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Anomalous Lattice Softening Near a Quantum Critical Point in a Transverse Ising Magnet
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We have investigated the elastic response of a transverse Ising magnet CoNb,Og4 by means of ultrasound
velocity measurement. A huge elastic anomaly in the Cgq mode is observed near a quantum critical point
when sweeping a magnetic field perpendicular to the Ising axis. This anomaly appears to become critical
only for the Faraday configuration (field parallel to the sound propagation direction) but is much less
pronounced for the Voigt geometry (field perpendicular to the sound propagation direction). We propose
that the relativistic spin-orbit interaction plays a crucial role in the quantum critical regime resulting in the
elastic anomaly, which is enhanced by quantum fluctuations.
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Quantum critical behavior is a central issue in condensed
matter physics. Various remarkable phenomena, such as
exotic superconductivity and non-Fermi liquid behavior,
appear around the quantum critical points (QCPs), which
are induced by purely quantum mechanical interactions
[1-5]. The long-range order is broken by quantum fluctua-
tions at a critical value of a tuning parameter such as
magnetic field, pressure, or doping [6]. A prototypical
system which undergoes a quantum phase transition is an
Ising spin chain in a transverse magnetic field, called the
transverse Ising model. It was recently reported that
CoNb,0O4 behaves as a transverse Ising magnet (TIM)
when a magnetic field is applied along the magnetic hard
axis [7]. To date, a variety of studies about TIM have been
performed [6—10]. It is relatively easy to access the QCP in
CoNb,Og4 experimentally because of the moderate critical
magnetic field of 5.4 T. Most of the previous studies on
CoNb,O¢ were, however, focused on investigating the
magnetic excitations near the QCP by using inelastic
neutron scattering (INS) [7], terahertz spectroscopy [11],
and nuclear magnetic resonance [12]. In a macroscopic
study, Liang et al. revealed that the heat capacity was
largely enhanced at the QCP [13]. For further exploring
macroscopic properties in this unique system, we focus on
the orbital state of Co?* ions in the ground state. The strong
Ising anisotropy is caused by the spin-orbit interaction
(SOI) which means that the Co®>* ions are in a spin-orbit
entangled state [14], as seen in KCoF;5 [15], GeCo,0, [16],
etc. Here, we study how spin-orbit-coupled fluctuations
and the elastic properties are involved in the quantum
critical regime near the QCP.

CoNb,Oq4 belongs to the columbite family with the
orthorhombic space group Pbcn [Fig. 1(a)]. The lattice
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constants are a=14.170A, b=5.715A, and ¢ = 5.048 A.
Co** ions with high-spin configuration (S = 3/2) on
octahedral sites are connected to form one-dimensional
ferromagnetic zigzag chains along the c¢ axis. In the ab
plane, isosceles triangles are formed by Co** ions [17-21].
The intrachain ferromagnetic interaction (nearest neighbor)
is 2.74 meV and the interchain antiferromagnetic inter-
actions (next nearest neighbor) are about 0.4 meV, accord-
ing to the INS experiment [7]. CoNb,Og undergoes two
successive magnetic phase transitions to incommensurate
magnetic ordering at 7y; =2.9K and to antiferromagnetic
ordering with magnetic propagation vector (0,0.5,0) at
Ty, =19K. Below T)y;, Co** spins within a chain are
aligned ferromagnetically. Because of the finite antiferro-
magnetic interactions along a and b axes, antiferromagnetic
coupling works between chains. The magnetic easy axis of a
Co?* ion lies within the ac plane away by +31° from ¢ axis
[Fig. 1(a)]. The hard axis is parallel to the b axis. The TIM
Hamiltonian for each chain in CoNb, Oy is expressed as

7:[TIM - —J()ZS?SiLl - FZS’;, (1)

where J, is the ferromagnetic exchange interaction between
the nearest-neighboring Co sites along the chain (J, > 0). S7
and S7 are the easy- and hard-axis components of the spin at
site i, I corresponds to the transverse magnetic field along
the magnetic hard b(]|x) axis.

In the present study, we investigate the elastic
response induced by quantum fluctuations close to the
QCP in CoNb,Og¢ by means of ultrasound technique.
Measurements in magnetic field enable us to detect spin-
orbit fluctuations coupled to strain. We observed a huge
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FIG. 1. (a) Crystal structure of CoNb,Og. Black arrows are the

spin directions in the magnetically ordered phase. J, and H are
the intrachain exchange interaction and transverse magnetic field,
respectively. (b) Schematic illustration of the strain for the modes
C33 and Cgg. (¢) Temperature dependence of the relative change
of the elastic constant AC33/C53 at O T, obtained by measuring
the velocity of longitudinal (k||u) ultrasound propagating along
the ¢ axis (k||c). (d) Temperature dependence of the relative
change of the elastic constants Cy, (k||u||b), Cyy (k||b,ul|c), and
Cgs (k||b,ul|a). (¢) Temperature dependence of the magnetization
with a field of 0.01 T applied along the a, b, and ¢ direction (M,
M,,, and M) measured in field-cooled (FC) mode.

lattice softening of the Cgq mode near the QCP when
applying a transverse magnetic field. Our results indicate a
critical softening of this mode due to quantum critical
fluctuations.

Single crystals of CoNb,Og were grown by the floating-
zone method. Stoichiometric amounts of CoO and Nb,Os
were mixed and pressed into rods. The rods were heated at
1100 K for 24 h in air flow to obtain feed and seed rods.
The feed rod was melted in air flow at a growth rate
~3.0 mm/h by using a floating zone furnace. The crystals
were characterized by powder x-ray diffraction and mag-
netization measurements. The crystalline bar was cut
into a cuboid shape with dimensions of approximately
3 x 4 x 3 mm?’. For the ultrasound experiments, two par-
allel surfaces of (100), (010), or (001) in the orthorhombic
setting were prepared. Piezoelectric polymer foils for

longitudinal-wave and 41° X-cut LiNbOj; transducers for
transverse-wave excitations were glued to these surfaces
for generating and detecting ultrasound waves. In the
following, k and u represent propagation and polarization
directions of ultrasound waves, respectively. The ultra-
sound frequencies were in the range of 10-130 MHz.
By using a pulse-echo method with phase-comparison
technique [22], the relative change Av/v of the sound
velocity was measured as a function of temperature and
magnetic field. For obtaining the elastic constant C;;, we
used the relation C;; = pv?, where p is the mass density.
The relative change of the elastic constant was calculated as
AC;/Cij =2(Av/v) + (Av/v)*.

Figures 1(c) and 1(d) show the temperature dependence
of various elastic constants below 5 K at O T. The
corresponding temperature dependences of the magnetiza-
tion with field applied along the a, b, and ¢ axes are
displayed in Fig. 1(e). The elastic constant C33 decreases
toward Ty, and Ty,, as shown in Fig. 1(c), although the
magnitude of the relative change in Cs3 is within the order
of some 1073%. In contrast, no distinct anomaly appears in
the other elastic constants [Fig. 1(d)]. Obviously, only Cs3
is sensitive to the two magnetic phase transitions in
CoNb,Og4. Note, that no structural phase transition has
been reported so far in this system at low temperatures
[13,23]. The C33 mode modulates the distance between
neighboring Co®* ions in the chain [Fig. 1(b)], leading to a
modulation of the dominant intrachain magnetic interaction
Jo due to exchange-striction coupling. The transverse
acoustic modes, such as Cgq or Cyy, may contribute to
the exchange-striction in case of the indirect magnetic
exchange interaction, because they mainly modulate the
angles [Fig. 1(b)] rather than the distances. Moreover, the
anomaly size at T, for each (transverse or longitudinal)
mode depends on the corresponding spin-strain coupling
constants, which values are unknown.

The magnetic-field dependence of the elastic constant
Ces was measured in the configuration k||H||b and u||a at
various temperatures [Fig. 2(a)]. As a most important
result, we observe a huge softening of Cgq of about 20%
at4.8 Tand 1.3 K. The softening in Cgg in a transverse field
is about 4 orders of magnitude larger than that of C33 at O T.
With increasing temperature, the magnitude of the soften-
ing becomes smaller, the width of the dip structure in Cgg
becomes wider, and the dip position moves to lower field.
The Cgs anomaly almost disappears above 4.0 K.
Obviously, the softening in Cgq is related to the vicinity
of the QCP. Approaching the QCP, the elastic minimum
grows dramatically and the softening seems to become
critical. This suggests that the fluctuating d,, orbitals
strongly couple to the u,, strain related to the Cgs mode.
The modes C,, and Cs;, measured at 1.3 K, are largely
independent from the applied magnetic field [Fig. 2(b)].
Only C44 shows some broad field-dependent features with
the more than 1% change indicating possible involvement
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FIG. 2. (a) Magnetic-field dependence of the elastic constant

Cgg at various temperatures. For this transverse ultrasound wave
propagates along b and the atoms oscillate along the a direction.
(b) Magnetic-field dependence of the elastic constants C,,, Css,
and Cy at 1.3 K.

of the d,, orbitals and complexity of the quantum critical
regime. However, since the change of the C¢q mode is much
larger than that of the Cyy mode, the anomaly in the Cgg
mode is uniquely coupled to the quantum critical region
(see also Supplemental Material [14]). Several anomalies
observed in the low-field region are almost independent on
the magnetic field and temperature, which indicates that
these anomalies are not related to the quantum criticality
[14]. Moreover, the huge anomaly in the applied magnetic
field [Fig. 2(a)] and no substantial anomalies in zero
magnetic field [Fig. 1(d)] indicate a significant enhance-
ment of the spin-orbital-strain interaction close to the QCP.

In order to specify the origin of the anomaly in Cgg, we
performed measurements in two different geometries in
more detail. In one geometry, the transverse-ultrasound
mode oscillates along the a axis (u||a) and propagates
along the b axis (k||b) parallel to the magnetic field H
(k||H, Faraday configuration). In the other geometry,
ultrasound oscillating along the b axis propagates along
the a axis (k||a) is perpendicular to the magnetic field H
(k_LH, Voigt configuration). As shown in Fig. 3(a), there is
a minimum for both geometries, but the large softening is
observed only in the Faraday configuration. The difference
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FIG. 3. (a) Magnetic-field dependence of the relative change of

the elastic constant Cgq obtained from the measurements of two
Cgs modes in the Faraday (k||b||H, ul||a, blue line) and Voigt
(k||a, u||H||b, red line) configurations at 1.9 K. (b) Schematic
illustration of the rotational invariance effect.

of relative change in Cgq was about 10% at T = 1.9 K.
The difference of the equivalent elastic constants between
k|[H and kLH configurations is due to the rotational
invariance effect (RIE) [22]. A schematic illustration
of the RIE is presented in Fig. 3(b). The induced deforma-
tion by a transverse ultrasound wave u;; = du;/0x; is
given by the sum of the symmetric tensor ¢;; =
1/2(0u;/0x; 4 Ou;/Ox;) and the antisymmetric tensor
w;; = 1/2(0u;/0x; — Ou;/0x;), where x; denotes varia-
tional directions. Thus, the induced deformation is u,, =
€. + ®,, for the Voigt and uy, =€, —w,, for the
Faraday configuration, where w;,, = —,;,. Both configu-
rations induce the same symmetric strain €, in Cgg, Which
should cause no difference between these two geometries
without magnetic effects. The interaction between the
quadrupole moments and the lattice rotation causes the
difference between the Faraday and Voigt modes. Although
elastic softenings have been observed and understood in
terms of quadrupolar interactions [24-27], only small RIEs
of typically 0.5% were reported in f-electron systems [22],
such as HoVO, [28], CeAl, [29], and TmSb [30]. The RIE
of about 10% at 1.9 K in CoNb,Og is extremely large.

127205-3



PHYSICAL REVIEW LETTERS 124, 127205 (2020)

Let us consider the electronic states of Co?t in a CoOy
octahedron cluster. The ground state can be represented by
the linear combinations of the lowest-energy triplet states.
Value of the SOI constant 1 in a free Co?* ion is 22 meV
[16]. Considering the perturbation of the triplet states from
SOI, the wave functions of the lowest-lying doublet are
represented by j. = +1/2 [16,31-33]. In fact, in
CoNb,Oq4 the local-site symmetry of the Co?* ion is
lowered to C, symmetry and, thus, the SOI might be
comparable to the crystal-field splitting [34]. Thus, the
actual wave functions in the ground state might be complex
but the spin and orbital degrees of freedom should be
coupled. Using the simple CoOg4 cluster model, we can
show that SOI plays an essential role in the induction of
RIE [14]. Thus, spin fluctuations can couple to orbital
fluctuations via SOI, which might explain the RIE enhance-
ment near the QCP.

Finally, we discuss the temperature dependence of Cgg
(k|[H) in constant magnetic fields [Fig. 4(a)]. In 2 T, Cgg
shows a clear minimum at 3 K indicating 3D magnetic
ordering. At 4 T, the minimum appears at about 2 K,
whereas at 5 T and above, a strong lattice softening, but no
minimum is visible down to 1.5 K. Considering the strong
softening, it is plausible to assume a bilinear coupling of the
€,y strain (Cgs mode) with the d,, electron orbitals. In this
case, we can describe the temperature dependence of the
elastic constant by using the Curie-Weiss-type equation
[22], which includes the coupling of microscopic strain to
the orbital and orbital-orbital interactions.

C(T) = c© G__g%) (2)

where C%) is the background elastic constant independent
of spin and orbital. ® represents the correlation between
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FIG. 4. (a) Temperature dependence of the relative change of
the elastic constant Cgg (k||H) in various applied magnetic fields.
The black dashed lines are Curie-Weiss fits (see main text). We
shifted each curve for better visibility. (b) Magnetic-field
dependence of the parameters (® and Ejp) from the Curie-Weiss
fits.

orbitals, which corresponds to the Weiss temperature in the
magnetic susceptibility. 7% is the sum of © and the Jahn-
Teller energy Ejr, thatis, 7% = © + Ejr. Ejr represents the
interaction between the strain and orbital at a single site.
The temperature dependences are well described by the
Curie-Weiss law. Obviously, the magnetic ordering pre-
vents further development of orbital fluctuations [Fig. 4(a)].
The fits provide further insight to the orbital states. The
magnetic-field dependence of fit parameters are shown in
Fig. 4(b). Ejr has a small value and changes only by about
0.1 K as a function of the applied magnetic field, which
indicates that the single-ion strain-orbital coupling is not
responsible for the large softening. In contrast, ® changes
from 2 K at 2 T to —3 K at 8 T. Remarkably, our simplified
approach suggests that the sign of ® changes from positive
to negative, which reflects the change of orbital correlations
from ferroic to antiferroic in the vicinity of the QCP. In
other words, the orbital correlations seem to dominate the
quantum critical behavior. At this stage, we cannot exclude
other possible phenomena such as magnetic field assisted
orbital quenching and orbital reordering due to orbital
correlations, or higher-order multipolar ordering. A more
elaborated theory would be of interest to further address
this issue.

In conclusion, we observed a huge softening of the
elastic constant Cgg in CoNb,Og approaching the QCP
when applying a transverse magnetic field. The anomaly in
Cee 1s assumed to originate from spin-orbit-strain-coupled
fluctuations. Moreover, we observed anisotropic elastic
responses for two crystallographically equivalent Cgg
modes exhibiting the RIE in the vicinity of the QCP.
Both the strong softening of the C¢¢ mode and large RIE
confirm a crucial role of the quadrupolar degrees of
freedom in the quantum critical regime of this transverse
Ising magnet. We propose that the critical softening
originates from SOI and is largely enhanced by the
quantum fluctuations at the QCP. The RIE has been
intensively studied in the field of spintronics in terms of
the mechanical generation of spin current [35]. We believe
that the understanding of the relationship between quantum
criticality and RIE should be also important for the
spintronics.
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