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We report neutron scattering and thermodynamic measurements of the quasi-one-dimensional
Ising magnet SrCo2V2Os under transverse fields along the tetragonal a/b direction. Our experi-
ments reveal a Néel-type magnetic order in zero field, which successively changes into a coplanar
antiferromagnetic order in applied fields. The detailed evolution of the non-collinear magnetic order
in magnetic fields can be understood by considering the competition between the intrinsic magnetic
interactions, uniform transverse field, and effective staggered field. Moreover, a series of gapped
discrete confined-spinon modes are observed in zero field. With increasing field, the spin gap pro-
gressively softens, reaching a minimum value at ~ 7 T where the Néel-type magnetic ordering
moment is completely suppressed. This corresponds to the three-dimensional (3D) quantum critical
point (QCP). The implications for multiple QCPs in this class of materials are discussed.

PACS numbers:

I. INTRODUCTION

A quantum criticality typically emerges when tuning a
continuous phase transition to zero temperature by ap-
plication of magnetic fields, pressure or through chemical
doping. Unlike classical critical points, where the criti-
cal fluctuations are limited to a narrow region around
the phase transition, the influence of a quantum critical
point (QCP) persists over a wide range of temperatures
above the QCP, where exotic phenomena such as non-
Fermi liquid behavior or unconventional superconductiv-
ity may emerge [1].

The one-dimensional (1D) transverse-field Ising model
and its anisotropic generalization 1D transverse-field
XXZ model is ideally suitable for the study of quantum
criticalities, as this model is exactly solvable and the as-
sociated quantum states are highly field-tunable [1-7].
Recently, the quasi-one-dimensional spin-chain antifer-
romagnet BaCosV5Og, which can be well described by
the 1D XXZ model with medium Ising-type anisotropy
(A ~ 2), has attracted great interest in the commu-
nity [8-17]. BaCo2V30g exhibits an easy-axis anisotropy
along the ¢ axis (chain axis) and the weak inter-chain in-
teraction leads to a 3D long-range Néel order below T
~ 5.5 K. The 3D long range magnetic order can be sup-
pressed by a relatively weak transverse magnetic field of
10 T along the tetragonal a/b direction [9, 10, 12], as
the transverse field can induce a perpendicular effective
staggered field owing to the presence of the screw chain
structure, where the the local easy axis of the CoOg oc-
tahedra is tilted by ~ 4.8 °from the ¢ axis [9, 10, 13, 15].

It has been predicted theoretically that Fg excitations,
which are exotic bound states with emergent Eg symme-
try (a Lie algebra of rank 8), would appear in the vicinity
of the QCP of the 1D transverse field Ising model per-
turbed by a longitudinal field [4, 18, 19]. The ratios of the
masses of the eight Eg particles are related to the roots
of the Eg algebra and can be determined analytically
[18, 19]. The first two meson particles of the Eg exci-
tations spectrum were indeed observed in the quasi-one-
dimensional Ising ferromagnet CoNbyOg [4, 20]. Very
recently, inelastic neutron scattering (INS) and the tera-
hertz spectroscopy measurements have revealed a series
of sharp modes in BaCosV2Og under applied field of 4.7
T along the tetragonal b direction [16, 17]. The energy
ratios of these excitations are close to the expected value
for Eg excitations. These results were interpreted as ev-
idence for a 1D quantum criticality at the field of 4.7 T
in BaCOQVQOg [16, 17]

The situation is less clear in the sister compound
SrCosV20g, as a recent nuclear magnetic resonance
(NMR) measurement suggests the presence of a 1D QCP
at 7.7 T, which is above the 3D critical field of 7 T under
applied fields along the a direction [21]. At this field, the
staggered longitudinal field induced by 3D magnetic or-
der that is believed to be essential for the Fg excitations
is no longer present [17]. It is therefore particularly inter-
esting to elucidate the evolution of the magnetic struc-
ture and spin excitations in transverse fields to reveal
the nature of the underlying quantum phase transitions
in SrCosV50g.
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FIG. 1: Schematic of the lattice and magnetic structure for
SrCo2V20s at zero field. Only two chains in the unit cell
are plotted for clarity and the arrows indicate the magnetic
moments below Tx.

II. METHODS

Our SrCosV40g single crystals were grown using the
floating-zone method [22]. First, polycrystalline sam-
ples were synthesized by the standard solid state reaction
method. Stoichiometric ratios of SrCO3, CoCy04 - 2H50
and V305 powders were mixed and ground in a mortar.
The mixture was packed into an alumina crucible and
calcined at 850 °C in air for 72 h with several intermedi-
ate grindings. The product was pressed into pellets and
sintered at 900 °C in air for 36 h. The resulting powder
was packed into latex tubes and pressed into rods with
a diameter of 8 mm under 300 MPa hydrostatic pres-
sure. The obtained rods were sintered at 1000 °C for 4 h
in a vertical furnace. The resulting feed rods were then
transferred into an optical floating zone furnace for the
crystal growth. During the growth, the feed rod and the
crystal were counter-rotated at 24.6 rpm and 29.2 rpm,
respectively and the growth rate was set at 0.5 mm/h.
High quality single crystals of SrCosV20g up to 10 cm
in length can be grown in a flowing mixture of oxygen
(20%) and argon (80%) at ambient pressure.

We have performed specific heat and DC magnetiza-
tion measurements on small pieces of crystals cutting
from large single crystals. The specific heat down to
0.4 K was measured in a Physical Property Measure-
ment System (Quantum Design) with the adiabatic ther-
mal relaxation technique. The temperature- and field-
dependent magnetization was measured in a Physical
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FIG. 2: Magnetic susceptibility measurements on SrCo2V20s
single crystal, under magnetic field H = 1 T applied along the
b and c directions. The inset shows the magnetic susceptibility
curves near the transition temperature. The vertical line at 5
K indicates the transition temperature.

Property Measurement System (Quantum Design) and
a Superconducting Quantum Interference Device (Quan-
tum Design) magnetometer, respectively.

The neutron scattering measurements were carried out
on the SPINS cold triple-axis spectrometer, the DCS
chopper time-of-flight spectrometer at the NIST Cen-
ter for Neutron Research (NCNR), United States and
the cold neutron multi-chopper spectrometer LET at the
ISIS Facility, Rutherford Appleton Laboratory, Didcot,
UK [23, 24]. The same piece of SrCoyV,Og single crys-
tal with the mass of 4.7 grams was aligned in the (H, 0,
L) scattering plane and the magnetic fields were applied
along the crystallographic b direction (equivalent to the a
direction) for the SPINS and the DCS experiments. For
the SPINS experiment, all data were measured at 1.5 K
using the vertical focusing pyrolytic graphite monochro-
mator and analyser. A cold Be filter was installed after
the sample and the final neutron energy was fixed at 5
meV. The collimation of Guide-20’-sample-20’-open was
used and the energy resolution was ~ 0.3 meV. For the
DCS experiment, the data were measured at 1.5 K with
the incident energies of 13.1 meV and 6.68 meV. The cor-
responding energy resolution is ~ 0.63 meV and ~ 0.23
meV, respectively. For the LET experiment, 2 pieces
of single crystals (7.7 g) were co-aligned in the (H, K,
0) plane for the measurements. The measurements were
carried out at 2 K with the incident neutron energies of
20.1 meV, 7.0 meV, 3.5 meV and 2.1 meV [25]. The
DCS and LET data were analysed using the DAVE and
Horace-Matlab suite, respectively [26, 27]. Wave vec-
tor Q is defined as Q = Ha* + Kb* + Lc*, where H,
K, L are Miller indices and a* = a2x/a, b* = 1327r/b,
c* = &2 /c with a = b = 12.267 A, ¢ = 8.424 A.
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FIG. 3: Heat capacity measurements on SrCo2V2Os single
crystal under magnetic fields along the b direction. An off-
set has been added in each heat capacity curve for clarity
and the heat capacity data are raw data without background
subtraction.

III. RESULTS AND DISCUSSION

SrCos V5 Og exhibits a tetragonal crystal structure with
four screw chains of Co?* ions propagating along the
crystallographic ¢ direction per unit cell (Fig. 1, only two
screw chains are plotted for simplicity). The magnetic
chains are well separated by the nonmagnetic V5 and
Sr?* ions. Combining the effect of spin-orbit coupling
and the crystal electric fields in the CoOg octahedra, the
Co?* ions exhibit the Kramers doublets ground state and
can be well described by an effective spin-1/2 moment
[28, 29]. There is a subtle tilt (~ 5.1 °) of the local easy
axis of the CoOg octahedra with respect to the ¢ direction
in SrCosV50g, and such tilt will lead to staggered fields
along the a and c directions when applying a uniform
field along the b direction [10].

Figure 2 illustrates the magnetic susceptibility on our
SrCoyV2Og single crystal under magnetic field H =1 T
applied along the b and ¢ directions between 2 K and 300

K. The susceptibility with H//c exhibts a broad hump
feathure at ~ 40 K followed by an abrupt drop at ~ 5 K.
When the magnetic field is applied along the b direction,
a sharp peak in susceptibility is observed at ~ 5 K. The
heat capacity curve also shows sharp anomalies at ~ 5
K in zero field, indicative of a magnetic phase transition
[Fig. 3]. These results are broadly consistent with pre-
vious reports [30, 31]. The anomalies in heat capacity
are progressively suppressed by transverse fields applied
along the b direction and eventually vanish at the critical
field of 7 T [Fig. 3].

Figure 4 shows the magnetization as a function of a
transverse field, which exhibits weak anomalies near the
phase transition. The anomalies can be seen more clearly
in the field derivative of the magnetization curves [Fig.
4]. This, together with the heat capacity measurements,
results in the phase diagram shown in Fig. 5. On the
other hand, no anomalies in magnetization or heat ca-
pacity near 7.7 T could be identified associated with the
possible 1D QCP suggested by the NMR measurements
[21].

In order to elucidate the evolution of the magnetic
phase transitions seen in heat capacity and magnetiza-
tion measurements, we used neutron scattering to mea-
sure the structural and magnetic ordering properties in
SrCos V5 0g in transverse fields. It is shown that the mag-
netic Bragg peak Q = (2, 0, 1) associated with the 3D
Néel-type magnetic long range order in zero field is gradu-
ally suppressed by the increasing transverse field, leading
to a critical point at 7 T [Fig. 6(a) and 6(b)]. On the
other hand, the intensities of the Bragg peak at Q = (1,
0, 1) and equivalent positions actually increase with in-
creasing field, indicative of a new field-induced magnetic
structure [Fig. 6(a) and 6(c)].

To determine the evolution of the magnetic structures
with field, we mapped out the neutron diffraction inten-
sities in various magnetic fields [Fig. 6(d) and 6(e)]. It
is shown that the nuclear Bragg peaks measured at zero
field can be fitted to a crystal structure with the space
group I4;cd (No. 110). The magnetic peaks measured
at zero field are indexed to the wavevector k = (0, 0, 1)
and fitted to magnetic structure consisting of 1D antifer-
romagnetic chains along the c-axis. Inter-chain correla-
tions are ferromagnetic along the a- (or b-) direction and
antiferromagnetic along the b- (or a-) direction, resulting
in two magnetic twin domains that can be described by
magnetic space group Prca2; (BNS No. 29.110). The
refinement yields an ordered magnetic moment of m, =
2.23(6) pp where the ratio of the two magnetic domains
are 46(2) : 54(2). The magnetic structure in zero field
is broadly consistent with the Néel-type magnetic order
reported in previous work [22, 32].

Fig. 6(e) illustrates the diffraction pattern at 10 T
above the critical field of 7 T. The refined magnetic struc-
ture with propagation vector k = (0, 0, 0) is shown in Fig.
7(b). The moment along the c-axis is largely suppressed
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FIG. 4: Field dependence of the magnetization of SrCo2V20s
single crystal measured at various temperatures. The field is
applied along the b direction. The red lines denote the field
derivations of the magnetization curves.

while the magnetic moments along the a and b direc-
tions are enhanced. The magnetic structure consists of
antiferromagnetic moments along the a-axis induced by
the staggered field and ferromagnetic moments along the
b-axis induced by the uniform transverse field. The anti-
ferromagnetic moments adopt the magnetic space group
I4;¢’d’ (BNS No. 110.249), with m, = 0.86(6) up, my =
0.58(5) pp-

The magnetic structure is even more complicated at
4 T, below the critical field. The diffraction data reveal
that both the wavevectors k = (0, 0, 0) and k = (0,
0, 1) show magnetic intensities at 4 T. The refinements
show that the magnetic moments are antiferromagneti-
cally aligned within the chain. The moments along the
c-axis are antiferromagnetically aligned between equiv-
alent chains, whereas the moments along the a-axis are
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FIG. 5: Phase diagram of SrCosV2Og under transverse fields
along the b direction. The solid black circles represent the
Néel temperature T determined by the heat capacity mea-
surements and the hollow blue circles represent the critical
fields determined by the magnetization curves. The red line
is a function fit to T ~ (H — H.)"® with the critical field of
H. =~ 6.96 + 0.08 T.

ferromagnetically aligned between equivalent chains [Fig.
7(a)]. In addition, all moments are slightly canted toward
the b-axis due to the transverse field. The refined mag-
netic moments are m, = 0.40(6) pp, my = 0.27(5) up
and m, = 2.0(2) pp. The complicated non-collinear mag-
netic structure is apparently owing to the competition
between the intrinsic magnetic interactions and external
transverse field/staggered field in the intermediate field
regime. Figure 8 summarizes the nuclear and magnetic
structure refinements in various transverse fields along
the b direction, showing good agreement between obser-
vations and calculations.

Having established evolution of the magnetic structure
with field, we now turn to the quantum excitations asso-
ciated with the observed magnetic structure. In contrast
with conventional spin wave like excitations, the spin ex-
citation spectra of SrCoyV,0Og show a series of discrete
modes at zero field below Ty [Fig. 9(a)], which can be in-
terpreted as spinons confined by the inter-chain couplings
induced linear potential [11, 33-35]. At least 3 peaks at
energies of 1.63 meV, 2.32 meV, 2.95 meV can be re-
solved at (0, 0, 2), which are in agreement with previous
inelastic neutron scattering and terahertz spectroscopy
measurements [29, 36]. Interestingly, the discrete sharp
modes persist in applied magnetic fields, although their
intensities and energies are strongly modified [Fig. 9(b)-
(j)]: The lowest energy mode gradually broadened with
increasing transverse magnetic field up to 2 T, and then
split into two modes at higher fields. The low energy
mode reaches a minimum energy at ~ 7 T, which corre-
sponds to the 3D QCP associated with the suppression
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FIG. 7: (a) Schematic of the magnetic structure of
SrCo2V20g under transverse fields of 4 T. Only two chains in
the unit cell are plotted for clarity and the blue balls repre-
sent the Co”" ions. (b) Schematic of the magnetic structure
of SrCo2V20s under transverse fields of 10 T.

of the Néel-type magnetic ordering moment [37]. This is
consistent with our specific heat and magnetization mea-
surements [Fig. 3 and Fig. 4]. On the other hand, the
upper branches of the spin excitations move to higher en-
ergies as the magnetic field increases. In magnetic fields
above the critical field of 7 T, only one sharp mode is
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shows stronger magnetic peaks at the wave vector k = (0, 0,
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discernable.

Figure 10 summarizes the energy ratios of high energy
excitation modes with respect to the lowest energy mode
in SrCo2 V5 Osg. It is shown that the energy ratios increase
monotonically with increasing field. Interestingly, at 3 T,
the energy ratios are close to the expected values of the
FEg excitations, similar to that observed in BaCosV4Og
near 4.7 T [16, 17]. In addition, the intensity ratios of
the observed modes in SrCosV,0Og is also close to that
of BaCoyV320g. In both samples, the peak intensity of
my is lower than that of mo, which was attributed to the
spin exchange anisotropy [17]. If the observed discrete
modes are indeed due to Fg excitations, it suggests the
presence of a 1D QCP at ~ 3 T in SrCoyV20g. We note
that the critical field of SrCosV4Og is slightly lower than
that (4.7 T) of BaCo2V20Os, which is not surprising, as
the 3D quantum critical field of the former is also lower.
This could be simply due to the fact that the tilting angle
of the local easy axis of the CoOg octahedra and the re-
sulting effective staggered field in SrCosV2QOg are larger
than those of BaCosV2Og. However, this critical field is
significantly lower than that (7.7 T) implied by a recent
NMR measurement [21]. These results suggest that the
quantum critical behavior in SrCo;V,0g is more com-
plicated than expected. Further studies are required to
elucidate the relationship between the possible multiple
QCPs in this compound.
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collected at SPINS.

IV. CONCLUSIONS

To conclude, we have studied the evolution of the
magnetic ordering properties and spin excitations in the
quasi-one-dimensional quantum magnet SrCosV,Og in
transverse fields up to 10 T. We show that the magnetic
structure exhibits unconventional spin reorientation tran-
sitions due to the applied transverse field and staggered
field. The inelastic neutron scattering and thermody-
namic measurements consistently show a 3D QCP at 7 T,
which is associated with the suppression of the Néel-type
magnetic ordering moment revealed by neutron diffrac-
tion measurements. A series of discrete sharp excitation
modes are observed in zero field, which evolve with field
in a similar manner as those of BaCosV2Og. At 3 T, the
energy ratios are close to the expected values of the Ejg
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FIG. 10: The energy ratios of high energy excitation modes
with respect to the lowest energy mode in SrCo2V20s. The
black, red and blue dots indicate the energy ratios of the first,
second and third peaks fitted from the energy scan measured
at each field, respectively. The dashed lines indicate the the-
oretically expected ratios for the Eg excitations adopted from
Ref. [16] and Ref. [18].

excitations. If these discrete modes are associated with
the Fg excitations, it would suggest that the 1D quantum
critical field is much lower than that (7.7 T) implied by a
recent NMR measurement, indicating a rather complex
QCP behavior in this compound.
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