Lindblad dephasing relaxation and quantum entanglement in two-spin systems
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Multiple quantum (MQ) NMR spectroscopy is a valuable tool in the investigation of quantum many-body dynamics, specifically the manifestation of irreversible quantum dynamics [1]. The time-consuming excitation of MQ coherences is accompanied by the loss of the detectable signal caused by not only the experimental imperfections, but also substantially by the interactions within the spin system [2,3]. To get insight into the observed process we investigate the simplest systems, suitable for MQ excitation, consisting of two dipolar coupled spins-1/2 weakly interacting with surrounding spins. The interactions with surrounding in our analytical treatment are taken into account by the Lindblad equation [4], which plays an important role in the problems associated with the dynamics of open quantum systems. 
We consider the Lindblad equation under the conditions of MQ experiment [5] with dephasing relaxation. The equation for the density matrix for this case reads
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where D is the dipolar coupling constant, 
[image: image2.wmf]k

I

a

 (k=1,2) is the spin angular momentum projection operator on the α axis (α = x,y,z), Ik+, Ik- (k=1,2) are the raising and lowering operators and g is the rate of the dephasing relaxation. It is possible to simplify Eq.(1) for spins ½ noting that 
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Then we can rewrite Eq. (1) in the following form
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At t=0, the system is in the thermodynamic equilibrium state and its density matrix is 
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where β is proportional to inverse temperature. It is possible to obtain an analytical solution of Eq.(3) with the initial state (4). As a result, the density matrix has the X-form [5] and can be represented as
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 where the matrix elements a11, a14, a22 , a33 , a41 , a44 are
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The density matrix of Eq.(5) allows us to obtain the intensities of MQ NMR coherences. The intensity of the MQ NMR coherence of the zeroth order is 
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The intensities of the MQ NMR coherences of the plus/minus second order are
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It is interesting to notice that the oscillations of MQ NMR coherences are determined by 
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 rather than D as in the case without relaxation. The decreasing of the oscillation frequency as compared with D was observed experimentally in [2,3]. 
Another direction of our work was an investigation of quantum correlations in the system under the conditions of MQ NMR. Quantum correlations (quantum entanglement) [6] has been investigated at different values of the rate of dephasing relaxation. It is shown that the dependence of the intensity of the second-order MQ coherence on the excitation time coincides with that dependence for the quantum entanglement when relaxation is absent. The increase of the dephasing relaxation rate results in the decrease of quantum correlations.
The work was performed as a part of the state task, the state registration number N. 124013000760-0.
1. Bengs C., Zhang C., Ajoy A: J. Chem. Phys. 162 (21), 214108 (2025)

2. Fel’dman E.B., Kuznetsova E.I., Panicheva , Vasil’ev S.G., Zenchuk A.I., J. Magn. Reson. 363, 107706 (2024)
3. Fel’dman E.B., Kuznetsova E.I., Fedorova A.V. et al. Bull. Russ. Acad. Sci. Phys. 88, 1099–1106 (2024)
4. Manzano D. AIP Advances 10, 025106 (2020)
5. Fel’dman E.B., Kuznetsova E.I., Shipulya E.I. et al. (in press) Appl. Magn. Reson. (2025)

6. Wootters W. K. Phys. Rev. Lett., 80, 2245 (1998)
_1811155056.unknown

_1811155315.unknown

_1811155612.unknown

_1811170676.unknown

_1811155470.unknown

_1811155180.unknown

_1811155243.unknown

_1811155069.unknown

_1811154915.unknown

_1811155008.unknown

_1811154799.unknown

