PACS 71.45

CALCULATION OF THE COLLECTIVE EXCITATIONS SPECTRUM FOR THE ELECTRON LIQUID MODEL IN THE LOCAL-FIELD APPROXIMATION

V.B.Solovyan

Institute for Condensed Matter Physics of the Ukrainian National Academy of Sciences 1 Svientsitskii St., UA–290011 Lviv–11, Ukraine

Received February 27, 1997

Within the reference system approach a method of calculation of plasmons excitations spectrum for the electron liquid model is proposed. It was made by transition from Matsubara’s frequency representation to Heisenberg’s one and to the mixed representation for the many-particle dynamical correlation functions of the reference system (ideal degenerated electron system) and for the dynamical local field correction. For the ground state of model the plasmon dispersion curves are investigated in the wide region of the coupling parameter r_s.

Introduction

The local-field correction function for the electron liquid model was investigated for the first time in the papers [1-3]. It was done in the terms of reference system approach in the variables (q, ν), where q is the wavevector and ν = 2πnβ�^1 is the Bose-Matsubara frequency [4]. The local-field correction G(q, ν) in these variables has no any singularities at all which makes it very convenient for the calculations of different thermodynamic and structural characteristics [1, 2]. However, the mentioned approach makes also possible the investigation of dynamical characteristics. One of them is the spectrum of collective excitations - plasmons ω = ω(q) which, as usual, is obtained as the root of equation

ε(q, ~ω) = 0, (0.1)

where ε(q, ~ω) is the dielectric function in ordinary Heisenberg representation (see [5, 6]).

1. The reference system correlation functions in (q; !) variables

It is well known [4] that for the transition from thermodynamical perturbation theory to dynamical it is sufficient to make the substitution of Matsuba-

cfl V.B.Solovyan, 1997

ISSN 0452{9910. Condensed Matter Physics 1997 No 10 (165{172) 165 ra’s frequencies ν by i~ω − δ in the expressions for the corresponding characteristics. As a result of such substitution we obtain

ε(x) =⇒ ε(q, ~ω); (1.1)

ε(q, ~ω) = 1 + V_q V �^1μ̃^0_2(q, ~ω) · [1 − V_q V �^1μ̃^0_2(q, ~ω) G(q, ~ω)]�^1;

μ̃^0_2(x, −x) =⇒ μ̃^0_2(q, ~ω), G(x) =⇒ G(q, ~ω).

Here μ̃^0_2(x, −x) is the pair correlation function of the refernce system (noninteracting electron gas), x ≡ (q, ν), G(x) is the local-field correction function of electron liquid, V_q ≡ 4πe^2q�^2, V – volume. In this case equation (0.1) takes the form:

1 + V_q V �^1μ̃^0_2(q, ~ω) · [1 − G(q, ~ω)] = 0. (1.2)

The calculation of μ̃^0_2(q, ~ω) can be made without any difficulties:

μ̃^0_2(x, −x) = − ∑ k,s n^0k_{,s} ∑ σ=�1

[σiν + εk − εk_+q]�^1, (1.3)

μ̃^0_2(q, ~ω) = − ∑ k,s n^0k_{,s} ∑ σ=�1

[σ(~ω + iδ) + εk − εk_+q]�^1,

at δ → 0. Now the function μ̃^0_2(q, ~ω) has the real and imaginary components which determine the real and imaginary components of dielectric function in the random phase approximation (RPA). It is a common observation that the imaginary component of this function tends to zero at high frequencies. On account of this we shall neglect the imaginary components both of μ̃^0_2(q, ~ω) and the correlation functions of higher order in the problem of the plasmon spectrum calculation. In the case of absolute zero of the temperature for the real component of μ̃^0_2(q, ~ω) we obtain

μ̃^0_2(q, ~ω) = 3N(2ε_F )�^1 f(q, ω̃),

2f(q, ω̃) = 1 + (2q)�^{1 ∑}_{σ=} �1 [ 1 − ( q + σ q ω̃ )_2 /4 ] × (1.4) × ln | [ 1 + ( q + σ q ω̃ )_2 /2 ] / [ 1 − ( q + σ q ω̃ )_2 /2 ] |. Here the dimensionless variables are used: q ≡ |q|k�^1_F , ω̃ = ~ω/ε_F = ω/ω_F , k_F and ε_F are Fermi impulse and energy correspondingly, and N is the number of electrons. The function (1.4) has the following long-wave asymptotics

μ̃^0_2(q, ~ω) = − 2N ε_F · q^2 ω̃^2_q − q^4 · [ 1 + 12 5 · q^2 ω̃^2_q − q^4

+ (1.5) + 16q^4 (ω̃^2_q − q^4)^2

(3/7 + q^2/5 + · · ·) ] , which become useful for the investigation of spectrum at small q region. The calculation of high order correlation functions can be made as before. So the third order correlation function in the variables (q, ν) takes the following form

μ̃^0_3(x_1, x_2, x_3) = δ_{x1+x2+x3,0}{γ_3(x_1, −x_2) + γ_3(x_2, −x_3) + γ_3(x_3, −x_1)}. (1.6)

After the transition to the mixed frequence representation for the real component of function γ_3(x_1, x_2) at ν_1 = i~ω − δ we obtain

γ_3(q_1, q_2|~ω, ν_2) = − 3N (2ε_F )^2

[q_1, q_2(1 − t^2)]�^1 × (1.7)

× ∑ σ=�1 1∫ 0 dα [A^{(1)}_σ B^{(1)}_σ − A^{(2)}_σ B^{(2)}_σ ] [(A^{(1)}_σ )^2 + (A^{(2)}_σ )^2]�^1 +

+ 1 4 ∑ σ=�1 [ q_2 − t ( q_1 − σ ω̃ q_1 )] ln | | | | | | 1 + ( q_1 + σ^{ω̃}_{q1} ) /2 1 − ( q_1 + σ^{ω̃}_{q1} ) /2

| | | | | | +

+ 1 8 ∑ σ=�1 [ q_1 + σ ω̃ q_1 − tq_2 ] ln | | | | u^2 + (1 + q_2/)^2 u^2 + (1 − q_2/)^2 | | | | − − tu_2 [ arctan

1 + q_2/2

u_2

+ arctan

1 − q_2/2 u_2 ]} . Here the following notation are used

A^{(1)}_σ = ρ^2 − 1 4 [ (1 − α)q_2 + α ( q_1 + σ ω̃ q_1

)_2]

+ u^2(1 − α)^2,

A^{(2)}_σ = u_2(1 − α) [ (1 − α)q_2 + α ( q_1 + σ ω̃ q_1 )] , (1.8)

B^{(1)}_σ = t^2 − 1 + 1 4 ( q_1 + σ ω̃ q_1

)_2 + 1 4 q^2 − 1 2 q_2t ( q_1 + σ ω̃ q_1 ) − u^2,

B^{(2)}_σ = u_2 [ q_2 − t ( q_1 + σ ω̃ q_1 )] , u_2 = ν_2(2q_2 · ε_F )�^1,

ρ^2 = 1 − α(1 − t) + 2α^2(1 − t), t = cosh(q_1, q_2).

2. The local-field correction function in (q; !) variables

The most direct way to obtain the local-field correction G(q, ν) consists in performing the substitution ν → i~ω(2ε_F )�^1 − δ in the integral representation or in equations for the function G(q, ν) [1-3]. The second way of investigation is approximate but too simple. For the well known asymptotics of function G(q, u) an approximate analytical representation for not large values of q may be written

G(q, u) =^{n0∑}_{n=1} q^{2n} · γ_m(u^2|r_s). (2.1)

Functions γ_m(u^2|r_s) are taken in the form of Pade-approximation:

γ_m(u^2|r_s) = m∑ k=0 a_{mk}(r_s) u^{2k}[ m∑ n=0 b_{mn}(r_s) u^{2n}]�^1, (2.2)

and coefficients a_{mk}(r_s), b_{mn}(r_s) are obtained on the base of numerical calculation of G(q, u). Carrying out the substitution u^2 → [~ω(2ε_F · q)�^1]^2 we obtain an approximate representation for the local-field correction function in (q, ω) variables. It is useful for the analytical investigation of the plasmon spectrum asymptotics in the small wave-vectors region.

To simplify the calculations of G(q, ω) it is very useful the frequency over which the summation must be maken to be left the Matsubara’s one. For example for the weakly nonideal system (r_s → 0) we used an integral representation for G_{id}(q, ν) of paper [1]. Carrying out here the mentioned frequency substitution we obtain the following representation G_{id}(q, ~ω) = q^2 4 f�^2(q, ω̃)

∫^{+1}∫ �1 dz_1dz_2 ∑ σ1,σ2=�1 σ_1σ_2 ×

× Φq_{,ω̃}(z_1 + σ_1q/2; z_2 + σ_2q/2; 1 − z^2_1 ; 1 − z^2 ), (2.3)

Φq_{,ω̃}(a; b; w; v) = q^2 8 (a − b)J(s^2; w; v) (b^2q^2 − ω̃^2/4)�^1 ×

×[q^2a^2b + (2a + b)ω̃^2/4] (a^2q^2 − ω̃^2/4)�^2.

In the region of intermediate nonideality the local field correction function is approximately determined by formulae (2.1) in which [1] the substitution s^2 = (a − b)^2 + 4πα_sζ(r_s) must be made. Here ζ(r_s) is the dimensionless function of the nonideality parameter r_s and takes the value close to 0.5; α_s = e^2k_F (2πε_F )�^1 ≃ 0.0628r_s .

3. Dispersion coefficient of plasmons

We shall confine the analytical investigation of the long-wave plasmon spectrum limit to the weakly nonideal systems approximation, using G_1(q, ~ω) and G^{RP A}_1 (q, ~ω) as a local field correction. At the mentioned limit the solution of equation (1.2), as usual, we represent in the following form

ω_q = ω_p + 2αω_F q^2, (3.1)

where ω_p = [4πNe^2/mV ]^{1/2} is the so called plasmons frequency, ω_F = ε_F /~, and α is the plasmons dispersion coefficient. Using formulae (1.5) and (2.1) one may obtain the following relation: α α_{RP A} = 1 − 5 12 ( ω_p ω_F )_2

γ_2 ( − ω^2_p 4ω^2_F q_2 | r_s ) . (3.2)

Here α_{RP A} =^3_5 ω_F /ω_p is plasmons dispersion coefficient calculated in RPA.

Dependence of the ratio α/α_{RP A} on coupling parameter r_s is the important characteristic being considered by many authors. There are many experimental papers where this characteristic has been studied (see [7] where α/α_{RP A} for the metals Be, Mg, Ba, Li, Na, K was considered). As fas as (ω_p/2ω_F )^2 = 4r_s(3πη)�^1 and η = (9π/4)^{1/3} in the static approximation of local field correction we obtain

γ_2(− ω^2_p 4ω^2_F q^2

|r_s) ⇒ γ_2(0|0) = 1 4 . (3.3)

This formally corresponds to the weakly nonideal system (r_s → 0) and the relationship α α_{RP A} = 1 − 5 9πη r_s (3.4) has been obtained in [8] for the first time. Taking a formal limit γ_2(∞|0) = 3/20 which corresponds to great frequencies and weakly nonideal system we have a result α α_{RP A} = 1 − 1 3πη r_s, (3.5)

Figure 1.

Figure 2.

Figure 3.

Figure 4.

which was obtained for the first time in the paper [9]. The relationships (3.4) and (3.5) represent the limiting cases of (3.2) and show the linear dependence α/α_{RP A} on r_s, presented in the figure 1 (curve 1 and 2 correspondingly). Actually at the finite values of r_s we have nonlinear dependence approximately defined by the function

γ_2(∞|r_s) = 3 20 {1 − Q^2 +

Q^2 4 (1 + Q^2) ln[1 + 4/Q^2]}. (3.6)

which corresponds to the longwave limit (curve 3); Q^2 = 4r_sζ(r_s)(πη)�^1. In this approximation we obtain the following asymptotics α α_{RP A} = 1 −^{rs}_{4πη} [ 1 −^{rsζ(rs)}_{πη} ln^{πη}_{rsζ(rs)} + · · · ] , r_s ≪ 1;

1 −^5_{18ζ(rs)} + · · · r_s ≫ 1.

(3.7)

4. Calculation of plasmon spectrum

In contrast to G_{id}(q, ν), function G_{id}(q, ~ω) is not a smooth function of frequency because it has first order poles. The numerical calculation of this function by its integral representation or especially as its analytical approximation makes up a pronounced mathematical difficulties.

The dielectric function ε(q, ~ω) calculated in different approximations (RPA and G_1(q, ~ω)) as a function of variable ω/ω_p at the given values of wavevector q = 0.4, q = 0.7 for the case r_s = 1 is presented in figure 2. As it is visible the equation ε(q, ~ω) = 0 has two real roots at not great values of q. Curve ε(q, ~ω) calculated in G_{id}(q, ~ω) approximation has a complicated form and the function ε(q, ~ω) has a pole near to its greatest zero. The high – frequency (plasmon) branch of the spectrum calculated in RPA exists only at nongreat values of q. At the same time in G_{id}(q, ~ω) or G^{RP A}_{id} (q, ~ω) approximation it exists when q takes great values too. For the first time this result was established in paper [1], where the exchange correction to

ε(q, ~ω) in variebles (q, ~ω) immediately was investigated numerically.

In figure 3 the solution of equation (1.2) at r_s = 3, r_s = 10 in different approximations: RPA (curve 1) and G_{id}(q, ~ω) (curve 2), is shown. As one can see, in the long-wave region these different approximations give almost the same results, and in the great wave vectors region the solution of (1.2) in the RPA escapes at all. A family of solutions of equation (1.2) in the region 0, 5 6 r_s 6 10 in G^{RP A}_1 (q, ~ω) approximation is shown in figure 4.

It is my pleasant duty to express profound gratitude to Dr. M.V.Vavrukh whose collaboration, scientific and moral support were of unquestionable significance in the process of writing the present paper.

References

[1] Vavrukh M., Solovyan V., Vavrukh N. Reference system approach in the electron liquid theory. // Phys. Stat. Sol. (b), 1993, vol. 177, p. 361-371.

[2] Vavrukh M.V., Solovyan V.B. Dynamical local field correction for the electron liquid model. // Ukr. Fiz. Zhurn., 1993, No 6, p. 948-954.

[3] Vavrukh M. Generalization of the local field correction in the Fermi-systems theory. // Fizika Nizkih Temp., 1966, vol. 22, p. 1005-1017.

[4] Abrikosov A.A., Gorkov L.P., Dzialoshinskii I.E. The quantum field theory methods in statistical physics. Moscow, Fizmatgiz, 1962.

[5] Brosens F., Devreese J.T., Lemmens L.F. Frequency dependent exchange correction to the qielectric function of the electron gas. // Phys. Stat. Sol. (b), 1977, vol. 80, p. 99-107.

[6] Ichimaru S. Strongly coupled plasmas: high density classical plasmas and degenerate electron liquids. // Rev. Mod. Phys., 1982, vol. 54, No 4, p. 1017-1059.

[7] Raether H. Excitations of plasmons and interband transitions by electrons.

Berlin, Springer, 1980.

[8] Toigo F., Woodruff T.O. Some implication of on expression for the response of the electron liquid. // Ibid., 1971, vol. 4, No 26, p. 371-375.

[9] Pines D., Nozieres P. Theory of quantum liquids. New York, Benjamin, 1966.

OBQISLENN SPEKTRU KOLEKTIVNIH ZBUD”EN^ MODEL¨ ELEKTRONNOÕ R¨DINI V NABLI”ENN¨ LOKAL^NOGO POL

V.B.Solov’Øn

V ramkah bazisnogo p˛dhodu zaproponovano spos˛b rozrahunku spektru plazmovih zbudıen~ v model˛ elektronnoÝ r˛dini xlfflhom perehodu v˛d macubar˛vs~kogo qastotnogo zobraıennffl do zobraıennffl Ţeȷzenberga ta zm˛xanogo zobraıennffl dlffl bagatoqastinkovih dinam˛qnih korelfflc˛ȷnih funkc˛ȷ bazisnoÝ sistemi (˛deal~noÝ virodıenoÝ sistemi elektron˛v) ta dinam˛qnoÝ popravki na lokal~ne pole. Dosl˛dıeno dispers˛ȷn˛ kriv˛ plazmon˛v v xirok˛ȷ oblast˛ parametra ne˛deal~nost˛ r_s dlffl osnovnogo stanu model˛.