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The magnetic Hamiltonian of the Heisenberg quantum antiferromagnet SrCuTe2O6 is studied by inelastic
neutron scattering technique on powder and single-crystalline samples above and below the magnetic transition
temperatures at 8 and 2 K. The high-temperature spectra reveal a characteristic diffuse scattering corresponding
to a multispinon continuum, confirming the dominant quantum spin chain behavior due to the third neighbor
interaction Jintra = 4.22 meV (49 K). The low-temperature spectra exhibit sharper excitations at energies
<1.25 meV, which can be explained by considering a combination of weak antiferromagnetic first nearest
neighbor interchain coupling J1 = 0.17 meV (1.9 K) and even weaker ferromagnetic second nearest neighbor
J2 = −0.037 meV (−0.4 K) or a weak ferromagnetic J2 = −0.11 meV (−1.3 K) and antiferromagnetic J6 =
0.16 meV (1.85 K), giving rise to the long-range magnetic order and spin-wave excitations at low energies. These
results suggest that SrCuTe2O6 is a highly one-dimensional Heisenberg system with three mutually perpendicular
spin chains coupled by a weak ferromagnetic J2 in addition to the antiferromagnetic J1 or J6, presenting a
contrasting scenario from the highly frustrated hyper-hyperkagome lattice (equally strong antiferromagnetic J1

and J2) found in the isostructural quantum spin liquid candidate PbCuTe2O6 .

DOI: 10.1103/PhysRevB.104.144402

I. INTRODUCTION

Low-dimensional Heisenberg magnetic systems are home
to a rich variety of exotic magnetic properties, especially
so when the constituents are made of the smallest spin
unit (S = 1

2 ), ranging from the disordered ground state in
a one-dimensional (1D) chain of spins giving rise to pecu-
liar excitations with a quantum number of S = 1

2 , known as
spinons [1–3], to the highly entangled quantum spin liquid
ground state [4,5] when the spins are arranged in frustrated
motifs such as the two-dimensional (2D) network of tri-
angles, known as the kagome lattice. However, these ideal
conditions are rarely present in real systems where additional
magnetic interactions such as an unfrustrated or frustrated
inter-chain (or interlayer) coupling [6,7], anisotropy [8], or
a Dzyaloshinskii-Moriya (DM) interaction [9] give rise to a
variety of long-range ordered magnetic structures at lower
temperatures. Consequently, the lower energy part of the
spinon excitation spectra is also modified, giving insights into
the fundamental effect of various magnetic interactions.

*shravani.chillal@helmholtz-berlin.de

ACuTe2O6 (A = Pb, Sr, and Ba) are a family of compounds
crystallizing in the cubic structure (space group P4132) and
have a single Wyckoff site (12d multiplicity) for the magnetic
Cu2+ ion. As depicted in the schematic in Fig. 1(a), the first,
second, and third nearest neighbor interactions between the
copper ions lead to isolated triangles (J1), corner-shared tri-
angles known as the hyperkagome lattice (J2), and 1D chains
(J3), respectively. In the presence of antiferromagnetic inter-
actions between the spins, J1 and J2 give rise to geometrical
frustration in the system, whereas J3 forms three mutually
perpendicular antiferromagnetic chains parallel to the cubic a,
b, and c axes. Therefore, depending on the ratio of J1 and J2,
these systems can host many interesting magnetic properties
in their ground state. The quantum spin liquid state found in
PbCuTe2O6 is especially important [10–12]. Electronic band
structure calculations using density functional theory (DFT)
suggest that the equally strong and highly frustrated J1 and J2

are responsible for this rare ground state hosted on a three-
dimensional (3D) network of corner-shared triangles known
as the hyper-hyperkagome lattice [12], whereas the role of
unfrustrated chain interaction J3 with half the strength of the
frustrated J1 or J2 is thought to drive the system closer to
a magnetically ordered state. The ratio of these interactions
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FIG. 1. Magnetic structure of SrCuTe2O6 showing only the Cu2+

ions and their spin directions. The isolated triangles formed by the J1

interaction (blue lines) and the hyperkagome lattice formed by the
J2 interaction (green lines) couple the three mutually perpendicular
chains along the cubic a, b, and c axes (red lines). Gray lines indi-
cate an additional sixth nearest neighbor interaction J6 proposed by
density functional theory (DFT) [13,14].

(J1 : J2 : J3 : J4 ∼ 1 : 1 : 0.5 : 0.2, where J4 is an additional
chain interaction) was successfully verified by reproducing
the experimental dynamic neutron structure factor [12]. How-
ever, we note that the absolute values of the interactions have
not been confirmed experimentally. Similarly, there have been
multiple reports on the values of interactions using DFT for
the magnetically ordered Sr and Ba variants of this family
[13,14]. Although the strongest interaction predicted by DFT
has been measured experimentally, the magnitude and na-
ture of the weaker interchain couplings responsible for the
magnetic order have not been confirmed. In this context,
experimental investigation of magnetic excitation spectra of
these compounds is essential to understand the interplay of the
intrachain and the frustrated interchain interactions in deter-
mining the magnetic phase diagram. On the other hand, it will
also enable an independent verification of the applicability of
the DFT method for these quantum spin systems. Hence, here,
we investigate the magnetic excitations of SrCuTe2O6 using
inelastic neutron scattering (INS).

SrCuTe2O6 has a lattice constant of a = 12.4373 Å [15].
The static susceptibility of single-crystal and polycrystalline
SrCuTe2O6 yields a negative Curie-Weiss temperature of
θCW = −27 ± 1 K [16], revealing predominantly antiferro-
magnetic exchange interactions [13,16,17], and shows a broad
maximum at 32 K. This feature has been attributed to a 1D
spin- 1

2 Heisenberg antiferromagnetic chain revealing J3 = 49
K [13,16,17] as the dominant interaction. However, two sharp
features occur in the susceptibility at lower temperatures
TN1 = 5.5 K and TN2 = 4.5 K, where a sharp λ-type anomaly

is also observed in the heat capacity, indicating the onset of
long-range magnetic order in the system. These anomalies
reveal nonnegligible frustrated interchain coupling due to fi-
nite J1 and J2 [13,17]. In addition, the compound exhibits
magnetodielectric coupling at TN1 and TN2 [18] attributed to
the noncentrosymmetric nature of the crystal structure. Fur-
thermore, specific heat, magnetization, and dielectric constant
measurements as a function of the applied magnetic field
reveal a complex phase diagram with additional field-induced
phases [13,17].

In the low-temperature magnetic phase, the spins order in
a 120◦ coplanar structure around the triangles formed by J1

[16,19] with magnetic propagation vector q = (0, 0, 0). The
Cu2+ spins on the three vertices of these triangles are aligned
along the local (110) directions and couple together the three
mutually perpendicular chains formed by J3 along the cubic a,
b, and c axes. This result suggests that J1 is antiferromagnetic
and responsible for the interchain coupling. On the other hand,
the earlier DFT band structure calculations suggest that the
contribution of J1 (∼ 0.025 meV) to the interchain coupling
is negligible, whereas the frustrated antiferromagnetic sec-
ond and sixth nearest neighbours J2 (∼ 0.34 meV) and J6

(∼0.17 meV, represented in Fig. 1), respectively, are respon-
sible for the magnetic ordering [13]. In a recent calculation
[14], it was also found that the J1 was absent, while interchain
coupling was led by ferromagnetic J2 (∼ − 0.4 meV) and
antiferromagnetic sixth nearest neighbor J6 (∼ 0.17 meV).
Although the bulk magnetic and thermodynamic properties
of SrCuTe2O6 give an estimation of this interchain coupling,
the experimental confirmation of the magnetic Hamiltonian,
including the true nature of the interchain coupling, is still
unclear.

In this paper, we present a detailed investigation into the
magnetic Hamiltonian of SrCuTe2O6 using INS of poly-
crystalline and single-crystal samples. Our results indicate a
spinon continuum resembling that of the excitations observed
in the prototypical 1D spin chain systems. The intrachain
interaction Jintra calculated from the lower bound of the
continuum is 4.22 meV, in agreement with the magnetic
susceptibility. Below the magnetic transition temperature,
spin waves appear at an energy transfer <1.25 meV, which
can be described by two independent interchain models:
the first combination consists of a weak antiferromag-
netic first neighbor interaction J1 = 0.17 ± 0.025 meV and
weaker ferromagnetic second nearest neighbor interaction
J2 = −0.037 ± 0.012 meV, and the second is described by
ferromagnetic J2 = −0.11 ± 0.002 meV and antiferromag-
netic J6 = 0.16 ± 0.004 meV.

II. SAMPLES AND EXPERIMENTAL METHODS

The INS of SrCuTe2O6 was investigated on polycrystalline
and single-crystal samples that were prepared following the
procedure explained in Ref. [16].

The powder INS data was obtained at the time-of-flight
spectrometer LET located at the ISIS facility, Didcot, United
Kingdom. For these measurements, the polycrystalline pow-
der was filled (weight 10 g) in an aluminum can. The
measurements were performed at T = 8 and 2 K with incident
energies Ei = 18.1, 5.64, 2.72, and 1.59 meV. Single-crystal
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FIG. 2. Excitation spectra obtained on the powder of SrCuTe2O6

using the time-of-flight spectrometer LET, with an incident energy
of Ei = 18.1 and 5.6 meV, respectively, at: (a) and (b) T = 8 K
and (c) and (d) T = 2 K. These plots clearly show excitations up
to 9 meV at 8 and 2 K as well as the modified low-energy part of the
excitations below the ordering temperature. (e) and (f) The integrated
intensity of the magnetic excitations plotted as a function of energy
for Ei = 18.1 and 5.6 meV (resolution δE = 1.3 and 0.23 meV)
integrated over the wave vector range 0.2 � |Q| � 1.2 Å−1).

inelastic neutron measurements in the [h, h, l] plane were
obtained at the ThALES triple-axis spectrometer [20] using
the flatcone detector at the ILL, Grenoble, France. The wave
vector maps at constant energy were measured on ThALES at
T = 2 K while rotating the crystal in 0.2◦ steps with a fixed
final energy of Ei = 4.06 meV, giving an energy resolution
0.123 meV. The wave vector resolution in the plots is 0.05
r.l.u. × 0.05 r.l.u. The full scattering cross-section S(Q, ω)
was measured at the LET spectrometer [21] in ISIS at T = 2
and 8 K with incident energies of Ei = 19.1, 9.63, 5.8, 3.87,
and 2.76 meV. At each of the incident energies, the energy
resolution was ∼ 3% of the Ei. The experimental data has
been reduced and analyzed using the MATLAB-based packages
HORACE [22] and SPINW [23], respectively.

III. RESULTS

A. Powder INS

Figures 2(a)–2(d) show INS spectra of the powder sample
of SrCuTe2O6 measured on the time-of-flight spectrome-
ter LET with two incident energies (Ei = 18.1 and 5.6 meV
with energy resolution δE = 1.26 and 0.23 meV, respec-
tively) above and below the ordering temperatures at 8 and
2 K, respectively. The inelastic spectrum at 8 K shows a

streak of diffuse scattering originating at the wave vectors
|Q| = 0.502, 1.504, and 2.504 Å−1 [in Figs. 2(a) and 2(b)],
which correspond to the wave vectors of the antiferromagnetic
Bragg peaks (100), (300), and (500), respectively, observed
in the neutron diffraction, suggesting the dispersive nature of
the excitations. As shown in Fig. 2(a), this inelastic intensity is
clearly visible up to ∼9 meV and forms a flat band. Further-
more, the intensity strongly decreases with increasing wave
vector transfer, typical of the magnetic form factor. The en-
ergy dependence of this magnetic excitation intensity, plotted
in Fig. 2(e) (blue circles), peaks at 6.7 meV and extends up to
12 meV. This is reminiscent of the spinon continuum with a
lower bound occurring at π

2 Jintra and an upper bound at πJintra,
which results in a Jintra = 4.22 meV in SrCuTe2O6, consider-
ing the peak as the lower bound of the continuum. Additional
flat bands are also observed in the spectrum in Fig. 2(a) at
higher wave vector transfer |Q| � 2.504 Å−1 whose intensity
increases with |Q|, suggesting their origin to be phononic in
nature.

In the magnetically ordered state at 2 K, the spinonlike
diffuse streaks at the |Q| = 0.502, 1.504, and 2.504 Å−1 [in
Fig. 2(c)] remain unchanged. However, we observe that the
intensity at π

2 Jintra = 6.73 meV is stronger as well as sharper
than at 8 K [see red circles in Fig. 2(e)], suggesting a mod-
ification of the structure factor of the spinon continuum due
to the magnetic order. Furthermore, the spectrum with finer
energy resolution, presented in Fig. 2(d), reveals additional
modifications in the low-energy part in the form of a flat
band at ∼1.25 meV and sharp streaks below it at |Q| =
0.502, 0.816, 1.16, and 1.5 Å−1. However, no difference is
observed above the flat band [see Fig. 2(f)] with respect to
the intensity at higher temperature.

B. Single-crystal INS

To better understand the magnetic excitations of
SrCuTe2O6, detailed INS data were collected on a
single-crystal sample at the ThALES flat-cone spectrometer
as well as the LET time-of-flight spectrometer. Figure 3(a)
presents the excitation spectrum as a function of [−2,−2, l]
along the cubic c axis collected for an incident energy of
Ei = 19.1 meV at temperature T = 8 K. The spectrum
reveals a dispersive, diffuse pattern with maximum intensity
originating at the antiferromagnetic zone center (l = −1),
which clearly extends up to 9 meV. Figure 3(c) shows a
cut along the l direction integrated over an energy range
4 � E � 6 meV, indicating a nonzero intensity around the
zone center at l = −1. Additional clearly separated shoulder
peaks at l = −1.75 and − 0.25 are also visible on either side
of the zone center. These observations further confirm the
diffuse nature of the excitations. Figure 3(d), where intensity
in the whole Brillouin zone is summed and plotted as a
function of energy, shows that the excitations peak at the
energy transfer of ∼6.7 meV and survive up to ∼13 meV.
These observations are consistent with the powder sample
and suggest that the excitations are due to the presence of
1D spin- 1

2 chains in the compound, which result in fractional
excitations known as spinons.

Considering the chain interaction Jintra = 4.22 meV, the
dynamic structure factor of a 1D Heisenberg spin- 1

2 chain
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FIG. 3. (a) Excitation spectra obtained on a single crystal of
SrCuTe2O6 using the time-of-flight spectrometer LET, with an in-
cident energy of Ei = 19.1 meV. The intensity includes ±0.5 r.l.u.
in the vertical scattering plane ([h,−h, 0]) as well as orthogonal
in-plane scattering ([h, h, 0]). (b) The simulated dynamical structure
factor S1D(Ql , ω) of a spin- 1

2 Heisenberg antiferromagnetic chain
considering J3 = Jintra = 4.22 meV. (c) The distribution of magnetic
intensity across the Brillouin zone integrated over an energy transfer
of 4 < E < 6 meV. The nonzero intensity at −1.5 � [−2, −2, l] �
−0.5 r.l.u. confirms the continuum nature of the excitations. (d) The
magnetic excitations survive up to ≈ 13 meV. (e) and (f) Single-
crystal spectra measured on the ThALES spectrometer in the [h, h, l]
plane at constant energy transfers of E = 2 and 0.5 meV, respectively.
Nonmagnetic features such as Bragg peak tails have been removed
from the spectrum.

S1D(Ql , ω) is calculated for the Hamiltonian:

Hintra =
∑

k=(i< j)

JintraSi · S j, (1)

using the algebraic Bethe ansatz method [24,25]. Figure 3(b)
shows the S1D(Ql , ω) convoluted with a Gaussian of full width
at half maximum = 1.26 meV to account for the instrumental
energy resolution. This structure factor reproduces the main
features of the excitation spectrum such as the lower bound of
the two-spinon continuum (sinusoidal dispersion with ampli-
tude Elower = π

2 Jintra ) and the gradually decreasing intensity

as a function of energy which vanishes at the upper boundary
Eupper = πJintra . These boundaries are clearly indicated by
the black solid lines in Figs. 3(a) and 3(b). To compare the
theoretical intensities with the energy and wave vector cuts
through the data in Figs. 3(c) and 3(d), the same cuts are taken
through the theory (red solid lines).

The constant energy plots, shown in the Figs. 3(e) and
3(f) for the [h, h, l] scattering plane at 2 and 0.5 meV reveal
mutually perpendicular streaks of intensity along the [h, h, 0]
and [0, 0, l] directions. In a single Heisenberg antiferromag-
netic spin- 1

2 chain system, the intensity modulates with the
sinusoidal dispersion along the direction of the chain [0, 0, l]
[as shown in Figs. 3(a) and 3(b) for SrCuTe2O6], but it is
nondispersive perpendicular to the chain due to the absence of
long-range correlations in the other two directions, giving rise
to uniform streaks along [h, h, 0] at odd values of l . However,
strong rods of intensity are also observed perpendicular to the
[h, h, 0] direction, as shown in Figs. 3(e) and 3(f), suggesting
the contribution of streaks from the chains parallel to the
h and k directions, resulting in the strongest intensity at the
[h, h, h] nodes where the intensity from all three chains are
superposed. Therefore, these data confirm the presence of
three mutually perpendicular spin- 1

2 chains in SrCuTe2O6 due
to the third nearest neighbor interaction J3 running parallel to
the cubic axes, as shown by the red lines in Fig. 1(a).

C. Magnetic Hamiltonian

To extract the weaker interactions that couple the chains
leading to magnetic order in SrCuTe2O6, we now discuss the
differences in the magnetic excitations in the ordered state at
temperature T = 2 K with respect to the higher temperature
data at 8 K. As the powder data discussed in Figs. 2(d)
and 2(f) suggest modification in the excitations <2 meV,
the low-energy part of the spectrum of the single crystal is
obtained at the LET spectrometer with incident energy Ei =
2.76 meV. Figures 4(a)–4(h) present excitation maps along the
[h, h,−1], [h, h,−2], [−1,−1, l], and [−2,−2, l] directions
above and below the magnetic transition. In addition to the
magnetic signal, these spectra contain visibly spurious disper-
sive features at small wave vector transfers and energy transfer
E > 1.7 meV [see Figs. 4(a), 4(c), 4(e), and 4(g)] due to
the sample environment. No background subtraction has been
performed on the spectra. Nonetheless, magnetic intensity is
clearly distinguishable in these plots. Particularly, the spectra
at 8 K exhibit continuous streaklike features with intensity
modulating between maximum and minimum at h = 2n + 1
and/or l = 2n + 1 for every [h, h, l] position. This obser-
vation is consistent with the spinon continuum behavior, as
discussed in Sec. III B.

At 2 K, additional features due to magnetic ordering are
clearly visible in the spectra. While most of the spectral
weight below E < 0.5 meV is shifted to higher energies in
all the spectra, presented in Figs. 4(e)–4(h), a weak excitation
intensity persists down to the zero energy transfer within the
energy resolution. This is accompanied by a relatively sharper
dispersion along the [h, h,−1] and [−1,−1, l] directions,
which flattens at ∼1.25 meV [in Figs. 4(e) and 4(g)]. Addi-
tionally, the rodlike continuum originating at [−1,−1,−1]
also develops a clear split above the flat band, as shown in
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FIG. 4. Excitation spectra obtained on a single crystal of SrCuTe2O6 along the l direction using the time-of-flight spectrometer LET,
with an incident energy of Ei = 2.76 meV. The intensity includes ±0.25 r.l.u. in the vertical scattering plane ([h,−h, 0]). (a) and (b) The
spectra along the (h, h, 1) and (h, h, 2) directions at 8 K. (c) and (d) The spectra along the (1, 1, l ) and (2, 2, l ) directions at 8 K. Note: The
measurements at the two temperatures were performed with different neutron flux (and instrumental normalization), which resulted in ∼8 times
higher intensity for the spectrum at 2 K for the same counting time. (e)–(h) The modifications in the ordered state at T = 2 K. Intensity in
all eight spectra is obtained by integrating ±0.25 r.l.u. along the in-plane orthogonal directions. (i)–(l) The corresponding spin-wave spectrum
calculated using linear spin-wave theory from the J1-J2 interchain model described in the text.

Fig. 4(g). Although the flat band is absent in the spectra along
the [h, h,−2] and [−2,−2, l] directions, a weak modification
in the intensity is observed at this energy. These observa-
tions are consistent with the magnon excitations expected
from the spin-wave dispersion due to 3D magnetic ordering
in SrCuTe2O6 . However, it is notable that the excitations,
although observable, are not very sharp. We believe this is
due to the finite width of the S(Q, ω) in the two perpendicular
directions in addition to the finite energy resolution. To con-
firm this aspect and also to extract the magnetic interactions
responsible for this low-energy modification, the dynamical
structure factor is calculated using linear spin-wave theory on
a simple Heisenberg model containing the first three nearest
neighbor interactions.

The general Hamiltonian to describe the magnetic proper-
ties of SrCuTe2O6 can be written as

H = Hinter + Hintra, (2)

where Hintra is according to Eq. (1), and

Hinter = J1

∑

(i< j)

Si · S j + J2

∑

(i< j)

Si · S j . (3)

Here, Jintra = J3 dominates the high-temperature mag-
netism, giving rise to the multispinon continuum, and Jinter

(including J1 and J2) are responsible for the bandwidth and the
dispersion of the spin-wave excitations in the low-temperature
ordered state. To reproduce the low-temperature, low-energy
spin-wave spectrum, it is insufficient to consider only Hinter.
This is because the boundary between the magnon and spinon
contributions in weakly coupled spin- 1

2 antiferromagnetic
chains is not well defined, giving rise to a crossover region as

in the case of the prototypical compound KCuF3 [1]. Also, in
spin-wave theory, the energy scale perpendicular to the chains
is influenced by the strength of Jintra. Hence, it is essential
to include the intrachain term in calculating the spin-wave
spectrum of the system to accurately represent the intensity
and energy scale of the spin waves. The lower boundary of the
two-spinon continuum in the chain direction follows the des
Cloizeaux–Pearson dispersion, which is renormalized upward
from the expected spin-wave dispersion and can be modeled
by spin-wave theory using a fixed J ′

intra = π
2 Jintra = 6.63 meV

[26] in Eq. (2) in the simulation of the spin-wave spectrum.
The simulations were carried out using the SPINW software

[23]. Here, the Cu2+ form factor as well as the instrumen-
tal energy resolution was considered. The ground state of
the Hamiltonian was fixed to the 120◦ coplanar magnetic
structure, as described in a previous report [12], and the
four-dimensional neutron structure factor S(Q, ω) was simu-
lated for several combinations of the interchain interactions.
We find that the antiferromagnetic terms J1, J2, and J6, as
suggested by the DFT calculations in a previous report [13],
are not compatible with the assumed magnetic structure, and
hence, linear spin-wave theory completely fails. Instead, our
simulations suggest a weak, finite antiferromagnetic exchange
J1 ∼ 0.2 meV is necessary to describe the bandwidth of the
low-energy spin-wave spectrum in addition to a much weaker
ferromagnetic J2. To obtain accurate values of these inter-
chain couplings, the in-plane S(Q, ω) is scaled and fitted
with the experimental data within SPINW, resulting in the val-
ues J1 = 0.17 ± 0.025 meV and J2 = −0.037 ± 0.012 meV.
Figures 4(i)–4(l) show the simulated neutron structure factor
for the spin-wave excitations along the [h, h,−1], [h, h,−2],
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FIG. 5. (a) Excitation spectra of SrCuTe2O6 obtained on the
polycrystalline sample using the time-of-flight spectrometer LET,
with an incident energy of Ei = 2.76 meV. (b) The simulated spin-
wave structure factor of a spin- 1

2 Heisenberg antiferromagnetic chain
considering J1 = 0.17 meV, J2 = −0.037 meV, and renormalized
J ′

3 = π

2 J3 = 6.63 meV.

[−1,−1, l], and [−2,−2, l] directions considering the fitted
values of antiferromagnetic J1 and a much weaker ferromag-
netic J2. The structure factor also includes a finite width
within the scattering plane in the perpendicular direction
(±0.25 r.l.u.) and also in the vertical scattering direction
[h,−h, 0] (±0.025 r.l.u.) just like the data. As we show in
Appendix A, these contributions are necessary to predict the
correct averaged intensity of the experimentally observed spin
waves which also result in extra out-of-plane flat modes above
1.25 meV. However, the presence or absence of these weak
modes cannot be conclusively verified in the data due to the
high background at these energy transfers compounded with
the broadening of spin waves with increasing energy. Never-
theless, the simulated results capture the main features of the
experimental single-crystal data as well as the powder average
of the excitation spectrum, as shown in Fig. 5.

Alternatively, the observed spin-wave dispersion can be
described by a purely ferromagnetic interchain coupling on
J2 = −0.11 meV aided by an additional sixth neighbor inter-
action J6 that couples the adjacent chains along the same cubic
axes, as shown in Fig. 1. While this interaction (either ferro-
magnetic or antiferromagnetic) may play a role in stabilizing
the magnetic structure leading to the relative 90◦ orientation
of the spins in the parallel chains, it cannot be solely respon-
sible for the observed 3D magnetic ordering. Consequently,
the magnitude of J6 does not affect the energy scale of the
spin waves; however, the structure is compatible when it is
antiferromagnetic (J6 = 0.16 meV) and comparable with |J2|.
The resulting spectra also produce an extremely similar pat-
tern compared with the J1-J2 model with small differences in
the intensities. Therefore, the J2-J6 model qualitatively agrees
with the latest DFT Hamiltonian [14]; however, the magnitude
of J2 found in our analysis is 4 times smaller.

IV. DISCUSSION

The fitted interactions of the Heisenberg Hamiltonian are
found to be consistent with the 120◦ magnetic structure sug-
gested by the neutron diffraction. As described in Fig. 1, this
structure is made of 12 noncollinear Cu2+ spins in the unit
cell, emphasizing the complexity of the system. Therefore,
it is pleasantly surprising to find a simple model with linear
spin-wave theory. The agreement with the data is achieved in

both the energy scale and their intensities. In the experiment,
the excitations appear broader, especially at higher energies;
this is expected, as the spin-wave model is only really ap-
propriate at lowest energies. Other modes not included in
spin-wave theory add to the apparent broadening, such as
the longitudinal mode found in compounds with low ordered
moment, which is also expected at low energies [27,28].

As expected from the large value of intrachain interac-
tion J3, the magnetic excitation spectra of SrCuTe2O6 are
dominated by the multispinon continuum. On the other hand,
two independent models are found for describing the low-
temperature spin-wave excitations. In the J1-J2 model, the
weak antiferromagnetic J1 and ferromagnetic J2 connecting
the chains are responsible for stabilizing the commensurate
magnetic structure at low temperatures and modifying the
low-energy part of the excitations. We find that these values
of the couplings are consistent with the sum of interactions
predicted from the high-temperature Curie-Weiss temperature
in Ref. [16]. The ratio of the interchain coupling to the in-
trachain coupling Jinter

Jintra
= J1

J3
∼ 1

25 indicates that SrCuTe2O6 is
highly 1D.

The magnon excitations in the ordered state are gapless,
suggesting the predominant isotropic nature of the Cu2+ spins.
However, as discussed in Ref. [16], application of an exter-
nal field induces anisotropic response in the magnetic phase
diagram, particularly parallel to the local ordered spin di-
rection [h, h, 0]. This is also observed in the field-induced
(>2 T) electric polarization [17], suggesting the presence of
weakly anisotropic terms. For example, DM interactions in
SrCuTe2O6 cannot be completely ignored due to the lack of
inversion symmetry on all the relevant bonds responsible for
J1, J2, J3, and J6. Moreover, all three components of DM
interaction are allowed for these bonds, rendering the exper-
imental extraction of the parameters complex. Nevertheless,
if DM interaction were to influence the magnetic structure of
the system, its magnitude must be comparable with that of the
experimental net interchain coupling J1 (−0.17 meV), leaving
the strongest J3 bond as the likely candidate. This should lead
to canting of the spins around their mean antiferromagnetic
alignment along the chain. However, our diffraction results
have shown that this is not the case. On the other hand, small
values of DM interaction on the weaker J1 and/or J2 are
possible. We note that the addition of even a single component
DMx,y,z on either of these bonds (off-diagonal elements of the
symmetric J1 or J2) compatible with this magnetic structure
will produce a gap proportional to its total magnitude |DM|
in the spin-wave spectrum of SrCuTe2O6 . This is valid for
both J1-J2 as well as J2-J6 interchain models. Therefore, we
estimate that |DM| if present will be <0.01 meV, ∼10% of
J1 (J2) in the simplest J1-J2 model (J2-J6 model). However,
input from improved DFT methods that include the spin-orbit
coupling of the copper spins will be extremely useful in veri-
fying the antisymmetric elements of the Hamiltonian. Further
theoretical approaches involving the quantum effects due to
the strong 1D character would also be helpful to resolve the
role of J1 more precisely. Recent DFT results excluded J1

based on the length and bond angle aspects of the superex-
change path in favor of the flatter sixth nearest neighbor J6

for the same ground state energy involving antiferromagnetic
J1 and ferromagnetic J2 [14] (see Appendix B for a detailed

144402-6



WEAK THREE-DIMENSIONAL COUPLING OF HEISENBERG … PHYSICAL REVIEW B 104, 144402 (2021)

comparison of the DFT Hamiltonian with experimental data).
However, it should be noted that a similar scenario exists for
PbCuTe2O6, where the magnitudes of J1 and J2 are predicted
to be equally strong and antiferromagnetic.

V. CONCLUSIONS

In summary, we have studied magnetic excitations of
SrCuTe2O6 in polycrystalline and single-crystal samples and
propose two Heisenberg magnetic Hamiltonians in the ground
state. We find that chain interaction J3 is the dominant mag-
netic exchange path in both models, which gives rise to the
diffuse spinon continuum. The simplest interchain coupling
is led by antiferromagnetic J1 along with weak ferromagnetic
J2, resulting in a 3D magnetic ordering of the Cu spins below
TN1, giving rise to the sharper spin-wave features at low ener-
gies. Additionally, a ferromagnetic J2 and antiferromagnetic
J6 interchain coupling is also proposed.
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APPENDIX A: FINITE INTEGRATION IN
PERPENDICULAR DIRECTIONS

The presence of 3D-coupled three mutually perpendicular
spin chains in SrCuTe2O6 is readily evident in the intensi-
ties of the observed excitation spectra. Figures 6(a) and 6(b)
show the simulated spin-wave dispersions along the [h, h, 1]
and [1, 1, l] directions with minimal contribution from the
in-plane orthogonal direction, namely, [0, 0, l] and [h, h, 0],
respectively. The plots also include a finite out-of-plane
contribution along the [h,−h, 0] direction. The spectrum per-
pendicular to the chain direction l exhibits steep and sharp
features throughout the Brillouin zone with several transverse
modes at higher energies [see Fig. 6(a)]. On the other hand, the
intensity along [1, 1, l] [see Fig. 6(b)] reveals a complicated
spectra indicative of the superposition of contributions from
several modes. Therefore, it is expected that the excitation
spectra will be strongly affected when even small contribu-
tions from other planes are included. In our scattering plane,
this is revealed as additional flat bands >1.25 meV, as shown
in Figures 6(c) and 6(d). We find that the number and the ex-
tension of bands toward higher energies are strongly affected
by the integration width perpendicular to the slice.

APPENDIX B: COMPARISON WITH DFT

The relevant magnetic exchange interactions in SrCuTe2O6

have been calculated using the DFT by Ahmed et al. [13]
and Bag et al. [14], both of which suggest J2 as the leading
interchain interaction followed by J6 (with ratio |J2|/|J6| ∼ 2).
When J2 is antiferromagnetic [13], the Hamiltonian is incom-

FIG. 6. Simulated spin-wave spectra of SrCuTe2O6 without in-
plane integration along (a) [h, h, 1] and (b) [1, 1, l]. (c) and (d) The
spectra including finite contributions from orthogonal in-plane direc-
tion as well as vertical to the scattering plane.

patible with �1 (120◦ J1 triangular order) magnetic structure,
where linear spin-wave theory completely fails. However, the
spin-wave dispersion and the corresponding structure factors
can be calculated by using approximate diagonalization of
the Hamiltonian in the ground state for a ferromagnetic J2.
The simulated excitation spectra from this Hamiltonian [14]
including the experimental conditions for powder average
as well as a momentum-resolved single-crystal sample are
presented in Fig. 7. When compared with this paper [see
Fig. 7(a)], the couplings from DFT clearly overestimate the
energy scale of the spin waves in the powder sample of
SrCuTe2O6 [see Fig. 7(b)]. This is also evidenced in the sim-
ulated single-crystal spectra plotted in Figs. 7(c)–7(f) along
the four [h, h, l] directions, even though the overall features

FIG. 7. Powder average spectra of SrCuTe2O6 simulated from
the J1-J6 Hamiltonian obtained in (a) this paper and (b) from density
functional theory (DFT) calculations [14]. (c)–(f) The simulated
momentum-resolved spin-wave spectra from DFT [14] along the
[−1, −1, l], [h, h,−1], [−2, −2, l], and [h, h, −2] directions for the
same conditions as Figs. 4(i)–4(l).
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along multiple symmetry directions are in broad agreement
with experimental data. Also, the weighted sum of the inter-
actions from Ref. [14] results in a Curie-Weiss temperature
of θCW ∼ −41 K, a considerably higher value than the

experimental −27 K. Therefore, we find that the interchain
couplings predicted by DFT are overestimated compared with
the experimentally observed spin-wave excitation spectrum of
SrCuTe2O6 .
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