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CORRELATION ENERGY OF HIGH-DENSITY ELECTRON
GAS IN NARROW-GAP MULTIVALLEY SEMICONDUCTORS

L. E. Pechenik and A. P. Silin

We calculate the correlation energy of high-density electron gas in
Rarrow-gap multivalley semiconductors in the random-phase ap-
proximation. An analytical density dependence of the correlation
energy, exact in a sinall parameter, is obtained in the model of
strongly anisotropic semiconductor structures.

We consider an electron gas In narrow-gap multivalley semiconductors with the Dirac
dependence of energy E on quasi-momentum k (1]

£(p) = VK12 1 AT (1)

where s is Kane’s interband matrix element (the quasi-velocity of light) and A the halfwidth
of the band gap. There are v similar electronic and hole valleys in these semiconductors.
and we therewith assume that o >> 1.

The approximation employed for strongly anisotropic wide-gap semiconductor structures
{e.g.. see [2]) is applicable for calculating the correlation energy of the electron gas for a
sufficiently high electron concentration n. Since s << ¢, where ¢ is the velocity of light.
We can neglect the Coulomb interactiog retardation (3} and set V(k) = 4me?/ck®, where «
is the permittivity now taken to be constant for brevity. Consistent inclusion of frequency
dielectric dispersion was performed in (4, 5] and will be reproduced in the final formulas.

Under the specified assumptions, the expression for the correlation energy per electron
is of the form (4 = 1) (2]

Borr = g | T (01 = WV (@ La(a)) + ¥ (@)l 2)
corr on (2,'.)4 q)8144(9 q)ily, , <
where ¢ = (g, ;) and § = |q].
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The polarization operator in (2) calculated in the lowest order in interaction takes into
account the relationship between the correlation energy and the band gap wideh 23 6l

[I.(q) = ‘stpﬁ"uG(P)ﬁ'uG(p - q)(27)*d®pdpy. 3

where +, are Dirac matrices.
The Green function G(p) is of the form [6 - 8]

, 1 A —isp o .
G(p) = 7 m —2m6(s%p® + A)(A - isp)iN,, i(4)

A

where p = (p.ipo), p = pivi, Ps = ips, N, = 8(p — pr)8(po), pr = (37°n/v)/3 is the Fermi

1, >0
momentum. and &(py) = o
0, po<0.
Here. the pseudoeuclidean metric with the fourth imaginary component is used. As is
clear from (3) and (4), the polarization operator is of the form M.(q) = B5,0q) + I, 1q).

where IS, (¢) is the vacuum polarization operator and I1} (q) the part of the polarizatiou
operator dependent on the electron gas concentration.

The vacuum polarization operator contrlbutes to a renormalization of the quantities
€. Q. and s and the dispersion relation (1) (9]. Subsequently, we omit IT19,(q) and treat these
quantities as renormalized (1). We also assume that the renormalized dispersion relation is
of the Dirac form (1).

The polarization operator component of interest is

®5 8(5 - pr) (99)° - P a'p . 22 .\
i) = / F 2B (e i /(—2;)-4N,Jv,_qa(s P* +A%)x
x8(s*(p - ¢)* + A%){2E%(p) - 2E(p)gos — pqs?}. (52

The first term in (5) makes the main contribution. It is easily seen that in the nonrelativistic

case (i.e., for A >> spr) we obtain, in the limiting case of interest § >> pr. the known
expression (2] _
4ren 1

m () +a

m

vIiLa(@V(§) = - (6)
(m = A/s? is the effective electron mass), which results in the characteristic densitv depen-
dence of the correlation energy E.,,, ~ —n'/4 [2]. In the case of a narrow-gap multivalley
semiconductor, i.e., in the limit of prs >> A, considering that the main contribution to the
correlation energy (2) is made by § >> pr, from (5) we obtain that

Teu(@)V(3) = Lo o = [82(3n3)1/3n/30e s iapss — (BN o e
vIlaalq) (q)——;;, ¢ = [8x(3n%)! P 3g7 [ A = 5y, Prlaw),
where o~ is the semiconductor analog of the fine structure constant (a" = e*/es). Notice that.
by contrast to quantum electrodynamics where the fine structure constant a = e? fe = L/137.

it may not be very small for narrow-gap semiconductors {3].
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Replacing the integration variable g by r = g/q', we obtain for the correlation energy

. U3 Bl Pam gt (L 1 3= .
Ecorr = Inul/3 "/'(211’)" {ln (1 + F) - F} oy - [80'!/] ' e

The integral (7) is easily calculated to give

na2\'"? 1
= _ 2z e - oy
Eeer = E; ( p ) 8‘”7/332/31‘1(0 v), {d)
where
Ez: =me'/*h? and a, = K%¢/me? ' (Y1

are the binding energy and the Bohr radius of the donor. In the opposite (nonrelativistic}
case. (A >> spr), from (2), with (6), we obtain

Eeorr = ~AE,(na3)1/4, , 110y

whete 4 = 167%/4/5 [T (1)]" = 0.57.

Now consider the effect of permittivity dispersion. It is well known that the permittivity
in polar semiconductors, and in narrow-gap multivalley semiconductors of the group [\V-V]
in particular, has a strong frequency dispersion (4, 5], e(w) = €aoeo(w? — w?)/(exw? — €ou?).
where w; is the frequency of a longitudinal optical phonon, while ¢y and ¢, are the static
{for w — 0) and high-frequency permittivity values (commonly, with ¢p/eq >> 1).

We should replace ¢ by €x in (8) and (9) because the frequencies much greater than
«; make the main contribution to the correlation energy. Since the binding energy of 1he
donor E; << Aw, E;, and the Bohr radius az (9) are determined by using €. namely. u .y =
heg/me? and Eno = me*/eth?. Hence, instead of (8) and (10), we obtain (a. = e/ hsi

Eeorr = o (nel) " : ! (8%01/) L <<, A<<s
corr = 1-0600 y 81[’7/332/3 n 3r y O ) Pr.

nad.\ 4 €0 \ 574
Eeorr = —AE:D (_;52) ('—) , v>>1, A>> Spr.
€0

This work was supported by the Russian Foundation for Basic Research ( project no.
96-02-16701-a) and the International Science Foundation (grant nos. N9Z000/N9Z300).

REFERENCES

(1] B. A. Volkov, B. G. Idlis, and M. Sh. Usmanov, Usp. Fiz. Nauk, vol. 163, p. 22, 1995.
[2] L. V. Keldysh, Contemp. Phys., vol. 27, p. 395, 1986.

20



No. 6. 1996 , Bulletin of the Lebedev Physics Institute

(3] E. A. Andryushin. A. P. Silin. and S. V. Shubenkov. Kratk. Soobshch. Fiz. FIAN
[Bulletin of the Lebedev Physics Institute], no. 7-8. p. 22. 1995.

(4] E. A. Andryushin and A. P. Silin, Fiz. Tverd. Tela. vol. 21. p- 339. 1979,

[3] A. P.Silin. Trudy FIAN, vol. 188, p. 40, 1988.

[6] E. S. Fradkin. Trudy FIAN, vol. 29, p. 7, 1963.

[7] S. A” Chin. Ann. Phys. N.Y., vol. 108, p. 301. 1977.

(8] V. N. Tsytovich, Zh. Eksp. Teor. Fiz., val. 40, p. 1775, 1961.

(9] B. L. Gel'mont and M. V. Kisin, Fiz. Tverd. Tela, vol. 17, p. 1251, 1983.

2 Apnil 1996



