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Sharp quantum phase transition in the frustrated spin-1/2 Ising chain antiferromagnet CaCoV,0,
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We report on a quantum critical behavior in the quasi-1D spin-1/2 zigzag frustrated chain antiferromagnet
CaCoV,0y, induced by an applied magnetic field. Below 7y = 3.3 K our zero-field neutron diffraction studies

revealed the up-up-down-down spin structure, stabilized by an order-by-disorder phenomenon. At base temper-
ature, the magnetic order is suppressed by an applied magnetic field (B), inducing a transition into a quantum
paramagnetic state at B, = 3 T, as revealed by both neutron diffraction and ESR data. The transition exhibits
an unusually sharp phase boundary with the critical exponent ¢ = 0.164(3) &~ 1/6, in contrast to the earlier
experimental observations for uniform spin-1/2 chain systems. Such a sharp QPT is anticipated due to a rare
combination of spin-orbit coupling and competing NN and NNN exchange interactions J; and J, of the zigzag

spin chain.

DOI: 10.1103/PhysRevResearch.6.1.032010

A quantum phase transition (QPT) occurs at zero tem-
perature and is controlled by a nonthermal parameter such
as pressure, chemical substitution, magnetic field, etc. The
associated quantum critical fluctuations driven by the Heisen-
berg uncertainty principle often give rise to exotic behavior
that is in a sharp contrast to the conventional temperature
induced phase transition [1-4]. At zero temperature, QPT is
continuous through a quantum critical point (QCP) which
extends to a broad V-shaped region of quantum critical-
ity at a nonzero temperature, where the physical properties
show universal features, which are independent of micro-
scopic details. The criticalities around QCP may reflect
inherent quantum dynamics of the system as quantum critical
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fluctuations in the vicinity of QPTs and reveal unusual uni-
versality classes, demonstrating numerous exotic phenomena
such as unconventional superconductivity [5,6], quantum E8-
symmetry integrable system [7], many-body string excitations
[8,9], novel quantum criticality [10-15] in transverse field
Ising chains, and Bose-Einstein condensation (BEC) [16].

The exactly solvable model spin systems, in particular, 1D
spin-chain systems, often provide an opportunity to explore
the QPTs and quantum criticality [2,17]. One important model
is the spin-1/2 XXZ chain

H =1 [(85) + (555 +818) + gusB 5],

where S; is the spin-1/2 operator on the ith site, g is the
electronic g factor, up is the Bohr magneton, and 0 < € < 1
takes into account the Ising-like anisotropy of magnetic inter-
action. For this model, a field induced QPT is predicted with
a critical exponent ¢ = 0.5 or 1 [Ty o (B, — B)?] for the 3D
or 1D QCP which are experimentally realized in the 1D uni-
form spin-chain materials CoNb,Og [7] and (Sr/Ba)Co,V,0s
[18,19] with ferromagnetic and antiferromagnetic (AFM)
ground states, respectively.

Published by the American Physical Society
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FIG. 1. (a) A Schematic representation of the zigzag spin-chain
in CaCoV,0;. The possible exchange interactions and the corre-
sponding direct distances between magnetic Co*" ions are shown.
The green and yellow solid circles are the Co atoms at two different
Wyckoff sites. (b) The ground-state phase diagram for a zigzag
spin-1/2 chain [21], with the NN: J;, NNN: J, intrachain interac-
tions and the anisotropy parameter €. The inset shows a model/ideal
zigzag chain with J; and J, interactions. (c¢) The Inelastic neutron
scattering spectrum of CaCoV,0; revealing the CFE at ~ 29.5 meV,
as expected from the (d) CFE energy levels of the Co’+ ions in an
octahedral environment, resulting in a pseudospin-1/2 ground state
doublet.

We report here an unusually sharp QPT with a critical
exponent ¢ = 0.164(3) in the spin-1/2 zigzag AFM chain
compound CaCoV,0; with competing intrachain nearest-
neighbor (NN: J;) and next-nearest-neighbor (NNN: J,)
exchange interactions [Fig. 1(a)]. In general, the 1D zigzag
spin-1/2 chain model, comprising of competing intrachain
Ji and J, exchange interactions [Fig. 1(a)], are of particular
interest due to numerous field-induced quantum phenomena
[20], induced by a combined effect of the geometrical spin
frustration and quantum fluctuations [21,22]. In the Ising limit
this theoretical model yields an up-down-up-down (UDUD:
Néel) phase and an up-up-down-down (UUDD: double Néel)
phase as a function of J,/J; and the phases are separated
by a QCP at J,/J; = 0.5 [Fig. 1(b)]. Such ordered magnetic
ground states are fragile and can be suppressed by an exter-
nal magnetic field, leading to a field-induced QPT to novel
quantum spin states [21,22]. In this Letter, we show that the
spin-1/2 zigzag AFM chain compound CaCoV,07 hosts an
UUDD AFM ground state, implying that J,/J; > 0.5 [21].
We further show that such a UUDD AFM ground state can
be suppressed by a reasonably low applied magnetic field of
B. ~ 3 Tesla (QCP), leading to an order-to-disorder QPT.

The polycrystalline samples of CaCoV,0; and it’s non-
magnetic analog CaMgV,0; were prepared by a solid state
reaction method described in Ref. [23]. First single-crystalline
samples of CaCoV,0; were grown using an optical floating
zone furnace (Crystal System Co., Japan). The temperature
and magnetic field dependent magnetization measurements
were performed by using SQUID magnetometer (Quan-
tum Design). The heat capacity C,(T) measurements were

performed using a commercial physical property measure-
ment system (PPMS, Quantum Design). The electron spin
resonance (ESR) spectra were performed employing a 16 T
transmission-type multifrequency ESR spectrometer similar
to that described in Ref. [24], and fitting was performed us-
ing easyspin simulation [25]. High-field magnetization was
measured at the HLD, Dresden, Germany, using a pulsed
magnet with a rise time of 7 ms and a total pulse duration
of 25 ms. The magnetization was obtained by integrating the
voltage induced in a compensated coil system surrounding
the sample [26]. X-ray photoelectron spectra (XPS) were ac-
quired with a Kratos Axis Ultra system (Manchester) using a
monochromatized Al K, (1486.6 eV) source. The zero-field
neutron diffraction patterns were recorded at two different
wavelengths (1) 1.54 A and 2.41 A by using the D20 powder
diffractometer at the Institut Laue-Langevin (ILL), Grenoble,
France. Magnetic field dependent neutron diffraction pat-
terns were recorded at 2 K using the powder diffractometer
PD-3 (A) 1.48 A, Dhruva Reactor, BARC, Mumbai [27].
The measured diffraction patterns [Fig. 3(b)] were analyzed
by using the Rietveld refinement technique implemented in
the Fullprof suite program [28]. CaCoV,07 is regarded as
a model spin-1/2 XXZ zigzag spin chain compound. The
zigzag spin chains of Co*t [Fig. 1(a)] in CaCoV,07 are made
up of corner-sharing CoOg octahedra, VOs pyramids, and
VO, tetrahedra along the crystallographic ¢ axis [for details
see the Supplemental Material (SM) Note I [29] and Fig. S2]
leading to nearest-neighbour (J; and J{) and next-nearest-
neighbour J, exchange interactions. Our inelastic neutron
scattering spectra clearly reveals a crystal field excitation level
at around 29.5 meV, confirming the presence of a spin-orbit
coupled pseudo-spin-1/2 ground state in CaCoV,0; with
a pronounced Ising anisotropy [7,8,30-34] (for details see
Notes VI and VII in the SM [29]). The magnetic easy axis
is along the c axis, as reflected by isothermal magnetization
curves measured on a single crystal [Fig. 2(c)], as well as
anisotropic g factors g /g1 ~ 2 (see ESR results below).

The temperature dependent susceptibility and specific
heat curves of CaCoV,07 reveal anomalies at Ty = 3.3 K
[Fig. 2(a)], indicating the onset of a long-range AFM ordering.
Further, both the susceptibility and magnetic heat-capacity
curves show a broad hump centered around ~6 K indicating
the presence of short-range magnetic ordering [35]. The tem-
perature dependent susceptibility curve of CaCoV,07, is well
accounted by an AFM spin-1/2 chain model (Bonner-Fisher
model [33]) with an exchange coupling of ~4.8 K and the g
value of 5.8 [Fig. 2(b)]. Furthermore, the derived magnetic
entropy Smae value of 6.8 J/mol K, obtained by integration
Of Cinag(T)/T curve up to 80 K, is reasonably close to the
value Sy = RIn2 = 5.76 J/mol K, as expected for a spin-
1/2 system [see Note II in the SM [29] and Fig. S5(b)] [36].

Single crystal study reveals that the QPT occurs only for
the longitudinal field, i.e., along the c direction (easy axis)
[Fig. 2(c)]. The field dependent magnetization (M) curves
measured at 1.4 K [Fig. 2(c) and Fig. S7(d) [29]] reveals
the field-induced transition at ~3 T and at higher-fields it
shows an asymptotic approach of saturation [Fig. S7(d) [29]]
[37]. This transition at ~3 T is characterized as a QPT by
the field dependent heat capacity [Fig. 2(d)] and magnetic-
susceptibility [Fig. S7(d) [29]] study. Further, it has been
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FIG. 2. (a) The temperature dependent magnetic susceptibility x at 0.1 T and zero field specific heat C curves of CaCoV,0; over low
temperatures below 8 K. (b) The x(7) curve at 1 T and the fitted curve (solid line) by an AFM spin-1/2 chain model (Bonner-Fisher model
[33]). (c) Pulsed-field magnetization of a single-crystalline CaCoV,0; sample for fields applied along the crystallographic main axes. The low
field transitions at 1 T for B || c and 1.5 T for B || a and b are due to the field induced phase transition of the secondary phase. All magnetization
data are scaled in up and normalized to the value at 15 T, yielding anisotropic and pronounced slope changes of the field-dependent sample
magnetization. (d) The magnetic specific heat (Cy,,) curve of CaCoV,05 after subtraction of the lattice contribution estimated by the measured
curve for CaMgV,05. (e) ESR spectrum taken at a temperature of 48 K and a frequency of 363 GHz is shown in light gray. The fit was made
for powder ESR spectrum using the effective spin Hamiltonian as determined in the text with the best fit parameters g, = 1.85, g, = 2.17,
and g, = 5.35 is shown by the red solid line. Examples of ESR spectra at a temperature of 2 K and frequencies of 290 GHz, 216 GHz, and
112 GHz are shown in brown, green, and purple, respectively (the spectra are normalized by the zero-field transmittance background and offset
for clarity). (f) Frequency-field diagram of magnetic excitations in CaCoV,0; at 2 K (positions of absorption maxima are shown). Lines are

guides to the eye.

confirmed that there is no hysteresis in the MvsB data across
the QPT [Fig. 2(c) and Fig. S7(d) [29]].

The ESR spectrum measured at 48 K with a frequency of
363 GHz shows a distinct resonance spanning over a wide
magnetic field range [Fig. 2(e)], which is typical for octa-
hedral high-spin Co*" powder species [38]. The recorded
spectrum has been analyzed employing the following effec-
tive spin-Hamiltonian: H = ugBg'S, where B is the external
magnetic field, g’ is the effective g tensor, S is the pseudospin
= 1/2 operator, and up is the Bohr magneton. A best fit of the
experimental spectrum [Fig. 2(e)] was obtained for g, = 1.85,
g, = 2.17, and g, = 5.35. The anisotropic g values, originat-
ing from the trigonally distorted CoOg octahedral crystal field,
confirm the Ising nature of CaCoV,07 with an easy axis along
the ¢ axis. The low energy ESR spectra [Fig. 2(f)], measured
at 2 K, reveals an appearance of a linear frequency-field de-
pendence mode above the B, = 3 T. This mode persists at
temperatures well above Ty (it was observed at least up to
50 K) and it appears to be characteristics of the field-induced
quantum disordered state. The observed mode is reminiscent
of the psinon-antipsinon pair excitations reported for the 1D
Heisenberg-Ising antiferromagnet SrCo,V,0g [8,9], strongly

motivating us for future ESR studies of magnetic excitations
in single-crystal CaCoV,07 samples.

The magnetic ground state of CaCoV,07 has been inves-
tigated by powder neutron diffraction. Figure 3(a) gives an
overview of the neutron diffraction data recorded at different
temperatures below and above Ty = 3.3 K. With decreasing
temperature, a broad diffuse magnetic peak appears at Q ~
0.67 A ! below ~6 K, and reveals the presence of short-range
magnetic correlations (in agreement with the susceptibility
and heat capacity curves), a characteristic feature of a 1D spin
system [39]. With further decreasing temperature, the broad
peak becomes more intense and sharper, and it transforms into
the magnetic Bragg peak below Ty = 3.3 K of the long-range
3D magnetic order state.

All the magnetic peaks corresponding to CaCoV,07 can
be indexed with the propagation vector k = (% 0 0). The
magnetic structures compatible with k and the crystal sym-
metry are analyzed with the representation analysis using
the BASIREPS program available in the Fullprof suite [28].
The symmetry analysis reveals that there are four possible
magnetic structures corresponding to the four nonzero ir-
reducible representations (IRs) I',. The magnetic reducible
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FIG. 3. (a) The temperature dependence of the magnetic neutron
diffraction patterns of CaCoV,0; over the temperatures 2-7.5 K,
after the subtraction of nuclear background at 8 K. The additional
Bragg peak at Q ~ 1.4 A~! (marked by asterisks) is from the mag-
netic phase of Co;V,0s. (b) Experimentally observed (red circles)
and calculated (black solid lines) neutron diffraction pattern for the
four phase model (nuclear and magnetic phases for CaCoV,0; and
Co3V,053) at 2 K. The difference between observed and calculated
patterns is shown by the thin blue line at the bottom. The vertical
bars are the theoretical Bragg peak positions for nuclear and mag-
netic phases. (c) A schematic of the UUDD magnetic structure for
CaCoV,0;. (d) Field evolution of the neutron diffraction patterns at
2 K. Intensity of the magnetic peaks were fully suppressed above 3 T
as shown by red stars. The zero field neutron diffraction pattern mea-
sured by using the D20 diffractometer, ILL, [as shown in the right
panel of Fig. 3(b)] is also included for a reference. The up and down
triangles represent the nuclear Bragg peaks which have changes in
the intensities with the magnetic field due to a reorientation of the
powder samples under applied magnetic field.

representation I'n,e for both the magnetic sites is composed
of four IRs as Iy 0 = 31! 431 + 31} 43I},

The basis vectors of these IRs for the two sites Co(1)
and Co(2) are given in Table S6 of the SM [29]. Out of
the four possible magnetic structures, i.e., four I's, the best
refinement of the experimental magnetic diffraction pattern is
obtained for I'y (Fig. 3). The corresponding magnetic struc-
ture for CaCoV,0y7 is shown in Fig. 3(c). Thus, the magnetic
structure is composed of an UUDD spin arrangement along
the chain, as predicted for an Ising J;-J, zigzag AFM chain
in the high frustration regime with J,/J; > 0.5 (Fig. 1).
The UUDD AFM ground state appears due to the order-by-
disorder phenomenon, anticipated for the highly frustrated
conditions J,/J; > 0.5 within this model. Moreover, the neu-
tron diffraction measurements under magnetic field up to
4 T at 2 K unambiguously yield the disappearance of the
antiferromagnetic Bragg-peaks above B, = 3 T, confirming a
QPT from the AFM state to the quantum paramagnetic state
[Figs. 3(d) and 2(f)].

The magnetic phase diagram [Figs. 4(a) and 4(b)] of
CaCoV,07 in the B-T plane has been determined from the

T(K)
N W A~ OO0 OO N

—_

T (K)

2.0 25 3.0 3.5 4.0

FIG. 4. (a) The magnetic phase diagram with paramagnetic
(PM), antiferromagnetic (AFM), quantum-paramagnetic (QPM), and
quantum critical (QC) phases. The solid red line is the calculated
curve by the power law Ty o (B. — B)?. The open centered squares,
stars, vertical triangles, and yellow filled squares represent the C,(T),
x(T), M(B), and single-crystal M (B), respectively. (b) The zoomed
view of the T (B) phase boundary close to the QCP. The solid red
and dashed blue curves are the theoretical curves with the critical
exponents ¢ = 0.164 and 0.5, respectively.

anomalies in the x(7) and C,(T) curves measured under
several applied fields, as well as from M(B) curves measured
at several temperatures (for details see Note III in the SM
[29]). It may be noted that the order-disorder phase boundary
is very sharp close to the B., which makes CaCoV,0; unique
among the compounds showing magnetic-field induced QPT
[40]. The power law Ty = A(B. — B)? fitting of the phase
boundary reveals the exponent ¢ is 0.164(3) and critical field
B, =3.02(4) T. Power-law behavior of the phase bound-
ary is a characteristic feature of quantum criticality. Further,
the magnetic Griineisen parameter I'p curve [for details see
Fig. S7(e) in the SM [29]] clearly distinguishes two regions
viz., a quantum paramagnet where the I'sB = 0.006 is a con-
stant (temperature independent) and the QC state where the
I'sB follows a scaling behavior with the crossover point at
~1.5K/T*?3. The order-disorder QPT is further characterized
by the I'gB vs B plot [inset Fig. S7(e) in the SM [29]] which
shows a sign change at around the QCP, in line with the
theory [41].
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Our experimental results, including an UUDD AFM
ground state, temperature dependent susceptibility, magnetic
specific heat, and ESR, reveal that CaCoV,07 can be well
described by a highly frustrated Ising spin-1/2 zigzag J-J»
AFM chain. Furthermore, our finding of a magnetic-field-
induced QPT in CaCoV,0; through a QCP at a modest
magnetic field of 3 Tesla is unique as it shows an exceptionally
sharp phase transition with a critical exponent ¢ = 0.164(3).
Experimentally, QPT and quantum criticality are realized on
the Ising spin chain materials Sr/BaCo,V,0g [18,19] and
YbAIO; with AFM ground states [42], as well as CoNb,Og
[7] with FM ground state. It is reported for Ising spin-chains
under transverse magnetic field that the 1D and 3D QCPs can
be decoupled with the location of the 1D QCP both inside
and outside of the 3D magnetically ordered phase [19,43]. For
the 3D QCP, the T (B) phase boundary is reported to follow a
power law behavior with a mean-field-like exponent ¢ = 1/2
[3,19]. For the 1D QCP, the T (B) curve is reported to follow
a straight line with the critical exponent ¢ = 1 [18,19] in ac-
cordance with the theory [3]. On the other hand, the exponent
value for the 3D QCP of the Ising spin-chain systems under
a longitudinal magnetic field is reported to be ¢ = 2/3 [44].
For the present compound CaCoV;,07, the experimentally de-
termined value of ¢ = 0.164(3) ~ 1/6 is significantly smaller
than the values for both the transverse and longitudinal field
QPTs, and hence, reveals an unusual sharp QPT.

The observed sharp QPT as found in CaCoV,0; is rare
for any condensed-matter system. We mention here that a
low value of critical exponent ¢ = 0.21 was also recently
reported for TmVO, [14]. It was argued that the bilinear
coupling of the nematic order parameter to acoustic phonons
changes the spatial and temporal fluctuations of the former
in a fundamental way, resulting in the experimentally ob-
served low value of the critical exponent of the field induced

QPT. In the present study, thus, the observation of the low
value of critical exponent indicates that a rare combination
of spin-orbit coupling, competing NN and NNN exchange
interactions, single-ion anisotropy, and low dimensionality in
CaCoV,07 plays an important role in shaping the magnetic
phase diagram. Our results motivate further investigation of
the characteristic spin and lattice dynamics and their coupling
in magnetic fields by Raman spectroscopic measurements or
single crystal inelastic neutron scattering over full Brillouin
zone.

In summary, our experimental results confirm an uncom-
mon field-induced QPT from an ordered AFM state to a
QPM state through a QCP at a moderate magnetic field of
B, =3 T in the 1D zigzag Ising spin-1/2 chain antiferromag-
net CaCoV,0,. The observed unusually sharp QPT with the
exceptionally small critical exponent ¢ = 1/6 and demands a
detailed theoretical investigation. Our results also demonstrate
distinctive quantum critical behaviors at the QCP, including
scaling behaviors of spin dynamics by using the magnetic
Griineisen ratio.
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