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Suppression of the antiferromagnetic order by Zn doping in a possible Kitaev material Na,Co,TeOg
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Very recently, a 3d based honeycomb cobaltate Na,Co,TeOg has garnered tremendous attention due to the
proposed proximity to the Kitaev spin-liquid state as its 4d /5d counterparts. Here, we use Zn to substitute Co in
a broad range and perform systematic studies on Na,Co,_,Zn, TeOg by structural, magnetic, and thermodynamic
measurements, and track the doping evolution of its magnetic ground states. Due to the extremely close radii
of Zn>* and high-spin Co*" ions, the substitution can be easily achieved. X-ray diffractions reveal no structural
transition but only minor changes on the lattice parameter ¢ over a wide substitution range 0 < x < 1.5. Magnetic
susceptibility and specific heat measurements both suggest an antiferromagnetic ground state which is gradually
suppressed with doping. It can survive with x up to ~1.0. Then it evolves into a spin-glass phase with short-range
order that is rapidly supplanted by a magnetically disordered state when x > 1.3. By summarizing all these data,
we construct a magnetic phase diagram of Na,Co,_,Zn,TeOg. Our results demonstrate that the Zn doping can
effectively suppress the magnetic order and induce a possible quantum paramagnetic state. These may serve as

a platform to investigate the Kitaev physics in this system.
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I. INTRODUCTION

Quantum spin liquids (QSLs) with fractional excitations
and long-range quantum entanglement have been an attractive
issue since the pioneering concept of the resonating-valence-
bond (RVB) model was proposed by Anderson in 1973 [1]. It
is believed that superconductivity in copper oxides emerges
by doping a QSL [2], which will facilitate unveiling the
mechanism of high-temperature superconductivity. The RVB
model was initially built upon the triangular lattice [1], where
spin-exchange interactions cannot be satisfied simultaneously
among different lattice sites due to the geometrical frustra-
tions, leading to a macroscopically degenerate ground state
with no static magnetic order [1,3-6]. However, strictly speak-
ing, this “model” is not a model and does not have an exact
solution. In 2006, Kitaev constructed an exactly solvable QSL
model with spin § = 1/2 on the honeycomb lattice [7], which
is named the Kitaev QSL model. Unlike QSLs described by
the RVB model, the Kitaev model features bond-dependent
anisotropic interactions (called Kitaev interactions) with an
intrinsic frustration of the spin on the single site, which in-
troduces strong quantum fluctuations and thus results in a
magnetically disordered state [7-9]. More importantly, such a
state can host fractional excitations represented by Majorana
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fermions that hold promise for the applications in quantum
computation [7,10-12].

The materialization of the Kitaev model has been one of the
central subjects in the field of strongly correlated electronic
systems in recent years. It is guided by Jackli and Khaliullin’s
proposal in a Mott insulator with strong spin-orbit coupling
(SOC) [13] that stimulates extensive explorations in real ma-
terials with heavy d? transition metal ions [8,9,14,15]. Along
this line, 5d° A,IrO; (A = Na, Li) family and 4d° «-RuCl;
are the representative candidates. Although they undergo anti-
ferromagnetic transitions at low temperatures [15,16], which
precludes them from being a Kitaev QSL, there is accumulat-
ing evidence that they are proximated to the Kitaev QSL state,
and more importantly, there are dominant Kitaev interactions
in these materials [8,9,17-23]. Specifically for «-RuCls, it is
found that the long-range zigzag magnetic order is fragile due
to the competition between Kitaev and non-Kitaev interac-
tions and can be suppressed by applying a moderate magnetic
field within the honeycomb plane [24-30]. However, there
are still debates on the nature of the field-driven magnetically
disordered phase [31-40].

More recently, the pursuit for Kitaev systems is extended
to 3d” cobaltates with a high-spin electronic configuration of
1 eé. It has been proposed that Co?* ions under an octahe-
dral crystal field of oxygens can give rise to pseudospin-1,/2
degrees of freedom with Kitaev interactions [41-43], despite
some skepticism that the weak SOC is insufficient to promote
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the compass interplay [44—46]. Initially proposed candi-
dates include honeycomb-layered magnets Na,Co,TeOg and
Na3Co,SbOg. Early experiments have revealed the zigzag-
type magnetic order in both of them [47-49], as in the
cases of d° iridates and a-RuCly [15,16]. Further inelas-
tic neutron scattering results show that these two cobaltates
indeed host a spin-orbit assisted Je = 1/2 state charac-
terized by the spin-orbit excitons observed at 20-28 meV
[50,51], and low-energy spin dynamics can be described by
a Heisenberg-Kitaev model even though it has not yet reached
a consensus on the sign and magnitude of the Kitaev in-
teractions [50-55]. Furthermore, a pure Kitaev QSL state
might be achieved by applying an in-plane magnetic field in
Na;Co,TeOg [54,56,57]. All these results point to a promising
direction for exploring Kitaev physics in this virgin ground.

In this work, we substitute magnetic Co®" with nonmag-
netic Zn>* in Na,Co,TeOg in an extensive range and perform
structural, magnetic, and thermodynamic studies to investi-
gate the doping evolution of the magnetic ground states. Due
to a comparable size between Co’>" and Zn>* ions, the sub-
stitution can be easily achieved. X-ray diffractions (XRDs)
reveal no structural transition but only minor changes on the
lattice parameter ¢ within 0 < x < 1.5. Magnetic suscepti-
bility and specific heat measurements show a suppression of
long-range magnetic order with increasing zinc content. After
x ~ 1.0, it develops into a spin-glass state with short-range
order, which is rapidly supplanted by a magnetically disor-
dered state when x > 1.3. These results explicitly track the
evolution process of the magnetic ground states and establish
a magnetic phase diagram of Na,Co,_,Zn,TeOg. Zn doping
may serve as a feasible way to enhance quantum fluctuations
and induce quantum paramagnetic (QPM) behaviors that may
provide insights about the Kitaev physics.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of a series of compositions for
Na;Co;_,Zn, TeOg with 0 < x < 1.5 were synthesized by
conventional solid-state reactions. The raw materials of dried
Na,CO3 (99.99%), Co304 (99.99%), ZnO (99.99%), and
TeO, (99.99%) powders with stoichiometric amounts were
mixed and thoroughly ground. Then they were loaded into
the alumina crucibles and sintered at 800 °C in air for 108 h.
To obtain pure-phase compounds, intermediate grindings for
several times were required. XRD data were collected at room
temperature in an x-ray diffractometer (SmartLab SE, Rigaku)
using the Cu-K, edge with a wavelength of 1.54 A. In the
measurements, the scan range of 26 was from 10° to 90° with
a step of 0.02° and a rate of 10°/min. Rietveld refinements on
XRD data were performed by the EXPGUI and GSAS programs.
The dc magnetic susceptibility was measured within 2-300 K
in a Quantum Design physical property measurement system
(PPMS; DynaCool), equipped with a vibrating sample mag-
netometer option. Specific heat was measured within 2-30 K
in a PPMS DynaCool with applied magnetic fields up to 9 T.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the schematic of crystal structure of
Na,Co,TeOg. It crystallizes into the hexagonal structure with

space group P6322 (No. 182) [58]. The magnetic honeycomb
layers consist of Co?* and Te®" ions within the crystalline
a-b plane, which is illustrated more clearly in Fig. 1(b). Six
edge-shared CoOg octahedra form a regular honeycomb lat-
tice with a Te®" cation located at the center. The honeycomb
layers arrange along the ¢ axis and are well separated by
an intermediate nonmagnetic layer of Na® ions. Since the
nonmagnetic layers block Co-Co superexchange interaction
pathways along the c¢ axis, the magnetic couplings are de-
fined within the a-b plane, featuring a quasi-two-dimensional
magnetism [48,49]. In Fig. 1(c), we show the XRD patterns
of the Zn-substituted compound series Na,Co,_,Zn, TeOg as
well as the Rietveld refinement results of the parent com-
pound. For the x = 0 compound, the refinements give lattice
parameters a = b = 5.2752(4) A, ¢ = 11.2362(8) A, anda =
B =90°, y = 120°, which are in line with existing literature
[48,49,58,59]. The refinement parameters are R, ~ 2.68%,
Ryp ~ 3.58%, and x% ~ 1.598, respectively. With the zinc
content x increasing, there is no obvious peak splitting nor
additional reflections except two very weak impurity peaks
of NaOH between 17° and 18° appearing in high doping
samples, excluding a structural transition and Zn residual in
the regime even if x is up to 1.5. Thus, we start with the
original structure model of Na,Co,TeOg [59] and perform the
refinements for compounds with x > 0 as well. It is found
that almost all of the measured reflections can be well indexed
with space group P6322 and the impurity peaks inx = 1.3-1.5
compounds have no significant influence on the sample qual-
ity. The nonmagnetic characteristic of NaOH further keeps
the magnetic properties of this system free from the impact
of impurity. The extracted lattice constants of a and c are
depicted in Fig. 1(d). One can see the in-plane Co-Co distance
remains almost constant while the interlayer spacing slightly
increases as x gradually increases. In other words, the unit
cell is a bit stretched along the ¢ axis with Zn being intro-
duced into the regime. Nevertheless, the overall change on the
lattice parameter c is less than 0.5% over a wide substitution
range 0 < x < 1.5. Figure 1(e) shows the zoom-in view of
the most intense diffraction peak (002) for different x. There
is indeed no splitting but a minor shift to low-angle direction
with increasing x. The shift range is just within 0.05° despite
x increases up to 1.5. The continuous shift of this diffrac-
tion peak and monotonous increase of the lattice constant
¢ both imply the homogeneous substitution of Co with Zn
in Na;Co,_,Zn, TeOg. In general, Co?" ions have two spin
configurations that are low-spin and high-spin states, of which
the ion radii are 0.65 and 0.745 A for octahedral coordination
[60], respectively. The former is a bit smaller compared with
that of 0.74 A of Zn?* while the latter is much closer to it [61].
Such a minor change with only 0.5% on the lattice parameter
¢ upon so heavy zinc substitution is analogous to the cases of
Zn;_,Co,TiO3 and BaCo_,Zn,Si0O4 [61,62], supporting the
high-spin state of Co** in NayCo,_,Zn, TeOg.

We  then characterize the compound  series
Na;Co,_,Zn, TeOg by measuring the dc magnetic
susceptibility (x) with a field of 1 T, and the results are
shown in Fig. 2(a). For the x = 0 compound, there is a
sharp cusp at 27.1 K, suggestive of a phase transition from
the paramagnetic (PM) state towards an antiferromagnetic
(AFM) state upon cooling, consistent with other reports
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FIG. 1. (a) Schematic crystal structure of Na,Co,TeO¢. (b) Top view of the honeycomb layer of CoO4 octahedra. (¢) XRD patterns of
Na,Co,_,Zn, TeOg with 0 < x < 1.5. Green ticks denote Bragg peak positions of Na,Co,TeOg with space group P6322 (No. 182). Asterisks
mark the impurity peak of NaOH. (d) Evolution of the lattice parameters a and ¢ with varying zinc concentration x. Solid lines are guides to
the eye. (e) Zoom-in view of the most intense diffraction peak (002) for different x. The dashed line indicates a minor shift to the low-angle
direction with increasing x. Errors represent one standard deviation throughout the paper.

[48,49]. When introducing Zn** into the system, the
sharp cusp shifts to lower temperatures and becomes much
broader until indiscernible at x ~ 1.0, indicating an efficient
suppression of the AFM phase transition by Zn substitution.
We also notice an obvious rise in the magnetic susceptibility
with increasing x below the AFM transition temperature
Tn =27.1 K of the parent compound. This behavior is
also observed in Ir-substituted «-RuCls, which might result

from the uncompensated moments triggered by nonmagnetic
impurities in the magnetically ordered state [63]. When
T > T, the susceptibility data of various x compounds are
overlapped and they follow the Curie-Weiss behavior well
[see the inset of Fig. 2(a)]. From a fit of x within 50 and
300 K to xo + C/(T — Ocw), where xo, C, and Ocw denote
temperature-independent terms related to nuclear and Van
Vleck paramagnetic contributions, Curie-Weiss constant,
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FIG. 2. (a) Temperature dependence of the magnetic susceptibility () of Na,Co,_,Zn, TeOg with 0 < x < 1.3. The inset shows the inverse
susceptibility data of two representative zinc concentrations, which are x = 0 and 1.3. Dashed lines are the fits with the Curie-Weiss law.
(b) Extracted effective moment per and Curie-Weiss temperature ®cw as a function of x. Solid lines are guides to the eye. (c) Derivative of
the magnetic susceptibility versus temperature for different x. Arrows mark the positions of dM /dT = 0, from which 7Ty is extracted.
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and Curie-Weiss temperature, respectively, we obtain
X0~ —9.26 x 1073 cm’/mol Co**, C ~ 3.80 cm?® K/mol
Co**, and Ocw ~ —24.03 K at x = 0. Then it yields an
effective moment e = 5.52 ug/Co*t, where ug is the
Bohr magneton. This value is much larger than that of
3.87up for a spin-only § = 3/2 effective moment, in favor
of the high-spin state with unquenched orbital component
in Na,Co,TeOg [48]. We also extract the values of s and
®cw for x > 0 compounds in this way, and the results are
shown in Fig. 2(b). The effective moment of Co”* remains
almost constant even though x increases up to 1.3. It means
that Co?* maintains such a spin-orbit entangled state in the
whole doping process. Meanwhile, the decrease of |®cw]|
with increasing x is observed, indicating a weakened strength
of magnetic coupling. This should result from the block of
Co-Co superexchange paths by the spin vacancies formed
by Zn>* occupying Co?* sites. We also need to point out
two details on the yield Curie-Weiss temperature. One is
the drastic reduction of |®cw| upon doping, which should
reflect an intrinsic behavior of this system, since all the
physical measurements and data analysis of x > 0 samples
were performed under the same circumstances as the parent
compound. A similar case is also observed in Na,Ir;_,Ti, O3
and it is attributed to the underlying quantum phase transition
at quite a bit lower doping level [64]. We thus speculate
that Na,Co,_,Zn, TeOg may undergo a similar process. The
other one is the very slow and even nearly constant change of
|®cw| for the doped compounds. This insensitive response to
nonmagnetic doping is also observed in LiIr;_,Ti,O3 and it
is interpreted as an important signature of magnetic coupling
beyond the nearest-neighbor interaction [64]. It should be true
for Na,Co,_,Zn, TeOg that long-range spin interactions play
a vital role in the spin Hamiltonian, even though the possible
quantum phase transition as told above will significantly
affect magnetic couplings of the parent compound, where a
leading third-nearest-neighbor interaction in the Hamiltonian
has been confirmed [65]. The effective spin model upon
doping remains to be determined by further investigations.

Since the sharp cusp in the x-T curve at x = 0 becomes
much broader when the zinc concentration approaches the
moderate value, it is not easy to directly determine 7y based
on the original data. To reveal the evolution of the magnetic
ground state more accurately, we plot the differential suscep-
tibility dM /dT in Fig. 2(c). The positions where dM /dT =
0 are marked by the arrows and they actually correspond to
the maxima in the original x-7 curves in Fig. 2(a). One can
see that the value shifts to low temperatures with increasing x
and completely disappears when x > 1.1. This labels x = 1.1
as the ending concentration for the long-range AFM state,
after which the system does not exhibit long-range order, and
evolves into a spin glass with short-range order and magneti-
cally disordered state. This behavior is also elucidated by our
specific heat results that will be discussed next.

To further verify the evolution of the magnetic ground
states of Nay,Co,_,Zn, TeOg, we perform specific heat mea-
surements. In Fig. 3(a), we present the results of specific
heat at zero field for 0 < x < 1.3. At x =0, there is a A-
shaped peak observed at 26.5 K, which is expected for an
AFM phase transition [48,56]. The transition temperature is
essentially in agreement with that of 27.1 K captured in the
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FIG. 3. (a) Temperature dependence of the specific heat (Cp)
of Na,Co,_,Zn,TeO¢ within a temperature range of 2-30 K. The
dashed line with an arrow denotes an evolution tendency of the AFM
phase transition with increasing x. (b) Temperature dependence of
C,/T of Na,Cog7Zn; 3TeOg in several different magnetic fields.

magnetic susceptibility. As x increases, the sharp peak shifts
to lower temperatures with intensity slightly weakened and
then it evolves into a broad peak when x > 1.0. Distinct from
the sharp peak in x < 1.0 compounds, the broad peak sug-
gests that the system no longer hosts an AFM ground state
with long-range magnetic order, but instead a magnetic state
with short-range order or not any order [5,66]. This result
coincides with that obtained from the magnetic susceptibility.
Subsequently, we select the x = 1.3 compound as an example
and perform measurements under several magnetic fields. The
results of temperature dependence of C,/T are illustrated in
Fig. 3(b). There is a more obvious broad peak captured at
~5.1 K at zero field, which shifts to higher temperatures with
increasing magnetic fields. The field dependence of the broad
peak reflects an intrinsic behavior of the compound. This is
a universal feature in some spin glasses and QSL candidates
that may be associated with the development of short-range
spin correlations [67—69].

To elucidate the nature of the magnetic phase with no
long-range order in heavy Zn-doped compounds, especially
to distinguish spin-glass and quantum disordered states, we
measure the magnetic susceptibility in both zero-field-cooling
(ZFC) and field-cooling (FC) conditions in a small field of
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FIG. 4. Temperature dependence of the magnetic susceptibility
of Na,Co,_,Zn, TeOg when 1.0 < x < 1.4. The data are collected
under zero-field-cooling (ZFC; open symbols) and field-cooling (FC;
filled symbols) conditions with a small magnetic field of 0.1 T.

0.1 T. As shown in Fig. 4, there is a bifurcation between the
ZFC and FC curves for x = 1.0-1.2 compounds, which is a
typical feature for a spin glass with frozen moments below
the freezing temperature 7y [66,70]. It is reasonable for a
magnetically frustrated system with serious structural disorder
resulting from the introduction of Zn?* ions, which is a main
ingredient of a spin glass [66,70]. Besides that, spin vacan-
cies created by Zn>* substituting Co** hinder the magnetic
exchange paths and turn an antiferromagnet with long-range
spin correlations to a short-range spin-glass phase when zinc
content reaches a certain level. We also notice a slight upturn
of the ZFC susceptibility data nearby the lowest temperature
of 2 K. This Curie-like tail should be associated with some
weakly interacting orphan spins generated via doping. Then
the behavior of a bifurcation between ZFC and FC data rapidly
disappears when x > 1.3. In other words, the system evolves
from the robust AFM state to an intermediate zone of spin-
glass phase, and finally to a magnetically disordered state with
Zn doping.

After taking the aforementioned experimental data into
account, we summarize the magnetic phase diagram of
Na;Co,_,Zn, TeOg as illustrated in Fig. 5. At x =0, the
system undergoes a magnetic transition at 7y ~ 27 K with
decreasing temperature [48,49]. When substituting Co>* with
nonmagnetic Zn>*, the transition temperature decreases con-
tinuously until it vanishes at x ~ 1.0. The phase boundary
between AFM and PM is determined upon differential suscep-
tibility dM/dT = 0 as shown in Fig. 2(c). Ty obtained in this
way is consistent with the characteristic temperature where a
sharp A-type peak occurs in the specific heat in Fig. 3(a). As x
continues to increase, the long-range AFM state is completely
destroyed, followed by a spin-glass state with short-range
order. Due to the coexistence of these two phases around
an intermediate Zn doping, we cannot put forward an exact
boundary to separate them. By contrast, the phase boundary
between spin-glass and PM states can be pinned down by the
freezing temperature Ty between ZFC and FC susceptibility
curves as shown in Fig. 4. When x > 1.3, there is no anoma-
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FIG. 5. Magnetic phase diagram of Na,Co,_,Zn,TeOg. The high
white zone represents the paramagnetic (PM) state. The bottom-left
blue zone and bottom-right yellow zone denote AFM and quantum

paramagnetic (QPM) states, respectively, where a spin-glass (SG)
phase is located between them. The dashed line is a guide to the eye.

lous behavior observed in either the magnetic susceptibility
or the specific heat except for a broad peak in the latter,
suggesting a magnetically disordered state. We speculate that
this disordered state should be modulated by quantum fluctua-
tions, since it shows the persistent spin dynamics down as low
as 2 K. Eventually, the phase diagram of Na;Co,_,Zn, TeOg
consists of four distinct phases, including a high-temperature
PM state, and low-temperature AFM, spin-glass, and QPM
states.

Previously, there have been some works reporting the
doping effect in the widely studied Kitaev materials of 4d>
a-RuCl; and 5d° Na,IrOs. It is found that lightly Ir-doped a-
Ru;_,Ir,Cl; with x = 0.2 and Ti-doped Na,Ir;_,Ti,O3 with
x =0.05 can efficiently suppress zigzag-type AFM order
and then drive them into a magnetically disordered state
(¢-Rug gIrg,Cls) and a spin-glass state (NaylrggsTig0s03)
[63,64]. Compared with the 4d/5d counterparts, the case in
3d Na,Co,_,Zn,TeOg is different from both. AFM order in
the parent compound is very robust with doping. It is com-
pletely destroyed until the zinc content reaches a high level of
x ~ 1.0. The much higher percolation threshold where long-
range AFM order is right absent may reflect a consequence
of longer-distance magnetic coupling beyond the nearest-
neighbor spin model in this 3d cobaltate, such as the dominant
third-nearest-neighbor magnetic interaction [65]. Considering
the case of Ru,_,Ir,Cl; where ABC-stacked zigzag order de-
velops into an AB-stacked one at x ~ 0.11, there should be
an evolution of magnetic structures with Zn-doped content
x up to 1.0 in Na;Co;,_,Zn, TeOg. The exchange interaction
network will also be affected by different magnetic structures.
It calls for further neutron diffraction experiments to elucidate
this issue. In addition, there are three magnetic phases ob-
served in NayCo,_,Zn, TeOg at low temperatures, where the
intermediate one of spin glass is sandwiched by the AFM and
QPM states. It differs from the phase diagrams of Ru;_,Ir,Cls
and Na,Ir;_, Ti,O3 which only contain two parts at low tem-
peratures [63,64,71]. When the magnetic vacancies reach a
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high level of x ~ 1.0, they can effectively block the paths
of long-range magnetic coupling and restrict it in a short-
range zone like spin clusters. On the other hand, Zn content
x approaching to 1.0 actually corresponds to a half substitu-
tion of Co, where it has the most serious structural disorder
effect. If the substitution is homogeneous, three among six
Co sites in each honeycomb cell will be randomly occupied
by Zn. In this case, the magnetic honeycomb lattice turns
into a triangular lattice. It will further enhance the magnetic
frustration effect in this system and thus the spin-glass phase
with short-range spin correlations is formed. Although the
QPM phase is revealed following the spin-glass state, is it
a diluted QSL state as proposed in Ru;_,Ir,Cls [63,71,72]?
It is hard to say with the current results. We need to point
out that substitution will inevitably introduce site and bond
disorder into the system, which may be detrimental to the
realization of QSL states [6,68,73,74], especially for the case
of heavy doping in Na,Co,_,Zn,TeOgs. Moreover, distinct
from the sensitivity of the AFM ground state to substitution in
a-Ru_,Ir,Cls, such a high zinc content in Na,Co,_,Zn, TeOg
can drive the regime approximate to be a nonmagnetic one that
is more likely to exhibit trivial magnetic behaviors. Despite all
these, the scenario of a heavily diluted QSL state is recently
proposed in a triangular-lattice system NaYb;_,Lu,S, [75].
Meanwhile, there are also theoretical proposals pointing out
that diluted Kitaev materials may serve as potential candidates
to host a variety of QSL phases [72,76-78]. Thus, we cannot
rule out the possibility of a QSL state in x > 1.3 compounds.
It is an open issue and remains to be investigated by more
experimental and theoretical works in the future.

IV. SUMMARY

To summarize, we have performed XRD, magnetic suscep-
tibility, and specific heat measurements on the Zn-substituted

honeycomb cobaltate Na,Co,TeOg that is proposed to be a
Kitaev magnet. Due to the quite close radii of Zn** and
high-spin Co*" ions, there are minor changes on the lat-
tice parameters even if the substitution content x is up to
1.5. Magnetic susceptibility and specific heat results show
a suppression of the AFM order as well as the magnetic
coupling strength with x increasing to 1.0. Then the system
enters a spin-glass state with short-range order that is rapidly
supplanted by a QPM state when x > 1.3. These results
show the evolution of the magnetic ground states with Zn
doping, based on which we sketch a magnetic phase dia-
gram of Na;Co,_,Zn,TeOg. Whether the QPM state upon
heavy doping is related to the QSL state deserves further
explorations.
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