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Haldane topological spin-1 chains in a planar
metal-organic framework

Pagnareach Tin 1, Michael J. Jenkins1, Jie Xing2, Nils Caci 3, Zheng Gai 4,
Rongyin Jin 2, Stefan Wessel 3, J. Krzystek5, Cheng Li 6, Luke L. Daemen6,
Yongqiang Cheng 6 & Zi-Ling Xue 1

Haldane topological materials contain unique antiferromagnetic chains with
symmetry-protected energy gaps. Suchmaterials have potential applications in
spintronics and futurequantumcomputers.Haldane topological solids typically
consist of spin-1 chains embedded in extended three-dimensional (3D) crystal
structures. Here, we demonstrate that [Ni(μ−4,4′-bipyridine)(μ-oxalate)]n
(NiBO) instead adopts a two-dimensional (2D)metal-organic framework (MOF)
structure of Ni2+ spin-1 chains weakly linked by 4,4′-bipyridine. NiBO exhibits
Haldane topological properties with a gap between the singlet ground state
and the triplet excited state. The latter is split by weak axial and rhombic
anisotropies. Several experimental probes, including single-crystal X-ray dif-
fraction, variable-temperature powder neutron diffraction (VT-PND), VT
inelastic neutron scattering (VT-INS), DC susceptibility and specific heat
measurements, high-field electron spin resonance, and unbiased quantum
Monte Carlo simulations, provide a detailed, comprehensive characterization
of NiBO. Vibrational (also known as phonon) properties of NiBO have been
probed by INS and density-functional theory (DFT) calculations, indicating
the absence of phonons near magnetic excitations in NiBO, suppressing spin-
phonon coupling. The work here demonstrates that NiBO is indeed a rare
2D-MOF Haldane topological material.

Haldane indicated in 1983 that antiferromagnetic (AF) Heisenberg
chainsof integer spinexhibit a quantum-disorderedground state and a
finite energy gap, whereas the half-integer spin chains are gapless,
based on effective-field theory and topological considerations1,2. Fig. 1
shows the energy diagram in a Haldane spin-1 chain system, including
the anisotropic (zero-field splitting or ZFS) and Zeeman effect. The
Haldane phase of the AF spin-1 chain is regarded as the most funda-
mental example of symmetry-protected topological states3–8. Follow-
ing Haldane’s work, Affleck, Kennedy, Lieb, and Tasaki (AKLT)
identified an extended spin-1 model Hamiltonian describing the

ground state of the Haldane phase with one unpaired electron at each
end of the chain (S = 1/2)9–13, as visualized in Fig. 2a. The two electrons
at the ends of the chain lead to singlet or triplet edge states. The
topological Haldane phase is unique due to the existence of the finite
energy gap that is symmetry-protected4–7. As long as the set of sym-
metries is preserved, the Haldane phase is stable and can withstand
external perturbations6,8. The Haldane materials are in contrast to
typical antiferromagnetic materials such as NiO with long-range mag-
netic ordering in Fig. 2b14. In NiO, amagnetic unit cell forms in addition
to its crystal unit cell, leading to the observation of Bragg reflections
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from the magnetic unit cell together with peaks from the nuclear dif-
fraction of its crystal unit cell14.

Properties of 1D Haldane spin-1 materials have been probed
experimentally using, e.g., Ni2+-based chains bridged by NO2

−, N3
−,

ox2−, or HF2
− ligands3, such as [Ni(en)2(μ-NO2)](ClO4) (NENP;

en = ethylenediamine)15–20, [Ni(1,3-propanediamine)2(μ-NO2)](ClO4)
(NINO)20,21, [Ni(en)2(μ-NO2)](BF4) (NENB)

22–24, [Ni(dmpn)2(μ-N3)](ClO4)
(NDMAZ; dmpn= 1,3-diamino-2,2-dimethylpropane)25, [Ni(3,2,3-tet)(μ-
N3)](ClO4) [232-tet = bis(2-aminoethyl)-l,3-propanediamine]26, [Ni(2,2′-
bpy)(μ-ox)]n (bpy = bipyridine)27, [Ni(benzimidazole)2(μ-ox)]n

28, and
[NiI2(3,5-lut)4]n (3,5-lut = 3,5-lutidine)29. In the 1D chains with mono-
anionic μ-NO2

− or μ-N3
− ligands bridging Ni2+ ions such as NENP or

NENB, the Haldane chains carry + charges, requiring anions ClO4
− or

BF4
− to balance the charges. In [Ni(HF)2(pyz)2]SbF6

30, themono-anionic
HF2

− ligands also form cationic 1D linear chains along the c axis in the
coordination polymer, using the SbF6

− anions to balance the + charges.
In [Ni(2,2′-bpy)(μ-ox)]n

27 [Ni(benzimidazole)2(μ-ox)]n
28, the N-ligands,

2,2′-bpy or benzimidazole, are cis-coordinated toNi2+ ions, forming zig-
zag structures.

Haldane spin-1 chains based on MOFs with oxalate-based ligands,
[Ni(μ-bpa)(μ-ox)]n (bpa = 1,2-bis(4-pyridyl)ethane)31, [Ni(μ-bpe)(μ-ox)]n
(bpe = 1,2-di(4-pyridyl)ethylene)31, [Ni(μ-en)(μ-ox)]n

32, and [Ni(μ-pip)(μ-
ox)]n (pip = piperazine)33, have been reported to show the presence of
a finite spin gap through DC magnetic susceptibility measurements.
Two features distinguish these Haldane spin-1 chains: (1) The oxalate
ligands (ox2−) in the spin-1 chains carries −2 charge balancing the +2
charge of the Ni2+ ions. Thus, these spin-1 chains based on oxalate are
neutral in contrast to the positively charged spin-1 chains in, e.g., NENP
andNDMAZ. (2) TheMOF-based compounds exhibit stacked 2Dplanar
structures with Haldane 1D chains linked by N-containing ligands. In
contrast, cationic Haldane chains containing anions in NENP and
NDMAZ make the solids non-planar. The 2D-MOFs may be exfoliated
by overcoming the relatively weak Van der Waals force between the
layers. Exfoliation of the 2D-MOFs can yield 2D nanosheets with
interesting low-dimensional properties. Several exfoliation methods
have been established to be effective in synthesizing the 2D-MOF
nanosheets34–36. From DC magnetic susceptibility data, García-
Couceiro and coworkers found that the spin gap = 7.32 and
10.29 cm−1 for [Ni(μ-bpa)(μ-ox)]n and [Ni(μ-bpe)(μ-ox)]n, respectively

31.
Similarly, Keene and coworkers obtained spin gap = 11.5 cm−1 for [Ni(μ-
en)(μ-ox)]n from DC susceptibility data32. The spin gaps are compar-
able to those of other spin-1 chain systems such as NENP and NENB15,22.
The results show that 2D-MOFs containing inter-chain ligands that
formplanar structures have the potential to exhibit Haldane spin-chain
physics, as long as the inter-chain magnetic couplings is negligible.

Here, we report that [Ni(μ-4,4′-bpy)(μ-ox)]n (NiBO)
37 is a Haldane

spin-1 chain material. It has been comprehensively probed by a variety
of techniques, including variable-temperature powder neutron dif-
fraction (PND), magnetization measurements (DC magnetic suscept-
ibility at different fields), high-field ESR (HFESR), inelastic neutron
scattering (INS), and specific-heat measurements. In addition, we

Fig. 1 | Energy diagramof a Haldane spin-1 chain system and the Zeeman effect
on the magnetic states. Here, Deff and Eeff are effective axial and rhombic (or
transverse) ZFS parameters for the lowest spin excitations, respectively. The right
panel illustrates the Zeeman effect on the states, leading to a magnetic phase
transition at about 9 T for NiBO. The labels “+1” and “−1” represent MS = +1 (or |
1, + 1〉) and −1 (or |1,−1〉) states, respectively, of the excited triplet state. The energy
splitting diagram is based on the z direction [i.e., along the Ni(ox) chains as shown
in Fig. 2] aligned parallel to the magnetic field.
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Fig. 2 | Differences between a Haldane topological chain and an anti-
ferromagnetic material. a AKLT model representation of the Ni2+ spin-1 Haldane
chain showing the antiferromagnetic coupling (gray oval) between two unpaired
electrons (red and blue arrows) in the middle of the chain, leaving unpaired elec-
trons (orange arrows) at ends of the chain. These two unpaired electrons may have
antiparallel (shown) or parallel spins, giving singlet and triplet states, respectively,

in Fig. 1. There is no magnetic unit cell in the Haldane system. b Schematic of the
antiferromagnetic structure in NiO below its Néel temperature. The magnetic unit
cell has twice the linear dimension of the crystal unit cell, as revealed by PND14. In
the crystal unit cell, Ni2+ ions form a face-centered cubic cell with ferromagnetically
coupled sheets that are anti-parallel with adjacent sheets. O2− ions are shown as
small gray cycles.
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performed quantum Monte Carlo (QMC) simulations of the spin-1
chains realized in NiBO, which show excellent agreement with the
experimental DCmagnetic susceptibility data. VT-PND data exhibit no
long-range antiferromagnetic ordering down to 1.7 K, further sup-
porting that NiBO is a quantum-disordered spin-1 chain system. The
spin gap extracted from the DCmagnetic susceptibilitymeasurements
at 0.1 T agrees remarkablywellwithQMCsimulations. TheQMC results
also identify magnetic parameters such as D, E, J, and g-factors (g) for
NiBO, as detailed below. Additionally, both themagnetic susceptibility
data and specific-heat data reveal a field-induced phase transition in
NiBO for magnetic field beyond 9T and temperatures below 5K.
HFESR was used to observe the effective anisotropy (Deff) in ZFS
through the transition within the triplet state. Furthermore, these
magnetization measurements are well in accord with QMC simula-
tions. X-ray single-crystal diffraction of deuterated [Ni(μ−4,4′-bpy-d8)
(μ-ox)]n (NiBO-d8) at 100K revealed a non-planar structure of the 4,4′-
bpy-d8 ligand, which reduces inter-chain magnetic interactions.
Inelastic neutron scattering (INS) studies provide the spin gaps
between the singlet ground and the triplet excited state as well as the
phononproperties ofNiBO,which are supported by density-functional
theory (DFT) calculations using the Vienna Ab initio Simulation Pack-
age (VASP)38.

Results
Single-crystal X-ray diffraction
NiBO and its crystal structure at 295 K were reported earlier37. In the
current work, single-crystal X-ray diffraction on NiBO-d8 was per-
formed at 100(2) K, providing an in-depth analysis of its structure to
compare with that reported at 295 K (Supplementary Table 1)37. Each
Ni2+ ion is coordinated with two oxalate ligands in a plane as intra-
chain bridging ligands forming the spin-1 chains, while two 4,4′-bpy-
d8 ligands coordinate in the z-direction as inter-chain bridging
ligands, resulting in an overall 2D framework. There is only one
uniqueNiBO-d8 unit (one oxalate, one 4,4′-bpy-d8 ligand, andoneNi2+

ion) in the crystal structure of the MOF. Fig. 3 and Supplementary
Fig. 5 illustrate the inter- and intra-chain directions of the 1D spin
chains in NiBO as well as a view down the a-axis. At 100K, we have
found that the two pyridine rings in the 4,4′-bpy-d8 ligands are not
co-planar, likely due to the free rotationalmovement of the two rings
along the C-C bond in thermal environment. The resulting effect
could likely reduce magnetic interactions between neighboring spin
chains due to limiting π-conjugations in the 4,4′-bpy-d8 ligand, a

desirable property for a Haldane material. Although the co-planar
structure of the two rings in the 4,4′-bpy-d8 ligand provides a larger
π-conjugation, rotations of the two pyridine rings by thermal energy
may have led to the non-co-planar structure. Further discussions
of the single-crystal structures are provided in the Supplemen-
tary Note 1.

Variable-temperature powder neutron diffraction
PNDwasconducted at 1.7, 10, 20, 100, and200K to study themagnetic
properties of NiBO and any potential structural phase transition at
zero-field. As shown in Fig. 2, in the Haldane phase, there is no mag-
netic ordering. Thus, only nuclear diffraction from the crystal unit cell
is expected, whether the sample is in the paramagnetic or the low-
temperature Haldane phase. In other words, no additional PND peaks
are expected when the sample is cooled. In comparison, for anti-
ferromagnetic NiO with long-range magnetic ordering (Fig. 2b)14, dif-
fractions from both the magnetic unit cell and the crystal unit cell are
observed14.

No change was observed in the PND pattern between 1.7 and
200K for a powder sample of NiBO. Fig. 4a shows a comparison
between the 1.7 and 100K diffraction patterns, indicating no long-
range antiferromagnetic correlations, as extra magnetic Bragg
reflections were not observed at low temperature. The absence of
such changes in NiBO indicates that the nature of its anti-
ferromagnetic interaction is not of a long-range ordered state but is
consistentwith theHaldanephase in Fig. 2. Furthermore, theRietveld
refinement of the PND pattern at 1.80 K reveals no long-range
ordering or magnetic phase transition in NiBO at zero-field (Fig. 4b),
consistent with results obtained from both the magnetization and
specific heat discussed below.

Magnetic susceptibility (DC)
The temperature dependence of the DC magnetic susceptibility on a
powder sample of NiBO at 0.1 T applied external magnetic field is
plotted in Fig. 5a. Upon lowering the temperature from 300K, the
magnetic susceptibility (χ) first increases and exhibits a broad max-
imum around 52K, below which it decreases down to near zero mag-
netic susceptibility at 2 K. In the 200–300K range, the data can bewell
fitted to the Curie-Weiss law39:

χ=C=ðT � θCWÞ ð1Þ

Intra-chain direction
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Fig. 3 | Schematic of NiBO and the crystal structure of NiBO-d8. a 2D schematic
of NiBO showing the bonding around three Ni2+ ions within the chain. Blue arrows
show intra- and inter-chain directions. b Structure of NiBO-d8 viewed down the
crystallographic a-axis. Green: Ni; Red: O; Purple: N; Gray: C. Selected bond lengths
and angles: Ni-O = 2.0488(10)-2.0533(9) Å,Ni-N = 2.092(5) Å. cis-ligand angles: O-Ni-

O 82.53(4)-97.47(4)°, O-Ni-N 89.68(11)-90.32(11)°; trans-ligand angles: O-Ni-O
179.4(2)-179.5(2)°, N-Ni-N 180.0°. The CIF (Crystallographic Information Frame-
work) file of the crystal structure, which has been deposited in the Cambridge
Structural Database (CCDC No. 2278974), is provided as a Source Data file.
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with a Curie-Weiss temperature of θCW= −75.3(1) K, indicating anti-
ferromagnetic interaction in NiBO. The Curie constant C can be used to
extract the effective magnetic moment μeff in units of the Bohr
magneton, μB

39.

μeff =
ffiffiffiffiffiffiffi
8C

p
μB ð2Þ

giving μeff = 2.7(1) μB, which is comparable to theNi2+ spin-only value of
2.8 μB

40
. The suppression of the DCmagnetic susceptibility data at low

temperatures is indicative of a finite magnetic excitation gap in such
spin-1 chain systems31,32. The spin gap was extracted by fitting DC
magnetic susceptibility data in the low-temperature range (T < 50K) to
an activated behavior:3,31

χ Tð Þ= χ 0ð Þ+C exp½�Eg=ðkBTÞ� ð3Þ

where Eg is the spin gap and χ(0) is an offset.
Fig. 5b demonstrates an excellent fit of the experimental data to

Eq. 3. We obtain a value of Eg = 7.5(5) cm−1, which is in overall agree-
ment with the refined value of the spin gap extracted from QMC
simulations, as discussed in the next section. In addition, the magne-
tizationmeasurements showno increase in themagnetic susceptibility
down to 2 K, suggesting that there is very little to no paramagnetic
contamination of the Ni2+ ions in NiBO.

To probe the stability of the gapped magnetic phase, we mea-
sured the DC magnetic susceptibility under various magnetic fields
between 2 and 10K (Fig. 5c). Note that at magnetic field (H’) ≤9 T, the
magnetic susceptibility decreaseswith decreasing temperature. Above
9 T, an upturn occurs at low temperatures. In addition, at higher fields,
the magnetic susceptibility starts to increase below 5K, suggesting a
possible magnetic phase transition. Supplementary Fig. 8 shows the
field dependence of the DC magnetization between 2 K and 300K,
revealing nonlinear behavior below 5 K. The increase of magnetization
signifies a possible field-induced phase transition. Background sub-
traction for the DC magnetic susceptibility data were performed
through fittings of the data in the temperature range between 200 and
300K using χ =C/(T−θCW) + χpara, where χpara is the paramagnetic
contribution in the background.

Quantum Monte-Carlo simulations
QMC simulations were performed in conjunction with the experi-
mental DC magnetization measurements to identify the microscopic
Haldane chain parameters for NiBO. We considered an isolated spin-1
chain model, described by the Hamiltonian:

H = J
XN

i= 1

Si � Si + 1 +D
XN

i = 1

Szi
� �2 + E

XN

i = 1

½ Sxi
� �2�ðSyi Þ

2� ð4Þ

d-Spacing (Å)
2 4 6 8 10 12 14 16

)tin
U .brA( ytisnetnI dezila

mro
N

1.7 K
200 

2 3

(a)

d-Spacing (Å)
2 3 4 5 6 7 8

)tin
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1.2 1.4 1.6 1.8

(b)

Fig. 4 | PND patterns of NiBO and the Rietveld refinement of the PND data.
a PND patterns of NiBO at 1.7 and 100K. Patterns at 10K, 20K, and 100K are
given in Supplementary Fig. 7. b Rietveld refinement of the PND data at 1.7 K;

Rweighted profile = 2.49%; GOF (Goodness of Fit) = 5.08. Insets: low d-spacing regions.
Arb. unit = arbitrary unit. Source data are provided as a Source Data file.
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where J is the nearest-neighbor exchange coupling constant, D is the
axial single-ion anisotropy for Ni2+, and E is the transverse (or rhombic)
anisotropy.

To perform the QMC simulations, we used the stochastic series
expansion (SSE)method41,42, and adjusted the abovemodel parameters
to obtain the best fit of the QMCmagnetic susceptibility results to the
experimental DC magnetic susceptibility data. The spin-1 chain was
simulated with 512 sites and periodic boundary conditions to probe
bulk properties. We note here the symmetry E ! −E. Therefore, we
consider only E >0 for the following. TheHeisenberg coupling J, the g-
factor, and the paramagnetic offset χpara of the susceptibility can be
obtained by comparing the susceptibility data to the QMC simulations
of the isotropic chain (with D = E = 0) as seen in Supplementary Fig. 11.
Weobtain J = 29.44 cm−1, g = 1.87 and χpara ≈ 10−5 cm3/mol. The isotropic
model agreeswell with the experimental data at high temperatures but
deviates at lower temperatures. Therefore, the isotropic model does
not reproduce NiBO’s low-energy spectrum. If the anisotropy D < J is
small and Ej j <D < J, the full spectrum may be obtained using the fol-
lowing gaps43,44 (where Δx <Δy <Δz):

Δx =0:41J � 0:57D� κ0 Ej j

Δy =0:41J � 0:57D+ κ0 Ej j

Δz =0:41J + 1:41D ð5Þ

where κ0 = 2.05 in our parameter regime.

To compare the QMC results to the experimental DC magnetic
susceptibility data of the powder sample, we performed an orienta-
tional averaging, which yields the magnetic susceptibility:

χ =
2
3
χ? +

1
3
χk + χpara ð6Þ

where χ? (χk) denotes the QMC response perpendicular (parallel) to
the direction of the anisotropy term and χpara is a paramagnetic
contribution.

The results obtained from QMC simulations are compared to the
experimental results in Fig. 6 where theD and E terms are included. We
fixed J, g? = gk, and χpara to the values obtained from the isotropic
model, where g|| (g⊥) is the g-factor for the magnetic fields applied
parallel (perpendicular) to the direction of the anisotropy term [i.e., in a
finite magnetic field with flux density B, the Zeeman terms
Hjj = g jjμBB

P
i
Szi , and H? = g?μBB

P
i
Sxi are added to the Hamiltonian

(H), respectively]. The results show that with the inclusion of an addi-
tional D and E term, where D =4.99 cm−1 and Ej j = 1.01 cm−1, the simu-
lation fits remarkably well to the experimental DC magnetic
susceptibility data across the full temperature range from 1.841 to
300K. The model parameters obtained from the simulations are listed
in Table 1. Simulation results for different values of Ej j are compared to
the experimental data in Supplementary Fig. 12. From D, the axial ani-
sotropy parameter of one Ni2+ ion, the effective anisotropy parameter
for the chain (i.e., the collective triplet) Deff = −1.98D = −9.88 cm−1 is
obtained29. It should be pointed out thatDeff = −1.8D has also been used
in the literature15,45, which would make Deff here smaller.
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Fig. 6 | QuantumMonteCarlo results for themagnetic susceptibility ofNiBO as
a functionof temperature.The inset shows themagnetic susceptibility data in the

low-temperature range. TheQMC data fits well with the experimental data down to
the low-temperature regime. Source data are provided as a Source Data file.
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data below 11.5 K. c Temperature dependence of the DC susceptibility of NiBO at
magnetic fields of 0.1-12 T. Source data are provided as a Source Data file.
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The values of D and E are small enough for NiBO to reside within
theHaldanephase rather than the large-Dphase46,47. Basedon theQMC
simulations48, we obtain spin gaps of Δx = 7.16 cm−1, Δy = 11.3 cm−1, and
Δz = 19.1 cm−1. In addition, QMC results for the magnetization in finite
fields are shown in Supplementary Figs. 18 and 19. Similar to the
experimental magnetic susceptibility data obtained in finite magnetic
fields shown above, the finite-field QMCdata demonstrate the stability
of the Haldane phase for magnetic field strength up to the size of the
zero-field spin gap. Additional results for the magnetic field depen-
dence of the excitations gaps for the powder sample are also provided
in the SI.

Specific heat
Specific-heat (C’) measurements on NiBO were conducted to comple-
ment the magnetic susceptibility data. Supplementary Fig. 20 shows
the specific-heat data between 1.8 K and 200K at zero field and in a
magnetic field (H’) of 12 T for a powder sample of NiBO. For the
magnetic field H′ beyond 9T, a λ shape peak shows up below 5 K and
shifts toward a higher temperature as the magnetic field increases, as
shown in Fig. 7a. The peaks indicate a field-induced phase transition
occurring in the above field and temperature range. A summary of the
critical field (H′N) and critical temperature (TN) of the transition line is
shown in Supplementary Fig. 21. The transitionpoints observed inboth
the specific-heat data and the magnetization data are consistent with
eachother, indicating that there is a singlemagnetic phase transition in
NiBO at a magnetic field (H′) beyond 9T and below 5K. The change in
the critical field and critical temperature of the transition is almost
linear, which is similar to previous observations in NENP49. In gapped
quantum spin systems, field-induced Bose-Einstein condensation
beyond the criticalfield strengthwas predicted50–52 and experimentally
observed previously in Ni2+-based spin-1 compounds53,54. Namely,
above the critical field H’N, magnon excitations condensate at low
temperatures. Quantitatively, one would expect the field-induced
transition temperature TN proportional to (H′−H′N)φ, where the cross-
over exponent φ depends on the dimensionality and the magnon
dispersion relation55,56. In the inset of Fig. 7b,we replot our data as ln TN
vs ln (H′−H′N). By fitting the data to TN vs (H’−H’N)φ, φ = ~0.54(6) and
H’N = 7.7(4) T are obtained. The extracted φ is too small for either
effective dimensionality (φ = 2/3 for 3D and 1 for 2D).Measurements at
lower temperatures are necessary for a more accurate determination
of the critical exponent.

Inelastic neutron scattering (INS) at 0 T
From the energy diagram of a Haldane spin-1 chain system and the
Zeeman effect on themagnetic states in Fig. 1, two transitions, A and B
in Fig. 8, are expected at 0 T.

INS was conducted at VISION without a magnet to study the spin
gaps in NiBO-d8. The deuterated sample was used, as the scattering
cross section of D atoms is much smaller than that of H atoms57, sig-
nificantly enhancing signal/noise ratios of magnetic transitions in INS
spectra of NiBO-d8 in comparison with spectra of H-containing NiBO.
The measurements were performed at 5, 7.5, 10, 15, and 20K to

determine the spin gaps between the singlet ground state and the
triplet excited state. Two different spin gaps are observed at 5 K in
Fig. 9. The intensities of the two peaks at ~10 and 19 cm−1 decreased
with increasing temperature. The temperature-dependent of the peaks
suggest amagnetic origin and not phonons. The peak at 10.0(1) cm−1 is
assigned to originate from the transition A, 0,0j i ! 1, ± 1j i, based on
the spin gap Eg = 7.5(5) cm−1 from susceptibility data which agrees with
that from the QMC calculations. The peak at 19.1(1) cm−1 originates
from the transition B, 0,0j i ! 1,0j i. The value of the experimental
Deff(INS) and the single-ion anisotropyD(INS) can be determined using
the magnetic coupling constant (J) from QMC (29.44 cm−1) and peak B
[Δz = 19.1(1) cm−1] from INS in Eqs. 7 and 8:15,22

DðINSÞ= Δz � 0:41J
1:41

= 5:0ð1Þ cm�1 ð7Þ

DeffðINSÞ= � 1:98DðINSÞ= � 9:9ð1Þ cm�1 ð8Þ

We are unable to observe the splitting of peak A (Δxy) due to the
limited resolution of the instrument. With higher resolution, peak A
should split into Δx and Δy indicating an existence of the transverse or
rhombic anisotropy (E) in NiBO. The results obtained from INS agree
well with the QMC and magnetic susceptibility results.
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Fig. 7 | Specific heat data and the temperature-magnetic field phase diagramof
NiBO showing a phase transition. a Magnetic field-dependent specific heats
of NiBO from 1.92 to 6.00K at 0-14 T.b Temperature-magnetic field phase diagram
of NiBO from specific heat (C′) and magnetization (χ) including their respective
error bars in the temperatures. The green dash line presents the fitting TN vs
(H′−H’N)φ. Inset: Plot of ln TN vs ln (H′−H’N) including error bars in ln TN. TN is the
critical temperature. H’N is the critical field. H′ is the magnetic field. φ is the
crossover exponent. Source data are provided as a Source Data file.

Table 1 | Magnetic parameters from QMC simulations

Parameters Energy (cm−1)

D 4.99

Deff −9.88

Ej j 1.01

|Eeff | 2.07

J 29.44

Δx 7.16

Δy 11.3

Δz 19.1
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High-field electron spin resonance
HFESRmeasurements were performed at 4.5 K on a powder sample of
NiBO (0.116 g) to probe the electronic spin transition within the triplet
excited state. The results show only a single low-intensity and broad
resonance in Fig. 9b at ~6.8 T and 511 GHz. The resonance moves to
lower magnetic field upon decreasing the frequency, as shown in
Supplementary Fig. 10. We interpret the observed resonance as origi-
nating from the transition 1,� 1j i ! 1,0j i. A simple linear extrapola-
tion to 0T gives a lower bound estimated Deff(HFESR) = 7.8(2) cm−1.
However, this value underestimates the actual zero-field gap, as dis-
cussed in the SI. Instead, the results obtained based on the QMC
simulations compare well with the experimental data and support the
observed transition 1,� 1j i ! 1,0j i in the powder averaged spectrum
of the HFESR, as shown in Supplementary Fig. 17. Furthermore, the
intensity of the resonance is weak, probably resulting from the low
thermal population of the triplet state at 4.5 K. The even lower popu-
lation of the 1, + 1j i state may furthermore explain the absence of

the resonance transition 1, + 1j i ! 1,0j i in the spectrum. The result is
consistent with observations in the ESR spectra of PbNi2V2O8

58. No
resonances are observed for the formally forbidden transitions from
the singlet to the triplet state, based on the selection rules. The end-
chain resonance is not discernible in the spectrum due to NiBO having
little to no impurities in the MOF structure as well as negligible inter-
chain coupling. According to Čižmár et al., observation of the end-
chain resonance can be attributed to the spin-1/2 fractional end-chain
effect or the presence of the inter-chain coupling22. Impurities can
cause fragmentation of the spin-1 chains leading to the presence of
more end-chain spin-1/2. As determined in the magnetization mea-
surements of NiBO, the magnetic susceptibility does not increase at
low temperatures, which is the characteristic of a relatively pure
system.

Phonon spectrum from INS and comparison with the DFT-
calculated INS spectrum
The phonons described in these studies are those of both inter- and
intra-molecular vibrations. INS is based on the neutron kinetic energy
transfer, which means the technique does not follow any selection
rules, unlike optical spectroscopies such as IR or Raman. Therefore,
INS can detect all the phonon excitations in the solid molecule59.
Supplementary Fig. 22 shows the experimental INS spectra of NiBO
and NiBO-d8 at 5 K and the calculated phonon spectra from DFT
calculations. For NiBO, most of the major phonon features are loca-
ted below 1700 cm−1, while one distinct major feature is at 3100 cm−1.
The calculated phonon spectra fit well to the experimental phonon
spectra, especially in the higher energy region. Further discussion
of the phonon features, phonon symmetries, and spin densities are
provided in SI.

Many previous studies have focused on studying 1D Haldane
chains in 3D structures, but rarely in a 2D material. Here, we have
provided a thorough characterization of themagnetism in the 2D-MOF
compound NiBO, which consists of stacked 2D planes of parallel spin-1
chains, formed by Ni2+ ions. From our combined analyses, using a wide
range of experimental probes, including variable-temperature powder
neutron diffraction (VT-PND), DC magnetic susceptibility, specific-
heat, andHFESRmeasurements,we identify NiBO as a clean realization
of the Haldane spin-1 chain with weak interchain coupling, due to the
stacked planar crystal structure and a twisting in the bipyridine ligands
that stabilize the planar arrangement. This sets aside NiBO from var-
ious previously explored Haldane spin-1 chain compounds, which are
mostly imbedded in a 3D crystal structure. VT-PND confirms that
NiBO does not exhibit long-range antiferromagnetic order, supporting
that NiBO is a Haldane spin-1 chain material with short-range spin
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Fig. 9 | INS and HFESR spectra revealing the three observed magnetic transi-
tions in NiBO. a Temperature-dependent INS data for NiBO-d8 at 5–20 K. The pink
dashed are at the peaks from excitations A and B in Fig. 8 corresponding to the two

spin gaps between levels 1 and 2/3 as well as between levels 1 and 4. b HFESR
spectrum of NiBO at 4.5 K and 511 GHz. dΧ″ / dH′ is the first derivative of the
absorption Χ″ vs magnetic field H’. Source data are provided as a Source Data file.

Fig. 8 | Energy diagram of NiBO showing three observed magnetic transitions.
Expected transitions A, B at 0 T and C inside magnetic fields for a single crystal of
NiBOwith themagnetic field aligned in the z-direction. TheMS = +1, −1, and 0 states
are defined in Fig. 1.
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correlations and a disordered ground state. Furthermore, specific-heat
and DC magnetic susceptibility experiments indicate a phase transi-
tion induced by themagnetic fields beyond the gap-closing field of 9 T
and at temperature below 5K. We have conducted key in-depth ana-
lysis of a 2D-MOF with decoupled spin-1 chains exhibiting Haldane
physics, comparing remarkably well to a microscopic spin-1 chain
model using unbiased QMC simulations. Parameters from QMC
simulation of the microscopic spin model for NiBO are J = 29.44 cm−1,
D = 4.99 cm−1, Deff =�9.88 cm−1, |E | = 1.01 cm−1, Eeff = 2.07 cm−1,
4x = 7.16 cm−1, 4y = 11.3 cm−1, and 4z = 19.1 cm−1. INS measurements
provide the energy gaps between the singlet ground state and two
levels of the excited triplet state in Fig. 9a to be 10.0(1) cm−1 and 19.1(1)
cm−1, respectively. In addition, INS studies give Deff(INS) = −9.9(1) cm

−1;
D(INS) = 5.0(1) cm−1. HFESR probe the effective anisotropy of NiBO
with a lower bound for Deff(HFESR) = 7.8(2) cm−1. MOFs are unique
among Haldane spin-1 chain materials by providing the possibility
for exfoliation into 2D nanosheets with unique magnetic properties.
Our works open interesting new directions for future research on low-
dimensional quantum magnetism in metal-organic frameworks.

Methods
Syntheses of NiBO and NiBO-d8 are given in Supplementary
Information.

Single-crystal X-ray diffraction
Single-crystal X-ray diffractionn (SCXRD) data were collected using a
Bruker D8 Venture at 100K with Mo Kα radiation. Data were collected
and integrated using APEX 3 programs, reduced using Bruker SAINT
program, and corrected for absorption using the SADABS multi-scan
program. The structure was solved using SHELXT and refined with
SHELXL-2015. There was no distinction made for the D isotope in
NiBO-d860.

Magnetic susceptibility (DC) and specific heat
DC magnetic susceptibility measurements at 0.1 T were conducted at
the Center for Nanophase Materials Sciences (CNMS) at Oak Ridge
National Laboratory (ORNL) using the superconducting quantum
interference device (SQUID) magnetometer by Quantum Design. A
powder sample of NiBO with a total mass of 119.2mg was used. Vari-
able temperature and variable field DC magnetic susceptibility were
measured using the Physical Property Measurement System (PPMS)
Dynacool by Quantum Design with the Vibrating Sample Magnet-
ometer (VSM) option. The powder with a total mass of 11.7mg was
used for the temperature-dependent of magnetization under a mag-
netic field of 0.1 T from 2K to 300K. The magnetization was per-
formed between 2 K and 300K up to 14 T. Temperature-dependent of
specific heat wasmeasured by relaxation technique using the PPMS. A
pressed pellet with a total mass of 6.5mg was used for specific-heat
measurement between 2 K to 200K from 0T to 14 T.

High-field electron spin resonance
HFESR experiments were performed at the National High Magnetic
Field Laboratory (NHMFL) using a homemade ESR spectrometer with a
17 T superconductingmagnet61. A low-frequency source (13.5–18.5 GHz)
was used in conjunction with an array of multipliers and amplifiers
(Virginia Diodes, Charlottesville, VA, USA) to generate higher frequency
harmonics.

Powder neutron diffraction
Neutrondiffraction datawerecollected at the POWGENdiffractometer
at the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory (ORNL) between 1.8 K and 200K using anOrange Cryostat.
A powder sample was loaded into a 6 mm-diameter, cylindrical vana-
dium sample can, and the data were collected for approximately 2 h in
the high-resolution mode, using a center wavelength of 2.665 Å

covering the d spacing from 1 Å to 15.0Å. A background correction for
the measured data was performed using an empty vanadium sample
canmeasurement. The peak profile was described using a convolution
of a Gaussian peak shape and a GSAS back-to-back exponential peak
shape accounting for the asymmetry. The peakprofilewas obtained by
refining data from Si (SRM640d, NIST). All refinement was carried out
using the TOPAS 6 software of the academic version62.

Inelastic neutron scattering
VT INSdatawerecollectedbyplacing apowder sample ofNiBO (~0.5 g)
or NiBO-d8 (~1.0 g) the into a vanadium can specifically made for the
neutron instrument. The sample vanadium can was placed into the
neutron beamline at the Vibrational Spectrometer (VISION) at SNS,
ORNL. There are two detector banks for the forward (low |Q | ) and the
back (high |Q | ) scattering of neutrons. The effect of phonon popula-
tion was accounted for through normalization of the INS intensity at
energy transfer ω with coth _ω

2kBT

� �
63.

DFT calculations of phonon and spin density
Spin-polarized density-functional theory (DFT) calculations of NiBO
and NiBO-d8 were performed at SNS, ORNL using the Vienna Ab initio
Simulation Package (VASP)64. The calculation used Projector Aug-
mented Wave (PAW) method65,66 to describe the effects of core elec-
trons, and Perdew-Burke-Ernzerhof (PBE)67 implementation of the
Generalized Gradient Approximation (GGA) for the exchange-
correlation functional. The energy cutoff was 800 eV for the plane-
wave basis of the valence electrons. The lattice parameters and atomic
coordinates from the CIF file, generated by the SCXRD measurement
of NiBO-d8 at 100K, were used as the initial structure. In the calcula-
tions for NiBO, the D atoms in NiBO-d8 were replaced by H atoms. The
electronic structure was calculated on a 3 × 3 × 7 Γ-centeredmesh. The
total energy tolerance for electronic energy minimization was 10−8eV,
and for structure optimization, it was 10−7eV. The maximum intera-
tomic force after relaxation was below 0.001 eV/Å. The optB86b-vdW
functional68 for dispersion corrections was applied, and a Hubbard U
term of 6.2 eV69 was applied to account for the localized 3d orbitals of
Ni. A 1 × 1 × 3 supercell was created, for which the electronic structure
was calculated on a 3 × 3 × 2 Γ-centered mesh. The interatomic force
constants were calculated on the supercell by VASP, and the vibra-
tional eigenfrequencies and modes were then calculated using
Phonopy70. The OCLIMAX software71 was used to convert the DFT-
calculated phonon results to the simulated INS spectra.

Data availability
Source data are provided with this paper. The data generated in this
study have been deposited in the Figshare.

Code availability
VASP (Vienna ab initio simulation package) for the periodic DFT pho-
non calculations is available at https://www.vasp.at/. QMC codes are
available on request.

References
1. Haldane, F. D. M. Nonlinear field theory of large-spin heisenberg

antiferromagnets: semiclassically quantized solitons of the one-
dimensional easy-axis néel state. Phys. Rev. Lett. 50,
1153–1156 (1983).

2. Haldane, F. D. M. Continuum dynamics of the 1-D Heisenberg anti-
ferromagnet: Identification with the O(3) nonlinear sigma model.
Phys. Lett. A 93, 464–468 (1983).

3. Yamashita,M., Ishii, T. &Matsuzaka,H.Haldanegap systems.Coord.
Chem. Rev. 198, 347–366 (2000).

4. Pollmann, F., Turner, A. M., Berg, E. & Oshikawa, M. Entanglement
spectrum of a topological phase in one dimension. Phys. Rev. B 81,
064439 (2010).

Article https://doi.org/10.1038/s41467-023-41014-1

Nature Communications |         (2023) 14:5454 8

https://www.vasp.at/


5. Pollmann, F., Berg, E., Turner, A. M. & Oshikawa, M. Symmetry
protection of topological phases in one-dimensional quantum spin
systems. Phys. Rev. B 85, 075125 (2012).

6. Gu, Z.-C. & Wen, X.-G. Tensor-entanglement-filtering renormaliza-
tion approach and symmetry-protected topological order. Phys.
Rev. B 80, 155131 (2009).

7. Hatsugai, Y. & Kohmoto, M. Numerical study of the hidden anti-
ferromagnetic order in the Haldane phase. Phys. Rev. B 44,
11789–11794 (1991).

8. Berg, E., Dalla Torre, E. G., Giamarchi, T. & Altman, E. Rise and fall of
hidden stringorder of lattice bosons.Phys. Rev. B 77, 245119 (2008).

9. Affleck, I., Kennedy, T., Lieb, E. H. & Tasaki, H. Rigorous results on
valence-bond ground states in antiferromagnets. Phys. Rev. Lett.
59, 799–802 (1987).

10. Affleck, I., Kennedy, T., Lieb, E. H. & Tasaki, H. Valence bond ground
states in isotropic quantum antiferromagnets. Commun. Math.
Phys. 115, 477–528 (1988).

11. Kennedy, T. Exact diagonalisations of open spin-1 chains. J. Phys.
Condens. Matter 2, 5737 (1990).

12. Affleck, I. Quantum spin chains and the Haldane gap. J. Phys.
Condens. Matter 1, 3047 (1989).

13. Affleck, I. TheHaldane gap in antiferromagneticHeisenberg chains.
Rev. Math. Phys. 6, 887–899 (1994).

14. Shull, C. G., Strauser, W. A. & Wollan, E. O. Neutron diffraction by
paramagnetic and antiferromagnetic substances. Phys. Rev. 83,
333–345 (1951).

15. Lu, W., Tuchendler, J., von Ortenberg, M. & Renard, J. P.
Direct observation of the Haldane gap in NENP by far-infrared
spectroscopy in high magnetic fields. Phys. Rev. Lett. 67,
3716–3719 (1991).

16. Kobayashi, T. et al. Heat capacities of Haldane-gap antiferromagnet
NENP in magnetic field. J. Phys. Soc. Jpn 61, 1772–1776 (1992).

17. Sologubenko, A. V. et al. Field-dependent thermal transport in the
haldane chain compound NENP. Phys. Rev. Lett. 100,
137202 (2008).

18. Regnault, L. P., Vettier, C., Rossat-Mignod, J. & Renard, J. P. Field
dependences of Haldane gaps in the S = 1 one-dimensional anti-
ferromagnet NENP. Phys. B: Condens. Matter 180-181,
188–190 (1992).

19. Regnault, L. P. & Renard, J. P. Spin dynamics under high magnetic
field in the Haldane-gap system NENP. Phys. B: Condens. Matter
234-236, 541–543 (1997).

20. Sieling, M. et al. Highmagnetic-field ESR in theHaldane spin chains
NENP and NINO. Phys. Rev. B 61, 88–91 (2000).

21. Hagiwara, M. & Katsumata, K. ESR studies on the Haldane material
Ni(C3H10N2)NO2ClO4: Polarization analysis and frequency-field
diagram. Phys. Rev. B 53, 14319–14322 (1996).

22. Čižmár, E. et al. Magnetic properties of the Haldane-gap material
[Ni(C2H8N2)2NO2](BF4). New J. Phys. 10, 033008 (2008).

23. Long, V. C. et al. Magnetic-field-induced modifications of the
electronic structure of Ni(en)2NO2BF4: A signature of the Haldane
gap in the electronic-excitation intensities. Phys. Rev. B 76,
024439 (2007).

24. Orendáč, M., Tarasenko, R., Tkáč, V., Orendáčová, A. & Sechovský,
V. Specific heat study of the magnetocaloric effect in the Haldane-
gapS = 1 spin-chainmaterial [Ni(C2H8N2)2NO2](BF4).Phys. Rev. B96,
094425 (2017).

25. Takeuchi, T. et al. Magnetic properties of new Haldane gap mate-
rials. J. Magn. Magn. Mater. 140-144, 1633–1634 (1995).

26. Escuer, A. et al. Two new µ-azido nickel(II) uniform chains: Synth-
eses, structures, andmagneto-structural correlations. Inorg. Chem.
32, 3727–3732 (1993).

27. Černák, J. et al. [Ni(bpy)(ox)]: a candidate in the class of Haldane
gap systems (bpy = 2,2ʹ-bipyridine, ox = oxalate). J. Coord. Chem.
68, 2788–2797 (2015).

28. Keene, T. D. et al. Heterocyclic aminedirected synthesis ofmetal(II)-
oxalates: investigating the magnetic properties of two complete
series of chains with S = 5/2 to S = 1/2. Dalton Trans. 39,
4937–4950 (2010).

29. Williams, R. C. et al. Near-idealmolecule-basedHaldane spin chain.
Phys. Rev. Res. 2, 013082 (2020).

30. Brambleby, J. et al. Combining microscopic and macroscopic
probes to untangle the single-ion anisotropy and exchange ener-
gies in an S = 1 quantum antiferromagnet. Phys. Rev. B 95,
134435 (2017).

31. García-Couceiro, U. et al. Rational design of 2D magnetic metal
−organic coordination polymers assembled from oxalato and
dipyridyl spacers. Cryst. Growth Des. 6, 1839–1847 (2006).

32. Keene, T. D., Hursthouse, M. B. & Price, D. J. Two-dimensional metal
−organic frameworks: a system with competing chelating ligands.
Cryst. Growth Des. 9, 2604–2609 (2009).

33. Keene, T et al. One-dimensional magnetism in new, layered struc-
tures: piperazine-linked copper and nickel oxalate chains. Eur. J.
Inorg. Chem. 1007–1013 (2004).

34. Zhao, M. et al. Two-dimensional metal–organic framework
nanosheets: synthesis and applications. Chem. Soc. Rev. 47,
6267–6295 (2018).

35. Heinrich, B. W., Braun, L., Pascual, J. I. & Franke, K. J. Protection of
excited spin states by a superconducting energy gap. Nat. Phys. 9,
765–768 (2013).

36. Heinrich, B. W., Braun, L., Pascual, J. I. & Franke, K. J. Tuning the
magnetic anisotropy of single molecules. Nano Lett. 15,
4024–4028 (2015).

37. Lu, J. Y., Lawandy,M. A., Li, J., Yuen, T. & Lin, C. L. A new type of two-
dimensional metal coordination systems: hydrothermal synthesis
and properties of the first oxalate−bpy mixed-ligand framework
[M(ox)(bpy)] (M = Fe(II), Co(II), Ni(II), Zn(II); ox =C2O4

2−; bpy = 4,4′-
bipyridine. Inorg. Chem. 38, 2695–2704 (1999).

38. Xue, Z.-L. et al. Neutron instruments for research in coordination
chemistry. Eur. J. Inorg. Chem. 2019, 1065–1089 (2019).

39. Mugiraneza, S. & Hallas, A. M. Tutorial: a beginner’s guide to inter-
preting magnetic susceptibility data with the Curie-Weiss law.
Commun. Phys. 5, 95 (2022).

40. Matsunaga, Y. Magnetic moment of Ni2+ Ion in (Ph3P)2NiBr2(PhBr)2.
Can. J. Chem. 38, 621–622 (1960).

41. Sandvik, A. W. Stochastic series expansion method with operator-
loop update. Phys. Rev. B 59, R14157–R14160 (1999).

42. Syljuåsen, O. F. & Sandvik, A. W. Quantum Monte Carlo with
directed loops. Phys. Rev. E 66, 046701 (2002).

43. Golinelli, O., Jolicoeur, T. & Lacaze, R. Haldane gaps in a spin-1
Heisenberg chain with easy-plane single-ion anisotropy. Phys. Rev.
B 45, 9798–9805 (1992).

44. Golinelli, O., Jolicoeur, T. & Lacaze, R. Themagnetic field behaviour
of a Haldane-gap antiferromagnet. J. Phys. Condens. Matter 5,
7847 (1993).

45. Date, M. & Kindo, K. Elementary excitation in the Haldane state.
Phys. Rev. Lett. 65, 1659–1662 (1990).

46. Maximova, O. V., Streltsov, S. V. & Vasiliev, A. N. Long range
ordered, dimerized, large-D and Haldane phases in spin 1
chain compounds. Crit. Rev. Solid State Mater. Sci. 46,
371–383 (2021).

47. Tzeng, Y.-C., Onishi, H., Okubo, T. & Kao, Y.-J. Quantum phase
transitions driven by rhombic-type single-ion anisotropy in the S = 1
Haldane chain. Phys. Rev. B 96, 060404 (2017).

48. Rahnavard, Y. & Brenig, W. Spin dynamics of the anisotropic spin-1
antiferromagnetic chain at finite magnetic fields. Phys. Rev. B 91,
054405 (2015).

49. Koda, A., Kobayashi, T., Tabuchi, Y., Amaya, K. & Yosida, T. Heat
capacity anomaly of Haldane-gap antiferromagnet NENP below 1K.
Phys. B: Condens. Matter 194-196, 1261–1262 (1994).

Article https://doi.org/10.1038/s41467-023-41014-1

Nature Communications |         (2023) 14:5454 9



50. Giamarchi, T. & Tsvelik, A. M. Coupled ladders in a magnetic field.
Phys. Rev. B 59, 11398–11407 (1999).

51. Batyev, E.G.&Braginskii, L. S. Antiferrornagnet in a strongmagnetic
field; Analogy with Bose gas. Sov. Phys. JETP 60, 781–786 (1984).

52. Affleck, I. Theory of Haldane-gap antiferromagnets in appliedfields.
Phys. Rev. B 41, 6697–6702 (1990).

53. Zapf, V. S. et al. Bose-Einstein condensation of S = 1 nickel spin
degrees of freedom in NiCl2-4SC(NH2}2. Phys. Rev. Lett. 96,
077204 (2006).

54. Zvyagin, S. A. et al. Magnetic excitations in the spin-1 anisotropic
heisenberg antiferromagnetic chain systemNiCl2−4SC(NH2)2. Phys.
Rev. Lett. 98, 047205 (2007).

55. Giamarchi, T., Rüegg, C. & Tchernyshyov, O. Bose–Einstein con-
densation in magnetic insulators. Nat. Phys. 4, 198–204 (2008).

56. Wessel, S., Olshanii, M. & Haas, S. Field-induced magnetic order in
quantum spin liquids. Phys. Rev. Lett. 87, 206407 (2001).

57. Sears, V. F. Neutron scattering lengths and cross sections. Neutron
News 3, 29–37 (1992).

58. Smirnov, A. I. et al. Triplet spin resonance of the Haldane magnet
PbNi2V2O8with interchain coupling. Phys. Rev. B 77, 100401 (2008).

59. Manson, J. L. et al. Mn(dca)2(o-phen) (dca = dicyanamide; o-phen =
1,10-phenanthroline}: Long-range magnetic order in a low-
dimensional Mn-dca polymer. Polyhedron 52, 679–688 (2013).

60. Caulton, K. G., Chisholm, M. H., Streib, W. E. & Xue, Z.-L. Direct
observation of α-hydrogen transfer from alkyl to alkylidyne ligands
in (Me3CCH2)3WCSiMe3. Kinetic and mechanistic studies of alkyl-
alkylidyne exchange. J. Am. Chem. Soc. 113, 6082–6090 (1991).

61. Hassan, A. K. et al. Ultrawide band multifrequency high-field EMR
technique: a methodology for increasing spectroscopic informa-
tion. J. Magn. Reson. 142, 300–312 (2000).

62. Coelho, A. A. TOPAS and TOPAS-Academic: an optimization pro-
gram integrating computer algebra and crystallographic objects
written in C++. J. Appl. Crystallogr. 51, 210–218 (2018).

63. Mitchell, P. C. H., Parker, S. F., Ramirez-Cuesta, A. J. & Tomkinson, J.
Vibrational Spectroscopy with Neutrons. Vol. 3 (World Scien-
tific, 2005).

64. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169–11186 (1996).

65. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953–17979 (1994).

66. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,
1758–1775 (1999).

67. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

68. Klimeš, J., Bowler, D. R. &Michaelides, A. Chemical accuracy for the
van der Waals density functional. J. Phys. Condens. Matter 22,
022201 (2010).

69. Wang, L., Maxisch, T. & Ceder, G. Oxidation energies of transition
metal oxides within the GGA+U framework. Phys. Rev. B 73,
195107 (2006).

70. Togo, A. & Tanaka, I. First principles phonon calculations in mate-
rials science. Scr. Mater. 108, 1–5 (2015).

71. Cheng, Y. Q., Daemen, L. L., Kolesnikov, A. I. & Ramirez-Cuesta, A. J.
Simulation of inelastic neutron scattering spectra using OCLIMAX.
J. Chem. Theory Comput. 15, 1974–1982 (2019).

Acknowledgements
The US National Science Foundation (CHE-2055499 to Z.-L.X.) and a
Shull Wollan Center Graduate Research Fellowship (to P.T.) are
acknowledged for partial support of the research. Part of this work was
performed at the National High Magnetic Field Laboratory which is

supported by NSF Cooperative Agreement No. DMR-1644779 and the
State of Florida. Magnetic property study was conducted in part at the
Center for Nanophase Materials Sciences, which was sponsored at Oak
RidgeNational Laboratoryby theScientificUser FacilitiesDivision,Office
of Basic EnergySciences, U.S.Department of Energy.Neutron scattering
experiments were conducted at ORNL′s Spallation Neutron Source,
which is supported by the Scientific User Facilities Division, Office of
Basic Energy Sciences (BES), U.S. Department of Energy (DOE), under
Contract No. DE-AC0500OR22725with UT Battelle, LLC. The computing
resources were made available through the VirtuES and the ICEMAN
projects, funded by Laboratory Directed Research and Development
program and Compute and Data Environment for Science (CADES) at
ORNL. We acknowledge support by the Deutsche For-
schungsgemeinschaft (DFG) throughGrant No.WE/3649/4-2 of the FOR
1807 and RTG 1995 (to S.W.), and thank the IT Center at RWTH Aachen
University and JSC Jülich for access to computing time through JARA
CSD. The authors thank Dr. Phattananawee Nalaoh for help with SCXRD
and Dr. Andrzej Ozarowski for help with HFESR interpretation. Depart-
ment of Chemistry and Open Publishing Support Fund at the University
of Tennessee-Knoxville are acknowledged for open access to this
research.

Author contributions
P.T. performed syntheses of NiBO and NiBO-d8, grew single crystals of
NiBO-d8, prepared all samples for the experiments indicated below, and
coordinated the research. M.J.J. performed the SCXRD experiment and
solved the crystal structure. M.J.J. and P.T. analyzed and interpreted the
data. Z.G. performed the magnetic susceptibility measurement at a low
magnetic field (0.1 T). P.T. analyzed and interpreted the data. J.X. per-
formed themeasurements ofmagnetic susceptibilities at highmagnetic
fields (>0.1 T) and specific-heat capacity. J.X., P.T., and R.J. analyzed and
interpreted the data. R.J. supervised the studies here. N.C. and S.W.
performed the quantum Monte-Carlo simulations for the magnetic
susceptibility and the specific-heat capacity data. N.C., S.W., and P.T.
analyzed and interpreted the results. J.K. performed the HFESR mea-
surement. P.T. and J.K. analyzed thedata and interpreted the results. C.L.
performed PND experiments at POWGEN. C.L. and P.T. analyzed and
interpreted the data. L.L.D. performed INS experiments at VISION. P.T.
and L.L.D. analyzed and interpreted the data. Y.C. performed the VASP
calculations. P.T. analyzed and interpreted the data. Z.-L.X. initiated the
project, supervised the research, including data analyses and inter-
pretations, and coordinated the studies.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41014-1.

Correspondence and requests for materials should be addressed to
Zi-Ling Xue.

Peer review informationNature Communications thanks Stephan Haas,
Mathieu Gonidec and the other, anonymous, reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-41014-1

Nature Communications |         (2023) 14:5454 10

https://doi.org/10.1038/s41467-023-41014-1
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41014-1

Nature Communications |         (2023) 14:5454 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Haldane topological spin-1 chains in a planar metal-organic framework
	Results
	Single-crystal X-ray diffraction
	Variable-temperature powder neutron diffraction
	Magnetic susceptibility (DC)
	Quantum Monte-Carlo simulations
	Specific heat
	Inelastic neutron scattering (INS) at 0 T
	High-field electron spin resonance
	Phonon spectrum from INS and comparison with the DFT-calculated INS spectrum

	Methods
	Single-crystal X-ray diffraction
	Magnetic susceptibility (DC) and specific heat
	High-field electron spin resonance
	Powder neutron diffraction
	Inelastic neutron scattering
	DFT calculations of phonon and spin density

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




