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A number of molecular magnets are 

represented by weakly-interacting small 

spin clusters 

 

(Haraldsen et al., PRB 71 064403 

(2005), Bose and Tribedi, PRA 72 

022314 (2005)) 

 



                     
 

            
A recently engineered molecular complex 

Cr7Ni-Cu
2+

-Cr7Ni serves as a three-qubit 

system (Timco et al. Nature 

Nanotechnology  4 173 (2009)) 

 



 
 

 

Suggestion: microwave pulse sequences 

can be used to generate maximally 

entangled states  in such molecules  

 

Our objective: to quantify quantum 

correlations in the ground and thermal 



states of  spin trimers and tetramers in 

terms of  a new measure, quantum 

discord (QD), different from 

entanglement 

Certain separable mixed states have zero 

entanglement but non-zero discord 

 

 

Quantum mutual information I(ρAB): 

measures total correlations (quantum + 

classical) in a bipartite quantum system 

 

I(ρAB) = S (ρA) + S (ρB) – S (ρAB) 

ρA(B): reduced density matrix of 

subsystem A (B) 

ρAB: density matrix of total system 

S(ρ) = - Tr (ρ log2 ρ) is von Neumann 

entropy 



Quantum discord (QD): 

Q (ρAB) = I (ρAB ) – C (ρAB ) 

C (ρAB ) measures classical correlations 

Q (ρAB) measures quantum correlations 

How does one quantify Q (ρAB)? 

Classical information theory 

Shannon entropy quantifies uncertainty 

about random variable A before we learn 

its value 

∑−=
a

apapAH )(log)()(  

Correlation between two random 

variables A, B, measured by mutual 

information 

I (A, B) = H (A) + H(B) – H(A, B) 

Alternative definition: 

J (A, B) = H (A) – H (A | B) 



H (A | B): conditional entropy, quantifies 

uncertainty about A given knowledge of 

B 
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Since p(a, b) = p (b ) p (a | b) 
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Thus,  

I (A , B) = J (A, B) 

Quantum Information Theory: 

Consider a bipartite system with parties 

A and B 

Quantum Mutual Information: 

I ( ρAB ) = S (ρA ) + S (ρB ) – S (ρAB ) 

J (ρAB ) = S (ρA ) – S ( ρA | ρB ) 

S (ρA ) = - tr ρA log ρA (von Neumann 

entropy) 

 

Are I ( ρAB ) and J (ρAB ) identical? 

 

Quantum generalization of classical 

mutual information: 

Replace 



Classical probability distributions by 

density matrices 

Shannon entropy by von Neumann 

entropy 

What about J ( ρAB )? 

Quantum conditional entropy S ( ρA | ρB ) 

depends on type of measurement 

Different measurement choices yield 

different results, so 

I ( ρAB ) ≠ J (ρAB ) 

 

von Neumann measurement for party B 

can be written as 

Bk = V Πk V
+
 , k = 0, 1 

kkk =Π  



where V is a unitary operator with unit 

determinant 

Projectors Bk: represent an arbitrary local 

measurement on B 

Parametrize V as 
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θ, φ: azimuthal and polar angles of a 

qubit over the Bloch sphere 

 

 

 

  

 

 



 

 

 

 



 

 

 

QD can be quantified 

analytically/numerically for two-qubit 

states 

For spin Hamiltonians with specific 

features the two-spin reduced density 

matrix has the form 

 

The eigenvalues of  ρij are: 

 

 

 



 

 

 

 

Mutual information: 



 

 

When  f = 0, a = d and b1 = b2, the 

maximization procedure for calculating 

the classical correlations can be carried 

out analytically 

 

 



where  

 



( Amit Kumar Pal, Indrani Bose, J. Phys. 

B (2011) 



 



 



 



 

 

At J1 = J2 ,  a first order QPT separates 

two RVB ground states 

QD has a discontinuity at the transition 

point 

(Bose and Chattopadhyay PRA 66 

062320 (2002), Wu et al., PRL 93 

250404 (2004)) 



  

 



 



 



 

 

 

 

 

 



 Sudden Transition Between Classical and 

Quantum Decoherence (Mazzola et al., Phys. 

Rev. Lett. 104 200401 (2010) 

Experimental detection with an all-optical setup 

(Xu et al., Nat. Commun. 1 7 (2010)) 

 

First evidence of a quantum property completely 

unaffected by presence of the environment 

Evidence for frozen discord in molecular 

magnets? 
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