
CuNCN case study
Lessons.

Neessity of RVB States in Solid State Quantum

Chemistry.

Lesson of CuNCN.

A.L. Tchougrée�

1 Institut für Anorganische Chemie
RWTH - Aachen University

2 Poncelet Lab,
Independent University of Moscow

RCTF2014 02.07.2014

A.L. Tchougrée�



CuNCN case study
Lessons.

Outline

1 CuNCN case study

2 Lessons.

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

Outline

1 CuNCN case study

2 Lessons.

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

Outline

1 CuNCN case study

2 Lessons.

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

Physical properties.
Structure.

Formula: Cr2(NCN)3 MnNCN FeNCN CoNCN NiNCN CuNCN

Color: green green dark-red orange-brown light-brown black

Tc (K) 175 28 345 255 360 ?
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Figure: Structure CuNCN.
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Sr =
1

2
c+rασαβ crβ , (2)

RVB order parameters

ξτ =
〈
c+r+τσcrσ

〉
∆τ =

〈
crαcr+τβ

〉 (3)

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

c-a-ca Heisenberg antiferromagnet.
Another option for frustration.

Heisenberg Hamiltonian

∑
r

∑
τ

JτSrSr+τ (1)

Sr =
1

2
c+rασαβ crβ , (2)

RVB order parameters

ξτ =
〈
c+r+τσcrσ

〉
∆τ =

〈
crαcr+τβ

〉 (3)

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

c-a-ca Heisenberg antiferromagnet.
Another option for frustration.

Heisenberg Hamiltonian

∑
r

∑
τ

JτSrSr+τ (1)

Sr =
1

2
c+rασαβ crβ , (2)

RVB order parameters

ξτ =
〈
c+r+τσcrσ

〉
∆τ =

〈
crαcr+τβ

〉 (3)

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

c-a-ca Heisenberg antiferromagnet.
Another option for frustration.

Heisenberg Hamiltonian

∑
r

∑
τ

JτSrSr+τ (1)

Sr =
1

2
c+rασαβ crβ , (2)

RVB order parameters

ξτ =
〈
c+r+τσcrσ

〉
∆τ =

〈
crαcr+τβ

〉 (3)

A.L. Tchougrée�



CuNCN case study
Lessons.

Transition Metal Carbodiimides
CuNCN - an isolated case
Structure manifestations of RVB phase transitions in CuNCN.
Synthesis.

RVB treatment.

Mean-�eld RVB: Dispersion

Ek =
√

ξ 2
k

+ |∆k|2;

E 2
k = 9

(
J2aζ

2
a cos

2
ka +J2c ζ
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c cos

2
kc +4J2acζ

2
ac cos

2
ka cos

2
kc

)
,

ζ
2
τ = ξ

2
τ + η

2
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iφτ

Free energy
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2
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4π2

∫
BZ

ln

(
2cosh

(
Ek

2θ

))
d2k

= 3Jaζ
2
a +3Jcζ

2
c +6Jacζ

2
ac −2θ

∫
ln
(
2cosh

(
ε

2θ

))
g(ε)dε
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Magnetic Properties
ESR data.

Material characterisitcs from �t of experimental data.

EPR experiment on the left is

reproduced with the parameters:

Jc = 1310 K, Jac = 1400 K,

Ja = 560 K;

θ crit
ac = 535 K; θ crit

c,ac = 435 K;

θ crit
c,ac→c,a,ac = 100 K,
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Phase diagram.
High-temperature limit.

With temperature θ ∗ as a fraction of J∗a +J∗c +J∗ac = 1.
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Elastic energy

1

2 ∑
µλ

Kµλ ρµρλ (4)

Magnetostriction

Jτ = Jτ0 +∑
λ

J ′
τ,λ ρλ . (5)

And using:

Mechanical equilibrium condition

∂F

∂ρλ

+∑
µλ

Kµλ ρµ = 0. (6)
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Geometry of RVB states.

We obtain

Equilibrium geometry in an RVB phase:

ρµ = ∑
λ

(K )−1
µλ

(
∑
τ

Aτζ
2
τ J
′
τ,λ

)
. (7)

After "some algebra" we conclude that the

Temperature dependence of geometry

is that of squared pseudogaps: A = 3Jaζa and C = 3Jcζc :(
δa

δc

)
= αT

(
a

c

)
+

(
ΛA,a

ΛA,c

)
A2 +

(
ΛC ,a

ΛC ,c

)
C 2 (8)

where Λ's are combinations of exchange, elastic, and

magnetostriction parameters.
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Structure manifestations of RVB transitions

a and c anomalies at 100 K: ac ,c → ac ,c ,a

Assuming the C pseudogap to access its limiting value and not

changing any more(
ΛA,a

ΛA,c

)
=

J ′a,a
3J2a |K |

(
Kcc

−Kac

)
(9)
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Structure manifestations of RVB transitions

a and c anomalies at 30 K: ac ,c,a → c ,a

d

dθ

(
δa

δc

)∣∣∣∣
θ→θ crit

=− 1

θ critC
∗2
(

ΛC ,a

ΛC ,c

)
(10)
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Structure manifestations of RVB transitions

a and c anomalies at 30 K: ac ,c,a → c ,a

d

dθ

(
δa

δc

)∣∣∣∣
θ→θ crit

=− 1

θ critC
∗2
(

ΛC ,a

ΛC ,c

)
(10)

Q1D−RVB → 2D−RVB → 2D−RVB
ζc ,ζac → ζc ,ζac ,ζa → ζc ,ζa

θ crit > 0 θ crit > 0 θ crit < 0
3JacJc

8(3Jac−2Jc)
3JacJc

8(3Jac−2Jc)
3JaJc

8(3Ja−2Jc)

(11)
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