrinsic effects can dominate the bulk mag-
netic response, precluding a detailed understanding of the
low-temperature behavior. Furthermore, the NMR spin-lattice
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relaxation rate, Tl_l, probes the dynamical spin susceptibility,
providing information about the low-energy excitations that
are present in the system.

NMR has played an important role in uncovering the
physics of the related Kitaev honeycomb-lattice material,
«-RuCls. In this system Tfl is strongly field and temperature
dependent, reflecting the suppression of long-range order and
the emergence of a field-induced quantum spin liquid above
9 T [13]. Both the bulk susceptibility, x, and Tl_1 are strongly
anisotropic in this material. Whether or not the field-induced
phase exhibits a spin gap remains unclear, however [14,15].
The spin-liquid phase of the related compound H;Lilr,Og has
also been investigated by NMR [16]. Li,IrO3 and Na,IrO3
have been studied less. Large single crystals of Li,IrO3
are difficult to grow; however, a mosaic of several submil-
limeter crystals has been studied, revealing similar behavior
to «-RuCls [17]. NMR and pSR studies of polycrystalline
Na,IrO3 have been reported recently which probe the phase
diagram as a function of pressure and Li doping [18].

Here we report detailed >*Na (I =3/2) NMR studies
of a high-quality single crystal of Na,IrO3, which reveal
a broad static field distribution below 15 K, as well as a
peak in Tl_1 associated with the critical dynamics of an
antiferromagnetic transition. In the paramagnetic state, K is
temperature dependent and anisotropic, similar to the bulk
susceptibility. However, K does not track x over the entire
temperature range, but deviates below a temperature 7* ~
30 K. Surprisingly, T1_1 is isotropic, and in the ordered state
the spin dynamics reveal no sign of the opening of a gap.
Rather, (T;T)~! remains constant as T — 0, suggesting that
fluctuations of the Ir moments persist deep in the long-range
ordered state and that Na,IrOs; is located in close proximity to
a quantum spin-liquid state. The presence of disorder, possibly
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FIG. 1. (a) *Na spectra at fixed field Hy || ¢* in Na,IrO; at
several different temperatures. The vertical line at 132.09 MHz cor-
responds to the Larmor frequency of **Na, and that at 132.67 MHz
corresponds to the resonance frequency of metallic ®**Cu. The solid
lines are fits as described in the text. (b) Structure of Na,IrOs;,
indicating the three Na sites in the unit cell, and the honeycomb
structure of the iridium atoms. Note that ¢* is normal to the planes,
whereas c is not. (¢) Detailed spectra of the Na(3) and Na(4) central
transitions at several temperatures, showing the resolution of two
separate peaks.

from Na-Ir site substitutions or the presence of stacking faults,
provides a consistent explanation for these observations.

Single crystals of Na,IrO; were prepared by mixing el-
emental Ir (99.9% purity; BASF) with Na,CO3; (99.9999%
purity; Alfa-Aesar) in a 1:1.05 molar ratio. The mixture was
ground for several minutes, then pressed into a pellet at
approximately 3000 psi. The pellet was then warmed in a
furnace to 1050 °C and held at temperature for 48 h, before
being cooled to 900 °C over 24 h and then furnace cooled.
Single crystals more than one square millimeter were then
collected from the surface of the pellet. A crystal of dimen-
sions 1.1 mmx0.9 mmx0.07 mm was selected and oriented
with magnetic field Hy = 11.73 T applied parallel and per-
pendicular to the ¢* direction (normal to the ab plane). NMR
experiments were performed at a fixed field for temperatures
between 4 and 300 K. »*Na (I = 3/2, y = 11.2625 MHz/T,
100% abundance) NMR spectra were collected by a home-
built auto-tuning and matching NMR probe over broad fre-
quency ranges. Silver wire was used for the NMR coil to avoid
overlap between the ®*Cu and **Na resonances. *Na spectra
were acquired by collecting spin echoes as a function of
frequency, and spin-lattice relaxation rate measurements were
conducted by observing the spin echo following an inversion
pulse at the central transition.

Figure 1 shows **Na NMR spectra collected at several
representative temperatures. There are three nonequivalent Na
sites in Na,IrOs [see Fig. 1(b)], each described by the Hamil-
tonian M =yl - (1+K) - Hy 4+ 22 [372 — 2 4 (72 — 2],
where 7 = (Vxx — V)y)/V;;, and vy, are the eigenvalues of
the electric field gradient (EFG) tensor, and K is the NMR
shift tensor [19]. Hy is not necessarily parallel to any of
the principle directions of either the NMR shift or the EFG
tensors. At high temperatures the spectra are considerably

narrow and the satellite structure is clearly evident. There
is also a temperature-independent background resonance at
132.67 MHz from metallic Cu. Below 50 K, a second set
of resonances emerges, and below 14 K the spectra become
significantly broader, with one narrow peak centered at
132.6 MHz. The narrow peak is temperature independent, and
we ascribe this to a spurious background signal from ®Cu
in the probe. The broad spectra arise from the 2Na in the
crystal, which experience a range of internal magnetic fields
in the magnetically ordered state.

We fit the spectra in Fig. 1(a) to extract the NMR shifts, K,
the quadrupolar splittings, v+, and the second moment, o,
for two >*Na sites, tentatively identified as sites A and B. The
fitting was performed by exact diagonalization and accounts
for the three quadrupolar-split resonances for both sites simul-
taneously. Site A exhibits a higher intensity with quadrupo-
lar splitting v+« (A) = 1.056 & 0.003 MHz and NMR shift
K(A) =0.242 £ 0.001%. The spectrum for site B is ap-
proximately 1/3 in intensity, with a larger v+ (B) = 1.16 £
0.02 MHz and larger NMR shift K(B) = 0.65 £ 0.01%. At
lower temperatures, the central transition for site A splits
into two separate peaks with slightly different NMR shifts,
as shown in Fig. 1(c). We therefore identify site A as the
Na(3) and Na(4) sites, located between the Ir layers, and site
B as the Na(2), located within the Ir planes. This assignment
is supported by point charge calculations of the EFG for the
three sites, which indicate a slightly larger EFG at the Na(2)
site. The EFG for the two interplanar sites, Na(3) and Na(4),
is similar, but they appear to have slightly different NMR
shifts. We are unable to determine which site corresponds to
which shift, but for concreteness we assign Na(3) to the lower
NMR shift. At higher temperature, the shifts and quadrupolar
splittings for these two sites are not distinct enough to resolve.
We find that the EFG parameters change by less than 5% with
temperature in the paramagnetic phase.

Figures 2(a) and 2(b) display the temperature dependence
of the second moment and NMR shift versus temperature for
both sites. The linewidth increases with decreasing tempera-
ture, but increases by a factor of 3 at the Na(2) site below 14 K.
This increase reflects the presence of local internal magnetic
fields present at the Na(2) site due to the onset of static mag-
netic order. The fact that the spectra do not reveal any sharp
peaks below Ty but rather are broad and featureless indicates
a distribution of internal fields. Similar results have been also
observed in the ordered phase of RuCl; [13]. This observation
suggests incommensurate magnetic order; however, neutron
and x-ray scattering studies indicate a commensurate zigzag
antiferromagnetic order [7,9], and muon time spectra exhibit
oscillations indicating a well-defined static internal field at
the muon site, rather than a broad distribution of fields as
expected for incommensurate order [20]. A possible explana-
tion for this discrepancy is substitutional disorder among the
Na and Ir lattice sites, as discussed below. Note that the Na
is likely coupled to several nearest-neighbor Ir spins through
a complex set of hyperfine couplings. As a result, even a
small level of disorder can quickly lead to a broad distribution
of static hyperfine fields, both in terms of magnitude and
direction [21]. In the paramagnetic state, we find that the
temperature dependence of the second moment can be fit
empirically to o1(T) = A + Be~7/T0, with A = 0.048 MHz,
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FIG. 2. (a) Second moments of the Gaussian spectral functions
used to fit the data shown in Fig. 1 versus temperature. The solid
and dashed lines are fits as described in the text. (b) NMR shifts of
three sites and the bulk magnetic susceptibility (solid line) versus
temperature. (c) (7T;7)~' measured at the Na(3) and Na(4) sites as
a function of temperature, for both Hy || ¢* and H, L ¢*. The solid
vertical orange line indicates 7y. Inset: 7\ T versus T for Hy || ¢*, with
a linear fit (solid line), indicating a divergence at 7y = 14.3 £ 0.1 K.

B =0.196 MHz, and Ty = 30.0 K. Below Ty we include an
extra mean-field broadening term, o (T) = o((T) + 02(T),
where 0,(T) = 0¢/1 — (T /Ty)?, with oy = 0.27 MHz, and
Ty = 14.3 K. This fit is shown as a solid line in Fig. 2(a).
The NMR shift shown in Figs. 2(b) and 3(a) is compared
with the bulk magnetic susceptibility, x, measured for fields
both parallel and perpendicular to the ¢* direction. For both
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FIG. 3. (a) NMR shifts and magnetic susceptibility (solid line)
versus temperature for the field-oriented perpendicular to c*.
(b) NMR shifts versus susceptibility for both field directions. The
solid lines are fits to the high-temperature data, as described in the
text, with fitting parameters detailed in Table I.

TABLEI. Hyperfine parameters from fits to the high-temperature
data as shown in Fig. 3.

Site K (%) K? (%) A (kOe/up) Ay (KOe/jup)
Na(2) 0.06 £0.02 6.70 + 0.26

Na(3) 0.04+£0.01 -0.04+0.01 243+030 2494040
Na(4) 0.08+0.02 —-0.02+0.01 248+£0.50 3.05+0.38

directions, K increases with decreasing temperature down to
a maximum ~30 K, and then decreases below. The NMR shift
derives from the hyperfine coupling between the 2*Na nuclear
spins and the Ir electron moments, and the NMR shift should
be proportional to x as K = Ay + Ky, where A is the hyper-
fine coupling constant and Kj is a temperature-independent
constant. As seen in Fig. 2(b), K and y exhibit similar
behavior at high temperature, but below this temperature K
and x no longer track one another. This anomalous behavior
is clearly evident in Fig. 3(b), where K is plotted versus x
for both field directions. At high temperatures K and y are
linearly proportional with hyperfine constants given in Table I.
These values are about an order of magnitude larger than
the direct dipolar coupling between the Na nuclei and the Ir
electron spins (on the order of 0.5 kOe/ 1), and are consistent
with a transferred hyperfine coupling due to wave-function
overlap. Given this value of the hyperfine field, we can esti-
mate the magnitude of the ordered moments as Sy ~ oy/yA ~
0.1pp/Ir. This order of magnitude is consistent with neutron-
scattering measurements that indicate 0.22up /Ir.

The breakdown of the linear K-x relationship at low
temperature is puzzling. In heavy fermions, an NMR shift
anomaly usually reflects the onset of coherence [22,23]; how-
ever, Na,IrOs; is insulating and there should be no such effect.
It is possible that there are different hyperfine couplings to the
orbital and spin moments of the Ir, but the spin and orbital
susceptibilities will exhibit the same temperature dependence
due to the strong spin-orbit coupling. In this case, the K-x
relationship will reflect a renormalized effective hyperfine
coupling [24], but will not exhibit an anomaly as we observe.
Such an anomaly usually indicates the presence of multiple
magnetically active sites with different temperature depen-
dences. Substitutional disorder, with some fraction of the Ir
sites located at the Na sites rather than in the honeycomb-
lattice structure, could therefore explain this behavior. A simi-
lar breakdown of the K-x relationship has also been observed
in RuCl; [13].

In addition to the spectra we also measured the spin-
lattice relaxation rate, Tl_l, at the central transition of the
Na(3,4) sites for both field orientations. The magnetiza-
tion recovery was fit to a stretched exponential appropri-
ate for the central transition of a spin-3/2 nucleus: M(t) =
Mo[1 — Zf(%e‘(G’/T‘)ﬂ + %e‘“/mﬂ )] where M, is the equi-
librium nuclear magnetization, f is the inversion fraction,
and B is the stretched exponent. We find that 8 &~ 0.7 and is
temperature independent. Figure 2(c) displays (7;7)~! as a
function of temperature. This quantity probes the dynamical
spin susceptibility through the relationship

1 2 .
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FIG. 4. (T, T)~" versus T for Hy|c* (¢) and HyLc* (V) below Ty.

where F,5(q) are form factors that depend on the hyper-
fine coupling tensor, x.s(q, w) is the dynamical magnetic
susceptibility, and «, 8 = {x,y, z} [25]. The large peak in
(TiT)~" reflects the slowing down of critical fluctuations
near Ty. As shown in the inset of Fig. 2(c), T\T varies
linearly, and a linear fit indicates this quantity vanishes at
Ty = 14.3 K. Surprisingly, (7;7)~! appears to be isotropic
over the entire temperature range, despite the anisotropy
observed in K and the static susceptibility [Figs. 2(b) and 3].
Both anisotropy in the form factors and in the dynamical
spin susceptibility itself can contribute to the anisotropy of
(T,T)~'. However, the hyperfine couplings given in Table I
vary by at most 20% for the two field orientations, thus the
critical spin fluctuations themselves must be largely isotropic
in the paramagnetic state. This result contrasts with NMR
observations in «-RuCl; [13], but agrees with magnetic x-ray
scattering results in the paramagnetic state, where the zigzag
correlations decrease isotropically with increasing the temper-
ature [12]. The fact that the spin fluctuations in Na,IrO3 show
no difference between in-plane and out-of-plane magnetic
fields suggests that, despite the strong spin-orbit coupling evi-
dent in the magnetic order, the same strong spin-orbit coupling
conspires to produce a symmetry in the critical fluctuations
that is indistinguishable from spherical symmetry, consistent
with the isotropy of the Kitaev cubic axes.

Figure 4 displays (7;T)~" versus temperature below Ty. It
is well established that in a three-dimensional conventional
magnetic insulator the spin-lattice relaxation rate exhibits
either thermally activated behavior, (I7)~" o« Te=2/T, or
power-law relaxation, (T;T)~! o« T%, where o =2 or 4 for
two-magnon or three-magnon scattering [26,27]. We fit the
data to both expressions, but as seen in Fig. 4 neither ex-
pression captures the behavior well. For an ideal Kitaev spin
model, the NMR spin-lattice relaxation rate is expected to
exhibit activated behavior, T,”' ~ e=2/%T where A is the
spin gap [28,29]. For the more generic case of a gapless
Kitaev quantum spin liquid on a honeycomb lattice, Tl’l x T3
[30]. However, neither of these cases adequately captures our

observations either. Surprisingly, the data in Fig. 4 approach
a constant as 7 — 0. This result is surprising because at
T = 0 all of the fluctuations should be frozen out. (7;7)~' =
const suggests the presence of a finite density of states in a
conductor, but Na,IrO3 is a Mott insulator with a band gap
of 300 meV so relaxation by itinerant charges can be ruled
out. Observations in similar materials reveal different trends.
In polycrystalline samples of the two-dimensional honeycomb
material LixRhO3, 77" oc 722 [31]. In RuCls, 7, exhibits
qualitatively similar behavior at low fields, with a peak at
Ty and decreasing Tfl below; however, at high fields Tfl is
dramatically suppressed as the magnetism is suppressed and a
spin gap emerges [13].

The presence of a small population of minority Ir spins
located at the Na sites may offer an explanation for the
gapless excitations we observe at low temperatures in
the antiferromagnetic phase, consistent with the breakdown
of the K-x relationship. Because these minority spins may
not order, they would continue to fluctuate and can contribute
to the spin-lattice relaxation of the Na nuclei. Substitutional
disorder is not uncommon in these materials, and structural
refinement studies have indicated that up to 35% of the Na(2)
sites can be occupied by Ir [9].

An alternative possibility is that layer stacking faults may
be present which could be correlated with each other in
complicated ways. The net result is that some layers could
magnetically interact with each other enough to give different
regions of the crystal with somewhat different magnetic prop-
erties. Though they all undergo the same three-dimensional Ty
transition, the resulting regions would have different magnetic
sites across the crystal experiencing different internal fields.
A related possibility is that stacking faults could produce
inhomogeneous electric fields that can then change magnetic
interaction energies; in quantum paramagnets such energy
randomness can give rise to topological defects carrying
spin-1/2 moments, with unusual low-energy dynamics, and
it is conceivable that some such magnetic defects can arise
from energy randomness also in this strongly frustrated, albeit
ordered, magnet [32,33].

In conclusion, we have found that the Na NMR spectrum
exhibits a shift anomaly below ~30 K, and a significant
broadening below Ty associated with a broad distribution
of local internal fields in the antiferromagnetic state, despite
independent observations of commensurate ordering. We at-
tribute these effects to Ir-Na substitutional disorder, which
may give rise to a subset of Ir spins that exhibit different
magnetic behavior than those in the honeycomb lattice. The
surprising lack of anisotropy in Tl_1 in the paramagnetic phase
suggests that isotropic spin fluctuations are driven by Kitaev
interaction. Furthermore, Tl_l data reveal gapless excitations
deep in the ordered state, which may also arise from disorder.
Although this type of substitutional disorder is particular to
the A,IrO; family, similar phenomena have been observed in
RuCl; and it is important to account for the consequences of
such a distribution into two subsystems to fully understand
the nature of the low-energy excitations within the quantum
spin-liquid phase of related materials. Further studies at lower
temperature may shed important light on the nature of these
excitations.
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