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Signatures of a quantum critical endpoint in the Kitaev candidate Na,Co,TeOq
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The putative Kitaev material Na,Co,TeOg has recently been proposed to enter a quantum spin disordered
state when magnetic fields are applied in parallel to the honeycomb layers. In this Letter we uncover signatures
of a quantum critical endpoint (QCEP) associated with the assumed order-disorder transition by means of
high-resolution capacitance dilatometry. At the critical field Bc ~ 6 T, a sign change of the out-of-plane
thermal expansion coefficient o, indicates the accumulation of entropy upon crossing the phase boundary. The

proportional relationship between isothermal magnetization and magnetostriction signals that the QCEP can
be tuned by magnetic field and pressure simultaneously. The presented results expand the material classes that
exhibit metamagnetic quantum criticality to honeycomb antiferromagnets with possible Kitaev interactions.
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Within the framework of the everlasting search for a quan-
tum spin liquid (QSL), the exactly solvable Kitaev model
offers a promising route to a long-range entangled yet mag-
netically disordered state with exotic elementary excitations,
such as Majorana fermions [1]. At the heart of this model
lie strongly anisotropic, bond-dependent Ising interactions
in a S = 1/2 honeycomb network, leading to pronounced
magnetic frustration. The first wave of Kitaev candidate
materials consisted of d° transition metal ions with strong
spin-orbit coupling (SOC) situated in edge-sharing anion oc-
tahedra [2,3]. Among many experimental results arising from
such theoretical proposals especially the 5d iridate Na,IrO;
and the 4d ruthenate «-RuCl; have managed to stand out,
since both exhibit promising characteristics hinting at prox-
imity to the QSL phase [4-6].

However, over time the list of materials possibly realizing
the Kitaev model has also expanded to include cobaltates
with a high-spin d’ electronic configuration [7-9]. In these
systems the presence of spin-active e, electrons is suggested
to reduce the strength of Heisenberg interactions J, thereby
enhancing the dominance of the Kitaev contributions. Out
of these “second wave” materials, Na,Co,TeOg has quickly
been regarded as the most promising compound due to its
notable similarities to «-RuCls: Even though Na,Co,TeOg
exhibits magnetic long-range order below Ty = 27 K, the first
reported antiferromagnetic zigzag ground state [ 10]—recently
revised as a triple-q order [11,12]—is a promising indication
of a proximate QSL state, as these two phases are adjacent
in the parameter space of the Kitaev-Heisenberg model [13].
Indeed, a discontinuous phase transition appears when a mag-
netic field of Bc ~ 6 T is applied along the direction of the
nearest-neighbor Co-Co bonds [14,15]. Despite the lack of
knowledge about the exact magnetic ground state in the high-
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field phase of Na,Co,TeOg, the experimental and theoretical
results suggest the emergence of magnetic disorder at the
critical field [16-18].

Here, we further highlight the intriguing effects of in-
plane magnetic fields on Na;Co,TeOg by showing that the
first-order phase transition at B¢ exhibits strong signatures of
quantum critical behavior close to a quantum critical endpoint
(QCEP). The role of magnetoelastic coupling is elucidated
by thermal expansion and magnetostriction measurements be-
tween 2 and 300 K and up to 15 T on high-quality single
crystals of Na;Co,TeOg¢ grown as described in Ref. [19].
Note that the presence of a potential antiferromagnetic im-
purity phase [20] is ruled out by our magnetization data
(cf. Supplemental Material [21]). Out-of-plane relative length
changes dL./L., i.e., along the crystallographic ¢ direction,
were studied on a 0.145-mm-thin single crystal by means
of a three-terminal high-resolution capacitance dilatometer
(Kuechler Innovative Measurement Technology) in a home-
built setup placed inside a variable temperature insert of
an Oxford magnet system [22,23]. From the relative length
changes the linear thermal expansion coefficient o = 1/L. X
(0L./0T) was derived. Magnetic fields were applied along
the direction of first-neighbor Co-Co bonds (B||a*) within
the hexagonal planes. Thermal expansion and magnetostric-
tion measurements were performed at rates of 0.3 K/min and
0.3 T/min, respectively. The magnetization was studied by
means of a physical properties measurement system (PPMS,
Quantum Design) using the vibrating sample magnetometer
(VSM) option.

The low-temperature out-of-plane thermal expansion of
Na,Co,TeOg is shown in Fig. 1 for representative magnetic
fields B||a*." In zero magnetic field, the ¢ axis continuously
shrinks upon cooling, but notably, it also shows a sharp kink at

'The measurements have been performed following a field-cooled
(FC) protocol where the sample was cooled in the applied field.
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FIG. 1. (a) Out-of-plane thermal expansion dL./L. and (b) linear
thermal expansion coefficient a, for both zero and finite magnetic
fields applied B||a*. As a reference point, L(T =2 K; B =0 T) is set
to zero and data at different fields in (a) are scaled according to the
magnetostriction measurements at 18 K (gray markers; see Fig. 3).
Ty and T;; mark the evolution of long-range magnetic order and the
additional hump in zero field. Inset: Anomalies in o, at Ty for B = 0,
5.5,and 6 T.

the antiferromagnetic ordering temperature Ty = 26.8(3) K,
which is reflected by a corresponding A-shaped peak in the
thermal expansion coefficient o [Fig. 1(b)]. The pronounced
anomaly unambiguously indicates significant coupling be-
tween spin and lattice degrees of freedom in Na,Co,TeOg.
Interestingly, at around T¢; = 7.5(9) K, another steplike fea-
ture can be found in the thermal expansion data as well as a
corresponding broad hump in «.. Note that the observation
of a A-shaped anomaly at 7y and a broad hump at T, re-
sembles the overall behavior of the specific heat capacity ¢
of Na,Co,TeOg as reported in Ref. [15]. In their study Yao
et al. attribute the broad hump at T, to magnetic interplane
correlations that remain short ranged due to Na disorder in
separating layers.

While the thermal expansion coefficient at temperatures
above Ty is not particularly sensitive to magnetic fields ap-
plied along the a* axis, the anomaly at Ty shifts to lower
temperatures and becomes more pronounced in magnetic
fields up to 5 T. Concomitantly, the initially A-shaped anomaly
evolves into an even more pronounced symmetric peak and
a small preceding steplike feature [see o (5.5 T) in the inset

in Fig. 1(b)]. The observed symmetric peak-shaped anomaly
implies an associated jump in L., i.e., a first-order phase
transition. At fields B > 6 T, a clear anomaly is no longer
visible in the length changes and in «. only the small step-
like increase can be identified. Also for the humplike feature
at T, two field regimes can be identified: For B <5 T,
the steplike shrinking of the ¢ axis continuously diminishes
with increasing external magnetic field while it reappears for
B > 6T, albeit now signaling an anomalous increase in length
[Fig. 1(a)]. Eventually, at B > 10 T, the ¢ axis only weakly
depends on temperature 7 < 30 K and «. is independent
on the applied field in this regime (see the Supplemental
Material [21] for all thermal expansion data). For the further
analysis of the data, we hence use o(15 T) as an estimate of
the nonmagnetic thermal expansion, since at such high fields
the spins are completely polarized at sufficiently low temper-
atures. Similar methods have been used in the literature, e.g.,
in the closely related honeycomb magnet «-RuCl; [24].

We particularly emphasize the field dependence of the ther-
mal expansion around T¢,: It is already evident from the c-axis
dependence in Fig. 1(a) that o, shows a sign change from
positive at small fields to negative at fields B > 6 T. At inter-
mediate fields around 5.5 T the thermal expansion coefficient
almost vanishes below 10 K. The field effects are particularly
visible when considering the thermal expansion coefficient as
a function of B at fixed temperature of 7 = 8 K as shown
in Fig. 2(a) (for other temperatures see the Supplemental
Material [21]).> Here, we also plot the bare magnetic con-
tribution ae = o — oo ¢ by using ag e ~ (15 T).
Both data sets clearly imply a sign change in thermal ex-
pansion at Bc(8 K) =~ 5.5 T which coincides well with the
field-driven first-order phase transition occurring in the same
field range [15,16,25,26].

In recent literature, the corresponding discontinuity in the
magnetization at B¢ has been attributed to an order-disorder
transition into a QSL-like state [16]. Here, we uncover another
intriguing property of the anomalous behavior at B¢, that is,
its distinct signatures of quantum criticality. Since the linear
thermal expansion coefficient is directly proportional to the
pressure dependence of the entropy via the Maxwell relation
ae ~ 3S/9p.|r, a sign change of «. upon the application of
magnetic fields implies a maximum of the magnetic contri-
bution to the entropy at Bc. Such an accumulation of Syae
is regularly expected to occur at a quantum critical point
(QCP) [27-29]. It is important to note that the here reported
quantum criticality, and hence also its critical properties,
differs from the commonly discussed ones in the way that
the underlying phase transition is not continuous but of a
first-order type. In this scenario the so-called metamagnetic
quantum critical endpoint (QCEP) is understood to be the
endpoint of a line of a first-order phase transition when the
temperature is reduced to zero [27,28,30]. Our interpretation
is further supported by the data in Ref. [31], the detailed

2At T = 8 K, zero-field thermal expansion shows a hump associ-
ated to pronounced critical fluctuations so that the effects of magnetic
fields can be expected to be particularly large. In addition, at lowest
temperatures, thermal expansion vanishes so that the signal-to-noise
ratio decreases at lowest temperatures under study.
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FIG. 2. (a) Out-of-plane linear thermal expansion coefficient and
its magnetic contribution at 8 K as a function of magnetic field.
The vertical dashed region marks the first-order phase transition
at Bc. (b) Temperature dependence of the unidirectional magnetic
Griineisen parameter y,"*¢, obtained by dividing the magnetic con-
tributions to o, and ¢, from Ref. [15], at selected magnetic fields
applied along the a* axis.

inspection of which shows that the in-plane thermal expansion
coefficient o,+ changes its sign, too, at B||a®* = 6 T [31].

A key signature of metamagnetic quantum criticality is
a sign change of the magnetic Griineisen parameter, which
is defined as the ratio of the magnetic contributions to the
thermal expansion coefficient and the specific heat capacity
Yimag = ™€/} [27,28,32]. Figure 2(b) shows the uniaxial
magnetic Griineisen parameter of Na,;Co,TeOg at representa-
tive magnetic fields as calculated from our thermal expansion
data and the specific heat capacity measured in Ref. [15]. The
resulting Griineisen ratio is close to zero at 7 > 20 K but
continuously increases upon cooling for B < 5 T. The oppo-
site trend appears for B > 6 T. Extrapolating the temperature
dependence for T — 0 the data indicate a divergence at zero
temperature, which can, however, not be seen directly in the
data due to limited resolution and tiny length changes at low
temperatures.

Signatures of metamagnetic quantum criticality as de-
scribed in the present Letter have been first found and
discussed in Sr3Ru,O; [32-34]. Later on, a sign change
of the out-of-plane thermal expansion coefficient connected
to a first-order phase transition was also observed in
CeRu,Si; [35,36] and in Ca; gSrg,RuO4 [37]. Additionally,
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FIG. 3. Isothermal magnetostriction L.(B) (black) and magneti-
zation M (B) (blue) at T = 2 K for B||a*. Arrows denote the direction
of the field sweep. The inset depicts magnetostriction measurements
at various temperatures, which are shifted along the ordinate. B¢ and
Bs mark the critical field and the saturation field, respectively.

indications of QCEPs were found in UGe; [38], UCoAl [39],
and ZrZn; [40]. To our knowledge, metamagnetic quantum
criticality has been reported exclusively in itinerant electron
systems, which highlights the finding of Na,Co,TeOg ex-
hibiting a quantum critical endpoint as an antiferromagnetic
insulator. At this point it is noteworthy that thermal expansion
in the closely related Kitaev candidate «-RuCl; also hints at
the emergence of a quantum phase transition at B¢, which is
debated to precede a QSL state [24]. In «-RuCl3, however,
the transition into the putative magnetically disordered phase
exhibits a rather continuous character, which leads to differing
quantum critical properties as compared to Na,Co, TeOg.
The coupling of spin and lattice degrees of freedom
can be also directly studied through magnetostriction ex-
periments. Figure 3 shows the relative out-of-plane length
changes (black) and the isothermal magnetization (blue) of
Na,Co,TeOg¢ at 1.8 K for B|la*. As can be seen, the dis-
continuity in the magnetization is accompanied by a positive
jump in the c-axis length, suggesting that both magnetic field
and uniaxial pressure can be used as tuning parameters of the
QCEP [27]. At Bs(2 K) >~ 10 T, the magnetization implies the
evolution of the polarized spin configuration. Similar to the
field region around B¢, dL. exhibits pronounced differences
between the up- and down-sweep of the magnetic field starting
from 8 T, while no corresponding hysteresis is observed in
the magnetization data. As depicted in the inset of Fig. 3,
the hysteresis region at Bc(7T') narrows as the temperature is
increased and totally vanishes at T > Ty. Notably, hysteresis
in magnetostriction above Bc(T') ranges well beyond Bs(T)
and persists up to at least 24 K, i.e., in the whole reported
quantum disordered regime [16]. The hysteresis diminishes
but the hysteretic field range does not shrink upon heating.
This indicates magnetostructural domain effects rather than a
weak first-order character of the phase boundary Bs(T). In
addition, the magnetostriction exhibits a weak discontinuity
of unknown origin at B >~ 1.5 T when the field is increased
from zero, but not when the field is subsequently decreased. At
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FIG. 4. Magnetic phase diagram of Na,Co,TeOq for magnetic
fields applied B||a* as constructed from magnetic and dilatomet-
ric measurements. PM, AFM, and SR denote the paramagnetic,
canted antiferromagnetic, and spin reoriented phase, respectively.
The hatched area shows the hysteresis region observed in M and L.
(see the text). Additionally, «¢(T, B) is depicted in color scale. The
distinct data sets are shown in the Supplemental Material [21].

intermediate temperatures around 6 K this results in crossing
of the up- and down-sweep magnetostriction at approximately
55T

Noteworthy, field-induced magnetization and length
changes, at 2 K, closely track each other, i.e., the curves
can be well overlapped by a single scaling factor, up to
the critical field Bc. This observation parallels the findings
of magnetostriction measurements on SrzRu,0; [34] and
CeRu,Si, [36]. Following the arguments discussed in that
frame, such a good proportionality of M(B) and L.(B) im-
plies that variations in uniaxial pressure and magnetic field
probe the same thermodynamic information as expected in
a quantum critical regime [27]. Hence, the magnetostriction
data strongly corroborate the results of our thermal expansion
measurements.

Collecting the anomalies found in dilatometric and mag-
netic quantities allows for the construction of the magnetoe-
lastic phase diagram shown in Fig. 4 (see the Supplemental

Material [21] for the magnetic measurements). In agreement
with most phase diagrams reported in the literature [15,16],
our dilatometric studies imply three distinct thermodynamic
phases: Coming from the high-temperature paramagnetic
(PM) regime the spin system undergoes a continuous phase
transition into a canted antiferromagnetic (AFM) state at 7.
Upon increasing the magnetic field along the Co-Co bonds,
Na,Co,TeOg exhibits a first-order phase transition showing
strong signs of quantum criticality. Above B¢, the spins re-
orient (SR) out of their low-field configuration into a yet
unknown magnetic structure while above Bs(2 K) = 10 T, the
magnetic moments are almost fully polarized. As indicated
by the shaded area in Fig. 4, the AFM/SR phase boundary
exhibits pronounced hysteresis at low temperatures. At low
temperatures, our data suggest that the system does not return
into the AFM phase even when the magnetic field is decreased
back to zero.

In conclusion, our measurements of the thermal expan-
sion and magnetostriction consequently give insights into the
important role of magnetoelastic coupling in the Kitaev can-
didate material Na;Co,TeOg. A sign change of the Griineisen
parameter at the critical field B¢ indicates the accumulation of
entropy in the (B, T') plane above the critical field and thereby
implies the existence of a metamagnetic QCEP. In addition,
the proportional relationship between isothermal magnetiza-
tion and magnetostriction for B < B signals that the QCEP
can be tuned by a magnetic field and pressure simultaneously.
The presented results expand the scope of sample classes
that exhibit metamagnetic quantum criticality to honeycomb
antiferromagnets with possibly Kitaev-like interactions and,
hence, contribute to the understanding of quantum criticality
in antiferromagnetic insulating systems.
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