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IN A SURFACE SPACE--CHARGE

LAYER

R. F. O0'Connell

Department of Physics and Astronomy

Louilsiana State University
Baton Rouge, LA 70803

ABSTRACT

Do£ JeR 1045 5~

INTERSUBBAND-CYCLOTRON COMBINED RESONANCE

WSTER

In a magnetic field tilted with respect to the surface of Si, Beinvogl

1
and Koch

observed combined resonance transitions, resulting from a coupling

of Landau levels and subband states. Because of some unexplained features in

the cobservations, we analyze what one should expect on theoretical grounds. We

conclude that unexplained discrepancies between theory and experiment still

exist.
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'A strongyelectric field,_s, applie&vnormal to a semiconductor sqrfacé

. gives rise to éuantized electron motion in this direction{ with the result
that twé—diménsional eléctric subbands are'formed; with

energies En' If e; Ez,énd if a magnétié fieid H.is aiép applied in the same
‘directign then each subband is fur;her quéntizéd into discreté Landau- levels

C= En + (N+l/2)-ﬁ.wc, yhere wc = (eHZ /cnnﬂ is

so that the energy becomes En N
?

the cyclotron frequency, and where nug5'0;1905 ?Ois thg-effective mass in
the\direction parallel to the surface, mo denoting the f;ee electron mass.

| In a recent experiment,iBéinvogl énd.Kéch 1)‘iﬁvestigated electrons
on 8i(1,0,0), in the-pfesence of a magnetic field tilted with respéct‘to the -
sample surfgce CHY and Hz comppnents), and obsgrvedzéoﬁbined resonance
' transitions because of a coupling of Landau iévels and'éubband states,. Sur~'
prisingly, they found that the éum'of the seﬁarations for the AN = 1 and
AN = -1 transitions is“{O.} - (fl.ﬁ)}'ﬁwc = 2.3&ﬂqzi.e; iS% highér than  the

expected result of Z—ﬁwc,

Prior theoretical work on this problem by Ando'z)rreached the~c6nc1u3~
ion that
s o4 N B o A W
| E,n,N E AEnA+‘EN o -
wvhere I .
- 15 . : ’
By = (W5 ,)/hwq, _ . . - (2)
A = e’ #? f(zz‘ - (z )2". - - ' (3)
“n 2 Ty L Jan - nn’ _f° : . o

Thus we get the characteristic enérgy changes. of (ﬁwC)AN corresponding .
to AN transitions, As shown by Ando ) this conclusion is not affécted by



the inclusion of many-body and other effects. The latter affect the difference
" in the positions of the main (AN = 0) and a combined (AN # 0) resonance peak but. .
does not affect the difference in the positions of two-combiﬁed resonance -peaks.
A basic as sumptlon made by Ando was to treat H ‘as a perturbatloﬁ so tnat its
p4

‘influence on the 7—part of the wave function is neglected Recently Ando 3)-4
carried out a more'detailed investigation without this restriction but it is
clear- (see figure 9 of reference 3) that discrepancies between experiment and
{heofy still exist.

It is our purpose here to return to the orlglnal perturbation analys;s

: our conclusion is that it

to 1nvest1gate more precisely the extent of 1ts vallstya As we shall see/
should be very good as far as an analy51s of the Beinvogl-Koch observations are
concerned. To this end we will calculate AEn explicitly by using thé'simplest
. realistic model for the z-potential, V(z). Following Stern. ) we use the
~triangular—potential approximation i.e. V(z) = g&z for z>0, with an infinite

barrier for z<o. The corresponding wave-function is an Airy function, from’

‘which it readily follows that4>.
2/3 . . , ‘
E Qh /2 )]/3 [%- e £ (n+ %—?] L ‘ (4)
'aﬁd - : -
- R A 2 - S
z = 2En/3e€ ; < 2 >nn =3 (znn) : 4 o 5)
and where ml~=,0.916 W is the effcctive mass in the 7z direction.

- Hence, from equations (3) and (5), we obtain

2.2 2 ’ :
E : : . : ]
AE =Z£—_L( \ : . 6) .

n 88/ S



and thus . .
A ' ; 2 ¢ ‘\
) {u E_

En'+AEn'= En {1 +—4_§5\€ fj. o
. . 4 m“cv . ‘ (7)

. . . 2 . . . . ) )
The magnitude of theHy term inside the braces, compared to unity, will be.a -
measure of goodness of the perturbation approach, If it is << 1 then the per-

~ -2 2
‘turbation analysis should be very good. Since En ~ € /3 we see that this H

. A y
4/3 i . , . _ . ‘
and thus it increases with increasing n and decreasing €.

term ~ €
Now the observations were carried out in a sweep~of the gate voltage for

fixed infra—red:energies-ﬁw = 10.45 and 15.81 meV. The values selected for Hz

were 5T andA3.5T, so that the correéponding values of*ﬁwc are 3.0 meV,énd

2,1 geV, respectively. The values ofl}ly ranged from 0 to 6T. Typical value;

for En and € (choseh to maximize thé Hi term ins;de the braces)afe lO.meV and

2

105 V/cm_(3.3x102 stat-volt/cm), respectively. vAlso,‘mé " =9,7 x lO4 eV.

Thus, choosing the maxzimum value of Hy uéed in the-observations, (Hy/e)'2 ~
4 | ) ‘ o -
(6 x 10 /3.3 x 102)2 ~ 3.3 x 104 and (En/m"cz) ~ 10 7. As a result, we con-

clude that AE_ is typically ~ 10~4 times smaller than En and thus negligible.
It is also.less than 10™3 times the Hw, term. In other.words, we.are led to the

‘basic conclusion that AN transitions shoula give the familia:'éﬁwc) AN energy changes,

Since the values we have used for Hy and Hz are comparable the question
rermains as to.why B, makes the dominant céntribution tolthe energy..-The
reason is‘that,Hz makes the doﬁinant contribution to the energy in'the x—y;
plane. On the other hand, Hy affects the motion in the z and x‘direétions;
In the z direc;ion its effect is-overWhelmed by the eélectric field effects.
With regard.to its effect on the.x motion we note that thé Easic Haﬁiitonian

. ' . s 2 .
coutains a Px Hy term, (in addition to a Hy term) where PX is the momentum-



in the x—difection. Howevef, this term doeé not cohtribute a 1ineaf Hy‘
contrubﬁtion to the energy (ﬁnlike the Hz'term,'whose éontribution to thel
energy is linear inAHZ) for theAsimple reason that PX averages to zero in
iowest order (_i.e° absence of Hy). Thus the contribution Qf PXHy to Fﬁe
energy is of order‘Hi and thus higher ordervtﬁan migh; have been first
surmised.

As already pointed out by many authors, the choice of a more realistic
V(z), to include polarization, excitonic, aﬁd many-body effects; has important
cbnseduences. In particular the latter effects give rise to a shift in the
energy of the pure subband resonance (AN = 0). However, as mentioned'above,
such effe;ts were shown to be irrelevant 2) to the discuési@n-of
the difference in the positions of‘two combined resonance.peaks,ﬁhich is the
main theme of this communication. Our choice of V(z) is also the dominant
contribution to the reél potential.

We conclude thaprerturbation theory should give very good resuits. 'This
éonclusidn is'alSo impliceit in the work of others but no explicit calculations
have been presented - as we have done abéve - showing the extent of the
validity of the results obtained from perturbétion theory.

We conclude that a definite discrbpénrj‘still exists bgtﬁeen theoretical
expectations ana the observatious of Beinvogl and Kbch; This could be dﬁe_to
a missing ingredient in the theqretical analysis or else a mis—interpretation
of the observations. In this respéct, we note thaf Beinvdgi and Koch themSelves'

-

speculate on "

.s.-a likely source of the discrepancy..." as being their estimate
of  the actual energies.inﬁolvedc
This research was partially supported by the Department of Energy under
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