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The problem of the anticrossing of the Landau levels originating from the

ground subband and first excited subband in the quasi-two-dimensional sys-

tems with anisotropic valleys in the presence of the tilted magnetic field is

discussed in the framework of the perturbation theory. The full field cou-

pling regime is considered. Comparison with the existing theoretical and
- experimental results is given.

PACS numbers: 73.20.Dx

The purpose of this note is to give a simple perturbative description of
the resonant subband-Landau splitting in the quasi-two-dimensional system with
anisotropic valleys when simultaneously the magnetic field (B) and the valley is
tilted (with respect to the surface normal n). The case B || n is discussed theoret-
ically in [1] and studied experimentally in the n-type inversion layer on (118) Si
surface by Cheng and McCombe [2].

When the valley is tilted it is convenient to transform the standard effective
mass Hamiltonian (H) into the following form {1, 3, 4]:

H =SS = Ho +H1 + Ha, (1)
with
Ho = 'H" +Hy = (PP + P'yz) [2ma + (p3/2m; + V(2)), (2)
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7, = [(tan¢y—7) K2 (Ky/K.)"? Pl - tan ¢, K2 (Ko /Ky )M? '] 12,(3)

= [(tan qSy - 7)? K2 + (tan ¢, K,) ] (hz) ' (4)

where E:r‘-ﬁ_l is the reciprocal effective mass tensor, V(z) is the layer potential,
¢y = arctan (By/B,), ¢, = arctan(B;/B,), S = exp (—iy (zpy — 2%eB; /2¢) /1),

= (pl, — hy'1-2), v = ay:/a.;, 12 = ch/eB;, mg! = tze, m;! = 0, myt =
m;yl = Qyy — O‘zz/an, md = (m-"«‘my)l/z’ K; = (md/mi)llzi g’ = x/K&" y =
y/Ky, Py = ps K., and pj, = pyKy. We use such coordinate system that o, =
&gy = 0 and employ the gauge in which the vector potential of the magnetic field
B = (B, By, B;) is equaled A =(Byz — B,y, —B,z,0). The spin-dependent term
in (1) is neglected for simplicity.

The Landau (|M)) and 'subband (|NV)) levels are the exact eigenfunctions
of ’H and H _L, respectlvely The eigenvalues of H, are given by EJ(W)M = En +
(M + 1/2) hw?P, where Ey is the energy of the N-th electric subband when B = 0
and hw?P = heB Jemg.

The second term in (1) couples the levels |N, M) and |N', M + 1) removing
the degeneracy at the crossover i.e. when the subband separation E19 = E; — Ej
is close to the cyclotron energy Aw2P. The first-order perturbation theory for the
degenerate levels |0.1) and |1.0) yields the followmg formula for the normalized
level splitting (A€ = AE/E,) [1}:

A€ = 2|(01|7{1|10)|/E10_ Fil%e. _ . (%)

Here flo = 2|(N = 1]2|N = 0)|2Eyom,/h® is the oscillator strength, €2 =
[e1 — tangy (K — 1)sin? p +1) /1(21/2]2 + (tang,)? (K~ — 1) cos? p 4 1) with
€1 = (K+K~1~2)1/25sin p cos p, where ¢ is the angle between n and the principal
axes of the valley (C), K = my/m,, my, are the principal values of the effective
mass tensor m. (From the above equation we can conclude that perturbed ap-

proach used in this paper is in principle correct when.e < 1.) -
When B || n then € = ¢; and-the energy splitting resulting from (5) comades

with that obtained in [1].

In the case of the inversion layer on the Si surface the potential V(z) can
" be approximated by the triangular well with infinite barrier at the surface.. The
above approximation gives fllé 2 = (.856. Taking K|s; = 4.8 we find that for the
layer on the (118) Si surface (¢ = 10°) the energy splitting is equaled AE =2 0.267.
This value is slightly smaller (~ 20%) than that obtained in experiment [2]. (The
discrepancy is probably connected with anomalous behavior of cyclotron . energy
at low electron density observed in the Si n-type inversion layers [2].) When £ < 1
(like in the system studied in [2]) the main difference between our result and that
obtained in the framework of the Drude model [2] lies in the absence of the factor
11({2 in the last one. Note that this factor is sensitive to the form of the layer
potential V(z) and can deviate significantly from unity particularly in the case of
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Fig. 1. The dependence of the parameter € on the tilt angle ¢ in the layer on the (118)
Si surface. (———) result obtained for B laying in the y-z plane, (— — —) result
obtained for B laying in the z—z plane. K|s; = 4.8, ¢ = 10°.

accumulation layers. This indicates that theory developed by the authors of Ref.
[2] is too simplified to be used for quantitative interpretation of experiments.
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Fig. 2. The dependence of the angle § = arctan v on the tilt angle ¢ in Ge (Klge =
19.5), PbTe (KlpoTe = 10), Si (K:|Si = 4.8) and PbSe (/C|pbse = 1.6).

When ¢ # 0 the strength of the subband-Landau level coupling depends

in more complicated way on orientation of the magnetic field than in the case
= 0 [5]. Figure 1 shows the variation of the parameter ¢ with ¢ (= the angle
between n and B) in the layer on the (118) Si surface. Particularly interesting is
the configuration when vectors B, C and n lie in the same plane (¢,,. =0, ¢y, = ¢).
Then, for ¢ = 6 = arctan ¥ the Hamiltonian H coincides with H, and parameter
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€ vanishes i.e. the coupling induced by the tilted configuration of the valley is
compensated by the effects induced by the tilted configuration of the magnetic
field. The variation of the angle & with ¢ in some materials is shown in Fig. 2.

We think that the electrons on the (118) Si surface studied experimentally
in Ref. [2] should be good candidates for the observation of the disappearance of
the level splitting predicted in this paper.
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