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The search for an ideal Kitaev spin liquid candidate with anyonic excitations and long-range
entanglement has motivated the synthesis of a new family of intercalated Kitaev magnets such as
H3Lilr2Og, CuzlrOg, and AgsLilroOg. The absence of a susceptibility peak and a two-step release of
the magnetic entropy in these materials have been proposed as evidence of proximity to the Kitaev
spin liquid. Here we present a comparative study of the magnetic susceptibility, heat capacity,
and muon spin relaxation (uSR) between two samples of AgsLilroOg in the clean and disordered
limits. In the disordered limit, the absence of a peak in either susceptibility or heat capacity and the
lack of zero field muon precession in the puSR signal give the impression of a proximate spin liquid
state. However, in the clean limit, peaks are resolved in both susceptibility and heat capacity, and
spontaneous oscillations appear in the SR signal, confirming long-range antiferromagnetic order in
the ground state. The uSR oscillations fit to a Bessel function, characteristic of incommensurate

order, as reported in the parent compound «-LizIrOs. Our results clarify the role of structural

disorder in the intercalated Kitaev magnets.

I. INTRODUCTION

A long standing challenge in condensed matter physics
has been to access a quantum spin liquid (QSL) ground
state characterized by long-range entanglement and frac-
tionalized anyonic excitations’. One of the most
promising theoretical models of QSL is the Kitaev model
based on interacting spin-1/2 ions on a 2D honeycomb
lattice with bond-dependent Ising axes?. The prime can-
didates for the Kitaev model are a-LizIrOs, NaglrOs,
and a-RuCls, but all three compounds order magneti-
cally at low temperatures® 9. Recently, a new class of
intercalated Kitaev magnets have been synthesized via
a topochemical exchange of the interlayer Li/Na atoms
in a-LisIrO3 and NagIrOs with H, Cu, or Ag atoms,
and producing H3LilrsOg, CusLilroOg, CuslrOgz, and
AgsLilryOg ' 1. It is claimed that this new family of
Kitaev magnets, specifically H3LilroOg and AgzLilrsOg,
are closer to the QSL phase based on the absence of mag-
netic ordering in thermodynamic measurements, a scal-
ing behavior in the heat capacity, and a two-step release
of the magnetic entropy''*16:17 Both bond disorder
and modified interlayer coordination are hypothesized as
possible mechanisms for the proximity to the QSL ground
state!31417:18 - Currently, there is no careful experimen-
tal work to examine these hypotheses and elucidate the
role of structural disorder in the intercalated Kitaev mag-
nets.

In this article, we present a careful study on the effect
of structural disorder on one of the intercalated Kitaev
magnets, AgszLilroOg. We show that the signatures of
magnetic ordering may be hidden in a disordered sam-
ple, but they emerge unmistakably in a clean sample.
Based on our experimental results, the onset of magnetic

ordering in the clean limit is unaffected by the interlayer
coordination, and the nature of disorder in AgzLilryOg is
inconsistent with a randomized bond picture!”. Our ex-
perimental discussion is organized in four sections. First,
in a clean sample (S1), we reveal a peak in the magnetic
susceptibility at the Néel temperature Ty = 14 K fol-
lowed by a sharper downturn at T1,ro=8 K. Such a peak
is absent in a disordered sample (S2). Second, we also re-
veal a peak in the heat capacity of S1 at T, which turns
into a mild change of slope in S2. In the light of these
findings, we will revisit the two-step entropy release that
has been interpreted as evidence of spin fractionalization
in AggLiIFQOG, Oé—LiQII‘Og, 1\Ia2h‘037 and Oé-Ru01314’19’20.
Third, using muon spin relaxation (uSR) measurements,
we show that Ty marks the onset of an incommensu-
rate magnetic order with short-range correlations that
become long-range below Trro in the clean sample S1.
The pSR oscillations are not visible in sample S2. Fourth,
we use transmission electron microscopy (TEM) to reveal
extended regions of silver inclusion within the honeycomb
layers of S2 that are absent in S1. Complementary data
and analyses are presented in four appendices at the end.

II. EXPERIMENTAL METHODS

AgsLilraOg was synthesized via a topotactic cation-
exchange reaction as reported in Ref.!4. To improve the
sample quality, however, we took two important addi-
tional measures. First, we minimized the stacking faults
in the precursor a-LisIrOgz by performing a sequential
solid-state synthesis at 900, 1000, and 1015 °C for 24,
32, and 48 h, respectively. Second, we increased the du-
ration of the topotactic reaction to several days to ensure



a complete exchange of the high-quality a-LisIrOg pre-
cursor (see also Appendix A). Sample S1 was made with
the improved technique and sample S2 was made with
the methods described in Ref.!4.

The electron diffraction (ED) and high angle annu-
lar dark field scanning TEM (HAADF-STEM) were per-
formed using an aberration corrected JEM ARM200F
microscope. Powder X-ray diffraction (PXRD) was per-
formed using a Bruker D8 ECO instrument equipped
with a Cu-K, source and a 1D LINXEYE-XE detector.
Magnetization and heat capacity were measured using
Quantum Design MPMS3 and Dynacool PPMS, respec-
tively.

The puSR experiments were carried at the Paul Scher-
rer Institute (PSI) using a 3He refrigerator with the
Dolly Multi Purpose Surface-Muon Instrument (sample
S1), and a gas flow cryostat with the General Purpose
Surface-Muon (GPS) Instrument (both samples). The
Musrfit program?! was used for data analysis. Sample S1
was pressed into a pellet 13 mm in diameter and 1 mm
thick, and sample S2 was 13 mm in diameter and 1.2 mm
thick. The pellets were wrapped in a 25 pym thin silver
foil and mounted with varnish on copper holders. The
same holder was used to mount S1 in both spectrome-
ters. Initial measurements were made on sample S2 using
a dilution refrigerator and gas flow cryostat on the EMU
spectrometer at the ISIS Muon Source at the Rutherford
Appleton Laboratory.

III. RESULTS AND DISCUSSION
A. Magnetic Susceptibility

The first evidence of magnetic ordering in a high-
quality AgsLilraOg sample (S1) is a peak at Ty=14 K in
the DC susceptibility (x) as seen in Fig. 1(a) and mag-
nified in Fig. 1(b). A similar behavior has been observed
in an earlier work by Todorova et al.'®> The peak is broad
and shows splitting between the zero-field-cooled (ZFC)
and field-cooled (FC) conditions (inset of Fig. la and
Appendix B). A second temperature scale in Fig. 1(b) is
T ro=8 K, below which, the susceptibility visibly turns
down (and the uSR data reveal clear oscillations in Sec-
tion III C). Thus, we identify Ty as the onset of short-
range magnetic ordering that becomes long-range below
TLroO-

We compare the magnetic susceptibility of the clean
sample (S1) and disordered sample (S2) in Fig. 1(c). A
susceptibility peak is present in the former, but absent
in the latter. The absence of such a peak in a sample
with the same quality as S2 has been misinterpreted as
evidence of proximity to a Kitaev spin liquid'*. After
tremendous efforts to remove disorder and improve the
quality of AgzLilroOg, we were able to resolve the AFM
peak in the high-quality sample S1. Based on our re-
sults, it would be insightful to revisit recent claims of
a quantum spin liquid phase in another Kitaev material
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FIG. 1. (a) DC magnetic susceptibility per mole Ir (black

data) and inverse susceptibility (red data) plotted as a func-
tion of temperature in the high-quality sample S1. The yel-
low line is a Curie-Weiss fit at T' > 150 K. The full and open
circles in the inset represent the zero-field-cooled (ZFC) and
field-cooled (FC) curves at H = 5 T. (b) Magnified view of
the ZFC susceptibility from sample S1 showing a broad peak
at Tnv = 14 K and a sharper downturn at Ttro = 8 K. (c)
X(T') curves are compared between the clean sample S1 (black
points) and disordered sample S2 (orange data from Ref.'*).

Hj3LilroOg which suffers from a higher disorder level than
Ag3Lilro06'122. A large low-temperature tail in x(7')
has been observed in H3LilryOg similar to the behavior
of sample S2 in Fig. 1(c). The question is whether a peak
is hidden under that low-temperature tail. In a similar
vein, recent claims of a disordered QSL phase in CusIrOgz
based on the absence of a peak in x(7') may be question-
able'®. In fact, a small peak at 2 K has been reported in
higher-quality samples of that material and diagnosed as

a signature of partial static magnetism?3.

To wunderstand the magnetic interactions in
AgsLilryOg, we performed a Curie-Weiss (CW) analysis
on the inverse susceptibility (1/x) in Fig. 1(a). The
yellow line represents the CW fit that yields a CW
temperature Ocw=—132(1) K and a magnetic moment
ter =1.87(2) up. The negative sign of ©cw indicates
AFM interactions and its large magnitude, compared
to Ty, implies magnetic frustration®*. We extract an
effective magnetic moment of peg=1.87 pup from the CW
fit which is comparable to the reported values in other
Kitaev magnets!3!? and close to the expected moment
for a Jeg=1/2 state (1.74 pp). The values of pes and
Ocw are comparable between S1 (1.87 up, —132 K) and
S2 (1.79 pp, —142 K)1.
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FIG. 2. (a) Heat capacity divided by temperature (C/T)
per mole Ir or Sn plotted as a function of temperature in
AgsLilr,Og (black data) and its nonmagnetic lattice model
AgsLiSnyOs (turquoise data from ref.'*). (b) Magnetic heat
capacity (Cy,) in units of RIn(2) as a function of temperature
below 120 K in S1, where T, = Ty=14 K and Ty = 75 K. (c)
Comparison between C'/T as a function of temperature below
30 K in the clean sample S1 (black) and disordered sample
S2 (orange). The orange curve (from Ref.'*) is shifted by
—0.014 K for clarity.

B. Heat Capacity

We measured the heat capacity (C) of sample S1 to
confirm the bulk AFM order in AgzLilroOg. Figure 2(a)
shows a broad peak in C/T at Ty = 14 K, consistent
with the peak at 14 K in x(7'). On the same figure, we
also present the heat capacity of an isostructural com-
pound Ag3LiSnyOg which serves as a non-magnetic lat-
tice model for AgsLilroOg. The two data sets closely
track each other as a function of temperature, except
near 75 K and 14 K, where an additional magnetic con-
tribution enhances the heat capacity of AgsLilroOg. The
magnetic heat capacity (Cy,) can be isolated by subtract-
ing the Ag3LiSnyOg data from AgzLilroOg. Figure 2(b)
shows Cp, in units of RIn(2) as a function of temper-
ature where two broad peaks are resolved at a higher
Ty = 75 K and a lower Ty, = 14 K temperature. Such
a behavior has been interpreted as evidence of a frac-
tionalization of spins into Majorana fermions at Ty fol-
lowed by a long-range entanglement at 77, in AgzLilryOg,
a-LisIrOs, NagIrOs, and a-RuClg'41920 based on a
quantum Monte Carlo simulation of the Kitaev Hamilto-
nian?®. We caution against this interpretation and point
out that the peak at Tp=Tx in AgsLilroOg is due to
static magnetism instead of quantum entanglement.

Asymmetry

Time (us)

FIG. 3. Asymmetry plotted as a function of time at short
timescales. The curves have been offset by equal increments
from the base-temperature curve (0.28 K) for clarity. The
magenta, cyan, and yellow solid lines are fits to Eq. 1, Eq. 2,
and Eq. 3, respectively.

We compare the C/T curves between samples S1
(clean) and S2 (disordered) in Fig. 2(c). Whereas S2
shows a slight change of slope at Ty=14 K, S1 reveals a
peak. Notice that without having the clean sample S1,
the heat capacity of S2 could have been misinterpreted as
the absence of magnetic ordering. This shows the impor-
tance of improving sample quality, since without having
access to S1, we could not have associated the peak at
Ty, with the entropy release from a long-range AFM oder
instead of entanglement. Similarly, the low temperature
peaks in the heat capacity of a-LisIrOs, NagIrOg, and
a-RuCls are due to AFM ordering!419:20,

The above discussion does not discredit the iridate ma-
terials as candidates of a Kitaev spin liquid. Note that
the peak at Ty may indeed signal the onset of a fraction-
alization process, but the Majorana liquid develops an
instability toward a gapped AFM state instead of melting
into an entangled spin liquid ground state. In a-RuCls,
this instability is removed by applying a 7 T magnetic
field parallel to the honeycomb planes2®. A similar effect
may be observed in AgsLilroOg once single crystals are
available.

C. Muon Spin Relaxation (uSR)

In positive muon spin relaxation (uTSR), spin-
polarized positive muons are injected into a sample and in
less than 1 ps come to rest at a preferred crystallographic
interstitial site (or sites). The muon spin polarization
then evolves with time in the local magnetic field, yield-
ing information about the magnitude and orientation of
the local field relative to the initial spin direction. After
tens of millions of decay events, a time histogram can be



used to extract the asymmetry, which is proportional to
the time dependence of the projection of the muon spin
along the detector direction?’. The asymmetry contains
information about the local fields temporal and spatial
variation.

We plot the asymmetry as a function of time in sample
S1 in Fig. 3, at nine representative temperatures from
0.28 to 20 K at zero field. For temperatures greater
than or equal to 20 K, the Ir*" moments are fluctuat-
ing too rapidly, and they have no effect on the muon.
Therefore, the depolarization is dominated by randomly
oriented quasistatic nuclear moments. The temperature
dependent asymmetry is well described by a Gaussian
Kubo-Toyabe function

Axr(t) = Ao % + % (1 _ 02t2) exp (—;02t2>] (1)

where Ag = 0.174 is the initial asymmetry for GPS in
spin-rotated mode, and the parameter ¢ = 0.150 MHz is
proportional to the second moment of the field distribu-
tion experienced by the muon ensemble. The magenta
line on Fig. 3 is a fit to Eq. 1 at 20 K. We found a con-
stant value for o between 200 and 20 K, indicating that
the muon is not diffusing in this temperature range. The
data below 20 K can be explained in three regions of
interest.

Region 1. For 20 K> T > Ty, depolarization is domi-
nated by the nuclear moments. The electronic moments
are slowing down and begin contributing to muon depo-
larization.

Region 2. For the range Ty > T > T1ro, depolar-
ization is dominated by the electronic moments. Short-
range correlations are manifested in the onset of a fast
relaxation component in addition to a slow exponential
depolarization due to fluctuations. To characterize the
crossover in this temperature range, we use a phenomeno-
logical depolarization function

A(t) = Ao [ap exp (— (Apt)ﬂ) +(1—ar)exp (—Ast)]

@)
where Ay = 0.185 is the initial asymmetry in the Dolly
spectrometer in spin-rotated mode. The first term in the
brackets is related to the fast decay with rate Ap best
described by a stretched exponential with exponent (3,
and attributed to spin freezing. The second term is a
slow exponential decay at rate Ag attributed to a fluc-
tuating contribution. The fit parameters Ag, 5, and
Mg in sample S1 vary from 10.1(6) us™!, 0.85(6), and
0.211(2) pus~! at 13 K, respectively, to 11.0(1) us™!,
1.75(5), and 0.285(8) us™* at 8 K.

The cyan line on Fig. 3 is a representative fit to Eq. 2
at 11 K. From such fits, we extract the fraction of fast
decay ap, which we take as a metric for the onset of
static magnetism. The temperature dependence of ap is
plotted in Fig. 4(a), and it vanishes near Ty = 14 K.

We compare the polarization (normalized asymmetry)
at 10 K between samples S1 and S2 in Fig. 4(b). At this
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FIG. 4. (a) The blue circles represent ap values from fits to
Eq. 2, and the red squares represent Bpax values from fits to
Eq. 3 in the clean sample S1. Static magnetism starts at T =
14 K and pSR oscillations start at Trro = 8 K. (b) Muon
polarization (P = A/Ao where Ay is the initial asymmetry)
as a function of time in S1 and S2 at 10 K (T~ > T > Trro)-
(c) Polarization curves below 1 ps in S1 and S2 at 1.6 K
(T < Trro). The oscillations are barely discernible in the
disordered sample S2, although the initial depolarization is
comparable between S1 and S2.

temperature (Ty > T > Tiro), neither S1 nor S2 shows
oscillations; however, the fast decay below 1 us is visibly
faster in S1. Note that the long-time tail of polarization
converges to the same value in both samples, indicating
weak dynamics. We conclude that the same magnetic
ordering starts below T in both samples, but the short-
range correlations are stronger in S1 evidenced by larger
Ap than in S2.

Region 3. At T < Trro, clear oscillations appear in
the depolarization curves of S1 (Fig. 3), indicating a long-
range magnetic order. The depolarization curves are well
described by the function

ApLro(t) = Aglavro exp (—At) Jo (v, Bmaxt + @)
+ (1 — aLro) exp (—At)] (3)

Again, the initial asymmetry is Ag = 0.185 in the
Dolly spectrometer. Here Jy is the zeroth-order Bessel
function and the muon gyromagnetic ratio is 7, =
27(135.5 MHz/T). The yellow line on Fig. 3 is a fit to
the Bessel function at 0.28 K. A Bessel oscillatory behav-
ior is typically associated with incommensurate magnetic
ordering®”, where the muon experiences ordered fields
ranging from 0 to Bpax. We extract the Bp,ay value from
such a fit at each temperature below 71,ro, and plot it in
Fig. 4(a) as red squares. Such an analysis would be im-
possible for the disordered sample S2 as can be seen from
the comparison in Fig. 4(c). The oscillations are barely



visible in S2, thus a fit to Eq. 3 would not work. Two ad-
ditional observations in Fig. 4(c) are worth noting. First,
at extremely short timescale (less than 0.1 us), the fast
depolarization is identical in both samples. Second, the
long-time depolarization tail (¢ > 0.8 us) converges be-
tween the two samples. From these observations, we con-
clude that a similar incommensurate order exists in the
ground state of both samples, but with a longer correla-
tion length in sample S1 than in S2; due to less disorder.

At the base temperature T = 0.28 K, the fit to Eq. 3
yields apro = 0.741(2), Bnax = 269(1) G, ¢ = —0.9(6)°,
A = 2.8(1) ps71, and A = 0.052(4) ps~!. The value
for arro is close to the value 2/3 expected from a poly-
crystalline sample exhibiting long-range magnetic order.
The value for By ax is confirmed from a longitudinal field
(LF) experiment in Appendix C. The damping rate A
is associated with those muons whose initial polarization
lies along the local magnetic field and are depolarized
by transverse magnetic fluctuations. The rate A con-
tains contributions from both static magnetic disorder
and magnetic fluctuations. Since A > )\, disorder is the
dominant contribution.

D. Transmission Electron Microscopy (TEM)

So far, we have presented the magnetic behavior of
AgsLilrsOg in the clean (S1) and disordered (S2) limits
using both bulk and local probes. Here we character-
ize the structural disorder in the material using high-
resolution HAADF-STEM images from both samples S1
and S2 in Fig. 5. The characteristic feature of each hon-
eycomb layer in Fig. 5(a,b) is a repeating pattern of a
pair of Ir atoms (large bright spots) separated by a Li
atom (not visible). This pattern is interrupted in sample
S2 by rows of unwanted Ag atoms (smaller bright spots)
as indicated by the arrows in Fig. 5(a). Note that sil-
ver inclusions take the form of extended defects (rows
of Ag atoms) instead of local defects (singular intersite
disorder). The distinction between local and extended
defects are important especially in theoretical modeling
of disordered Kitaev magnets?S.

In the inset of Fig. 5(a), a crystallographic model is
overlaid on the magnified image to identify the Ag, Ir,
Li, and O atoms as blue, yellow, pink, and red spheres,
respectively (only the Ag and Ir atoms are clearly visi-
ble). The arrows indicate where the unwanted Ag atoms
(blue) are inserted within the Ir layer (yellow). In con-
trast, the HAADF-STEM image from the clean sample
S1 in Fig. 5(b) shows pristine honeycomb layers free from
silver inclusions.

We present the electron diffraction (ED) patterns for
S1 and S2 in the top insets of Fig. 5(a,b). The streaking
in ED patterns is due to the stacking faults in the form
of angular twist between the adjacent layers as shown
in other honeycomb materials?®. Upon careful inspec-
tion, the ED pattern of sample S1 reveals less streaking
than S2. This is consistent with the synthesis of sam-

FIG. 5. (a) Electron diffraction (top inset) and HAADF-
STEM image from the disordered sample S2. A structural
model is overlaid on the magnified image in the bottom inset
with blue, yellow, pink, and red spheres for the Ag, Ir, Li, and
O atoms, respectively. The arrows indicate where Ag atoms
replace Ir atoms within the honeycomb layers. (b) Similar
images from the clean sample S1 where Ag inclusion is absent.

ple S1 from a precursor a-LisIrOs with fewer stacking
faults as explained in Appendix A (Fig. 6). We show in
Appendix D (Fig. 9) that AgsLilroOg has more stacking
faults than its parent compounds a-LisIrOs. It is likely
that in the absence of such stacking faults, the initial
spin freezing at T could turn into a long-range order,
i.e. TN = TLROBO.

IV. CONCLUSION

By improving the sample quality, we have revealed
signatures of a long-range incommensurate order in
AgsLilroOg. A broad peak in the magnetic susceptibility
and heat capacity at Ty=14 K marks the onset of mag-
netic ordering. Such a peak is absent in the disordered
sample, which hinders the recognition of a long-range or-
der in AgsLilroOg. In pSR, a fast decay of muon depo-
larization below T shows the onset of short-range order,
and the appearance of oscillations below Ty ro confirms
the long-range order. The oscillation patterns at low tem-



peratures fit to a Bessel function, consistent with incom-
mensurate ordering. An incommensurate spiral order has
been confirmed in a-LieIrO3 from both SR and neutron
scattering®!. Our HAADF-STEM images confirm a mod-
erate level of extended defects (silver inclusion) in the
disordered AgsLilroOg sample made from a lower qual-
ity a-LigIrOg. In the disordered sample, the Ag atoms
enter the honeycomb layer and disrupt the long-range
magnetic order. This effect must be distinguished from
the lack of magnetic ordering due to long-range entan-
glement in a quantum spin liquid.

ACKNOWLEDGMENTS

The first two authors have contributed equally to this
work. We thank R. Valenti and N. B. Perkins for
fruitful discussions, and H. Luetkens, T. Shiroka and
C. Baines for their technical assistance with the uSR ex-
periments. The work at Boston College was supported by
the National Science Foundation under award No. DMR~-
1708929. This work is based on experiments performed
at the Swiss Muon Source SuS at the Paul Scherrer Insti-
tute, Villigen, Switzerland, and at the ISIS Pulsed Muon
Source, which is supported by the UK Science and Tech-
nology Facilities Council.

Appendix A: Synthesis details.

The important difference between the two AgsLilrsOg
samples, S1 and S2, is in the a-LisIrO3 precursor used in
their synthesis. Figure 6(a) compares the x-ray patterns
between two a-LizIrOj3 precursors, shown in black and
red, used for the synthesis of samples S1 (clean) and S2
(disordered), respectively. The region between 19° to 24°
gives information about the quality of honeycomb order-
ing in a-LisIrO3 (Fig. 6a, left inset). The black x-ray pat-
tern with sharp and well-separated peaks indicates better
honeycomb ordering and fewer stacking faults than the
red x-ray pattern. A similar level of disorder carries over
to the AgsLilryOg produced from these precursors. We
also reveal the effect of disorder on the magnetic behav-
ior of a-LisIrO3 by plotting DC susceptibility of both
a-LioIrO3 samples as a function of temperature below
60 K in the right inset of Fig. 6(a). The red curve does
not show any signs of magnetic ordering while the black
curve shows a peak at the AFM transition at 15 K.

Figure 6(b) shows the difference between the x-ray pat-
terns of AgsLilroOg samples S1 (black) and S2 (red). The
main differences between the two samples are the inten-
sity of the peak at 28.5° (left inset) and the sharpness in
the asymmetric honeycomb peaks (right inset). S1 has
sharper asymmetric honeycomb peaks and a shorter peak
at 28.5°, which is similar to a prior report'®. Whereas
we have used AgNQOj for the silver-exchange reaction, the
authors of Ref.!® used a mixture of AgNO3/KNOj for the
reaction. In S2, the honeycomb peaks are broader and
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FIG. 6. (a) X-ray patterns of two a-LizIrOs precursors

used in the synthesis of clean (black) and disordered (red)
AgsLilr2Og. The region of honeycomb peaks is magnified in
the left inset. Temperature dependence of the DC magnetic
susceptibility in the two a-Li2IrOs precursors is presented in
the right inset. (b) X-ray patterns of two AgsLilroOg, S1
(black) and S2 (the red pattern from Ref.'*). The peak at
28.5° in the two AgsLilroOg samples is compared in the left
inset. The region of honeycomb peaks is magnified in the
right inset.

the intensity of the two peaks at 28.5 and 35.3° are nearly
the same.

Appendix B: Splitting between ZFC and FC data.

In Fig. 7, we show the splitting between ZFC and
FC susceptibility at several fields. Note that the split-
ting persists to high fields, confirming a static spin freez-
ing3233 at Ty, as noted in the main text.

Appendix C: ySR data under longitudinal field.

In the main text, we derived Byax = 269 G in sample
S1 at 0.28 K by fitting the zero-field (ZF) pSR data to a
Bessel function (Eq. 3). As a consistency check, here we
estimate the internal field Bj,; by analyzing the longitu-
dinal field (LF) scans at 0.28 K as shown in Fig. 8(a).
The initial polarization is fully recovered by 1000 G, so
the internal field B;,; must be much smaller than this
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FIG. 7. The splitting between ZFC (full circles) and FC (open
circles) susceptibility curves at 1, 3, 5, and 7 T.
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FIG. 8. (a) Polarization scans in the clean sample S1 at 0.28 K
under different longitudinal fields (LF) from 0 to 1000 G. The
time axis is expanded for ¢ < 1 us to reveal the oscillations.
(b) Polarization scans in the disordered sample S2 at 0.05 K
under LF from 0 to 1000 G. The data in panels (a) and (b)
were collected at the PSI and ISIS facilities, respectively. (c)
By analyzing the recovery of the initial asymmetry with in-
creasing field, we estimate Bins = 263 G in S1 and 113 G in
S2. Solid lines are guides to the eye.

value. A detailed analysis®* shows that the midpoint
of the polarization recovery occurs at a field value close
to B/Bin, = 4/3. Figure 8(c) shows that the midpoint
of recovery in S1 is at 350 G, yielding an internal field
Bins = 263 G, in good agreement with the By ., = 269 G
obtained from our Bessel function fit to Eq. 3. We have

FIG. 9. HAADF-TEM images from (a) a-LizIrOs and (b)
AgsLilraOs (S1). A clean sample is used for each material.
The magnetization and X-ray data for the a-LisIrOs sam-
ple are presented in Fig. 6 (black data). The magnetization
data for the AgsLilr2Og are presented in the main text (sam-
ple S1). The images show an abundance of stacking faults
in AgsLilraOg unlike a-Li2IrOs, due to the weaker interlayer
coupling in the former. The ED patterns are presented as in-
sets and reveal less streaking in a-Li2IrOs due to fewer stack-
ing faults compared to AgsLilr2Os.

also collected LF scans from the disordered sample S2 at
0.05 K as shown in Fig. 8(b). The midpoint of recovery
in S2 occurs at 150 G in Fig. 8(c), yielding an internal
field Bj,, = 113 G which is smaller than in sample S1.
A smaller internal field may result from a range of muon
stopping sites in the disordered sample. Since uSR is a
local probe, we do not expect a major change in the lo-
cal field near Ir*t sites below T, but it is likely that
muons probe a range of stopping sites with slightly dif-
ferent chemical environment due to various levels of Ag
inclusion across the sample. This explains the slow de-
polarization of muons inside S2 at 10 K in Fig. 4, and
the different polarization recovery between S2 and S1 in
Fig. 8(c). As noted in the main text, it is not possible to
fit the ZF data in sample S2 to a Bessel function (Eq. 3)
because the oscillations are not discernible in the disor-
dered sample. Thus, the LF analysis is the only way of
estimating the local internal field in S2.

Appendix D: TEM analysis of the stacking faults.

Our discussion of the structural disorder in the main
text is focused on the Ag inclusion within the honey-
comb layers of AgsLilroOg (Fig. 5). Here we point
out that both the clean (S1) and disordered (S2) sam-



ples of AgsLilroOg also suffer from the stacking faults,
similar to other layered honeycomb materials such as
Cu3LiSny06%°. Figure 9 compares HAADF-TEM im-
ages between a clean sample of a-LisIrOs and a clean
sample of AgzLilryOg (S1). There is no intersite disor-
der in either image, but AgsLilroOg exhibits much more
stacking faults than its parent compound a-LisIrOs. It
has been demonstrated in a prior study of CuszLiSnyOg
that the stacking faults result from a twisting between
the adjacent honeycomb layers, due to the weak O-Cu-O
dumbbell bonds between the layers?®. A similar mecha-
nism is at work in AgsLilryOg, where the weak O-Ag-O

dumbbell bonds lead to the twisting between the lay-
ers and produce the zig-zag stacking pattern observed in
Fig. 9(b). Despite the considerable amount of stacking
faults in sample S1 (Fig. 9(b)), it still shows clear signa-
tures of long-range order as explained in the main text.
In fact, the incommensurate order is similar between «-
LisIrO3 and AgsLilraOg based on our uSR data and the
published results in Ref.3'. Thus, we conclude that the
magnetic interactions within the honeycomb layers are
not affected by the interlayer bonds; however, they are
disrupted by the extended defects in form of silver inclu-
sion within the honeycomb layers.
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