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Magnetic excitations in the spin chain candidate Sr2V3O9 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 V5+ 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 TN ∼ 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
Sr2V3O9 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 fractional spinons [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 Sr2V3O9 has been proposed
as a host of the S = 1/2 Heisenberg antiferromag-
netic chain (HAFMC) [19, 20]. Sr2V3O9 belongs to the
monoclinic C2/c space group, with lattice constants de-
termined as a = 7.55, b = 16.28, c = 6.95 Å, and
β = 119.78◦ [21]. We note that Refs. [19] and [20] use
a different crystal structure than we use where the c
axis corresponds to our a + c axis. In Sr2V3O9, the
V-O layers in the ac planes are separated at a large dis-
tance of ∼ 8.14 Å by the Sr layers along the b axis.
As shown in the inset of Fig. 1, within the V-O layers,
the V4+O6 octahedra containing the magnetic V4+ ions
(S = 1/2) share corners along the a + c direction, de-

noted as [101] in real space. The V4+ ions inside the
octahedra are displaced towards the shared apical oxy-
gen ions. Along the a − c direction, denoted as [101],
the V4+O6 octahedra are linked across the nonmagnetic
V5+O4 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 V5+O4 tetrahe-
dra. Although such a scenario was first proposed by
both extended Hückel tight binding (EHTB) electronic
structure calculations [24] and density functional theory
(DFT) calculations [25, 26], direct spectroscopic evidence
for chain physics in Sr2V3O9 is still missing.
Here we utilize neutron scattering to study the spin dy-

namics in Sr2V3O9. 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−c 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 Sr2V3O9 hosts weakly
coupled S = 1/2 HAFMCs.

II. METHODS

Sr2V3O9 crystals were prepared using a floating zone
image furnace following reported procedures [22]. In or-
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der to synthesize phase pure Sr2V3O9, polycrystalline
Sr2V2O7 was first prepared using a stoichiometric SrCO3

and V2O5 powder mixture fired at 700◦C for 72 hours
in air. The obtained Sr2V2O7 powder was then mixed
with VO2 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
Sr2V3O9 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 Ei = 35,
10, and 4 meV. For the Ei = 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 Ei = 10
and 4 meV measurements, a Fermi chopper frequency of
120 Hz was used with the high resolution chopper. Data
for the Ei = 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 HamiltonianH = J

∑
⟨NN⟩ Si·Sj is adopted, where

the summation is over the nearest neighbors (NN) along
the chain direction. The T = 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 ∆ω = 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 Sr2V3O9 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 χ(T ) above TN . Red solid line is the fit to the χ(T ) in the
temperature range of [10, 300] K, as described in the text.
Inset is the Sr2V3O9 crystallographic structure viewed along
the b axis. The V4+O6 octahedra and V5+O4 tetrahedra
are shown in red and blue, respectively. V4+ ions inside the
V4+O6 octahedra are displaced towards one of the two apical
oxygen atoms shared by the neighboring V4+O6 octahedra.
Positions of the Sr2+ 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 (OBC). Targeting a truncation error below
10−10, a minimum of 100 and up to 1000 states were
kept during our DMRG calculations. The half width at
half maximum 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
χ(T ) measured on pulverized single crystals of Sr2V3O9.
A broad hump around T = 50 K signals strong short-
range spin correlations. Following Ref. [19], we fit χ(T )
to χ1D+χLT+χvv, where χ1D is the polynomial approx-



3

imation of the contribution from a S = 1/2 Heisenberg
chain [39], χLT is a Curie-Weiss term to account for the
upturn at low temperatures, and χvv 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 TN ∼ 5.3 K, in-
dicating the existence of weak interchain couplings J⊥.
An upturn in χ(T ) starting at ∼ 25 K down to TN ,
which is described by the χLT 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 TN 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 q = (1/2, 0, 1/2). As this q vector indicates
parallel spin alignment along the a+ c direction, we can
conclude that the weak interchain coupling should be fer-
romagnetic if assuming a collinear spin alignment along
the chain with the strongest interchain couplings arising
from the corner-sharing V4+O6 octahedra along the a+c
direction.

At an energy transfer of E = 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 Sr2V3O9, with chains running
along the a− c direction. Considering that the displace-
ment of the V4+ ions inside the octahedra relieves the
degeneracy of the t2g orbitals [19, 20], leaving the dxy or-
bital as the ground state configuration and thus greatly
reducing the orbital overlapping along the V4+-O2−-V4+

exchange path along the a+ c direction, the observation
of spin chains along the a− c 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, k, 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 δh = [−1.2, 1.2] r.l.u., the
excitation spectra along the (h, 0, h̄) 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-
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FIG. 2. (a) Constant energy slices of the Sr2V3O9 INS spectra
S(Q,ω) in the (h, 0, l) plane at E = 0 and 3 meV integrated
in 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 Ei = 35 meV with the
measuring temperature T = 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,ω) along
the (h, 0, h̄) direction. The experimental data is integrated
in the range of δh = [−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, h̄). 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, h̄) 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.

tions of HAFMCs [42–46]. The lower and upper bound-
aries of the 2-spinon continuum can be described by
ωL(q) = (π/2)J | sin q| and ωU (q) = πJ | 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 Sr2V3O9, J = 7.1(1) meV is determined by a
χ2 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 the values
calculated based upon EHTB electronic structure calcu-
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FIG. 3. (a) Low-energy section of the INS spectra S(Q,ω)
measured with an incident neutron energy of Ei = 10 meV.
Data along directions perpendicular to the chain have been
integrated for better statistics. (b) Scattering intensity as a
function of E integrated in the range of δh = [0.49, 0.51] r.l.u.
along (h, 0,−h). Red line is the theoretical scattering cross
section for a HAFMC plus a constant background obtained by
integration in the range δh = [0.29, 0.31] r.l.u. (c),(d) Similar
as panels (a),(b) with a lower Ei = 4 meV.

lations which predicts J = 7.07 meV [24]. Weak scatter-
ing intensities are observed outside the continuum bound-
ary, including a step like excitation below ∼ 12 meV and
a broad flat band around ∼ 23 meV. Since these fea-
tures exhibit no systematic wavevector dependence [38],
they may be ascribed to the background scattering due
to possible oxygen deficiency and the consequent valence
variance of the vanadium ions, or to multiple scattering
involving elastic incoherent scattering from vanadium fol-
lowed by inelastic 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 Sr2V3O9 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 ∆Q = 0.1 r.l.u. along the Q axis
and by the instrumental energy resolution along the E
axis [38]. More detailed comparisons for scans at con-
stant Q and E 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 Sr2V3O9.
The obtained strength of the intrachain coupling of

J = 7.1(1) meV, together with the magnetic long-range
order transition temperature TN= 5.3 K, allows an es-
timate of the strength of the ferrromagnetic interchain
coupling J⊥. Following the mean field analysis [19, 51],
|J⊥| 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 Ei = 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
Sr2V3O9 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 E = 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 δh = [−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 ωL(q) at T = 50 K.
According to theoretical calculations [52], an intensity

transfer from (h = 1/2, ω → 0) to (h = 0, ω → 0) is
expected in the spectra function S(q, ω) at elevated tem-
peratures due to thermal fluctuations. Although such an
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FIG. 4. (a) Constant energy slices of the Sr2V3O9 INS spec-
tra S(Q,ω) in the (h, 0, l) plane measured at T = 20 (left)
and 50 K (right). Data is integrated in the energy range of
[2, 4] meV and is plotted on an orthogonal coordinate system
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 in the range
of δh = [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 x axis by 1.5 (3) for
clarity. (c) S(Q,ω) along (h, 0,−h) measured at T = 20
(left) and 50 K (right). Data is integrated in the range of
δh = [−1.2, 1.2] r.l.u. along (h, 0, h) and δk = [−4, 4] r.l.u.
along (0, k, 0). Dashed lines are the lower and upper bound-
aries of the 2-spinon continuum for J = 7.1 meV. (d) Compar-
ison 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 in the range of δh = [0.475, 0.525]
along (h, 0,−h). At each temperature, the spectra at Q = 0
measured at T = 5 K is subtracted as the background. Red
solid (black dash-dotted) lines are theoretical scattering cross
section 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 x axis by 1.5 (3) units for clarity.

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 E = 0 is consistent with the theoreti-
cal prediction of the HAFMCs, thus confirming the chain
physics in Sr2V3O9.

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 q = (1/2, 0,−1/2) is expressed as

S(ω) ∝ (nω + 1)Im

{
1

T

[
ρ

(
ω

4πkBT

)]2}
, (1)

with the ρ(x) function defined as

ρ(x) =
Γ( 14 − ix)

Γ( 34 − ix)
. (2)

In this expression, nω is the Bose factor and Γ 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 Sr2V3O9.

IV. CONCLUSIONS

The existence of S = 1/2 HAFMCs in Sr2V3O9 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, h̄) direction, verify-
ing that the intrachain couplings are mediated by the
nonmagnetic V5+ 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 TN ∼ 5.3 K, the excitations in Sr2V3O9 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 Sr2V3O9 is a host of weakly coupled S = 1/2
HAFMCs.
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U. Schollwöck, S. E. Nagler, and C. D. Frost, Multispinon
Continua at Zero and Finite Temperature in a Near-Ideal
Heisenberg Chain, Phys. Rev. Lett. 111, 137205 (2013).

[51] H. J. Schulz, Dynamics of coupled quantum spin chains,
Phys. Rev. Lett. 77, 2790 (1996).

[52] O. A. Starykh, A. W. Sandvik, and R. R. P. Singh, Dy-
namics of the spin- 1

2
Heisenberg chain at intermediate

temperatures, Phys. Rev. B 55, 14953 (1997).
[53] H. J. Schulz, Phase diagrams and correlation exponents

for quantum spin chains of arbitrary spin quantum num-
ber, Phys. Rev. B 34, 6372 (1986).

[54] D. A. Tennant, T. G. Perring, R. A. Cowley, and S. E.
Nagler, Unbound spinons in the S=1/2 antiferromagnetic
chain KCuF3, Phys. Rev. Lett. 70, 4003 (1993).

https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevB.48.10345
https://doi.org/https://doi.org/10.1016/j.cpc.2009.02.016
https://doi.org/10.1103/PhysRevB.60.335
https://doi.org/10.1103/PhysRevE.94.053308
https://doi.org/10.1103/PhysRevE.94.053308
https://doi.org/10.1103/PhysRevB.72.220401
https://doi.org/10.1103/PhysRevB.81.075108
https://doi.org/10.1103/PhysRevB.81.075108
https://doi.org/10.1103/PhysRevB.93.045137
https://doi.org/10.1088/0953-8984/12/39/312
https://doi.org/10.1103/PhysRevLett.79.1750
https://doi.org/10.1103/PhysRevLett.79.2883
https://doi.org/10.1103/PhysRevLett.79.2883
https://doi.org/10.1103/PhysRevB.24.1429
https://doi.org/10.1103/PhysRevB.24.1429
https://doi.org/10.1038/nphys2652
https://doi.org/10.1038/s41467-019-08485-7
https://doi.org/10.1038/s41467-019-08485-7
https://doi.org/10.1103/PhysRevB.77.024301
https://doi.org/10.1103/PhysRevB.77.024301
https://doi.org/10.1103/PhysRevB.54.R12669
https://doi.org/10.1103/PhysRevB.54.R12669
https://doi.org/10.1103/PhysRevB.55.12510
https://doi.org/10.1103/PhysRevLett.111.137205
https://doi.org/10.1103/PhysRevLett.77.2790
https://doi.org/10.1103/PhysRevB.55.14953
https://doi.org/10.1103/PhysRevB.34.6372
https://doi.org/10.1103/PhysRevLett.70.4003


Supplemental Materials for:

Spinon continuum in the Heisenberg quantum chain compound

Sr2V3O9

Shang Gao,1, 2, 3, ∗ Ling-Fang Lin,4 Pontus Laurell,4 Qiang Chen,4 Qing

Huang,4 Clarina dela Cruz,1 Krishnamurthy V. Vemuru,1, 5 Mark D.

Lumsden,1 Stephen E. Nagler,1, 4 Gonzalo Alvarez,6 Elbio Dagotto,2, 4

Haidong Zhou,4 Andrew D. Christianson,2 and Matthew B. Stone1, †

1Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

2Materials Science & Technology Division,

Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

3Department of Physics, University of Science and Technology of China,

Hefei, Anhui 230026, People’s Republic of China

4Department of Physics and Astronomy,

University of Tennessee, Knoxville, TN 37996, USA

5BrainChip Inc., Laguna Hills, CA 92653, USA

6Computational Sciences & Engineering Division

and Center for Nanophase Materials Sciences,

Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

(Dated: July 22, 2023)

1



BACKGROUND SCATTERING

To illustrate the wave vector independence of the background scattering around the en-

ergy transfer of E ∼ 11 and 23 meV, Figs. S1 and S2 present the constant energy slices

within an energy transfer range of δE = [8.5, 12.5] meV and [22.0, 24.5] meV, respectively.

For the slices in Fig. S1, data has been integrated in the range of δh = [−0.1, 0.1] and [0.9,

1.1] r.l.u. along the (h, 0,−h) direction to stay away from the spinon continuum excitations.

For the slices in Fig. S2, the energy transfer is higher than the upper boundary of the spinon

continuum, therefore data is integrated in the range of δk = [−1, 1], [−2, 2], and [−3, 3]

r.l.u. along the (0, k, 0) direction. No systematic wave vector dependence is observed in

these background scattering slices.

The temperature dependence of the background scattering is presented in Fig. S3. Data

is integrated in the range of δh = [−0.1, 0.1] and [0.9, 1.1] in Fig. S3 (a) and (b), respectively.

At E < 5 meV, intensity increases at elevated temperatures due to the intensity shift of the

spinon continuum from (h = 1/2, ω → 0) to (h = 0, ω → 0) as discussed in the main text.

The intensity from the background scattering at E ∼ 11 and 23 meV almost stays constant

with temperature.
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FIG. S1. Constant energy slices at E = 10.5 meV integrated in the energy range of δE =

[8.5, 12.5] meV for data collected at T = 5 K with Ei = 35 meV. Data is integrated along the

(h, 0,−h) direction in the range of δh = [−0.1, 0.1] r.l.u. (a) and δh = [0.9, 1.1] r.l.u. (b).
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INTERCHAIN COUPLINGS

Figure S4(a) presents the INS spectra along the (0, k, 0) direction. Data is integrated in

the range of δh = [−1.2, 1.2] r.l.u. along (h, 0, h). The integration range along the (h, 0,−h)

direction is selected as δh = [0.2, 0.3] r.l.u. where the scattering intensity is the strongest at

the top of the lower boundary of the spinon continuum (see Fig. 2b of the main text). No

dispersion is observed within the instrumental energy resolution, which is consistent with

the relatively large separation of ∼ 8.14 Å between the V-O layers along the b axis.

Figure S4(b) presents the INS spectra along the (h, 0, h) direction. Data is integrated in

the range of δk = [−4, 4] r.l.u. along (0, k, 0). The integration range along the (h, 0,−h)

direction is selected as δh = [0.7, 0.8] r.l.u. for better coverage of the detected area. A

weak dispersion with a bandwidth of ∼ 0.5 meV is observed, which is consistent with the

existence of a magnetic long range order transition at TN = 5.2 K.

INSTRUMENTAL ENERGY RESOLUTION

Detailed information for the instrumental energy resolution of SEQUOIA can be found

in the instrument webpage (https://neutrons.ornl.gov/sequoia/users). For the setups used

in our experiments, the instrumental energy resolution can be described as a function of the
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FIG. S2. Constant energy slices at E = 23.25 meV integrated in the energy range of δE =

[22.0, 24.5] meV for data collected at T = 5 K with Ei = 35 meV. Data is integrated along the

(0, k, 0) direction in the range of δk = [−1, 1] r.l.u., and is plotted on an orthogonal coordinate

system for clarity. (a) and δk = [−2, 2] r.l.u. (b) and δk = [−3, 3] r.l.u. (c).

3



𝛿h = [-0.1, 0.1]

50 K
20 K

0 5 10 15 20 25

E (meV)

0

0.2

0.4

0.6

0.8

1

1.2

In
t.
 (

a
.u

.)

𝛿h = [0.9, 1.1]

0 5 10 15 20 25

E (meV)

0

0.2

0.4

0.6

0.8

1

1.2

In
t.
 (

a
.u

.)

5 K

(a) (b)

FIG. S3. Scattering intensity as a function of E integrated in the range of δh = [−0.1, 0.1] r.l.u.

(a) and [0.9, 1.1] r.l.u. (b) along (h, 0,−h). Data is integrated in the range of δk = [−4, 4] r.l.u.

along (0, k, 0) and δh = [−1.2, 1.2] r.l.u. along (h, 0, h).
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FIG. S4. (a) INS spectra along the (0, k, 0) direction measured at T = 5 K. Data is integrated in

the range of δh = [0.2, 0.3] r.l.u. along (h, 0,−h) and δh = [−1.2, 1.2] r.l.u. along (h, 0, h). (b)

INS spectra along the (h, 0, h) direction measured at T = 5 K. Data is integrated in the range of

δh = [0.7, 0.8] r.l.u. along (h, 0,−h) and δk = [−4, 4] r.l.u. along (0, k, 0).

energy transfer E:

δE|Ei=35 meV = 2.5913× 10−6 × E3 + 4.1543× 10−4 × E2 − 0.0454× E + 1.5881 (1)

δE|Ei=10 meV = 8.7056× 10−6 × E3 + 5.1225× 10−4 × E2 − 0.0147× E + 0.2104 (2)

δE|Ei=4 meV = 5.4111× 10−5 × E3 + 1.1827× 10−3 × E2 − 0.0136× E + 0.0695 (3)

As an example, we plot the instrumental energy resolution for Ei = 35 meV in Fig. S5.
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FIG. S5. Instrumental energy resolution on SEQUOIA for Ei = 35, 10, and 4 meV. The chopper

information for each Ei is listed in the main text.

At the elastic line of E = 0, the energy resolution is δE = 1.59 meV. The energy resolution

improves at higher energy transfers, which is a general dependence for the energy resolution

of direct geometry time-of-flight neutron spectrometers.

REPRODUCING THE DMRG RESULTS.

Install DMRG++

Here, detailed instructions are provided to reproduce the DMRG results presented in the

main text. We closely follow the description in the supplemental material of Ref. [S1], where

similar calculations were performed. The results used in this work were obtained with the

open-source DMRG++ computer software [S2] with version 6.05 and PsimagLite version

3.04. DMRG++ is free and open to community contributions. Please find more details at

https://github.com/g1257/dmrgpp.

The DMRG++ computer program [S2] can be obtained with:

git clone https://github.com/g1257/dmrgpp.git

and PsimagLite:
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git clone https://github.com/g1257/PsimagLite.git

To compile, use:

cd PsimagLite/lib

perl configure.pl

make

cd ../../dmrgpp/src

perl configure.pl

make

For brevity we also run the following commands to define the environment variables:

export PATH="<PATH-TO-DMRG++>/src:$PATH"

export SCRIPTS="<PATH-TO-DMRG++>/scripts"

The documentation can be found at https://g1257.github.io/dmrgPlusPlus/manual.

html or obtained by running:

cd ../..

git clone https://github.com/g1257/thesis.git

cd dmrgpp/doc

ln -s ../../thesis/thesis.bib

make manual.pdf

Obtaining zero-temperature spectra

The main instructions to reproduce our T = 0 results are described as follows. First, to

obtain the ground state, run the DMRG++ package with an input file by using dmrg -f
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inputGS.ain. The input file inputGS.ain has the form as below:

##Ainur1.0

TotalNumberOfSites=100;

NumberOfTerms=2;

### 1/2(S+S− + S−S+) part

gt0:DegreesOfFreedom=1;

gt0:GeometryKind="chain";

gt0:GeometryOptions="ConstantValues";

gt0:dir0:Connectors=[1.0];

### SzSz part

gt1:DegreesOfFreedom=1;

gt1:GeometryKind="chain";

gt1:GeometryOptions="ConstantValues";

gt1:dir0:Connectors=[1.0];

Model="Heisenberg";

HeisenbergTwiceS=1;

SolverOptions="twositedmrg,calcAndPrintEntropies";

Version="version";

OutputFile="dataGS";

InfiniteLoopKeptStates=1000;

FiniteLoops=[

[ 49, 1000, 0],

[-98, 1000, 0],

[ 98, 1000, 0],

[-98, 1000, 0],

[ 98, 1000, 1]];
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# Keep a maximum of 1000 states, but allow

# truncation with tolerance and minimum states

TruncationTolerance="1e-10,100";

# Tolerance for Lanczos

LanczosEps=1e-10;

int LanczosSteps=600;

Threads=4;

TargetSzPlusConst=50;

Note that the input is for S = 1/2. If included, the parameter TargetSzPlusConst

should equal Sz + S ·N , where Sz is the targeted Sz sector and N is the size of the chain.

The next step is to calculate dynamics in a subdirectory Szz. Since the Heisenberg model

is isotropic it is sufficient to consider only the Szz(q, ω) component. Note that we restart

from the above saved ground state and the input file inputSzz.ado is given by:

##Ainur1.0

TotalNumberOfSites=100;

NumberOfTerms=2;

### 1/2(S+S− + S−S+) part

gt0:DegreesOfFreedom=1;

gt0:GeometryKind="chain";

gt0:GeometryOptions="ConstantValues";

gt0:dir0:Connectors=[1.0];

### SzSz part

gt1:DegreesOfFreedom=1;

gt1:GeometryKind="chain";

gt1:GeometryOptions="ConstantValues";
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gt1:dir0:Connectors=[1.0];

Model="Heisenberg";

HeisenbergTwiceS=1;

SolverOptions="twositedmrg,restart,minimizeDisk,CorrectionVectorTargeting";

Version="version";

# RestartFilename is the name of the GS .hd5 file (extension is not needed)

RestartFilename="../dataGS";

InfiniteLoopKeptStates=1000;

### The finite loops pick up where gs run ended! I.e. the edge.

FiniteLoops=[

[-98, 1000, 2],

[98, 1000, 2]];

# Keep a maximum of 1000 states, but allow

# truncation with tolerance and minimum states

TruncationTolerance="1e-10,100";

# Tolerance for Lanczos

LanczosEps=1e-10;

int LanczosSteps=600;

Threads=4;

TargetSzPlusConst=50;

# The weight of the g.s. in the density matrix

GsWeight=0.1;

# Legacy thing, set to 0

CorrectionA=0;

# Fermion spectra has sign changes in denominator. For boson operators (as

in here) set it to 0

DynamicDmrgType=0;
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# The site(s) where to apply the operator below. Here it is the center site.

TSPSites=[50];

# The delay in loop units before applying the operator. Set to 0 for all restarts

to avoid delays.

TSPLoops=[0];

# If more than one operator is to be applied, how they should be combined.

# Irrelevant if only one operator is applied, as is the case here.

TSPProductOrSum="sum";

# How the operator to be applied will be specified

string TSPOp0:TSPOperator="expression";

# The operator expression

string TSPOp0:OperatorExpression="sz";

# How is the freq. given in the denominator (Matsubara is the other option)

CorrectionVectorFreqType="Real";

# This is a dollarized input, so the omega will change from input to input.

CorrectionVectorOmega=$omega;

# The broadening for the spectrum in omega + i*eta

CorrectionVectorEta=0.10;

# The algorithm

CorrectionVectorAlgorithm="Krylov";

#The labels below are ONLY read by manyOmegas.pl script

# How many inputs files to create

#OmegaTotal=200

# Which one is the first omega value

#OmegaBegin=0.0

# Which is the "step" in omega

#OmegaStep=0.025

# Because the script will also be creating the batches, indicate what to measure

in the batches

#Observable=sz
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In the correction vector approach, each ω will correspond to one input. Here, 200 inputs,

corresponding to 200 ω’s, can be obtained and submitted by using the manyOmegas.pl

script:

perl -I ${SCRIPTS} ${SCRIPTS}/manyOmegas.pl inputSzz.ado BatchTemplate <test/submit>.

Before submitting with many ω’s, it is recommended to run with test first or submit with few

ω’s to verify correctness, because those calculations can be time- and computer-consuming.

The BatchTemplate should be a suitable job submission script, such as a PBS script, de-

pending on the machine and scheduler. Note that it must contain the following line:

dmrg -f $$input "<X0|$$obs|P1>,<X0|$$obs|P2>,<X0|$$obs|P3>" -p 10

which allows manyOmegas.pl to reference the appropriate input in each job batch. After all

outputs have been automatically generated and no errors shown in “error.log”, we can use

perl -I ${SCRIPTS} ${SCRIPTS}/procOmegas.pl -f inputSzz.ado -p

perl ${SCRIPTS}/pgfplot.pl

to process and plot the DMRG results.

Obtaining finite-temperature spectra

Next, to obtain the results of the T > 0 calculation, we proceed in three steps as described

in the following. First, the T = ∞ state is obtained as the ground state of a fictitious “en-

tangler” Hamiltonian HE acting in an enlarged Hilbert space [S3–S5]. Second, the physical

system is cooled through evolving in imaginary time with the physical Hamiltonian H acting

only on physical sites, i.e. we evolve with H ⊗ I, where I is the identity operator in the

ancilla space. Third, the operator H ⊗ I + I ⊗ (−H) is adopted to calculate dynamics. We

note that the T > 0 DMRG results discussed in the main text are very time consuming.

In the first step, a conventional (grand canonical) entangler is used in our DMRG cal-
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culations, such that the enlarged system (physical and ancilla sites) can be regarded as a

two-leg spin ladder system, with physical sites on one leg (with even sites 0, 2, 4,...) and

ancilla sites on the other (with odd sites 1, 3, 5,...). The entangler Hamiltonian is chosen so

that its ground state corresponds to the T = ∞ state of the physical system. By running

dmrg -f Entangler.ain, the ground state of HE can be obtained. The Entangler.ain is

given as:

##Ainur1.0

TotalNumberOfSites=100;

NumberOfTerms=2;

### 1/2(S+S− + S−S+) part

gt0:DegreesOfFreedom=1;

gt0:GeometryKind="ladder";

gt0:LadderLeg=2;

gt0:GeometryOptions="ConstantValues";

gt0:dir0:Connectors=[0.0];

gt0:dir1:Connectors=[-10.0];

integer gt0:IsPeriodicX=0;

### SzSz part

gt1:DegreesOfFreedom=1;

gt1:GeometryKind="chain";

gt1:GeometryOptions="ConstantValues";

gt1:dir0:Connectors=[0];

integer gt1:IsPeriodicX=0;

Model="Heisenberg";

HeisenbergTwiceS=1;

SolverOptions="twositedmrg,MatrixVectorOnTheFly";

Version="version";
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InfiniteLoopKeptStates=1000;

FiniteLoops=[

[ 49, 1000, 0],

[-98, 1000, 0],

[ 98, 1000, 0],

[-98, 1000, 0],

[ 98, 1000, 0]];

# Keep a maximum of 1000 states, but allow

# truncation with tolerance and minimum states

TruncationTolerance="1e-10,100";

# Tolerance for Lanczos

LanczosEps=1e-8;

int LanczosSteps=250;

Threads=4;

GeometryKind="Ladder" for gt1 can be used instead of gt1:GeometryKind="chain".

Next, we make a subdirectory evolution1 and start the imaginary time evolution by run-

ning dmrg -f evolution1.ain. The evolution1.ain file is shown below:

##Ainur1.0

TotalNumberOfSites=100;

NumberOfTerms=2;

### 1/2(S+S− + S−S+) part

gt0:DegreesOfFreedom=1;

gt0:GeometryKind="ladder";

gt0:LadderLeg=2;

gt0:GeometryOptions="none";

gt0:dir0:Connectors=[1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,
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0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0];

gt0:dir1:Connectors=[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0];

integer gt0:IsPeriodicX=0;

### SzSz part

gt1:DegreesOfFreedom=1;

gt1:GeometryKind="ladder";

gt1:LadderLeg=2;

gt1:GeometryOptions="none";

gt1:dir0:Connectors=[1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0, 1.0,

0.0, 1.0, 0.0, 1.0, 0.0, 1.0, 0.0];

gt1:dir1:Connectors=[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0];

integer gt1:IsPeriodicX=0;

Model="Heisenberg";

HeisenbergTwiceS=1;

string PrintHamiltonianAverage="s==c";
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string RecoverySave="@M=100,@keep,1==1";

SolverOptions="twositedmrg,restart,TargetingAncilla";

Version="version";

InfiniteLoopKeptStates=1000;

FiniteLoops=[

[-98, 1000, 2],

[ 98, 1000, 2]];

RepeatFiniteLoopsTimes=21;

# Keep a maximum of 1000 states, but allow

# truncation with tolerance and minimum states

TruncationTolerance="1e-10,100";

# Tolerance for Lanczos

LanczosEps=1e-8;

int LanczosSteps=250;

Threads=4;

RestartFilename="../entangler";

TSPTau=0.1;

TSPTimeSteps=5;

TSPAdvanceEach=98;

TSPAlgorithm="Krylov";

TSPSites=[50];

TSPLoops=[0];

TSPProductOrSum="sum";

GsWeight=0.1;

string TSPOp0:TSPOperator="expression";

string TSPOp0:OperatorExpression="identity";

Since we only act on physical sites, the gt?:dir1:Connectors should all be zero, as they
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describe couplings across rungs. There are 50 (N/2) such rungs, and a value for each needs

to be listed in the array in the DMRG input file. The gt?:dir0:Connectors are used to

describe couplings along legs, starting at site j corresponding to the jth position in the array

(indexed from zero). Note that every other leg coupling is set to zero to only couple physical

sites. For open boundary conditions there are N − 2 such bonds that need to be included

in the array in the input.

In addition, we use the Krylov imaginary time evolution with a time step τ = 0.1 in our

DMRG calculations. The time evolution is done with an evolution operator exp[−Hτ ]. The

evolved state is identified with |ψ(β)⟩ = exp[−βH
2
] |ψ(0)⟩, where |ψ(0)⟩ is the ground state

of HE and β is the inverse temperature [S3]. Hence, each τ corresponds to β′ = β/2. Using

h5dump -d /Def/FinalPsi/TimeSerializer/Time <hd5>, the imaginary time β′ can be

obtained, where <hd5> should be replaced with the name of the hd5 file of interest.

To get the imaginary times corresponding to the values of experimental temperatures, we

did additional restarts from appropriate hd5 files output in the main temperature evolution

loop, while tuning the τ step TSPTau. Specifically, the targeted dimensionless β′ value can

be obtained as β′(J, T ) = J/(2kBT ), where kB = 0.08617333262 meV/K, J and T are given

in meV and Kelvin, respectively. Furthermore, the arguments to RecoverySave indicate

that we kept a maximum of 100 hd5 outputs, and output one in every loop (when the

condition 1 == 1 holds). The number of hd5 files is either the RecoverySave maximum

or the total number of finite loops, whichever is smaller. In this input, there are a total

of 44 finite loops, so that we got 44 hd5 files. Here we take J = 7.1 meV and T = 50 K

as an example, where the targeted β′ = 0.824 with 3 significant digits. After the evolution

with a time step τ = 0.1, we get β′ = 0.8 in Recovery8evolution1.hd5. Then restart-

ing from Recovery8evolution1.hd5 with τ = 0.012, we will get the targeted β′ = 0.824

in Recovery2evolution2.hd5 as in the new evolution loop. In evolution2, we make a

subdirectory evolution2 and cp evolution1.ain evolution2/evolution2.ain. Then,

modify the following parameters in evolution2.ain.

RepeatFiniteLoopsTimes=2;

RestartFilename="../Recovery8evolution1";

TSPTau=0.012;
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Finally, the dynamics calculation proceeds similarly to the T = 0 case, but with number

of sites and precision as in the preceding T > 0 step. We make a subdirectory sqw and

prepare sqw.ain as follows

##Ainur1.0

TotalNumberOfSites=100;

NumberOfTerms=2;

string GeometrySubKind="GrandCanonical";

### 1/2(S+S− + S−S+) part

gt0:DegreesOfFreedom=1;

gt0:GeometryKind="ladder";

gt0:LadderLeg=2;

gt0:GeometryOptions="none";

gt0:dir0:Connectors=[1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0];

gt0:dir1:Connectors=[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0];

### SzSz part

gt1:DegreesOfFreedom=1;

gt1:GeometryKind="ladder";
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gt1:LadderLeg=2;

gt1:GeometryOptions="none";

gt1:dir0:Connectors=[1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0, 1.0, -1.0,

1.0, -1.0, 1.0, -1.0];

gt1:dir1:Connectors=[0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0];

Model="Heisenberg";

HeisenbergTwiceS=1;

SolverOptions="CorrectionVectorTargeting,restart,twositedmrg,minimizeDisk,fixLegacyBugs";

Version="version";

# RestartFilename is the name of the GS .hd5 file (extension is not needed)

RestartFilename="../Recovery2evolution2";

InfiniteLoopKeptStates=1000;

### The finite loops pick up where gs run ended! I.e. the edge.

FiniteLoops=[

[-98, 1000, 2],

[98, 1000, 2]];

# Keep a maximum of 1000 states, but allow

# truncation with tolerance and minimum states

TruncationTolerance="1e-10,100";

# Tolerance for Lanczos

LanczosEps=1e-8;
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int LanczosSteps=250;

Threads=4;

#TargetSzPlusConst=50;

integer RestartSourceTvForPsi=0;

vector RestartMappingTvs=[-1, -1, -1, -1];

integer RestartMapStages=0;

integer TridiagSteps=400;

real TridiagEps=1e-9;

# The weight of the g.s. in the density matrix

GsWeight=0.1;

# Legacy thing, set to 0

CorrectionA=0;

# Fermion spectra has sign changes in denominator. For boson operators (as

in here) set it to 0

DynamicDmrgType=0;

# The site(s) where to apply the operator below. Here it is the center site.

TSPSites=[50];

# The delay in loop units before applying the operator. Set to 0 for all restarts

to avoid delays.

TSPLoops=[0];

# If more than one operator is to be applied, how they should be combined.

# Irrelevant if only one operator is applied, as is the case here.

TSPProductOrSum="sum";

# How the operator to be applied will be specified

string TSPOp0:TSPOperator="expression";

# The operator expression

string TSPOp0:OperatorExpression="sz";

#When this line is not there, DMRG++ assumes ω is measured relative to the
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ground state energy. This is usually fine, but for finite-T spectra it assumes

it should use the ground state energy of the entangler Hamiltonian.

real TSPEnergyForExp=0;

# How is the freq. given in the denominator (Matsubara is the other option)

CorrectionVectorFreqType="Real";

# This is a dollarized input, so the omega will change from input to input.

CorrectionVectorOmega=$omega;

# The broadening for the spectrum in omega + i*eta

CorrectionVectorEta=0.10;

# The algorithm

CorrectionVectorAlgorithm="Krylov";

#The labels below are ONLY read by manyOmegas.pl script

# How many inputs files to create

#OmegaTotal=200

# Which one is the first omega value

#OmegaBegin=0.0

# Which is the "step" in omega

#OmegaStep=0.025

# Because the script will also be creating the batches, indicate what to measure

in the batches

#Observable=sz

The restart filename should be chosen to match the hd5 file of interest. Note here that we

calculate dynamics with H ⊗ I + I ⊗ (−H), where H ⊗ I acts nontrivially only on physical

sites and I ⊗ (−H) acts nontrivially only on ancilla sites. All rung couplings are zero.

Because we used J = 1 throughout the calculations, we need to scale the obtained data

ω to ω ∗ 7.1 and S(q, ω) to S(q, ω)/7.1, respectively, to match the Sr2V3O9 energy scale.

∗ sgao.physics@gmail.com

† stonemb@ornl.gov
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