UDC 53.043:621.315.5, PACS 21.60.Jz, 73.20.Dx

ON SCREENING IN SOME LOW-DIMENSIONAL CRYSTALS

B.Lukiyanets^{(1)}, N.Tovstyuk^{(2)}

(1) State University \Lviv Polytechnics" 12 S.Bandera St., UA{290646 Lviv, Ukraine

(2) Lviv State University 50 Dragomanov St., UA{290005 Lviv, Ukraine

Received April 22, 1996

On the basis of the proposed diagram technique in quantizing magnetic field, two problems of interelecteren screening are investigated. In the first one in the RPA framework the Fourier-transformation of Coulomb interactions is analysed. It is obtained to have an oscillating character with respect magnetic field and band filling. In ultraquantum magnetic field the polarization loop which is diagonal over Landau numbers formally coincides with that in the one-dimensional case. In the second problem in RPA the renormalization of the interelectron potential in a one-dimensional crystal with the narrow band is studied. It is shown, that at some conditions such potential is an oscillating sign-variable function on an interelectron distance.

1. Introduction

One-dimensional (1D) model is not only simple and convenient for calculations. There is a number of objects described by such a model: a class of anisotropic conductors whose structures consist of parallel linear chains, along which conduction electrons propagate essentially in one dimension (such as TTF-TCNQ, inorganic salts such as the “mixed-valence” platinocyanides).

Recently this model was widely used for the description of stage ordering phenomenon i.e. a periodic sequence of layers intercalated in the host crystal matrix [1]. In the frame of 1D model the average layer occupancies of the intercalant sites were analysed, ignoring the electron subsystem. Particularly, for better understanding of the electron subsystem influence on, for instance, the stage ordering in a layer crystal the studying of screening effects is necessary. However, actuality of such problems is much wider.

Some problems of screening are solved below i) in crystal placed into external magnetic field ii) renormalization of the interelectron interaction potential.

2. Crystal in the external magnetic field

Before studying of 1D problem let’s consider 3D-crystal placed in the magnetic field. Results of such problem, as it will be shown below, can be used in 1D-case.

cfl B.Lukiyanets, N.Tovstyuk, 1996

ISSN 0452{9910. Condensed Matter Physics 1996 No 8 (99{108) 99

For better understanding of physical processes in solid state it is necessary to analyse many-body effects. In spite of the essential improvements of such type analysis for an ideal crystal, they are more modest when external magnetic field is applied. It means impossibility of the straight usage of many-body investigation methods, suited for the ideal crystal without field, to the case for the ideal crystal in the field. Really for the ideal crystal without field diagram technique is usually based on the Fourier transformations of Green’s functions taking into account the space homogeneity, that occurs in this case [2]. For the crystal placed in the field, studied system becomes unhomogeneous because of vector potential dependence on coordinate, that significantly complicates this problem from the mathematical point of view.

Let’s introduce the diagram technique for the description of the electrons in the magnetic field [3], based on the Landau functions which form orthonormal full set [4]. In this basis the Hamiltonian of interacted electrons in the field H, directed along OZ, has a form

H = H_0 + H_{int}, (2.1)

where H_0 = ∑ α ε_α a^+_α a_α (2.2)

with

ε_α = ε(k_z) + ω_c ( n + 1 2 ) , ω_c = eH mc . (2.3)

α = {n, k_x, k_z} - quantum numbers set in the Landau representation, ε(k_z) is electron dispersion law along OZ, h̄ = 1.

H_{int} =^1_2 ∑ α_i B_{α1α2α3α4} a^+_{α1} a^+_{α2}a_{α3} a_{α4} , (2.4)

where B_{α1α2α3α4} is the matrix element of the Coulomb interaction between electrons, found on the Landau functions:

B_{α1α2α3α4} =^{n̄!n̄0 !} √ n1!n2!n3!n4! ∑ U (⃗q)δ ( k^{(1)}_x − k^{(4)}_x − q_x ) × δ ( k^{(1)}_z − k^{(4)}_z − q_z ) δ ( k^{(2)}_x − k^{(3)}_x + q_x ) δ ( k^{(2)}_z − k^{(3)}_z + q_z ) × X^{|n1−n4|} × X^{′|n2−n3|} × L^{|n1−n4|}_{n̄} (|X|^2) × L^{|n2−n3|}_{n̄} (|X^′|^2) exp [_i 2 q_y ( y^{(1)}_0 + y^{(4)}_0 ) −^i_2 q_y ( y^{(2)}_0 + y^{(3)}_0 ) −^{|X|2}_2 − |^{X0} | 2 2 ] (2.5)

with

U (q) = 1 λ^2

4π e^2 q^2

, n̄ = min (n_1, n_4) , n̄^′ = min (n_2, n_3) , λ^2 = mc eH

X =^{λ√}_2

[_1 λ2 (y^{(1)}_0 − y^{(4)}_0 )sign(n_1 − n_4) + iq_y ] , X^′ =^{λ√}_2

[_1 λ2 (y^{(2)}_0 − y^{(3)}_0 )sign(n_2 − n_3) − iq_y ] . Let’s introduce Green function [2] G_{αα}0 (t − t^′) = −i ⟨ T (a_α (t) a^+_α0 (t^′) ⟩ , (2.6) where a_α(t) is Fermi operator in the Heisenberg representation with the Hamiltonian (2.1). Considering diagram technique for such Green function at T = 0, one obtains the conclusion, that the appearance of these diagrams coincides with those without field, but notation of their analytical expressions requires such rules:

1. Each solid line corresponds to Green function of noninteracted electrons, described by H_0 (2.2),

G^0_n (k_z, ω) = {ω − ε_n (k_z) − μ + iδsign [ε_n (k_z) − μ]}^{−1} (2.7)

with quantum numbers n, k_z and frequency ω.

2. Each wave line corresponds to the interaction potential with 3D momentum q, frequency ω and U(q).

3. For each top, where Green functions with quantum numbers n and n^′ and a wave line with momentum q come to, the factor corresponds to ⇀n! √ n_1!n! exp [ − λ^2q^2_⊥ 4 ] [ λ^2q^2_⊥ 4 ]|n−n_1|/2 L^{|n−n1|} n̄ ( λ^2q^2_⊥ 2 ) (2.8)

with ⃗q_⊥ = (q_x, q_y), n̄ = min(n, n_1).

4. Frequencies and z-components of momentum of internal lines must satisfy conservation laws in each top, and for diagrams of any order higher than the first one the conservation law of 3D-momentum occurs too.

5. Diagram of m-th order has m integrations over independent momentum (3D - momentum and z-component), as well as summation on quantum numbers of internal lines and integration over independent frequencies are carried out.

6. Before the obtained expression one should write coefficient i^m(−1)^f , where f is a number of closed loops.

For instance, diagram of the first order that describes exchange interaction

corresponds to the expression [ G^0_{n1} (k_z, ω)

]_2 ∑ n1 ∫_{d3q} (2π)3 ∫ dω_1 2π W_{nn1} (⃗q)G^0_{n1} (k_z − q_z , ω − ω_1) (2.9)

with W_{nn1} (⃗q) = [ n̄! √ n_1!n!

]_2 U (⃗q) exp [ − λ^2q^2_⊥ 2 ] [ λ^2q^2_⊥ 2 ]|n−n_1| [ L^{|n−n1|} n̄ ( λ^2q^2_⊥ 2 )]2 . (2.10) From (2.9) the function

V (n, n_1, q_z) =

(_1 2π )_2 ∫

W_{nn1} (⃗q)d^2q_⊥ (2.11) can be organized. It can be interpreted as an interaction potential for electrons on Landau level n and n_1 with q_z momentum transfer.

It can be shown, that in the RPA frame W^{eff}_{nn} can be obtained in the form W^{eff}_{nn1} = W_{nn1} + W_{n1n2} Π_{n1n2} W_{n1n2} + ...,

where

Π_{n1n2} (q_z) = − i 4π^2 ∫ dk_z ∫ dωG^0_{n1} (k_z, ω_1) × G^0_{n2} (k_z + q_z, ω + ω_1) (2.12)

is a polarization loop in the Landau function representation.

Calculation of the ℜeΠ_{n1n2} at T = 0 for electrons with the dispersion law in (2.3)

ε (k_z) = k^2_z 2m gives

ℜeΠ_{n1n2} = m_z q_z × ln | | | [ ω +^{qz}_m ( d_{n2} +^{qz}_2 )] [ ω +^{qz}_m ( d_{n2} +^{qz}_2 )] × [ ω −^{qz}_m ( d_{n1} +^{qz}_2 )] [ ω −^{qz}_m ( d_{n2} −^{qz}_2 )] | | | , (2.13)

where d_n = √ 2m_z [ μ − ω_c ( n +^1_2 )] , μ is the chemical potential.

ℜeΠ(q, Ω) differs from zero only at ℑmd_n = 0. So we deal with restrictions on the integration region over momentum in the diagram technique at T = 0 [2]. As is seen from (2.13), in static case, ω = 0, “diagonal” ℜeΠ_{nn} has a form

ℜeΠ_{nn} =^{2m}_{qz} ln | | | d_n +^{qz}_2 d_n −^{qz}_2 | | | . (2.14)

Using (2.14) and considering connection between V (n, n^′, q_z) and W_{nn}0 (q) (2.11) one can show that singularity of V (n, n^′, q_z) in the long wave approximation (i.e. at q_z → 0) disappears when polarization effects are taken into account. By the way, the terms diagonal over Landau index play the main role here.

Two more conclusions, which come from the requirement ℑmd_n = 0, are:

1. Renormalized V (n, n^′, q_z) has an oscillating character at changing of the field or band occupancy (μ).

2. In the ultraquantum case all the polarization effects are determined only by electron state n = 0, when an electron moves infinitely along k_z. That’s why such behaviour can be considered formally as 1D case.

3. Polarization properties in the narrow band crystal

Using above results, let’s consider polarization properties of 1D narrow band crystal with the dispersion law

ε (k) = a + β (1 − cos k) , (3.1)

where β is the integral of the electron mixing neighbouring atoms and it equals to the half bandwidth; here the lattice constant along c-axis is chosen to be equal to unity. In layered crystal the system of stage ordered intercalant atoms can be described by just such a dispersion law, because these atoms are bound by weak van der Waals interaction. That’s why in this case, at the electron system description, one can use tight-binding approximation, that gives (3.1).

Comparing (3.1) with (2.3), it can be seen, that a = ω_c(n + 1/2) when magnetic field is applied. Thus form for a in ε(k) (3.1) describes law dispersion of the chain crystal with field, coinciding with its axis or without it. Applying of such a nonparabolic dispersion law for the screen effect study distinguishes this work from a numerous ones, where similar problems were solved for the electrons with a square or linear (at the Fermi level) dispersion law (see for instance [5]).

A polarization loop with electron dispersion law (3.1) has been obtained in [6,7] in extreme magnetic field. After integration over frequency in (2.12) we’ll have [6]

Π (q, Ω) = 1 2π ∫ {B} R_2dk − ∫ {A} R_1dk , (3.2)

where

R^{−1}_α = ε ( k −^q_2 ) − ε ( k +^q_2 ) + Ω + (−1)^α iδ, (+α = 1, 2) .

It has nonzero value in the case {A} ∈ { ε (k − q/2) > μ ε (k + q/2) < μ } and/or {B} ∈ { ε (k − q/2) < μ ε (k + q/2) > μ } . (3.3)

Real and imaginary components of Π(q, Ω) are

ℜeΠ (q, Ω) = − 1 2π ∫ {B}−{A} (Ω − b sin k)^{−1} dk, (3.4)

ℑmΠ (q, Ω) = 1 2 ∫ {B}+{A} δ (Ω − b sin k) dk, (3.5)

where b = 2β sin(q/2). Integrals (3.4) and (3.5) can be found analytically, but integration limits determined from (3.3) have different analytical forms depending on Q = (a + β − μ)/β.

Let us present ℜeΠ in the static limit. It has a form

ℜeΠ (q, 0) ≡ ℜeΠ (q) = − 1 2πβ sin (q/2) ln | |tan (k^1/2) tan (k_0/2) | | , (3.6) where k_0, k_1 are lower and upper limits of integration. They are determined by Q. As it follows from mentioned above situation

• ℜeΠ(q) = 0 at |Q| > 1, i.e. for entirely full or empty band;

• ℜeΠ(q) as function of q has two singularities: at q = 2k_F and q = 2(π − k_F ) (k_F is Fermi’s wave vector). The first one (at q = 2k_F ) coincides with the same for electrons with k^2 dispersion law and shows itself as Peierls transition in 1D lattice or Kohn’s anomaly in the phonon spectrum which appears in a softening of the phonon mode [8]. In the given case such an additional effect can occur at q = 2(π − k_F ). It should be noted that such an complemental point was overlooked in [7]. Behaviour of ℑmΠ(q, ω) is analysed in [9].

Let’s research renormalization of interelectron interaction in the narrow band crystal. Let a bare potential of interelectron interaction has a form of the Lorentz-type curve

V_0 (r) = D r^2 + D^2

, (3.7)

where r = |r_i−r_j |, and D is its halfwidth. The choice of such a potential will not change the qualitative character of the conclusions about the screening. From another point of view, this potential doesn’t have any singularities (as for instance Coulomb potential at r = 0) and thus one will have no doubts on received below conclusions, as the result of such singularities.

Fourier transformation of (3.7) is

V_0 (q) = √ (π/2) exp (−qD) . (3.8)

The screened potential in the RPA is [10]

Ṽ (q) = V^0 (q)

1 + Π (q, Ω) V_0 (q)

. (3.9)

Considering the connection of real and imaginary parts of dielectric function with Π(q), we can write [10]

ε_1 (q) = 1 + ℜeΠ (q) V_0 (q) , (3.10)

ε_2 (q) = ℑmΠ (q) V_0 (q) . (3.11)

Using (3.9) screened potential

Ṽ (r) = ∫ Ṽ (q) cos (qr) dq (3.12)

has been found in the static case [11]. All energy values below are written in eV.

As it was mentioned above

• the value and character of Π(q) essentially depends on the value Q, i.e. on the degree of band filling (fig.1);

• with band width increasing, at fixed μ, the area of q, where ℜeΠ(q) and ℑmΠ(q) differs from zero, is significantly restricted (fig.1; curve 4). Thus, in the limit β → ∞, Ṽ (r) → V_0 (r).

• ε_1(q) and ε_2(q) sharp extrema (fig.2, curves 1,2) correspond to singularities in ℜeΠ(q) at q = 2k_F and q = 2(π − k_F ).

Screened potential Ṽ (r) at different band occupancy is depicted on figs.3,4 (for different Q = (β − μ)/β at fixed β = 0.1):

1. At |Q| > 1 (μ < 0) screening is absent and Ṽ (r) coincides with the bare potential V_0(r) (3.7) (fig. 4) exhibits monotonous dependence on r. 2. At Q decreasing below unity Ṽ (r) oscillates as it’s shown in fig.4.

3. Further band filling (Q < 0.91 i.e. μ > 0.009) is accompanied by reducing of Ṽ (r) oscillations (fig. 4). Observing the behaviour, for instance, of the first left minimum Ṽ (r) (value of the screened potential of two electrons interaction at the distance r, equals a lattice constant), we can see that with the Q decrease from unity (that corresponds to the decrease of β and/or the increase of the band filling) such minimum behaviour is nonmonotonous (fig. 3,4): at first it decreases sharply (at 0.9 < Q < 1) and then increases changing nature of some extrema: minimum is changed to maximum or vice versa.

0.00 4.00 8.00 12.00 q -10.00

-5.00

0.00

5.00

10.00

15.00

20.00

Π ∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗ ∗∗∗∗∗ ∗∗∗ ∗∗ ∗ ∗ ∗ ∗∗ ∗ ∗∗ ∗∗ ∗∗∗ ∗∗∗∗∗ ∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗ ∗ ∗∗ ∗ ∗∗ ∗∗ ∗∗∗ ∗∗∗∗∗ ∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗∗∗∗∗∗∗∗∗∗∗ 4 3 ∗∗∗∗∗ 2 1

Figure 1. Dependence of Π(q, Ω) on q at fixed β = 0.1 (curves 1-3,5-6). 1). ℜeΠ(q) at Q = 0.9; 2). ℜeΠ(q) at Q = 0; 3). ℑmΠ(q) at Q = 0.9; 4). ℜeΠ(q) at Q = 0.9 and β = 10.

4. Conclusions

Interaction between electrons in 1D crystal with a narrow nonparabolic band leads to the oscillating sign-variable character of potential Ṽ (r) depending on the interelectron distance. Physically it means, that depending on a distance such an interaction has different nature - attractive or repulsive. Similar Ṽ (r) dependence on r (at large r) takes place for the ion-ion interaction at the considering of the indirect exchange “ion-electron-ion” (so-called Friedel oscillations [12]). It’s significant to point out that in our case oscillations of Ṽ (r) are the result of the direct 1D electron-electron interaction.

0.00 10.00 20.00 30.00 40.00 50.00 q 0.00

5.00

10.00

15.00

20.00

ε

2 1

Figure 2. Dielectric function dependence on q at β = 0.1, Q = 0.9 ε_1(q) (curve 1) and ε_2(q) (curve 2).

Figure 3. Dependence of a screened potential Ṽ (r) on r at β = 0.1 and 0 < Q < 0.9.

Figure 4. Dependence of a screened interelectron potential Ṽ (r) on r at β = 0.1 and 0.9 < Q < 1.

References

[1] Safran S.A. Stage ordering in intercalated compounds. In: Solid State Phys., v.40, New York-London, Acad. Press, 1987.

[2] Abrikosov A.A., Gorkov L.P., Dzialoshynskyi I.E. Methods of quantum field theory in statistical physics. Moscow, Fizmatgiz, 1962 (in Russian).

[3] Lukiyanets B.A., Vovkivska H.V. In: Physical basis of semiconductor material science. Kyiv, Nauk. Dumka, 1986 (in Russian).

[4] Landau L.D., Lifshits E.M. Quantum mechanics. Moscow, Fizmatgiz, 1963 (in Russian).

[5] Abrikosov A.A., Ryzhkin I.A. Conductivity of quasi-one- dimensional metal system. // Adv. Physics, 1978, vol. 27, No 2, p. 147-230.

[6] Lukiyanets B.A., Vovkivska H.V., Tovstyuk K.D. Peculiarities of polarization in narrow band in external magnetic field. // Fiz. Tverd. Tela, 1984, vol. 26, No 1, p. 254-256 (in Russian).

[7] Williams P.F., Bloch A.N. Self-consistent dielectric response of a quasi-one-dimensional metal at high frequencies. // Phys.Rev.(B)., 1974, vol. 10, No 3, p. 1097-1108.

[8] Ziman J.M. Principles of the Theory of Solids. 2-nd ed., Cambridge, 1972. [9] Lukiyanets B.A. Half-width of level of oscillations of layered crystal in external magnetic field // Ukr.Fiz.Zh.. 1985, vol. 30, No 11, p. 1730-1732 (in Russian).

[10] Pines D. The many-body problem. New York, W.A. Benjamin Inc., 1961. [11] Lukiyanets B.A., Sereda V.V., Tovstyuk N.K. Screening effects studying in layered crystals. In: Abstr. Intern. School “Advanced Display Techn.”, USA, 1994.

[12] Animalu A. Intermediate quantum theory of crystalline solids. Englewood Gifts, Prentice - Hall. Inc., 1977.

DO EKPANUVANN˚ V NIZ^KOPOZMIPNIH KPISTALAH

B.A.LukiØnec~, N.K.Tovst¸k

Na osnov˛ zaproponovanoÝ d˛agramnoÝ tehn˛ki dlffl elektron˛v v kvantuqomu magn˛tnomu pol˛ provedeniȷ anal˛z ekranuvannffl potenc˛alu m˛ıelektronnoÝ vza‚mod˛Ý v dvoh vipadkah. V perxomu v ramkah nabliıennffl haotiqnih faz rozglfflnuto fur’‚- obraz kulon˛vs~kogo potenc˛alu. Otrimano, wo v˛n ma‚ oscilfflc˛ȷniȷ harakter pri zm˛n˛ magn˛tnogo polffl qi zapovnennffl zoni. V ul~trakvantovomu vipadku d˛agonal~na po kvantovih qislah Landau polfflrizac˛ȷna petlffl formal~no sp˛vpada‚ z analog˛qno v odnom˛rnomu vipadku. V drugomu vipadku v nabliıenn˛ haotiqnih faz anal˛zu‚t~sffl perenormuvannffl potenc˛alu elektronnoÝ vza‚mod˛Ý v odnom˛rnih kristalah z vuz~ko zono. Otrimano, wo pri defflkih umovah takiȷ potenc˛al ‚ oscilqo znakozm˛nno funkc˛‚ v˛dstan˛ m˛ı elektronami.