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We use the memory-function approach to calculate the ellipticity and Faraday rotation due to the
two-dimensional electron gas at the oxide-semiconductor interface of a metal-oxide-semiconductor
system. Experimentally determined memory-function values of Allen et al., as a function of the
photon frequency w, are used in our analysis. For the corresponding results with varying external
magnetic field B we have used the theoretical results of Ting et al. for the memory function. Com-
parison is also made with the recently reported experimental results of Piller and Wagner.

Recently we calculated! the ellipticity and Faraday rota-
tion due to the two-dimensional electron gas 2D EG) at
the oxide-semiconductor interface of a metal-oxide-
semiconductor (MOS) system using the single-particle
relaxation- or collision-time approximation (two-
dimensional Drude model), in the case where the direc-
tions of both the incident radiation of frequency @ and the
external dc magnetic field B > O are oriented normal to the
2D EG. In this work we investigate the ellipticity and
Faraday rotation using the memory function or current-
relaxation kernel M(w,B) developed by Gotze and Wolfe.?
Cyclotron resonance has recently been under investigation
both experimentally>* and theoretically’~!! in the 2D EG
in Si inversion layers of a MOS system using the
memory-function approach to explain shifts away from
the cyclotron-resonance frequency.

In terms of the memory function, the zero-temperature
conductivity of the 2D EG may be written’~7 as
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where
M(w,B)=M'(w,B)+iM"(w,B) , (2)

the prime and double prime denote real and imaginary
parts, respectively, N is the electron surface concentration,
m is the effective mass, o, =eB/mc is the cyclotron fre-
quency, and the *+ denotes left or right circular polariza-
tion of the incident radiation. M'(w,B) and M’ (w,B) are
related by the Kramers-Kronig relation and M"'(w,B) > 0.

Introducing a frequency- and magnetic-field-dependent
mass m*(w,B) and relaxation time 7™(w,B) [= v*—l(co,B)
where v*(w,B) is the collision frequency] defined by

m*(w,B)=m[1+M'(0,B)/v] (3)
and
™~ Yw,B)=v*(w,B)
=M"(w,B)/[1+M'(w,B) /0] , 4)

respectively, the conductivity of the 2D EG can be written
in the more familiar Drude form as>®

iNe?/m*
Or=—"",""0, 5)
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where w; =eB/m*c and we have suppressed the w and B
dependence of m*(w,B), 7™*(w,B), and v*(w,B).

The transmission coefficients of the left and right circu-
larly polarized components of a linearly polarized wave
for the 2D EG at the oxide-semiconductor interface are!?

2"0
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where ny and ng are the indices of refraction of the oxide
and semiconductor, respectively. Analogous to our ap-
proach in Ref. 1, we rewrite Eq. (6) as

te=|ts e, )
with
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oot wy)
= —tan~! - < s &)
= (@0 PV (v +ot,)
and where
wps=4mNe?/m*c(ng+ny) . (10)

Furthermore, we have already shown!!? that the Faraday
rotation 6y, and the ellipticity 8,, (the subscript M refers
to the fact that we are using the memory-function ap-
proach) are related to the transmission coefficients by

e (a1
ty 148,
Thus
Ou=7(E,—E_) (12)
and
8y — [ty | — 2| (13)
ey |+ 12|
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Hence
B3 =+ tan~! 2000’ — (00 P V(v + 0] (14)
M2 [0+ 052 +v*(v* + 0k [[ (0 — 0k P +v* (v + b)) ]+ (@h ) [0? — (w})?]
and
By = deo0 (20" + o) (15)

The corresponding rotation and ellipticity when M(w,B)
is replaced with a constant (Drude model) are denoted as 6
and 8, respectively, and were investigated in Ref. 1.

From Eq. (14), the condition for null Faraday rotation'*
is

o’ =0} +V*(V +op,) , (16)
which, using Eqgs. (3) and (4), may be rewritten as
[w+M'(w,B)*=w; +M"(0,B)[M"(0,B)+wL] ,
(17)

where a)pSE47rNe2/mc(n0+ns).

Using the experimentally determined values of the
memory function as a function of the photon frequency w
[Fig. 1(b) of Ref. 4] and the theoretical values of M(w,B)
as a function of the external magnetic field B (Fig. 3 of
Ref. 5), we present, in Figs. 1 and 2, plots of 6,; vs w and
B, respectively. We also include the corresponding plots
of 0 (Ref. 1) for comparison. Figure 1 shows that with the
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FIG. 1. Plot of the Faraday rotation 6, and 6 vs the photon
frequency © using the parameters N =2.3x10" cm~2
B=6.15X10* G, ny=1.95, n;=3.44, and m =0. 19m,, where m,
is the electron rest mass, and a constant collision time
7=7.7x 10713 sec~! for the two-dimensional Drude model. The
vertical line corresponds to the value v =w,.
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memory-function approach we may now achieve null
Faraday rotation for a photon frequency w <, and that
Orm | =0, >0, in marked contrast to the two-dimensional

Drude model investigated in Ref. 1. In Fig. 2 we used Eq.
(4) for low external magnetic field (i.e., . < w), where the
oscillations of the real and imaginary parts of the memory
function are small, to calculate the constant collision time
7 used in the two-dimensional Drude model. The oscilla-
tions in the 0,s-vs-B plot for large external magnetic field
(w, > w) are due to the oscillations of the memory function
(see Fig. 3 of Ref. 5).

In Figs. 3 and 4 we present plots of the ellipticity 8,,
and 8 vs w and B, respectively. Figure 3, for varying pho-
ton frequency w, shows a substantial shift, due to memory
effects, in the maximum of the ellipticity away from the
resonance position w=w,. The plot of §,; vs B gives the
remarkable prediction of a plateau of constant ellipticity
in a neighborhood of the resonance position. We also ob-
tain a relative maximum and a relative minimum of the
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FIG. 2. Plot of the Faraday rotation 6, and 0 vs the magnet-
ic field B wusing the parameters N=2.6X102 cm~2

©=5.59x 10" sec™!, and ny, n,, m, and 7 as in Fig. 1. The vert-
ical line corresponds to the value o =w,.
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FIG 3. Plot of the ellipticity 6, and 8 vs the photon frequen-
cy o using the same parameters as in Fig. 1.

ellipticity for high magnetic fields (0, > @) due to the os-
cillations of the memory function for varying external
magnetic field.

We note also that from Eq. (15) we obtain a nontrivial

condition for null ellipticity'’
W wps( 2V +wp) =0, (18)

which, using Egs. (3) and 4)
M'"(w,B) >0, may be written as

and recalling that

[w+M'(w,B)]"'=0. (19)
However, from the experimental* and theoretical® values
of the memory function, it appears that this condition
cannot be met experimentally for the inversion layer in a
MOS system.

In conclusion, we have calculated the Faraday rotation
and ellipticity produced by the inversion layer (2D EG) in
a MOS system using the memory-function approach of
Gétze and Wolfe? for both experimentally* determined
and theoretically® predicted values of the memory func-
tion and have found significant modifications to the two-
dimensional Drude model of Ref. 1, which should be easi-
ly detectable experimentally.

Note added in proof. We have now completed an inves-
tigation of the effects of multiple reflections within the ox-
ide layer and we find that they have a significant influence
on the results for 6 and 8, giving rise to an additional fac-
tor of (ng+ng)/(14+n,)=1.22. In addition, we find that
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FIG. 4. Plot of the ellipticity 8, and & vs the magnetic field
B using the same parameters as in Fig. 2.

the inclusion of contributions due to transmission through
the metal has a negligible effect on our results. We con-
clude that all of our results for 8 and 8 given above should
be multiplied by the factor of 1.22. A detailed discussion
of these added results is presently under preparation.

In addition, the first observational results of Faraday
rotation in a MOS system has been reported by Piller and
Wagner.!® However, their theoretical analysis is confined
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FIG. 5. “Best-fit” plot of the Faraday rotation 6, and 0 vs
the external magnetic field B to the experimental results of Ref.
16. For 0 a constant collision time 7=4.5X 10~ '3 sec was used.
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to the so-called “single-pass™ situation, totally neglecting
the important contributions which we have seen arise due
to multiple reflections. Also, as we have previously
shown,!” the single-pass results are strikingly different
than the multiple-pass results, in that 6 takes on both pos-
itive and negative values in the latter case, whereas 0 is al-
ways negative in the single-pass case for the parameters of
the present experiment. Thus we feel that the claim of
agreement between theory and experiment'® is premature
(in this context it should be noted that the solid and dotted
curves in Fig. 2 of Ref. 16 do not represent theoretical re-
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sults'®).

In Fig. 5 we reproduce the Piller-Wagner experimental
results. We also include our “best-fit” theoretical results
(including the 1.22 factor discussed above) for 6 and 6,,,
corresponding to the absence and presence, respectively, of
memory effects.

This research was partially supported by the Depart-
ment of Energy, Division of Materials Science, under
Contract No. DE-AS05-79ER 10459.

IR. F. O’Connell and G. Wallace, Phys. Rev. B 26, 2231 (1982).

2W. Gétze and P. Wdlfe, J. Low Temp. Phys. 5, 575 (1971);
Phys. Rev. B 6, 1226 (1972).

3S. J. Allen, Jr., B. A. Wilson, and D. C. Tsui, Phys. Rev. B 26,
5590 (1982).

4A. Gold, S. J. Allen, B. A. Wilson, and D. C. Tsui, Phys. Rev.
B 25, 3519 (1982).

5C. S. Ting, S. C. Ying, and J. J. Quinn, Phys. Rev. B 16, 5394
(1977). In Fig. 3 of this paper, we assume that the labels on
the curves, viz., M| and M,, are reversed since M, can never
be negative.

6C. S. Ting, S. C. Ying, and J. J. Quinn, Phys. Rev. Lett. 37,
215 (1976).

7A. K. Ganguly and C. S. Ting, Phys. Rev. B 16, 3541 (1977).

8W. Gotze and J. Hajdu, J. Phys. C 11, 3993 (1978).

9W. Gotze, Solid State Commun. 27, 1393 (1978).

10W. Goétze, J. Phys. C 12, 1279 (1979).

11w, Goétze, Philos. Mag. B 43, 219 (1981).

12K, W. Chiu, T. K. Lee, and J. J. Quinn, Surf. Sci. 58, 182
(1976).

3R, F. O’Connell and G. Wallace, Can. J. Phys. 61, 49 (1983).

14R. F. O’Connell and G. L. Wallace, Solid State Commun. 38,
429 (1980).

I5R. F. O’Connell and G. Wallace, Solid State Commun. 39,
993 (1981).

16H. Piller and R. J. Wagner, in Application of High Magnetic
Fields in Semiconductor Physics, edited by G. Landwehr
(Springer, Berlin, 1983), p. 199.

I7R. F. O’Connell and G. Wallace, Phys. Rev. B 25, 5527 (1982).

18H. Piller (private communication).



