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Hydrogen bonded crystals (HBC) mineralogically classified as layered crystals (layered 

silicates, crystalline hydrates), by electrophysical properties determined as proton semiconductors 

and dielectrics (PSСD) [1,2].  Of considerable scientific and technical interest is the use of thin films 

of ferroelectrics with hydrogen bonds (KDP, DKDP) in the development of memory elements for 

non-volatile high-speed memory devices characterized by anomalously high values of residual 

polarization and relaxation time (up to 10 years) and high thermal and mechanical stability [3]. 

According to the results of recent studies, of great scientific interest are theoretical studies of 

nonlinear polarization effects that manifest themselves in dielectrics with an ion-molecular type of 

chemical bonds (in particular, in HBC) in the ultralow temperature range (1-10 K) in weak fields 

(100-1000 kV / m) and in the ultrahigh temperature range (550-1500 K) in strong fields (10-100 

MV/m) [2].  

The purpose of given paper is to develop a rigorous (in terms of the structure of Hamiltonian 

and its properties) quantum-mechanical model in the form of solutions of the nonlinear quantum 

kinetic equation that describes, together with the Poisson equation, in order to reveal the effects of 

tunneling transitions of relaxаtors (in HBC, protons) to the theoretical temperature spectra of the 

density of the thermally stimulated depolarization current  and dielectric loss tangent 

 in a wide range of field parameters (100 kV/m - 100 MV/m) and temperatures (1-1500 K) 

[1,2]. 

The physical model of proton conductivity and proton-relaxation polarization in HBC  is the 

ensemble of non-interacting protons (ideal proton gas), moving in one-dimensional potential image 

(field of hydrogen bonds in HBC)  with a parabolic shape perturbed by external electrical 

field strength , distributed by energy levels of quasi-discrete degenerate (by parameters n, s) 

energy spectra . The calculating of quantum transparency for proton with energy  tunneling 

through perturbed by nonstationary electrical field  potential barrier 

 in the WKB approximation given us 

[2]. Here  small correction (in 

range of weak electrical fields at frequencies of an alternating field distributed in the radio frequency 

range) to potential ; m,  proton mass and charge; crystal lattice parameter; ,  

potential barrier width and height (activation energy) for the proton; 

 transformed by quantum tunneling into the n-th energy 
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band (zone) with numbers from s=1 to , degenerate energy spectrum of the proton, where 

full number of potential wells in the model [1]; energy levels of the proton localized in the 

isolated potential well (nondegenerate energy spectrum); 

quantum transparency for the proton with  energy levels, where , 

 ; is the circular frequency of proton oscillations in the potential well; 

 the maximum number of energy levels in the potential well. 

Averaging  the nonstationary quantum transparencies  over the unperturbed 

energy levels  using the quantum canonical Gibbs distribution and introducing an additional 

dimensionless small parameter , where , we arrive at the temperature 

dependence for the quantum mechanical diffusion coefficient [2] 

 (1) 

In (1) ,  natural frequency of oscillations of the proton in potential well; averaged by 

energy levels  stationary quantum transparencies has the form 

                              .  (2)   

In the case of a non-degenerate energy spectrum  ,  assuming non-stationary 

quantum transparency , we transform (1) to the 

form 

                                                        ,   (3) 

where ;  

critical temperature [1], separating the zones of thermally activated and quantum transitions 

 of protons during the polarization of crystals with hydrogen bonds (HBC); , 

; , . Since , then 

,   and  . 
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Hence, at  we have , which is  times higher than 

in  [2,3]. 

For protons with a degenerate energy spectrum , according to (1),(2), we obtain  

      .        (4) 

Here  . 

Results. The shift of the theoretical maximum of stationary quantum transparency for the 

protons from the low-temperature range (T=55 K) with the amplitude of 0,11 (the model of a non-

degenerate proton energy spectrum, line no.1 for function  in Fig. 1) towards the 

high temperature range (T=150 K) 

with an increase in amplitude to 0,14 

(the model of a degenerate proton 

energy spectrum, line no. 2 for 

function  in Fig. 1) 

indicates a significant influence even 

the small changes in numerical 

values of the parameters of the 

crystal potential image for the proton 

( , , , ) and crystal thickness 

(expressed through a parameter 

 ) to the proton tunneling 

probability, the structure and 

properties of the proton energy 

spectrum, which is most effective for 

nanosized HBC layers (d=1-10 нм) 

in a wide temperature range (50–

1550 K).  

Conclusions: 1) In hydrogen bonded crystals (HBC), quantum tunneling of protons is the 

mechanism that determines the regularities in the formation of volume-charge polarization in a wide 

range of field parameters and temperatures; 2) The band (zone) structure of quasi-discrete energy 

spectrum of relaxators (protons) in nanosized HBC layers (1-10 nm) causes a shift of theoretical 

maximum of stationary quantum transparency towards the high temperature range (150-550 K) with 

an increase in the amplitude of the maximum from (0,05-0,1) up to (0,12-0,25), which indicates a 

significant in the role of quantum effects in HBC in a wide temperature range (50-1550 K). 

References 

1. Kalytka V.A., Korovkin M.V. Quantum effects at a proton relaxation at low temperatures // Russian 

Physics Journal, vol. 59, No.7, November, 2016. – pp. 994- 1001. DOI: 10.1007/s11182-017-1027-

5. 

2. Kalytka V. A. The mathematical description of the nonlinear relaxation of polarization in 

dielectrics with hydrogen bonds//Bulletin of Samara University. Natural science series.  2017, Vol. 

23, No. 3. - pp. 71-83. DOI: 10.18287/2541-7525- 2017-23-3-71-83. 

3. Kalytka V.A. Nonlinear kinetic phenomena under polarization in solid dielectrics //Bulletin of 

Moscow Region State University. Series: Physics and Mathematics. 2018, No. 2. - pp. 61–75. DOI: 

10.18384/2310-7251-2018-2-61-75. 

  

 
Fig. 1. Dependences of the stationary quantum-mechanical 

transparency coefficient  on temperature (for a 

proton) in nanoscale layers of HBC 


