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Message #1: Kitaev magnet Na2Co2TeO6 features  

     triple-q AFM order at low temperatures

Message #2: Triple-q order can melt in two stages
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Magnetic Mott insulator Na2Co2TeO6
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Effective spin-1/2 model:

Non-Kitaev terms
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8

Hamiltonian: <latexit sha1_base64="B4TK2xaqMkqq8o3/L8y6Ezl2Q7E="></latexit>

x

<latexit sha1_base64="x00mjjybD5TSfpglDXfiPnExfYQ="></latexit>

z

<latexit sha1_base64="5/31S33lA7oNq07k/XPH7GuLhrI="></latexit>

y

<latexit sha1_base64="9HKSi67dpD0CosbhmpoBpyAtxXQ="></latexit>

H0 =
X

hi ji‚

h

J1Si · Sj +K1S
‚
i S

‚
j + Γ1(S

¸
i S

˛
j + S

˛
i S

¸
j ) + Γ

0
1
(S‚

i S
¸
j + S

¸
i S

‚
j + S

‚
i S

˛
j + S

˛
i S

‚
j )
i

[Chaloupka, Khaliullin, PRB ’15]

… with (J1, K1, Γ1, Γ’1) = (-1/9, -2/3, 8/9, -4/9) A
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Na2Co2TeO6: Inelastic neutron scattering
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Finite-temperature phase diagram: Simple system
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HKΓΓ’ model with ring perturbation
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(1; 1; 1); for triple-q order

(0; 0; 1); for z-zigzag order

Composite order parameter:

… 5 irreducible components of rank-2 tensor

<latexit sha1_base64="cMlyR/ERmJJeIpLzs31cdfp9z4Y="></latexit>

(Qeg
; Qt2g

) = (h|Qeg
|i; h|Qt2g

|i) with

<latexit sha1_base64="JSY9ER09dtXxezI8r0NEh3aws0g="></latexit>

Qeg
:= 1

2

`

2M̃2
z − M̃

2
x − M̃

2
y ;
√

3[M̃2
x − M̃

2
y ]
´

Qt2g
:=

√

3
`

M̃yM̃z ; M̃zM̃y ; M̃xM̃y

´

… measurable in finite-size simulations

<latexit sha1_base64="sY2KMZH7pFTZ/Dv8wdDhac4bB3A="></latexit>

=

(

(0; 1); for triple-q order

(1; 0); for zigzag order



Classical Monte Carlo simulations (L = 32)
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J7 < 0 :

<latexit sha1_base64="ThB9kSwdsGjHY+JvsOr/PCHSUjM="></latexit>

J7 > 0 :



Critical temperatures
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Two-stage melting
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J7 > 0 : Zigzag ℤ3 spin nematic Paramagnet

Rotation:

Time reversal:
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J7 > 0 : Zigzag ℤ3 spin nematic Paramagnet

Rotation:

Time reversal:
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J7 < 0 :
×

× ×

Triple-q ℤ4 spin current density wave

Rotation:

Time reversal:

Translation:

Paramagnet



Phase diagram: HKΓΓ’ model
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[Francini, LJ, PRB ’24]
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Phase diagram: HKΓΓ’ model
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[Francini, LJ, PRB ’24]

Message #2: Triple-q order can melt in two stages
… same is true for zigzag order
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Phase diagram: Na2Co2TeO6
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Theory:
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Theory:

Experiment:

[Chen et al., PRB ’21]
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Na2Co2TeO6: Magnon excitation spectrum

Theory Experiment

[Krüger, Chen, Jin, Li, LJ, PRL ’23]

<latexit sha1_base64="tJV++broQeKVYd3YDAa0PqXD9Tc="></latexit>

(J;K; Γ; Γ
0) = (1:2;−8:3; 1:9;−2:3; 0:5)meV

(J3; J
A

2
; J

B

2
) = (1:5; 0:32;−0:24) eV

+ nonbilinear exchange



Candidate Kitaev magnets: Effective spin models

Material Reference HKitaev HH��0 Uc

 1 (meV) �1 (meV) �1 (meV) �
0
1

(meV) �
�
2

(meV) �
⌫
2

(meV) �3 (meV)

Na2Co2TeO6 this work -8.29 1.23 1.86 -2.27 0.32 -0.24 0.47 0.135

Na2IrO3 [21] -17.00 – – – – – 6.80 0.086

U-RuCl3 [22] -5.00 -0.50 2.50 – – – 0.50 0.175

Minimal HKΓΓ’ models:

Νa2IrO3: [Winter et al., PRB ’16]

α-RuCl3: [Winter et al.,  Nat. Commun. ’17]

Νa2Co2TeO6: [Krüger, Chen, Jin, Li, LJ, PRL ’23]



Candidate Kitaev magnets: Proximity to quantum spin liquid
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H(¸) = HKitaev + ¸HHΓΓ
01-parameter family of Hamiltonians:

Phase diagrams:

[Krüger, Chen, Jin, Li, LJ, PRL ’23]



Critical scaling @ Tc1 (primary-to-vestigial)
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R‰ = ‰=L

Correlation length Composite Binder cumulant Correlation-length exponent



Critical scaling @ Tc1 (primary-to-vestigial)
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R‰ = ‰=L

→ 2D Ising universality

… consistent with ℤ2 time reversal symmetry breaking

Correlation length Composite Binder cumulant Correlation-length exponent



Critical scaling @ Tc2 (vestigial-to-paramagnet)
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with 1=⌫ = 6=5

→ 2D three-state Potts universality

… consistent with ℤ3 symmetry breaking

Composite Binder cumulant



Phase coexistence @ primary-to-disorder transition
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„ = 1:99(3) = d

… spatial dimension

→ First-order transition from discontinuity fixed point



Schematic RG flow
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Digression: Discontinuity fixed point

Ising model in longitudinal field:

H

T

Discontinuous

Tc

Continuous

H
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WF
L

H

Flow linearization (relevant direction):
<latexit sha1_base64="b/nliWDoEmeI0FK9HOVOBqBcRfc="></latexit>

˛H = −„H +O(H2) with „ = d = 2

Formal limit of continuous transition:
<latexit sha1_base64="H5Cn7B5ZG5ehgbhqzhgTu3I3xhg="></latexit>

U ∝ |t|1−¸ ¸ → 1

M ∝ (−t)˛ (t < 0) ˛ → 0
with

<latexit sha1_base64="+7EB4//0cpr/fwfAwmvn6jp/mLU="></latexit>

⇒ 1=⌫ → d = 2

[Nienhuis, Nauenberg, PRL ’75]



High-spin d7 Mott insulators 

FIG. 1. Atomic d levels splitting into two groups under the

octahedral CEF !: eg levels at a higher energy and t2g levels at a

lower energy. The d7 electron configuration can take either high-spin

(middle) or low-spin state (right), depending on the strength of

Coulomb interactions and !.

[Sano, Kato, Motome, PRB ’18]


