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Comment on "Coulomb interaction in semiconfiuctor lasers"
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A recent claim to an explanation of the magnetic field dependence of the frequency of semiconductor

lasers in terms of many-body effects is considered. It is shown that the proposed mechanism does not

in fact follow from conventional many-body theory. Furthermore, it is shown that even if the

mechanism is assumed to be valid for reasons as yet unclear, its proper application leads to quantitative

disagreemenf with experimental results.

Recently there have been several studies in-
vestigating the importance of many-body inter-
actions on the optical properties of semiconduc-
tors. These have focused on the nature and con-
sequences of the coupling of single-particle ex-
citations to collective excitations. While such
interactions have been shown to play a role in cer-
tain weakly allowed cyclotron resonance transi-
tions, ' and in the explanation of cyclotron har-
monics, there has also been a claim that they
play an essential role in the magnetic field depen-
dence of the frequency of direct-band-gap semi-
conductor lasers. ' Recently, Johnston has
sought to provide a justification for this latter
claim. In Johnston's papers (hereafter referred
to as A), it is argued that because of many-body
interactions, the magnetic fieM dependence of the
frequency of such lasers is determined by the
zero-point energy of plasmons propagating per-
pendicular to the magnetic field. In the present
Comment, we clarify the many-body arguments in
A and show that they do not, in fact, support such
a physical hypothesis.

Our starting point will be the "ring-diagram"
contribution to the ground-state energy E [The.
latter is related to the thexmodynamic potential 0
in the zero-temperature limit by A(0) =E —nN,
where p. is the chemical potential and N is the
total number of particles. j As shown, e.g. , by
Fetter and Vfalecka, ~ this ring-diagram contribu-
tion is

d'q [~V,(q)il'(q)]'
(2v)' I —~V,(q)«(q)

Here we have used the notation of Fetter and
%alecka. The correspondence with the notation
ig A is as follows. V is the volume, apparently
set equal to I in A. XUO(q) is equivalent to V"(q),
where g is the variable coupling parameter. Fur-
thermore, II is the equivalent of II, and here

))'»-=-2'f „~.(."())(."( ~).
G is the noninteracting Green's function. Note

that an j in the definition for the equivalent of E„,
and a minus i in the definition of II, are omitted
in A. Also, the factor ), ' in the integral over g
has been omitted.

%e now define the so-called ring-diagram di-
electric function~ in essentially the same way as
in A:

~"(q) = I - ~V'(q)ll'(q) .
Then E„may be written in the form

E,(q) = ,'ifvco~(q), q &q-, . (9)

Attention in A was confined to these long-wave-
length contributions in evaluating the thermodynam-
ic potential. Before commenting further on the
use of this result in A, we wish to continue the
many-body discussion to encompass the equation
equivalent to Eq. (4.9) of A.

In fact, Eq. (4.9}of A is just the plasmon pole
contribution to a corrected Eq. (4. 7) of A before

Since E„ is real, we find

'aX a'qE„=——V —
( )

Im „~+I "(q)

This is the correct form for the equivalent of Eq.
(4. 8) of A. Interest in A was confined to the plas-
mon pole contribution to E, Then Eq.. (5) becomes

sr=-2V — 23 2Im h f 6

where ~ -=q is the fourth component of the momen-
tum. We define E„(q}as follows:

dq
(2 )3E„(q)

Then in the long-wavelength limit, we obtain

E„(q)= ffV —~4, q & q,
'

dX &u'(a)
(9)

where q, is the cutoff momentum for the plasmons,
and~ oP~(0)=4s¹~j~~V so that co~=(dp'~~. It fol-
lows that

1.0
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the convolution integral over d p has been carried
out to obtain II (q) in the remaining integrand.
[See our Eq. (2).] The correct equivalent to Eq.
(4.7) of A is

(10)

where

&(p)=II
( )p g )- &(p-4). (11)
d'q. XV '(q) p

The plasmon pole' contribution to Eq. (10) is

Qp — (p —g 5

Here lg", [p=-) Vj)((I)[sc"(q)/s(p]-', 8(g) is the umt
step function, and the factor of 2 in the square
brackets occurs because of the sum over spin.
Thus with appropriate corrections, Eq. (4.9) of A
is just the plasmon pole contribution to the thermo-
dynamic potential, and only that same contribution
to Eq. (4. 8) was considered in A.

At this point in A, there was an attempt to in-
terpret Eq. (4.9}in terms of the Lundqvist Hamil-
tonian, supposedly given by Eq. (4.10). In fact,
the Lundqvist Hamiltonian is given by

just the point that seems to be missed in A in the
discussion following Eq. (4. 10). Since H„„
and the zero-point energy of the plasmons are not
coexistent as far as ground-state energy calcula-
tions are concerned, there is no meaning to the
idea that H„,~ serves to couple single-particle
modes to the zero-point energy of the plasmons.

In summary of this point, the many-body con-
siderations in A lead to nothing more than the
usual result that there is a contribution to the
many-electron ground-state energy which corre-
sponds to the zero-point energy of the plasmons.

The whole thrust of A thus" reduces to the gg h0c
assumption that "experimental shifts of stimu-
lated light output. ..should shift in accordance with

(g(p)). " (E(p}) as defied in A is an "average"
self-energy correction. Since it is particular
electrons and holes which are radiatively recom-
bining and not *'average" electrons and holes, this
hypothesis seems dubious. However, let us ex-
plore its consequences. As will be shown, when

consistently applied, this hypothesis is untenable.
Following Eq. (4. 6) of A, it is indicated that

frequency shifts are only caused by exchange and

ring-diagram contributions to Z(p). However, in
the later development only the ring-diagram con-
tributions to Z(p) are considered. Thus an un-
numbered equation after Eq. (4.10) of A has the
form

(z((() =(2~) I ((( .),
a&ec

(14)

++V ~ g„C~,C,(b, +b~, )
ape

0 0+el+ +@lac++a1-ylae

The last term on the right has been termed the
plasmaron coupling. ' Note there is gg plasmon
zero-point energy in this Hamiltonian. " The
Lundqyist Hamiltonian is a construct arising from
Lundqvist's observation that the plasmon pole con-
tribution to the self -energy of quasielectrons is
(in the random-phase approximation) of the same
form as the electron self-energy caused by the
Frohlich interaction with phonons. As follows
from our Eqs. (10)-(12), the plasmaron-coupling-
induced self-energy contribution to the ground-
state energy provides the plasmon zero-point ener-
gy. If one uses the form given in A or Ref. 10
and includes the plasmon zero-point energy in

H~„one is counting this energy twice in the cal-
culation of the ground-state energy.

Thus as far as ground-state energy calculations
are concerned, one must either include the plas-
mon zero-point energy and leave out the plasmaron
coupling, or include the plasmaron coupling and
leave out the plasmon zero-point energy. This is

where q, is the cutoff momentum for the plasmons
and g is the electron concentration. Since the
number of plasmon modes included in the sum
over q &q, is much less than the number of elec-
trons, ' (E(p))s is actually much less than the zero
point energy of a plasmon. For example, for the
C18nP& material considered in A, the number of
plasmon modes is an order of magnitude smaller
than the number of electrons. Thus a single elec-
tron's "share" of this contribution to the self-ener-
gy is much less than the zero-point energy of a
plasmon.

Next, the effect of a magnetic field is considered
in A. However, this consideration does not include
the effect of the magnetic field on all terms in 7,
so, e.g. , Landau quantization effects on single-
particle modes do not enter into the discussion.
Rather, attention is confined to (E(p))s, and a
claim is made that

(15)

Here E is supposed to be approximately —,', and

(at~+ (pP)'~P is the frequency of a plasmon propagat-
ing in the direction perpendicular to the magnetic
field. However, the number of plasmons prop-
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agating within any solid angle encompassing the
direction perpendicular to the magnetic field is
clearly less than the total number of plasmons. '
It follows that K must be even smaller than its
corresponding value in Eg. (14), i.e. , K«&.
Since agreement of the discussion in A with experi-
ment is predicated on E being of the order of —,',
it follows that the hypothesis in A is untenable.

In conclusion, we have investigated a claim to
an explanation for the magnetic fieM dependence
of the frequency shift of direct-band-gap semicon-
ductor lasers. This claim was based on a hypo-

thesis that an "average" electron possesses the
zero-point energy of a plasmon because of many-
body interactions. %e have shown that this hypo-
thesis has no foundation in many-body theory.
Furthermore, we have shown that even if one as-
sumes laser action involves such average elec-
trons and average holes, the disparity between the
number of electrons and number of plasmons re-
quires that the "share" of each electron of the
total plasmon zero-point energy must be much less
than that of a single plasmon. Hence we conclude
that the proposed explanation is incorrect.
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