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?

P. W. Anderson, Materials Research Bulletin 8, 153 (1973)

P. Fazekas and P. W. Anderson, Philosophical Magazine 30, 423 (1974)

Resonating valence bond (RVB)

L. Savary and L. Balents, Reports on Progress in Physics 80, 016502 (2017)

Spin liquids: fractionalized excitations, topological properties
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Classical degeneracy → Finite entropy at Т=0

Frustrated magnets



Frustration from geometry: kagome and 
pyrochlore lattices

P. Mendels and F.Bert, Comptes Rendus Physique 17, 455 (2016) M.J.P. Gingras and P.A. McClarty, Rep. Prog. Phys. 77, 056501 (2014)



Frustration from anisotropic interactions: 
Kitaev model

A. Kitaev, Annals of Physics 321, 2 (2006),
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Exactly solvable for S=1/2, massive classical degeneracy



Kitaev model: Majorana fermions

Non-abelian statistics in magnetic 
field: path to topological quantum 
computing

Majorana fermions:

Free fermion solution!
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Honeycomb layers
(related to structure of mica)
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Electronic structure of d7 ion - Co2+
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Exchanges of Co2+

H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
R. Sano, Y. Kato and Y. Motome, Phys. Rev. B 97, 014408 (2018)



Kitaev materials with Co2+

XXZ+(small bond-dependent)

Elliot, M. et al. Nat Commun 12, 3936 (2021)

CoTiO
3

M. Songvilay et al., Phys. Rev. B 102, 224429 (2020)

C. Kim et al., J. Phys.: Condes. Matter 34 045802 (2022)

Na
2
Co

2
TeO

6
Large K, large J3

Na
3
Co

2
SbO

6

Ising chains: CoNb
2
O

6
, BaCo

2
V

2
O

8



BaCo
2
(AsO

4
)

2
: ab initio exchange integrals

DFT /А.Ushakov, Z.Pchelkina, S.Streltsov (IMP RAS)/ 
(total energy method)

Almost isotropic model with 3rd 
neighbor interaction
J

3 
> 0.5 J

1
Agreement with с S. Das et al., Phys. Rev. B 104, 134425 (2021)

 PM et al., Phys. Rev. B 106, 165131 (2022)
P.A. Maksimov, Phys. Rev. B 108, L180405 (2023)



Neutron scattering

Energy and 
momentum of 
the excitation
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In polarized state spin-wave theory is almost exact  spectrum fit  exchange integrals→ →

J. D. Thompson et al., Phys. Rev. Lett.119, 057203 (2017)

6 parameters: 4 exchanges + 2 g-factors

2

FIG. 1. (a-d) Evolution of the magnetic excitation spectrum in [001] magnetic field at 0.15 K. Horizontal axis is the in-plane
wavevector component along (100). d) The sharp modes at 5 T can be well described in (g) by spin waves of the model
Hamiltonian (1,2). Vertical white arrow shows direction along which intensity is plotted in f) for h = [�1.8,�1.4], fitted to
Gaussians (solid line). h) Energy scan showing the two-magnon scattering continuum (shaded area) at 7 T (Ei = 6.3 meV,
h = [�4, 0], intensities above 2.3 meV (vertical dashed line) are scaled ⇥15 for visibility). Solid line is the spin-wave prediction
for non-interacting magnons. All calculations include the magnetic form factor and convolution with an estimated resolution
lineshape. i) Boundaries of the two-magnon (2M) continuum and one-magnon (1M) extreme energies as a function of µ0Hint

field, lines are spin-wave calculations, which predict overlap below 2.25 T. b-c) At 0.5 and 1.5 T the highest-energy magnon has
merged with the continuum and the three low-energy magnons have strongly renormalized (suppressed) dispersion. a) In zero
field a broad scattering continuum dominates, with lineshape shown in e) (red symbols, h = [�2.1, 0], lines are guides to the
eye. Filled blue circles illustrate quality of the background subtraction and black symbols show that small fields 0.21 T stabilize
a sharp mode at low energies. j) Phase diagram showing the canted ferromagnet (FM), paramagnetic (PM) and field-polarized
regions, smooth color variation indicates crossovers and filled circles are sharp peaks in heat capacity. Thick arrows show
moment directions for a primitive tetrahedron in the canted FM order with the magnetic field applied vertically up.

stated otherwise, field values quoted throughout refer to
the externally applied fields µ0Happ, whereas the spin-
wave calculations are performed for the corresponding
demagnetization-corrected (internal) fields µ0Hint [28].
We first discuss the results in high field where the spec-
trum is dominated by strongly dispersive modes. Fig. 1d)
shows representative data at 5 T collected with neutrons
of incident energy Ei = 2.5 meV for a fixed sample ori-
entation that probed the scattering at low energies for
wavevectors near (2̄00). Sharp modes are observed, and
a representative lineshape profile is shown in Fig. 1f),
which reveals four well-defined peaks, whose positions

were extracted using Gaussian fits (solid line). By fitting
similar energy scans extracted from a volume of data col-
lected for multiple sample orientations an extensive data
set on the dispersion relations was obtained for many re-
ciprocal space directions (shown in Figs. S2 and S3 panels
a-d) and m-p) in the Supplemental Material [28]).

The observed sharp modes are physically attributed to
magnons originating on the four sublattices of the py-
rochlore structure, which can be regarded as an FCC
Bravais lattice of corner-shared tetrahedra. Following
[12] we compare the observed dispersion relations to spin-
wave modes of a nearest-neighbor Hamiltonian with four
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Dots – data from L.P. Regnault, Grenoble
Lines – linear spin-wave theory
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DMRG: double zigzag

PM, Shengtao Jiang, L.P. Regnault, A.L. Chernyshev, to be published in PRL (2025)
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L. Ding, C. V. Colin, C. Darie and P. Bordet, J. Mater. Chem. C, 2016

Magnetic structure



Ab initio calculations

Strong inter-chain coupling  long-range order  spin-wave theory→ →

DFT results: 

J=-12 K (FM)

J1= 8 K (AF)

J2= 11 K (AF)



Effective pseudospin ½ of Co2+

H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 
(2018)

Oak Ridge powder scattering data

R. Sano, Y. Kato and Y. Motome, Phys. Rev. B 97, 
014408 (2018)



Kitaev-Heisenberg ansatz

Only x and y bonds



Fit criteria

Four critera (can be obtained analytically)
●  ε1(0)=1.0 meV

●  ε1(1/2,1/2,0)=1.9 meV

●  ε2(1/2,1/2,0)=2.7 meV

●  Canting angle ~6° J. Chaloupka and G. Khaliullin, Phys. Rev. B 92, 024413 (2015)



Full exchange model

PM et al., PNAS 121 (43) e2409154121 (2024)



(h00) (0k0) (hk0) (00l)

H=0T

(h00)

H=13.5T,  H||c

Single crystal neutron scattering



(h00)

(0k0)

(00l)

(h0l)

(hk0)

J1=0.2 meV, J2=0.8 meV

Unpublished data



Conclusions

● Co2+ ions can have strongly anisotropic exchanges 

● Need to be described by a 3x3 matrix  Kitaev-Heisenberg →
model, XYZ model, etc

● Inelastic neutron scattering can provide crucial info

● Linear spin-wave theory gets complicated

● Need as much information as possible



Specific heat

L. Regnault and J. Rossat-Mignod, 1990



Kitaev exchange mechanism

Takagi, H., Takayama, T., Jackeli, G. et al., Nat Rev Phys 1, 264 (2019)



Pseudospin: d5 ion+SOC

G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205 (2009)



Topological quantum computing

R



Phase diagram of Co2+ honeycomb

H. Liu, J. Chaloupka and G. Khaliullin, Phys. Rev. 
Lett. 125, 047201 (2020)



Kitaev materisals: d5 ions

G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 
017205 (2009)

Взаимодействует только 
z-компонента псевдоспина

S.M. Winter et al., J. Phys.: Condens. Matter 29 
493002 (2017)



Фазовая диаграмма модели Китаева-
Гейзенберга

Большая часть фазовой 
диаграммы — 
упорядоченные фазы

Jiří Chaloupka, George Jackeli, and Giniyat Khaliullin, Phys. Rev. 
Lett. 110, 097204 (2013)

J > 0J < 0

K > 0

K < 0
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E. Rastelli et al., Physica B+C, 97 1 (1979)

FM Spiral Zigzag

0.25 0.4



L. Regnault and J. Rossat-Mignod, 1990

Magnetic excitations
Experiment Theory for spiral state



Эффективный обменный гамильтониан 

Взаимодействия, разрешенные симметрией 
решетки:

 поворот на  вокруг связи 𝜋 x→-x, z→-z
 инверсия относительно узла
 поворот на 2 /3 в плоскости𝜋
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H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
R. Sano, Y. Kato and Y. Motome, Phys. Rev. B 97, 014408 (2018)



Различные формы анизотропного 
гамильтониана

Расширенная модель Китаева-Гейзенберга – кубические оси

Z

X Y

x

y

z

J.G. Rau, E.K. Lee and H.-Y. Kee, Phys. Rev. Lett. 112, 077204 (2014)
H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
R. Sano, Y. Kato and Y. Motome, Phys. Rev. B 97, 014408 (2018)
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: ab initio exchange integrals

Direct hopping t `  −300 meV larger than hopping ∼
through xz, yz orbitals, t  50 meV∼

DFT /А.Ushakov, Z.Pchelkina, S.Streltsov (IMP RAS)/ 
(total energy method)

Strong third-neighbor hopping
t3=124meV
ED /S.Winter, Y. Li (Wake Forest)/ 
(exact diagonalization)



Cubic axes
(ligand octahedra)

{x,y,z}

Crystallographic axes
(lattice plane)

{x,y,z}

Kitaev model in «natural» reference frame

XXZ

Pseudodipolar — 
bond-dependent



J
1
-J

3
+XXZ model

Luttinger-Tisza method:



J
1
-J

3
+XXZ model+bond-dependent terms

All bond-dependent terms 
suppress (0,Q

y
) spiral at 

large J
3



BaCo2(AsO4)2

S. Das et al., Phys. Rev. B 104, 134425 (2021)



Ab initio ground state
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S=1/2

PM et al., Phys. Rev. B 106, 165131 (2022)



Quantum fluctuations

AV Chubukov and D I Golosov, J. Phys.: Condens. Matter 3, 69 (1991)

Biquadratic coupling

Christian Griset, Shane Head, Jason Alicea, and Oleg 
A. Starykh
Phys. Rev. B 84, 245108 (2011)



Quantum fluctuations

Biquadratic coupling
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R. Zhong, T. Gao, N. P. Ong, and R. J. 
Cava, Sci. Adv. 6, eaay6953 (2020)
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L.P. REGNAULT and J. ROSSAT-MIGNOD, Journal of Magnetism and Magnetic Materials 14,194 (1979)



Field-induced transitions of the minimal model



R. Zhong, T. Gao, N. P. Ong, and R. J. Cava, Sci. Adv. 6, eaay6953 
(2020)

Field transitions in BaCo
2
(AsO

4
)

2



Inelastic neutron scattering in BaCo
2
(AsO

4
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2 
: fitting

Free parameters

7 equations  →

Fixed J
2
=-0.21 meV, g

a*
=4.8

n=1,2,3

Spin-wave theory





Magnetic order



Intra-chain exchanges

Michele Fava , Radu Coldea  and S. A. Parameswaran , PNAS 117, 25219 (2019)

Generic model has 6 
parameters

Glide symmetry of chains:
c/2 shift+ reflection



Fit quality



First step: Fitting magnetization

ga=3.96
gc=3.9
Need to correct for Van Vleck contribution



Fitting procedure

(h00)

(0k0)

(h00)

(0k0)

● Identify several different high-symmetry points
● Optimize spin-wave energies 

(depend only on several parameters)
● Obtain (Jxx,Jyy,Jzz,J1,J2)
● Jxz depends on the 0T canting angle
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Fitting procedure

(h00)

(0k0)

(h00)

(0k0)
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● Optimize spin-wave energies 

(depend only on several parameters)
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H=0

(h00)

(0k0)

(00l)

(h0l)

(hk0)

J1=0.2 meV, J2=0.8 meV



H=13.5T, H||c

(h00)

(0k0)

(h00)

(0k0)

H=8T, H||b

(h00)
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