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The study of CoNb, O sits at the confluence of simplicity and complexity: on one hand, the model for
Ising chains—the building blocks of CoNb,Og—in a transverse field can be exactly solved and, thus,
serves as an archetype of quantum criticality; on the other hand, the weak but nonzero interchain coupling
adds geometric frustration to the stage, substantially complicating the phase diagram. Here we utilize low-
temperature specific heat and thermal conductivity measurements to study the low-lying magnetic
excitations in CoNb,Og and its spin-1 analog NiNb,Og. The thermal conductivity is found to be suppressed
around the quantum critical point, where the specific heat is enhanced due to gapless magnetic excitations,
pointing to the localized nature of the latter. These results highlight the predominant role of frustration in
determining the quantum critical magnetic excitations of spin chains, which may furthermore underlie the

remarkable similarities between the phenomenology of these spin-1/2 and spin-1 systems.

DOI: 10.1103/PhysRevX.12.021020

I. INTRODUCTION

Quantum aspects are particularly evident in low-
dimensional systems, leading to substantial corrections
to classical pictures. In the context of magnetism, excita-
tions with fractionalized quantum number (e.g., spinons)
[1,2] and the Haldane phase [3,4] are among the most well-
known examples. Under specific circumstances, the low
dimensionality can lead to simplification. For instance, by
mapping to a spinless fermion system, the transverse-field
Ising chain (TFIC) model can be exactly solved [5,6]. The
closest realization of this model has long been thought to be
CoNb,0Og4 under a transverse field [7-17].

The physics of CoNb,Og4, however, extends far beyond:
when isolated, the spin-1/2 Ising chains, as the building
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blocks, order ferromagnetically only at zero temperature,
and its evolution under a transverse field can be described
elegantly by the TFIC model, featuring a transition to
paramagnetic state at a one-dimensional (1D) quantum
critical point (QCP) [18]; on the flip side, CoNb,Og
being quasi-1D means that these Ising chains are weakly
coupled to give rise to 3D magnetic phases at finite
temperatures, which terminate at a 3D QCP slightly above
the 1D QCP [11,19,20]. The arrangement of the Ising
chains on a triangular lattice brings in geometric frustration,
which is notoriously challenging to tackle [21]. Such a
Janus-faced nature of CoNb,Og has led to several beautiful
demonstrations: while subtle properties of 1D Ising quan-
tum critical physics were unveiled by spectroscopy
[7,10,12-14,16,17,22], a plethora of magnetic phases were
theoretically predicted as a result of the interplay between
quantum criticality and frustration [9]. Moreover, it was
shown recently that the frustration-induced quantum
motion of domain walls can be described by a model of
twisted Kitaev chain, reminiscent of the honeycomb Kitaev
spin liquid [17].

Central to these studies is the detection of the magnetic
excitations across the QCP [10-16,23]. In low-energy
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probes like nuclear magnetic resonance, the quasielastic
mode associated with domain-wall quasiparticles (kinks)
was found to disappear above the 1D QCP [11]. Neutrons
create pairs of kinks in the ordered phase, which were
observed to change character to spin flips in the para-
magnetic phase [10]. Most prominently, around the 1D
QCP, discrete modes were observed both by neutron and
time-domain terahertz spectroscopy, with the energy ratio
of the two lowest-lying modes approaching the golden
mean predicted for the E8 spectrum, with E8 referring to
the maximum exceptional Lie algebra [7,10,14,16]. In this
context, the bound pairs of kinks can be viewed as the solid-
state version of mesons composed of a quark and an
antiquark [7]. Specific heat study revealed a significant
band of gapless fermionic magnetic excitations around the
3D QCP, constituting a large portion of the total spin
density of states [15]. These gapless excitations were
argued to be distinct from the discrete modes evident in
spectroscopy [15]. The comprehensive understanding of
the magnetic excitations around the QCPs in CoNb,Og out
of the results from various probes remains to be understood.
Low-temperature thermal conductivity measurement has
proven to be a powerful means in the study of magnetic
excitations in low-dimensional magnets [24—45]. Here, we
utilize such measurements down to 60 mK to investigate
the quantum critical magnetic excitations in CoNb,O4. We
observed an absence of direct contribution to the thermal
conductivity from the gapless fermionic magnetic excita-
tions evident in specific heat around the QCP. Furthermore,
the thermal conductivity was found to be diminished in the
field range where specific heat is enhanced. These results
are interpreted as the scattering of heat-carrying phonons
off localized magnetic excitations around the QCP, signaling
a prominent role of frustration in determining these quantum
critical magnetic excitations. A similar set of phenomenol-
ogy was also observed in the quasi-1D spin-1 Heisenberg
ferromagnetic chain system NiNb,Og. The similarity
between the two compounds is remarkable, considering
the apparently distinct settings of spin quantum number,
patterns of long-range order, and magnetic anisotropy.

II. METHODS

As illustrated in Fig. 1(a), both columbite CoNb,Og and
NiNb,Og crystallize in the space group Pbcn, consisting of
zigzag chains of edge-sharing octahedra along the crys-
tallographic ¢ axis with ferromagnetic interactions between
nearest-neighbor effective spin-1/2 Co?* or spin-1 Ni**
ions, respectively, and the interchain coupling is consid-
erably smaller [46,47]. In CoNb,Og, a strong single-ion
anisotropy due to crystal field effects from the distorted
CoOg octahedra forces the Co** spins to be Ising aligned
along the local easy axis, which lies canted from the ac
plane in an alternating fashion from bond to bond and
slightly cants away from the ¢ axis [17,46,48-50]. In the ab
plane, the weakly coupled Ising chains sit on a triangular
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FIG. 1. (a) The crystal structure of CoNb,Og and NiNb,Og.

The blue solid line highlights the zigzag chain formed by Co or
Ni spins. Note that there is a finite canting angle between the local
easy axis (not shown) and the ¢ axis (thick dotted line), and the
direction of the former not to be confused with the zigzag
chain (thick solid line). (b) The experimental setup for thermal
conductivity measurements for CoNb,Oq and NiNb,Og4. The
magnetic field was applied along b for CoNb,Og and along a
for NiNb,Og.

lattice, a prototypical motif for geometric frustration [21].
The magnetism in NiNb,Og¢ is more isotropic, so that the
exchange coupling can be described by a Heisenberg term,
with an additional term for the uniaxial anisotropy [51,52].
Frustration has also been argued to manifest itself in
NiNb,O¢ [51].

Single crystals of CoNb,Og and NiNb,Og were grown
at Fudan University and the Johns Hopkins University,
respectively, by the floating zone method and oriented
by Laue diffraction. The specific heat of NiNb,O4 was
measured by the relaxation method in a Quantum Design
physical property measurement system equipped with a
dilution refrigerator. For the thermal conductivity measure-
ments, the CoNb,O4 and NiNb,Og4 samples were cut into a
rectangular shape of dimensions 2.0 x 0.5 x 0.5 and
2.1 x 0.3 x 0.1 mm?, respectively, with the longest dimen-
sion along the ¢ axis. Four silver wires were attached to the
sample with silver paint for thermal conductivity measure-
ments with a heat current along c¢. The thermal conductivity
was measured in a dilution refrigerator, using a standard
four-wire steady-state method with two RuO, chip ther-
mometers, calibrated in situ against a reference RuO,
thermometer. Figure 1(b) gives a schematic of the exper-
imental setup for thermal conductivity measurements, with
a heat current along the chain direction ¢ and transverse
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magnetic fields along b for CoNb,Og and along a for
NiNb,Og, respectively. The specific heat of NiNb,Og was
also measured with the magnetic field along the a axis.

III. RESULTS AND DISCUSSIONS

A. Magnetic excitations around the QCP in CoNb,Ogq

The specific heat C data extracted from Ref. [15] and our
thermal conductivity x data for CoNb,Og4 are compiled in
Fig. 2. As shown in Fig. 2(a), the 3D magnetic order onsets
at 2.85 K at 0 T, leading to a sharp peak in the temperature
dependence of C/T, which is gradually suppressed by a
transverse magnetic field [15]. By tracking the peak
position in the field dependence of C/T, the critical field
where the 3D magnetic order is fully suppressed was
estimated to be pgHS® ~5.24 T (u, being the vacuum
permeability) [15]. The most prominent feature of the
specific heat data is the low-temperature plateau in C/T
for fields slightly below HS®, as exemplified by the 5 T data
in Fig. 2(a). Such a plateau in C/T, i.e., a linear term in C,
is characteristic of gapless fermionic excitations. In an
insulator like CoNb,Og, such excitations are presumably
from the magnetic degrees of freedom. These excitations
constitute a large portion (~30%) of the total spin density of
states [15], as evident by the larger value of both the low-
temperature C/T [Figs. 2(a) and 2(b)] and magnetic
entropy S,, [inset of Fig. 2(b)] at fields around HS° than
at lower and higher fields.

The thermal conductivity of an insulating magnet can
generally be decomposed as k = k,, + k,, in which the two

terms represent the contribution from magnetic excitations
and phonons, respectively. If the magnetic excitations are
gapless and fermionic, then in the simplest case (free
fermions) they are expected to give rise to a linear
contribution to «, i.e., k,, ~T [53]. At low temperatures
(T <1 K), phonons are usually scattered solely by the
sample boundaries, so that k, ~ T, where a is usually
between 2 and 3 [53-55]. Combining these two terms, one
can fit the data to

k/T =a+ bT*!, (1)
and obtain a nonzero residual linear term k,/T =
kn/T(T = 0) = a from the gapless fermionic magnetic
excitations, provided they are itinerant. Note that in some
exotic cases, the magnetic excitations are not well-defined
Landau quasiparticles—as exemplified by spinons in the
presence of gauge fluctuations, and their thermal conduc-
tivity is expected to be sublinear and, again, one would get
a finite xy/T when Eq. (1) is adopted [56,57]. Therefore,
one would expect (i) ¥ to be enhanced in the same field
range where C is enhanced and (ii) finite values of k/T in
this field range.

However, as shown in Figs. 2(c) and 2(d), neither feature
was observed in our thermal conductivity data. In fact,
shows an exactly opposite evolution with field as compared
to C: k is seen to be reduced at field values where C is
enhanced. This is better visualized in Figs. 2(e) and 2(f),
where Ak = k(H) — k(0 T), and the field evolution of the
normalized value of specific heat and thermal conductivity
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FIG.2. (a),(b) The specific heat C/T of CoNb,Og4 below and above pigHS® ~ 5.24 T, respectively. The inset of (b) shows the magnetic

entropy S,, of CoNb,Og at selected fields. The data in these two panels were adapted from Ref. [15]. (c),(d) The thermal conductivity
/T of CoNb, Oy at fields below and above HS®, respectively. The solid lines are the fitting of the 0 and 5 T data to x/T = a + bT*.
(e) The influence of magnetic excitations on the thermal conductivity reflected in Ak = k(H) — (0 T). (f) The magnetic field evolution
of the normalized thermal conductivity and magnetic specific heat at 0.45 K. The cyan shaded region depicts the position of HS°.
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are plotted, respectively. The fitting to Eq. (1) yields a =
—-0.01 £0.02 mWK2cm™! and a = 2.45+0.04 for 0 T
and a = —0.44 +0.05 mW K2 cm~! and @ = 1.43 4+ 0.03
for 5 T. At O T, the only candidate for heat carriers is the
phonons. Indeed, /T is essentially negligible, and the
value of a is consistent with the boundary scattering
mechanism for phonons. At 5 T, where the contribution
to C from gapless magnetic excitations is most pronounced,
the fitting of x gives, surprisingly, an unphysical negative
ko/T and an « considerably smaller than the O T value and
abnormally lower than 2.

The absence of a positive /T clearly rules out the direct
contribution to x from the gapless fermionic magnetic
excitations around the QCP (see Sec. I in the Supplemental
Material [58] for more discussions). This apparent contra-
diction with the specific heat data can only be removed if
these excitations are localized. Note that the excitations are
deemed as localized either when they are strongly scattered,
so that they cannot propagate along a certain direction at a
considerable length scale (e.g., significantly larger than the
interspin distance), or they intrinsically exist in closed
loops. However, these excitations do have a substantial
impact on «: the value of k¥ and a should not change with
magnetic field if the heat-carrying phonons are scattered
solely by the sample boundary. The considerably smaller
value of x and the unusual value of a around HS° signal
the presence of other scattering mechanisms for phonons,
with a scattering strength peaking in this field range. These
features strongly suggest the additional scattering of
phonons by the gapless magnetic excitations. As demon-
strated in detail in Ref. [45], both the unphysical negative
ko/T and the unusual values of a are consequences of
forcing the fitting with Eq. (1) in systems with heat-
carrying phonons scattered by magnetic degrees of free-
dom. At 5 T, which is slightly below the critical field, Ax is
finite in almost the entire temperature range [Fig. 2(e)],
consistent with the magnetic excitations (that scatter
phonons) being gapless.

A natural speculation is that the localization of the
magnetic excitations is induced by disorder. Localization
effects in 1D systems have been investigated mainly in the
charge sector [59], with only a few studies on the mag-
netic thermal conductivity for several spin ladder and spin
chain systems [30-32,60]. In the spin ladder compound
(CsH,N),CuBry, the absence of a measurable magnetic
thermal conductivity was argued to result from spinon
localization within finite ladder segments [32]. The thermal
conductivity is thus dominated by the phonon contri-
bution, which is scattered by the localized spinons via
umklapp scattering [32]. This may seem to be a viable
scenario for CoNb,O4. However, this scenario is
favored by the extremely weak interladder coupling of
(CsH;,N),CuBry (~27 mK). When the degree of one
dimensionality is lowered, as in, e.g., the spin chain system
Cu(C4HyN,)(NOs),, a similar scattering of phonons by

localized magnetic excitations was proposed [30].
However, instead of tunneling through the strong impurities
that cut the chains into segments, the excitations can
now bypass the impurities by hopping to the neighboring
chains [30]. This leads to a considerable mean free path of
the excitations and consequently a finite magnetic thermal
conductivity [30]: the mean free path reaches ~750 ym in
the spin chain system Ni(C,HgN,),NO,(ClO,), rendering
the quasiparticle motion effectively 3D [31]. If at play,
such hopping-assisted propagation of the magnetic exci-
tations is expected to give rise to a measurable magnetic
thermal conductivity in CoNb,Og, a system much more 3D
than the above-mentioned organic compounds, as reflected
by its orders of magnitude larger interchain coupling and
transition temperatures of the 3D magnetic ordering
[8,9,46,61-63]. This is in sharp contrast to our observation
(see Sec. I in the Supplemental Material [58] for an
estimation of the mean free path).

Therefore, the localization mechanism of the magnetic
excitations in CoNb,Og must be distinct from the typical
disorder-induced scenario in 1D spin systems, implying the
essential role of the 3D nature and the consequent frus-
tration. In fact, a similar picture of heat-carrying phonons
scattered by localized magnetic degrees of freedom has
also been discussed for several famous quantum spin
liquid candidates like YbMgGaO, [35], a-RuCl; [38,41],
EtMe;Sb[Pd(dmit),], [39,40], and ZnCu;(OH).Cl, [45],
as a consequence of the combination of disorder and
frustration. From an experimental perspective, our finding
of the localized nature of the critical excitations, together
with the Kitaev physics unveiled by terahertz spectroscopy,
and the glassy response found in ac calorimetry away from
the QCP [15], highlights the complexity introduced by
frustration to the physics of CoNb,Og.

The origin of the fermionic excitations in the ordered
phase as found by specific heat measurements is unclear
[15]. One possibility is the quasiparticles arising from
breaking the bound pairs of kinks [10]. In Ref. [15],
however, it was argued that the magnetic excitations
evident in specific heat should be entirely distinct from
those observed by spectroscopy, considering the higher
energy scale of the latter: the lowest discrete mode was
observed around 1.2 meV at 0 T and 0.4 meV at 5 T,
while the plateau in specific heat was observed below
1 K. Such an energy scale argument alone, however, does
not necessarily exclude the possibility that the excitations
seen in different probes share a similar origin. For an
isolated Ising chain, the spectrum for critical kinks is
gapless; however, in a quasi-1D magnet like CoNb,Og,
the nonzero interchain coupling can be approximated by
an effective longitudinal field, which opens a gap and
stabilizes the bound states, as observed in spectroscopy
[7,10,14,16,64]. In this case, the gap is momentum
dependent, leaving the gapless feature intact only at
specific wave vectors [9]. In terahertz spectroscopy, the
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FIG. 3.

(a),(b) The magnetic specific heat C,,/T of NiNb,Og below and above pioHN' ~ 3.5 T, respectively. The inset of (b) shows the

magnetic entropy S, of NiNb,Oy at selected fields. (c),(d) The thermal conductivity x/T of NiNb, Oy at fields below and above HM,
respectively. The solid lines are the fitting of the 3.5 and 8 T data to /T = a + bT* . (e) The influence of magnetic excitations on the
thermal conductivity reflected in Ak = «(H) —«(8 T). (f) The magnetic field evolution of the normalized thermal conductivity and
magnetic specific heat at 0.4 K. The cyan shaded region depicts the position of HN.

momentum space relevant to the optical responses is
inherently limited to the Brillouin zone center. As
explicitly stated in Ref. [10], the neutron scattering
measurements presented therein were performed in a
scattering plane with an incomplete gap softening: the
spectrum was obtained at a wave vector of [3.6(1),0,0],
whereas a complete gap softening is only expected at the
location of the 3D magnetic long-range order Bragg
peaks. Consequently, the critically soft magnetic spec-
trum may evade the detection of spectroscopic probes and
manifest only in specific heat and thermal conductivity
measurements, which treat all portions of the Brillouin
zone on an equal footing.

A remaining issue is the field range associated with the
critical excitations. Strictly speaking, closest agreement
with the E8 mass ratio for the critical excitations is expected
at the 1D QCP [64]. Although the gapless fermionic
magnetic excitations were argued to be observed around
the 3D QCP in Ref. [15], the distinction is not clear
considering the closeness between the 1D and the 3D QCP
in CoNb,Og [10,11,15]. In this regard, it would be
interesting to study the E8 excitations by specific heat
and thermal conductivity measurements in BaCo, V,Og, in
which the 1D and 3D QCPs are well separated [65,66].

The above discussions about the energy and field scales
lead to the inference that it is likely that in CoNb,Og the
magnetic excitations probed by various experimental
probes are closely related, and the localized nature of these
excitations revealed by our thermal conductivity data may
have profound implications on all these previous studies.

B. Magnetic excitations around the QCP in NiNb,Og¢

The magnetic specific heat C,, of NiNb,Og under
various magnetic fields, obtained by subtracting the phonon
specific heat estimated from the nonmagnetic counterpart
ZnNb,Og¢ [67], is shown in Figs. 3(a) and 3(b). At 0 T, a
clear peak marks the Néel temperature 7 ~ 5.5 K. With
increasing field, the peak height is reduced and the peak is
shifted to lower temperatures. We estimate the critical field
where Ty is suppressed to zero as poHN ~ 3.5 T. Similar
to CoNb,Og, around HNi, C,, is significantly larger than
that at lower and higher fields. Consequently, S,, [inset of
Fig. 3(b)] at HY! is also seen to be larger than that at any
other fields up to 5 K.

Moreover, at 3.3 and 3.5 T, C,,/T exhibits an upturn at
the lowest temperatures, reminiscent of a Schottky con-
tribution from nuclear spins. However, nuclear Schottky
contribution is expected to increase monotonically with
field, inconsistent with our data. The upturn in C,,/T may
eventually level off and form a plateau below the lowest
temperature measured, similar to CoNb,Og. Alternatively,
it is also possible that the divergence is intrinsic. In either
case, the critical-like divergent behavior of C,,/T signals
the presence of magnetic degrees of freedom whose gap
vanishes around the QCP.

Figures 3(c) and 3(d) show «/T of NiNb,Og at various
fields along the a axis. The results with fields along b are
similar, as shown in Sec. II in the Supplemental Material
[58]. Similar to CoNb,Og, «/T is suppressed for field
values around HY, which is better illustrated in Fig. 3(e),
where Ak = k(H) — x(8 T) is plotted, and Fig. 3(f), where
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the field evolution of « and C,, is displayed. Again, as a
function of magnetic field, x shows an anticorrelation with
C,.; 1.e., k is suppressed whenever C,, is enhanced. This
immediately indicates that the magnetic degrees of freedom
underlying C,, do not give a direct net contribution to «,
but serve as scattering centers for heat-carrying phonons
instead. Indeed, the fitting to Eq. (1) yields a = —0.01 &+
0.0l mWKZ2cm™! and @ =2.80+0.02 for 8 T, and
a=-0.194+0.02 mWK?2cm™!' and a=19140.02
for 3.5 T. k(3.5 T) is suppressed relative to k(8 T) in
the whole temperature range of our measurement, consis-
tent with the gapless behavior seen in C,,(3.5T). Note also
the lower value of k(0 T) than k(6 T) and k(8 T) (the latter
two almost overlap), indicating the incomplete recovery
of the phonon thermal conductivity for the former, which
justifies our choice of k(8 T) as the reference data in the
definition of Ax.

To our knowledge, a similar divergent specific heat that
only becomes evident at 7 < ~0.3 K with no concomitant
thermal conductivity contribution was also observed in,
e.g., the spin-triplet superconductor UTe,, where it was
attributed to a well-localized density of states or fermionic
carriers that are heavily scattered [68].

C. Similarities between the phenomenology
of CoNb,04 and NiNb,Oq

The similar set of phenomenology in CoNb,Og and
NiNb,Og, i.e., (i) an anticorrelation between the specific
heat and thermal conductivity, with the former enhanced
and the latter suppressed around the QCP, and (ii) an
absence of the residual linear term and the unusual temper-
ature scaling of the phonon thermal conductivity, points
to a unified picture featuring localized critical magnetic
excitations.

Although CoNb,O¢ and NiNb,Og4 share a similar struc-
ture, the similarities between the critical excitations are
remarkable, considering the vast difference in their spin
Hamiltonian. To obtain insights on a qualitative level, we
consider here the simplest case of isolated chains. The spin
Hamiltonian of CoNb,O¢ under a transverse field is then:

H=—[J]> $iSi—gH» St (2)
(i) i

The spin Hamiltonian of NiNb,O¢ under a transverse field
can be described by

H=—JY 55— D> (55— gH> S5 (3)
(i) i i

Compared to Eq. (2), Eq. (3) features (a) spin-1 operators S;
instead of spin-1/2, (b) a more isotropic exchange term
§,~ .S j» and (c) an additional term for the local on-site
anisotropy D. While the TFIC model in Eq. (2) can be
studied analytically, the Hamiltonian for NiNb,Og4 has been

studied numerically by exact diagonalization and density
matrix renormalization group methods [52]. Some “in-
between” situations of these two distinct models, including
the Blume-Capel model, which deal with (a) and (c) but with
an Ising exchange term and without the coupling to external
field, can also be rigorously solved [69—72]. In these models,
compared to spin-1/2, the major consequence of the spin-1
nature is the existence of §, = O states called holes. The holes
separate the system into many independent segments of
interacting S = 1/2 spins. The interplay between the hole
excitations and the fermionic excitations within each spin-
1/2 Ising segment hence determines the low-temperature
behavior and the quantum criticality [71,72].

As discussed above, the physics of CoNb,Og and
NiNb,Og goes well beyond the description of Egs. (2)
and (3), mainly as a result of the nonzero interchain coupling
and the resultant frustration. The localized nature of the
critical magnetic excitations in both compounds underscores
the overarching role of the concerted effort of disorder and
frustration in spin chain systems, and low-dimensional mag-
nets in a broader sense. As mentioned, the localized nature of
the magnetic excitations has been concluded from transport
studies on various quantum magnets [30,32,35,38—41,45].
However, due to the presence of disorder, frustration, and
quantum many-body effects, a clear correspondence between
the localized nature of these excitations and their spectro-
scopic features is still lacking. How the localized excitations
manifest themselves in spectroscopy is a challenging issue to
be addressed in the future.

IV. SUMMARY

We measured the thermal conductivity of the Ising chain
system CoNb,Og4. We found an anticorrelation between the
transverse field dependence of the thermal conductivity and
that of the specific heat, the latter argued to be enhanced
due to the quantum critical magnetic excitations which are
gapless and fermionic. Contrary to the expectation that
these excitations would contribute to a similar enhancement
of the thermal conductivity, the heat current is solely carried
by phonons which, however, are strongly scattered by the
magnetic excitations. We argue that various experimental
probes likely measure quantum critical excitations of a
common origin, whose localized nature is unveiled for the
first time by our thermal conductivity measurements.
A similar set of phenomenology was also found in the
spin-1 chain NiNb,Og4, which likewise undergoes quantum
transitions under a transverse field. The loss of mobility
of the quantum critical excitations in two systems with
magnetic properties distinct in many aspects highlights a
role of frustration not inferior to quantum criticality itself in
spin chain systems.
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