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Realization of a spin-1/2 Kondo necklace model with magnetic field-induced coupling switch
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The theoretical Kondo necklace model, which simplifies the Kondo lattice model by focusing on spin degrees
of freedom, provides a valuable framework for understanding spin-related quantum phenomena. However, it has
not been applied to real materials until now. We present a realization of a spin-1/2 anisotropic Kondo necklace
model using a complex of radical and Co spins. Electron spin resonance reveals anisotropic g values and an Ising-
type exchange interaction with Co spin. The specific heat measurements demonstrate Schottky-type behavior,
suggesting a Kondo singlet state with an energy gap in the excitation spectrum. Our findings suggest that a
magnetic field can decouple Kondo interactions, unveiling a different mechanism for controlling Kondo coupling.
This offers other opportunities for quantum technologies, particularly in the development of tunable qubits for
quantum computing and spintronic devices, where precise control over spin interactions is essential.

DOI: 10.1103/PhysRevResearch.7.L012023

The Kondo lattice model is a standard theoretical frame-
work that describes low-temperature properties caused by
the Kondo effect [1], resulting in heavy fermion behavior,
quantum criticality, and unconventional superconductivity.
The Kondo interaction induces a nonmagnetic singlet state
by influencing the conduction electrons and localized spins.
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions favor
antiferromagnetic (AFM) long-range order. A quantum phase
transition occurs between singlet and ordered states, with the
Kondo-induced singlet being critical for modulating quantum
dots [2–4], which presents a promising opportunity for quan-
tum computing. The well-known Doniach diagram describes
the competition between the Kondo effect and the RKKY
interaction, illustrating how these interactions influence the
magnetic and electronic properties of materials [5]. Magnetic
fields and magnetic anisotropy not only shift the phase bound-
aries in the Doniach diagram but also lead to the emergence
of new phases [6–9]. The Kondo necklace model, proposed
by Doniach, is a simplified Kondo lattice model that focuses
on the spin degree of freedom to realize a localized system
[5]. Studies on spin-1/2 Kondo necklaces in one-dimensional
(1D) systems show that finite Kondo interactions stabilize
the quantum singlet state with a gap [10–15]. Numerical
investigations suggest exotic quantum phases in anisotropic,
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frustrated, and high-dimensional cases [16–18]. Understand-
ing these phenomena provides insights into the effects of
magnetic fields and anisotropy in the Doniach diagram, lead-
ing to the manipulation of the Kondo effect on conduction
electrons and enabling innovative and precise control of band
structures.

The diverse molecular structures of organic radicals can
be used to specifically target localized spin systems. Using a
triphenyl verdazyl radical, a verdazyl-based quantum organic
material (V-QOM) was developed; V-QOM demonstrated
multiple spin models not previously realized in conventional
magnetic materials [19–21]. The application of V-QOM can
be extended to complexes with 3d transition metals, leading to
spin models consisting of intramolecular π -d coupling and in-
termolecular π -π stacking [22,23]. These complexes involve
metal-radical coupling, magnetic anisotropy, and mixed spins,
forming unique spin models. Notably, Co2+ in an octahe-
dral crystal field leads to the formation of spin-1/2 models
with anisotropic exchange interactions [24], serving as a plat-
form for exploring unique quantum phases in anisotropic spin
models.

In this Letter, we realize a spin-1/2 anisotropic Kondo
necklace model in a [Co(p-Py-V)(H2O)5] · 2NO3 [p-Py-
V = 3-(4-pyridinyl)-1,5-diphenylverdazyl] using a radical-
based compound. Electron spin resonance analysis reveals
anisotropic g values and an Ising-type exchange interaction
associated with the Co spin. The specific heat measure-
ments exhibit a clear Schottky-type behavior, indicating
the formation of a Kondo singlet state with an excitation
energy gap. Moreover, the observed magnetization curve
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FIG. 1. (a) Molecular structure of Co(p-Py-V)(H2O)5, leading to an intramolecular exchange interaction JK between the radical and Co
spins. (b) Crystal structure forming the Kondo necklace model along the a axis. Hydrogen atoms are excluded to enhance clarity. The dashed
lines indicate the N-N short contact associated with J . The green nodes represent the spin-1/2 of the radicals. The thick lines represent
exchange interactions. (c) Spin-1/2 Kondo necklace model comprising J and JK. σ and τ denote the spins on the radical and Co2+, respectively.
(d) Crystal structure observed in a direction parallel to the chain. The dashed line encloses molecules comprising each 1D structure.
(e) Electronic configuration of high-spin Co2 with 3d electrons leading to octahedral ligand field splitting, resulting in the formation of
the lowest orbital triplet 4T1.

demonstrates the decoupling of the Kondo interaction in
the presence of a magnetic field, highlighting a different
switching function of the Kondo coupling using the magnetic
field.

The x-ray intensity data were collected using a Rigaku
XtaLAB Synergy-S instrument. Magnetization measurements
were conducted using a commercial superconducting quan-
tum interference device (SQUID) magnetometer [magnetic
property measurement system (MPMS), Quantum Design].
High-field magnetization in pulsed magnetic fields was mea-
sured using a nondestructive pulse magnet. A diamagnetic
contribution calculated using Pascal’s method was subtracted
from the experimental data. The magnetization curve was cor-
rected for the Van Vleck paramagnetism (0.008μB/Co2+/T),
which is determined to become constant above the satura-
tion and close to the typical values reported for Co-based
compounds [25,26]. Specific heat measurements were per-
formed using a commercial calorimeter [physical property
measurement system (PPMS), Quantum Design]. The elec-
tron spin resonance (ESR) measurement was performed using
a vector network analyzer (ABmm), superconducting magnet
(Oxford Instruments), and laboratory-built cylindrical cav-
ity. All experiments were performed using powder samples.
For the specific heat and ESR measurements, samples were
fixed with grease to suppress the orientation in the exter-
nal field direction. Molecular orbital (MO) calculations were
performed using the unrestricted Becke three-parameter Lee-
Yang-Parr functional (UB3LYP) method as broken-symmetry
hybrid density functional theory calculations with a basis
set of 6-31G(d,p). We employed a conventional evaluation
scheme to estimate the intermolecular exchange interactions
in the molecular pairs [27]. The quantum Monte Carlo (QMC)
code is based on the directed loop algorithm in the stochastic
series expansion representation [28]. The calculations was

performed for N = 512 under the periodic boundary condition
[29,30].

The molecular structure of Co(p-Py-V)(H2O)5 is shown in
Fig. 1(a), with the cobalt (Co) atom surrounded by a pyridine
in p-Py-V and five water (H2O) ligand molecules, creating
a six-coordinate environment. The verdazyl radical p-Py-V
and Co2+ have spins of 1/2 and 3/2, respectively. In the
p-Py-V molecule, the central ring comprises four nitrogen
(N) atoms with a maximum spin density [19–21], leading
to a localized spin system with intramolecular exchange
interactions between the radical and Co spins. The crystal-
lographic parameters at 100 K are as follows: monoclinic,
space group Pbca, a = 8.3851(4) Å, b = 17.4265(9) Å, c =
34.0707(15) Å, V = 4978.5(4) Å3, Z = 8 (see Supplemen-
tal Material [31]). Molecular orbital (MO) calculations were
used to evaluate intermolecular exchange interactions be-
tween radicals, considering the spin-density distribution and
MO overlap. Consequently, we found a predominant AFM
interaction (J/kB = 9.3 K), forming a spin-1/2 chain along
the a axis, as shown in Fig. 1(b). The p-Py-V pair associated
with J exhibits glide reflection symmetry and features an N-N
short contact of 3.53 Å with a significant MO overlap. Each
radical spin (σ) in the 1D chain is coupled with the Co spin
(τ) via intramolecular interactions, yielding a Kondo necklace
model composed of σ and τ, as shown in Figs. 1(b) and
1(c). The intramolecular interaction corresponds to the Kondo
interaction, i.e., JK, which was evaluated as JK/kB = 10.5 K.
MO calculations tend to overestimate the intramolecular in-
teractions between verdazyl radicals and transition metals;
however, it is anticipated that the value of JK will be in the
order of several K (i.e., J > JK) [22,23]. Moreover, the system
exhibits no significant MO overlap and the nonmagnetic NO3

serves as a spacer between the 1D structures, enhancing the
1D nature of the Kondo necklace model [Fig. 1(d)].
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FIG. 2. (a) Temperature dependence of magnetic susceptibility (χ = M/H ) and χT of [Co(p-Py-V)(H2O)5] · 2NO3 at 0.1 T. (b) Magne-
tization curve of [Co(p-Py-V)(H2O)5] · 2NO3 at 1.4 K. For the spin-1/2 AFM chain, the dashed line represents the result calculated using the
the QMC method with a radical purity of 95%. The calculated value has been shifted up by 2.66μB/f.u. considering the fully polarized Co
spins. The inset shows the field derivative of the magnetization curve (dM/dH ). The blue and green dashed lines represent the calculated result
for the radical-Co dimer forming the Kondo singlet state and the Brillouin function for the paramagnetic Co spin at 1.4 K. (c) Temperature
dependence of ESR absorption spectra of [Co(p-Py-V)(H2O)5] · 2NO3 at 34.03 GHz. (d) Frequency dependence of ESR absorption spectra at
10 K. The solid lines represent the powder pattern simulation. (e) Splitting of the ground orbital triplet 4T1 by the spin-orbit coupling λ′ and the
axial crystal field δz, as a function of δz/λ

′ with k = 0.57. (f) Corresponding g values for the ground Kramers doublets. The circles represent
g values for the Co spin evaluated from the ESR analysis. (g) Expected anisotropy of the effective exchange interaction between the spins on
the radical and Co2+ ion, i.e., JK, in the low-temperature region. The horizontal line indicates an isotropic Heisenberg-type with a value of 1.0.
The vertical line shows δz/λ

′ = −1.5 for the present compound.

The effective spin of Co2+ was analyzed in a distorted
octahedral environment in which high-spin Co2+ has total
orbital and spin angular momenta of L = 3 and S = 3/2,
respectively. Figure 1(e) shows a cubic crystalline electric
field’s ground state, which is an orbital triplet 4T1. In this
state, the fictitious orbital angular momentum l = 1 is used in-
stead of the orbital angular momentum L. The introduction of
spin-orbit coupling and crystal field distortion causes the 4T1

ground state to split into six Kramers doublets [32,33], yield-
ing a fictitious spin-1/2 (τ) with anisotropic g and exchange
interactions at low temperatures. The magnetic anisotropy of
Co2+ is strongly influenced by the magnitude of the crystal
field distortion, leading to the creation of XY- or Ising-like
systems [34,35] (see Supplemental Material [31]). The spin
Hamiltonian of the proposed Kondo necklace model is given
by

H = J
∑

j

σ j ·σ j+1 + JK

∑
j

(
σ x

j τ
x
j + σ

y
j τ

y
j + �σ z

j τ
z
j

)

− gσ μB

∑
j

H·σ j − μB

∑
j

Hg̃τj, (1)

where � denotes axial anisotropy in the Kondo interaction,
H denotes the external magnetic field, gσ denotes the g
of the radical spin, and g̃ denotes the g tensor of the Co

spin. The diagonal components for the principal axes of the
g tensor are gx, gy, and gz and the other components are
zero.

The relationship between magnetic susceptibility (χ =
M/H) and temperature at 0.1 T is shown in Fig. 2(a). The evo-
lution of the AFM correlation is demonstrated by a decrease
in χT with temperature despite a paramagneticlike increase
in χ . The magnetization curve at 1.4 K [Fig. 2(b)] exhibits an
increase up to a field of 1 T, above which the magnetization
exhibits a nonlinear increase towards saturation at ∼20 T. This
highlights the nonlinear behavior typical of 1D quantum spin
systems, which originates from the radical spins constituting
the spin-1/2 Heisenberg AFM chain. Its ground state is known
to be described as a Tomonaga-Luttinger liquid (TLL), which
is a quantum critical state with fermionic spin-1/2 spinon
excitations [36–38]. The increase in magnetization above 1 T
actually corresponds to a magnetic moment attributed to a
spin-1/2 with an isotropic g of 2.00, ∼1.0μB/f.u. We calcu-
lated the magnetization curve in terms of the spin-1/2 AFM
chain through the QMC method. The calculated result repro-
duces the observed behavior for H > 1 T using J/kB = 12 K,
as shown in Fig. 2(b). Hence, the lower-field behavior orig-
inates from Co spins, indicating the full polarization of Co
spins along the field direction for H > 1 T.

The magnetic behavior of Co2+ at low temperatures can
be described as a fictitious spin-1/2 with anisotropic g,
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considering the 3d orbital angular momentum degeneracy in
an octahedral crystal field. During magnetization measure-
ments, the samples were aligned with the external magnetic
field because of their large magnetic anisotropy to detect
magnetization along the easy axis [24]. The asymptotic value
of 2.33μB/f.u. at ∼1 T indicates the saturation of spin-1/2
with gz = 4.66. The ESR absorption spectrum in Fig. 2(c)
shows a broad resonance, aligning with the anisotropic g of
the Co spins. As the powder sample used in this measurement
is restrained from orienting in the external field direction by
mixing it with grease, the observed signals correspond to the
powder pattern. At 1.22 T, distinct resonance signals indi-
cate the presence of organic radical systems, confirming the
isotropic properties of the verdazyl radical with gσ = 2.00.
The broad resonance signals in the lower-field region originate
from Co spins and become prominent with decreasing temper-
ature. Considering that the magnetic moment of the radical
spin is strongly suppressed by the formation of the TLL, the
resonance spectra in the low-temperature region are largely
attributed to the Co spins. Figure 2(d) shows the ESR spectra
at 10 K, with the Co spin remaining paramagnetic. Sim-
ulated ESR spectra assuming paramagnetic resonance with
anisotropic g values accurately reproduced the observed line
shape with gx = gy = 3.35 and gz = 4.66.

We examined the evaluated magnetic anisotropy of Co2+

in the octahedral crystal field. The orbital degeneracy of the
ground state orbital triplet 4T1 is removed by the axial crystal
fields, δz, leading to axial magnetic anisotropy. The Hamil-
tonian, derived from perturbative to spin-orbit coupling and
crystal fields, is expressed as follows,

H = 3

2
λ′l ·S − δz

(
l2
z − 2

3

)
, (2)

where λ′ = kλ, λ denotes the spin-orbit coupling constant,
and k denotes the orbital reduction factor originating from
the admixture between the 3d electron and p electrons in the
ligands [32,33]. For hexa-coordinated high-spin Co2+, typical
values of λ and k are usually in the ranges of −180 to −130
cm−1 and 0.6–0.9, respectively [39,40]. By solving the secular
equation, the energy states can be calculated as a function of
δz/λ

′ while keeping other parameters constant [24] (see Sup-
plemental Material [31]). The energy gap between the ground
Kramers doublet and the first excited state, which is several
hundred degrees K, enables the characterization of the mag-
netic properties at low temperatures using the doublet states
[Fig. 2(e)]. Considering the energy shift of the Kramers dou-
blet as the Zeeman splitting of an effective spin τ (fictitious
spin-1/2), the g values were then evaluated for the principal
axes. We explained the anisotropic g values evaluated from
the ESR analysis using the parameters δz/λ

′ = −1.5, and k =
0.57 [Fig. 2(f)]. The anisotropy of the exchange interaction
between σ and τ, �, is presented in Fig. 2(g) as a function
of δz/λ

′ [24], indicating that the complex exhibits Ising-type
anisotropy with � = 1.3.

Figures 3(a) and 3(b) show the relationship between
temperature and specific heat. At zero field, a broad peak
appears at ∼0.53 K, which is characteristic of Schottky-type
behavior linked to the energy gap between excited states
[41,42]. Applying a magnetic field shifts this peak to lower
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FIG. 3. (a), (b) Temperature dependence of the specific heat of
[Co(p-Py-V)(H2O)5] · 2NO3 at various magnetic fields. The lines are
guides for the eye. (c) Valence bond picture of the Kondo singlet and
field-induced states with decoupled Co spins in the Kondo necklace
model. The oval shapes and arrows represent the valence bond singlet
comprising σ and τ through JK and fully polarized τ along the
external field direction, respectively.

temperatures, indicating a reduced energy gap. Considering
that a broad peak attributed to short-range AFM correlations
is generally less affected by a magnetic field, this observed
behavior indicates the formation of a Kondo singlet state
stabilized by JK [Fig. 3(c)]. At higher magnetic fields, the
specific heat reflects the contributions of the fully polarized
Co spin with the Zeeman gap and the AFM correlations of the
TLL comprising radical spins. Assuming the AFM dimer cou-
pled by anisotropic JK [i.e., J = 0 in Eq. (1)], we calculated
the eigenvalues by diagonalizing the spin Hamiltonian [43],
revealing that the Schottky peak temperature of 0.53 K corre-
sponds to JK/kB = 1.4 K (see Supplemental Material [31]).
The discrepancy between the JK values obtained from MO
calculations and the experimental results can be attributed to
the strong dependence of the choice of calculation method and
basis set, resulting from the spin-orbit couplings of Co2+ [44].
Nonetheless, when compared to typical MO calculations in-
volving 3d transition metals, the present values are reasonably
close. From the field dependence of the eigenvalues, the crit-
ical field Hc where the energy gap closes for a magnetic field
parallel to the easy axis, which is the case for the magneti-
zation measurements, is derived as �J (gσ + gz ) + J[4gσ gz +
(gσ − gz )2�2]1/2/(4gσ gzμB) ≈ 0.9 T. The disappearance of
the energy gap is expected to cause a field-induced TLL
state involving all spins that form the Kondo necklace model,
similar to conventional 1D systems with a gap. However, the
magnetic properties of the present system indicate a decou-
pling of radical and Co spins when the energy gap disappears,
resulting in the phase transition from the radical-Co singlet
state to the paramagnetic Co spin with the TLL of radical spins
[Fig. 3(c)], that is completely different from conventional
expected behavior. Although the experimental magnetization

L012023-4
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curve in the vicinity of Hc exhibits a paramagneticlike be-
havior owing to the small energy scales of the gap and the
critical field (see Supplemental Material [31]), the observed
behavior of its field derivative dM/dH below Hc is indeed
closer to the radical-Co dimer than the paramagnetic Co spin,
as shown in the inset of Fig. 2(b). In the high-field region,
the fully polarized Co spins have no degrees of freedom to
modify the ground state, stabilizing the TLL state in the 1D
AFM chain composed of radical spins without interference
from the Co spins. We consider that the significant difference
in the present g values between the spin sites connected by
the Kondo interaction leads to the qualitative difference in
the field-induced quantum behavior. The full polarization of
the large magnetic moment causes a large energy gain in
the magnetic field, leading to a decoupling of the Kondo
interaction.

In summary, we synthesized a Co-based complex
[Co(p-Py-V)(H2O)5] · 2NO3 to develop a spin-1/2
anisotropic Kondo necklace model with radicals and Co

spins. Experimental ESR and Co2+ spin-orbit coupling in
a distorted octahedral environment were used to evaluate
the anisotropic g and Ising-type exchange interactions. A
clear Schottky-type behavior indicated the formation of a
Kondo singlet state with an excitation energy gap. Further,
applying a magnetic field decoupled the Kondo interaction,
which is evident from the nonlinear magnetization curve,
which is characteristic of a TLL. This mechanism can control
quantum bits for quantum computing and conduction electron
band structures, thereby creating opportunities for advanced
sensors and innovative materials.
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