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Magnetic excitations in the spin chain candidate Sr2V30Og have been investigated by inelastic
neutron scattering on a single crystal sample. A spinon continuum with a bandwidth of ~ 22 meV
is observed along the chain formed by alternating magnetic V4* and nonmagnetic V°* ions, which
reveals the importance of the orbital degree of freedom in determining the chain axis as identified by
prior electronic structure calculations. Incipient magnetic Bragg peaks due to weak ferromagnetic
interchain couplings emerge when approaching the magnetic transition at T ~ 5.3 K while the
excitations remain gapless within the instrumental resolution. Comparisons to the Bethe ansatz,
density matrix renormalization group (DMRG) calculations, and effective field theories confirm
Sr2V3Oyg as a host of weakly coupled S = 1/2 chains dominated by antiferromagnetic intrachain

interactions of ~ 7.1(1) meV.
I. INTRODUCTION

Spin chains are one of the simplest models that il-
lustrate many fundamental concepts in quantum mag-
nets [1]. The reduced number of neighboring sites
greatly enhances quantum fluctuations and promotes ex-
otic phenomena like spinon excitations [2, 3] and valence
bonds [4]. Compared to higher dimensional systems,
an advantage of the chain models is that they can be
solved with high accuracy [5]. Starting from the Bethe
ansatz for the S = 1/2 Heisenberg chains [2], analyti-
cal or numerical solutions for spin chains have been ob-
tained for various types of chains that incorporate per-
turbations like Ising anisotropy, interchain couplings, and
magnetic fields, thus allowing a thorough understand-
ing of a plethora of novel phenomena including Zeeman
ladders [6-10], psinon excitations [11, 12], and Bethe
strings [13-18].

The strontium vanadate SroV3Og has been proposed
as a host of the S = 1/2 Heisenberg antiferromag-
netic chain (HAFMCQC) [19, 20]. Sr2V3Og belongs to the
monoclinic C2/c space group, with lattice constants de-
termined as a = 7.55, b = 16.28, ¢ = 6.95 A, and
B = 119.78° [21]. We note that Refs. [19] and [20] use
a different crystal structure than we use where the ¢
axis corresponds to our a + ¢ axis. In SryV3QOg, the
V-0 layers in the ac planes are separated at a large dis-
tance of ~ 8.14 A by the Sr layers along the b axis.
As shown in the inset of Fig. 1, within the V-O layers,
the V4 Og octahedra containing the magnetic V4* ions
(S = 1/2) share corners along the a + ¢ direction, de-

noted as [101] in real space. The V** ions inside the
octahedra are displaced towards the shared apical oxy-
gen ions. Along the a — ¢ direction, denoted as [101],
the V4*+QOg octahedra are linked across the nonmagnetic
V5t 0, tetrahedra. Surprisingly, thermal transport mea-
surements on a crystal sample indicate the spin chains
are along the [101] direction [22, 23], suggesting stronger
spin couplings across the nonmagnetic V+ Oy tetrahe-
dra. Although such a scenario was first proposed by
both extended Hiickel tight binding (EHTB) electronic
structure calculations [24] and density functional theory
(DFT) calculations [25, 26], direct spectroscopic evidence
for chain physics in SroV3QOyg is still missing.

Here we utilize neutron scattering to study the spin dy-
namics in SroV30g. A gapless spinon continuum, which
is a characteristic feature of the S = 1/2 Heisenberg
chain, is observed at temperatures down to ~ 5 K. The
chain direction is determined to be along the a — ¢ direc-
tion, thus verifying the scenario deduced from the ther-
mal transport experiments [22, 23] and confirms the im-
portance of the orbital degree of freedom in determining
the chain axis [24-26]. By comparing inelastic neutron
scattering (INS) spectra with the Bethe ansatz, density
matrix renormalization group (DMRG) calculations, and
field theories, we conclude that SroV30Og hosts weakly
coupled S = 1/2 HAFMCs.

II. METHODS

SraV30g crystals were prepared using a floating zone
image furnace following reported procedures [22]. In or-



der to synthesize phase pure SroV3QOg, polycrystalline
SroVoO7 was first prepared using a stoichiometric SrCO3
and VoO5 powder mixture fired at 700°C for 72 hours
in air. The obtained SraV,07 powder was then mixed
with VO, powder in a molar ratio of 1:1. The mix-
ture was pressed into a rod of ~ 7 mm in diameter,
~ 10 cm in length, and then annealed at 540°C in ar-
gon for 24 hours. The following floating zone growth was
performed using a NEC two-mirror image furnace. As is
reported in Ref. [22], the twice-scanning technique is uti-
lized for this growth. The first scan was a fast scan with
a speed of 35 mm/h under flowing Ar of 2.5 atm. The
second growth scan was done using a speed of 1 mm/h
in the same gas flow. Several large segments of single
crystal were obtained. These crystals were then oriented
by backscattering X-ray Laue diffraction in preparation
for the neutron scattering measurements. DC magnetic
susceptibility measurements were performed at temper-
atures of 2-300 K using a Quantum Design supercon-
ducting quantum interference device - Vibrating Sample
Magnetometer (SQUID-VSM). The sample was cooled in
zero-field (ZFC) and measured in an external field of 0.5
T for increasing temperatures.

Inelastic neutron scattering (INS) experiments on
SroV30g were performed on the fine-resolution Fermi
chopper spectrometer SEQUOIA at the Spallation Neu-
tron Source (SNS) of the Oak Ridge National Labora-
tory (ORNL). A single crystal with mass of ~200 mg
was aligned with the b axis vertical. A closed cycle re-
frigerator (CCR) was employed to reach temperatures,
T, down to 5 K. Incident neutron energies were F; = 35,
10, and 4 meV. For the F; = 35 meV measurements, a
Fermi chopper frequency of 240 Hz was used with the
high flux chopper. Data were acquired by rotating the
sample in 1° steps about its vertical axis, covering a total
range of 165° at T = 5, 20, and 50 K. For the F; = 10
and 4 meV measurements, a Fermi chopper frequency of
120 Hz was used with the high resolution chopper. Data
for the E; = 10 meV (4 meV) measurements at 4 K were
acquired by rotating the sample in 1° (0.4°) steps, cov-
ering a total range of 200° (39.2°). Measurements of an
empty sample holder were subtracted as the background.
Data reductions and projections were performed using
the MANTID software [27].

For the theoretical calculations, the canonical one-
dimensional isotropic S = 1/2 HAFMC model described
by the Hamiltonian % = J 3\, Si-S; is adopted, where
the summation is over the nearest neighbors (NN) along
the chain direction. The 7" = 0 dynamical spin struc-
ture factor was calculated in the algebraic Bethe ansatz
approach using the ABACUS algorithm [28]. The cal-
culation was performed on a system of L = 500 sites
with periodic boundary conditions, using an energy step
of Aw = 0.002J. A Gaussian energy broadening of
0.02J =~ 0.142 meV was applied. A sum rule saturation
of 99% was reached, which can be compared with the
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FIG. 1. Magnetic susceptibility of SraV30Og measured in a
5 kOe field. An antiferromagnetic transition is observed at
Tn = 5.3 K as a sharp peak. Black arrow indicates the upturn
in x(T') above Tn. Red solid line is the fit to the x(T") in the
temperature range of [10, 300] K, as described in the text.
Inset is the Sra2V3QOg crystallographic structure viewed along
the b axis. The V*tQg octahedra and V°T Q4 tetrahedra
are shown in red and blue, respectively. V** ions inside the
V4t 0 octahedra are displaced towards one of the two apical
oxygen atoms shared by the neighboring V4T Og octahedra.
Positions of the Sr?" ions are not shown for clarity.

approximately 98% saturation expected from the two-
and four-spinon contributions to the total intensity in
the thermodynamic limit [29].

Theoretical spectra were also calculated using the
density matrix renormalization group (DMRG) tech-
nique [30, 31] as implemented in the DMRG++ code [32].
The calculations were carried out using the Krylov-space
correction vector approach [33, 34] with open boundary
conditions. Targeting a truncation error below 1071, a
minimum of 100 and up to 1000 states were kept during
our DMRG calculations. The half width at half max-
imum of the Lorentzian energy broadening was set as
0.1J. For the T = 0 DMRG calculations, we used a
chain with N = 100 sites, while for the T" > 0 calcula-
tions we adopted a system of 50 physical and 50 ancilla
sites, using the ancilla (or purification) method [35-37].
Examples of input files and more details can be found in
the Supplemental Materials [38].

III. RESULTS AND DISCUSSIONS

As a reference for the temperature evolution of the spin
correlations, Fig. 1 presents the magnetic susceptibility
X(T') measured on pulverized single crystals of SraV3Og.
A broad hump around T = 50 K signals strong short-
range spin correlations. Following Ref. [19], we fit x(7)
to x1p + X1 + Xvv, Where x1p is the polynomial approx-



imation of the contribution from a S = 1/2 Heisenberg
chain [39], xpr is a Curie-Weiss term to account for the
upturn at low temperatures, and X, is a temperature-
independent Van Vleck contribution. The fitted intra-
chain coupling strength is J = 6.95(5) meV, which is
close to the previously reported value [19]. An antifer-
romagnetic transition is observed at Ty ~ 5.3 K, in-
dicating the existence of weak interchain couplings J| .
An upturn in x(7) starting at ~ 25 K down to Ty,
which is described by the yrr term, has been ascribed
to the antisymmetric Dyaloshinskii-Moriya (DM) inter-
actions [19, 20], although such a scenario cannot be di-
rectly verified in our zero-field experiments [40, 41].

The existence of a magnetic ordered state below T is
directly confirmed by the neutron scattering data mea-
sured at T'= 5 K. For the elastic map shown in the left
panel of Fig. 2(a), the data collected at T' = 50 K is sub-
tracted to expose the weak magnetic reflections. Unless
otherwise stated, all presented neutron scattering data
are integrated along the (0,k,0) direction in the range of
k = [—4,4] reciprocal lattice units (r.l.u.) to improve
counting statistics. Therefore, the strongest magnetic
reflection in Fig. 2(a), (1/2,k, —1/2), can be indexed as
(1/2,1,—1/2), revealing the magnetic propagation vec-
tor to be ¢ = (1/2,0,1/2). As this g vector indicates
parallel spin alignment along the a + ¢ direction, we can
conclude that the weak interchain coupling should be fer-
romagnetic assuming a collinear spin alignment along the
chain with the strongest interchain couplings arising from
the corner-sharing V4*+ Qg octahedra along the a + ¢ di-
rection. Previous DFT calculations also reveal such in-
terchain couplings to be ferromagnetic [25]. A thorough
examination of the magnetic structure will be useful to
fully confirm the assumption of a collinear magnetic or-
der.

At an energy transfer of £ = 3 meV, the constant en-
ergy map shown in the right panel of Fig. 2(a) exhibits
narrow streaks along the (h, 0, h) direction. Such a highly
anisotropic scattering pattern is direct evidence for the
emergence of spin chains in SraV3QOg, with chains running
along the a — ¢ direction. Considering that the displace-
ment of the V4t ions inside the octahedra relieves the
degeneracy of the ¢y, orbitals [19, 20], leaving the dy,, or-
bital as the ground state configuration and thus greatly
reducing the orbital overlapping along the V4T-Q2~-V4+
exchange path along the a + ¢ direction, the observation
of spin chains along the a — ¢ direction directly confirms
the importance of the orbital degree of freedom in deter-
mining the chain axis [24-26]. Weak modulation along
the streaks can be ascribed to the perturbations due to
interchain couplings. In the Supplemental Materials [38],
we present slices along the (0, &, 0) the (h, 0, h) directions,
which reveal very weakly dispersive excitations due to
marginal interchain couplings.

After integrating the INS data along the (h,0,h) di-
rection within a range of 6h = [-1.2,1.2] r.l.u., the
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FIG. 2. (a) Constant energy slices of the SroV3Og INS spectra
S(Q,w) in the (h,0,1) plane at E = 0 and 3 meV integrated
over the energy range of [—2,2] and [2,4] meV, respectively.
Data is plotted on an orthogonal coordinate system for clar-
ity. The incident neutron energy is E; = 35 meV with the
measuring temperature 7' = 5 K. Intensity in the slice at
E = 3 meV is multiplied by a factor of 2 for better visibil-
ity. In the E = 0 meV slice, circles and squares indicate the
magnetic and nuclear Bragg peaks, respectively. (b) Compar-
ison between the experimental and theoretical S(Q,w) along
the (h,0,h) direction. The experimental data is integrated
over the range of 6h = [—1.2,1.2] r.l.u. along (h,0,h). For
the calculated cross section, a constant intensity is added to
account for any measurement background. Dashed lines are
the lower and upper boundaries of the 2-spinon continuum
for J = 7.1 meV. (c) Scattering intensity as a function of E
at h = 0, 0.25, and 0.5 along (h,0,h). Black dashed line is
a fit to the background scattering at h = 0 using a Gaussian
function plus a step function. Red solid line is a fit to the
spinon continuum plus the background. (d) Scattering inten-
sity as a function of (h,0,h) at E = 5, 10, and 15 meV. Black
dashed line indicates the constant background extracted from
the scan at h = 0 in panel (c). Red solid line is a fit to the
spinon continuum plus the background. The abbreviation a.u.
for intensity stands for arbitrary units.

excitation spectra along the (h,0,h) direction are ob-
tained. As shown in the left panel of Fig. 2(b), the spec-
tra exhibit a continuum of excitations up to ~ 22 meV,
which is a typical feature of fractional spinon excita-
tions of HAFMCs [42-46]. The lower and upper bound-
aries of the 2-spinon continuum can be described by
wr(q) = (7/2)J|sing| and wy(q) = wJ]|sin(q/2)|, re-
spectively, where J is the strength of the intrachain cou-
plings [42]. To describe the shape of the spinon contin-
uum in SryV3QOg, J = 7.1(1) meV is determined by a
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FIG. 3. (a) Low-energy section of the INS spectra S(Q,w)
measured with an incident neutron energy of E; = 10 meV.
Data along directions perpendicular to the chain have been
integrated for better statistics. (b) Scattering intensity as a
function of E integrated over the range of dh = [0.49,0.51]
r.lu. along (h,0,—h). Red line is the theoretical scattering
cross section for a HAFMC plus a constant background ob-
tained by integration in the range dh = [0.29,0.31] r.l.u. off
the spinon continuum. (c),(d) Similar as panels (a),(b) with
a lower E; = 4 meV.

x? fit of the spinon continuum, and the corresponding
boundaries are overplotted in Fig. 2(b) as dashed lines.
The value of J we determine agrees well with our and
prior values found from magnetic susceptibility measure-
ments, 7.07 meV, [19]. Weak scattering intensities are
observed outside the continuum boundary, including a
step like excitation below ~ 12 meV and a broad flat
band around ~ 23 meV. Since these features exhibit no
systematic wavevector dependence [38], they may be as-
cribed to the background scattering due to possible oxy-
gen deficiency and the consequent valence variance of the
vanadium ions, or to multiple scattering involving elastic
incoherent scattering from vanadium followed by inelas-
tic scattering from the spinon continuum or aluminum
phonons [47] of the sample environment, respectively.

Various analytical and numerical methods have been
developed to describe the dynamical structure factor of
the HAFMCs. Here we first compare the INS spectra
of SroV30g9 to the cross section calculated by the Bethe
ansatz. The 2-spinon continuum is known to account for
~ 71 % of the total spectral weight [29, 45, 48, 49], while
the remaining spectral weight is mostly accounted for by
the 4-spinon continuum [29, 45, 50]. As a zero tempera-

ture calculation method, the comparison with the exper-
imental data acquired at 5 K is justified since the overall
bandwidth of the system, which sets the relevant energy
scale of the 1D fluctuations, is at much higher energy
scales than the measuring temperature.

For J = 7.1 meV, the calculated spectral function is
shown on the right panel in Fig. 2(b). The calculated
data are convolved by a Gaussian function with a full-
width-half-maximum of AQ = 0.1 r.l.u. along the @) axis
and by the instrumental energy resolution along the F
axis [38]. More detailed comparisons for scans at con-
stant @ and FE are presented in Fig. 2(c¢) and (d), respec-
tively. For the background scan at h = 0, the intensity
is fitted by a Gaussian function plus a step function to
account for the additional scattering at ~ 12 meV de-
scribed earlier. This is then added to the other calculated
spectra shown in Fig. 2(c) and (d). The calculation re-
produces the INS spectra, thus confirming the existence
of HAFMCs in SraV3Og.

The obtained strength of the intrachain coupling of
J = 7.1(1) meV, together with the magnetic long-range
order transition temperature Ty= 5.3 K, allows an es-
timate of the strength of the ferrromagnetic interchain
coupling J, . Following the mean field analysis [19, 51],
|J1| is estimated to be ~ 0.16 meV, which is ~ 2.3 % of
the intrachain coupling J. This agrees well with the ex-
tent of the dispersion measured orthogonal to the chain
direction [38].

In order to resolve a possible gap in the spinon excita-
tions, further INS experiments were performed with lower
incident energies of E; = 10 and 4 meV. Figure 3 sum-
marizes the spectra after full integrations along directions
perpendicular to the chain. As compared in Fig. 3(b) and
(d), the spectra at (1/2,0,—1/2) follows the theoretical
dynamical structure factor down to ~ 0.1 meV. There-
fore, it can be concluded that the spinon excitations in
SraV3Og are gapless within the instrumental resolution
of ~ 0.1 meV.

The temperature evolution of the INS spectra is sum-
marized in Fig. 4. For T'= 20 and 50 K, the constant-E
map at an energy transfer of £ = 3 meV is compared in
Fig. 4(a). The main features are similar to the map at
T =5 K shown in Fig. 2(a), but the scattering intensity
is weaker at elevated temperatures. Figure 4(b) com-
pares the intensity along the (h,0, h) direction at T =5,
20 and 50 K. The intensity contrast along the streaks is
reduced at elevated temperatures as thermal fluctuations
overcome the interchain couplings.

After integration in the range of 6h = [—1.2,1.2] r.L.u.
along the (h, 0, h) direction, the spectral functions along
(h,0, —h) are compared in Fig. 4(c) for T' = 20 and 50 K.
The dashed lines outline the 2-spinon continuum for J =
7.1 meV as in Fig. 2(b). Besides the reduced scattering
intensities, the excitations become softened at elevated
temperatures, with a significant fraction of the scattering
intensity lying below wy (¢) at T = 50 K.
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FIG. 4. (a) Constant energy slices of the SraV3Og INS spec-
tra S(Q,w) in the (h,0,l) plane measured at T = 20 (left)
and 50 K (right). Data is integrated over the energy range
of [2,4] meV and is plotted on an orthogonal coordinate sys-
tem for clarity. (b) Comparison of the scattering intensity
along (h,0,h) measured at T = 5 (gray circles), 20 (red
triangles), and 50 K (purple squares). Data is integrated
over the range of éh = [0.45,0.55] r.l.u. along (h,0,—h) and
E = [2,4] meV. Data at 20 (50) K is shifted along the z
axis by 1.5 (3) for clarity. (c¢) S(Q,w) along (h,0, —h) mea-
sured at T' = 20 (left) and 50 K (right). Data is integrated
over the range of h = [—1.2,1.2] r.L.u. along (h,0,h) and
0k = [—4,4] r.lu. along (0, k,0). Dashed lines are the lower
and upper boundaries of the 2-spinon continuum for J = 7.1
meV. (d) Comparison of the scattering intensity as a function
of E measured at T = 5 (gray circles), 20 (red triangles),
and 50 K (purple squares). Data is integrated over the range
of 6h = [0.475,0.525] along (h,0,—h). At each temperature,
the spectra at @@ = 0 measured at T' = 5 K is subtracted as
the background. Red solid (black dash-dotted) lines are the-
oretical scattering cross sections calculated by DMRG (field
theory) at T' = 50, 20, and 0 K (50, 20, and 5 K) assuming
J = 7.1 meV. Data at 20 (50) K is shifted along the z axis
by 1.5 (3) units for clarity.

According to theoretical calculations [52], an intensity
transfer from (h = 1/2,w — 0) to (h = O,w — 0) is
expected in the spectra function S(q,w) at elevated tem-
peratures due to thermal fluctuations. Although such an
intensity transfer is not directly probed in our experi-
ment, it may induce a peak at nonzero energies in the
constant-Q) scan at h = 0.5 as the zero energy intensity
is greatly reduced. Figure 4(d) compares the constant-Q
scans at h = 0.5 for T = 5, 20, and 50 K. Theoretical
spectral functions calculated by the DMRG method at
the corresponding temperatures are plotted as red solid
lines, which reproduce the spectral function over a large

range of energy transfers. At T = 50 K, the reduced
intensities around F = 0 is consistent with the theoreti-
cal prediction of the HAFMCs, thus confirming the chain
physics in SroV30Og.

The temperature evolution of the scattering intensity
for S = 1/2 HAFMCs has also been investigated through
effective field theories in the continuum limit [53, 54]. At
relatively low energy transfers, the energy dependence of
the cross section at ¢ = (1/2,0,—1/2) is expressed as

S(w) o (ny + 1>Im{} L (W‘jﬂ)]} G

with the p(x) function defined as

(2)

In this expression, n,, is the Bose factor and I' is the com-
plex gamma function. Using this expression, we calculate
the cross section for S = 1/2 HAFMCs for energies up to
16 meV. The calculated results, with a fitted scale factor,
are shown in Fig. 4(d) as dash-dotted lines. In the calcu-
lated energy range, the field theoretical results capture
the temperature evolution of both the experimental data
and and the DMRG results, which further justifies the
existence of HAFMCs in SryV30Oy.

IV. CONCLUSIONS

The existence of S = 1/2 HAFMCs in SraV3Oyg is spec-
troscopically confirmed through inelastic neutron scat-
tering experiments and comparison with numerical sim-
ulations and mean field approximations. A spinon con-
tinuum is observed along the (h,0,h) direction, verify-
ing that the intrachain couplings are mediated by the
nonmagnetic VT ions and thus confirming the impor-
tance of the orbital degree of freedom in determining the
chain axis. The spinon continuum, with a bandwidth of
~ 22 meV, indicates the strength of the intrachain cou-
plings to be ~ 7.1(1) meV. Despite the magnetic tran-
sition at Ty ~ 5.3 K, the excitations in SroV3Og re-
main gapless down to 5 K. Through comparisons to the
Bethe ansatz, the density matrix renormalization group
(DMRG) calculations, and the field theories, we con-
clude that SroV3Og is a host of weakly coupled S = 1/2
HAFMCs.
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