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AgsLilraO¢ is a Kitaev spin liquid candidate material synthesised from a-LizIrOs through a
topotactic reaction. We investigate the structural and magnetic properties of two samples of
Ag3LilrsOg based on Li nuclear magnetic resonance line shape, Knight shift and spin-lattice relax-
ation rate 1/T%. The first sample A shows signatures of magnetically ordered spins, and exhibits one
sharp "Li peak with FWHM increasing significantly below 14 K. 1/T5¢**" of this sample displays a
broad local maximum at 40 K, followed by a very sharp peak at Ty = 941 K due to critical slowing
down of Ir spin fluctuations, a typical signature of magnetic long range order. In order to shed
light on the position-by-position variation of 1/77 throughout the sample, we use numerical Inverse
Laplace Transform 77 (ILTT:) analysis based on Tikhonov regularization to deduce the density
distribution function P(1/T7). We demonstrate that ~ 60% of Ir spins are statically ordered at
the NMR measurement timescale but the rest of the sample volume remains paramagnetic even at
4.2 K, presumably because of structural disorder induced primarily by stacking faults. In order to
further investigate the influence of structural disorder, we compare these NMR results with those
of a second sample B, which has been shown by transmission electron microscope to have domains
with unwanted Ag inclusion at Li and Ir sites within the Ir honeycomb planes. The sample B dis-
plays an additional NMR peak with relative intensity of ~ 17%. The small Knight shift and 1/7}
of these defect-induced "Li sites and the enhancement of bulk susceptibility at low temperatures
suggest that these defects generate domains of only weakly magnetic Ir spins accompanied by free
spins, leading to a lack of clear signatures of long-range order. The apparent lack of long-range
order could be easily misinterpreted as evidence for the realization of a spin liquid ground state in

highly disordered Kitaev lattice.

I. INTRODUCTION

In contrast to conventional magnetism, quantum spin
liquids (QSLs) are an exotic state of matter which avoid
magnetic order even at absolute zero. They instead have
a highly entangled ground state induced by frustrated
magnetic interactions [I]. In 2006, Alexander Kitaev
demonstrated analytically that a honeycomb lattice of ef-
fective spin 1/2 moments interacting via bond-dependent
Ising interactions Hx has a spin liquid ground state[2].
This is a promising class of QQSLs as it can manifest in
certain Mott insulators with strong spin-orbit coupling
3]

Since then, many materials have been shown to ex-
hibit strong Kitaev interactions, providing opportunities
for achieving a Kitaev QSL ground state via chemical
tuning. Thus, searching for materials with Kitaev hon-
eycomb planes has become the subject of extensive re-
search [4]. Various Kitaev QSL candidates with mag-
netic transition metal ions have been identified, includ-
ing NagIrO3[5HT], a-LixIrO3 []], LiRhO3 [9], a-RuCls
M7 H3LiII‘206 m, CUQII‘O3 M’ and D3Lih‘206
[20].

However, additional interactions such as the isotropic
Heisenberg interaction Hy and symmetric off-diagonal
exchange term Hr compete with the frustrated Ising in-
teraction Hx and mask the intrinsic Kitaev behaviour
[21L 22]. For example, materials such as NagIrOgz [23] 24]
and a-RuCls [25] 26] undergo long-range antiferromag-
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FIG. 1. a) Ir*™ Honeycomb planes in AgsLilroOg crystal
structure [27, 28]. Each Ir*T ion is surrounded by 6 0%~
ions (red), forming an octahedron (highlighted in tan). Li*
(green) ions are situated at the center of the Ir hexagons.
b) Inter-layer Ag™ ions (grey) in-between honeycomb planes.
The grey lines indicate the unit cell of the lattice.

netic (AF) order at Ty ~ 17 K or below.

One approach to tune the relative strength of Hxk,
A H, and ’Hp is to modify the intra-layer orbital over-
laps and bond angles by changing the inter-layer bond-
ing. This was done in a-LisIrO3 by replacing the inter-
layer LiT ions with Ag* ions to produce AgzLilraOg [27],
the lattice of which is shown in Figl[l] Heat capacity
and magnetic susceptibility measurements conducted for
early samples with significant disorder due both to stack-
ing faults and unwanted Ag-inclusion within the Li and Ir
sites in the Kitaev layers have shown no evidence for AF
long-range order. However, more recent muon spin rota-
tion (©SR) measurements conducted on a cleaner sample



without inclusion of Ag at the in-plane sites exhibits a
Bessel function type oscillation below Ty ~ 8 K, estab-
lishing incommensurate AF ordering for the majority of
the sample volume [29].

In this report, we use “Li NMR to probe the local struc-
tural and magnetic properties of the honeycomb layers in
AgsLilroOg, and the potential roles played by structural
disorder. We also investigate the spatial distribution of Ir
spin dynamics by probing the density distribution func-
tion P(1/T}) of the "Li NMR spin-lattice relaxation rate
1/T based on inverse Laplace transform (ILT) 77 anal-
ysis technique [30]. We will demonstrate that ~ 60 %
of the sample volume undergoes antiferromagnetic long
range order below Ty = 9+ 1 K, but the rest of the vol-
ume remains paramagnetic even in the cleanest sample
without the unwanted Ag-inclusion. Comparison with
a disordered sample indicates that the NMR as well as
thermodynamic signatures of the long range order could
be easily washed away in more disordered samples.

II. EXPERIMENTAL METHODS

Powder samples of AgsLilroOg were synthesised for
NMR measurements via a topotactic reaction as de-
scribed in Ref. [27), 29]. We present NMR investigation
of two distinct samples, which we refer to as samples A
and B. Sample B was synthesized in the early days [27],
and has inclusions of unwanted Ag ions occupying the Li
and Ir sites within the honeycomb plane, as evidenced
by clusters observed in transmission electron microscope
(TEM) measurements [29]. This is the sample that ap-
peared to be a spin liquid material [27], because the ther-
modynamic [27], SR [27], and NMR measurements (this
work) do not reveal evidence for magnetic long range or-
der. Furthermore, sample B exhibits an extra split off
peak in "Li NMR lineshape (as shown below), indicating
that unwanted Ag clusters lead to a different type of Li
sites. On the other hand, sample A is a newer sample
obtained after the sample synthesis conditions have been
refined, and exhibit the signature of magnetic long range
order in the uSR [29] and NMR results (this work). Bulk
magnetic susceptibility xy measured using superconduct-
ing quantum interference device (SQUID) of sample A
reveals a broad local maximum around 14 K, while x of
sample B increases drastically at low temperatures, as
shown in Figl2] The overall magnitude of x of sample B
is also lower than y of sample A at high temperatures.

We also investigated two additional samples with dif-
ferent levels of disorder between those of samples A and
B, as indicated by the relative intensity of the split-off
NMR peak associated with the unwanted domains with
Ag-inclusion. Both of these two extra samples exhibit
qualitatively similar behavior as sample B, and hence the
details of their NMR properties are beyond the scope of
this work. We note that the change of stoichiometry due
to a small amount of Ag inclusion is within the margin of
error in energy dispersive X-ray (EDX) analysis (3-5%),

although the relative intensity of the Li NMR side peak
reaches ~17% for the most disordered sample B. This
suggests that each extra Ag site affects multiple Li sites
in its vicinity.

We performed “Li NMR experiments using standard
spin echo pulse sequence in a field of 4.5 T, for temper-
atures ranging from 2 K to 295 K. The /2 pulse width
ranged from 2 —4 us and pulse separation time 7 between
/2 and 7 pulse was 20 us. We measured the spin-lattice
relaxation rate 1/T} based on inversion recovery, by mon-
itoring the nuclear magnetization M (t) at select delay
times t. We deduced 1/T§*et? by fitting M (t) against
the conventional stretch exponential. Finally, the density
distribution P(1/T}) of 1/T} is determined from M (t) via
the ILTT; analysis technique outlined in the appendix.

III. NMR RESULTS AND DISCUSSION
A. "Li line shape and width

We compare representative “Li NMR line shapes at 30
K for samples A and B in Fig[3(a) and (b). We also
show a cascaded plot of all NMR line shapes observed
for sample A at 100 K and below in Figc).

There is only one Li site within the honeycomb layer of
Ag;Lilr;Og in Fig[l] and hence we expect to find only one
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FIG. 2. Knight shift of main peak for sample A (filled red
bullets) along with main (open red circles) and side (open
blue squares) peaks for sample B. The bulk spin susceptibil-
ity is plotted as the red line and black line for sample A and
B, respectively. The dashed green horizontal line indicates
the chemical shift "Kehem ~ 0.018% of sample A. The verti-
cal axis of xspin is scaled in proportion to the Knight shift of
sample A, and its origin is vertically shifted to account for the
chemical shift of sample A. The inset shows Knight shift plot-
ted against spin susceptibility xspin by choosing temperature
as their implicit parameter.
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FIG. 3. NMR line shapes of a) sample A and b) sample
B at 30K for the fully relaxed signal (filled triangles), along
with the line shapes of the fast (open bullets) and slow (open
squares) components. c¢) cascaded plot of the NMR lineshapes

for sample A, observed at temperatures ranging from 4.2 K
to 100 K.

type of "Li NMR line. In fact, we observed only one sharp
“Li NMR peak for sample A, as shown in Figa). How-
ever, we can identify a second peak in the total lineshape
of sample B, as shown by the green curve of Figb).
NMR is a local probe, and hence the presence of the sec-
ond peak indicates that two different types of 7Li sites
exist in the disordered sample B.

We can take advantage of the difference in the NMR,
spin-lattice relaxation rate 1/7; to isolate this second
peak. The aforementioned total NMR signal (green tri-
angles in Figa) and (b)) is acquired by waiting for the
nuclear spins to return to thermal equilibrium between
individual spin echo measurements. This takes between
~ 200 ms to ~ 84 s depending on the temperature. On
the other hand, we can selectively capture the fast com-
ponent of the signal by repeating the spin echo measure-
ments with 31.3 ms intervals as shown by open red bullets
in FigP3[a) and (b). By subtracting the fast component
from the total intensity, we obtain the side peak line-
shape (blue squares in Fig3[a) and (b)) with very slow
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FIG. 4. FWHM of main peak for both sample A (filled bul-
lets) and sample B (open bullets), along with FWHM of side
peak (open squares) and overall width (triangles, below 10 K)
of sample B. The FWHM begins to broaden rapidly below
~ 14 K and this region is highlighted in light blue.

relaxation rate.

Sample B exhibits a significant fraction (~ 17%) of
the side peak signal while no side peak is observed in the
newest and cleanest sample A. In view of the Ag inclusion
at Li and Ir sites as a cluster, we can attribute the side
peak to Li sites within or around the areas of honeycomb
layer with these extra Ag sites.

We summarize the full width at half maximum
(FWHM) of the lineshapes in Fig[d] We see that as tem-
perature decreases below ~ 14 K, both the main and side
peak broaden rapidly for both samples A and B. The on-
set of NMR line broadening is generally an indication
of the onset of long range ordering or spin freezing. In
fact, spin susceptibility data exhibit different behavior
between field cooled and zero field cooled measurements
starting at 14 K, a typical signature of the onset of spin
freezing [29]. This is consistent with our observations.
Below 10 K, the main and side peaks of sample B merge
and are no longer distinguishable via the fast and slow
component of the signal; we show the overall linewidth
below 10 K with filled triangles.

B. Knight shift

We plot the Knight shift “K of the main and side peak
in Figl2] along with the spin contribution to bulk mag-
netic susceptibility Xspin. We deduce xspin from the bulk
susceptibility x using the Van Vleck and diamagnetic
contributions such that x = Xspin + Xdia + Xov, Where
Xdia = —0.1 x 1073 emu/mol [31] and x,, ~ 0.14 x 1073
emu/mol [32]. Notice that 'K of sample A shows nearly
identical temperature dependence as Xspin, and exhibits
a broad maximum around 25 K. The slightly less suppres-
sion of X spin Observed below 50 K may be attributed to a
small amount of paramagnetic defect spin contributions



in the bulk susceptibility data.

The inset in Fig shows "K measured for sample
A plotted against Xspin. The main peak Knight shift
is linear to magnetic susceptibility Xspin down to ~
100 K, and a linear fit approximates a chemical shift of
"Kehem =~ 0.018% and the hyperfine coupling constant
Ahf = (NA,[LB/Nn_n.) X (d7K)/(dX) = 0.31 kOe/uB for
sample A, where N4 is Avogadro’s number, up is the
Bohr magneton, and N, ,. = 6 is the number of nearest
neighbor Ir adjacent to each Li site.

The “K of the sample B main peak shows nearly iden-
tical behaviour to that of sample A. This indicates that
local spin susceptibility of the cleaner parts of sample B
far from Ag clusters exhibit nearly identical behavior as
clean sample A. On the other hand, "K at the side peak of
sample B decreases at lower temperatures and levels off,
suggesting that spin susceptibility gets locally suppressed
near the Ag clusters. Moreover, the absence of a 'K
component that increases dramatically below ~ 10 K in-
dicates that a greater concentration of unpaired spins are
present in sample B and responsible for the steep upturn
of bulk x at low temperatures. These findings are consis-
tent with theoretical speculations that disorder in the Ki-
taev planes may cause appearance of local spin singlets,
accompanied by orphaned paramagnetic spins [33] [34].

C. Spin dynamics and 1/7; distribution

In order to investigate the Ir spin dynamics, we mea-
sured spin-lattice relaxation rate 1/7; at the main peak
of sample A and B, and the side peak of sample B. Rep-
resentative 1/T; recovery curves M (t) at the sample A
main peak are plotted in Fig[5]

To obtain an estimate of 1/T;, M(t) is fitted against
phenomenological stretched exponential function

M(t) = Mo — A x exp(—(t/T3"7")), (1)

where My, A, T{treteh and 8 are the free parameters.
The stretch fit exponent S accounts for the distribution
of 1/Ty with 8 =1 corresponding to no distribution.
We summarize the fit results of 1/77 and £ in Fig@
along with the center of gravity (COG) of the distribu-
tion of 1/T} estimated from ILT, as discussed later in this
section. We see that 1/75tr¢th measured at the main
peak of sample A and B increases with decreasing tem-
perature and reaches a broad maximum around 40 K. For
Sample A, 1/T5treteh then exhibits a second, sharp peak
at Ty = 9+ 1 K and becomes vanishingly small below it.
Similar sharp peaks of 1/T} are generally observed in ma-
terials undergoing magnetic long range order, where 1/T}
diverges toward the transition temperature due to critical
slowing down of spin fluctuations. Our finding is consis-
tent with recent ©SR measurements, where static hyper-
fine field arising from incommensurate AF order emerges
below ~ 8 K [29]. As discussed above in section
these signatures of long range order are preceded by the
aforementioned typical signatures of spin freezing in the
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FIG. 5. The normalized recovery curve M(t) observed for
sample A at select temperatures. The solid lines in panel
a) show the respective stretch fit results, and the solid lines
in panel b) show the ILT fit results. The stretch fit fails
to capture all the components when 1/7T7 becomes highly dis-
tributed while the ILT fits the data nicely at all temperatures.

bulk Xspin and NMR line broadening below 14 K, pre-
sumably because the residual disorder effects caused by
stacking faults are suppressing Ty even in cleaner sample
A.

The broad peak in the 1/T} of sample A around 40 K
is accompanied by the aforementioned broad peak in "K.
This finding is similar to the case in CugIrOs, where 1/T
and Knight shift at 3Cu sites also exhibit broad peaks
around 40 K but 1/T; does not diverge [I§]. Since the
suppression of x usually signals the short range order of
spins in low dimensional systems, it may be perplexing
to find that 1/7} is not starting to diverge below ~ 40 K.
An interesting scenario is that the spin excitation spec-
trum develops a gap below ~ 40 K at a fraction of the
Ir-Ir Kitaev interaction |Jx| ~ 102 K [21], as expected
for Majorana fermions and fluxes [35H38]. However, the
Li atoms are situated at the high symmetry position of
the center of six Ir sites. Therefore fluctuating hyperfine
magnetic fields arising from incommensurate antiferro-
magnetic spin fluctuations may nearly cancel out at “Li
sites, suppressing 1/77 below 40 K even without a spin
excitation gap. An analogous situation was encountered
in Y NMR 1/7; data in YBagCu3Og [39], and we can-
not entirely rule out such a purely geometrical scenario
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FIG. 6. a) Spin lattice relaxation rate 1/75"°*" estimated
from stretch fit at the main peak of sample A (filled red bul-
lets) and the main (open red circles) and side (open blue
squares) peak of sample B. ILT COG of sample A main peak
(black X’s) and sample B main (red +’s) and side (open blue
diamonds) peaks seen in Figm are also plotted. Note that
below 10K in sample B, the rapidly broadening main peak is
overshadowed by the side peak, and thus 1/77 is measured at
the peak of the overall NMR line shape. The inset shows the
low temperature data zoomed in to better display the sharp
1/T1 peak at 9 £ 1 K of the sample A main peak. b) The
stretch fit parameter 8 for samples A and B. For sample A
main peak, we found 8 = 1 within experimental uncertainties
down to 20 K, implying that there is no distribution in 1/7}.

for the observed suppression of 1/T; below ~ 40 K.

The 1/T3t¢*" and 8 measured at the main peak of
sample B shows roughly the same behavior as sample
A with both being slightly smaller. However, 1/T;tretch
measured at the side peak of sample B shows qualita-
tively different behavior as it is much lower and does not
peak near 40 K. Instead, 1/75%¢**" of the side peak grad-
ually decreases. This is consistent with the gradual de-
crease of 'K of the side peak, and seem consistent with
nearly non-magnetic regions that emerge near domains
with Ag inclusion. The emergence of these non-magnetic
regions also explain why the magnitude of the the overall

bulk susceptibility data in Fig[2]is somewhat suppressed
for sample B, except in the low temperature region dom-
inated by isolated spins.

1/Tytreteh is generally only a crude approximation of
the center of gravity (COG) of the distributed values of
1/Ty, as we recently demonstrated for various materi-
als [I8, 30, @0]. Accordingly, a more generalized analy-
sis technique is needed to understand the behavior of a
highly distributed 1/7} with multiple components.

To get the precise distribution of 1/73, we can apply
ILTT; analysis technique to our M (t) data and deduce
the density distribution function of P(1/71) [30, [40]. We
define P(1/T7) for a discrete range of relaxation rates
1/Ty; as

M(t) = Z[l —2xexp(—t/T )| P(1/T1,) + E(t), (2)

i

where P(1/T7 ;) is the non-negative ILT spectrum weight
and E(t) is Gaussian noise. Incomplete inversion of M (t)
is taken into account as explained in the Supplemental
Materials of [30]. We numerically invert M(t) to obtain
P(1/Ty) based on ILT via the method outlined in ap-
pendix [A} see [30] and its Supplementally Materials for
a brief review and the complete details of the ILT proce-
dures.

The ILT approach has major advantages over stretch
fit analysis as it is model-independent and thus naturally
distinguishes separate components of 1/7} in its distribu-
tion. The total integral of the P(1/T}) curves is normal-
ized to 1. Therefore, the area underneath the P(1/77)
curves between two values of 1/T7 = a and 1/T} = b rep-
resents the fraction of “Li nuclear spins that relaxes with
1/T values between a and b. We summarize the results
for the main peak of sample A in Figa) and its color
contour plots in Fig@(a); see Fig for additional details
in the low temperature region.

Looking closely at Figlg] we see that for sample A,
some components of 1/T7 as marked by black downward
arrows indeed peak at 9 =1 K with 1/77 ~ 200 s~!, in
agreement with the sharp peak observed for 1/Tytretch
in Figlo(a). In addition, notice that an increasing frac-
tion of “Li sites with 1/77 two orders of magnitude lower
emerges at ~ 10 K. These Li sites are surrounded by Ir
spins whose spin fluctuation time scale has slowed below
the NMR frequency (~ 74.4 MHz), owing to static order
that is already under way at 10 K. These findings are not
revealed by the conventional stretch fit. ILTT; analysis
is better suited to probe these multiple components of
1/Ty with qualitatively different behavior.

At 4.2 K in sample A, a large fraction of the P(1/T})
(~ 60%) appears to be part of the extra-slow compo-
nent centered around 1/T; ~ 20 s~! or less, although
a substantial fraction (~ 40%) of 7Li nuclear spins still
have 1/T; greater than 1 s~!. We apply a double Gaus-
sian deconvolution of P(1/T}) below 13 K (dotted curves
in Fig to estimate the relative fraction fs of this slow
component, and plot the results in Fig[I0] From this,
we estimate the fraction of static Ir moments f; at 4.2 K
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FIG. 7. Cascaded ILT density distributions P(1/T1) for a)
Sample A main peak and b) Sample B side peak 1/T% re-
laxation measurements. The distributions are normalized to
have equal areas. The temperatures corresponding to each
curve are labeled on the left side of the plot. The open dia-
monds indicate the calculated COG of the ILT distribution.
The P(1/T1) results deduced for M(t) measured at the main
peak of sample B (not shown) is similar to the side peak
results in panel b), except that the relative intensity of the
slower peak of P(1/T1) is much smaller.

as approximately 60%. This explains the significant de-
crease in 1/T§et" below 10 K.

For comparison, we present the ILT curves observed at
the side peak of sample B in Figﬁkb), and its color con-
tour plot in Fig[9|(b). Notice that P(1/T}) curve splits
into two distinct components with 1/7; differing by up
to 2 orders of magnitude. This is simply because the side
peak of the NMR lineshape is superposed by the tail of
the main peak as shown in Figb), and the latter shows
nearly identical behavior as sample A, as readily seen in
the similarity between the result in Fig@ka) and the up-
per branch of FigEl(b). We also confirmed that the ILT
results of P(1/T}) calculated for the M (t) data measured
for sample B at the main peak of the lineshape in Figb)
resemble the results in Figlﬂ(b), except the relative in-
tensity of the fast component (1/77 > 10 s™1) is much

[T1 (s71)

FIG. 8. Zoomed in view of sample A main peak ILT below
15 K. The black and purple dotted lines below 13 K indicate
double Gaussian fits used to deduce the relative fraction of the
extra-slow component. The black and purple arrows indicate
the peak of the fast and slow components respectively.

higher; this assures us that the fast component peak seen
in Figlﬂ(b) indeed arises from the superposed signals of
the main peak in the lineshape. The peak of the slow
component in Figﬁkb) is located at ~ 50 s~! near room
temperature, and quickly drops to the baseline value of
~ 10 s7! by ~ 100 K. Combined with the relative in-
tensity ~ 17% in the NMR lineshape in Figb) and the
small values of Knight shift in Fig[2]observed for the side
peak, this finding establishes that ~ 17% of Li sites are
located in a region with suppressed magnetism. Theo-
retically, disorder effect in Kitaev lattice are predicted to
induce randomly emerging singlets accompanied by iso-
lated free spins, generally referred to as orphaned spins
in the literature [33] [34]. If we attribute the side peak to
such singlets, we can estimate their excitation gap to be
of the oder of ~ 100 K in this material. The significant
volume of nearly non-magnetic domains accompanied by
orphaned spins explains why the clear signatures of mag-
netic long range order can be easily masked by disorder.

IV. CONCLUSIONS

We have probed the intrinsic spin susceptibility and
spin dynamics of a clean sample A of AgsLilroOg using
"Li NMR. The sharp peak in 1/T§'¢!" along with the
behavior of the very fast component in the ILT is con-
sistent with ~ 60% of the sample exhibiting long-range
ordering starting Ty = 9+1 K. However, the ILT analysis
of the highly distributed 1/T} revealed that some parts
are already entering the ordered phase below ~ 10 K
while some other fraction is still fluctuating even at 4.2 K
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FIG. 10. Fraction of extra-slow component f; in P(1/T})
below 13 K for sample A, estimated by double Gaussian de-
convolution of P(1/T}) in Figl§]

for nominally defect-free sample A. This is presumably
due to the residual disorder effects arising from stacking

faults revealed in TEM measurements.

To elucidate the influence of structural disorder, we
also compare the NMR results for highly disordered sam-
ple B with clusters of unwanted Ag occupying at Li
and Ir sites in addition to stacking faults. We demon-
strated that these domains with Ag inclusion give rise to
a new side peak in the NMR lineshape with suppressed
Knight shift and 1/7}, indicating that disorder locallys
suppresses magnetism.

The highly disordered sample of AgzLilroOg is similar
to other Kitaev materials such as CusIrO3 and H3LilrsOg
in that there is no definitive evidence of long range order,
such as diverging 1/T; [16][18]. Absence of such clear-cut
signature of long range order led to earlier proposals for
the quantum spin liquid ground state in these materials.
But our findings for disordered sample B here and else-
where [29] indicate that disorder could easily mask the
signature of long range order.
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Appendix A: Inverse Laplace Transform

We can numerically deduce the density distribu-
tion function P(1/T) in eq.(2) using ILTT1 analysis
technique without relying on phenomenological mod-
els by computationally inverting AM(t).  This was
done previously in CuylrOgs, Laj g75Bag.125CuQOg, and
Laj gg5910.115CuO4 and had revealed information beyond
what was shown by the stretch fit and 2-component fit
[18, [30], 40, [41].

Here, we provide an outline of ILTT1 analysis. For a
discrete range of time steps {¢;}, we can reduce eq. to
its vector form

M = KP +E, P ={P(1/T1;) = 0}, (A1)
where K is the kernel matrix and E is a vector represent-
ing Gaussian noise. For a sufficient number of 1/T7 ;, this
is an ill-posed problem with non-unique solutions that are
sensitive to noise [42] [43]. We thus use Tikhonov regular-
ization to introduce a smoothing parameter o, such that
we can find the unique solution P under the constraint
P > 0 which minimizes the cost function

P = arg min [M — KP|? + o|P|?,

g m | "+ aP| (A2)
where |...| is the vector norm. To prevent over-fitting
(the ILT distribution becomes greatly affected by the
noise) and under-fitting (important information in M (¢)



becomes lost), « is chosen such that the ILT fit deviates
from M (t) in proportion to the experimental noise. We

refer readers to section II of [30] and its Appendix for
more details.
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