PACS 76.80, 66.10

MÖSSBAUER ABSORPTION BY IONS IN THE HIGHLY VISCOUS LIQUIDS

A.V.Zatovsky, A.V.Zvelindovsky

Department of Theoretical Physics, Odessa State University 2 Petra Velykogo St.,UA–270100 Odessa, Ukraine

Received September 12, 1995

In the framework of hydrodynamic approach dynamical properties of ions are studied taking into account solvation. Density profile near the ion is described by the model potential which depends on the distance from the centre of ion. Amplitude of the potential is considered to be a fluctuating quantity. Together with random location of ions these amplitude fluctuations lead to additional disordering of a viscous liquid. For a solvated ion the linearized hydrodynamical problem is solved. For the model two-parameter potential, expressions for the dissipation function and diffusion coefficient are found. Obtained theoretical Mössbauer spectrum has the asymptotics which is typical for highly viscous liquids.

1. Introduction

Spectra of resonance gamma-quantum absorption by the dilute electrolyte solution in highly viscous liquids [1] - [4] contain a wide information about thermal motion of ion together with its environment. The simple analysis of the absorption spectra was done in the first works on Sn^{119} in polymer [2] and on Fe^{57} in glycerol [3]. Despite of the success in examining the dynamical properties of electrolytes [5,6] and highly viscous liquids [7,8], the rigorous analysis of the spectra of Mössbauer absorption by ions in supercooled liquids is still absent. The Mössbauer absorption measurements on ions of ferrous chloride in glycerol [1] demonstrate nonlinear dependence of broadening on the ratio of temperature to viscosity, T/η. The dependence is close to the empiric Kohlrausch-Williams-Watts’s dependence [9] - [11] which is frequently used in processing the dielectric relaxation data, NMR experiments or light scattering by supercooled amorphous liquids, polymers, other disordered systems.

In our hydrodynamic approach the dynamical properties of ions are studied taking into account solvation effect. The density profile in the vicinity of an ion in the rest is described by the effective potential Ψ(r_i) of the force acting on solvent molecules [12]

ρ(r_i) = ρ_0 exp { − ε_i k_B T Ψ(r_i) } , (1)

where ρ_0 is an average density. This effective potential is considered to be known and includes both the direct influence of the ion and indirect influence

cfl A.V.Zatovsky, A.V.Zvelindovsky, 1996

ISSN 0452{9910. Condensed Matter Physics 1996 No 8 (175{180) 175 through solvent molecules. As glycerol molecules are highly anisotropic and form into clusters at low temperatures [8], the nearest environment of localized ions is different. It can be taken into account by the random dimensionless parameter ε_i, which we take to obey the Gauss law with zero average value and dispersion ⟨ε^2_i ⟩.

In our approach the problem is solved in the following way. Firstly, the hydrodynamic kinetic energy and the dissipative function of a separate moving ion are found at some value of ε_i. The obtained hydrodynamic fields allow us to write the time dependent velocity correlation function of an ion. This correlation function gives the spectral density of incoherent Van Hove function [13] that describes the Mössbauer absorption spectra. Then the results are averaged over distribution of ε_i.

2. Mobility of solvatons in solvent

Due to small compressibility of real liquids the absolute value of the ratio Ψ(r)/k_B T is small. It is clear from equation (1) that the force acting on unit of liquid mass near the ion equals F = 1 ρ ∇p ≃ − c^2ε_i k_B T ∇Ψ(r_i), (2)

where p is the pressure, c is isothermal sound velocity. Let us consider the moving ion in the coordinate system with origin at the ion. Then the problem reduces to the rest ion in the stationary flow with the velocity u far from the ion. Due to the flow the density profile in the vicinity of ion changes ρ(r_i) = ρ_0 exp {−ψ(r) + σ(r)} , (3)

where ψ(r) = ε_i k_B T Ψ(r_i) and σ is the correction term describing the change of solvate shell due to the incoming flow. Using equation (2) the hydrodynamic equations of motion of liquid near the ion can be written in the form div ρv = 0,

(v∇)v = −c^2∇σ + η ρ Δv + 1 ρ ( ζ + 1 3 η ) ∇ div v, (4)

where ζ and η are bulk and shear viscosities respectively. The fields v and σ must be regular everywhere, and v → u at r → ∞. We will search solution to (4) in the form v = u + ∇φ. Then taking into account that u/c is small compared to unit one can find, after linearization of equations of motion, [12] φ = u cos θ 1 r^2 ∫_r 0 r^2ψ(r)dr, (5) δρ = ρ − ρ_0 ≃ u cos θ 4 3 η + ζ

c^2 ∂ψ ∂r , (6)

where cosθ = ru/(ru).

The dissipation in the fluid is determined by the expression F = ∫ [ 2η(∇_i∇_kφ)^2 + ( ζ − 2 3 η ) (Δφ)^2 ] dV (7) and the total energy on motion of the fluid is E = 1 2 ∫ [ ρ_0(∇φ)^2 + c^2 ρ_0

(δρ)^2 ] dV, (8) where integration is performing over total space.

We choose the potential of an average force in the form of the twoparametric potential

Ψ(r) = −ε_0 ( tanh(r/r_0) r/r_0 )2 , (9)

that is bounded at r = 0 and smoothly decreasing at r → ∞. Then the dissipation function and the energy (7, 8) have the form F = 1 2 u^26πr_0ηA^2σ̃, A ≡ ε_0ε_i k_B T , σ̃ ≡ ( 1 3 + ζ η ) σ_1 + σ_2,

(10)

E = 1 2 u^2MA^2,

M ≡ 4π 3 ρ_0 (r_0L^24σ_1 + r^3_0 σ_4) , L ≡ η +^3_4 ζ

ρ_0c , (11)

with the numerical constants

σ_1 = 4 9 ∫_∞ 0 dx ( x d dx tanh^2 x

x^2

)_2 ,

σ_2 = 16 9 ∫_∞ 0 dx ( tanh^2 x

x^2 − 3 x − tanh x x^3

)_2 ,

σ_4 = ∫_∞ 0 dx ( tanh^2 x

x^2 − 2 x − tanh x x^2

)_2 + 2 ( x − tanh x

x^2

)_2 . Now it is easy to find in a usual way [14] the time dependent velocity correlation function of the solvated ion (solvaton) by means of equations (10, 11) Φ(t) ≡ ⟨u(t)u(0)⟩ = 3k_B T M e^{−t/τ1} , 1 τ_1 ≡ 6πr_0ηA^2σ̃ M = 9σ̃ 2ρ_0 η r^2_0 σ_4 + 4L^2σ_1 . (12)

Note that the characteristic relaxation time τ_1 in equation (12) essentially depends on viscosity directly and via L.

Let us write also the diffusion coefficient of solvation

D_0 = 1 3 ∫_∞ 0 Φ(t)dt = k_B T 6πr_0ησ̄A^2 . (13)

3. Cross-section of resonance gamma-quantum absorption

The effective cross-section of the resonance gamma-quantum absorption is determined by the autocorrelation Van Hove function [15] g(ω) = 1 τ_N ∫ dt e^{−iωt−|t|/τN} G_s(q, t), (14) where h̄ω is the difference between energy of incident gamma-quantum and the resonance one, τ_N is the lifetime of the exited state of nucleus, h̄q is the gamma-quantum impulse, and

G_s(q, t) = ⟨exp(−iqr(0)) exp(iqr(t))⟩ (15)

is the Fourier transform of the incoherent Van Hove function. The angular brackets denote the statistical averaging. There are several model approaches to find Van Hove function. Most of them use the unfounded assumptions about time dependencies of the unknown functions and involve into consideration a lot of fitting parameters. We use the fruitful approach [10,13] based on the description of the condensed media by the projection operator method. We choose the Fourier transforms of the fluctuating local density of absorbers of gamma-quanta as the dynamical variables which are subject to averaging in equation (15)

ρ_q(t) = 1 N N∑ i=1 e^{iqri(t)} . (16)

For the time dependent correlation function of fluctuations we have I(q, t) = ⟨ 1 N N∑ i=1 e^{iq} ∫_t 0 v_i(τ )dτ ⟩ . (17)

On the basis of the method and approximations described in [13] we find the integro-differential equation dI(t) dt = − 1 τ_0τ_1 ∫_t 0 Φ̃(τ)I(τ)I(t − τ)dτ, (18) where Φ̃(τ) ≡ e^{−τ /τ}1 , 1 τ_0

≡ q^2D_0,

(see equations (12, 13)). Here we use the approximation that corresponds to the commensurate relaxation times of the ion velocity and coordinate, τ_0 ∼ τ_1. Using the results of the viscosity measurements at different temperatures [1] one can find these relaxation times in a wide temperature range.

Equation (18) can be solved by means of Laplace transformation

pI_p = 1 − 1 τ_0τ_1

I_pI_{p+} 1_{τ1} . (19)

The result can be written in the form of continued fraction

I_p = 1 p + 1 τ_0τ_1 1 p + 1 τ_1 + 1 τ_0τ_1 1 p + 2 τ_1 + 1 τ_0τ_1 1 p + 3 τ_1 + · · ·

. (20)

This continued fraction is expressed via Bessel functions and the result reduces to I_p = 1 p + 1 √ τ_1τ_0

I_{1+pτ1} (2 √ τ_1/τ_0) I_{pτ1} (2 √ τ_1/τ_0)

. (21)

Note that in the limiting case of small velocity relaxation time compared to the coordinate relaxation time, τ_1 ≪ τ_0, the predominant term in equation (21) is I_p ≃ 1 p + 1/τ_0

, (22)

which corresponds to the traditional approach. But after averaging over configurations of ε_i we have

I(t) = exp { − √ t τ̄ } , 1 τ̄ ≡ q^2k_B T 6πr_0ησ̃A^2 , A^2 = ε^2_0 ⟨ε^2_i ⟩ (k_B T )^2

. (23)

4. Concluding remarks The obtained results determine the time dependance of the incoherent Van Hove function and are equivalent to the empiric Kohlrausch–Williams– Watts’s low mentioned in Introduction. The analysis carried out has shown that the condition τ_1 ≪ τ_0 corresponds to the supercooled state of glycerol. The general result (21) describes the Mössbauer absorption spectrum (14) and after averaging over configurations of ε_i it can be expressed as follows

g(ω) = Re I_{iω+} 1_{τN} . (24)

The comparison of the presented dependencies with the experimental data [1] on the gamma-quantum absorption by the ions of Fe in glycerol demonstrates a good agreement the experimental temperature behaviour of the spectrum parameters with one found theoretically.

Note that the method of the random potential of solvation is the hydrodynamical analog of the description of the various disordered systems such as, for instance, glasses.

References

[1] Abras A., Mullen J. Mössbauer study of diffusion in liquids. // Phys. Rev. A, 1972, vol. 6, No 6, p. 2343-2353.

[2] Bryukhanov B.A., Goldanskii V.I., Delyagin N.N., Makarov E.F., Shpanakov V.S. Observation of Mössbauer effect in Sn-containing polymer. // JETP, 1962, vol. 42, p. 637-641 (in Russian).

180 A.V.Zatovsky, A.V.Zvelindovsky

[3] Elliott J.A., Hall H.E., Bunbury D.St. Study of the diffusion in liquid by the methods of Mössbauer absorption and Rayleigh scattering. // Proc. Phys. Soc., 1966, vol. 89, p. 595-612.

[4] Soltwisch M., Schneider F., Quitmann D. A microscopic study of motion in supercooled 1,3-Butanediol. // Z. Naturforsch, 1984, vol. 39a, p. 282-287.

[5] Wolynes P.G. Dynamics of electrolyte solutions. // Ann. Rev. Phys. Chem., 1980, vol. 31, p. 345-376.

[6] Ibuki K., Nakahara M. Interpretation of the ”Stokes radius” in terms of Hubbard-Onsager’s dielectric friction theory. // J. Phys. Chem., 1986, vol. 90, p. 6362-6365.

[7] Evans M.W., Evans G.J., Coffey W.T., Grigolini P. Molecular dynamics and theory of broad band spectroscopy. New York, Wiley, 1982.

[8] Malomuzh N.P., Pelishenko S.B. Structure of supercooled states of highly viscous glycerol-like liquids. // Phys. Lett. A, 1991, vol. 154, p. 269-274.

[9] Champeney D.C., Kaddour F. Ionic mobility and dielectric relaxation in supercooled liquid KCl-glycerol solutions. // Mol. Phys., 1984, vol. 52, p. 509- 523.

[10] Sjölander A. Liquid-glass transitions. Static and dynamic properties of liquids.

Berlin, Springer-Verlag, 1989.

[11] Bondarev V.N., Pikhitsa P.V. Universal frequency response of disordered conductors and related problems. // Phys. Lett. A, 1994, vol. 196, p. 247-252.

[12] Zaytseva A.M., Fisher I.Z. On the motion of hydrated ions in solutions. // J.

Struct. Chem., 1963, vol. 4, p. 3-9 (in Russian).

[13] Shurygin V.Yu., Yulmetev R.M. Calculation of the dynamical structure factor of liquid by the method of reduced description. // JETP, 1989, vol. 96, p. 938- 947 (in Russian).

[14] Chandrasekhar S. Stochastic problems in physics and astronomy. // Rev.

Mod. Phys., 1943, vol. 15, p. 1-98.

[15] Singwi K.S., Sjölander A. Resonance gamma-ray absorption and dynamics of atom motion. // Phys. Rev., 1960, vol. 120, No 4, p. 1093.

MESBAUEPIVS^KA ABSOPBCI˚ IONAMI V SIL^NO V’˚ZKIH PIDINAH

A.V.Zatovs~kiæ, A.V.Zvelindovs~kiæ

U pamkah gidpodinamiqnogo pidhodu doslidıut~sffl dinamiqni vlastivosti ioniv z vpahuvannfflm sol~vataciÝ. Ppofil~ gustini poblizu ionu opisu‚t~sffl model~nim potencialom, wo zaleıit~ vid vidstani vid centpu ionu. Amplituda potencialu pozglfflda‚t~sffl fflk fluktuaciȷna veliqina. Pazom z vipadkovim poztaxuvannfflm ioniv ci fluktuaciÝ amplitudi ppivodfflt~ do dodatkovogo bezladu v’fflzkih pidin. Pozv’fflzu‚t~sffl lineapizovana gidpodinamiqna ppoblema dlffl sol~vatovanogo iona. Znahodfflt~- sffl vipazi dlffl disipativnoÝ funkciÝ ta koefici‚nta difuziÝ dlffl model~nih dvopapametpiqnih potencialiv. Otpimaniȷ teopetiqno mesbauepivs~kiȷ spektp ma‚ asimptotiku, wo ‚ hapaktepno dlffl sil~no v’fflzkih pidin.