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1BLEANEY, B.; BOWERS, K. D.; Anomalous paramagnetism of copper acetate. Proc. R. Soc. A,
212(1119): 451-465, 1952.

Clebson Cruz (UFOB) 8



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Chemistry-Magnetism;

Non-cooperative;

Short range interaction;

Located;

Orbitals d , f , p;

Low Dimensional;

Clebson Cruz (UFOB) 9



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Main Properties and Fundamental Aspects

Brief History

Molecular magnetism

Fundamental Aspects

Easy Synthesis;

Versatility;

Biocompatibility;

Electrical insulation;

Solubility;

Quantum effects;

Clebson Cruz (UFOB) 10



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Geometric Configurations

Crystal structure of Cu2 (HCOO)4 (HCOOH)2

(C4H10N2)

Clebson Cruz (UFOB) 11



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Hamiltonians and Interactions:

Heisenberg Hamiltonian:

Hhei = −J ~S1 · ~S2;

J = EAP − EP

J=0, there is no interaction (EAP = EP).
J>0, parallel aligniment (EAP > EP)
J<0, antiparallel aligniment (EAP < EP)

Zeeman:

Hz = µB
~B · g · ~S ;

Clebson Cruz (UFOB) 12



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Hamiltonians and Interactions:

Heisenberg Hamiltonian:

Hhei = −J ~S1 · ~S2;

J = EAP − EP

J=0, there is no interaction (EAP = EP).
J>0, parallel aligniment (EAP > EP)
J<0, antiparallel aligniment (EAP < EP)

Zeeman:

Hz = µB
~B · g · ~S ;

Clebson Cruz (UFOB) 12



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Hamiltonians and Interactions:

Heisenberg Hamiltonian:

Hhei = −J ~S1 · ~S2;

J = EAP − EP

J=0, there is no interaction (EAP = EP).
J>0, parallel aligniment (EAP > EP)
J<0, antiparallel aligniment (EAP < EP)

Zeeman:

Hz = µB
~B · g · ~S ;

Clebson Cruz (UFOB) 12



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Hamiltonians and Interactions:

Heisenberg Hamiltonian:

Hhei = −J ~S1 · ~S2;

J = EAP − EP

J=0, there is no interaction (EAP = EP).
J>0, parallel aligniment (EAP > EP)
J<0, antiparallel aligniment (EAP < EP)

Zeeman:

Hz = µB
~B · g · ~S ;

Clebson Cruz (UFOB) 12



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Hamiltonians and Interactions:

Heisenberg Hamiltonian:

Hhei = −J ~S1 · ~S2;

J = EAP − EP

J=0, there is no interaction (EAP = EP).
J>0, parallel aligniment (EAP > EP)
J<0, antiparallel aligniment (EAP < EP)

Zeeman:

Hz = µB
~B · g · ~S ;

Clebson Cruz (UFOB) 12



Clebson Cruz

Introduction

Low-Dimensional
Molecular
Magnetism

Theoretical
Foundations

Hamiltonians and
Interactions

Thermodynamic
Quantities

Quantum
Coherence in
Molecular
Magnetic Systems

Quantum
Entanglement

Results

General
Conclusions

Low-Dimensional Molecular Magnetism

Thermodynamic Quantities:

H = −J ~S1 · ~S2 − gµB
~B · (~S1 + ~S2)

Es,ms = − 1
2J [s (s + 1)− s1 (s1 + 1)− s2 (s2 + 1)]− gµBBms

where |s1 − s2| ≤ s ≤ s1 + s2; and ms = −s, ...,+s.

Z (T ,B) =
∑
i

e−βEi

F (T ,B) = −kBTln(Z (B,T ))

M(T ,B) = − ∂

∂B
F (T ,B)

χij = lim
B→0

µ0
dMj

dBi
=

2N(gµB)2

kBT

1

3 + e−J/kBT
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Quantum Entanglement

Remarkable resource for quantum information processing;

Let us consider the Hilbert space of a composite system:

H = H1 ⊗H2 ⊗ · · · ⊗Hn

An entangled state can be defined as:

|Ψ〉 6= |φ1〉 ⊗ |φ2〉 ⊗ · · · ⊗ |φn〉
ρ =

∑
i piρ

(i)
1 ⊗ ρ

(i)
2 ⊗ · · · ⊗ ρ

(i)
n

The best knowledge of a whole does not include the
knowledge of its parts.
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Let us consider the following example:

Event Box A Box B Probability

1 0 1 50%
2 1 0 50%

|φA〉 = |φB〉 = 1√
2

(|0〉+ |1〉)
|Ψ〉 = 1√

2
(|0〉A ⊗ |1〉B + |1〉A ⊗ |0〉B) 6= |φA〉 ⊗ |φB〉 .

Entangled states cannot be simulated or represented from
classical correlations;

Entangled ⇒ Quantum Coherence + Classical Correlations;
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Let us consider a Heisenberg dimer:

H = −J ~SA~SB

ρAB = e−βH/Z

ρAB(T ) =
1

4


1 + c(T )

1− c(T ) 2c(T )
2c(T ) 1− c(T )

1 + c(T )


c(T ) = 〈~S (α)

A ⊗ ~S
(α)
B 〉 = 2kBT

N(gµB )2χ(T )− 1

SPOILER ALERT: Coherence ⇒ All off-diagonal elements!
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|Ψ〉 6= |φ1〉 ⊗ |φ2〉
ρ 6=

∑
i piρ

(i)
A ⊗ ρ

(i)
B ⊗ ρ

(i)
C ⊗ · · ·

Hhei = −J ~S1 · ~S2; ESAP
− ESP

= J

J>0, parallel aligniment (ESAP
> ESP

)
J<0, antiparallel aligniment (ESAP

< ESP
)

Es,ms |s,ms〉 {|ms1 ,ms2 〉}
0 |1, 1〉 | ↑↑〉 separable
0 |1,−1〉 | ↓↓〉 separable
0 |1, 0〉 | ↑↓〉+ | ↓↑〉 entangled
J |0, 0〉 | ↑↓〉 − | ↓↑〉 entangled
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Quantum Coherence:

Geometric approaches are widely used to characterize and
quantify the quantum correlations.

Phys. Rev. Lett. 113, 140401 (2014):

From the minimal distance D(ρ, σ), between the quantum

state ρ and a set {σ =
∑d

k |k〉〈k | ∈ I} of incoherent state.

CD = min
{σ∈I}

D(ρ, σ)

the l1 trace norm can be a reliable measurement of quantum
coherence as

Cl1 = min
σ∈I
‖ρ− σ‖l1 =

∑
i 6=j

|〈i |ρ|j〉| .
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Metal Silicate Framework KNaCuSi4O10

Crystal structure of the Metal Silicate Framework
KNaCuSi4O10

Journal of Solid State Chemistry, 182(2), 253-258.
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Quantum Coherence of KNaCuSi4O10

Quantum Coherence

Let us consider a Heisenberg dimer:

ρAB = e−βH/Z with H = −J ~SA~SB

ρAB(T ) =
1
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Influence of the External Pressure

First-Principles Calculations

Kohn-Sham equations were solved;[
− ~2

2m∇
2 + Vs(~r)

]
φi (~r) = Eiφi (~r)

where n(~r) =
∑N

i |φi (~r)|2

Vs(~r) = V (~r) +
∫ e2ns(~r ′)
|~r−~r ′| d3r ′ + VXC[ns(~r)]

Crystal structure was optimized;

Third-order Birch-Murnaghan equation;
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First-Principles Calculations
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J = ES − ET
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Influence of the longitudinal and transverse magnetic field

Quantum coherence is basis dependent.

Basis choice depends on the physical problem under
investigation.

Molecular magnetic systems: spin eigenbasis in a certain
direction, {Sx ,Sy ,Sz}, within a quantum metrology setting.

The Hamiltonian model that rule this system interacting with an
external magnetic field is given by:

H = −J ~S1 · ~S2 − µBg ~B ·
(
~S1 + ~S1

)
.
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Longitudinal Magnetic Field

Cz(T ,Bz) =
∣∣∣ 1−e−4x

1+e−4x+2 cosh(βhz )

∣∣∣
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Longitudinal Magnetic Field

Cx(T ,Bx) =
ex

Z
(|cosh(βhz)− 1|+ 4 |sinh(βhz)|+ |cosh(βhz)− e−4x |)
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