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THE CORRELATION ENERGY OF THE ELECTRON GAS IN
LAYERED NARROW-GAP SEMICONDUCTORS

E. A. Andryushin, L. E. Pechenik, and A. P. Silin

The correlation energy of a high-density electron gas in layered
narrow-gap semiconductors was calculated to the random-phase
approximation.

_ Let us consider a layered semiconductor composed of alternating layers of semiconductors
-1 and II. We take the permittivities of both layers as identical and equal to €. In what follows
(as in [1]), we take into account the dispersion of ¢. We consider semiconductor I as a wide-
'gap one with the energy gap 2A; so wide that the separation x of size-quantization levels

in the superlattice, which is due to a nonperiodicity of the wave vector in the layer plane,
is small compared to the energy gap 24A;; of the second semiconductor and to the energy
difference o between the first excited and the ground states. The energy separation between

‘the ground and the first excited states of size quantization is assumed to be so large in the
layer II that

o >> Au. (1)

.. The electron gas can exist then at the lowest energy level so that the corresponding
relativistic two-dimensional dispersion relation is given by E(p) = VA% + p*s?, where p
is the two-dimensional momentum in the direction parallel to the layers and s is Kane's

terband matrix element (the quasi-speed of light).
We assume that

g >> E(pr) >> x, (2)

here pr is the Fermi momentum.
- The superlattice period ¢ is assumed to be so small that

B = pre << 1. (3)

Henceforth, we set & = 1 for simplicity.
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In view of (3), the thickness ! < ¢ of layer II satisfies the condition
prl << 1. {

Any type of systems considered in [2], [3] may serve as structure II.
With conditions (1), (2), and (4) fulfilled, the correlation energy per electron is given
(see Appendix) '

L 7 . -
ore = 51; / '(Ei_):f J gl:{ln(l — vV{§, w)ll(g)) + vV (§, w)4(q)), {

where p = plv/2x is the two-dimensional density of the electron gas in a layer; v is ¢
number of valleys (for generality, we consider a many-valley semiconductor); ¢ = (§,w) is
three-dimensional Euclidean vector; § = |41, V(§, w) is the Fourier transform of the Coulon
potential V() = e?/er and is given by

B} . mztco 2ne? sinh(gc)
= o) = drdye'i==+ioyy fwm : = ;
V(g w) // zdye m=z_°° eV (z,y,em) e§ cosh({gc) — cos(w)’ - (

and Il44(q) is the polarization operator for two-dimensional electron gas, which is formal
obtained by discarding the third component of the three-dimensional polarization operat.

[1],

lla) =16 [ L7 00=pr) @~ 5GP '
(=) 2E(p) (¢°) - 4(57 - iE(P)w)?
where p = |p]. '
We consider an ultrarelativistic case when spr >> Aj;. Then, integrating with respe:
to w and introducing a new integration variable y, we can transform integral (5) to the fori
convenient for analysis:

3 +oo D(r8)
Pr / 2 sinfdé 1
Eccrrr == ridr e dy ] - — , (E
P 3 2 2n* 0/ v 1+ y? + 2ycoth(r Bsinb)

where

D(r,8) = - C

2me? e’sinf/12r3, forr >> 1
HM(T, 9) = 2
r (e*f8r}(1 ~ Jcosh|), for r << 1;

and ﬁ«(r, 9) is the polarization operator which was rendered dimensionless by dividing b,
spr; 1t depends on the variable r = Vw? + 52§28 /spr and on the angle @ defined by th
equation sind = s§//32§42 + w?.

It is evident from (8) and (9) that the major contribution to the correlation energy i
provided by such r that 1 << r << 1/8, i.e., when the radicand in (8) is much larger thai
unity. This contribution exceeds the one provided by r < 1 by a factor of Ing—1,
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; Therefore, setting unity as the lower limit of integration with respect to », using an
mptotic expression for D(r,0) in the case of  >> 1, and assuming that coth(rBsind) ~
(rfPsind), we obtain the following formula for correlation energy:

€ 2ap\Y? v
Eeorr = ~ 18 (T) ln-'b— (10)

der the conditions pra; >>a"! > 1 and av >> § = ppc with a = ¢?/es.

This correlation energy exceeds the contribution of the exchange energy by the factor
{av/B).

In the nonrelativistic case, formula (5) yields the following expression for the correlation
'é‘nergy of the quasi-two-dimensional electron gas in the layered system under consideration
|4 - 6):

Ecorr = —AE;(nal)/4, (11)

. where E, = 2met/ek?, A = 231/479/4 /5 [I‘ (%)]4 = 3.27, m = Apfs?, a; = €/2me?, and
n = p/c is the total electron density.

~ Taking into account, as in [1] (see also 7], [8]), the frequency dispersion, we realize that
¢ should stand for the high-frequency permittivity in formulas (10) and (11).
Thus, it is clear that finiteness of the energy gap and the Dirac dispersion relation affect
 the trend of the density dependence of correlation energy.
Let us now compare the conditions for applicability of the approximations (pronounced
confinement of the system, ultrarelativistic dispersion relation, and strong anisotropy of the
- system) employed in the calculations of correlation energy in the quasi-two-dimensional and
 three-dimensional cases.
In the three-dimensional case, o /v*/?, 1/v%/3, and 1/v'/3 are the characteristic parameters
for the quantity r, (average dimensionless distance between particles). With av << 1, the
formula

Eorr = —AE;(nad)'/! (12)

is valid for 1/v¥° << r, << 1/v"? in the nonrelativistic case. With av >> 1, the formula

nag 1/3 1
ECD.,-, = —Ez (T) Wln(av)

is applicable to the relativistic case if rs << afv'/3 whereas formula (12) holds in the
nonrelativistic case if a/v!/? << r, << 1/v1/3.

The quantities ¢/av®2a,, a/v'/?, (c¢/a;)1/%~1, and 1/v!/? are characteristic parameters
for a layered semiconductor. Formula (11) is valid in the nonrelativistic case if a/v}/? << r,
and (c/a.)/*v™! << r, << 1/v*% Formula (10) is applicable to the relativistic case if

c/av®?a, << 1, << afv}?. It is evident that the imposed conditions are less severe in the
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relativistic quasi-two-dimensional case than they are in the three-dimensional relativistic
case.

We note also the general trends common to the quasi-two-dimensional and three-dimensional
cases. While the correlation energy is proportional to n'/* in the nonrelativistic case, it is

/¢ in the relativistic case (d is dimensionality of the space where the alec-

proportional to n
tron.motion is unbounded). The appearance of a logarithm, which plays the role of large
parameter, in the expression for correlation energy is also typical of the latter case. This
suggests that a similar behavior for the correlation energy of electron systems would be ob-

served in all the cases outlined above.

APPENDIX

We consider the nonrelativistic case for simplicity. Then, proceeding from conventional
diagram technique, we infer that a Fourier transform is possible along the z and y coordinates
in the layer. In this case, if conditions (1) and (2) are met (i.e., the effect of excited states
is ignored), the Green function has the form

o) ()X (%)
G(p,z,2",w) = %: w — E(p) — ibsgn(w — E{p))’

where xm(z) is the wave function of the ground state in the well with the coordinate em.

Z

Fig. 1.

Let us consider the vertex shown in Fig. 1. Provided condition (4) is met, the integral
with respect to z is of the form:

f 4233 xm(ZX (2 Xa(Z)X5(2)V (2 = 2) = 30 Xm (2" )Xo (2 )V (em — 2™,

where V(z2) = [ f dzdye'=™+9¥V/(7) = 2mele=l2ej.
Thus, if we consider a loop of Green functions, all the Green functions in this loop will
have the same index m. All the potentials originating from this loop will also have one index
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‘¢qual to m, and the summation will be taken over m. In this context, the quantity m re-

embles a coordinate (however, it is discrete, rather than continuous). Applying the Fourier

4ransform for this coordinate, we observe that the rules of the diagram technique remain

unchanged for the new momentum. Thus, the two-dimensional Green functions, and, conse-
_quently, the polarization operator (7) and the Fourier transform of the potential according

‘to (6) should be used in the resulting diagram technique. Using the above-mentioned rules
of diagram technique, we obtain formula (5) for correlation energy.
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