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Field-induced magnetic phases in the Kitaev candidate Naz;Co,SbOg
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We report a rich anisotropic magnetic phase diagram of Na3;Co,SbOg, a previously proposed cobaltate Kitaev
candidate, based on field- and temperature-dependent magnetization, specific heat, and magnetocaloric effect
studies. At low temperatures, our experiments uncover a low-lying jeg = % state with an antiferromagnetic
(AFM) ground state and pronounced in-plane versus out-of-plane anisotropy. The experimentally identified
magnetic phases are theoretically characterized through classical Monte Carlo simulations within an extended
Kitaev-Heisenberg model with additional ring exchange interactions. The resulting phase diagram reveals a
variety of exotic field-induced magnetic phases, including double-q, %-AFM, zigzag, and vortex phases.

DOLI: 10.1103/r454-vd8b

Introduction. In frustrated magnets, the quest for the elu-
sive quantum spin liquid [1] has driven the discovery of
diverse magnetic phases. The interplay of multiple exchange
interactions can give rise to unconventional collinear and
noncollinear magnetic orders with topological spin structures,
which hold potential for device applications [2]. In partic-
ular, materials hosting bond-dependent Kitaev exchange, in
conjunction with other exchange interactions, can stabilize
unique single-q and multi-q ground states, potentially lead-
ing to multiferroicity and the emergence of topological spin
structures [3—7]. Here, honeycomb cobalt oxides containing
high-spin Co?* ions have attracted significant interest due to
their ability to support strong Kitaev interactions alongside
other symmetry-allowed exchange interactions [8,9].

Cobalt compounds with d’ electronic configuration exhibit
unique characteristics, including an exchange process driven
by e, electrons that cancels non-Kitaev interactions from
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te-ty, channels, thereby enhancing the role of the Kitaev cou-
pling in the case of neighboring octahedra sharing a common
edge. Notably, the #,,-¢, channel gives rise to a sizable Kitaev
exchange, making cobaltates promising candidates to realize
the various different states predicted in extended Kitaev-
Heisenberg models [10-13]. The application of a magnetic
field leads to additional exotic magnetic phases depending
on the orientation and strength of the field [3,14,15]. Among
the honeycomb cobaltates, Na3;Co,SbOg is expected to ex-
hibit a weaker trigonal field, allowing for bond-dependent
anisotropic interactions alongside comparable non-Kitaev in-
teractions. These conditions make it a promising candidate for
realizing the extended Kitaev-Heisenberg model [16,17].
Na3Co,SbO¢ has recently garnered significant interest
[18-29], particularly due to the predictions that tuning its
trigonal crystal field via strain or pressure could bring it
closer to the Kitaev spin liquid phase [10]. However, its
antiferromagnetic (AFM) transition temperature is greatly
influenced by the Na stoichiometry (7y ~ 4.3-8.3 K) and,
in the literature, the claimed ground state varies between
zigzag and double q [27,30]. Notably, experimental strategies
for distinguishing between single- and multi-q orders, along
with their implications for microscopic model construction,
are currently a topic of intense debate. This discussion ex-
tends not only to cobaltates [7,15,22,31-34] but also to other
centrosymmetric compounds hosting three-dimensional topo-
logical spin structures [35,36]. Furthermore, in Na3Co,SbOg,
the exact nature of the field-induced phases remains under
intense scrutiny, with magnetic phase diagrams yet to be fully
understood, particularly for the out-of-plane field direction.
Thermodynamic studies on polycrystalline samples suggest a
field-induced spin-liquid-like phase [25], while AC composite

Published by the American Physical Society
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magnetoelectric measurements, highly sensitive to spin fluctu-
ations, reveal two field-induced tricritical points for in-plane
magnetic fields, one of which appears to lie near a quantum
critical point [29].

In this Letter, we investigate field-induced effects in high-
quality single crystals of Na3Co,SbOg in both in-plane and
out-of-plane directions, employing a variety of magnetic,
thermodynamic, and theoretical methods. Our findings re-
veal a rich anisotropic magnetic phase diagram, highlighting
field-induced magnetic phases that we characterize within an
extended Kitaev-Heisenberg model with additional ring ex-
change interactions.

Methods. Single crystals of Na3Co,SbOg were grown
using the flux method and were fully characterized by
powder and single-crystal x-ray diffraction (SCXRD) and
energy-dispersive x-ray (EDX) analysis [37]. DC magnetic-
susceptibility and specific-heat measurements were carried
out using a commercial superconducting quantum interfer-
ence device (SQUID) magnetometer (MPMS3) and a physical
property measurement system (PPMS) from Quantum De-
sign, respectively. Quartz and quartz paddles with two quartz
half-cylinders holding the crystal vertically for out-of-plane
measurements were used for in-plane and out-of-plane mag-
netic measurements, respectively. Specific-heat measurements
were conducted using the heat-pulse relaxation technique with
a 3He insert in the PPMS.

Measurements of the bulk magnetization and magne-
tocaloric effect (MCE) were performed using pulsed magnetic
fields at the Dresden High Magnetic Field Laboratory (HLD).
Here, quasiadiabatic conditions were ensured by the short
duration of the magnetic-field pulse with a rise time of a few
tens of ms and by pumping the sample space to pressures
below 1 mbar. The magnetization was recorded with a com-
pensated pickup-coil magnetometer in a coaxial geometry.
The background of each measurement was determined by a
subsequent measurement with an empty magnetometer and
otherwise identical conditions [38]. The resulting pulsed-field
magnetization curves were calibrated with data recorded in
the MPMS. For the measurements of the MCE, the sample
temperature was monitored with a RuOx-based thermometer
glued directly to the sample and corrected for magnetoresis-
tive effects using a second sensor placed nearby.

Experimental results. Figure 1(a) illustrates the C2/m crys-
tal structure of NazCo,SbQg. The refinement of our SCXRD
data resulted in lattice parameters a = 5.3855(3) A b=
9.2938(3) A, ¢ = 5.6662(2) A, and B = 108.6° at room tem-
perature. The lattice parameters indicate a tiny orthorhombic
distortion, with |\/§a/b — 1] £0.4%, consistent with pre-
vious reports [22]. The O-Co-O bond angles of the CoOg
octahedra are ~95°, indicating a significant compression
along the interlayer stacking axis ¢*. Our refinement shows
no detectable mixing of Co and Sb sites and the EDX analysis
reveals a homogeneous elemental distribution, indicative of
the high quality of our single crystals.

The temperature dependence of the DC magnetic suscep-
tibility x, with applied magnetic fields aligned along the
in-plane directions a and b, as well as the out-of-plane di-
rection ¢*, is shown in Fig. 1(b). A sharp decrease of the
magnetic susceptibility is observed below Ty = 7 K, indicat-
ing the onset of long-range antiferromagnetic (AFM) order.
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FIG. 1. (a) Room-temperature crystal structure of Na3;Co,SbOg.
(b) Magnetic susceptibility x as a function of temperature 7" at a
field of nuoH = 0.1 T along the crystallographic a, b, and ¢* L a, b
directions. The shaded areas highlight the bifurcation between field-
cooled (upper curve) and zero-field-cooled (lower curve) magnetic
susceptibility. (c) Isothermal magnetization M as a function of field
HatT =18KforH|aand H| bupto2 Tand at T =2 K for
H || ¢* up to 14 T. Asterisks indicate the field-induced transitions
(field-sweep up). (d) Magnetic entropy Sy, as a function of temper-
ature T at zero field. The inset displays the zero-field heat capacity
C,/T.

Here, Ty is defined as the inflection point in d(x7)/0T ac-
cording to Fisher’s heat capacity definition [39] and it closely
matches the Néel temperature reported previously [22]. The
Na content of seven crystals from the same batch that was
used for this study was checked with respect to their magnetic
transition (see, e.g., Refs. [19,30]). All seven crystals order
at around 7 K indicating a near-ideal Na stoichiometry. The
variation of their transition temperature is less than 0.3 K,
consistent with a very homogeneous Na distribution in indi-
vidual crystals and, consequently, a homogeneous and near
ideal Na content in the crystals that are discussed in the
work at hand. The presence of magnetic order indicates the
existence of non-Kitaev interactions, likely originating from
the distorted octahedral environment [Co-O-Co bond angle of
~92.7(4)°] and intraorbital hopping [17]. The tiny splitting
between zero-field-cooled and field-cooled magnetic suscep-
tibility below Ty indicates a weak uncompensated magnetic
moment superimposed on the AFM order, consistent with
previous observations [22].

Figure 1(c) shows the isothermal magnetization M as a
function of field at T = 1.8 K for H| a and H| b up to
2 Tand at T=2K for H| ¢* up to 14 T. Our M(H)
data reveal multiple distinct field-induced transitions, some
of them showing strong hysteresis effects. Interestingly,
field-induced transitions are also observed in the out-of-
plane ¢* direction, which was overlooked in previous studies
[21,22,30], highlighting the complex magnetic anisotropy in
Na3Co,SbOg. The observed critical field values vary by an
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FIG. 2. (a) Magnetic susceptibility dM /0 (uoH ) for various fixed
temperatures as a function of field H || a (field-sweep up) from
SQUID magnetometry up to 2.5 T. Asterisks indicate the field-
induced transitions. (b) Same as (a), but for H| b up to 1.5 T.
(c) Same as (a), but for H || ¢* from vibrating sample magnetometry

inaPPMSupto 14 T.

order of magnitude depending on the direction, with the low-
est field values found along the in-plane easy axis b and
the highest values along the out-of-plane direction ¢*. The
critical field values of the field-induced transitions for increas-
ing magnetic fields (field-up sweeps) are obtained from the
peak of the anomaly in the derivative curves dM/d(uoH)
at different temperatures, shown in Fig. 2. For fields along
the in-plane direction a [Fig. 2(a)] and T =2 K, we ob-
serve two field-induced transitions at puoH, = 0.99(50) T
and poH,; = 1.68(12) T. For fields along the in-plane direc-
tion b [Fig. 2(b)] and T = 2 K, we observe two transitions
at woHy = 0.56(8) T and woHp, = 0.86(5) T, with the latter
marking the complete suppression of the AFM order. The spe-
cific shape of M /d(uoH ) near Hy, for T = 5 K might hint at
short-range order in this region, in line with our specific-heat
studies presented in the Supplemental Material (SM) [37].
Our results for the two in-plane directions are consistent with
the literature [22]. Note that the critical fields along a exhibit
large uncertainties due to a possible misorientation (in this
work <10°) due to steep changes in the critical fields close to
a, in contrast to the b direction (see the Supplemental Material
[37D.

For fields along the out-of-plane direction c¢*, the criti-
cal field strengths are significantly larger. For T =2 K, we
observe two field-induced transitions at puoH.; =9.4(4) T
and poH,» = 12.6(8) T [see Fig. 2(c)]. The anomaly in the
field range 0 < woH < 2.6 T probably arises from short-
range ferromagnetic chains formed above Ty [22] as this
anomaly persists in the paramagnetic phase [37]. Note that
all transitions were consistently reproduced across different
single-crystal samples, with slight variations in the critical
field strengths (0.4 T and <2 T for in and out of plane,
respectively), likely due to minor differences in stoichiometry,

disorder, or orientation. For all three directions, the M(H)
curves at 2 K exhibit clear hysteresis at the lowest-field transi-
tion, indicating a first-order nature, which is further confirmed
by our MCE measurements discussed below.

Overall, the isothermal magnetization reveals pronounced
magnetic anisotropy. From the quasisaturated magnetizations,
we estimate the anisotropic g factors as g, = 6.2+ 0.3, g, =
6.4 £ 0.3, and g~ = 3.6 = 0.4; see SM [37] for details. These
values contrast with those of an undistorted octahedron, which
is expected to exhibit an isotropic gis, = 4.33 for a jeg = 1/2
doublet ground state [40]. In Na3Co,SbOg, the distortion of
the CoOg octahedra induces an admixture of m = £1/2 com-
ponents from the jogr = 3/2 and jegr = 5/2 multiplets with
the jogr = 1/2 state, giving rise to off-diagonal I"" interactions
[41]. The significantly larger values of g, and g, (perpendicu-
lar to the trigonal field direction) compared to g~ suggest that
the CoOg octahedra are compressed along the trigonal field
direction, in agreement with the SCXRD results. Applying
biaxial compressive strain in the ab plane could thus be a
viable approach to achieve the ideal, undistorted octahedral
environment in Na3Co,SbOg, similar to CuzCo,SbOg [42].

The inset of Fig. 1(d) shows the specific heat C,/T at
zero field as a function of temperature. A clear peak at Ty =
7 K indicates the onset of long-range magnetic order. No
additional sharp anomalies were detected in our specific-heat
measurements up to 220 K (see SM [37]). The magnetic
contribution to the zero-field specific heat was extracted by
subtracting the phonon contribution, obtained from the non-
magnetic analog compound Na3Zn,SbOg. The corresponding
zero-field magnetic entropy Smag = [ dT Cpmae/T is shown
in Fig. 1(d). For temperatures T < 50-80 K, the entropy
reaches a plateau at around S,tﬂzgry =2R In2 = 11.5 J/mol/K,
consistent with the expectation for a system containing two
magnetic Co?* ions with ji = 1/2. The accumulated entropy
up to Ty = 7 K represents only ~15% of Smee”, indicating
frustrated quasi-2D short-range spin correlations reaching up
to ~50 K. The additional magnetic entropy release above
~80 K arises from excitations to jer = 3/2 states, consistent
with the observation of an additional mode in Raman spec-
troscopy [43]. Our modified Curie-Weiss fit of the magnetic
susceptibility for H || ¢* supports this conclusion and indi-
cates an excitation gap of AE%%% = 247(3) K (see SM [37)).

Our MCE measurements under quasiadiabatic conditions
in pulsed magnetic fields, shown in Fig. 3 for both field sweep-
up and sweep-down, provide additional insights into the
nature of the field-induced magnetic phases in NazCo,SbOg.
For these studies, a different set of single crystals was used,
resulting in slightly different critical field values. In gen-
eral, the critical field values are determined from the minima
in 87Ts/0(uoH), where Tg refers to the sample temperature.
This definition is consistent with an increase in spin disorder
near the phase transition, which forces a drop in thermal
entropy to compensate. For a first-order transition involv-
ing latent heat, however, the quasiadiabatic condition may
be violated, resulting in maxima in 975/d(uoH) due to an
abrupt increase in the sample temperature. For the a direction,
Fig. 3(a), during the field-up sweep, the sample temperature
increases monotonically until the critical field uoH,; ~ 1.5 T,
indicating a decrease in magnetic entropy. At the critical field
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FIG. 3. (a) Sample temperature 75 (black) and its derivative
075/0(oH ) (red) as a function of field H || a from low-temperature
MCE measurements in pulsed fields under quasiadiabatic conditions.
Arrows indicate the field-up and field-down sweeps, while asterisks
mark the field-induced transitions. (b) Same as (a), but for H || b.

H,i, a sudden increase in the sample temperature during the
field-up sweep marks the release of latent heat. Conversely,
the field-down sweep exhibits a further temperature increase
below H,, leading to a negative slope d7s/9(uoH) < 0, con-
firming the first-order nature of the phase transition.

The strong irreversibility between the sweep-up and
sweep-down processes may be attributed to AFM domain
dynamics and the complex field evolution of the double-q
spin structure [22], with a loss mechanism driven by spin
fluctuations. A local minimum in 75 marks the critical field
H,». This behavior is consistently observed in both field-up
and field-down sweeps, suggesting the second-order nature of
this transition. Above H,, the steady increase in T reflects the
opening of a spin-excitation gap in the field-polarized state,
compensating for the drop in spin entropy. This is in line with

our specific-heat measurements for fields above H,; (see SM
[37]). A similar behavior has also been observed for the b di-
rection, where the field-induced transitions at the two critical
fields are marked by a sudden increase and a local minimum
in the sample temperature, respectively, corresponding to first-
order (Hp;) and second-order (Hj;) phase transitions. Contrary
to the a direction, a strong hysteresis is observed above Hy,
in the field-polarized state, suggesting some irreversibility
arising from mechanisms beyond simple magnetic-domain
effects. For the ¢* axis, the critical field H,, is identified for
field-up sweeps in our MCE study; see SM [37].

The anisotropic field and temperature evolution of the
magnetic ground state of NazCo,SbOg as determined through
magnetic and specific heat measurements is summarized in
Figs. 4(a)-4(c) for the main crystallographic directions a,
b, and c¢*. Along the b direction, in the field range 0.7 <
noH < 0.85T, just after the suppression of magnetic long-
range order, an additional anomaly emerges, possibly due
to short-range magnetic order or a small domain rotated by
60°, indicated by dark red stars in Fig. 4(b). Increasing the
magnetic field beyond the suppression of AFM order leads
to the opening of a spin-excitation gap, as revealed by our
specific-heat measurements; see insets of Figs. 4(a) and 4(b)
and the SM [37]. We note that it is beyond the scope of
this work to speculate on the existence of a possible gapless
regime between the full suppression of long-range AFM order
and the opening of the spin gap. However, if such a regime
exists, its width would not exceed ApugH ~ 0.5 T.

Modeling. In order to qualitatively characterize the exper-
imentally observed field-induced phases theoretically, we use
classical Monte Carlo simulations [32,33] to study an ex-
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FIG. 4. Top: Na3;Co,SbOg experimental magnetic phase diagram for (a) H || a, (b) H || b, and (c) H || ¢*. Note that the phase boundaries
correspond to the critical fields observed for field-up sweeps. The field-induced phases predicted by theory are marked with an asterisk,
while those without an asterisk are based on previous neutron diffraction experiments [22]. Insets illustrate the spin-excitation gap in the
field-polarized (FP) state. Bottom: ground-state phase diagram of extended Kitaev-Heisenberg model for (d) H || a, (¢) H || b, and (f) H || ¢*.
Insets indicate spin directions projected onto the ab plane in the different phases.
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tended Kitaev-Heisenberg model, defined by the Hamiltonian

M= [IS;-S; +KS!/S) +T(S:S} +5's%)
(i)

/ o o /3 ﬂ C
+T/(S)SS + S7SY + 878!+ S7ST)| +HG

— oH - ) 1pgS;, e))

with nearest-neighbor bilinear exchange couplings J, K,
I, and I, a nonbilinear ring exchange 7—[%, a Zee-
man coupling of the effective moment M =), uggS; to
the magnetic field puoH, and a diagonal g tensor g =
diag(g,, 8»» 8¢+ ), With g, 5~ taken from the high-field mag-
netization measurements discussed above. Ring exchange
interactions have recently been argued to be of relevance
in the sister compound Na,Co,TeOg [31-34]. Here, we
assume a form consistent with the C; of the monoclinic
lattice [22], HE = J0 Y ik [(Si - SD(S; - S)(Sp - Su) +
(Si - SK)(S; - Su)(S; - Sp) + (ikm) < (jnl)], with the summa-
tion over elemental plaquettes involving sites (ijkl/mn) in
counterclockwise order, and (ikm) <> (jnl) denotes terms
arising from the first two terms by an exchange of
lattice indices, corresponding to symmetrization with re-
spect to the C; symmetry. Details of the simulations
are given in the SM [37]. We choose (J,K, T, T, Jo) =
A(—1/9,-2/3,3,—-4/9, —3/20), where A = 0.5 meV cor-
responds to the overall energy scale. These parameters have
been chosen to recover (1) the zero-field double-q ground
state found in neutron diffraction experiments [22] and (2)
the sizable in-plane vs out-of-plane magnetic anisotropy man-
ifested in Figs. 4(a)—4(c). Remarkably, as illustrated in the
ground-state phase diagrams shown in Figs. 4(d)—4(f), the
model constructed this way automatically reproduces several
further features of NazCo,SbQOg found in our measurements
and previous literature results, namely (3) the presence of
field-induced intermediate ordered phases for all three field
directions and (4) an evolution of the spin structure factor
with Bragg peaks at momenta q = M (double-q phase) for
small fields, shifting to q = (2/3)M for fields H || a in the
phase below the high-field transition (1/3-AFM phase), in
agreement with the neutron diffraction results [22]. The agree-
ment between theory and experiment allows us to predict the
nature of the field-induced phases that have previously not
been characterized in the literature. In particular, our modeling
suggests that the field-induced intermediate ordered phases
observed for H || b and H || ¢* realize canted zigzag order,
in contrast to the field-induced 1/3-AFM order observed for
H || a. The conclusion that the field-induced orders for H || a
and H || b are not adiabatically connected is supported by
magnetization measurements as a function of the in-plane

field angle, presented in the SM [37]. The new phases pre-
dicted from the modeling are marked with an asterisk in
Figs. 4(a)—4(c). Corresponding real-space spin configurations
are sketched in the insets of Figs. 4(d)—4(f) and further char-
acterization is presented in the SM [37].

Conclusions. Our study on bulk single crystals of
Na3;Co,SbOg reveals an AFM order below 7y with strong
in-plane versus out-of-plane anisotropy. Our results estab-
lish a jeg = % ground state that is well separated from the
excited jer = % state at low temperatures. The anisotropic
magnetic phase diagram was constructed from temperature-
and field-dependent specific-heat and magnetization mea-
surements along all three crystallographic axes, revealing
multiple field-induced phases. The nature of the transitions
has been determined through quasiadiabatic magnetocaloric
effect studies. Using classical Monte Carlo simulations within
an extended K-J-I'-I"" Kitaev-Heisenberg model that incor-
porates C, ring exchange interactions, we have characterized
the experimentally observed field-induced phases. Our results
call for neutron diffraction studies to validate the field-induced
canted zigzag orders predicted for fields along the b and
c* directions. Measuring the excitation spectrum using in-
elastic neutron scattering in the field-polarized phase could
help to determine the most suitable effective spin model for
Na3zCo0,Sb0Og, similar to recent work on BaCo,(AsOy4), [44].
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