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We perform 23Na nuclear magnetic resonance (NMR) and magnetization measurements on an S = 1, quasi-2D honey-
comb lattice antiferromagnet NazNi; BiOg. A large positive Curie—Weiss constant of 22.9 K is observed. The NMR spectra
at low fields are consistent with a zigzag magnetic order, indicating a large easy-axis anisotropy. With the field applied
along the ¢* axis, the NMR spectra confirm the existence of a 1/3-magnetization plateau phase between 5.1 T and 7.1 T.
The transition from the zigzag order to the 1/3-magnetization plateau phase is also found to be a first-order type. A mono-
tonic decrease of the spin gap is revealed in the 1/3-magnetization plateau phase, which reaches zero at a quantum critical
field Hc ~ 8.35 T before entering the fully polarized phase. These data suggest the existence of exchange frustration in
the system along with strong ferromagnetic interactions, hosting the possibility for Kitaev physics. Besides, well below the
ordered phase, the 1/77 at high fields shows either a level off or an enhancement upon cooling below 3 K, which suggests

the existence of low-energy fluctuations.

Keywords: one-third magnetization plateau phase, nuclear magnetic resonance, honeycomb-lattice antiferro-

magnet, Kitaev interaction
PACS: 76.60.-k, 75.30.Cr, 75.10.Jm, 64.70.Tg

1. Introduction

The spin-1/2 Kitaev model on a honeycomb lattice is a
rare case of an exactly solvable model for a quantum spin
liquid (QSL) with Dirac Majorana fermions and gauge fields,
and provides a unique pathway for quantum computations,!!!
which has attracted significant research attention recently. In
real materials, Kitaev interactions, namely the K term, are
believed to arise from frustrated exchange couplings through
strong spin—orbit coupling and bond symmetry, allowing ma-
terials to potentially exhibit Kitaev QSL.>*! The so-called
Kitaev materials, notable NayIrO3~71 and a-RuCl;39! with
layered honeycomb lattices, are effective spin-1/2 systems
consisting of Kramers doublet from a d° electronic con-
figuration with local edge-shared octahedral structure and
strong spin—orbit coupling. Later studies on cobaltates, also
with the layered honeycomb lattice, revealed that when the
non-octahedral crystal field is sufficiently weak to preserve

spin—orbit entanglement, Co>" also possesses a pseudo-spin
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1/2 degree of freedom! 1"and potentially provides Kitaev

interactions. >3141

In all the above compounds, the low-temperature ground
state, however, is not a QSL, but rather exhibits a long-range
magnetic order, commonly identified as a zigzag antiferro-
magnetic (AFM) order. Interestingly, later high-field studies
on these materials revealed that magnetic field, by suppressing
magnetic ordering, may help to induce putative QSL phases,
such as that observed in a-RuCls,[15-221 Na,Co,TeOg 2324
and NazCo,SbOg.[25-20]

Recently, magnetization measurements on Na3Ni;BiOg,
a spin-1 Ising antiferromagnet with layered honeycomb lat-
tice, demonstrate a one—third magnetization plateau (1,/3-MP)
phase with an out-of-plane field, which clearly indicates the
existence of magnetic frustration.*’! The fractional MP is
an interesting phenomenon that usually manifests in systems
with magnetic frustration, which is further enhanced by the

quantum effect in small spin systems, such as spin-1/2 an-
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tiferromagnets with triangular, >3 kagome, 341 and J;-
J» square lattices,[*!=*! where the MP phases can be ex-
plained by the order-by-disorder mechanism.*+->?1 The dis-
cussions have been extended to some triangular-lattice sys-
tems with higher spins, >3- and for classical spins, the 1/3-
MP phase is proposed to survive in an enlarged field range
as temperature rises above zero.®! Attempts have also been

[457] Elastic neu-

made in honeycomb-like antiferromagnets.
tron scattering studies on Na3NipBiOg revealed a zigzag or-
der with local moments along the crystalline ¢* axis at zero
field, and a field-induced partial spin-flop phase, which indi-

(271 Density func-

cates the existence of magnetic frustration.
tional theory (DFT) calculations on Na3zNiyBiOg suggest that
anisotropic Kitaev interactions may exist and play a key role
in the formation of the MP phase. This extends the study of
exchange frustration, particularly Kitaev interactions, to high
spin systems. ]

To reveal the spin dynamics in this system, we perform
23Na NMR measurements on Na3Ni,BiOg. Along with mag-
netization measurements, our main results are summarized in
the phase diagram shown in Fig. 7. The 1/3-MP phase is re-
constructed by the shift of the NMR resonance frequency. By
measuring the spin-lattice relaxation rates 1/237;, all the phase
boundaries between the long-range ordered state and param-
agnetic (PM) state in the whole field range are determined by
extracting the Néel temperatures Ty. Furthermore, a spin gap
is found, which decreases monotonically with the field and di-
minishes at a critical field of 8.35 T. With further increase of
the field, the gap increases towards the fully polarized phase.
Surprisingly, with phases deep in the ordered phase and the
fully polarized phase, a gapless behavior is seen in the low-
temperature 1/237;, which suggests the existence of strong
low-energy dynamics. We speculate that structural dynamics
caused by Na movement, rather than intrinsic spin dynamics,
still persist at such low temperatures in the layered compound.

2. Material and techniques

The Na3NiyBiOg compound crystallizes in a monoclinic
structure with a layered arrangement, belonging to the space
group C/m,!8 as shown in Fig. 1(a). NiOg and BiOg octa-
hedra are arranged in a 2:1 ratio in the ab plane, with sodium
ions located above the octahedra among the layers. Ni** ions
form the spin-1, quasi-two-dimensional structure with a lay-
ered honeycomb lattice. Two types of inequivalent Na sites,
Na(1l) and Na(2) with a 1:2 occupancy ratio, reside between
the honeycomb layers.

High quality single crystals were grown by the flux
method, 8 with typical sizes of 2 mm x 4 mm x 0.5 mm.
Bulk susceptibility and magnetization measurements were
performed in a Quantum Design physical property measure-
ment system (PPMS) with temperatures down to 2 K and fields

up to 14 T applied perpendicular to the ab plane, that is, along
the crystalline ¢* axis. We conducted NMR measurements on
23Na nuclei, which possess spin I = 3/2 and Zeeman factor
Y= 11.262 MHz/T. The field was also applied perpendicular
to the ab plane, with field up to 12 T and temperature down to
1.5 K. Note that magnetic hysteresis was seen at intermediate
temperatures, so most magnetization and NMR measurements
were performed with increasing field. The magnetic field was
calibrated by the resonance frequency of ®3*Cu from the NMR
coil.

(a) (b)

O Na(1) PR—

O Na(2) @ Pa— o0
OBi** .
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Fig. 1. Crystal of Na3Ni;BiOg. (a) A schematic drawing of the 3D crys-
tal structure. (b) Top view of the NiOg octahedra forming the honeycomb
layers.

The spectra were obtained by the standard spin-echo tech-
nique, with a typical 7 /2 time length of 2 us. For broad spec-
tra at low temperatures, the whole spectra were acquired by
sweeping frequencies. The NMR knight shift K, was calcu-
lated by K, = (f/yH — 1) x 100%, where f is the frequency
of the center peak and H is the applied field. The spin-lattice
relaxation time 237; was measured by the spin inversion—
recovery method, with the nuclear magnetization fitting to
the exponential function, (¢) = a — b[e /T’ 19— (61/T)P ],
where a and b are fitting parameters, and f is a stretching fac-
tor. In the PM phase, B ~ 1, indicated the high quality of
the crystals, and decreases in the ordered phase. Note that
with 1/Ty = T limg_0 ¥, A%(9)Imy (g, ©)/®, 1/T; measured
the low-energy spin dynamics, where ¥ (g, ®) represents the
dynamical susceptibility, and Ap¢(g) is the hyperfine coupling
constant.

3. Susceptibility and magnetization data

We initially examine the crystal through susceptibility
and magnetization measurements with out-of-plane fields,
specifically along the magnetic easy axis.[>”] Figure 2(a)
shows the DC susceptibility y as a function of temperature,
measured at 0.1 T.  first increases upon cooling from 300 K
to 10 K. A peaked behavior is seen at 11.6+£0.1 K, marking Ty
of the Néel ordering. Below 7y, X drops rapidly in the ordered
phase.

The illustration in Fig. 2(a) displays the inverse suscep-
tibility 1/ at this low field, which follows a linear tempera-
ture dependence at high temperatures, as expected for a Curie—
Weiss behavior. A linear fit, as shown by the solid straight line,

067601-2



Chin. Phys. B 33, 067601 (2024)

gives a positive Curie—Weiss temperature Ocw ~22.9£0.1 K,

1581 The large

larger than the previously reported value of 13 K.
positive hyperfine coupling indicates strong ferromagnetic ex-

change coupling.
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Fig. 2. Magnetic susceptibility and magnetization. (a) Magnetic suscep-
tibility x with an out-of-plane field of 0.1 T. The black arrow marks the
peak feature at Ty. Inset: 1/ as a function of temperature. The straight
line represents a linear fit to 1/ with temperature from 150 K to 300 K.
(b) Magnetic susceptibility as a function of temperature at different fields.
The arrows mark the 7y at the peak positions of ). (c) Magnetization as
functions of fields, measured at different temperatures. The dotted horizon-
tal line is placed at 1/3 of the saturated magnetic moment. Inset: dM/dH
at different temperatures, with arrows placed at peaked positions, marking
transitions to the 1/3-MP phase at Hyp and to the paramagnetic phase at
Hy, respectively. (d) The magnetic hysteresis loop of M(H) measured at
2 K.

In Fig. 2(b), we further present x at different fields as a
function of temperature. As the magnetic field increases, Ty,
marked at the peak position of y, shifts towards lower tem-
peratures. At 10 T, x levels off at low temperatures without
any peaked behavior, indicating the onset of a fully polarized
phase. The Ty at different fields is then determined and plotted
in Fig. 7.

At fields from 0.1 T to 4 T, x drops to nearly zero at 2 K,
consistent with the zigzag order with moments perpendicular
to the ab plane. At 6 T, however, y first drops below Ty, and
then approaches a large value at 2 K, which indicates a differ-
ent magnetic ground state. The magnetization M(H) is then
measured at different temperatures with increasing fields, fol-
lowing the earlier study.!?”! Figure 2(c) displays the M(H) as
functions of fields at T =2 K, 5 K, and 9 K. At intermedi-
ate fields, a magnetization plateau is clearly seen, with the
value close to one-third of the saturated value (2.13 ug) of
Ni?*. For guidance, a horizontal one—third magnetization line
is placed at 0.73 up, which clearly indicates the onset of a
1/3-MP phase with fields from 5.1 T to 7.1 T.

In order to precisely identify the transition field, the dif-

ferential of magnetization dM/dH at different temperatures is

calculated and plotted in the inset of Fig. 2(c). Distinctly, at
both 2 K and 5 K, there are two peaks representing the upper
and lower boundary fields of the MP phase. The lower one,
labeled as Hyp, marks the transition from the zigzag order to
the MP phase. With increasing temperature, Hyp barely shifts,
which is typical for the MP phase. The upper one, as labeled
by Hy, is the transition from the magnetically ordered phase to
the PM phase. By contrast, Hy shifts largely with temperature,
which corresponds to the Néel transition. Both Hyp and Hy,
along with their corresponding temperatures, are then added in
the (H, T') phase diagram as shown in Fig. 7. The field regime
of 1/3-MP phase shrinks with increasing temperature, indicat-
ing a strong effect of quantum fluctuations rather than thermal
fluctuations. %%

The M(H) also shows an obvious hysteresis loop at 2 K,
through the transition from the zigzag order to the 1/3-MP
phase, as shown in Fig. 2(d). The presence of a hysteresis loop
is a clear signature of a first-order phase transition, which can
occur between two phases both with Ising-type of symmetry
breaking, that is, the moments are ordered along the ¢* axis as
suggested by the neutron scattering data.!*”l Our M(H) data
with the rising field is consistent with the previous reports, [>]
although the later, lacking hysteresis data, concluded a second-
order phase transition.

4. Low-field NMR spectra and knight shift

The 2*Na NMR spectra of Na3Ni;BiOg at a low field of
4 T are demonstrated in Fig. 3(a) at different temperatures. In
the high-temperature PM state above 9 K, three NMR peaks
are seen in the spectra, which are attributed to one central peak
and two satellite peaks on two sides, with the vy ~ 1 MHz.
Note that Na(l) and Na(2) cannot be separated in the PM
phase, indicating that the difference in the hyperfine field and
the electron field gradient (EFG) on both nuclear sites are
small with both types of nucleus residing among the honey-
comb layers. The Knight shift >*K,, is calculated from the res-
onance frequency of the center peaks. 22K is then plotted as
functions of temperatures at different fields, rising upon cool-
ing and characterizing the PM behavior, as shown in Fig. 3(b).

The Knight shift K;, = K. + K, which contains a con-
stant chemical and a spin contribution as specified by the
last two terms respectively. The spin contribution, Ky(7T),
scales linearly with bulk susceptibility, x(T), given by Ky =
Apnc) /Nals, where Ny is the Avogadro constant, Ug is the
Bohr magneton, and Ay is the hyperfine coupling constant.
With this, we plot K, as a function of ), both measured at
4 T with temperature from 10 K to 100 K, where a linear fit
is clearly obeyed, as shown in the inset of Fig. 3(b). Note that
as x(T) follows a Curie-Weiss fit in a large temperature from
300 K down to 150 K, the x(7') measured on the sample has
no orbital contribution, or at least negligible. From the linear
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fit, we obtain a very small orbital contribution K, ~ —0.026%,
and the hyperfine coupling constant Ays = 2.42+0.03 kOe/up.

(a) 53Cu,

H lab, 4T

ZIntensity X T (arb. units)
K, (%)

J=%yH (MHz)

(c) (d)
—Na()] 3
Na2)| Z
=
38
g
\.’E
=}
h-{
: 2
[0
-1
;%b
a -4 -3-2-10 1 2 3 4

H—H (kOe)

Fig. 3. Low-field 2>Na NMR spectra with perpendicular field. (a) The
23Na NMR spectra at a fixed field of 4 T at different temperatures. Ver-
tical offsets are applied for clarity. Each spectrum above Ty consists one
center and two satellite peaks. Data at 1.7 K are attributed to three sets
of spectra, with red, blue and orange corresponding to three types of sites
with different hyperfine fields, and each contributing one center peak and
two satellite peaks. The sharp peaks are 3Cu and % Cu resonance lines
from the NMR coil. (b) The Knight shift 23K, as functions of temper-
atures at typical fields. Inset: 22K, as a function of x at a field of 4 T,
with a straight line presenting a linear fit. (c) Illustration of the zigzag
magnetic structure, with moments along the ¢* axis. (d) Simulated center
NMR peaks of 2*Na in the zigzag state. Na(2) has line splits while Na(1)
does not.

The spectrum at 8 K broadens significantly (Fig. 3(a)),
which indicates the magnetic phase transition where the local
field becomes inhomogeneous across the sample. At 7 K, clear
peaks are seen again, and when cooled down to 1.7 K, seven
NMR lines are resolved. The splits of these lines should indi-
cate the onset of AFM ordering. Note that with vy ~ 1 MHz
determined at high temperature, we separate seven peaks into
three sets, as marked by red, blue and orange down arrows
on the spectrum at 1.7 K. Each set contains three peaks, with
almost equal intensity and separated by about 1 MHz, as ex-
pected for one center peak and two satellite peaks.

In fact, such assignment of NMR peaks is consistent with
the zigzag order. Figure 3(c) illustrates the magnetic struc-
ture of Ni>t moments in the zigzag AFM phase as revealed
by the neutron scattering data.>”] With the above magnetic
configuration and the local moment of 2 ,uB/Ni”, we sim-
ulate the center peaks of the 2*Na spectra, by considering
the dipolar coupling between 2*Na nuclei and Ni>* moments.
The resulting 2*Na resonance lines are plotted against Hoi—H,
where H.g is the total field seen by each nucleus, and H is the
static field applied perpendicular to the ab plane, as shown in

Fig. 3(d). The simulation gives a single Na(1) line, and two
split Na(2) lines due to zigzag order, with the ratio of the spec-
tral weight 1:1:1. The three-line feature is consistent with the
measured spectra at 1.7 K, with three sets of spectra (each con-
taining one center peak). The simulation gives separated cen-
ter lines with frequencies of —2.26 kOe (—2.54 MHz), 0 kOe
(0 MHz) and 2.28 kOe (2.56 MHz), which are close to the
measured values.

5. High-field NMR spectra and magnetization
plateau phase

Figure 4(a) displays the spectra at a high field of 7 T, mea-
sured with decreasing temperature. The spectra above 5.5 K
(I at 7 T) are characterized by three peaks (marked by blue
arrows) with one center and two satellite lines. Below Ty, a
new set of lines with three peaks (marked by red down arrows)
emerge at lower frequencies with smaller spectral weight. At
1.7 K, the center line of the low-frequency set reads a nega-
tive frequency about —0.5 MHz, and the center line of high-
frequency one reads a large positive frequency about 3.3 MHz,
which indicates again the onset of an AFM ground state. How-
ever this spectrum is distinctive to that observed at 4 T, 1.7 K
(Fig. 3(a)).

For comparison, the spectra at 1.7 K are measured and
compared at different fields, as shown in Fig. 4(b). Three
types of ground states are clearly resolved by the change of
the NMR lineshape with increasing field. Below 4 T, the LNa
spectra exhibit three sets of lines as discussed before; at 5 T
to 7 T, two sets of lines appear with a large spectral weight at
the high frequency side; above 9 T, three NMR lines emerge,
indicating the fully polarized phase characterized by one cen-
ter line and two satellite lines with a uniform hyperfine field
on all Na sites. At 10 T and 11.5 T, a small line split is ob-
served, which should be attributed to the resolved Na(1) and
Na(2) lines when the hyperfine field becomes very large in the
polarized phase.

Indeed, the total longitudinal magnetization can also be
obtained from the NMR spectra. By calculating the average
frequency of the 2>Na spectra, with the value of Apr shown
earlier, M—H is generated and shown in the inset of Fig. 4(b).
Clearly, the 1/3-MP phase is established at field from 5 T-7 T.

To further support the MP phase, we state that with a
large positive resonance frequency observed at 7 T and 1.7 K
(Fig. 4(a)), a strong local hyperfine field is suggested. Indeed,
this is consistent with the existence of clustered up moments
(T1), which should produce a large positive hyperfine field as
observed. Based on the neutron scattering data, or theoreti-
cal proposals, many magnetic structures for the 1/3 MP phase
have been proposed but have not yet been resolved, including
o1 o |11 and [[1111, all having enlarged magnetic unit.[?”]
Unfortunately, our simulation of the spectra based on any of
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these patterns (data not shown) fails to produce the observed
spectra, which may be caused by our oversimplified assump-
tion of pure dipolar hyperfine coupling among nuclear spins
and the magnetic moments, or unknown tilting of local mo-
ment toward the out-of-plane direction.

Hlab 7T b) T=17K

(a) ‘$‘

= = o
n o o ©

M (/N2

S o
&

ZIntensity X T (arb. units)
BIntensity X T (arb. units)

f—*yH (MHz)

f—%*vH (MHz)

Fig. 4. High-field 2Na spectra with perpendicular field. (a) Spectra at a
fixed field of 7 T measured at typical temperatures. Blue and red arrows
mark two sets of peaks, each with one center line and two satellite lines.
(b) Spectra measured at 1.7 K with increasing field. Inset: calculated
longitudinal magnetization from the NMR spectra (see text).

6. Spin-lattice relaxation rates and remnant low-
energy spin fluctuations

We further study the spin dynamics by measuring the
spin-lattice relaxation rates 1/2*T;. Figure 5 demonstrates the
1/3T; as functions of temperatures at different fields. With
fields from 2 T to 8 T, 1/23T} increases when cooled from
50 K to 20 K, revealing strong AFM spin fluctuations due to
intralayer coupling at high temperatures. Upon further cool-
ing, 1/23T} increases sharply, which indicates the onset of 3D
correlations. A peaked behavior is established, marking the
AFM phase transition. From this, the Ty are precisely deter-
mined and shown in the phase diagram in Fig. 7. Below Ty,
1/2*Ty drops rapidly, demonstrating gapped spin wave exci-
tations. Such gapped behavior is also prominent with a field
above 9 T, when the fully polarized phase is achieved, as seen
earlier in the magnetization data. The critical field is deter-
mined to be Hc = 8.35 T, where the upturn in 1/23T; just dis-
appears.

However, for fields where the value of 1/ 27 at 3 K is
less than 20 s—!, either a level off or an upturn behavior is
seen in 1/23T; with temperature below 3 K, regardless of the
ordered phase or the fully polarized phase. This behavior indi-
cates the existence of another type of low-energy fluctuations,
being in contradiction to intrinsic magnetic fluctuations where
afast drop of 1/23T; is expected. To understand this, structural
fluctuations may have to be considered. We speculate that Na™

movement plays an important role in causing the low-energy
fluctuations. In particular, Na™ deficiency is known to exist
in layered systems such as sodium batteries, which may lead
to low-energy structural fluctuations from Na™ movement; in
addition, such structural fluctuations may disturb the magnetic
moment and lead to low-energy spin dynamics. To our knowl-
edge, such behavior has been rarely seen in magnetic mate-
rials. We hope that further studies can clarify its nature and
explore potential applications in sodium batteries.
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Fig. 5. Spin-lattice relaxation rates. 1/23T} as functions of temperatures
under different fields. The down arrows mark the 7y at the peak position
in 1/371.

7. Spin gaps and phase diagram

Now we study the gapped behavior in the ordered phase
and the fully polarized phase. In the following, we attempt to
fit the low-temperature data to the thermal activation function,
that is, 1/7T} = ae A/%T where A is the spin gap. To deter-
mine the gap values directly, In(1/237;) is plotted against 1/T
as shown in Fig. 6(a). In a limited regime, a linear behavior is
observed as shown by the straight line fitting, which gives the
values of A from the slope. The obtained A are then plotted
as a function of field in Fig. 6(b). A first decreases with field
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Fig. 6. Low-temperature spin gaps. (a) In(1/237}) as functions of 1/7.
The straight lines are linear fit to the data in a limited temperature range
to obtain the gaps A (see text). (b) Spin gap at different fields.
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Fig. 7. Magnetic phase diagram with perpendicular field. The phase
boundaries of the PM, the zigzag order, and the 1/3-MP are determined
with increasing field by different probes as labeled. The dotted and the
solid lines represent the first-order and the second-order phase transitions,
respectively.
in the 1/3-MP phase, drops to zero at Hc, and increases again
with field in the fully polarized phase. Therefore, a quan-
tum critical point is established at Hc. Note that because of
the emergence of structural fluctuations as discussed above,
the fitting range for the gap is largely limited, which may
lead to overestimation on A. By summarizing aforementioned
magnetic and NMR measurements results, a complete (H,T)
phase diagram is shown in Fig. 7. A gapped, 1/3-MP phase
is established, separated from the zigzag order by a first-order
phase transition, and from the gapped, fully polarized phase
by a second-order phase transition.

8. Discussion and summary

The current work reveals several interesting observations
in Na3NiyBiOg, which include large, positive Curie—Weiss
constant indicating existence of strong ferromagnetic inter-
actions, the zigzag order and a field-induced spin gapped,
1/3-MP phase with both negative and large positive hyperfine
fields on >*Na sites. These results may help to resolve the ex-
act magnetic structures of the 1/3-MP phase. Note that a fully
polarized phase is established at a field of 8.35 T, which is in
contrast to other spin-1/2 Kitaev materials where a quantum
spin liquid may exist between the ordered phase and the fully
polarized phase.*?!

The existence of the 1/3-MP phase indicates strong ex-
change frustration in the honeycomb plane. Combined with
the observation of ferromagnetic interactions, future studies by
inelastic neutron scattering are highly demanding to check if
the proposed ferromagnetic Kitaev interactions exist,!”’! and
if other tuning methods are possible to access quantum spin
liquid in this § = 1 honeycomb lattice material.

We perform an NMR study on a quasi-two-dimensional
honeycomb lattice antiferromagnet NazNi;BiOg. Our NMR
data demonstrate strong exchange frustration by the existence

of a 1/3-MP phase and ferromagnetic interactions, which
gives compelling possibilities for the presence of Kitaev in-
teractions in a large spin system. The spin gap, the first-
order phase transition to zigzag order, and the second-order
phase transition to the fully polarized phase, are revealed in
the plateau phase. In addition, we also observe strong low-
energy fluctuations at temperature below 3 K, which suggests
a hidden degree of freedom yet to be understood. These find-
ings should provide a significant understanding of the micro-
scopic interactions and competing quantum states in this ma-
terial, and host possibility for achieving QSL in honeycomb
lattice with large spins.
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