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1. Spin-Peierls Transition

3D Phonons + Heisenberg chains 2
Frozen Lattice Distortions 2>
Dimerization - Spin Gap

Examples: various organic compounds,
non-organic: CuGeO3, TiPO4, TiOBr,TiOCI

2. Spin-SAF Transition
( SAF = Super-Anti-Ferro-electric [magnetic] )

2D Charge modes + Heisenberg chains -
SAF Charge Long Range Order >
Dimerization - Spin Gap

Examples: NaV205, Zn(pyz)vV4010

3. Peierls-like Transitions

Charge / Orbital degrees of freedom + Heisenberg chains 2>
Charge /Orbital Long Range Order = Spin Gap

Examples: transition metal oxides, spinels
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Phase Transition in NaV,O:: Experiment

V1-4.5 V+4.5 V+4 V+5
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e 2D charge order: |
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Grenier, et al, 2002
Chitov & Gros, 2004 (SAF)

e Phase transition:

Thermal, close to 2D Ising universality class . )
Ravy, et al, 1999 Mechanism:

Gaulin, et al, 2000 Spin-PeierIs_ - like
Fagot-Revurat, et al, 2000 Charge+Spin



Mapping onto the Spin-Pseudospin Model

Left/Right (Charge) <‘:> Pseudospin (Ising) Up/Down
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Spin Sector: Heisenberg Chains

[H — JZS?’LS’R—Fl }

Heisenberg Chain:
Gapless State (Luttinger Liquid Universality Class)
No Magnetic LRO

P I,

H JZ ]- ‘I‘ né SnSn—l—l

Dimerized Heisenberg Chain:
Gapped GS
No Magnetic LRO

/ v/



2D (nn+nnn) Ising Model

Charge Sector

Ground-State
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Spin-SAF (Coupled Ising-XXX) Model:

Hinrr = — LTETE — Q ’I i

H.S' - szln Smnsm,n-l—l J, *

1
Hsr = §CZ Smnsm._ﬂ-l-l(?;i+l__n+l Tn{f 1, n]

m,n

T2y
PARA +

spin gapless
my =0, A =0

H = Hwtr + Hs + Hst

U > Ising-XXX

spin-SAF
my =0, A £0

- IMTF

QCP
Hyx = Z J(1+(=1)"0)SnSnt1
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Phase diagram of the coupled Ising-XXX model.
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All Pelerls-type Phase Transitions:

Hamiltonian: lattice, charge, etc coupled to spin chains

Spin Sector:
Dimerized XXX Chains
Spin Gap

[HXXXJZ 7‘8 Sn—l—l]

/

[ Appears simultaneously with LRO]




BCS Ratio:

Unifying (?) Universal (?) Parameter



BCS Ratio: Conventional Superconductors

Table 34.3 \l

MEASURED YALUES® OF 2A(0)/k5T.

ELEMENT 2A(0)/kgT,
Al 34
Cd 812
Hg (o) 46
In 36

ASHCROFT/ MERMIN Nb 38
Pb 43
Sn 35
Ta 36
Tl 36
v 34
Zn 3.2

LID STATE PHYS .
s = ?A0) is taken from tunneling experiments.

Note that the BCS value for this ratio is 3.53.
Most of the values listed have an uncertainty
of +0.1.

Source: R. Mersevey and B. B. Schwartz, Super-
conductivity, R. D. Parks, ed., Dekker, New York,
1969.




Coupled Model: XXX (Heisenberg) Spin Sector

H = HIN’IT‘F + Z S?nns?n?n—l—l [J + g(lz;i—l—l,n—l—l ,];?:’11 1, n)]
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Spin Sector —— Dimerized XXX Chains

[HXXX = JZ —)"0]S Sn—|—1]

II

[Interacting Spinless Fermions]
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[ Bosonization ]




Coupled Model: Heisenberg Spin Sector

H = HIN’IT‘F + Z S?nns?n?n—l—l [J + g(lz;i—l—l,n—l—l ,];?:’11 1, n)]

LT

Spin Sector: Dimerized XXX Chains

[HXXX = JZ —)"0]S,Sn41 ] :> |XX Chain |

@ J

| Free Spinless Fermions

[Interacting Spinless Fermions]
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[ Bosonization] —=—=~1.76




Dim

erized XXX Heisenberg Chain

[ P =3[+
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(Orignac, 2004) # =

[Sine—Gordon ]
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dx
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Marginal Term
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Dimerized XXX Heisenberg Chain

[ Hxxx = JZ —)"0]S Sn—|—1]

@ [Sine—Gordon ]
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Exact amplitude: Lukyanov, 2010-, unpublished




Dimerized XXX Heisenberg Chain = Sine-Gordon
(G.Y.C., arXiv:1111.1201)
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BCS Ratios:

MEM(TCNQ)2
and more
organics

CuGeO3
(TMTTF)2AsF6

(TMTTF)2PF6

NaV205

Zn(pyz)V4010
TiOCl
TiOBr

Type

SP

SP
SP

SP
Spin-SAF
Spin-SAF

SP
SP

To (K) Alk,(K)

18

14.3

13

19

34

22
92
48

30

24-30

35

47

106

?
430-440
250

BCS
ratio

1.67

1.7-2.0
2.69

2.47

3.1

?
4.7-4.8
5.2

Ref.
Pouget, 01
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Lemmens, et al, 03
Dressel, et al, 11

Dressel, et al, 11

- AT, ~2.47

Lemmens, et al, 03

Yan, et al, 07 —r

Clancy, et al, 11

Clancy, et al, 11 ??7



Summary & Discussion

1. Theory of spin-SAF transition is reviewed.
Spin-SAF phase = simultaneous Super-Anti-Ferroelectric (SAF)
charge order + spin gap.

2. New interacting BCS ratio is calculated.
Similarities between spin-SAF, spin-Peierls and Peierls-like transitions
are emphasized.

3. Further progress:
(i) BCS-ratio — accounting for the marginal terms
(if) Ising (pseudospin / charge) sector beyond mean-field (??)
Fate of QCP?
(i) nn+nnn Ising model (some work in progress, more warranted)



THE END
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