
Spin-lattice glass transition  
without quenched disorder  
on pyrochlore magnet

Kota Mitsumoto
IIS, University of Tokyo

Coworkers
Chisa Hotta, Hajime Yoshino
Univ. of Tokyo, Osaka Univ.

KM, C. Hotta and H. Yoshino Phys. Rev. Lett. 124, 087201 (2020).

KM and H. Yoshino Phys. Rev. B 107, 054412 (2023).
KM, C. Hotta and H. Yoshino Phys. Rev. Research 4, 033157 (2022).



Outline

• Introduction

– Spin glasses

– Motivation

– Y Mo O

• Model

• Numerical simulations (3D pyrochlore lattice)

• Mean-field theory (High dimensional limit)

2 2 7



Spin glasses
◼ Canonical spin glass

RKKY interaction

H =
X

i,j

JijSi · Sj
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Frustration due to 
quenched disorder

• Thermodynamic glass transition
• Nonequilibrium in spin glass phase

F bond
AF bond

�
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Nonlinear magnetic susceptibility

FC-ZFC susceptibility
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Motivation

Can a spin glass transition occur without quenched disorder?

• Infinite dimension => Yes. H. Yoshino SciPost Phys. 4, 040 (2018)

Disorder-free replica theory can be applied to spin systems.

• 3D system? ••• no exact answer.

Experimental candidate Y Mo O2 2 7

=> geometrically frustrated system!! ?

Frustration is necessary to suppress ordinary long-range order.



M. J. P. Gingras et al. PRL (1997)

Y2Mo2O7

FC-ZFC susceptibility

Spin-glass transition without chemical disorder

Tc = 22K
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Nonlinear magnetic susceptibility

Mo4+ (S=1):  regarded as classical Heisenberg spins
around Tc

AF Heisenberg model on pyrochlore lattice
=> Classical spin liquid even at T = 0

What is the origin of the spin glass transition?

NN



Lattice distortion XAFS data C. H. Booth , et al. PRB (2000)

P.M.M. Thygesen
et al. PRL (2017)
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Model

Exchange
Potential energy of distortions
(“Spin-ice” like Hamiltonian)

Parameter
< ij >: All nearest-neighbor pairs
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H/J =
X

<ij>

J�i,�jSi · Sj � 3✏
X

ij

�i · �j (✏, J > 0)

J�i,�j = 1 +

p
6�

2
(r̂ij · �i + (�r̂ij) · �i) =

8
><

>:

1� 2� (out-out)

1 (in-out)

1 + 2� (in-in)
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Si : Classical Heisenberg spin |Si| = 1

�i : Lattice displacement (orbital) �i = �iê⌫ �i = ±1

(⌫ = [111], [11̄1̄], [1̄11̄], [1̄1̄1])
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L : System size L = 4, 5, 6, 8 N = 16L3

� : Amplitude � = 1.5

✏ : Elastic energy ✏ = 0.6-1.2
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Unit cellMethod: Monte Carlo simulation



Auto-correlation function

CS(t) =
1

N

NX

i=1

Si(0) · Si(t)
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Spin

Lattice distortion
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A Tc z⌫

Spin ✏ = 0.6 3.99(89) 0.0695(19) 2.79(12)
Spin ✏ = 0.65 4.91(154) 0.0855(26) 2.55(15)

Distortion ✏ = 0.6 4.27(31) 0.0686(5) 3.55(4)
Distortion ✏ = 0.65 4.78(21) 0.0862(5) 3.54(3)
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Structure factor ((hhl)-plane)

Spin

Lattice distortion

L = 6, ✏ = 0.6
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• No Brag peak at low temperature
• No notable differences between the two temperatures Glass!!
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Nonlinear susceptibility
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Heat capacity
C = N�1�2(hE2ieq � hEi2eq) � = 1/T
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Canonical spin glass

Y2Mo2O7

L. E. avenger, P. H. Keesom (1976)

N.P. Raju, et al. (1992)



Mean-field theory
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k = 4, c = 3

Replica trick

with

Spherical constraint

Order parameter
• spin • lattice distortion

 (spin-lattice decoupled): 
essentially the same as the spherical SK model 
δ = 0

=> Replica symmetry breaking doesn’t occur

Kagome Pyrochlore Bethe-lattice-like simplex network



Free-energy functional

Saddle point equations

Hessian matrix

The eigen value must be non-negative

free-energy functional

RS ansatz    Qab = Q + (1 − Q)δab, qab = Q + (1 − q)δab



Phase diagram
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<latexit sha1_base64="9Oil1cH6K4byVtL/N9yK7kf1u2U="></latexit>

Pseudo

<latexit sha1_base64="K+jBpuAJ3gjn3sh5q1hxMMJ950M="></latexit>

� = 0
<latexit sha1_base64="Yg6NFalVcyYatr6OQIAj8ztc908="></latexit>

(spin-lattice decoupled)

<latexit sha1_base64="x8XpafiiBB5+iqlcVy4GeLniAgM="></latexit>

� = 1.5
<latexit sha1_base64="IX4c6OAmkaOm23OILUht4iTEDE8="></latexit>

(spin-lattice coupled)

<latexit sha1_base64="Mr25HZwV9NY0DqVMD3HIjMwWM54="></latexit>

F
<latexit sha1_base64="Mr25HZwV9NY0DqVMD3HIjMwWM54="></latexit>

F

<latexit sha1_base64="yRoCIZwIsGfA7dtS3SXP5Ri9+yc="></latexit>

RS
<latexit sha1_base64="lZ+jCMrF9xvRfqeCXQgp9UBAgeQ="></latexit>

(marginal)

<latexit sha1_base64="yRoCIZwIsGfA7dtS3SXP5Ri9+yc="></latexit>

RS
<latexit sha1_base64="lZ+jCMrF9xvRfqeCXQgp9UBAgeQ="></latexit>

(marginal)

<latexit sha1_base64="qTxSFUeX9IX/7CCexVfUU8fgtHE="></latexit>

pseudo spin glass
<latexit sha1_base64="s8iXyGVL8WXMJ2A6IEFFFZfEvgs="></latexit>

pseudo lattice glass

<latexit sha1_base64="rTampPAaXj4B4hU6OHedPM9Klmg="></latexit>

RSB

<latexit sha1_base64="loThYyFyzBYKtk84HW9v0hmlth4="></latexit>

spin-lattice glass
<latexit sha1_base64="Mr25HZwV9NY0DqVMD3HIjMwWM54="></latexit>

F

Artifact of the high dimensional limit

<latexit sha1_base64="i/xS35ym1ImVUfENbI5R3gueQzk="></latexit>

T ⇤ = J

<latexit sha1_base64="3gWCiIi3nhqsAOHk+jT58fqFFLI="></latexit>

T ⇤ = ✏

high rigidity

low rigidity

<latexit sha1_base64="um3o2ph4N9ZGNxF9DMG/7I9GOsY="></latexit>

✏ > J

<latexit sha1_base64="TZE/Jn3xjomiYKhg873EAw8Oriw="></latexit>

✏ < J



Order parameter (RS ansatz)
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<latexit sha1_base64="Hm24ThN1sA+7kTaXcfN0nlsi3ZI="></latexit> ✏/
J

<latexit sha1_base64="KcOgYJima2CZMymzIjFAMXPV36k="></latexit>

T/J

<latexit sha1_base64="2QF+NmwVvjGxrMQAhNqrZz4Nays="></latexit>

Tc

<latexit sha1_base64="rLfVKKDv46hhsTp+nnVrxZoe+Ew="></latexit>

T ⇤

<latexit sha1_base64="jPZpEnlFNkO+ii/qOmkRMpBPsQk="></latexit>

T 0
c

<latexit sha1_base64="8SQA2MqDjVisr4+aBG7oz9tBKJs="></latexit>

Spin-lattice glass

<latexit sha1_base64="uEhhEtFHmQqW8VbyDZ3lrqNbdx4="></latexit>

Q > 0

q > 0

<latexit sha1_base64="Ug4AEmFhvzsdw9UgvL8RM3kSoxE="></latexit>

(RS)
<latexit sha1_base64="ei8tWQiS5PrOqbPJqzWho1rehbQ="></latexit>

Q = 0

q > 0

<latexit sha1_base64="hOxkzfX21n6eniZsjcfy8PD7oR0="></latexit>

Paramagnetic

<latexit sha1_base64="Ug4AEmFhvzsdw9UgvL8RM3kSoxE="></latexit>

(RS)
<latexit sha1_base64="9XBT6NIDhKq6l8amFh6ACUmAYCY="></latexit>

Q = 0

q = 0

<latexit sha1_base64="vsTmKBOl4CQSX2qLmbi/PKKQuLs="></latexit>

(RSB)

<latexit sha1_base64="dCG6C1Ki+vrN7YbSAqvANYTUAbo="></latexit>

and
<latexit sha1_base64="QrHNP7eIR65DNFENLoWtdh2bylM="></latexit>

Lattice liquid

<latexit sha1_base64="6m4D0j/dPFr6D/Lzfdsx4qozi28="></latexit>

lattice glass

<latexit sha1_base64="9Oil1cH6K4byVtL/N9yK7kf1u2U="></latexit>

Pseudo
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low
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<latexit sha1_base64="KcOgYJima2CZMymzIjFAMXPV36k="></latexit>

T/J
<latexit sha1_base64="KcOgYJima2CZMymzIjFAMXPV36k="></latexit>

T/J

<latexit sha1_base64="Oyic1xb7UnVHoG6uCFC081RccrA="></latexit>

Q

<latexit sha1_base64="mDq5YBrkVdq5toticGCl19AhU24="></latexit>q
<latexit sha1_base64="mDq5YBrkVdq5toticGCl19AhU24="></latexit>q

<latexit sha1_base64="Oyic1xb7UnVHoG6uCFC081RccrA="></latexit>

Q

<latexit sha1_base64="rLfVKKDv46hhsTp+nnVrxZoe+Ew="></latexit>

T ⇤<latexit sha1_base64="2QF+NmwVvjGxrMQAhNqrZz4Nays="></latexit>

Tc
<latexit sha1_base64="jPZpEnlFNkO+ii/qOmkRMpBPsQk="></latexit>

T 0
c

<latexit sha1_base64="jPZpEnlFNkO+ii/qOmkRMpBPsQk="></latexit>

T 0
c

<latexit sha1_base64="R5sQmE9UnTSdEj95P6q9FadKzxQ="></latexit>

↵ = 1.0

<latexit sha1_base64="zKNkB8Bve6RQKvusYuETDuBnzw0="></latexit>

✏/J = 2.0

<latexit sha1_base64="FssD4ts1A1M40wlH2ykx46iqoHs="></latexit>

✏/J = 0.5
<latexit sha1_base64="R5sQmE9UnTSdEj95P6q9FadKzxQ="></latexit>

↵ = 1.0

<latexit sha1_base64="x8XpafiiBB5+iqlcVy4GeLniAgM="></latexit>

� = 1.5

<latexit sha1_base64="x8XpafiiBB5+iqlcVy4GeLniAgM="></latexit>

� = 1.5

<latexit sha1_base64="KcOgYJima2CZMymzIjFAMXPV36k="></latexit>

T/J

 0

 0.1

 0.2

 0.3

 0.95  1  1.05

high rigidity low rigidity

• Internal energy

• Heat capacity

• Glass susceptibility

KM and H. Yoshino Phys. Rev. B 107, 054412 (2023).

RSRSRS

<latexit sha1_base64="rTampPAaXj4B4hU6OHedPM9Klmg="></latexit>

RSB

<latexit sha1_base64="loThYyFyzBYKtk84HW9v0hmlth4="></latexit>

spin-lattice glass
<latexit sha1_base64="Mr25HZwV9NY0DqVMD3HIjMwWM54="></latexit>

F



Summary

We constructed a disorder-free spin-lattice glass model.

• Numerical simulation

• Mean-field theory

=> Simultaneous spin-lattice glass transition

– divergence of relaxation times of spins and lattices at common Tc

– diverging features of nonlinear magnetic and dielectric susceptibilities around Tc

=> Complex free-energy landscape due to spin-lattice coupling

– replica symmetry breaking (RSB) occurs in the spin-lattice glass phase

KM and H. Yoshino Phys. Rev. B 107, 054412 (2023).

KM, C. Hotta and H. Yoshino Phys. Rev. Lett. 124, 087201 (2020).

See also KM, C. Hotta and H. Yoshino Phys. Rev. Research 4, 033157 (2022).


