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Field- and polarization-dependent quantum spin dynamics in the honeycomb magnet Na,Co,TeOg:
Magnetic excitations and continuum
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We report terahertz spectroscopic measurements of quantum spin dynamics in the spin-1/2 honeycomb
magnet Na,Co,TeOg as a function of applied magnetic field with different terahertz polarizations. Distinct field
dependencies of the resolved spin dynamics are identified in three regimes, which are separated by two critical
fields at B.; ~ 7 and B, =~ 10 T. A polarization-selective continuum is observed in the intermediate phase,
featuring spin fluctuations of a proximate quantum spin liquid.
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The spin-1/2 honeycomb magnet with bond-dependent
nearest-neighbor Ising exchange interaction—the so-called
Kitaev interaction—is a remarkable example among the few
exactly solvable models of two dimensions [1]. This system
hosts an exotic ground state of quantum spin liquid, which
without long-range magnetic order even down to the lowest
temperature is a long-sought unconventional state of mat-
ter [2]. Featured by long-range quantum entanglement and
fractionalized excitations [3-5], the Kitaev quantum spin lig-
uid exhibits various unconventional properties [6,7], such as
half-integer quantization of thermal Hall conductivity [1,8]
and magnetic continua [9-11].

The realization of the strong bond-dependent exchange
anisotropy is not straightforward in a solid-state material.
Transition-metal elements with strong spin-orbit coupling,
such as 54 Ir** and 4d Ru*" ions, in a proper crystal-field
environment were proposed [12] and indeed found in iri-
dates [13] and «-RuCls to contribute a significant Kitaev
interaction. This has been evidenced by the observation of
magnetic continua (see, e.g., Refs. [14-19]) and peculiar ther-
mal Hall effects [20-22].

Recent theoretical analysis suggested that based on the
3d” Co** ions with a high-spin 13,€; configuration, a ma-
terial realization of the Kitaev honeycomb model should
also be possible [23,24]. Various candidate compounds have
been studied [25], among which BaCo,(AsO4), [26] and
Na,Co,TeOg [27,28] are particularly promising. Their long-
range magnetic orders can be suppressed by applying an in-
plane magnetic field [26,29,30], similar to the field-dependent
behavior of a-RuCl;. However, the role of Kitaev-type inter-
action in these compounds remains elusive. On the one hand,
in addition to magnonic excitations [31], a broad magnetic
continuum was observed in BaCo,(AsOy), [32] by terahertz
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spectroscopy corresponding to the I' point, which signals a
quantum spin liquid. On the other hand, the inelastic neutron
scattering spectra at finite momentum transfers [33] are better
described by an extended XXZ model with Heisenberg-type
exchange interactions [34]. For Na,Co,TeOg the knowledge
of low-energy magnetic excitations at zero magnetic field
is not sufficient to settle a spin Hamiltonian with domi-
nant Kitaev interaction against a Heisenberg XXZ model
[27,30,35-40].

The long-range antiferromagnetic order stabilized below
the Néel temperature of Ty &~ 26 K can be suppressed by a
relatively large in-plane magnetic field B, =~ 10-12 T, above
which the system enters a spin-gapped state [27-30,38,41—
51]. Studies by using a variety of experimental techniques
have revealed at least one lower critical field B.; ~ 6-8 T,
thereby determined an intermediate phase. While phenomeno-
logically this is very similar to the field-dependent behavior in
«-RuCls, the nature of the intermediate phase in Na,Co,TeOg
is still under debate.

Motivated by these results, we perform high-resolution
terahertz spectroscopy as a function of applied magnetic field
in the ab plane to resolve the spin dynamics of Na;Co,TeOg.
Three phases are identified by their distinct field dependence
of characteristic spin dynamics. In particular, an intermediate
phase between 7 and 10 T is featured by a continuum, which
is absent in the lower- and higher-field phases, providing
evidence for a possibly dominant Kitaev interaction.

High-quality single crystals of Na,Co,TeOs were syn-
thesized by a self-flux method [52], with the initial poly-
crystalline samples prepared by the solid-state method [28].
Terahertz (THz) transmission experiment was performed on
the single crystals with the propagation direction perpendic-
ular to the crystallographic ab plane by using a Sciencetech
SPS200 Martin-Puplett-type spectrometer [53]. Transmission
spectra were measured above and below the Néel temper-
ature in zero field, and at 3 K in external magnetic fields
applied in the ab plane up to 17 T by using a magneto-optic
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FIG. 1. THz absorption spectra of Na,Co,TeOg at 3 K for two
polarizations 4” L a and h” || a. Magnetic excitations are marked
by asterisk (M3 4) and circles (M5 and Mp). Inset: Honeycomb lattice
of CoOg octahedra in the crystallographic ab plane.

cryostat equipped with a superconducting magnet. A rotatable
polarizer was set in front of the sample to tune the THz
polarization. To enhance the sample absorption, two pieces
of single crystals with a typical size of 3 x 3 mm? in the ab
plane were aligned and stacked together with a thickness of
about 0.5 mm.

We determine the magnetic excitations below Ty ~ 26 K
by measuring transmitted THz spectra at 3 K in the magnet-
ically ordered phase and also at 30 K slightly above Ty as a
reference. Figure 1 shows the obtained absorption coefficient
at zero field for the polarized THz magnetic field 4“ perpen-
dicular and parallel to the crystallographic a axis, i.e., i L a
and h® || a, respectively. A spectral range up to 8.6 meV is
presented, because the higher-energy response is governed by
strong phonon absorption. The spectra are almost identical for
the two polarizations, which both exhibit two sharp absorption
peaks at 6.98 and 7.23 meV, respectively, as marked by the
circles (Ms and Mg), and one broader absorption band cen-
tered at 6.38 meV, as indicated by the asterisk (M3 4). Since
these features disappear above Ty, we can assign them as
magnetic excitations of the ordered phase in Na,Co,TeOg. A
momentum transfer by the THz photons is negligible in the ex-
periment, therefore these excitations correspond to the I" point
in the reciprocal space. In the same energy range, inelastic
neutron scattering experiment on powder [30,36] and signal
crystal samples [40] revealed two excitation bands below
Ty. Although these bands were resolved at finite momentum
transfers, they are nearly dispersionless thus consistent with
our observed excitation modes. With higher-energy resolution
than the neutron experiment, we are able to resolve more
excitations whose energies are very close to each other.

By applying an external magnetic field along the honey-
comb bond direction in the crystallographic ab plane (see
Fig. 1), i.e., B L a, we trace the field-dependent evolution of
the magnetic excitations in detail. The obtained spectra for
fields B < B.; = 7 T are presented in Figs. 2(a) and 2(b) for
h® || aand h® L a, respectively, while for B > B, the spectra
are shown in Fig. 3.

In contrast to the zero-field data, the spectra of the two
polarizations in the applied fields are no more identical but
exhibit various similarities mainly below B,.; and, more im-
portantly, distinct differences above B,;. Starting from zero
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FIG. 2. Magnetic excitations observed at 3 K in external mag-
netic fields below a lower critical value B < B.; ~ 7 T, which are
applied perpendicular to the crystallographic a axis, i.e., B L a, for
two cross polarizations of THz radiation (a) 4 || a@ and (b) h* L a.
The higher-field spectra are shifted upward by constants, which are
proportional to the field strengths.

field the absorption band M3 4 splits into two absorption peaks
M35 and M4, which soften with increasing fields, whereas the
Ms and Mg modes shift to higher energies. Above 4 T two
more lower-lying modes are resolved, as marked by arrows
(M, and M>), both of which evolve from the lower boundary
of the low-lying spin-wave excitation [30] and harden with
increasing fields. These are the common features of field de-
pendency shared by both polarizations. In the following we
highlight the interesting quantitative differences.

First, the Mg mode hardens more evidently for A“ L B
[Fig. 2(a)] and shifts out of our resolvable spectral range al-
ready above 3.5 T. In contrast, for A” || B [Fig. 2(b)] the initial
increase in energy is taken over by a nearly field independent
evolution above 2 T. The M5 mode exhibits a similar contrast
for the two polarizations, but becomes very weak above 3 T.
Second, different from the contrast of the Mg mode, the soft-
ening of the M3 and M, modes is less evident for 4 L B
than for A® || B. For h 1L B the M4 mode evolves clearly
together with the M3 mode until 5.5 T [Fig. 2(a)], whereas
for A” || B the M, mode is very weak already above 2 T.
Third, the eigenenergy of the M, mode for 2 L B is evidently
smaller than for h® || B, while the peak frequency of the M|
mode is nearly the same for the two polarizations. Despite
these differences, for simplicity we will still use the same
nomenclature in the following with the polarization specified.

A rather abrupt change induced by the applied magnetic
fields occurs at 6 T. While at 5.5 T the low-energy spectra are
characterized by four excitation modes (M, to My), at 6 T the
spectra are dominated by only two of them, the peak values
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FIG. 3. Evolution of magnetic excitations at 3 K (a), (b) in the
high field regime B > B, ~ 10 T and (c), (d) in the intermediate
field range B.; < B < B, for configurations (a)(c) h“ || @ L B and
(b), (d) h* || B L a. The spectra in (b) are magnified by a factor of
10 to highlight the relatively weak but clearly resolved modes. The
arrows indicate the magnetic excitations, whose eigenfrequencies
and linewidths as a function of field are presented in Figs. 4(a) and
4(b). The spectra are vertically shifted for clarity.

of which are greatly enhanced. Also the THz polarization
plays an important role. While for 2“ 1 B the M, and M,
modes survive with enhanced intensity above 5.5 T [Fig. 2(a)],
for h* || B the M, and M3 modes dominate the low-energy
dynamical response. These behaviors are reminiscent of the
dynamic characteristics of field-induced spin reorientations
that were observed in a-RuCl; [54]. Nonetheless, a decisive
claim of the magnetic order still requires a detailed theoretical
analysis of the field-dependent spin dynamics [54,55].

The most intriguing dynamic feature appears when the
applied magnetic field is further increased, as shown in
Fig. 3. Corresponding to the transverse polarization /° L B
[Fig. 3(c)], the 7 T spectrum is dominated by a broad con-
tinuum spanning from 2.5 to about 6 meV. Small peaklike
features are discernible on top of this continuum, whose line
shape is, however, not well defined. With increasing fields the
continuum evolves further and becomes strongest at 9 T, on
top of which two broad peaks have developed. From 10 T
onward the absorption peaks are getting sharper, while the un-
derlying continuum is less evident. Above 12 T the continuum
essentially disappears and the spectra are finally characterized
by nine sharp absorption peaks, as indicated by the arrows
at 15 T [Fig. 3(a)]. The peaks at higher energies appear to be
rather weak from the representation of Fig. 3(a), but in fact can
be unambiguously identified by their field dependence. This

is clearly seen if the spectra are zoomed by a magnification
factor of 10 [see Fig. 3(b)]. The appearance and disappearance
of the continuum provide a spectroscopic determination of the
field-induced quantum phase transitions, i.e., at B,y ~ 7 T and
B, =~ 10 T. These values are consistent with the results of
thermodynamic measurements such as specific heat, magneti-
zation [30], and thermal conductivity [44,51,56].

For the longitudinal polarization h“ || B [see Figs. 3(b)
and 3(d)], the high-field excitation spectra exhibit distinctly
different characteristics than for the transverse polarization.
In particular, an extended continuumlike feature is absent. As
shown in Fig. 3(d), the sharp M; mode at 6 T becomes even
stronger and sharper at higher fields, while its eigenenergy is
nearly constant up to 9 T. Above B, &~ 10 T this is followed
by a shift of its peak position towards higher energy and a con-
comitant decrease of its peak intensity until the highest field
of 17 T [see Fig. 3(b)]. At 12 T three magnetic excitations are
discernible, which are labeled as Py, P,, and P3, as indicated by
the arrows in Fig. 3(b). While P, evolves from the M| mode,
the other two modes emerge above B, = 10 T and harden
in higher fields, which are dynamical characteristics for the
high-field phase [Fig. 3(c)]. In addition, another mode splits
off from the P, mode (see cyan arrow at 15 T), which exhibits
a weaker field dependence.

These results are summarized in Figs. 4(a) and 4(b) by a
contour plot of the obtained absorption coefficients for the
two polarizations A* || @ L B and h® || B L a, respectively.
The eigenenergies and linewidths of the well-defined mag-
netic excitations (see arrows, asterisks, and circles in Figs. 2
and 3) are denoted by scatters and bars, respectively. In this
representation one can readily identify three regimes by their
different field-dependent dynamical characteristics.

While below B, the dynamics probed via both polarization
channels is characterized by sharp magnetic excitation modes,
a significant contrast appears above B.;. For the transverse
configuration 4 L B, an extended magnetic continuum exists
at B.; < B < B, which provides possible evidence for frac-
tionalized excitations of a quantum spin liquid, as expected
for dominant Kitaev-type interaction in a honeycomb lattice.
In contrast, in the channel of 4“ || B, only a sharp absorption
M, mode is observed in the same field range. It is worth
noting that a sharp absorption profile at the I point is not an
exclusive signature for a long-range magnetic order, but can
also be a feature of a quantum spin liquid due to Kitaev-type
interaction [9,57] even in presence of an external field [11].
In particular, despite the observation that the magnetic order
is being partially suppressed in Na,Co,TeOg [58], the peak
intensity of the M; mode still increases above B.;. There-
fore, the observed coexistence of magnetic excitation and
continuum, although in different polarization channels, points
to the importance of Kitaev interaction in the quantum spin
dynamics of Na,;Co,TeOg.

While the quantum spin fluctuations are enhanced above
B, leading to the emergence of the dominant magnetic
continuum, the system may still maintain a long-range mag-
netic order by properly accommodating the Zeeman energy,
especially with the assistance of interlayer couplings [58].
This magnetic order is unlikely the same as the one at zero
field, because in contrast to the various magnetic excitations
with relatively weak intensity and evident field dependencies
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FIG. 4. Absorption coefficient A« corresponding to magnetic excitations and continuum for the configurations (a) B L 4 || a and (b) B ||
h® L a, and for (¢c) h? L B || b and (d) h* || B || b. Three field regimes B < B.j, B.; < B < B, and B > B, are characterized by distinctly
different features of quantum spin dynamics, which are separated by the dashed lines. The scatters and bars represent the resonance frequency
and linewidth of each magnetic excitations. In (a), (c), for fields below and above 5.5 T different scales of color coding are utilized for clarity.

below B.;, the magnetic excitations for B.; < B < B, are
sharper and nearly field independent [cf. also Figs. 2(b)
and 3(d)].

The second field-induced phase transition at B, = 10 T
is characterized by the appearance of various magnetic ex-
citations, which all harden with increasing field. For 4 L B
[see Fig. 4(a)] one can spot a new mode at the lowest energy
and another one at the highest energy within our spectral
range, which are denoted by P; and Ps, respectively [see also
Fig. 3(a)]. At the same time, the continuum evolves above
B, into a series of magnetic excitations, of which we la-
bel the strongest one by P». The counterparts of these three
representative modes for the other polarization A® || B are
correspondingly labeled in Fig. 4(b).

For both polarizations these three modes exhibit a linear
dependence of their eigenfrequencies on the applied magnetic
field. A fit by the linear dependence /iw = gugpBAS corre-
sponding to a magnetic-dipole excitation AS = 1 delivers the
values of g factors gt = 3.19, g5 = 4.76, and g3 = 7.32 for
h® 1 B as presented by solid lines in Fig. 4(a), while for
h® || B the solid lines in Fig. 4(b) correspond to g'{ =5.22,
gh =5.10, and g} = 8.40.

The linear dependence of the lowest-lying P; mode indi-
cates a gap opening in the field-induced paramagnetic phase
above B, = 10 T. This is particularly evident for the longi-
tudinal polarization, i.e., h” || B, where the lowest-lying P,
starts to harden above B, [see Fig. 4(b)]. The clear deviation
of the g, and g, factors from the spin-only value indicates

the importance of spin-orbit coupling in the system. The dif-
ference of the g values for the longitudinal and transverse
configurations reflects the anisotropy due to the mixing of the
higher-lying crystal-field levels of Je = 3/2 and Jer = 5/2
with the low-lying one of Je = 1/2, which is also a result
of spin-orbit coupling [59]. The determined g; and g, values
in Na;Co,TeOg are typical for electron spin resonance of
Co?* ions in an octahedral crystal field [59]. Therefore, the
P and P, can be assigned as single-magnon excitations of
the high-field phase. In contrast, g3 is about twice large as
the values of g; and g, which is a reminiscence of two-
magnon-type excitations as observed in RuCl; [17-19,60] and
in BaCoy(AsOu4);, [31,32].

By changing the external magnetic field to be perpendic-
ular to a honeycomb bond direction, i.e., B || b (see Fig. 1),
we comprehensively characterize field-dependent evolution of
the absorption spectra again for two orthogonal polarizations
h® || b and h® L b, the results of which are summarized in
Figs. 4(c) and 4(d). We note here that the b and a axes are
equivalent with respect to the hexagonal crystal symmetry.
The overall characteristics of the spin dynamics are very
similar as for the other field orientation B L a. In particular,
in the field range between B.; and B., we observe again a
continuum but now for the polarization A“ L b, whereas a
sharp absorption profile is observed for 4® || b. By compar-
ing these results for the two different field orientations [cf.
Figs. 4(a), 4(b), 4(c), and 4(d)], one can find that the exis-
tence of the continuum is not a unique feature for a specific

L140406-4



FIELD- AND POLARIZATION-DEPENDENT QUANTUM ...

PHYSICAL REVIEW B 108, L140406 (2023)

orientation of the applied field, but rather associated with
the transverse dynamical spin correlations, i.e., h“ L B. In
contrast, the dynamic response of the sharp excitation feature
is probed exclusively in the longitudinal polarization channel
h® || B. A primary difference for the two field orientations
appears on the two-magnon P; mode. In comparison with
B 1 a (i.e., the field along the honeycomb bond direction),
for the field perpendicular to the bond direction (B || b) the
P; mode is either absent [cf. Figs. 4(c) and 4(a)] or observed
at lower energies [cf. Figs. 4(d) and 4(b)]. These results
also indicate that even in the high-field phase a description
of the observed quantum spin dynamics in terms of free spin
waves is not sufficient, but a proper many-body simulation is
required (see, e.g., Refs. [10,11,18]).

To summarize, by performing high-resolution terahertz
spectroscopy of the quasi-two-dimensional spin-1/2 honey-
comb magnet Na;Co,TeOg in high magnetic fields up to 17 T,
we reveal three field regimes, which are featured by distinctly
different field-dependent spin dynamics and separated by two
critical fields around B.; = 7 T and B., = 10 T, respectively.
While below B, and above B, the dynamics is character-
ized by well-defined magnetic excitations, in the intermediate
regime B.; < B < B, sharp absorption profile and extended

continuum are observed in the longitudinal and transverse po-
larization channels 4® || B and h” L B, respectively, both for
the applied fields parallel and perpendicular to the honeycomb
bond direction. The systematic spectroscopic characterization
of the spin dynamics points to the importance of Kitaev-type
interaction in Na,;Co,TeOg, and provides a benchmark for a
quantitative theoretical description of the magnetic properties.
Our results motivate further investigation of the characteristic
spin dynamics, e.g., in the full Brillouin zone by inelastic
neutron scattering or Raman spectroscopic measurements in
high magnetic fields.

Note added. Recently, we became aware of related work
on sodium-occupation disorder enriched magnetic excita-
tions [61].
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