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We performed Na NMR measurements on a single-domain crystal of the Kitaev material Na3Co,SbOg
with magnetic field applied along the crystalline a axis. A positive Curie-Weiss constant is obtained from the
NMR Knight shift, which suggests the existence of ferromagnetic exchange couplings. The antiferromagnetic
ordering is found to be suppressed at a field of 1.9 T. Inside the ordered phase, our data reveal two additional
phase transitions. At 1.9 T the spin-lattice relaxation rate 1/237; establishes a quantum critical behavior at high
temperatures. However, at low temperatures a gapped behavior is observed at the “critical” field, which suggests
a weak first-order transition instead and a possible field-induced quantum spin liquid. Our results reveal complex
microscopic interactions in the system that may help to search for possible quantum spin liquids.
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I. INTRODUCTION

The experimental search for quantum spin liquids (QSLs),
representing a disordered phase beyond Landau’s paradigm,
containing novel properties such as fractional excitations
and long-range entanglement, and promising for unconven-
tional superconductivity and quantum computation, has been
a heated frontier in condensed-matter physics [1-5]. In an-
tiferromagnetic (AFM) systems with triangular, kagome, and
pyrochlore lattice structures, strong geometric frustration may
be sufficient to suppress magnetic ordering and lead to QSLs.
However, it is highly debated if QSLs are established in real
materials, because site or antisite disorder, which strongly
affects the nature of the ground states, has been frequently
reported [6-8].

In parallel, the Kitaev model in the honeycomb lat-
tice, which contains exchange frustration among neighboring
bonds with orthogonal Ising-type couplings, is a rare two-
dimensional (2D) case where the QSL is an exact ground
state with Majorana and photonic gauge excitations [9-11].
Theoretical studies also predict that the AFM Kitaev model
carries either a Z, or U(1) gauge field [12-14], whereas
a ferromagnetic (FM) Kitaev model only hosts Z, type.
Until recently, it is proposed that some 4d or 5d transition-
metal ions with hexagonal lattice structures, such as A,;IrO3
(A = Li, Na) [15-18] and «-RuCl; [19-29], may contain
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Kitaev interactions arising from strong spin-orbit coupling
and bond symmetries [30,31]. To be more interesting, hexag-
onal cobaltates such as Na,Co,TeOg, Na3zCo,SbOg, and
BaCo,(AsOy), are proposed to be a 3d transition-metal class
of QSL candidate materials, due to interplay among trig-
onal crystal field, charge transfer, spin-orbit coupling, and
Coulomb interactions [32-37].

However, in all of these Kitaev materials, AFM ground
states are usually observed [38—45]. It is then proposed that
these systems should be described by a combined H-K-I"
model, where H stands for isotropic Heisenberg, K for Ki-
taev, and I" for off-diagonal spin couplings, and QSL may
only survive in narrow, barely reachable parameter spaces
[11,46-48].

Na3;Co,SbOg, as shown in Fig. 1(a), contains edge-shared
CoOg octahedra. Co** ions, with effective spin-1/2, form a
layered honeycomb lattice, with SbOg octahedra located at the
center in the same layer. The exchange couplings among Co*"
are bridged by both edge-shared oxygen (through p orbitals)
and Sb (through d orbitals) atoms. Dominate FM Kitaev inter-
actions have been proposed theoretically [34] but are yet to be
proved experimentally. At zero field, the compound is ordered
below Ty ~ 6.6 K [49], with an AFM pattern and a propaga-
tion vector K = (1/2, 1/2, 0) [39,40]. The magnetic structure
of Na3Co,SbOg, as well as Nay,Co,TeOg, may not follow
the simple zigzag pattern [5S0-53] and varies with magnetic
field [44,49]. Magnetic excitations in Na3Co,SbOg, measured
by inelastic neutron scattering (INS), ©SR, and NMR mea-
surements, reveal strong quantum fluctuations and possible
coexistence of H, K, and I exchange couplings [54-59].
However, an easy-plane XXZ model is also suggested by a
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FIG. 1. Lattice structure of Na3;Co,SbOg. (a) Side view of
one unit cell of the compound, where magnetic Co*" ions form the
layered regular honeycomb lattice, with Sb>" ions located at the
center of each hexagon. Oxygen atoms in the edge-shared CoOg
octahedra are omitted for simplicity. Na™ ions separate the magnetic
layers with two types of inequivalent sites, labeled Na(1) and Na(2).
(b) Top view of one half of unit cell along the ¢ axis. The red and
brown dotted lines depict the in-plane boundary that contains Na™*
and Co** ions, respectively. Na(1) and Na(2) differ slightly by their
distances to neighboring Co-Co bonds.

recent study [53]. To further address these issues and search
for QSL, more spectroscopic studies through tuning are highly
desired [25,60,61].

In this work we report 2*Na NMR studies on a high-quality,
twin-free single crystal of Na3;Co,SbOg. We identify a posi-
tive Curie-Weiss constant from the NMR Knight shift in the
paramagnetic (PM) phase. The magnetic orderings are con-
firmed by the NMR spectra, and the transition temperatures
are resolved by the NMR spin-lattice relaxation rates 1/2°T;.
With field applied along the crystalline a axis, two additional
magnetic phase transitions are found in the ordered phase, as
shown by the detailed phase diagram (see Fig. 8).

Low-energy spin dynamics, revealed by the spin-lattice
relaxation rates 1/2°T}, demonstrates a field suppression of
magnetic order. In particular, a funnel shape in the color
map of 1/3TiT is established at a field of 1.9 T, which is
clear evidence for quantum criticality in the paramagnetic
phase. However, the low temperature 1/237; reveals a possible
weakly first-order quantum phase transition at 1.9 T and a pos-
sible QSL at higher fields. Our study reveals the complexity
of phases and magnetic exchange couplings in the system and
promotes further investigations on field-induced phases, such
as QSLs.

II. MATERIALS AND TECHNIQUES

High-quality single crystals were grown by the chemical
vapor transport method [45]. A single-domain (twin-free)
sample was selected for the current study. The usage of
single-domain crystal allows one to induce a single magnetic
phase with one field orientation, which also simplifies the
NMR spectra. A recent low-temperature magnetization study
revealed complicated phase transitions with different in-plane
field orientation [49]. In this study the field is applied along
the crystalline a axis, which results in a larger critical field
[49] and benefits NMR measurements. The magnetic field is
calibrated by the ®*Cu resonance frequency from the NMR
tank coil.

A top tuning circuit was used to cover a wide frequency
range with fields from 1 to 10 T. The *?Na NMR spec-
tra were collected by the standard spin-echo technique. For

verification we also performed dc magnetization mea-
surements at selected temperatures in a magnetic prop-
erty measurement system (MPMS) with the same field
orientation.

23Na is an isotope with spin I = 3/2 and Zeeman factor 2y
= 11.262 MHz/T. The NMR Knight shift 2*K,, is calculated
by K, = (f —yH)/yH, where f is the peak frequency of
the center NMR lines. The NMR spin-lattice relaxation rate
1/2T; is obtained by the inversion-recovery method, with
the spin recovery curve fitted to the exponential function for
spin-3/2 nuclei, 1(t) = a — ble= /T 4 9¢=(1/T)"] where B
is the stretching factor.

III. NMR SPECTRA

In order to investigate local magnetic properties, the NMR
spectra were collected at various magnetic fields and tem-
peratures, with frequencies relative to ¥ H, as depicted in
Figs. 2(a)-2(c). At T = 20K, six 23 Na NMR lines are iden-
tified that correspond to two types of interlayer Na atoms,
Na(1) and Na(2), as shown in Fig. 1(b), and each has one
center peak and two satellite peaks. With an occupancy ra-
tio of Ny : Ny =1:2 in the lattice, where N; and N, are
the number of atoms of Na(l) and Na(2), respectively, their
spectra are resolved accordingly with the spectral weight of
I : L =N;:N,=1:2. The NMR satellites are located at
about 0.83 MHz (0.52 MHz) for Na(1) [Na(2)] away from the
center transition.

Upon cooling from 20 to 8 K, all peaks move toward
high frequencies, as shown in Fig. 2(a), which indicates an
increase of the Knight shift K, in the PM phase, with a positive
hyperfine coupling constant among *Na and Co?*. At even
lower temperatures, the NMR spectra broaden significantly,
for example, below 6 K at 1 T [Fig. 2(a)] and below 5 K at
1.8 T [Fig. 2(b)], which clearly indicates the onset of mag-
netic ordering. The satellites become indistinguishable due to
broadening of the spectra in the ordered phase. At low fields,
with the change of local moment orientations in the lattices,
the relative orientation among the ordered moments and the
principle axis of the electric field gradient (EFG) also vary,
resulting in additional spectral broadening in the satellites. At
high fields, more NMR lines appear at low temperatures due
to complicated magnetic structures, which prevents us from
distinguishing the center and the satellite transitions. At a field
of 2.3 T, as shown in Fig. 2(c), all peaks are resolvable again
at low temperatures, consistent with the spin-polarized phase
when magnetic ordering is suppressed by field [49]. Note
that the integrated spectral weight, multiplied by temperature,
remains as a constant at 1.9 T and above. At low fields the
values drop by 30% below Ty when cooled from the PM
phase to the ordered phase (data not shown). We believe that
quenched disorder broadens the spectra and leads to partial
loss of the signal.

To resolve the magnetic structures in the ordered phase,
the spectra are displayed at a low temperature of 2 K with
increasing fields, as shown in Fig. 2(d). Two broad NMR
peaks are observed at 1 T, which is a direct evidence of AFM
ordering. With the field increased from 1.4 to 1.6 T, more
peaks are resolved, where a change of the magnetic structure
is suggested. For fields above 1.9 T, six NMR peaks are seen
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FIG. 2. NMR spectra. (a)—(c) 2*Na spectra measured at different temperatures with representative fields of well below (1.0 T), close to
(1.8 T), and above (2.3 T) the field-induced quantum phase transition. Red and blue arrows label the Na(1) and Na(2) spectra, respectively.
The orange (magenta) dashed lines denote the position of *Cu (**Cu) lines from the NMR coil. (d) Full *Na NMR spectra taken at a constant
temperature of 2 K with increasing fields. The red rectangle denotes emerged peaks in the AFM% phase at fields of 1.4 T and above. The
up-arrows mark all resolvable peaks across the phase transition. (e) Knight shift 22K, as a function of temperature measured at different fields.
(f) Knight shift 2K (left scale) and 1/ 23K, (right scale) plotted as a function of temperature, measured on both Na(1) and Na(2) at 3 T. Solid
lines are linear fits to 1/2*K, with temperature from 25 to 200 K. Inset: 2*K,, -x plot with temperature from 25 to 200 K. Solid lines are linear

fits to obtain chemical shift K- and A.

with overlaps of center and satellite lines of >*Na from Na(1)
and Na(2), where the fully polarized phase is achieved as the
ground state. Therefore two magnetic phase transitions, at 1.4
and 1.9 T, respectively, are revealed.

We simulated the low-field NMR spectra with two pos-
sible magnetic structures, the zigzag order [Fig. 3(a)] [40]
and the double-q order [Fig. 3(c)] [53], respectively. Since
23 Na nuclei are distant from Co?* ions, only dipolar hyperfine
couplings among them are taken into account. For simplicity,
the NMR satellites are not considered in the simulation. The
uniform magnetization of Co** by the external field would
induce a rigid shift of the whole spectra but does not affect the
line shape and is therefore not included in the calculations as
well.

The total hyperfine field on each **Na nucleus is then
obtained by summing over contributions from ordered mo-
ments of Co®" with their relative coordinates. The calculated
center transition lines at low field are plotted in Figs. 3(b)
and 3(d), with a local moment of 0.9 uz/Co** assumed for
the zigzag phase [40] and two local moments of +/3 and
1 (in units of 0.9uz/Co*") in the double-q phase [53],
respectively.

For the zigzag pattern, Na(1) produces one center line at
about 0 kOe, and Na(2) produces two center lines at —0.326
kOe (-0.37 MHz) and 0.384 kOe (0.43 MHz), with a relative

spectral weight of 1:1:1 [Fig. 3(b)]. By contrast, the double-q
pattern features one center line for Na(1) at 0 kOe, and three
center lines for Na(2) at —0.322 kOe (-0.36 MHz), 0 kOe,

@ / 7 / :‘g (b) Na@) M2 Nac2)
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FIG. 3. Magnetic structures and simulated NMR spectra. (a), (b)
Spin pattern and center >*Na lines with the zigzag order (see text).
(c), (d) Spin pattern and center 2*Na lines with the double-q order
(see text). () The measured NMR spectrum at 2 K at 1 T field.
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TABLE 1. Curie-Weiss temperature 6 obtained from different
measurements with field applied along the a axis.

2K, [Na(1)]
1.1£03

2K, [Na(2)]
1.1£03 1.0

Measurements M [Low T [49]

0 (K)

and 0.324 kOe (0.36 MHz), which produces three lines with a
relative weight of 1:4:1 [Fig. 3(d)].

The simulated three-peak spectrum with equal weights for
the zigzag pattern is remarkably different from the actual
spectrum, with two peaks at 1 T [Fig. 3(e)] which are assigned
to be Na(1) and Na(2), respectively (see later discussion). On
the other hand, for the double-q order, the external field may
have different effects on local moments in the noncollinear
structure, and the assumption of a rigid shift of spectra in
the simulation may be invalid. Therefore our data do not
support the zigzag order but have no obvious contradiction
with the double-q type. We note that more distinguishable
peaks emerge with fields above 1.1 T, which may suggest a
very weak incommensurate component superimposed on the
double-q pattern and smear out the detailed spectra at fields
of 1 T and below.

IV. NMR KNIGHT SHIFT

The Knight shifts Bk, for both Na(1) and Na(2) at dif-
ferent fields are obtained from the resonance frequency of
the center peaks. As shown in Fig. 2(e), 2}K;, for Na(2) are
shown as a function of temperature. Using the relationship
between Knight shift and the reported susceptibility data
[49], the hyperfine interaction A,y can be obtained by the
slope of the 2K, —x plot, which is about 0.872 kOe/ug and
1.166kOe/uy for Na(l) and Na(2), respectively, as shown
in the inset of Fig. 2(f). Note that the orbital contribution
to x is small and has been subtracted. With this, the chem-
ical shifts K¢, estimated by the y intercept, are 0.017% =+
0.005% and 0.032% £ 0.006% for Na(l) and Na(2),
respectively.

The spin contribution of the Knight shift K is then ob-
tained as K, = K, — K¢. In Fig. 2(f), 2K, of both Na(1) and
Na(2) are shown at 3 T, where the rapid increase of BK,
upon cooling demonstrates PM behaviors. Indeed, the high-
temperature data of 23K (T") follow the Curie-Weiss behavior,
B, =C /(T —0). 1 /231(5, demonstrated as a function of
temperature, are well fitted by straight lines with temperatures
from 200 down to 25 K. With this, the Curie-Weiss tempera-
ture is obtained as # = 1.1 £ 0.3 K for both Na(1) and Na(2).

By comparison, the magnetic susceptibility data also re-
veal a positive & = 1.0 K, shown in Table I, by data fitting
from 20 to 120 K with the same field orientation [49]. These
small but positive Curie-Weiss temperatures obtained at high
temperatures indicate that the material contains FM intralayer
couplings. Given that the ground state has an AFM order
[39,40], highly competing magnetic FM and AFM interac-
tions are expected with such a small 6. Then our data support
the existence of FM interactions as proposed for cobaltates
with honeycomb lattices [32], although the absolute values of
exchange couplings remain to be determined.
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FIG. 4. Spin-lattice relaxation rates. (a) 1/T; of Na(2) as a
function of temperature measured under typical fields. (b) The
stretching factor B as a function of temperature. (c) 1/2T; (left scale)
measured on different frequencies of the spectrum (right scale).

V. SPIN-LATTICE RELAXATION RATES
AND MAGNETIC TRANSITIONS

1/?T; was measured to determine the low-energy spin
fluctuations. 1/7} measures the low-energy spin dynamics
with 1/T; = TZ,A7 (q) ™22} where Ajz(q) is the hyper-
fine coupling constant, x is the dynamic susceptibility of
electrons, ¢ is the wave vector, and w is the NMR frequency.
1/?*T, was measured at various frequencies across the spectra
line at 4 K and 1 T, as shown in Fig. 4(c). 1/*T; on the right
peak is about 50% larger than that on the left peak, which
supports assignment of the right peak to Na(2), because Na(2)
has a stronger hyperfine coupling as revealed before.

Here we primarily report 1/?*T; measured on the center
peak of Na(2). As shown in Fig. 4(a), 1/3T; is displayed
as a function of temperature, with fields from 1 up to 10 T.
The stretching factor § =~ 1 [Fig. 4(b)] in the PM phase
indicates the high quality of the sample. Upon cooling, a
rapid decrease of § is seen in the ordered phase and also in
the fully polarized phases, which coincides with the spectral
broadening at low temperatures [Figs. 2(a)-2(c)]. We think
that the spectral broadening and decrease of B are caused
by quenched disorder, which is very effective in the ordered
phase and fully polarized phase when the local moments are
large.

At low fields 1/2T; increases slightly upon cooling
through 100 K before entering the ordered phase, which
evidences the onset of low-energy spin fluctuations. In the
following, three types of magnetic transitions are revealed.

First, the spin-lattice relaxation rate divided by tempera-
ture, as shown in Fig. 5, reveals all the Néel transitions at
low fields, characterized by a peaked feature in 1/2T,T
at Ty. Ty is about 6.3 K at 1 T and is barely resolvable
at about 3.5 K with field at 1.8 T, below which 1/3T,T
drops sharply with a gapped behavior. With fields from 1.85
to 1.9 T, the peaked behavior in the 1/237;T is not resolv-
able, and the phase boundary will be determined later by a
field-sweep measurement on 1/237;T. At 2 T and above,
1/3Ti T exhibits a smooth decrease with temperature, which
indicates the suppression of the AFM ordering. The detailed
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FIG. 5. Determination of magnetic phase transitions. (a) 1/3T,T
as a function of temperature at low fields. Red and blue arrows mark
the peak and “knee”-like feature in the data, denoting the double
transition temperatures of 7y and T*, respectively. (b) 1 /BT as a
function of field under constant temperatures from 1.6 to 6 K. Up
arrows denote the fields of two magnetic transitions occurring at Hy
and H;, respectively. Left and right arrows at 1.6 K illustrate the field
ramping directions, where magnetic hysteresis is seen at about H;
with opposite ramping directions.

Ty at different fields are then added in the phase diagram
(Fig. 8). The suppression of 7y is consistent with earlier
susceptibility measurements [39,40]; however, our values of
Ty are slightly higher, which is probably caused either by a
shorter timescale of 7} measurements or a small difference in
the field alignment.

Second, with fields from 1 to 1.8 T, a “knee”-like feature
is seen in 1/2T\T at temperatures far below Ty [Fig. 5(a)],
with the onset temperatures marked as 7*. This “knee”-like
behavior, rather than a continuous gapped behavior below
T\ as expected with an in-plane field, reveals the emergence
of additional enhanced low-energy spin fluctuations. T* at
different fields are then determined and shown in Fig. 8, which
is about 3.5 K at 1 T, decreases to 2 K at 1.8 T, and diminishes
at about 1.85 T. Therefore, T* follows the same trend as Ty
with field. By this we think that a weak spin reorientation may
occur in the ordered phase [52]. However, such a transition is
not seen in the spectra, which may be masked by the broad
spectra if the change of the magnetic structure is not large.

Third, 1/23T;, measured as a function of field at 6 K and be-
low, demonstrates a double-peak feature with field, as shown
in Fig. 5(b). The field values of the peak position in 1/2T}
are labeled as Hy and H, respectively. Each Hy with the
corresponding temperature is consistent with 7y measured at
the same field, which therefore represents the Néel ordering
as discussed before. At 1.6 K, Hy ~ 1.87 T; by extrapolation,
the “critical” field Hc &~ 1.9 T at zero temperature.

On the other hand, H; remains at a constant field of ~1.4T
but always lower than Hy. At 1.6 K a hysteresis behavior close
to H; is also revealed by the data difference with opposite field
ramping directions as marked in Fig. 5(b), where H; tends to
be lower with the field ramped down. Far above or below Hg,
the hysteresis behavior diminishes. This low-field peak and its
hysteresis should indicate an additional first-order magnetic
transition.

20¢ 11(b)
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FIG. 6. Magnetization data of the sample. (a) M(H) as a func-
tion of field measured at selected temperatures. (b) Calculated
dM(H)/dH at different temperatures. Red and blue arrows mark the
peak positions of the data, labeled as Hy and Hj, respectively. Data
are shifted vertically for clarity.

Such a transition at a constant field is further verified by
our dc magnetization measurements. As shown in Fig. 6(a),
the low-temperature magnetization M (H ) data are shown with
field up to 2 T at selected temperatures from 8§ K down to
2 K. At 2 K double magnetic transitions are clearly seen by
the change of the slop in M (H). For accuracy, the derivative
dM/dH is then calculated and plotted in Fig. 6(b). At temper-
atures of 2, 3, and 4 K, dM/dH clearly shows the double-peak
feature with fields also labeled as Hy and Hj, respectively.
Again, Hg remains at about 1.4 T and barely changes with
temperature.

For comparison, the Hy and H determined by 1/%3T; and
by dM/dH at each temperature are added in the phase dia-
gram in Fig. 8. It is clearly seen that both measurements are
consistent. The small difference in the field values extracted
from the measurements may be due to field-calibration errors

35
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T (K"

FIG. 7. Low-temperature spin gaps. (a), (b) The semilog plots of
1/3TiT as a function of 1/T, below and above the “critical” field
(see text), respectively. The straight lines are linear fits to data in
the low-temperature regime, which determine the gaps A; and A,
as labeled. (c) A, (in the ordered phase) and A, (in the disordered
phase) as a function of field. Solid lines are guides to the eyes. The
down arrow marks the transition field at about 1.85 T.
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lg(1/T,T) _:l:- between 1.8 and 1.9 T; however, none of them reach zero from
fields between 1.8 and 1.9 T. The presence of a gap is also
15 T 5 directly demonstrated by the sharp downturns in the log-log
S Hm plot of 1/2T,T in all of the fields, as shown in Fig. 5(a). The
A Hy[dMIdH ] absence of gapless excitations rule out a quantum critical point
O TTT] in the current system; instead, a weakly first-order quantum
[i Z {;Z}d]H] phase transition is suggested with the onset of a small gap at
101 5 A m 10 the transition field.

< <
~ <
5 45
1
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00 05 10 15 20 25 30 35 40

o (T)

FIG. 8. Phase diagram. Colored map represents the contour plot
of 1 /23T1T data, with a QCR at high temperatures. Ty, Hy, T,
H;, and Hc are phase boundaries (see text) determined by different
measurements as labeled. A, is the high-field spin gap. Lines are
guides to the eyes.

and/or a small tilting of the field towards the “harder” a axis
in the 1 /23T1 measurement. In fact, the transition at H; is
consistent with the reported first-order phase transition from
an AFM ordering to a “AFM%” ordering, resolved by the
neutron diffraction [49,53]. The AFM wave vectors switch
from (£a*/2, £b*/2,0) to (xa*/3, £b*/3, £c*/3) through
the transition, where the magnetic cell is enlarged.

VI. SPIN GAPS CLOSE TO THE CRITICAL FIELD

In principle, a quantum disordered phase is expected for
fields above Hc, where the spin gap increases monotonically.
However, as we show below, the low-temperature spin gap
may exhibit a nonmonotonic field dependence in this region,
which suggests an additional phase.

1/2T; exhibits a downturn behavior at low temperatures,
which suggests the onset of a spin gap both in the low-field or-
dered phase and the high-field spin-polarized phase, by which
we fit 1/2T;T to an empirical function, 1/T;T o< e=*/T. In
the ordered AFM phase, 1/2T\T is a function of 1/T, as
shown by the semilog plots in Fig. 7(a), following straight
lines in the low-temperature regime. Then the gaps, defined
as Aj, are obtained by the linear fit and shown in Fig. 7(c)
at different fields. The onset of the gapped behavior in the
ordered phase, rather than a power-law temperature depen-
dence of 1/Ti(T), suggests an ordering with local moments
at least partially along the a axis, where a gap opens due to
longitudinal fields. Similarly, above Hc¢ a gapped behavior is
also followed as shown in Fig. 7(b), and the obtained gap
values, A,, are also added in Fig. 7(c).

Interestingly, the gap does not drop to zero at the boundary
of the ordered phase and the disordered phase. A; decreases
with field and A, increases with field. They cross at fields

Furthermore, A, demonstrates a nonmonotonic field de-
pendence as shown in Fig. 7(c): it increases first with field and
then decreases; above 3 T, a large increase emerges again, as
expected for a fully polarized phase. With fields from 1.85 to
3 T, a domelike behavior is observed. Such a domelike shape
of A, strongly supports the existence of an additional phase
between the AFM phase and the fully polarized phase.

VII. QUANTUM CRITICALITY AND PHASE DIAGRAM

A colored contour plot of 1/2T;T is shown in Fig. 8
as a function of (H, T). 1 /23T1T is maximized when the
temperature is close to Ty, which is a typical feature for a
renormalized classical regime. Below 2 K, 1/2T{T is maxi-
mized at Hc~1.9 T, which is a signature of a quantum phase
transition with strong quantum fluctuations. At high temper-
atures a quantum critical region (QCR), as noted in Fig. 8§, is
also seen as a funnel shape in the color map, when it is getting
closeto 1.9 T.

With detailed data analysis performed in Sec. V, a com-
plete magnetic phase diagram is established as shown in
Fig. 8, where the PM, AFM, AFML, disordered phases and
their phase boundaries are determined. The gap in the disor-
dered phase, A,, is also added in the phase diagram. A QSL
region is speculated just between the ordered phase and the
fully polarized phase, where A, exhibits a domelike shape
with field.

We also compared our results with a previous NMR work
on polycrystals, where the AFM phase, the potential QSL
phase, and the fully polarized phase are also proposed [59].
The usage of a single-domain single crystal allows us to
resolve all the phase boundaries precisely. In addition, we
identified a possible spin reorientation transition below Ty and
a first-order phase transition at 1.4 T. The reported 1/23T;(T)
of polycrystals exhibits a two-gap feature in a large field range
[59] which is absent in our work and therefore should be
attributed to the magnetic anisotropy of the material.

VIII. DISCUSSION

The complicated phase diagram indicates more competing
exchange interactions in this system, which needs to be further
studied by different probes. In particular, the nature of the
transition at 7* remains unknown and needs to be verified by
other measurements. One candidate mechanism for the tran-
sition is the Dzyaloshinskii-Moriya (DM) interaction, which
could be effective far below Ty. Given that the inversion sym-
metry is broken among next-nearest neighboring Co>* ions in
the honeycomb lattice, a weak DM interaction is possible [62].
Because NMR is very sensitive to the low-energy spin fluctua-
tions, such weak DM interaction may lead to the observations
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FIG. 9. Comparison of gap and power-law fits to 1/3T;T. (a)
1/3TiT as a function of temperature at 2.3, 2.5, and 3.0 T. The solid
lines and dashed lines represent the fit to the gapped function and the
power-law function below 3 K, respectively. (b) A, as a function of
field. (c) Power-law exponent « as a function of field.

below T*. However, we are cautious that DM interaction has
not been reported by other studies [39,40].

Theoretically, a first-order phase transition may occur if a
QSL exists between the ordered phase and the spin-polarized
phase [63-65]. We speculate that Kitaev couplings (K term)
and off-diagonal (I" term) may exist and strongly affect the
spin dynamics in the system [46,66]. For comparison, in two
other Kitaev materials, «-RuCl; and Na,Co,TeOg, a new
phase seems to be established between the ordered phase and
the polarized phase under an in-plane magnetic field, where
a QSL has been suggested [25,55,67]. A gapless behavior
is observed in the low-temperature 1/7 data of «-RuCls,
which supports a proximate Kitaev QSL [25]. For the current
compounds we think that a QSL may also exist, given the
existence of a dome-shape of A,.

However, we found that a power-law fitting is also applica-
ble to the low-temperature data 1/237;T with field just above
Hc. As shown in Fig. 9(a), a function fit to either a gapped
behavior and a power-law behavior in the same temperature

range is performed at temperatures below 3 K, with fields
from 2.3 to 3 T. The obtained gap A, and the power-law
exponent « are depicted in Figs. 9(b) and 9(c), respectively,
as a function of field. Notably, both A, and « decrease with
increasing field, contradicting the expected increase of both
quantities with field in the fully polarized phase. Such anoma-
lous behavior may support a QSL interval between the ordered
phase and the fully polarized phase, although we cannot dif-
ferentiate a gapped or a gapless behavior with current data.

IX. SUMMARY

In summary, we investigated the static and low-energy dy-
namical behavior through NMR experiments on a high-quality
Na3;Co,SbOg single crystal. With field applied along the a
axis, our data reveal a positive Curie-Weiss constant at high
temperatures, which supports the existence of FM exchange
couplings. Given the absence of FM ordering, such a FM
coupling may not be the Heisenberg type. The observation of
three separate transition lines with field, including 7y, T*, and
Hg, further suggests complex magnetic exchange couplings in
the system, which may help to establish QSLs. Indeed, despite
our observation of a QCR at high temperatures, the low-
temperature gap in the magnetically disordered phase shows
a nonmonotonic field dependence, which may be a signature
of QSL. We hope that inelastic neutron scattering may help to
address this by looking for an excitation continuum.
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