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The magnetic ground state of the J; = 1/2 hyperkagome lattice in NayIr;Oyg is explored via combined
bulk magnetization, muon spin relaxation, and neutron scattering measurements. A short-range, frozen
state comprised of quasistatic moments develops below a characteristic temperature of T = 6 K, revealing
an inhomogeneous distribution of spins occupying the entirety of the sample volume. Quasistatic, short-
range spin correlations persist until at least 20 mK and differ substantially from the nominally dynamic
response of a quantum spin liquid. Our data demonstrate that an inhomogeneous magnetic ground state
arises in Naylr;Og driven either by disorder inherent to the creation of the hyperkagome lattice itself or

stabilized via quantum fluctuations.
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Models of spin-orbit entangled J.; = 1/2 electrons on
edge-sharing octahedra have shown that the symmetric
portions of the magnetic Heisenberg exchange coupling
may cancel [1-3]. This opens the possibility for an
antisymmetric, bond-dependent magnetic exchange that
can be mapped into a Hamiltonian with a spin liquid
ground state [2,4]. In two dimensions, the honeycomb
lattice of (Li, Na),IrO; has been proposed to be close to
this spin liquid regime [5,6], and in three dimensions the
leading candidate for realizing this new spin-orbit driven
spin liquid is the hyperkagome lattice of Ir moments in
Na4Ir3OS (Na-438) [7].

While the geometric frustration of Ir moments on the
hyperkagome lattice, the theorized J.; = 1/2 ground state,
and the edge-sharing octahedra in Na-438 comprise the
theoretical requirements for stabilizing a spin liquid phase, a
range of ordered magnetic ground states may instead stabilize
depending on the relative strengths of competing exchange
parameters as well as the relevance of Dzyaloshinskii-Moriya
(DM) interactions [3]. As a result, a number of ordered states
have also been proposed, ranging from fluctuation-driven
nematic order [8] to a variety of antiferromagnetic states
[2,3]. Which magnetic ground state in Na-438 is realized,
however, remains experimentally unresolved.

A high degree of magnetic frustration in Na-438 was
initially suggested via the measurement of a large Curie-
Weiss temperature Ocw =~ 680 K and the absence of spin
freezing above 6 K [7]. Magnetic heat capacity data, while
revealing an anomalous peak near 30 K, similarly have
shown no signature of ordering down to 0.5 K along with
a linear term in the low temperature C,,,(7)—suggestive
of gapless spin excitations in the ground state [5,7].
Furthermore, measurements of the magnetic Griineisen
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parameter have hinted at a nearby quantum critical point
[9]. While these studies have suggested an exotic spin
liquid in the J.; = 1/2 hyperkagome lattice, direct exper-
imental probes of magnetic correlations in this material are
notably absent. Thus the key question remains: In the
ground state, do spins remain predominantly dynamic as
expected for a spin liquid, or do spins ultimately freeze into
static or quasistatic correlations?

Here we use muon spin relaxation (#SR), bulk magneti-
zation, and neutron scattering studies to resolve that the
hyperkagome lattice transitions into a quasistatic state
frozen below 6 K with slow dynamics persisting down
to 20 mK. Our SR data reveal that an irreversibility in the
static spin susceptibility below 6 K arises from the bulk of
the spins in the system freezing and not a dilute impurity
effect. The resulting magnetic ground state differs quali-
tatively from that expected of an intrinsically dynamic
quantum ground state such as a quantum spin liquid, and,
instead, moments freeze into a configuration of densely
packed spins with short-range correlations confined to the
length scale of one unit cell. Our combined results point
toward an unusual ground state realized by J.; = 1/2 spins
on a hyperkagome lattice with long-time-scale, persistent
fluctuations that coexist with spin freezing and resemble
those observed in quantum spin ice and related materials.
The recovered spin entropy in this material [9] can there-
fore be attributed to the onset of a short-range ordered
magnetic ground state.

Zero field and longitudinal field uSR measurements
were made at the Paul Scherrer Institute in a gas-flow
cryostat over the range 1.6 K <7 <13 K and in a
dilution refrigerator over the range 20 mK< 7 < 1.3 K
[10]. Data were analyzed using Musrfit software [11]; for a

© 2014 American Physical Society
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FIG. 1 (color online). Room temperature x-ray diffraction
measurements collected with a Cu-K, source for (a) Na-438
and (b) Na-338. Panels (c) and (d) show the crystal structures
of Na-438 and Na-338. Ir atoms are denoted as blue spheres, and
Na(1), Na(2), and Na(3) sites are denoted by green, red, and
orange spheres, respectively. Oxygen atoms are not plotted for
clarity, and the (3,1,1) plane is highlighted.

general review of the uSR technique, see Refs. [12] and
[13]. Magnetization measurements were performed in a
Quantum Design MPMS3 magnetometer, and neutron
scattering measurements were performed on the MACS
spectrometer at the NIST Center for Neutron Research.

Polycrystalline Naylr;Og (Na-438) was prepared in a
manner similar to earlier reports [7,9], and polycrystalline
Na;zlr;Og (Na-338) was prepared by converting Na-438
into Na-338 via postreaction chemical treatment [10].
Phase purity of each powder was confirmed via x-ray
diffraction measurements shown in Fig. 1. We found that
Na-438 gradually decomposes upon exposure to atmos-
phere into Naz ,Ir;Og with a structure similar to the
recently reported Na-338 structure [14]; hence, care was
taken to minimize its exposure to air and samples were
manipulated in an inert atmosphere. This behavior is
similar to the decomposition reported in another high
alkali content iridate, Na,IrO5 [15]. The precise evolution
of the structure of Na-438 once exposed to atmosphere is
unknown, and we use the intentionally converted Na-338
as a reference for the electronic response of Na-deficient
(i.e., carrier doped) Na-438.

Susceptibility measurements for both Na-438 and
Na-338 are plotted in Fig. 2. A Curie-Weiss fit for
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FIG. 2 (color online). (a) Bulk magnetization collected for
Na-438 under both FC (closed symbols) and ZFC (open
symbols). The inset shows the magnetization M versus applied
field H both above and below T. (b) ZFC static spin suscep-
tibility plotted for as-grown Na-438 (blue triangles) as well as
Na-438 left in air for 12 h (green squares), 36 h (purple circles),
and converted Na-338 (black diamonds). Inset shows y~!(T) for
as-grown Na-438, 36 h exposed Na-438, and Na-338. Line is the
Curie-Weiss fit.

Na-438 (75 K< T <300 K), shown in the inset of
Fig. 2(b) yielded a ®cw = 555 K and an effective local
moment of 2.10 up. The local moment is larger than the
maximum moment expected for a simple S :% system,
consistent with the larger values from earlier reports [7,9].
We stress here that this is an effective fit, and the high
temperatures required for a quantitative fit are inaccessible
due to sample decomposition. Below the breakdown of
Curie-Weiss behavior, a cusp appears peaked at Tp = 6 K
in the zero-field cooled (ZFC) susceptibility. This peak
coincides with the onset of irreversibility when compared
with field-cooled (FC) data, and field sweeps at 1.8 K
reveal the onset of a frozen state with a finite coercive field
[Fig. 2(a) inset]. Once powder from this same batch is
converted into Na-338, the nominal doping of % of the Ir
sites to Ir>* causes this cusp to disappear.

The frozen state below 6 K in Na-438 is fragile and
gradually diminishes upon exposure to air as shown in
Fig. 2(b), and the structural conversion can be tracked
via x-ray measurements [10]. We note here that high-
temperature M(7T) data of Na-338 exhibit a positive

247601-2



PRL 113, 247601 (2014) PHYSICAL

REVIEW LETTERS

week ending
12 DECEMBER 2014

(a)

Polarization

Time (us)

FIG.3. (a) Time dependence of the muon polarization at several
temperatures (open symbols), along with the fits (solid lines), as
described in the text. The curves are offset by equal increments of
0.2 for clarity. (b) Muon depolarization at 1.6 K as a function of
time at several longitudinal field values. Open symbols are the
data, and the solid lines are fits described in the text. The error
bars indicate 1 standard deviation.

slope [14], and, hence, any admixture of Na-338 within
Na-438 will increase the apparent value for Ocyw [Fig. 2(b)
inset]. This may explain the variability in previous sus-
ceptibility measurements [7,9].

In order to determine the origin of the irreversibility
observed below 6 K in Na-438, we performed uSR
measurements. SR is volumetric probe capable of differ-
entiating between local spin freezing from dilute impurities
and a global transition of spins into a state with quasistatic
order. Figure 3(a) shows the zero-field depolarization
curves between 7' =12.7 and T = 1.6 K. The 12.7 K
curve shows a very slow depolarization, typical of muon
depolarization via small nuclear moments of fixed size
and random orientation. This can be fit by the Gaussian
Kubo-Toyabe (GKT) depolarization function [16],

2 A2 1

Gekr(t) :g(l — AP )e=t /2"‘5’ (1)
where Ay is proportional to the root-mean square of the
local field distribution (assumed to be Gaussian) due to the
nuclei at the muon stopping site, Ay = 7, (Bioc)ms> and 7,
is the muon gyromagnetic ratio. The “% tail” in Eq. (1) is a
defining characteristic of depolarization by random local
fields that are static on the muon time scale. From our fits
at 12.7 K, we find Ay = 0.102(1) us~!, a value consistent
with depolarization by nuclear moments.

Below 10 K the depolarization takes on an exponential
form, and the rate increases sharply with decreasing
temperature. As the sample is cooled below 6.5 K, where
the maximum in the static susceptibility is observed, we fit
the depolarization with the phenomenological Gaussian-
broadened Gaussian (GbG) function, Ggpg(#), modified
with a slow exponential decay [16—18]. The form for the
polarization is

G(1) = (1 = f)Ggp(t)e™ + fe~ha! (2)
and
2(1+R : A%Vtz A2 2 1
=3 — N e~ [2a |
Gapg (1) 3 < . ) (1 pnd LELE (3)

Here, a = 1+ R + R2A%, 2, A}, = (W2 + A2), and
R = W/A,. This GbG form is simply a variation on the
Gaussian Kubo-Toyabe function where the single local
field distribution due to densely packed electronic moments
is replaced by a Gaussian distribution of distributions with
a mean value A, and width W. The form is known to
describe systems where the muon depolarization is driven
by disordered static magnetic moments with short-ranged
correlations, e.g., the spin ice candidate Yb,Ti,O; [19]
and the doped skutterudite PrOs,Sb, [20]. A similar form
of relaxation for muons in the presence of short-range
order was recently derived analytically using statistical
methods, providing a firm theoretical foundation for this
association [21].

We allowed for a refined volume fraction of a Na-338
impurity phase f, which is characterized by slow expo-
nential damping with a nearly temperature independent rate
Azag. This additional damping term 4533 was independently
measured [10], and the temperature independent fraction f
was determined from the fits to the data at 1.6 K. The
resulting fraction of impurity Na-338 phase within the
nominally Na-438 powder was fit to be 6.6%, which likely
arose from incidental exposure of the sample to atmosphere
during transport. The remaining 93.4% of the sample
volume below 6 K is well described by the GbG formalism,
confirming that the entirety of the sample transitions into a
quasistatic state.

In Fig. 4, we show the temperature variation of A, R,
and A. The sudden increase in A, and drop in R coincide
with the peak in the magnetic susceptibility. We note here
that the mismatch in the data between 1.3 and 1.6 K is due
to the presence of a large background component in the
data taken in the dilution refrigerator due to the silver
sample holder [10]. Both A, and A parameters approach
constant values upon cooling in contrast to the behavior of
a canonical spin glass. Based on the more accurate data
taken in the gas flow cryostat, we take the low temperature
values of Ay, R, and A to be approximately 6.0 MHz, 0.4,
and 0.1 us~!, respectively. From this value of A, we extract
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FIG. 4. The mean value of the Gaussian-broadened Gaussian
distribution [Eq. (3)] as a function of temperature. Upper inset:
Variation of the relaxation rate with temperature; discontinuity
near 1.4 K is due to a change in the sample environment described
in the text. Lower inset: the temperature dependence of the ratio
of the width of distributions to the distribution mean. The error
bars indicate one standard deviation of the fit parameters.

a characteristic field (B),,; = A¢/7, = 70 G. The muon
stopping site is unknown, but assuming that the muon
experiences a dipolar field due to an Ir** magnetic moment
located about half a unit cell away (a = 8.988 A),
we roughly estimate up =~ 0.5 up, reasonable for the
Jetr = 5 state.

As an additional check of the quasistatic nature of the
moments in Na-438, we also carried out measurements
mapping the effect of a longitudinal magnetic field on the
muon depolarization at 7 = 1.6 K. The data plotted in
Fig. 3(b) show that the % tail at long time scales begins to be
removed in an applied field of H 2 (B),,, and is com-
pletely suppressed under ~500 G. This is an independent
confirmation of the quasistatic nature of the depolarization
and highlights the qualitative departure of the spin response
from the dynamical, nearly field-independent, depolariza-
tion behavior expected for a spin liquid that only partially
freezes below T [22].

We approximated the longitudinal field dependence of
the GbG function by a finite sum of GKT functions shown
in Fig. 3(b) that each include fluctuations and an applied
longitudinal field [12,13]. Fits to this form under zero field
yielded A4, A, and R values consistent with those of zero-
field GbG fits. Changing the magnetic field values while
keeping these parameters fixed yields good agreement with
the data under applied fields, and validates our conclusion
that the muon depolarization is caused by a quasistatic
magnetic field distribution dressed with slow fluctuations.

Monte Carlo simulations [18] have shown that the ratio
R =W/A, is inversely proportional to the magnetic
correlation length. In Na-438, the saturated region below
Ty shows a fit R = 0.4, implying correlations that extend

only over several nearest neighbor distances. Freezing of
moments into a quasi-static state below 6 K can preclude
the formation of a purely dynamical quantum spin-liquid
ground state in Na-438. Instead, quasistatic moments
coexist with long-time-scale spin fluctuations, roughly
mirroring the coexisting dynamic and freezing behavior
reported in geometrically frustrated magnets such as § = 1
NiGa,S, [23] and S = % Cu3Ba(VOsH), [24]. The degree
of coexistence in this intermediate regime depends on the
details of each system varying from predominantly static
moments in Na-438 to the predominantly dynamic liquid
state in Cu3Ba(VOsH),; however, it appears to be a
generic feature of a proximate, highly degenerate, quantum
ground state.

It is worth noting that systems far from frustration
and well into an ordered regime may also show inhomo-
geneous short-range order and persistent fluctuations
coexisting with conventional static order [25,26]. The
small T;/Ocw ratio in Na-438, however, suggests that
the dichotomy between quasistatic order and persistent
fluctuations is driven via interactions characteristic of
frustration. This, combined with the anomalous thermody-
namic properties of Na-438 [7,9], parallels the configura-
tionally degenerate phases with fluctuating order (CDFO)
observed in spin-ice and related phases [19,27,28] which
possess short-range correlations that continue to fluctuate
as T — 0.

Theoretical studies have shown that an unfrustrated
classical ground state should stabilize in Na-438 in the
limit of strong spin-orbit interactions and direct Ir-O-Ir
superexchange; however, for direct Ir-Ir exchange, quan-
tum fluctuations may remain relevant depending on the
details of DM effects [3]. A Kitaev-Heisenberg model of
NaylIr;Og has similarly predicted an array of classically
ordered phases with select regions of parameter space
allowing for quantum disordered ground states [2].
A nematic order parameter, driven by fluctuations, has
also been predicted to stabilize in Na-438 via an order-by-
disorder mechanism [8]. Determining precisely which of
these spin configurations freezes requires a momentum
resolved probe such as neutron scattering. Our initial
neutron scattering data reveal no sign of magnetic corre-
lations [10]—implying a small ordered moment difficult to
resolve in powder measurements. Future measurements on
single crystals will be required to fully characterize the
frozen state; however, our data do allow models predicting
the component field distribution felt by the muon to be
tested using the approach of Yaouanc, Maisuradze, and
Dalmas de Réotier [21].

Our observations are consistent with the formation of a
CDFO phase in Na-438; however, the freezing transition
at 6 K is curiously absent from previously reported heat
capacity data. Instead, heat capacity reveals only a broad
peak at 30 K that is also only weakly field dependent,
presenting a theoretical challenge in reconciling the details
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of spin freezing and the higher temperature entropy release
in this material. At lower temperatures, however, our data
show that the magnetic entropy observed arises not from
spins possessing purely dynamic, liquidlike correlations in
the quantum ground state but rather from frozen spins
likely belonging to a growing class of CDFO phases that
exhibit long-time-scale damping coexisting within a short-
range ordered, quasistatic spin state.
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