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Supplementary Figure S1 | XRD analysis of NCTO. a, Experimental XRD intensities (red circles)

and Rietveld analysis (solid line) for NCTO at room temperature, with sodium occupying two distinct
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crystallographic positions. Bragg peak positions are indicated by vertical bars, while the difference plot
is displayed at the bottom of the panel. b, Simulated XRD pattern (blue circles) of the 2x2x2 NCTO

supercell with random Na occupancy. Solid line is the Rietveld analysis of the experimental XRD from

panel (a).
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Supplementary Figure S2 | Distribution of the Kitaev exchange couplings K across Co-layers in a
2x2x2 NCTO supercell. a, Color-coded map of K across the first Co-layer in the unrelaxed supercell.
The values were obtained using the phenomenological expression K = Kppax [1 — c(8 — 0¢)?] (ro/
)P, with parameters 1y ~ 2.11 A, 8, ~ 92°, according to the XRD Rietveld analysis, Kpax = 9 meV,
p = 10, and ¢ = 0.1. The selection of p = 10 is explained in Supplementary Note 3. b, Color-coded
K-map across the second Co-layer in the DFT-relaxed supercell. The parameters used in this case were
1o ~ 2.05 A, 6, ~ 95° (median values of the r and @ distributions), K,,,x * 9meV, p = 10, and ¢ =
0.1.
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Supplementary Figure S3 | *Na NMR T/T; vs. 1/T analysis illustrates dominance of Kitaev
fractional excitations in NCTO in a strong magnetic field. a, T/T; vs. 1/T of the slow relaxing
component in NCTO (blue squares) for the entire temperature range under a magnetic field of 9.4 T.
Comparison with the corresponding plot for Na;NixTeOs (NNTO) in a magnetic field of 7.5 T (red
squares, compiled from ref. [35] of the main article). b, T/T; vs. 1/T of NCTO in magnetic fields of 5
Tesla (yellow squares) and 9 Tesla (blue squares), compiled from reference [36] in the main article. The

blue solid line represents the fit according to eq. (1) of the main article. The central image shows in the



upper panel: the Kitaev spin configuration (X represents the superposition of all entangled Kitaev spin
states), anticipated for NCTO, and in the lower panel: the zig-zag antiferromagnetic (AFM) spin

configuration in NNTO.
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Supplementary Figure S4 | Coexistence of magnon and fractional excitations in NCTO at 4.7
Tesla. a, Temperature evolution of static *Na NMR spectra from 300 K to 3 K at 4.7 T. b, Na NMR
T/T; vs. 1/T plots for NCTO (blue squares) at 4.7 T and NNTO at 7.5 T (red squares, obtained from
ref. [35] of the main article). Blue and red lines are fits to eq. (1) and eq. (2) of the main article.
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Supplementary Figure S5 | Conventional spin-glass freezing is not validated by *Na NMR T,
relaxation measurements. a, Ab initio simulated *Na NMR powder patterns for a Kitaev quantum
spin liquid (QSL) and a random in-plane (XY) spin configurations at 9.4 T, overlaid on the DFT-relaxed

2x2x2 supercell. Both configurations yield similarly broadened lineshapes, indicating that static



spectral broadening alone cannot distinguish between QSL and spin-glass-like textures. b, Temperature
dependence of the spin-lattice relaxation rate, 1/T;, for NCTO at 4.7 T (cyan squares) and 9.4 T (blue
squares). The two datasets exhibit nearly identical temperature dependences, with a striking overlap at
low temperatures. For clarity, the 4.7 T data near the PM-AFM transition (Ty = 27 K) and the fast-
relaxing component, at both magnetic fields, below 10K are omitted. The purple curves show
simulations using a Bloembergen-Purcell-Pound (BPP) model at 9.4 T (solid line) and 4.7 T (dashed
line), combined with a Vogel-Fulcher temperature dependence for the mean correlation time, (7.) =
toexp[D /(T — Ty)], as expected for spin-glass dynamics. The blue solid line corresponds to the model
based on Kitaev fractional excitations.

While the experimental 1/T; data at both fields nearly coincide, the BPP/Vogel-Fulcher prediction at
4.7 T shifts markedly to lower temperatures, reflecting the expected field dependence for conventional
spin-glass freezing through the NMR Larmor frequency at w;(t.) ~ 1. The inability to reproduce the
observed overlap of the experimental 1/T,; data, demonstrates that the relaxation dynamics cannot be
explained by a conventional spin-glass freezing mechanism. More details are given in Supplementary

Note 5.
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Supplementary Figure S6 | *Na NMR Spin Echo Decay (SED) signal intensity obtained by
implementing a -CPMG pulse sequence for various 1., values (40, 200 and 400 ps). a-c, the SEDs
in magnetic field of 9.4 T at (a) 3K, (b) 7K and (c) 20K. d-f, the SEDs in magnetic field of 4.7 T at (d)
3K, (e) 7K and (f) 20K.
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Supplementary Figure S7 | 2Na NMR T;-T; correlation spectroscopy spectra in magnetic field
9.4 Tesla. By increasing temperature, the long T; / T, component that is clearly seen at 3K gradually
diminishes and disappears at temperatures above 10 K. Simultaneously, the short component of the T}

distribution becomes narrower.
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Supplementary Figure S8 | >Na NMR T, experiments of NCTO at 9.4 Tesla. a, Saturation recovery
curves measured at 3K and 20K. b, Corresponding T; distributions derived by inverting the saturation
recovery curves. ¢, Schematic representation of the saturation recovery pulse sequence. Signal

measurements are obtained following the second pulse as a function of the interpulse interval.



S | 3
g 2 o
& = o
= 5 s
(-4
@ | T2 . NG — L7 L N

Train of (rt/2), pulses N-times

(1t/2)(r/2) 4

HHA|"AIA LIt o fadadadadadal, .‘.
t

Train of (1t/2), pulses

(1/2), (/2), |

' AAAAAAAAIAAAA

t
Train of (11/2), pulses
(1/2), (n/2), | !
ATRTETEN
< " ¥cp/(2— - tcp<_ lime 3

Supplementary Figure S9 | The T{ — T, correlation spectroscopy pulse sequence. Three distinct
instants of the saturation recovery variant of the T; — T, pulse sequence. The upper panel shows the

quadrupolar Carr-Purcell-Meiboom-Gill (q-CPMG) part of the pulse sequence.

Atom Wyckoff position X y Z Occ.
0] 12i 0.0306 0.344 0.6727 1
Co(1) 2b 0 0 Ya 1
Co(2) 2d 2/3 1/3 Ya 1

Te 2c 1/3 2/3 Ya 1
Na(1) 6g 0.38 0.38 Y 0.57
Na(2) 2a 0 0 0 0.29
x> = 0.808

Supplementary Table S1: Refined structural parameters of Na,Co,TeOs in the space group P6322 (No.
182), obtained from powder XRD data at RT, with Na occupying two inequivalent crystallographic



positions, denoted as Na(1) and Na(2). The unit cell parameters are a = b = 5.2744 (A), ¢ = 11.2387
(A), volume = 270.7695 A3.

Supplementary Notes

Supplementary Note 1: X-ray diffraction (XRD) was utilized to determine the crystallographic
structure of the Na,Co,TeOs compound. The XRD spectra were recorded with an analytical PANalytical
X’Pert PRO powder diffractometer. The sample was mounted on a zero-background holder and scanned
by using Cu-Ko radiation (A = 1.5418 A) with the following experimental conditions: applied voltage
of 40 kV, intensity of 30 mA, angular range (28) 5-90° and 0.03 steps/s. Rietveld refinement of obtained
powder XRD pattern was carried out using the FULLPROF program software'-2.

Figure Sla presents the X-ray diffraction (XRD) powder pattern of Na,Co,TeOs collected at 296 K,
accompanied by refinement data, including calculated and background difference profiles. The results
verify the compound's purity, and all diffraction peaks are indexed to a hexagonal cell with space group
P6522 (No. 182). The unit cell parameters are a = b = 5.2744 A, ¢ = 11.2387 A. The most prominent
peak corresponds to the (002) plane, further confirming the formation of the hexagonal crystal
structure®>. The (002), (101), (102), (004), (110), (112), (104), (114), and (300) lattice planes were
found to have 26 of 15.76°, 20.98°, 25.10°, 31.82°, 33.97°, 37.646°, 37.648°, 47.23°, and 60.78°,
respectively, values consistent with those found in the literature®-. Further structure analysis showed
that the Na ions can partially occupy nonequivalent crystallographic positions in different percentages:
57% of the Na reside on sites of symmetry with Wyckoff position index 6g and 29% are in positions
with site symmetry 2a (Table S1).

Panel (b) of Fig. S1 displays a comparison between the XRD pattern obtained from the relaxed 2x2x2
NCTO supercell using VESTA crystal analysis software and the experimental Rietveld analysis shown
in Fig. Sla. The results demonstrate a strong correspondence between the two patterns, supporting the

suitability of the NCTO supercell as a representative model of the actual material.

Supplementary Note 2:

A Python-based fitting routine was developed to deconvolute overlapping MAS sideband patterns in
#Na NMR spectra of NCTO by simultaneously fitting pseudocontact shift (PCS) tensor parameters for
two distinct sodium sites. The procedure combines Monte Carlo sampling of site-specific parameter
distributions with full powder-averaging over a fixed orientation grid and uses the Covariance Matrix
Adaptation Evolution Strategy (CMA-ES) for robust global optimization in a high-dimensional
parameter space®’.

In the point-dipole PCS model, the through-space dipolar field from a paramagnetic center at distance

r produces an NMR frequency shift®

1 .
Spcs(8,9) = Pp—s [Xax(3cos?8 — 1) + 3y, sin? 0 cos2¢], (S1)



where y,, is the axiality, and y,-, the rhombicity of the susceptibility tensor, and (8, ¢) the polar angles
of r in the principal-axis frame of reference. Distances r are drawn from truncated Gaussian
distributions defined by their mean and standard deviation. The isotropic shift §;,, for each site, which
includes chemical shift, contact shift, and bulk susceptibility contributions, was treated as an
independent Gaussian-distributed parameter. Second-order quadrupolar effects on the **Na central
transition were included as static orientation-dependent offsets for the isotropic position.

For MAS at frequency w,, the PCS anisotropy modulates the spinning sideband intensities via the

Herzfeld-Berger Bessel formalism®!°. The modulation depth for sideband order k is
B(8,9) == 8pcs(6, ). (S2)

with v, the 2*Na Larmor frequency. Sideband intensities are computed as

L = (R(BO. D)), ppyqere ™™ (S3)

where [, is the Bessel function of the first kind, the angular brackets denote averaging over the

2

powder

orientation grid, and e ~%'*! is an empirical order-dependent damping factor accounting for relaxation
and other attenuation mechanisms.

For each Monte Carlo step of the site parameters, the orientation-averaged sideband manifold is
generated and broadened with Lorentzian lineshapes. The two Na site-specific spectra are then scaled
by their fitted populations and summed to produce the total simulated spectrum and subsequently
compared to the experimental data in the CMA-ES optimization. The final fit yields the best-fit

parameters, their distributions, and the individual site contributions.

Supplementary Note 3:

Bond-Length Dependence of Kitaev Superexchange

The strong bond-length dependence of the Kitaev exchange constant in edge-sharing cobaltates arises
from the microscopic mechanism of ligand-mediated superexchange. For n-type overlaps between Co
d orbitals and O p orbitals, the hopping integral can be approximated within Harrison’s tight-binding

-2.5

framework as, Vyq,(r) &< r=>>, where r is the metal-oxygen distance'’. In the two-step process

Vpdrn(r) z

Co = 0 - Co, the effective metal-metal hopping amplitude is then t.g;(r) ~ n
pd

o 75, with Apg

. . ¢ 2 -
the charge-transfer energy'!. Since the Kitaev superexchange constant scales as, K (1) ~ ezﬂ o 10
eff

12,13

where U,y is the effective on-site Coulomb repulsion'>", the resulting exponent reflects the

fourth-power dependence on the underlying metal-ligand overlap.

Goodenough’s orbital symmetry rules emphasize that for near-90° M-O-M bonds, n-type overlaps
dominate, and the anisotropy of the exchange is maximized'*. Furthermore, modern tight-binding
calculations on transition-metal oxides confirm that n-type hopping exponents typically lie in the range

5-10'31, which when squared yield effective superexchange exponents of 10-20. Within this



framework, adopting p = 10 for NCTO is physically justified. The implications of this steep scaling

are significant: a small fractional change in bond length produces a magnified fractional change in the

6K or
exchange constant, =<~ -10 —

Thus, a spread of £3% in r translates into approximately £30% variation in K. The steep radial factor
710 therefore combines with the symmetry-controlled angular sensitivity encoded in the term
[1—c(8 — 6,)?], yielding the full dependence of K on both Co-O bond lengths and Co-O-Co bond

angles.

Supplementary Note 4:

Monte Carlo simulation of >Na NMR spectra:

The *Na static NMR lineshapes at 3 K were simulated with a custom Python routine applied to the
DFT-relaxed 2x2x2 NCTO supercell. For the three spin configurations considered, the zigzag AFM,
triple-g AFM, and the QSL-inspired state, the same NMR model was used, with only the Co-spin
texture being varied.

First, the crystallographic structure was read from the relaxed 2x2x2 supercell, and all Co, Na(1)/Na(2),
Te, and O positions were retained explicitly. For each Na-bearing site, the local electric-field gradient
was estimated within a point-charge model by summing the contribution of neighboring formal charges
over periodic images within a finite real-space cutoff, thereby contributing only a small secondary
quadrupolar term. In parallel, the Co-Na dipolar couplings were precomputed by identifying, for each
Na(1)/Na(2) position and each Co site, the shortest periodic Co-Na separation vector within the same
cutoff. These quantities were then used to evaluate the orientation-dependent NMR shift for 10,000
Monte Carlo-sampled powder orientations of the external magnetic field. The dipolar shift, which

mainly defines the NMR powder pattern, was calculated (in ppm) as

_ =y a . . = & ﬂe 6 . . .
8dip = Z]_ Ca,j [3 (m;-f;) (ufj) — m; u], withcy ; = an 35, %X 10°, u is the random field orientation,

and m; = (Sy, Sy, S;) is the dimensionless spin direction.

The resulting NMR shifts were subsequently summed to a Gaussian-smoothed simulated powder
spectrum.

The distinction between the three simulated magnetic states lies entirely in the construction of the Co-
spin pattern.

- For the zigzag AFM state, the Co moments were assigned layer by layer in a fixed collinear zigzag
arrangement, and the resulting static texture was kept unchanged throughout the powder averaging.

- For the triple-q AFM state, the moments were constrained to follow one of the in-plane Co-Co bond
directions, with additional rules enforcing a symmetry-consistent non-collinear pattern, imitating the

triple-q spin structure; once generated, this texture was likewise kept fixed during the powder averaging.



- In the QSL-inspired simulation, we followed a different procedure. We first identified the in-plane
Co-Co bonds in each honeycomb layer and then generated random nearest-neighbor spin-dimers
covering each cobalt layer of the 2x2x2 supercell. For every selected Co-Co pair, the two spins were
taken to be parallel to each other and confined to the ab plane, with their common direction chosen
perpendicular to the corresponding bond, consistent with the local bond-selective character expected
for Kitaev-type correlations. For each of the 10,000 random orientations of the external magnetic field,
the spin-dimer covering of each layer in each crystallite was generated independently and randomly, so
that every crystallite orientation was associated with a distinct spin-dimer configuration.

To mimic experimental signal averaging, the QSL NMR spectrum was not obtained from a single
powder pattern. Since a QSL state consists of the superposition of independent realizations of the layer-
resolved spin-dimer configurations for all crystallite orientations, the QSL lineshape was obtained by
averaging over 40 powder patterns, each probing a different instantaneous local dimer configuration,
rather than a unique static ordered state. This is the essential difference between the QSL simulation
and the zigzag or triple-q AFM calculations: the latter probe a fixed static spin texture during NMR
signal averaging, whereas the QSL case samples and averages an ensemble of many nearly degenerate,

correlated spin configurations.

Supplementary Note 5:

Supplementary Figure S5b compares the measured **Na spin-lattice relaxation rate, 1/T;, at 4.7 T and
9.4 T with a Bloembergen-Purcell-Pound (BPP)-based model for thermally slowed local magnetic
fluctuations. In the simplest BPP picture!’, the local hyperfine field at the nucleus is assumed to fluctuate
with an exponentially decaying autocorrelation function characterized by an effective correlation time,
T.. For an isotropic fluctuating local field then, the corresponding longitudinal NMR relaxation rate
1/T; can be written as!”!8

Ty = yihDlre /A + wit?) + 47./(1 + 4oit )] . (84)

Here, y, is the nuclear gyromagnetic ratio, (hf) = (h%)+ (h3) is the mean-square transverse
fluctuating local field at the nucleus, and w; = ¥, B, is the NMR Larmor frequency in magnetic field
By. In this framework, the maximum in 1/T;(T) is expected when w; 7.~ 1; therefore, reducing the
magnetic field should shift the characteristic relaxation maximum to lower temperature once the
fluctuations slow down on cooling.

To represent a conventional glassy slowing-down scenario, which is characterized by a broad
distribution of correlation times, we used a Vogel-Fulcher form!® for the mean correlation time,

(tc) = 1o exp[D/(T — To)] . (S5)

In Eq. (S5), T, is a microscopic attempt time, D controls the strength of the slowing down, and Ty, is the

Vogel-Fulcher temperature at which the representative timescale would formally diverge. This



parametrization provides a conventional benchmark for the temperature evolution of the relaxation
maximum in 1/T; (T).

In this context, a set of BPP/Vogel-Fulcher parameters was chosen to provide the closest qualitative
description of the 9.4 T 1/T; data, as shown in Supplementary Figure S5. Subsequently, the
corresponding 4.7 T curve was calculated by changing only the Larmor frequency w;. Within the
adopted conventional spin-glass-freezing scenario this produces a field-induced displacement of the
relaxation maximum, whilst the experimental *Na 1/T;(T) data in both magnetic fields remain
unchanged. The failure of the BPP model to simulate the experimental data shows that the T; relaxation
mechanism cannot be accounted to conventional spin-glass freezing, but it is more naturally consistent

with the Kitaev fractional-excitation mechanism discussed in the main text.

Supplementary Note 6:
In order to acquire the »*Na NMR spin-spin relaxation time T, distribution function g(T,), the

experimental spin-echo decay curves were modelled with a Fredholm integral equation of the first

kind202t, M8 f+oo ko(T,, t)g(T;)d(log10T>), (S6)

> M(0) 0
M) . ) . ¢ ) .
where o) S the normalized spin echo decay and ky(T,,t) = exp (— T—). This equation can be
2

transformed in a vector matrix notation to M = K, g, which in turn can be inverted to obtain the g(T,)
distribution function®*?!. In the present work, the inversion was achieved by implementing a modified
non-negative Tikhonov regularization algorithm?'.

The contour plot in Figures 4b and 4d of the main article are made of 50 g(T,) curves, acquired
at 50 consecutive resonance frequencies, covering the whole 2*Na NMR spectra. Ultrasoft pulses
(90°~20 psec) were used so that each time a narrow frequency bandwidth was irradiated.

The spin-lattice relaxation time distribution function g(T;) was derived using a similar method

as g(T,), by replacing the kernel ko(T,t) in the integral equation with

ko(Ty,t) = 1 — 0.9exp (- j—:) — 0.1exp (= ). (S7)

T

that is valid for transitions between the m =+1/2 states (central transition), in case of I = 3/2 nuclear
spins (Refs. [18, 35] of the main article).

Finally, the T;-T> correlation spectra were obtained by inverting a series of q-CPMG trains, after
applying an initial 180° pulse at varying delays from the g-CPMG ftrain, to encode in the ¢; direction the

T, as shown in supplementary Figure S7. The series of q-CPMG spin-echo decays were modelled as

ty,t 0o
ICu2) = [ ko (T t13 T, ) 9(Ts, To)d(l0 g Ty dl0gioT,), (S8)

and subsequently inverted with a 2D Tikhonov regularization algorithm?®?!. The kernel
ko(Ty,t1;T,, t,) in the 2D case is the cross product of the two previous kernels for the 7; and 7

inversions.



Supplementary Note 7:

The transverse quadrupolar relaxation time, T4, is typically measured using the two-pulse quadrupolar

echo (QE) sequence, 90, —7—90,, — 1 22, However, this basic sequence is limited in its ability to

probe slow fluctuations, particularly when the correlation time 7. exceeds the motional narrowing limit

(t; > t)). In such cases, the quadrupolar Carr-Purcell-Meiboom-Gill (q-CPMG) sequence provides a

more suitable alternative®®. This sequence, also known as the Mansfield-Ware (MW-4) pulse train?*, in
Tep

its general form consists of 90, — - = (¢y — Tcp)n» Where Ty, is the inter-pulse delay, ¢ denotes the

spin-flip angle, and N the number of repetitions. The schematic of this sequence is shown on top of
Supplementary Figure S6.

In paramagnetic systems such as NCTO, relaxation is dominated by interactions between nuclear spins
(1) and fluctuating electron spins (S). Blicharski***® demonstrated that the effective transverse dipolar

relaxation rate, 1/T,4, arising from pseudo-contact relaxation due to electron-spin fluctuations, can be

expressed as:

1/Tq = 1(S2(0)){1 — (TC/TCp)tanh(rcp/rc)}{(l — cos@)/ <1 — cosg/cosh (%))} (S9),

This expression is derived under the approximation that the time-dependent hyperfine Hamiltonian can
be written as Hpf(t) = Agp S(t) I, with the electron-spin autocorrelation function modeled as an
exponential decay, (S(t)S(t— 1)) = (S%(0))e /. Following the derivation steps outlined in
Supplementary Ref. 27, Eq. (S9) is obtained.
For the special case of a 90° flip angle (¢ = 90°), Eq. (S9) simplifies to:

1/Taq = 1S (O)1 — (tc/7cp )tanh(tep/Tc)} (S10)
which corresponds to Eq. (3) in the main article.
Other relaxation pathways - quadrupolar relaxation via fluctuating electric field gradients and
through-bond hyperfine (Fermi-contact) relaxation - yield formally similar expressions. However, in

NCTO the dominant mechanism is dipolar relaxation driven by electron-spin fluctuations®.
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