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PUBLIC SUMMARY

m Field-induced quantum spin liquid state in spin-1/2 honeycomb magnet Na,Co,TeOg is highly desired.

®m  The absence of symmetry breaking is realized by the persistence of Cqg symmetry under a magnetic field.

®  The continuum and Variational Monte Carlo simulation support the field-induced quantum spin liquid state.
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One of the most important issues in modern condensed matter physics is
the realization of fractionalized excitations, such as the Majorana excita-
tions in the Kitaev quantum spin liquid. To this aim, the 3d-based Kitaev
material Na,Co,TeOg is a promising candidate whose magnetic phase
diagram of B // a* contains a field-induced intermediate magnetically
disordered phase within 7.5 T < |B| < 10 T. The experimental observations,
including the restoration of the crystalline point group symmetry in the
angle-dependent torque and the coexisting magnon excitations and spinon-
continuum in the inelastic neutron scattering spectrum, provide strong
evidence that this disordered phase is a field induced quantum spin liquid
with partially polarized spins. Our variational Monte Carlo simulation with
the effective K-J;-I'-I"-J; model reproduces the experimental data and
further supports this conclusion.

INTRODUCTION

Quantum spin liquids (QSLs) are exotic phases of matter resulting from
competing interactions or geometric frustration. Due to the long-range quan-
tum entanglement in the QSL ground states, interesting phenomena can
arise, such as the collective excitations with fractional quantum numbers and
the emergence of gauge fluctuations.'” A lot of efforts have been made to
search for QSL phase with Heisenberg-type exchange interactions in
geometrically-frustrated systems, including the triangular lattice, kagomé
lattice, and three-dimensional structures such as the hyper-kagomé lattices.””
Meanwhile, anisotropic interactions resultant from spin-orbital coupling
(SOC) have attracted more and more interests."”* A paradigmatic example is
the exactly solvable Kitaev model on the honeycomb lattice which hosts QSL
ground state and Majorana-fermion-like elementary excitations.”

Recently, exciting progress has been made on the Kitaev spin liquid candi-
dates from the 3d/4d/5d transition metal Co/Ru/Ir for the low-energy effec-
tive interactions, which contain the Kitaev-type exchange terms due to the
peculiar lattice structure and the SOC.""**"**** However, owing to the exis-
tence of non-Kitaev interactions, all of these materials exhibit zigzag antifer-
romagnetic (AFM) order at low temperatures. Besides the Heisenberg
exchanges, the off-diagonal symmetric interactions of the I and I terms
were proposed to construct their low-energy effective model. '3
Unlike the Ru- and Ir- materials,'**** the 3d orbitals in the Co-based materi-
als are more compact and the contributions from the SOC channels t,,-¢,
and e;-e, can weaken the "and I” exchanges.”"*

One of the most representative Kitaev materials among the 3d-cobalt
magnets is the Na,Co,TeQg (NCTO),"*****%** in which the honeycomb
layers are formed by the magnetic Co* ions surrounded by the 0* octahe-
drons (Figures TA-B). The principal reciprocal vectors a* (crystallographic
vector a) direction is parallel (perpendicular) to the Co-Co bond, which corre-
sponds to the [T10] ([T27]) direction in the spin coordinate (Supplementary

Figure S1). NCTO presents a zigzag AFM order below Ty = 26 K and another
two anomalies at Tr = 15 K'and T+ = 7 K (Figures S2A-B)."*"""** The zigzag
order in NCTO can be easily suppressed by a magnetic field parallel to the a*-
axis, leading to an intermediate field-induced magnetically disordered phase
above ~ 7.5 T before entering a trivial polarized phase near 10 T."* The exact
nature of this intermediate phase, most intriguingly, whether it belongs to a
QSL, is still illusive and deserves further investigation.'

The study of zero-field spin-wave excitations of NCTO indicates that while
the AFM third-neighbor Heisenberg exchange interaction Js is fairly large,"****
the Kitaev term cannot be ignored.”*” Several theoretical works have esti-
mated the value of K however, it varies from large to small, even its sign from
ferromagnetic to AFM.'#472954535414546 1t is reasonable to expect that the SOC
caused bond-dependent interactions, including the Kitaev term, play an
important role in understanding the rich phase diagram of NCTO in magnetic
fields (Figure 1C).

In the present work, we studied the nature of the field-induced intermedi-
ate magnetically disordered phase of a single-crystal NCTO via magnetic
torque and inelastic neutron scattering (INS) spectroscopy. Under low
temperatures and low fields, the torque is very weak and exhibits a 2-fold (C,)
symmetric angular dependence, which confirms the AFM long-range order.
The AFM order vanishes above 7.5 T as the lattice 6-fold (Cg) symmetry is
restored in the angular dependence of the torque, which is verified by the
disappearance of Bragg peaks at the M-point at B = 8 T (Figures 1D-E). The
material enters the polarized phase at 10 T where a phase transition is
observed in the differential magnetic susceptibility as well as the differential
torque (Figure 1G). The region between 7.5 T and 10 T is shown to be a field-
induced QSL phase with partial spin polarization and strong quantum fluctu-
ations. With an 8 T magnetic field along the a* direction, the intensity of INS
spectra at the M-point is suppressed, while gapped spin-wave bands show
up at 1.5 meV~2.5 meV and 3 meV~4 meV in the vicinity of the -point
(resulting from the partial polarization of the spins) and an intense ‘A’ shape
spinon continuum appears at 4 meV~8 meV. These features are consistent
with a theoretically computed dynamical structure factor of a field-induced
partially polarized QSL phase.

MATERIALS AND METHODS
Sample preparation and characterization

The high-quality single crystals were grown by the flux method. The poly-
crystalline sample of NCTO was mixed with the flux of Na,O and TeO, in
molar ratio of 1:0.5:2 and gradually heated to 900°C at 3 °C/min in air after
grinding. The sample was retained at 900°C for 30 h, and was cooled to a
temperature of 500°C at the rate of 3 °C/h. The furnace was then shut down.'

Magnetization and heat capacity
The magnetization measurements were performed by using a vibrating
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Figure 1. Structure, magnetic properties and temperature-field phase diagram of NCTO (A) Three-dimensional stacking of the Co honeycomb layers. Honeycomb network
shows the Co-Co bonds (red/blue/green) and edge-shared CoOg octahedra (the black, grey, cyan and golden spheres represent Co1, Co2, Te and O atoms, respectively). The Col
and Co2 honeycomb layers present the ABAB-type layer stacking along the ¢ axis. The dark red refers to the direction of moments that are in the ab plane and parallel to b-axis,
indicating a zigzag AFM ground state.””** (B) A honeycomb network with three selected adjacent edge-shared CoOg octahedra. In the P6522 structure, Co ions form a perfect
honeycomb lattice with an equal 92.17° Co-0-Co bond angle and the nearest-neighbor Co-Co bond length dg,.¢, = 3.05 A. (C) Temperature-field phase diagram with B parallel to
Co-Co bonds. The phase boundaries are deduced from the temperature-dependent magnetic specific heat Cy,/ T With B // ax (Supplementary Figure S2E) and field-dependent

differential magnetic torque :3% with 10.6° away from a* (Supplementary Figure S7). When the AFM order is suppressed by field, the sharp discontinuity in G,/ T at Ty labeled
by the black solid line becomes crossover type wide peaks presented by the dashed dark line. The critical fields By, Be,, and Be; are determined by the 19T cUrves at 10.6
degree. Elastic neutron scattering results integrated over L = [-2.5, 2.5] and E = 0 = + 0.05 meV at 0 T (D) and 8 T (E). The white dashed lines represent the Brillouin zone bound-
aries. The high symmetry points ', X, K, M and M, are marked in (D). The red arrow in (E) shows the applied magnetic field B // a*-axis. (F) Field dependence of magnetic torque

of NCTO measured at 3 K with field along selected angles. The solid lines are the polynomial fitting of magnetic torque ratio. (G) The detivative %j—; curves are calculated from

the fitted data. 8 is the angle between B and the a* and with respect to the real-space orientation of the Co-Co bonds. More details see the supplementary Figure S1. For better
comparison, the field dependence of magnetization M(B) (F) and the derivative dM(B)/dB (G) are also shown with B // a*. The red dashed line shows the Van-Vleck paramagnetic

background, which suggests that the saturation field is around Bg =12.5 T and the saturation magnetization is about Mg = 2.05pg/Co™".

sample magnetometer (VSM) in the physical properties measurement
system (PPMS Dynacool-9 system, Quantum Design) with field up to 9 T. The
heat capacity measurements were carried out using the relaxation method in
another PPMS with field up to 13 T. The magnetization and heat capacity
could be found in the supplementary Figure S2.

Magnetic torque

The magnetic torque measurements were carried out using piezo-resistive
sensor made by Quantum Design, external bridge excitation and Lock-in
amplifier readout were utilized. An oriented NCTO single crystal was mounted
onto the sensor. The magnetic field was applied in the ab plane, as illustrated
in Supplementary Figure S3. Both angular and magnetic field dependent
torque measurements were carried out. The low temperature and magnetic
field environment were provided by either a Quantum Design PPMS-9 or a
top-loading 18T-320mK system.

Inelastic neutron scattering

INS experiments were performed using the SEQUOIA time-of-flight spec-
trometer at the Spallation Neutron Source, Oak Ridge National Laboratory,
USA.“"“* About 0.559 g samples were fixed on an aluminum sheet with 3 x 6
x 0.05 cm® in size, and co-aligned in the (HHL) scattering plane with B // a*
(Supplementary Figure S8). The sample was inserted in a liquid-helium cryo-
stat, reaching a base temperature of T = 2 K. Measurements at 2 K with
applied magnetic fields B = 0 T and 8 T were performed by rotating the

sample in steps of 1° with E; = 18 meV and choppers in high-resolution mode,
yielding a full-width at half-maximum (FWHM) elastic energy resolution of
about 0.41 meV. When the magnet was removed, we collected again the INS
data at 0 T and 4.9 K, which also were performed by rotating the sample in
steps of 1° with E; = 18 meV and choppers in high-resolution mode. In order
to subtract the background, the INS data were collected at 90 K with or with-
out magnet.

Variational Monte Carlo simulation

The VMC method is a variational approach using Gutzwiller projected
mean field states as trial wave functions of spin models. The mean field state
is obtained in the slave particle representation, where the spin operators are
represented in bilinear form of fermions under a particle number constraint.
The mean field parameters are not obtained self-consistently, but are treated
as variational parameters whose optimal values are determined by minimiz-
ing the trial energy. The trial energy and physical quantities (including the
correlation functions) of the Gutzwiller projected state are obtained using
Monte Carlo simulations.

RESULTS
Magnetic torque

The magnetic torque of a sample T = 1V MxB is highly sensitive to the
external magnetic field B when the induced magnetization M is not aligned
with B, where L, denotes the permeability of the vacuum and V the volume of
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270 status. Since a* is the easy axis, the
induced magnetization M is parallel to a* if B
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1.8E-4 Figures 2B-D. As the space group of NCTO is

0.0E+0 | 150 P6522 (N0.182) whose point group is D, T(6)
= = should exhibit a Cs symmetry (namely 2m/6
8 Ey . 8 periodicity) if there is no symmetry breaking.
é’_ ’ § As shown in Figure 2A, 1(8) only shows a C,
S =ILUES symmetry for B =3 T. This indicates a rota-

0.0E+0 r 210 E tion symmetry breaking in NCTO (from Cg to

C,) which confirms the AFM long-range order

1.4E4 L in weak magnetic fields below Ty. Since the
270 )

e thermal fluctuations tend to melt the symme-

1T —— 3T —— 5T ’ try breaking orders, the symmetry of 7(6) is

7T 9T 12T T(K) expected to increase with increasing tempera-

the sample. Therefore, the torque in a uniform B is a direct detection of the
magnetic anisotropy.

Figures 1F-G show the field dependence of the torque ratio and the first
order derivative for field deviating from a* counterclockwise in the ab plane by

angles 6 = 24° 59° 10.6° 14.2°, respectively. Since

1dr oM M . . .

BdB= uovﬁ X n+uUV§ X 1; dW|th B = Bn where n is the unit vector along
T

the field direction, the quantity contains the information of the off-diag-

BdB
onal differential magnetic susceptibility and is thus helpful for locating the
phase boundaries (Figure 1G).
At low temperatures, three phase transitions can be identified by the
o ) - 1dr
anomalies in the field derivative ( BdB

the zigzag- phase to an intermediate region labeled as ‘X, B, is the critical

) where By is the transition field from

ture and eventually reaches the Cg in the para-
magnetic state above T. However, as shown in Figures 2E & H, above Ty, the
symmetry is still C, with a different orientation. A possible reason for these
inconsistences is that the magnetic field is not perfectly lying in the ab-plane
(the c-direction is not strictly parallel to the rotation axis, Figure S3), thus the
absolute value of the angle between the field and the c-axis oscillates with a
2-fold periodicity.*” Since the effective in-plane and out-of-plane g-factors
are different, gy, = 413 and g, = 2.3,' the oscillation of the field component
along the c-direction results in the two-fold periodic pattern in 7(6).
Meanwhile, strong magnetic field and quantum spin fluctuations can also
suppress the zigzag order and restore the symmetry. As shown in Figures 2B-
D & G, in the angle-dependent torque data the 6-fold symmetry indeed shows
up above B, = 6 T at low temperatures with coexisting C, symmetry. The Cg
symmetry becomes almost perfect when the AFM order is completely
suppressed at By, = 7.5 T. Above Bs; = 10 T, the magnitude of the torque
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Figure 3. (Color online) Spin-excitation spectra using fixed incident energy E; = 18 meV with B // a* Constant-energy scattering at 0 T (A) and 8 T (B), respectively, integrated
over L =[-2.5,2.5] and E = [1.5, 2.5] meV, projected on the reciprocal honeycomb plane defined by the perpendicular directions [H, H,0] and [K, -K, O]. The white dashed lines repre-
sent the Brillouin zone boundaries. (C) and (D) Spin-excitation spectra along high symmetry momentum directions -X-K-M-T-M, at 5 K for zero field and 2 K for 8 T, respec-
tively. The color bar indicates scattering intensity with arbitrary unit in linear scale. The dark red dashed line indicates that an intense ‘A’ shape spinon continuum appears at
4 meV ~ 8 meV in Figure (D). (E) and (F) Calculated dynamic structure factor for the zigzag AFM order and field-induced QSL with partially polarized spins, respectively. The black
regions lack detector coverage. The dark red dashed line shows the same ‘A’ shape spinon continuum, which is compared to the experiment at 8T. The data were collected using

the SEQUOIA chopper spectrometer at the Spallation Neutron Source (SNS).

decreases with field strength for a polarized phase with diminished quantum
fluctuations. The most interesting physics falls in the region between B, and
Bgs, a field-induced disordered state with fairly strong quantum fluctuations
which is likely to be a QSL phase. Later we will provide theoretical and further
experimental evidences to verify the QSL phase. The region X between B,
and Bg, is considered as a phase with coexisting AFM and topological order
(Figure S6). It should be mentioned that the 7(6) pattern of the QSL region
(above Bg,) still does not show a strict Cg symmetry with some mild ampli-
tude modulation of 2m/2 period (Figures 2C & F). Those 2-period Fourier
components are the same as that of the high-temperature paramagnetic
state (Figure S6), hence, this should also be the issue of field alignment
mentioned above.

This field-induced intermediate QSL phase is supported by the Variational
Monte Carlo (VMC) simulation with a K-J;-I-" -J; model (J; is the first-
neighbor Heisenberg exchange, the values of the parameters will be
discussed later), where four phases are obtained with B // a*-axis including
the zigzag phase, an intermediated phase with coexisting magnetic order and
topological order, the filed-induced QSL phase and the polarized trivial phase
(Figure S10). Especially, fixing the field's strength and varying the field's
direction in the QSL phase, the induced magnetization M is parallel to B as B
is along the a*- or a-direction. When the field is deviated from a or ax, M
contains nonzero component in a direction perpendicular to the field, which
gives rise to nonzero magnetic torque. As shown in Supplementary Figure
S12, the simulated magnetization indeed exhibits a 6-fold periodicity in the
QSL region, which is consistent with the experimental data shown in Figures
2C&G.

Neutron scattering

To further verify the field induced QSL behavior, we performed scattering
measurements at 2 K in the (HHL) plane with B // a*-direction ([K, -K, 0]) at O
T and 8 T. As shown in Figure 1D, at zero field, the magnetic Bragg reflec-
tions can be observed at the M-point (such as [-1/2, 0, 0] and [0, -1/2, Q]),
which presents the zigzag AFM order. At 8 T, these magnetic Bragg reflec-
tions at the M-points completely disappear but a new Bragg reflection
appears at the -point for the partial polarization (Figure TE).

More interestingly, the applied field also dramatically changes the spin

excitation spectrum. Figure 3A presents the momentum dependence of INS
intensity integrated from 1.5 to 2.5 meV at 4.9 K and 0 T. The ring-shaped
spectra are clearly seen around the M-points, which can be identified as
magnon excitations in the zigzag ordered ground state. At the '-point, some
excitations also show up with smaller weight compared to the M-point.
Figure 3B shows the INS intensity integrated from 1.5 to 2.5 meV at T=2 K
and [B| = 8 T, where the intensity is concentrated at the M-pointand repre-
sents the edge of a magnon band.

To further reveal the intrinsic spin dynamics of the magnetic Co* ions, we
plot the energy-momentum spectrum of the spin excitations along several
high-symmetry points in the first Brillouin zone (Figure 1D). At zero field, a
gapped magnon band is shown in Figure 3C, where the minimum point of the
band has the largest intensity weight and locates at the M-point as expected.
Furthermore, almost flat magnon bands appear at 6 ~ 7 meV. To understand
the experimental observations, we theoretically study the zero-field dynamic
structure factors in the zigzag ground state and the VMC numerical results
are shown in Figure 3E. The shape of the lowest energy spin-wave band
agrees well with the experimental data (Figure 3C). The band from VMC at
6 meV is almost flat, and the intermediate weights between the lowest band
(<3 meV) and the flat band (> 6 meV) show up. These features are consis-
tent with experiment in Figure 3C.*

With increasing field, the largest intensity of magnetic excitations shifts
from the M-point to the -point. At 8 T, around the I"-point, a band of concave
shape shows up at 1.5 meV ~ 2.5 meV and another band of convex shape
appears at 3 ~ 4 meV. These two bands, which look like the upper lip and the
lower lip, are constituted by single-particle-like magnon excitations. Away
from the I-point, the weights of the two magnon bands decay rapidly.
Instead, a large piece of continuum is observed at higher energy, indicating
the existence of fractional excitations beyond the linear-spin-wave theory
which predicts only two magnon bands. The continuum extends to the whole
Brillouin zone, and its lower edge is overlapping with the upper-lip shaped
magnon band. Along the M-X-K-M-I" path, the bright weights of the contin-
uum in the energy range 4 ~ 8 meV form a ‘A’ shape. The pattern of momen-
tum-energy distribution and the fairly strong intensity rule out the possibility
of two-magnon continuum. Thus, the continuum is most likely formed by two-
spinon fractionalized excitations. The coexistence of (incomplete) single-
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particle-like magnon bands and fractionalized continuum is the most excit-
ing observation of the present work. From the strong continuum excitations
and the Cq symmetry of the torque, we infer that NCTO enters a field-induced
QSL phase with partial spin polarization and strong quantum fluctuations at
8T and low temperature.

The dynamical structure factor of the field-induced QSL phase obtained
from VMC simulation (Figure 3F), captures most of the important features of
the neutron experiment. (1) Both single-particle-like magnon bands and the
spinon-continuum are obtained. The magnon modes are dispersive in-gap
two-spinon bound states, which form two bands. Above the magnon bands a
continuum is formed by fractionalized spinons. The energy ranges of the
magnon band and the continuum agree with experiment. (2) In the vicinity of
the T-point, the two magnon bands form the shape of a lower lip and an
upper lip. Similar lip-structure also exists in the linear spin-wave dispersion
and is resulting from the significant J; interactions. Nonzero magnon weights
appear at the M- and M;-points with energies close to zero. These features
agree with the experiment. (3) The lower edge of the continuum is overlap-
ping with the upper magnon band. From 4 meV to 8 meV, the bright weights
of the continuum form a shape of ‘A, which qualitatively agrees with the
experiment. (4) The phase has 4-fold topological degenerate ground states
on a torus as the emergence of deconfined Z, gauge fluctuations and the Z,
QSL nature of the low energy physics. The deconfined Z, gauge charges,
namely, the Majorana-fermion like spinons, give rise to the continuum spec-
trum in the dynamical structure and interpret the experimental weights at 4 ~
8 meV. Especially, in the intermediate field region the linear spin wave spec-
trum based on a fully polarized state contains imaginary part around the M-
points (Figure S14C), hence, this phase is distinct from the fully polarized
phase and is beyond the description of linear-spin-wave theory. To verify the
validity of the VMC computations, we performed analytic calculations using
random phase approximations (RPA), Figures S15-S16, and the RPA results
qualitatively agree with those of the VMC.

DISCUSSION AND CONCLUSION

In our theoretical simulation, we adopted the parameters J; = =1.54 meV,
J;=1.32meV, K=1.408 meV, ['=-1.32meV, and I" = 0.88 meV, which are
equivalent to J; = 0.066 meV, J; = 1.32 meV, K= -3.399 meV, = 0.286 meV,
and " = 0.077 meV via the dual transformation. This set of parameters is
adopted from the tx+ model,” but with enlarged J; and globally multiplied by
a constant. The importance of J; has been implied in previous works. "?%*5%
04555 |n the 3d Co-based honeycomb geometry, the hopping integral associ-
ated with the 90° g,-ligand hybridization plays a significant role through the
large o-type hopping process t¢,, which is particularly relevant for the third
neighbor J; super-exchanges in honeycomb materials.”** Moreover, the ratio
A/N between the trigonal crystal field (A) and the SOC (A) can regulate the
spin-orbit entanglement.”* With the increasing of A/A, the orbital degeneracy
is lifted and the spin-orbit entanglement is suppressed. Powder INS analysis
of A =21 meV and A = 13 meV with a small ratio A/A ~ 0.62 indicates that
the spin and orbit are highly entangled.®

In summary, based on the magnetic torque and neutron scattering experi-
ments, we studied the magnetic phase diagram and the nature of each phase
of NCTO under in-plane magnetic fields, especially B // ax. At low tempera-
tures, NCTO belongs to the zigzag AFM phase under field below B, = 6 T and
enters the trivial polarized phase above B = 10 T. As the field is between
Bgy, = 7.5 T and Bsg = 10 T, the restoration of the 6-fold symmetry in the
angular dependence of the torque strongly indicates that NCTO falls in a field-
induced disordered state with strong quantum spin fluctuations. Furthermore,
the strong continuum in the INS spectrum and the magnon-like excitations
near the -point confirm that this disordered state is a QSL state and the
spins are partially polarized. Our theoretically obtained spin excitation spec-
tra from VMC simulations of the effective K-J,--I"-J; model, including the
dynamical structure factors of the AFM phase and the partially polarized QSL
phase, agree with the experimental data, and support the field-induced QSL
behavior in NCTO. Finally, we identify the intermediate X-region between B,
=6Tand By, = 7.5 T as a phase with coexisting AFM order and Z, topologi-
cal order.
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