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Emergence of Kondo-assisted Néel order
in a Kondo necklace model
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Masayuki Hagiwara 5

The interplay between Kondo screening and magnetic order has long been a central issue in the
physics of strongly correlated systems. While the Kondo effect has traditionally been understood to
suppress magnetism through the formation of local singlets, recent studies suggest that Kondo
interactions may enhance magnetic order under certain conditions. However, these scenarios often
rely on complex electronic structures, including orbital and charge degrees of freedom, making the
essential mechanisms difficult to isolate. Here we report the realization of a spin-(1/2,1) Kondo
necklace model in a Ni-based complex–a minimal spin-only analog of the Kondo lattice that isolates
quantum spin correlations by eliminating charge degrees of freedom. Thermodynamicmeasurements
identify a magnetic phase transition and a field-induced quantum phase transition. Perturbative
analysis reveals that the Kondo coupling mediates effective antiferromagnetic interactions between
the spin-1 sites, stabilizing the Néel order across the entire chain. Our results establish a universal
boundary in Kondo physics, where coupling to spin-1/2 moments yields singlets, but to spin-1 and
higher stabilizes magnetic order.

TheKondo effect, a hallmark of strongly correlated electron systems, results
from antiferromagnetic (AF) coupling between localized moments and
conduction electrons1. This interaction forms spin singlets at low tem-
peratures, leading to emergent behaviors such as heavy fermion states, non-
Fermi liquid properties, and unconventional superconductivity2–6. The
Kondo lattice model and its associated Doniach phase diagram have been
central in describing the balance between Kondo screening and magnetic
order via RKKY interactions7–10. Conventionally, increasing Kondo cou-
pling is thought to suppress magnetic ordering, an idea foundational to
understanding quantum criticality in f-electron systems. However, recent
studies on heavy fermion and valence-fluctuating compounds suggest that
Kondo interactions may, under certain conditions, coexist with or even
enhance magnetic order11–13. These interpretations often rely on complex
mechanisms involving orbital degrees of freedom, valence fluctuations, or
multipolar interactions, making the fundamental physics difficult to isolate.

To clarify these roles, spin-only models such as the Kondo necklace
offer a valuable simplificationby removing chargedegrees of freedom7. In its
basic form, themodel couples a spin-1/2 chain to local spins via Kondo-like
exchange, capturing the interplay between singlet formation and magnetic
correlations.Most studies have focused on the spin-1/2model, where strong
Kondo coupling typically leads to a nonmagnetic singlet ground state with a

finite excitation gap14–20. The behavior becomes less clear when the local
spins have higher spin values. The Kondo necklace model with spin-1
introduces richer spin dynamics and anisotropic effects, raising the question
of whether Kondo coupling continues to suppress magnetism or might
instead mediate effective interactions that stabilize magnetic order. Despite
its conceptual importance, this regime remains unexplored both theoreti-
cally and experimentally. Meanwhile, recent theoretical discussions in
heavy-fermion systemshave proposedKondo-enhancedordering, but these
often rest on complex and indirect evidence. A clear demonstration of
Kondo-assisted magnetic order in a minimal, spin-only framework is still
lacking. Realizing such behavior in the spin-(1/2,1) Kondo necklace model
would provide compelling evidence for an alternative route to magnetism
groundedpurely in quantum spin correlations-a direction yet to be pursued
in detail. Moreover, this model permits tuning toward exotic gapless
symmetry-protected topological phases21, providing a versatile framework
for exploring entangled quantum states.

In this work, we realize a spin-(1/2,1) Kondo necklace model in a
½Niðp� Py � V� p� FÞðH2OÞ5� � 2NO3 (p-Py-V-p-F = 3-(4-pyridinyl)-
1-(4-fluorophenyl)-5-phenylverdazyl,) using a radical-based compound.
The magnetic properties are well explained by the Kondo necklace model.
Comprehensive thermodynamic and ESR measurements reveals field-
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induced suppression ofmagnetic order and a critical field at which the spin-
1 moments decouple from the spin-1/2 chain. Perturbative analysis reveals
that Kondo coupling induces effective AF interactions between the spin-1
sites, stabilizing the Néel order that propagates through the system. The
analysis also predicts a field-induced quantum phase transition, supporting
the experimentally observed behavior.

Results and discussion
Themolecular structure of Ni(p-Py-V-p-F)(H2O)5 is shown in Fig. 1a, with
the Ni atom surrounded by a pyridine in p-Py-V-p-F and five water (H2O)
ligandmolecules, creating a six-coordinate environment. In the p-Py-V-p-F
molecule, the central ring comprises four nitrogen (N) atoms with a max-
imum spin density22, leading to a localized spin system. Hence, the verdazyl
radicals, p-Py-V-p-F, and Ni2+ ions possess spin values of 1/2 and 1,
respectively. The crystallographic parameters at 100 K are as follows:
monoclinic, space group Pbca, a = 8.37620(10) Å, b = 17.6025(3) Å,
c = 33.8343(6) Å, V = 4988.60(14) Å3, Z = 8 (Supplementary Table 1 and
Table 2). The crystal structure is isomorphic to that of
½Coðp� Py � VÞðH2OÞ5� � 2NO3, forming a spin-1/2 Kondo necklace
model with no chage degrees of freedom20. The MO calculations indicated
predominantAF exchange interaction J1/kB=14K, forming auniformspin-
1/2 chain along the a axis, as shown in Fig. 1b. Each radical spin (s) in the 1D
chain is coupled with the Ni spin (S) via intramolecular interactions,
yielding a Kondo necklace model, as shown in Fig. 1b and c. The intra-
molecular interaction J2 between the verdazyl radical and the Ni2+ ion,
corresponding to Kondo coupling, is expected to be of the order of 10 K,
based on previous studies of the complex consisting of Ni and the verdazyl
radical23. Moreover, no significant MO overlap was found between the 1D
structures, enhancing the 1D nature of the Kondo necklace model (Sup-
plementary Fig. 1 and Note 1).

Figure 2a, b show the magnetic susceptibility (χ =M/H) at 0.1 T and
magnetization curve at 1.4 K.We observe a paramagnetic-like increase in χ
down to 1.8 K. The magnetization curve also exhibits a paramagnetic-like
behavior up to about 10 T, above which a nonlinear increase towards
saturation at ~ 40 T appears. Since the value of ~ 2.2 μB/f.u. at 10 T suggests
field-polarization of the Ni spins, the higher-field nonlinear behavior is
expected to originate from the radical spins forming the spin-1/2 AF chain.
Considering the results of MO calculations, the magnetic properties were
investigated based on the spin-(1/2,1) Kondo necklace model composed of
the AF interactions, J1 and J2. We calculated J2/J1 dependence of the

magnetization curve using theQMCmethod, as shown in Fig. 2c. A clear 1/
3-plateau appears for J2/J1 ≥ 1.0, indicating the full polarization of the
effective spin-1/2 in the s-S dimer via J2. As J2/J1 decreases, the plateau
disappears, and a drastic increase towards 2/3 magnetization becomes
apparent, suggesting the full polarization of the Ni spins due to the
decoupling of J2 as observed in the spin-1/2 anisotropic Kondo necklace
model20. Based on the parameter dependence, we obtained a good agree-
ment between the experimental and calculated results, leading to the eva-
luations of J1/kB = 20.3 K and J2/kB = 9.9 K (J2/J1 = 0.49), as shown in Fig. 2a
and b. The quantitative agreementwith the experimental data also confirms
that possible F-site disorder has no appreciable effect on either J1 or J2.

We performed ESR measurements to examine the field-induced
decoupling state of the Ni spin. Figure 3a shows the frequency dependences
of the resonance signals at 1.8 K. Because the experiments were performed
using the powder samples, the observed signals corresponded to the reso-
nance fields for the external field parallel to the principal axes. We plotted
the resonance fields in the frequency-field diagram, as shown in Fig. 3b.
Assuming the spin-1 monomer attributed to the decoupled S, we consider
the on-site anisotropy as H ¼ DðSzÞ2 � μBHegS, where μB is the Bohr
magneton, and eg denotes the g-tensor. The diagonal components for the
principal axes of the g-tensor are gx, gy, and gz and the other components are
zero. Figure 3c show the energy levels calculated by using the evaluated
parameters. The resonancemodes at a sufficiently low temperature of 1.8 K
correspond to the transitions indicatedby the arrows in the energybranches.
As shown in Fig. 3b, we obtained a good agreement between the experi-
mental and calculated results for the resonancemodes usingD/kB=− 1.2 K,
gx= 2.20, gy= 2.25, and gz= 2.34, demonstrating the field-induced decou-
pling of S.

Figure 4a shows the temperature dependence of specific heatCp forH//
b, perpendicular to the chain direction. The lattice contributions are not
subtracted from Cp, but the magnetic contributions were expected to be
dominant in the low-temperature regions considered here. At zero-field, a
sharp λ-type peak appears at TN = 1.2 K, indicating a phase transition to an
AF order. Note that the application of themagnetic field drastically reduces
the peak value, resulting in a shift to a broad peak. Considering the field-
induced decoupling of S, the broad peak corresponds to a Schottky behavior
attributed to the energy gap of the spin-1 monomer. The experimental
results indeed approach the behavior of the spin-1 monomer with
increasingfields, as shown inFig. 4b. Since theCp of the spin-1monomer for
H//ymost closely reproduced the experimental results, the b axis is assumed

Fig. 1 | Crystal structure and Kondo necklace model
of ½Niðp� Py � V � p� FÞðH2OÞ5� � 2NO3.
aMolecular structure of Ni(p-Py-V-p-F)(H2O)5.
b Crystal structure forming the Kondo necklace
model along the a axis. Hydrogen atoms are exclu-
ded to enhance clarity. The green nodes represent
the spin-1/2 of the radicals. The thick lines represent
exchange interactions. c, Spin-(1/2,1) Kondo neck-
lace model comprising intermolecular J1 and intra-
molecular J2. s and S denote the spins on the radical
and Ni2+, respectively.
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to be identical to the y axis. The higher temperature deviations are con-
sidered to arise from the spin-1/2 chain and lattice contributions. The
change in the peak shape with increasing fields suggests the critical field
causing the decoupling of S is ~2 T.

We investigate the ground state of the spin-(1, 1/2) Kondo necklace
model described by the spin Hamiltonian

H ¼ J1
X
j

sj � sjþ1 þ J2
X
j

sj � Sj þ D
X
j

ðSzj Þ2: ð1Þ

In the limit J2 ≪ J1, the dominant low-energy physics is governed by the
spin-1/2 Heisenberg chain formed by the s spins. This system is known to
exhibit a Tomonaga–Luttinger liquid (TLL) state, characterized by gapless

excitations and algebraic spin correlations. To investigate the influence of
the Kondo-type coupling J2 on S, we treat J2 as a perturbative parameter
(Supplementary Note 2). Then, the leading contribution arises from
excitations involving neighboring Kondo bonds, (sj ⋅ Sj)(sj+1 ⋅ Sj+1), which
generates an RKKY-type effective interaction between neighboring S sites,
i.e., Jeff

P
jSj � Sjþ1. The resulting effective coupling constant is given by

Jeff ¼
2J22
π2J1

ffiffiffi
π

2

r
� J1

J2
J1

� �2

× 0:254: ð2Þ

This expression reflects the interplay between correlations in the s chain and
the s–Sdimer.With the evaluatedparameters,weobtain Jeff/kB≈1.24K.This
gives a ratio D/Jeff ≈ − 0.97, indicating that the single-ion anisotropy is

J2 /J1  = 0
J2 /J1  = 0.2
J2 /J1  = 0.4
J2 /J1  = 0.6
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Fig. 2 | Magnetic behavior of ½Niðp� Py � V � p� FÞðH2OÞ5� � 2NO3.
a Temperature dependence of magnetic susceptibility (χ =M/H) of ½Niðp� Py �
V� p� FÞðH2OÞ5� � 2NO3 at 0.1 T. The inset shows corrresponding χT values.
bMagnetization curve of ½Niðp� Py � V� p� FÞðH2OÞ5� � 2NO3 at 1.4 K. The
dashed lines represent the QMC results for the spin-(1/2,1) Kondo necklace model
with J1/kB= 20.3 K and J2/kB = 9.9 K (J2/J1 = 0.49). For the magnetization curve, a
radical purity of 95 % is considered for the calculation. c Calculated magnetization

curves at T/J1 = 0.05 with the representative values of J2/J1. The magnetic moment
and themagneticfield are normalized by the values at the saturation. For J2/J1≥ 1.0, a
clear 1/3 plateau emerges, reflecting full polarization of the effective spin-1/2 within
the s-Sdimermediated by J2. Conversely, for J2/J1≪ 1.0, themagnetization exhibits a
steep rise toward 2/3, consistent with full polarization of the Ni spins caused by the
effective decoupling of J2.
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of ESR absorption spectra of ½Niðp� Py � V� p� FÞðH2OÞ5� � 2NO3 at 1.8 K. The
arrows indicate the resonance fields. b Frequency-field plot of the resonance fields.
Solid lines indicate the calculated resonancemodes of the spin-1monomer along the
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strong enough to stabilize Néel order in the S sites24. Once the Sj spins
develop Néel order, the Kondo coupling J2 plays an important secondary
role: it acts as a staggered longitudinal field on the sj spin chain. That is, the
alternating z-component of the Sj moments induces an effective staggered
field on the sj sites through the Kondo interaction. As a result, the TLL state
of the s chain becomes unstable and a finite staggered magnetization
develops. Therefore, the Néel order initially established on the Sj sites
propagates throughout the system, ultimately stabilizing a spontaneously
symmetry-broken Néel order over the entire spin-(1,1/2) chain. This
mechanism provides a consistent explanation for the magnetic order
observed in the present study. Importantly, this behavior is fundamentally
distinct from the case where the Kondo coupling acts on S = 1/2 local
moments. In that situation, quantum correlations inevitably drive the
system into a singlet ground state14–20. Such singlet formation is unavoidable
for S=1/2, and thus the emergenceofNéel order throughKondocoupling is
precluded. In sharp contrast, when the local moments are S≥1, the same
Kondo mechanism can stabilize long-range AF order. Our present results
therefore highlight a universal principle: the fate of Kondo-coupled systems
is qualitatively determined by the size of the local spin, with S = 1/2 favoring
singlet liquid states and S≥1 supporting magnetic order.

We now analyze the excitation state associated with the Néel order.
Assuming the Néel order of S, we apply linear spin-wave theory to estimate
the spin gap at zero magnetic field (Supplementary Note 3). In this fra-
mework, the excitation gap Δ corresponds to the lowest spin-wave energy
and is given by

Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2S2 þ 4Jeff jDjS2

q
: ð3Þ

Substituting the parameters yields a zero-field spin gap of Δ/kB ≈ 2.7K.We
note that in strictly one-dimensional systems quantum fluctuations are
strong, so the spin-wave approach isnotquantitativelyprecise; here it is used
only toprovide aqualitativedescriptionandanappropriate energy scale.For
the present system, this temperature corresponds to the regime in which
effective interchain couplings can be enhanced by thermally activated
magnon excitations, leading to a phase transition to a long-range order25,26.
In this context, the energy scale of the observed phase transition

temperature, TN ~ 1.2K, is consistent with the gap value derived from the
effective spin-wave analysis.

Nextwe consider the effectof the appliedmagneticfield forH//y, which
is the case for the specific heat measurements (Supplementary Note 4). In
the linear spin-wave approximation, the excitation gap at k = 0 increases
with themagnetic field, while the gap at k = π decreases. As in the zero-field
Néel state, the cantedNéel order of S is expected to induce a corresponding
canted order in the s chain via the J2 interaction. This canted Néel phase
becomes unstable at the critical field Hc where the magnon gap at k = π
vanishes, signaling a quantum phase transition. The critical field is given by

Hc ¼ 4JeffS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jDj

4Jeff

s
; ð4Þ

Using the evaluated parameters, we obtain Hc ≈ 3.7T. Although this value
somewhat exceeds the experimentally observed critical field of ~2T, the
discrepancy can be considered reasonably small, given that the linear spin-
wave approximation does not incorporate intermagonon interactions and
quantum fluctuations. AtHc, the S spins are expected to decouple from the s
chain, which is demonstrated in the experimental behaviors. The field-
induced suppression of the Kondo coupling thus marks a phase transition
fromamagnetically ordered state to a quantum-disordereddecoupled state.
The consistency between the calculated spin gap, the critical field, and the
thermodynamicmeasurements highlights the effectiveness of the perturba-
tive approach in capturing the essential low-energy physics of the spin-(1,1/
2) Kondo necklace model (Supplementary Note 5 and Table 3). Such field-
induced destabilization ofmagnetic order is further facilitated by the strong
quantum fluctuations inherent in one dimensionality, which naturally
render theNéel state fragile. Consequently, the disappearance of the order at
Hc and the emergence ofTLL-likemagnetization in thehigh-field regime are
consistent with this one-dimensional character. While our present data are
well explained by a decoupling scenario, the precise nature of the high-field
phase remains open. Inelastic neutron scattering could directly track the gap
closing and subsequent excitations, while NMR could probe local fields and
spin relaxation, providing further insight into the quantum correlations of
the high-field phase.
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Conclusion
To summarize, we synthesized a Ni-based complex, [Ni(p-Py-V-p-F)
(H2O)5] ⋅ 2NO3, that realizes a spin-(1, 1/2) Kondo necklace model.
Comprehensive thermodynamic and ESR measurements revealed field-
induced suppression ofmagnetic order and a critical field at which the spin-
1moments decouple from the spin-1/2 chain. Perturbative treatment of the
Kondo coupling yields an effective AF interaction between spin-1 sites,
which, together with single-ion anisotropy, stabilizes a Néel state. This Néel
order subsequently induces a symmetry breaking in the spin-1/2 chain via
the Kondo coupling, resulting in a long-range magnetic order in the whole
system.The analysis also predicts afield-induced quantumphase transition,
supporting the experimentally observedbehavior.Our results provide direct
experimental evidence that Kondo coupling can enhance magnetic order
even in a spin-only system-challenging the conventional Doniach scenario
based on screening and magnetic suppression. Kondo coupling inevitably
drives S = 1/2 moments into singlets, but for S≥1 it universally stabilizes
long-range order-establishing a clear boundary in Kondo physics. This
finding not only broadens our fundamental understanding of Kondo lattice
physics but also highlights a mechanism for quantum-state control via
magnetic fields.

Methods
The X-ray intensity data were collected using a Rigaku XtaLAB Synergy-S
instrument. Magnetization measurements were conducted using a com-
mercial SQUID magnetometer (MPMS, Quantum Design). High-field
magnetization in pulsed magnetic fields was measured using a non-
destructive pulse magnet. Diamagnetic contribution calculated using Pas-
cal’s method was subtracted from the experimental data. Specific heat
measurements were performed using a commercial calorimeter (PPMS,
Quantum Design). The ESR measurement was performed using a vector
network analyzer (ABmm). Experiments were performed using powder
samples. For the specific heat measurements, we aligned plate-shaped
microcrystals and applied the magnetic fields perpendicular to the crystal
planes. The molecular orbital (MO) calculations were performed using the
UB3LYP method and a basis set of 6-31G27. The quantum Monte Carlo
(QMC) code is based on the directed loop algorithm in the stochastic series
expansion representation28. The calculations was performed for N = 384
under the periodic boundary condition29,30. For the magnetic susceptibility,
the calculated result was calibrated using the g value of 2.22 as the average
value. For the magnetization curve, the calculated results were calibrated
using the corresponding g values, considering the predominant magnetic
contributions23.

Data availability
All data related to this paper are available at https://doi.org/10.24729/
0002006103.

Code availability
This study did not use any custom code or newly developed software.

Received: 4 October 2025; Accepted: 21 November 2025;

References
1. Kondo, J. Resistance minimum in dilute magnetic alloys. Progr.

Theoret. Phys. 32, 37 (1964).
2. Mathur, N. D. et al. Magneticallymediated superconductivity in heavy

fermion compounds. Nature (London) 394, 39 (1998).
3. Yuan,H. Q. et al. Observation of two distinct superconducting phases

in CeCu2Si2. Science 302, 2104 (2003).
4. Mito, T. et al. Coexistence of antiferromagnetism and

superconductivity near the quantum criticality of the heavy-fermion
compound CeRhIn5. Phys. Rev. Lett. 90, 077004 (2003).

5. Pham, L. D., Park, T., Maquilon, S., Thompson, J. D. & Fisk, Z.
Reversible tuningof theheavy-fermiongroundstate inCeCoIn5.Phys.
Rev. Lett. 97, 056404 (2006).

6. Stewart, G. R. Non-fermi-liquid behavior in d- and f-electron metals.
Rev. Mod. Phys. 73, 797 (2001).

7. Doniach, S. The Kondo lattice and weak antiferromagnetism. Physica
B 91, 231 (1977).

8. Tsunetsugu, H., Sigrist, M. & Ueda, K. The ground-state phase
diagramof theone-dimensional Kondo latticemodel.Rev.Mod.Phys.
69, 809 (1997).

9. Löhneysen, H., Rosch, A., Vojta, M. & Wölfle, P. Fermi-liquid
instabilities at magnetic quantum phase transitions. Rev. Mod. Phys.
79, 1015 (2007).

10. Si, Q. & Steglich, F. Heavy Fermions and quantum phase transitions.
Science 329, 1161 (2010).

11. Gegenwart, P., Si, Q. & Steglich, F. Quantum criticality in heavy-
fermion metals. Nat. Phys. 4, 186 (2008).

12. Paschen, S. & Si, Q. Quantum phases driven by strong correlations.
Nat. Rev. Phys. 3, 9 (2021).

13. Hafner, D. et al. Possible quadrupole density wave in the
superconducting Kondo lattice CeRh2As. Phys. Rev. X 12, 011023
(2022).

14. Jullien, R., Fields, J. N. & Doniach, S. Zero-temperature real-space
renormalization-group method for a Kondo-lattice model
Hamiltonian. Phys. Rev. B 16, 4889 (1977).

15. Moukouri, S., Caron, L. G., Bourbonnais, C. & Hubert, L. Real-space
density-matrix renormalization-group study of the Kondo necklace.
Phys. Rev. B 51, 15920 (1995).

16. Otsuka, H. & Nishino, T. Gap-formation mechanism of the Kondo-
necklace model. Phys. Rev. B 52, 15066 (1995).

17. Zhang,G.-M.,Gu,Q.&Yu, L.Kondospin liquid andmagnetically long-
range ordered states in the Kondo necklace model. Phys. Rev. B 62,
69 (2000).

18. Essler, F. H. L., Kuzmenko, T. & Zaliznyak, A. Luttinger liquid coupled
to quantum spins: Flow equation approach to the Kondo necklace
model. Phys. Rev. B 76, 115108 (2007).

19. Mendoza-Arenas, J. J., Franco, R. & Silva-Valencia, J. Gap formation
and phase transition of the anisotropic Kondo necklace model:
density matrix renormalization group analysis. Phys. Rev. B 81,
035103 (2010).

20. Yamaguchi, H. et al. Realization of a spin-1/2 Kondo necklace model
with magnetic field-induced coupling switch. Phys. Rev. Res. 7,
L012023 (2025).

21. Hidaka, Y., Furuya, S. C., Ueda, A. & Tada, Y. Gapless symmetry-
protected topological phase of quantum antiferromagnets on
anisotropic triangular strip. Phys. Rev. B 106, 144436 (2022).

22. Yamaguchi, H. et al. A ladder-based 2D spin model in a radical-Co
complex. Phys. Rev. B 107, 174422 (2023).

23. Tominaga, Y. et al. Mixed-spin two-dimensional lattice composed of
spins 1/2 and 1 in a radical-Ni complex. Phys. Rev. B 108, 024424
(2023).

24. Chen,W., Hida, K. & Sanctuary, B. C. Ground-state phase diagram of
S = 1 XXZ chains with uniaxial single-ion-type anisotropy. Phys. Rev.
B 67, 104401 (2003).

25. Johnston, D. C. et al. Thermodynamic properties of low-dimensional
quantum spin systems with energy gaps. Phys. Rev. B 61, 9558
(2000).

26. Yamaguchi, H. et al. Observation of thermodynamics originating from
amixed-spin ferromagnetic chain. Phys. Rev. B 106, L100404 (2022).

27. Shoji, M. et al. A general algorithm for calculation of Heisenberg
exchange integrals J in multispin systems. Chem. Phys. Lett. 432,
343–347 (2006).

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

https://doi.org/10.1038/s43246-025-01027-3 Article

Communications Materials |             (2026) 7:5 5

https://doi.org/10.24729/0002006103
https://doi.org/10.24729/0002006103
www.nature.com/commsmat


29. Albuquerque, A. F. et al. The ALPS project release 1.3: Open-source
software for strongly correlated systems. J. Magn. Magn. Mater. 310,
1187–1193 (2007).

30. Bauer, B. et al. The ALPS project release 2.0: open source
software for strongly correlated systems. J. Stat. Mech. 2011,
P05001 (2011).

Acknowledgements
WethankH.ShishidoandY.Shimura for valuablediscussions.This research
waspartly supportedbyJSTPRESTOGrantNo. JPMJPR2599.Apart of this
workwasperformedunder the interuniversity cooperative researchprogram
of the joint-research program of ISSP, the University of Tokyo.

Author contributions
H.Y. andY.T. performed sample preparation and characterization. H.Y., T.T,
K.A,andM.Hperformedtheexperiments.S.C.F.performed thepreoperative
analysis. H.Y. planned the study and wrote the manuscript with
contributions from all authors.

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/s43246-025-01027-3.

Correspondence and requests for materials should be addressed to
Hironori Yamaguchi.

Peer review information Communications Materials thanks the
anonymous reviewers for their contribution to the peer review of this work.

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

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence 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
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s43246-025-01027-3 Article

Communications Materials |             (2026) 7:5 6

https://doi.org/10.1038/s43246-025-01027-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmat

	Emergence of Kondo-assisted Néel order in a Kondo necklace model
	Results and discussion
	Conclusion
	Methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




