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ABSTRACT

Magnetooptical studies have been made of two small-gap semiconductors,
Hgj-xCd, Te and InSb. For InSb we have made a group-theoretical determination
of the allowed band parameters, including three not previously defined. We show
that the harmonics of cyclotron resonance observed experimentally are induced
by the warping and inversion asymmetry effects usually neglected in the quasi
Ge model for this material.

We have performed magnetoreflection experiments on a series of single-
crystal specimens of the Hgj.,Cd, Te alloy system, for alloy compositions
0.175 = x<0.269 in the small-gap semiconductor region. These experiments
have been interpreted to yield the parameters of the quasi Ge model:

Y, =2.5+0.4, v =-0.3+0.2, v =0.5+0.1, K=-1,2+ 0.1 and
F=-0.7+ 0.3, using A=1eV, with E; and E_ determined from a two-
parameter fit to each set of data givingng = 1?.9 *+ 0.2 eV and values of the
energy gap which fit reasonably well to E_(x, T) = -0.31 + 1.88x

+ (1-2%) 5x 107 T(K) eV at temperatures® T = 24K and 91K.
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I. INTRODUCTION

This thesis investigation has been concerned with two materials,
Hgl_xCdee and InSb, which belong to the class of materials known as the
small-gap semiconductors. Such materials are of technological interest
because the conduction electrons have very small effective masses and large
g-factors and, consequently, have large mobilities and, among other interesting
properties, large cross sections for spin-flip Raman scattering. The semi-
conductors in this class which crystallize in the zincblende structure, as do
Hgl_xCdee and InSb, are of interest for detector applications because of their
direct energy gaps, at the center of the Brillouin zone, and because of the high

purity with which they can be grown.

A. InSb

InSb is a compound III-V semiconductor which has for some time been a
prototype of both small-gap and zincblende semiconductors. It is available in
samples of extremely high quality. It is used for the detection of infared and
far infrared radiation, 1 and is the material most used for the spin-flip Raman
laser.2 It is perhaps the most-studied semiconductor (with the exception of Ge),
starting with the early cyclotron resonance experi.ment:s,3 and culminating with
the work of Pidgeon and Brown4 and Pidgeon and Groves.5 They developed a
theoretical model for the energies of the conduction and valence bands in an
applied magnetic field in terms of a number of adjustable parameters. They
used the results of their interband magnetoabsorption, magnetoreflection and
Faraday rotation experiments to determine these parameters. Although there
are discrepancies between the values of the parameters obtained from these

interband measurements and those obtained from intra-conduc tion-band6’ 7
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and intra-v:s;.lence--b:md8 cyclotron resonance experiments, the validity of the
model is generally accepted.

An important exception has been the observation in InSb of a number of
harmonics of the conduction band cyclotron resonance transition, most recently
by Favrot, Aggarwal and Lax. ? Although in principle these could have been

understood in terms of the so-called warping effects first studied in Ge, e and

the inversion asymmetry effects which are important for zincblende materials, 3,12
the only calculation of the selection rules for these transitions 9 was restricted
to one orientation of magnetic field with respect to the crystal axes and did not
agree with the earlier experiments in unspecified orientations. - These effects
were shown by Pidgeon and Grove35 to induce extra interband transitions, pri-
marily in the [111] orientation, which they used to determine the small warping
and inversion asymmetry parameters. The anisotropy of the cyclotron harmonic
transitions was finally emphasized by the experiments of Favrot et al., ? in the
three orientations [001], [110] and [111].

The objective of our study of InSb was a theoretical determination of the
selection rules for these cyclotron harmonic transitions, with the ultimate ob-
jective being a determination of the parameters of the warping and inversion
asymmetry effects from a comparison of the theoretical and experimental
intensities. Our investigation has demonstrated that these harmonic transitions
are, indeed, induced by the warping and inversion asymmetry effects, with
absorption strengths of the correct order of magnitude. The selection rules
agree with the experiments of Favrot et al. 4 except for one unpredicted experi-
mental transition. Because of this exception, we have not attempted a detailed
determination of the warping and inversion asymmetry parameters. This must

await an understanding of this extra transition, and wo uld be facilitated by more
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careful studies of the absorption strengths.

In the course of our investigation we found that the model of Pidgeon and
l?-rown4 was incomplete; we have made a group-theoretical analysis including the
full effects of electron spin, and have found three new parameters, including
two inversion asymmetry parameters. Thus our investigation has laid the
groundwork for further refinements of our understanding of the zincblende semi-

conductors.

B. Hgl_xCdee

Hgl_xCdee denotes a system of ternary alloys of the II- VI materials HgTe
and CdTe. These all form single crystals in the zincblende structure, with a
lattice parameter which varies slightly, and nearly linearly, from 6.46 i at
x=0 (HgTe) to 6.48 A at x = 1 (CdTe). These alloys are of particular interest
because the energy gap varies with alloy composition as illustrated in Fig. I-1.
For x 20.17 (depending on the temperature) the bands have the normal structure
of a zincblende semiconductor such as InSb, with a 1‘6 conduction band, a

degenerate T, valence band and a I", split-off band; CdTe has a rather large

8 3
energy gap Eg'—* 1.6 eV. For x<0.16 the ¢ band is submerged below the

I‘8 band which now becomes both the conduction and valences bands which are

degenerate at E=0. This band structure was established for HgTe by Groves,
Brown and Pidgeon, 15 with an energy "gap" Eg = E(I‘6) - E(I“S) = «{),3 eV,

For x 20.16 Hgl_xCdee forms a truly "small-gap" semiconductor, with
arbitrarily small gap and band-edge effective mass. For a given application, one
can select the best material, for example, for detectors with a given response

curve, 16,17 by growing material with the appropriate alloy composition.

Another important application for this variable gap is the spin-flip Raman laser 2
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The cross section for electronic Raman scattering is resonant when the laser

18,19

pump photon energy is near the band gap energy, and since the 002 laser

is a powerful source of infrared radiation, Hglwadee chosen with a gap at

about 10 um, in a spin-flip Raman laser, may prove to be an extremely intense

source of tunable infrared radiation.20

The fundamental properties of Hgl_xCdee alloys were reviewed by Har-

man.21 More recently, the energy gap was shown to vary almost linearly with x

and with temperature by Schmit and Stelzeru from detector cutoff wavelengths.

However, their data show deviations from their fitted curves for sample tempera-
tures below 100K and for energy gaps below 100 meV. Magnetooptical studies
have been made for a few values of alloy composition: interband magnetoreflection

22 4 and intra-conduction-band cyclotron and combined

5

for x=0.16"" and 0.17,

and 0.204.2° Values of the energy gap deduced from

resonance for x = 0.20
these experiments tended to be somewhat lower than those found by Schmit and
Stelzer, 17 and values of the interband coupling energy Ep ranged from about
17 to 20 eV. A knowledge of these parameters is necessary to predict the
electronic properties of these alloys for a given application. Until the recent
work of Guldner et al., = no attempt had been made to determine other para-
meters, such as the higher-band effective mass parameters, for this material.
The objective of our study of the Hgl_xCdee system was to make a
systematic determination of the band parameters, especially the energy gap,
over a range of alloy compositions spanning the small-gap semiconductor region
which is of technological interest. We have carried out interband magneto-
reflection measurements on ten specimens of Hgl_xCdee, with 0.175 <x<0.269,

at both liquid helium (24 K) and liquid nitrogen (91 K) temperatures. We have

obtained band parameters by fitting transition energies calculated using the
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theoretical model developed for InSb, to the positions of our magnetoreflectivity
peaks. Our results include more accurate and systematic values for Eg and Ep,
as well as improved values for most of the higher-band parameters.

During the course of our investigation we became aware of similar work by
Guldner et al.,26 who carried out magnetoabsorption experiments for
0 <x<0.3. They deduce quite different values for Ep and the valence band
parameters. They do not give their results as a function of alloy composition,
only of Eg’ and most of their results are for the semimetallic region (Eg < 0).
‘We will give a detailed comparison of our results with those of Guldner et a~.1.26

We were unable to observe any extra transitions induced by warping and
inversion asymmetry, such as were used by Pidgeon and Grove ss to determine
these parameters for InSb. The accuracy of our results was limited by the
inhomogeneity of the alloy composition of our samples, which caused our reflec-
tivity lines to be broad. More accurate results must await improvements in the

techniques for growing this material.

This thesis is divided into six Chapters. In Chapter II we give the basic
theory for zincblende semiconductors, developing the quasi Ge model which we
will use for both InSb and Hg, _ xCdee. In Chapter III we present our results
for InSb, using the terms usually neglected in the quasi Ge model as perturbations
which induce the cyclotron harmonic transitions. In Chapter IV we describe
our experiments on Hgl_xCdee, which we analyze in terms of the quasi Ge model
in Chapter V. Chapter VI includes a summary of our results and suggestions

for future work.
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II. K- p THEORY FOR ZINCBLENDE SEMICONDUCTORS

In this Chapter we develop a method for calculating the conduction and
valence band energies for the small-gap zincblende semiconductors. The EB
Hamiltonian is obtained in Sec. A to second order in k and to first order in the
applied magnetic field H, as a matrix coupling the 1‘6 (J=1/2) conduction band,
the I‘8 (J=3/2) light and heavy hole bands, and the I‘7 (J=1/2) spin-orbit split-
off valence band. This is developed in Sec. B into the quasi Ge model which
enables one to make numerical calculations for the energies of the conduction
and valence band Landau levels in a magnetic field. These energies will be
compared in Chapt. V with the results of our magnetoreflection experiments
on Hgl_xCdx'Ié . This model is obtained by neglecting a number of small terms,
proportional to the so-called warping and inversion asymmetry parameters,
which are shown in Chapt. III to induce the cyclotron harmonic transitions which

have been observed in InSb.

A. Zincblende Hamiltonian to Second Order in kK

In order to obtain the EB matrix Hamiltonian for a zincblende semi-
conductor, that is for the set of coupled bands illustrated in Fig. II-1, there
have been two different approaches based on group-theoretical techniques.
In the first approachl’ 2 one finds interband matrix elements E B of the 'l'c'-f)'
perturbation Hamiltonian hE'EaB/m , and also of the spin-orbit Hamiltonian.
For the case of InSb, Keme2 enumerated all possible combinations of these
matrix elements to second order in k among the single-group basis states
transforming as I‘l (conduction band S) and 1‘4 (valence bands X, Y and Z)

of the T 4 &roup. The first order matrix elements ECLB , and second-order

combinations involving intermediate states belonging to different representations
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ofthe T 4 single group, were adjustable parameters of the pertubation
Hamiltonian. This Hamiltonian was expressed in terms of linear combinations
of the functions X, Y, and Z and of the spin-functions t and |, which
diagonalize the spin-orbit interaction. This Hamiltonian involves matrix
elements coupling the various basis states including adjustable parameters
multiplying functions to second order in K. A second approach to obtaining
this Hamiltonian was made by Luttinger, % who used a group-theoretical
analysis to find all allowed matrix elements of K and K x k among the valence
band states transforming as the 17‘8 representation of the double group. His
result involved adjustable parameters which were linear combinations of those
of Kane, 2 but included an additional parameter, q, which is non-zero only in
the presence of spin-orbit splittings of the intermediate states. Luttinger's
results were extended by Roth et al.4 to include the I‘7 split-off band. Pidgeon
and Brown5 included the I‘6 conduction band in their analysis, combining the
results of Kane and of Roth et al. ‘The use of this model in the analysis of
magnetooptical investigations was reviewed in detail by Agga.rwal.6

In this Chapter we use the second approach to obtain a complete set of

parameters for the coupled 1“6 " I‘7 and ', bands and find three new parameters

8
in addition to those of Refs. 2 and 4, which have the same origin as Luttinger's
parameter q .3 Our group theoretical treatment makes use of the Koster,
Dimmock, Wheeler and Statz (KDWS) tables of coupling coefficients. ? Although
their basis functions are not stated explicitly, we find these by comparing our
resulting matrix with those of Refs. 2 and 4. This set of basis functions is

given below, in terms of the basis functions used by Ka.ne.2



19

a-set
_ 46 .
1D = ¥y,9 1/ = S
_ .8 PR .
|3) = ¥3/2,3/2 = _ﬁ (X + i)t

|5y = ¢§/2’_1/2 - J6+ [(X - iV)t + 2Z}]

7 _ i _ 3 _
7Y = ¥1/9,-1/2 = :E[(X int - zi]

b-set (L=1)

6 bl
12> = ¥y/9,-1/2 = S

|6y = 4’3/2, yr -j%—[(x + iY)} - 2Zt]

|4)

8 Lt g -
¥3/2,-3/2 ——J—i_-—(x i

|8) = ‘”1/2,1/2 = - ﬁ[(x+ ini + Zt]

In Table II-1 this set is compared to those used in previous work. The states
|3Y, |4), |5) and |6) are the same, except for an overall factor of (-i), as
those used by Pidgeon and vaes.8 These four states form a representation

of the | = 3/2(1"8) valence band, and, as stated by Pidgeon and Groves, the

4x4 Ei; matrices involving these states agree with those given by Lutti.nger.3
The valence band states are equal to those of Eqs. (23) and (A-3) of Roth, Lax
and Zwerdling4 except for an overall factor of (-i) and an additional factor of (-1)
in states |4) and |6) , So that our a-set matrices for the valence band (states
|3), |5) and |7)) will agree with the equations in the Appendix of Ref. 4, but

the b-set matrix will have opposite signs in the off-diagonal elements of the last
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TABLE II-1. Comparison of the basis states with previous work.
For the last column, ¢ = exp(iT/8) and the states v, through v comprise
the basis set of Ref. 6 after the transformations in Egs. (73-77) of Ref. 6.

PRESENT REFERENCE
WoRK 8 . 7 5 6
I o 4ot My
137 LUy (P) il 8, ity (?) dc*u;
a-3et
e 15> “TUgy(F) -l g i, () _iv’ﬂ:‘_
172 -2 Y0 (97,l Uz0 (7) aL“‘?)'-',
12y 6, -itho(P) Loy
6y il idy -G - o(P) A
b-set
° 47 L Uy o (P) 1o & UolF) -4 oy
[$> —z'u‘go 6p LUy, (F) .L"u-?
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row and column. The states |1) through |8) are identical with a set used by

9 except for a factor of (-1) in state |6).

Groves, Pidgeon, Ewald and Wagner,
Thus the ] = 3/2 subset of Ref. 9 does not give the same matrices as those
in Ref. 3.

Finally, the states |1) through |8) are related to those of Pidgeon and
Brown5 and of Aggarwa16 as indicated in the last two columns of Table II-1.
Our results for the 8x8 k-p Hamiltonian will be related to those of Ref. 5 by
a unitary transformation. This transformation is nearly the same as the one

10 The resulting 4x4 matrices for

given by Aggarwal6 from work by Reine.
the a and b sets are real. Apart from overall factors, our states differ from
those of Ref. 6 by a factor of (-1) for the states |4) and |5), which gives a
factor of (-1) in the off-diagonal elements in the third row and third column

of each 4x4 matrix.

As can be seen from the above discussion, our basis states are not
identical to those of any of the important papers on the quasi Ge model.
However, it is also clear that this previous work involves several inconsistent
basis sets. The considerations involved in choosing our set were: (1) to
make the 4x4 matrices for the a and b sets real; (2) to agree with the widely-
available KDWS tables;7 (3) to agree with the most extensive previous work
in the quasi Ge model (a) Luttinger,3 (b) Roth, Lax and Zwerdling,4 (c) Pidgeon
and Brown, S and (d) Aggarwa1.6 Our set satisfies (1), (2) and (3a); it differs
slightly from (3b) to satisfy (2), from (3c) to satisfy (1), and from (3d) to

satisfy (3a).

The character tables for the T q group are given by Dresselhaus, 11
and by KDWS7 on p. 88. It should be pointed out that the definition of I‘4 and 1"5

are reversed and that the column S 4 in Ref. 17 and IxC4 in Ref. 11 should
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have the same character, which means that the definitions of I‘6 and T, are also
reversed. The spin-1/2 basis set belongs to the KDWS 1“7 or Dresselhaus T
representation. We will use the Dresselhaus notation. Using the KDWS tables
of coupling coefficients for the T q group, we find the matrices involving terms
to second order in ¥ among these basis functions. For example, two terms in
1 2 .2 .2

2 2 .3 .
g = Ak, ko~ ky and F3 = VB (K, - ky) which belong to the two-fold

kxXK are F
I‘3 representation. The matrix elements of these functions among the I‘6 i 1‘7
and 1"8 states are proportional to the complex conjugates of the table entries
on p. 91 of KDWS. The resulting matrices must be Hermitian and be invariant
under time reversal. These conditions require certain parameters to be either
zero or else purely real or imaginary.

All the real, independent parameters found in this manner are listed
in Table II-2. We find matrices for all the previously-defined parameters.
The 1"8><I"8 parameters Y,, Y,» Y3, K and q were defined by Luttinger.3
Yyr Yoo Y3 and K were shown by Roth, Lax and Zwvert:ll'mg4 also to involve
the split-off band 1"7 when one starts with single-group representations. In
the full double-group picm.re the 1"7><I‘7 and 1"7 xI‘8 parameters are independent
of the I‘8 xI‘8
conduction band (1"6) effective mass parameter F, the "linear-k" parameter C
kg 8

ones and are denoted by Yl', yz', Ys',K' and k7. The

parameters P and G were defined by Dresselhaus,
1

for I‘8 and the I‘6 xl"8

Kane2 and Dresselhaus, Kip and Kittel™ in terms of single-group basis states;
the T xI'; and I, xTg parameters are denoted by C*, P* and G*. We also
obtain three new parameters, Nl’ N2 and N3 . N1 contributes to the conduction
band g-factor, similar to K in the valence bands; N2 and N3 represent
additional couplings between the 1"6 conduction band and the I‘8 valence bands.

In Appendix A we show that these new parameters, like q, arise from the
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TABLE II-2. Parameters of the _ﬁ'ﬁ Hamiltonian among the T'g , Ty

and Ty band-edge states.

ke ket ilkykd
2k; -k - ky .
$0) k} k f"z;"r} ijz:kr]
Vilky'- k) |
kz {khkj} l [Ala k;]
<Fg]§(h\r'c.> F N,
ALY ¥, Y, ¥, X4
RIS ¥ x'
LRy P N, G Ny
s@iny P G’
] 1 [/
C Y, Y, X"

<y (30 TS
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spin-orbit splitting of higher bands.

The parameters q and u = (3 - YZ)/Z are the so-called Ge warping
parameters because, if these were zero, in a material like Ge with inversion
symmetry, the energy bands would be isotropic or independent of the direction
and N, are the so-called inversion asymmetry

2 3
parameters because they are zero in materials like Ge with inversion symmetry

of k. The parameters C, G, N

but nonzero in the zincblende materials.

The complete 8 x8 matrix ¥ for the parameters listed in Table II-2 is
given in Table 1I-3, which also includes the band-edge energies Eg and A
relative to the 1‘8 valence band, and the parts of the free electron terms not

3

included in the definitions of Yy 1 and K.“ Qther terms used in Table II-3 are:

e+l + k2, =k +ik
e i X"y

1 T IR . 8.0
Fy = 2k; - k- ko» F3 = /30 - k)
(11-2)

ah

. + % gis
= {k,, K'} = (,K +Kk), Fy = {k,k]

e 1 — i
H, = ik, k], H =+ [k, k ]
For simplicity, Table II-3 is given in atomic units h=m = 1.

B. Quasi Ge Model in a Magnetic Field
For a magnetic field H in an arbitrary direction defined by the spherical
polar angles 6 and ¢, we perform the following coordinate transformation

illustrated in Fig. II-2:
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TABLE II-3. EB Hamiltonian for a zincblende semiconductor. The
terms used are defined in Eqs. (II-1,2). The upper triangle is the Hermitian
conjugate of the lower triangle.
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Fig. 1I-2. Coordinate transformation in a magnetic field_'ﬁ; (X,Y,7Z)
are the cubic crystal axes, and (1, 2,3) are the new axes with H||3.
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kx = cos O cos¢ k1 - sin ¢ k2 + cos¢ sinf k3
ky = cosesm¢k1+cos ¢k2+sin¢si.n9 k3 (11-3)
kz=- sm6k1+c058k3

A similar transformation was given by Luttinger3 for the case g = 45° which
confines the magnetic field to the (IT0) crystal plane. The new coordinate
axes (1,2,3) are shown in Fig. II-2, where the magnetic field is along the
3-axis. The corresponding rotation of the basis states results in a trans-
formation of the EB Hamiltonian according to X (6,9) = UT:}CU where U

is given in Table II-4. We then set

i

f2

k, =—t—(@+ah, k, =

17572

(a-a"), ky = ki, (11-4)

where A = (hc/eH)l/ 2 is the Landau radius, c is the velocity of light, h.kH

is the component of the momentum along the direction of the applied magnetic

field, and a*, a are raising and lowering operators for harmonic oscillator

functions ¢n:
a+¢n= v+l ¢n+1’ a¢n:ﬁ¢n-l .
(I1-5)
N¢n * a"a¢n - n’511
and

[a,a*] = aa* - a*a =1 (I1-6)
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TABLE II-4.
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3.3

S

Rotation matrix U for the coordinate transformation in
Fig. 1I-2, with S=sin6/2, C=cos 8/2 and o = exp (i8/2).
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The resulting }(8) separates into two 4X 4 matrices for the a and b sets

X, O
K (0) ~ (11-7)
0 X

if one neglects terms proportional to kH’ g, C, G, N2 and N3 and most
terms proportional to the warping parameter J = -;-(Y3 - Yz). One can include
some warping by way of two valence-band effective mass parameters

,

Y .= YS ¥+ (Yz = Y3) f(9,¢)

(11-8)
R N R (\ AR A )
where
3c0s0-1Y2 3.2, .4
£(0,9) = - G + ZCos 2¢ sin” 6 (11-9)

These parameters were defined previously,3 for the case ¢ = 45° =n/4,
corresponding to the magnetic field H in the (110) plane, which makes the
second term in Eq. (II-9) equal to zero. The average of this term over all
angles 6 and ¢ is 1/5, which is equal o that of the first term, so that
®,9) = 2/5.

The 4X4 matrices }Ca and S'Cb in Eq. (II-7) are displayed in Table II-5,
where the terms involving Y,, Y *, and vy’ in the fourth rows and columns
are included in the single-group approximation P*=P, Y, fay 1» ete.

Also in Table II-5, P is included using the interband energy E = 2mpP/m?,

and B = eh/2mc is the Bohr magneton. Table II-5 is now in ordinary energy
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TABLE II-5. The quasi Ge model Hamiltonians.

Ha:
B N
Egw [(an+1)F
4 o
Ny N +2]28H e J3pHE, & I

= [awst) v 2"

JPHE, a +3% JAH 2/5Y pHa* -2/E ¥'BHa* ||3)

[ (r-¥') v [lwes)

" 2
et B -x JpH -x-1]pH 52
2 ﬁ[(.?M'-iJ ¥’ -8 - [Gwet) Y,
2 i e " ¥
SPHE, @ 2/iY phHa rad iy o /7)
3 /
H, :
j N
E, +[(n+t ) F
}—-N,_-p-,v].ysﬁ JEpHE at g ﬂHEf, (-% /_-?-PHE:P at /D
- [avea )@, -¥) v o Al y |
J3pHE & +x ] aH a/3¥ pHa rxv2]pH /6>
/ + " 2 —I(th‘t)(&*x.) " + 2
pHE @ 2/3Y pHa -3x JBH 2/6Y'gHT | 14)
7 —ﬁ[{.ﬁ#r}.) y' “ 2 "/-\"[Wd.) e
J3RHE & s o z/f{./sh'a, +.2K+_f._]/9H 1>
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units since Eg’ a, Ep and BH have the dimensions of energy and F, K, N1
and the Y's are dimensionless.

The Hamiltonians of Table II-5 are equivalentl2 to those of Pidgeon and
Brown5 [their Egs. (10) and (11)] when account is taken of the different basis
sets as indicated in Table II-1. Table II-5 is also equivalent to Eqs. (B-9) and
(B-10) of Roth, Lax and Zwerdllng4 for the I‘8 and I‘7 band energies except,
as indicated in Table II-1, for a sign change in the matrix elements involving
the I, , b-set state.

The solutions to the Schr8edinger equations

X,la) = E,|a)

(1I- 10)
3, |b) = Eg|b)
are of the form
n n
a1¢n b2¢n
n n
a3fn.1 bg #n-1
la(m)) = , | b(m)) = (II-11)
acg by ¢
5 n+1 47 n+1
n n
a78,41 bg#n-1
s — e —
) -1 _,-1_-1_0_.,-1_,0_,-1_.0_
with n = -1 and with al -b2 =ag -a3—b6 -bﬁ—b8 —bS—O. For n=21

there are eight independent solutions la(n)), |b(n)) for each n, which are
denoted, in order of decreasing energy, conduction band [|a%@)), |pS@)],
heavy hole [|a™(n)), |b™(m))], light hole [|a*(n)}, |b*(n))] and split-off band

[las(n)), lbs(n))]. These states are illustrated in Fig, 1I-1. Although a number
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By 15 14 have given approximate analytical solutions for the states

of authors
la(m)) , |b(n)) and the corresponding energies E[a(n)], E[b(n)], the numerical
solutions obtained by Pidgeon and Bm‘own5 were necessary to given an accurate
fit to their interband magneto-optical experiments in InSb.

Agga.rwa.l6 has given approximate solutions for the conduction and valence
band energies from Eqs. (II-10), which are useful for understanding the effects
of the various parameters. We have extended these to include some terms

proportional to N1 and also to q (see next Chapter). The conduction band

energies are, to first order in H,

c x 1 1

E[a"(n)] Eg + (n+ 2)hmc + 2chH
(II-12)

EbSm] ~E_+ (0 +2)w_ - =g BH

g 27" ¢ ..2%
where w, = eH/mcc and
m 1 2 1
=1+ 2F + 3-E +
E E +A

T p( g 8 )

(I1-13)

. i T
g, = 2+4N - 4B (Eg Eg+A)

The valence band energies are, for n=1

1

E[ai(n)] ~ =28H {(n+§)yll‘ - y'L +%KL e (%.,. fq

£ Ve - @rdy - e - 12 012 4 anene }

(1I- 14)

E[b"(n)] ~ -28H {(n +%)y11‘ g g %K - (g+ha

L
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where f = f(6,0) and YII“ = el , etc., are the parameters originally defined

byLutt‘mger3:

E
L_1_p
URGE & gl

1

g
lfg
4 EEE +Y

oL ’
g (II- 15)
E
”L=_l_2 s
Y —6E+Y
g
E
L_1_p
K _EEg + K

For large n, the energy differences in Eqs. (II-14) are approximately equal to

E=-28 Hm/m + where the effective masses for the light and heavy hole bands

are given by

m
m

2
+y ) (I1- 16)

W =

: (1 : )2 (1
+y, % +v7) +31=
E 6 E 6
+ g . g

e

For Ep/Eg >> y’, v this gives

2 Ep £ i s
et oy gl )

2
m_ A

(11-17)

m i __]_. , ’
E Yl 2(Y +3v7)

Thus for large Ep/ Eg the light hole band is nearly the mirror image of the
conduction band (equal but opposite curvature or mass), and the heavy hole
band has a large effective mass ("-'Yil) which is sensitive to the warping
effects contained in y“ and y*’. The conduction band effective mass and

g-factor in Egs. (II-13) contain the higher-band contributions F and N 1
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which also were considered by Johnson and Dickey. I3

The strongest allowed optical transitions among the states of Eqs. (II-11)

are those proportional to the interband matrix element P; that is, we find

-

the optical perturbation :}C;J by replacing K by E+£h%— in the matrix for P,

where A is the light vector potential in the radiation gauge. The resulting

transition matrix elements are

E . .
(e = <& Y {3l - o3 - 2

- 25

-"n’,n+1

Fa)
+ [ne&n’] €80 b1 }

E r'd » 4
E L R ey

(b [s¢ /| b)) = -

(II-18)
£

g
€8, hurt [ne-)n']e_i_én.’n_l}

w

E A

(@) ela@) = - SEY R [bg (/Zag + a7)
n° n’ nla

+(J2bg - by )""1] €30, n+1

where E is the optical electric field. €. and 3_ are the unit polarization vectors

+
(Elii 32)/J§ for, respectively, right and left circular polarization or» oL
€
3

to H usually referred to as the 1 or E||H polarization. Thus the selection

transverse to the magnetic field H, and is a unit polarization vector parallel

rules for both inter- and intra-band transitions (before renumbering of the

valence bands) are



L n n+l * “n n+1
Op i @ oa i bo=b (11-19)
m3 ®n " bn+l i h'n S|

The selection rules for interband transitions given by Roth et a.1.4 and by Pidgeon

and Brown5 were, for 0. and o An =0 and -2 rather than +1 and -1

L R’
respectively. This is because they renumbered all valence band states n —» n+1
so that the state numbers n correspond to the harmonic oscillator number of
one of the larger terms (the coefficient of state |5) or |4) in Egs. (1I-11)).

We do not renumber the valence band states, so that each set of states n are
coupled in the quasi Ge model. 4

For the intra-conduction-band transitions illustrated in Fig. II-3, the o
transition occurs at the cyclotron frequency w== w, » and the m transition at the
"combined resonance" frequency w= w, @, 16 where w_ is the spin-flip
frequency given by hws =g CBH . ‘The interband transitions illustrated in
Fig. II-4 occur as series of oscillations corresponding to transitions from the

light- and heavy-hole ladders to the conduction band ladders.
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Fig. I1I-3. Intra-conduction band transitions allowed in the quasi Ge
model (wc and w, +w) and induced by warping (3wc).
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Fig. II-4. Interband transitions allowed in the quasi Ge model. A similar
set of transitions connects the b-set levels.
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III. SELECTION RULES FOR WARPING AND INVERSION ASYMMETRY .
INDUCED CYCLOTRON-HARMONIC TRANSITIONS IN InSb

As the result of many magnetooptical investigations, most electronic
properties of InSb are reasonably well understood in terms of the
quasi Ge model presented in the preceding Chapter. An important exception has

been a number of observations in n-type InSb of the second and third harmonics

1-6

of cyclotron resonance, denoted by 2wc and ch, as well as the spin-shifted

harmonic denoted by 2wc + g .6 These transitions have been observed along with

the allowed combined resonance .+ oy transition, 1 and the LO-phonon-assisted

2,3 The latter have been explained by

2 7

resonances wc“"l..O’ 2wc+wLo, etc,

the theoretical work of Enck, Saleh and Fan,“ and of Bass and Levinson.” Bell
and Roge::s8 obtained selection rules for warping and inversion-asymmetry
induced harmonic transitions, for an applied magnetic field H parallel to a
[001] crystal axis. Favrot, Aggarwal and Lax6 recently reported that the
intensity of these transitions exhibits marked anisotropy with respect to the
crystal orientation relative to the applied magnetic field, in addition to its
dependence on the optical polarization. In this Chapter we obtain the selection
rules for cyclotron harmonic transitions induced by warping and inversion
asymmetry for the magnetic field applied along the crystal axes [001], [110]
and [111].9 These selectlon rules are consistent with the experimental results
with one Important exception. Favrot et_al.6 observed a strong 2mc absorption
for the light polarization vector E . H with FI'I] [001]. This is not predicted
either by us or by Bell and Rogers, 8 or by the recent work of Zawadzki and

0

Wlasa.kl for this orientation.

The main effect of the small terms neglected in the quasi Ge model of
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Chapter II is to allow extra weak optical transitions. For kH =0 the warping
terms u and q allow third-harmonic transitions a(n) = a(n+3) denoted by 3% ’

1

as observed for the heavy holes in Ge. . The inversion-asymmetry parameters

C, G, N, and N3 allow the second-harmonic transitions a(n) - a(n+2) denoted

2
by 2u.>c and a(n) - b(n+2) denoted by 2wc+ws . For kH # 0 the warping terms
also induce second-harmonic transitions, H and the inversion asymmetry terms
induce third-harmonic transitions. The optical polarizations in which these extra
transitions occur depend on the orientation of the crystal axes relative to the
applied magnetic field. Similar effects were shown by Pidgeon and Gz:oves12
to induce extra interband transitions, primarily for H || [111].

The mechanism for the warping-induced ch transition is illustrated in
Fig. II-3, in addition to the allowed transitions w, and w tog . For certain
orientations of the crystal relative to the applied magnetic field, a term

proportional to the warping parameter u couples the a(4) level to the a(0)

ground state in the conduction band, giving the a(0) level an admixture of the
a(4) wave function. Then the optical matrix element a(4) — a(3) for E 1 H also

gives a weaker transition a(0)-a(3), denoted by 3 w,, as illustrated.

The strength of these extra transitions is found by calculating the optical
matrix elements among the levels of the quasi Ge model, including the warping
and inversion asymmetry perturbations as first-order corrections to the
wavefunctions. In Sec. A below we obtain expressions for the warping and
inversion asymmetry perturbations, and in Sec. B we calculate the transition
matrix elements from these perturbations, and the resulting selection rules
for intraband transitions for the magnetic field in the three principal directions
[001], [110] and [111]. These selection rules are compared with the experimental

results in Sec. C. Qur results are summarized in Sec. D.
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A. Warping and Inversion Asymmetry Perturbations, for H in the (110) Plane

The terms not included in the quasi Ge Hamiltonian of Table II-5 divide
into three categories: (i) terms proportional to kH and sz; (ii) the warping
terms proportional to u = -‘,lz(\(3 - Yz) and q; and (iii) the inversion asymmetry
terms proportional to C, G, and the new parameters N2 and N3 . All of these
extra terms, from applying the unitary transformation of Table II-4 to the
Hamiltonian matrix of Table II-3, are given in Table III-1. The terms involving

kH are proportional to the effective mass parameters F, Yl ,and y°, and to

rrP

i L. -2 3 s

Wl

For consideration of the other terms in Table III-1, we now consider only
the case ¢ = 45°, which corresponds to H in the (170) crystal plane, including
the three principal directions [001], [110], and [111] which were studied by

Favrot et al.6 (see Fig. 1I-2). The warping terms are proportional to

r

My = - %uB H(302- 1) I-s.z(a2 + a*z) - szsckkH(a+a*)]

s = —52&uBH {52(3c2-1)(2N+1-2k2k‘19‘_1) - (c2-3)(3c2-1)a2
+2./Z scAky [(5-3c®a - @c3-1)a*] } (I11-2)

ug = - J3uBH {Sc[(Scz-l)(2N+1- 2%k - (5-3c))a” +.(3c2-1)a+2

+2/2s%@3c*- Dk, }

where c=cos 6, s=sinf, and to
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Perturbation Hamiltonian neglected in the quasi Ge model.
The upper triangle is the

TABLE III-1.
The terms used are defined in Egs. (III-1 - 7).
Hermitian conjugate of the lower triangle.
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e %qﬂ H(3c4-2c2+8) q, = - %qBHsc(3cz-5)
q, = - éiEqBHsz(Scz-l) qq = - 1 qeH(7c*- 18- 10) (I11-3)
qq = 3J‘iquHsc(Scz-l) Qg =~ %qBHsc(Scz-l)

The terms from Egs. (II-2) and (II-3) in the I‘8><I‘8 portions of Table III-1
(involving states |3) - |6)) are identical to those given by Luttinger, 13 put
with the opposite signs throughout since Luttinger's equations involved hole
energies. Table III-1 includes additional couplings proportional to u between
the 1"8 and 1"7 bands.

The inversion asymmetry terms are proportional to

A 3@- qg— s@3c2-1)(a-a"

(¢}
1]

£ [5s(3c?-1a* - 3s(1+c?)a - 24/Ze@c?- Dk, ]

o

2

< [12s%ca’ + 2¢@c2-1ya - /253’ Dk, ]

o
N

n
>"|O

[2c@Bc2-1)a* + 3,2 s(1+c2)KkH] (ITI-4)

% _Cr [s@c2-1)a* + 3s(1+c2)a - ﬁc(ScZ-I)AkH]

cg =
B = %—g— -% [s(3c2-1)(a+a*) + BﬁszckkH]
c, = % {i [352ca1+ - c(3c2-1)a - ﬁs(Bcz-l)th]
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g, = 22 [-s@c?-1)@N+1- 215K ra?) - 3s(1+cP)ar?
2
- 6ﬂszc>\kHa + 2ﬁc(3c2- ik a’]
(I1I-5)
g, = 22 ps’ceni - 2% - c@c-1@? + a*?)
- 2/25@3c?- Dk (a + a*)]
e, = 2N BH[-s@c- 1)2N+1-202k% +3a%) + 3s(1+cP)a* 2- 1242 sZchk, a]
1" 3 H H?
4 " 2 .
e, = -3 N,BH[c@Bc"-1)(a"-a" ") +/25(c -k (a-a*)] (I11-6)
2 2,2 Bl ek g
e3 = - N,BH[c(3c”-1)(2N+1-21"k})) - 6s7ca® ” + 3,/25(1+c )k 2
+ 3,J2_s(3c2-1)lkHa+]
and to
£, = N,BHs(@3c2-1)
Rl
£, = -3J/3NBHs%c (I11-7)
f, = -N,BHc(3c>-1)
3 3

The portions of the matrix in Table III-1 for couplings within the 1"8 band

proportional to C [Eqs. (III-4)] for these three orientations, and for k., = 0, are

H
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the same as those given by Pidgeon and Groves12 with an overall sign change since
they, like Luttinger, 1 consider hole energies. Similarly, their result for q

for H||[111] is identical to ours [Eqgs. (IlI-3)] with the sign reversed. However,
our result for yu [Eqs. (IlI-2)] for H||[111] is identical to that of Pidgeon and
Groves with no sign change, so that their results for the u matrix differ in sign
from that of Luttinger. Our results, as indicated above, agree with that of
Luttinger with an overall sign change.

In Tables III-2 through III-4 we list the matrices for G, N,, and N,, for

2
=0 and for the three principal orientations. The matrices proportional
12-14

kI—I
to the other parameters have been given elsewhere.

B. Selection Rules for Cyclotron-Harmonic Transitions

Bell and Rogers8 calculated transitions strengths for intraband optical
transitions, for FI'H[OOI] only, by diagonalizing the Hamiltonian of Table II-3
in the single group basis set, without the parameter q and the new parameters
N,, N

1* 72
of oscillator functions ¢n, they obtained numerical solutions by diagonalizing

and N3 . Because this Hamiltonian couples an infinitely large number

two 120x 120 truncated matrices. In addition to the fundamental cyclotron
resonance w, for the oL polarization and the combined resonance w o
for the T polarization, they found that the following intra-conduction-band

optical transitions were weakly allowed :
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TABLE III-2. Matrices for the inversion asymmetry parameter G.
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TABLE III-3. Matrices for the inversion asymmetry parameter N2 .
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TABLE III-4. Matrices for the inversion asymmetry parameter N3 .
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OL an - bn (ws)
bn T qn+2 (zwc : wS)
OR * a - bn+2 (2wc + ms)
(I11-8)
an” Eln+3 (ch)
i a =a .. {ch)
bn T (ch g ms)

They showed that these were the result of warping and inversion asymmetry
effects. We use a perturbation treatment to find the intraband selection rules
for H|/[110] and [111] and well as [001], as outined below.

Using the Hamiltonian ¥ * in Table III-1 as a perturbation in the basis

states of Eq. (II-11), we find new states

' (a3 |a(m) _
la‘()) = |a(m)) + Z Z A S lim*)) (I111-9)

n’ j=a,b
And similarly for |b' (n)), where we consider only conduction band states a=a‘®
and b=b" and coupled states j%c,bc . Since the couplings of Eq. (III-9) are all
very small compared to the energy differences, it was not necessary to include

the energy corrections. The actual expressions for these couplings are very

lengthy. As illustration, we given, for H||[001] and k=0
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%’ |a@) = 24/3uBH{J/(0+2)(n+3) ag (ag-ﬂa?)bn,’n+4
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+m(ag '-ﬁa;‘ ’)agén ;n-4 } Gj, a
+ —;‘{— {Wﬁ[bg'(Jfag—a‘;) + bg 'afs‘]sn,, g

+ [T (/2B b2 )l + /Baby a3

n* n, n
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YRR ) L |
Jo+l (ﬁb6 -bg )al]an,’]1 +3 (I11- 10)
+J/A[J/BFT b, (J2ag+a7)
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with a similar expression for (j(n”)[¥ | |b(n)y. All such couplings, proportional
to the warping and inversion asymmetry parameters, are summarized in
Table III-5.
Using these coupled states, the allowed optical transitions originating
in the state a(n) are proportional to the square of the matrix element

(f’(n") I}cu‘}| a’(n)} which becomes

(E'@Yfxcs |2’ @) = (Bl |am)

z: @y fse i ™)) Gy sc “|a(m)
+
E[j(n") - E[a(n)]
" j=a, b
(f@ 95 Ti@™)) Ga ™)l /lam)
B[t ")] - E[j@"")] e

with a similar expression for transitions originating in the state b(n). The
summation runs over all intermediate states in the conduction band. The first
term in Eq. III-11 represents an "allowed" transition. The matrix elements of
I!-Cu: proportional to P are given in Eqs. (II-18), and all matrix elements are
calculated using the approximate numerical solutions Eqs. (II-11) to Egs. (II-10).
}CL; also includes terms proportional to the warping and inversion asymmetry
parameters.

Equations (III-10) and (III-11) illustrate the difference between the intra-
band transitions considered in detail in the next section, and the interband
transitions considered by Pidgeon and Groves. 12 For conduction band states,

the coefficients arl1 and bg in Eqs. (II-11) are large, and the others small, but
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TABLE III-5. Couplings among the quasi Ge states, proportional to
the warping and inversion asymmetry parameters, for ki = 0 and extra
couplings for ky # 0.
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for valence band states ag and arsl. or bi; and by, are large, particularly
for heavy-hole states, and atjl1 and bg are small. Thus, if a(n) and the
coupled state j(n”) in Eq. (III-10) are hole states as is the case for the
transitions observed by Pidgeon and Groves, then the coefficients of G, N2

and N3 in this equation are smaller, roughly by an order of magnitude, than

that of C, so that their analysis did not need to include effects of G, N2 and

N For conduction-band matrix elements, on the other hand, the coefficients

3¢

of G, N, and N, become comparable to that of C, so that all four parameters

2 3
must be considered.

The intra-conduction band transitions allowed in Eq. (III-11) by the
couplings in Table III-5 are listed in Table III-6. We use the notation of

Eq. (III-8): a transition from a toa, is denoted by mw_; from a to

+m

b i by mo, + o, and from bn WA by mo _-o_ . We would like to

n +
point out that, in fact, the conduction band Landau levels are not equally
spaced, so that the transitions are not precisely harmonic transitions; we
use the mw notation for convenience. In Table III-6 we have grouped
together the transitions induced by warping (4 and q) and by inversion
asymmetry (C, G, N2 > N3) and have included the allowed transitions as well.
For H|/[001] and k;; = 0 our results are consistent with those of Bell and
Rogers, ® summarized in Eq. (III-8).

A calculation of selection rules for the cyclotron harmonic transitions
has recently been made for the H ||[001] orientation by Zawadzki and Wlasak. B
Their analysis includes transitions proportional to the parameters U, C, and

G, butnot g, N, or N_. Their perturbation treatment is similar to ours, but

2 3
includes some additional weaker transitions allowed to second order in the

warping, inversion asymmetry and kH # effects. Zawadzki and Wlasak obtain
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TABLE III-6. Intra-conduction-band transitions in InSb, for ki; =0
and extra transitions for ky # 0, for optical polarizations 0y , 9y, and 1,
both allowed (A) and induced by warping (W) and inversion asymmetry (I).

ALL
A
ORIENTATIONS
W
Hli [ood]
I
W
Hil[440)
I
W
Hil1]
i

k, =0 k, # 0
a. Tr L gk T T
We W+ Wg | 2wt Wy
cdc -
Sw, 3w oy
e ralg
Us,-mL“‘b W - s,
e 2w | 3w W
Hu +tg 3w, +aws
W, - W,
(=t 3] ws, 20, "’f,
du, ,Sw, W3, 3w Tk, Ly + o2,
Yo, vl
Ja}cf‘%
U, Al 2 % Wtk ,
L, dul, L Uerds — We )30,
Sw, -v, W -uk, L, -4k,
3y, Yo, La),
A +ak, 4 L), 4k,
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for H||[001] the transitions we list in Table III-6, and, in addition, other
transitions: 6wc (m, 4mc * o, and ch + g (oL and O’R) allowed by a combi-
nation of y and C effects, and also 4wc (m, 2wc + w and 6wc + g (oL and oR)
allowed by u and kH # 0. We expect these transitions, which arise only in a
third-order perturbation treatment, to be considerably weaker than those in
Table III-6.

Our quantum-mechanical calculation confirms the results of Zeiger, Lax

i who obtained the intensities of the harmonics of heavy-hole

and Dexter,
cyclotron resonance in Ge and Si from a semiclassical Boltzman treatment.
They found that the third-harmonic intensity should be zero for E , H || [111]
and for E I H || [001] and [110], and the second-harmonic intensity, allowed
for ki # 0, should be zero for E . f/[001] and [110] and for E || H || [001]

and [111); these selection rules are consistent with Table III-6, where E n H

induces both OL and OR transitions.

C. Comparison with Experiments

Experimentally, only the lowest-energy harmonic transitions 2u,,
2mc +wg and 3wc , from the ground state ac(O) , have been identified. 1=
The experimental results of Favrot et a1.6 are compared in Table III-7 with
the results in Table III-6 for kH = 0. As can be seen, the predicted selection
rules for these transitions are confirmed experimentally, with one important
exception. Favrot et al. observed a strong transition at 2wc for E L H || [001]
which is not explained by our calculations, even for kH # 0. They also found

very weak absorptions in the ﬁ” H polarization, for example, 3wc for H || [110],

and somewhat stronger absorptions at 2w_ +w_ for H|[[001] and [111] axes,
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TABLE III-7. Comparison of the theoretical selection rules with the
experimental results of Favrot, Aggarwal and Lax.®

I 1 =
ELH N
% THEORY i e + we ’ 30Jc_ ch,
H Il [oo1]
EXP dwe ., AW, +Ws , 3, FYA
THEORY ue, B 24, +Wq
F[" || [110]
EXP Luwe, 8¢ A Y + s
& THEORY AWe 5 At + Wy 3w,
HIlTL44]

EXP LW, LW+ 3We
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which are not yet understood. It is evident from the spectra of Ref. 6 that
population effects (kH # 0) are not important, since the strongest kH # 0 line
predicted in Table III-6, 2w, + W for E'J_ H in all orientations, is not observed
for E'J_ H || [110] . The results of Favrot et al.6 were recently confirmed over
the wavelength region ~ 7.5 to 18 um by K. Lee, 15 for H|/[110] and [111]
axes, except that Lee did not observe the weak 2w_+wg line for Bl H | [111].

A recent calculation by Miyake e of impurity cyclotron-resonance
harmonics suggests a possible explanation for the 20, , E n H || [001] transition
observed by Favrot et ::11.6 If the ground state electron occupies an impurity
state associated with the ac(O) Landau level, the impurity potential acts as
a perturbation which allows the electron to make transitions to all ac(n) levels,
n=1. Miyake's calculations indicate that the strongest harmonic is the second
(n=2 or 2u:c), about 10 times stronger than the third harmonic. Thus the
impurity potential could have a strong effect on the 2wc absorption but have
only a small effect on the 3wc absorption. It would be useful to repeat the
experiments of Ref. 6 at different carrier concentrations, since for the value
n,>2X 1016 cm-3 used by Favrot et al. ,6 a significant number of carriers
should not have f_t‘ozen17 into impurity levels at H= 90 kG where they observed
the 2w, peak. For higher carrier concentrations the effect of impurity pertur-
bation would be weaker relative to the warping and inversion asymmetry pertr-
bations.

McCombe et al. A observed cyclotron resonance absorption at w c 28 well
as the harmonics 2wc and 3wc in n-type InSb for the "inactive" sense of circular
polarization OR * They interpreted these results in terms of electron-plasmon

interaction. This interpretation was disputed by Blinowski and Mycielski i

and defended by Quinn et al. i A more likely interpretation is that these are
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warping and inversion-asymmetry induced transitions. McCombe et al. 1 do
not specify the sample orientation; if they had H||[110] one would predict from

Table I1I-6 for k,, =0, weak transitions for o, at 2wc, 3wc, 4wc and ch,

H
and for OR at 0. 2usc and 3wc . The UL transitions were evidently obscured
by the overabsorbed cyclotron resonance transition, but the oRr transitions

follow these selection rules. Thus one does not necessarily have to invoke the

electron-plasmon coupling in order to explain the "inactive-mode™ cyclotron

resonance.

D. Discussion

To summarize the results of our work on InSb, we have arrived atan
understanding of most of the cyclotron harmonic transitions. It should be
possible, once the 20, E, H || [001] transition is understood, to use a
comparison of the calculated and observed intensities for the predicted
transitions to determine the six small parameters 4, q, C, G, Nz, and N3 .
Preliminary calculations using the parameter estimates in App. A give roughly
the same order of magnitude as the observed intensities. Thus, with the
exception of the 2u_, & ,f || [001] transition, the cyclotron harmonic

transitions in InSb have been shown to be induced by the warping and inversion

asymmetry effects.



9.

10.

11.

12.
13.
14.
15.
16.

17.

60

REFERENCES

B.D. McCombe, R.]. Wagner, S. Teider and J.J. Quinn, Phys. Rev.
Letters 28, 37 (1972).

R.C. Enck, A.L. Saleh and H.Y. Fan, Phys. Rev. 182, 790 (1969).
E.]. Johnson and D.H. Dickey, Phys. Rev. Bl, 2676 (1970).

R.B. Dennis, R.A. Wood, C.R. Pidgeon, S.D. Smith, and J.W. Smith,
J. Phys. C5, L23 (1972).

M.H. Weiler, R.L. Aggarwal and B. Lax, Solid State Commun. 14, 299
(1974).

G. Favrot, R.L. Aggarwal and B. Lax, Solid State Commun. 18, 577 (1976).
F.G. Bass and 1.B. Levinson, Zh. Eksp. Teor. Fiz. 49, 914 (1965) [Eng.
transl. Soviet Physics JETP 22, 635 (1966)].

R.L. Bell and K. T. Rogers, Phys. Rev. 152, 746 (1966).

M.H. Weiler, R.L. Aggarwal and B. Lax, Bul. Am. Phys. Soc. §,7429
(1976).

W. Zawadzki and J. Wlasak, J. Phys. C. 9, L663 (1976).

R.N. Dexter, H.]. Zeiger and B. Lax, Phys. Rev. 104, 637 (1956);

H.]. Zeiger, B. Lax and R.N. Dexter, Phys. Rev. 105, 495 (1957).

C.R. Pidgeon and S.H. Groves, Phys. Rev. 186, 824 (1969).

J.M. Luttinger, Phys. Rev. 102, 1030 (1956).

Y. Ohmura, ]J. Phys. Soc. Japan 25, 740 (1968).

K. Lee, B.S. Thesis, Massachusetts Institute of Technology (1976).

S.J. Miyake, J. Phys. Soc. Japan 35, 551 (1973).

O. Beckman, E. Hanamura and L.]. Neuringer, Phys. Rev. Letters 18,
773 (1967).



61

18. J. Blinowski and J. Mycielski, Phys. Letters S0A, 88 (1974).
19. J.J. Quinn, B.D. McCombe, K.L. Ngai and T.L. Reineke, Phys.

Letters 54A , 161 (1975).



62

IV. MAGNETOREFLECTION EXPERIMENTS ON Hgl_xCdee

Our studies of Hgl_xCdee are based on the extensive work of Pidgeon,

1,8 - ucd 4 5
a-Sn,” HgTe, and Hg0.84Cd0‘16Te.

Groves and their collaborators on InSb,
This work was, in turn, based on experimental and theoretical techniques
developed for studies of Ge.6’ 7 The large number of interband transitions

1,6,7 and magnetoreflection, 2-

observed in magnetoabsorption of thin samples,
provided a wealth of information with which w determine the electronic band
parameters of these materiais.

Magnetoabsorption experiments require extremely thin samples, which
are subject to strain, with the rapid increase in the background absorption above
the band edge limiting the spectral range which can be studied. Magnetoreflection
effects, on the other hand, are much weaker and often difficult to observe.
Therefore a number of differential magnetoreflection techniques have been
developed, which were reviewed by Aggr:trwal.8 One of these techniques, stress
modulation, was used by R-eine9 in his studies of GaSb and GaAs. Fortunately,
we were able to observe extensive magnetoreflection structure for our
Hgl_dexTe samples, so that modulation techniques were not necessary.

In this Chapter we describe the details of our experiments on Hgl_xCdee i
describing the samples in Sec. A and the optical apparatus in Sec. B. In Sec. C
we present some typical magnetoreflection spectra, giving in Sec. D our results
for the photon energy and magnetic field positions of the interband transitions
observed for each of our samples. These results will be interpreted in

Chapter V in terms of the quasi Ge model developed in Chapter II.
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A. Samples

The samples of Hgl_xCdee, as received from Cominco, Inc., consisted
of single-crystal slices approximately 12 to 15 mm in diameter and 0.5 mm
thick. Each slice had been annealed to lower its carrier concentration and to
enhance the homogeneity of its alloy composition. Most samples were oriented
with reflecting faces normal to [001] or [111] crystal axes. Upon receipt, each
slice was photographed using the extended-spot Laue technique to check for
grain boundaries, and two slices were found in this way to be polycrystalline.
These were returned to Cominco. The orientation of each slice was determined
by x-ray diffraction.

The characteristics of each sample are given in Table IV-1. The nominal
alloy composition, carrier concentration and Hall mobility were stated by
Cominco. The alloy composition x was also determined either by microprobe
measurements which were kindly performed on most of our samples by Mary
Finn at Lincoln Laboratory, or, for the other samples, using the room-
temperature transmission observed with an infrared spectrophotometer. The
last three columns of Table IV-1 give the orientation and/or the angles 6 and ¢
(corresponding to Fig. II-2) of the reflecting face normal.

The spectrophotometer determination of the alloy composition made
use of the curve shown in Fig. IV-1, which was supplied to us by Cominco,
giving the alloy composition x as a function of the "cut-on'" wavelength, The
determination of this wavelength from a spectrophotometer curve is illustrated
in Fig. IV-2, which shows spectra for samples 804 and 805 which had been cut
from nearby positions on the same ingot. The microprobe result x = 0.269

for sample 804 corresponds in Fig. IV-1 to a "cut-on'" wavelength of 5.4 um,
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Physical and electrical characteristics of Hgl_xCdee
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Fig. IV-1. Hgj]-xCdyTe cuton wavelength vs. alloy composition, at
temperatures T =77K and 300K.
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Fig. IV-2. Spectrophotometer curves for samples 804 and 805 illustrating
the determination of alloy composition of sample 805.
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which is indicated by the arrow in the upper curve in Fig. IV-2. The arrow
marking a similar point on the lower curve indicates a cut-on wavelength of

5.6 + 0.3 um for sample 805, hence from Fig. IV-1 an alloy composition of
0.265 + 0.005. These results differ considerably from the nominal composition
0.30 = 0.01. The uncertainty values in the microprobe values for x are the
probable errors resulting from point-to-point variations over the sample
surface; the stated uncertainty in the spectrophotometer results are due only

to uncertainty in determining the cut-on wavelength, since we could not measure
such variations.

One face of each slice was chemically polished and etched, and a sample
approximately 6 mm wide was cut from the center portion. The sample was
mounted in a sample holder using Be-Cu spring clips at each end, with a small
piece of lens tissue under each clip to protect the fragile sample surface. The
sample holder was attached to the cold finger of a liquid helium Dewar using
two screws and also vacuum grease to improve the thermal contact. Based on
measurements of the temperature of a piece of InSb held in the same arrangement
in a similar Dewar provided with feed-through connections for thermocouple
leads, we estimate the sample temperature to have been 24 K when the Dewar
was filled with liquid helium, and 91 K using liquid nitrogen. Some early
magnetoreflectivity spectra were taken with the samples mounted with vacuum
grease on thin sapphire plates, with the plates held in the sample holder using
grease. The spectra indicated little, if any, difference in temperature between
these two arrangements, but some samples cracked indicating that the grease
mounting introduced strains.

Magnetoreflection spectra were also taken for two samples of InSb,

purchased from Cominco, with reflecting faces normal to [001] and [111] crystal
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axes. The electronic specifications were Cominco grade 67S, with 77 K carrier
concentration of 0.7 to 1.1 X 1014 c:m-3 and Hall mobility of from 6.0 to

ToZ X 105 cmz/V-sec.

B. Optical Apparatus

The experimental apparatus for magnetoreflection measurements is
depicted schematically in Fig. IV-3. This apparatus has been used in a number
of previous investigations. 4 It consists of an enclosed box, flushed with dry
air, containing a Perkin- Elmer Model 99 double-pass grating monochromator
with a globar source, a 500 Hz chopper, and mirrors t reflect and focus the
light onto the sample at near normal incidence, and to collect and focus the
reflected light onto the detector. Our experiments used gratings blazed at
1.5, 3, 6, 12 and 22.5 ym, with long wave pass interference filters appropriate
to the wavelength range being used, and the light was circularly polarized
using a wire-grid linear polarizer followed by a CsI Fresnel rhomb. The
detector was either Ge:Cu(4K), Ge:Au(77K) or PbS(300K), depending on the
wavelength range.

The sample, on the cold finger of the Dewar, was held in the center of the
2 in. diameter bore of a Bitter manget, with the magnetic field applied normal
to the reflecting surface. The optical window was either BaF2 for wavelengths
less than 10 ym, or Irtran 4 for longer wavelengths. The magnetic field could
be swept up to approximately 150 kG. The sense of circular polarization of the
light, with respect to the magnetic field direction, was varied by sweeping the
field either "positive" (towards the ceiling) or "negative".

As the magnetic field was swept, the detector signal was amplified by
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a lockin amplifier (most recently a PAR Model 5101), using a reference signal
from the chopper. The amplifier output was fed into a "bucking box" which
expanded the signal by a variable factor and subtracted a fixed amount from
this, so that signal changes of only a few percent became large changes with
respect to this "bucked" signal. This signal was recorded on a two-pen chart
recorder; the other pen recorded a signal proportional to the magnet current
as a measure of the applied magnetic field.

The signal reflected from the sample was directly proportional to the

reflectivity R given by8

G o (Iv-1)
IV
(n+1)"+ k

where n and k are the index of refraction and extinction coefficient, respectively,

determined from the equation

m+ik% = ¢ +ie (IV-2)

where € 1 and €, are, respectively, the real and imaginary components of the

dielectric constant. R is approximately proportional to € ; it was shown in the
review article by Agga.rwal8 that the peaks in € coincide (within the linewidth)

of the absorption peaks in € Some typical curves for AR/R, the fractional

9
change in reflectivity observed in the vicinity of an interband magnetooptical
transition, are shown in Fig. IV-4, which was calculated using the expressions for
€ 1(uJ) and ez(w) given in Ref. 8. The asymmetric line shape is the broadened form
of the density of states of Landau levels in a magnetic field: p(E) ~ Z (E-hwn)-l/z.

n
In the next Section we will compare some of our reflection spectra with these
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curves in order to estimate the scattering time T.

C. Magnetoreflection Spectra

Some representative experimental results are given in Figs. IV-5 through
IV-11. In each case we plot a portion of the detector signal, proportional to the
reflectivity R, as a function of the applied magnetic field, for both left and
right circularly polarized radiation.

Figure IV-5 gives, as a reference, a spectrum for our [001] InSb
sample, at a photon energy well above the band gap. A series of peaks is
evident, which have been identified as some of the transitions illustrated in
Fig. II-4, from the valence to the conduction band Landau levels, as calculated
using the quasi Ge model outlined in Chapter II. The numbers above each
peak correspond to the identification scheme given in Chapter V, where we
describe the details of the identification process.

The peaks in Fig. IV-5 have the shape and approximate width of curve a
in Fig. IV-4, corresponding to wT~ 1000 or a relaxation time T ~ 2x10° 5 sec.
We expect these peaks to correspond closely to the peaks observed in magneto-
absorption. In fact, there is a systematic shift to higher magnetic fields
from the absorption peaks observed for E n H by Pidgeon and Brown, &
corresponding to a shift of about 3 or 4 meV in energy. This is probably due
to strain energy shifts in their 4 to 10 um thick samples.

Figures IV-6 gives a similar spectrum for a sample of Hgl_xCdee,
again taken with a photon energy well above the gap and at liquid He temperature
(~24K). The lines are much broader than in Fig. 1V-5 for InSb, corresponding

in Fig. IV-4 approximately to curve d for wT < 100 or less, so that the
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13

equivalent relaxation time T S 2 X 107, a factor of at least 10 shorter than

for InSb.

Figure IV-7 gives a spectrum for the same Hgl_xCdee sample as in
Fig. IV-6, but at liquid nitrogen temperature (~ 91K). The lines are only
slightly broader and weaker. We attribute the temperature independent
broadening to the inhomogeneity of the alloy composition, such as has been
demonstrated graphically by Vanier et al., 1 and was indicated in the point-
to-point scatter of the microprobe results for our samples. This scatter is
primarily responsible for the uncertainty of these measurements of x as
given in Table IV-1. Comparing Fig. IV-5 for InSb to Figs. IV-6 and IV-7,
it is clear that the large linewidths limit the accuracy of our results for
Hgl_xCdee and also limit the number of interband transitions we can resolve.

Figures IV-8 through IV-11 give some typical spectra for photon energies
just above the band gap. Figure IV-8, for InSb with H| [001], illustrates
a typical lineshape for the low-energy transitions. We attribute the dips to the
left of the peaks to competition between discrete exciton transitions and the
continuum interband transitions. 1 Figure IV-9 gives the same spectrum for
H||[111]. The lines are broader, possibly because of improper sample
preparation, but they do exhibit the kind of extra structure observed by
Pidgeon and Groves, 2 which they attributed to warping and inversion asymmetry
effects which are most important for the [111] orientation and for these low-
energy transitions.

In Figs. IV-10 and IV-11 we present spectra for two Hgl_xCdee samples
of nearly the same alloy composition, with H||[001] in Fig. IV-10 and
H|[[111] in Fig. IV-11. We see the same exciton lineshape as in Fig. IV-8

and IV-9, but cannot resolve any structure attributable to warping and
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inversion asymmetry effects. These effects may be weaker than in InSb, or

the lines are too broad for such structure to be observed.

D. Fan Charts

The results of our magnetoreflection experiments for the Hgl_xCdee
samples are given in the fan charts in Figs. IV-12a through 12t. We plot,
for each sample studied and at each temperature, the magnetic field and photon
energy positions for each reflectivity peak, for both senses of circular
polarization. The solid and dashed curves are those calculated, as described
in Chapter V, from the best fit to the data, except for two cases, samples 798
and 804 at liquid nitrogen temperature, where the data were not sufficient
to make such a fit. For these two, the curves were calculated using parameters
expected to give an approximate fit to the data.

In Figs. IV-13a and 13b we given fan charts for the InSb samples studied.
In Fig. IV-13a we also plot the magnetoabsorption results of Pidgeon and Brown1
for E n H ; as we remarked in the preceding Section, there is a slight shift to
lower energies for our data. The solid and dashed lines in these Figs. were
calculated using the parameters deduced by Pidgeon and Brown from their
data, which were limited to magnetic fields below 100 kG. Clearly the fit could
be improved, especially at higher fields and photon energies. Such a fit would
require that account be taken of inversion asymmetry and warping effects, as
well as cyclotron resonance results for InSb. 12,13

In the next Chapter we describe the fitting procedures used to deduce the

band parameters for Hgl_xCdee from the data presented in Figs. IV-12a

through 12t.
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Figs. IV-12a - 12t. Fan charts for Hgl-xCdee samples. The photon
energy and magnetic field positions of the magnetoreflectivity peaks are
given for oy, (diamonds) and or (triangles). The theoretical curves for

(solld lmes) and Or (dashed lines) are labeled with the transition numbers
gwen in Table V-1, except that most light-hole transitions are not numbered

since they cross the heavy-hole lines.
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V. BAND PARAMETERS OF Hgl_xCdee

In this Chapter we describe the determination, from the interband
magnetoreflection results in Chapter IV, of the E-B band parameters of
Hgl_xCdee in the small-gap semiconductor region. The parameters are
those of the quasi Ge model developed in Chapter II: the energy gap Eg’ which
is expected to vary roughly linearly with the alloy composition x ;1 the spin-
orbit splitting A of the valence bands, which is expected to be about 1 ev;2
the interband coupling energy Ep; and the small higher-band parameters
F, Yps Yoo Y3 K, q and Nl’ which are estimated in Appendix A. We
neglect the effects of warping and inversion asymmetry considered in
Chapter III for the case of intraband transitions in InSb, and by Pidgeon and
Groves3 for interband transitions in InSb, since 1) these effects are expected
to be even smaller for Hgl_dexTe (see App. A); 2) most of our samples were
oriented with H|[[001] where such effects should be negligible; and 3) even for
our H |[111] samples where these effects are maximum, we observed no
structure attributable to them. Our calculations in the quasi Ge model are
made using kH =0, since this corresponds to the peak intensity for interband
transitions. For intra-valence-band transitions, especially for the heavy
holes, kH # 0 effects can be important.

In Sec. A below we describe the computer techniques developed to cal-
culate and plot the theoretical transitions, identify the experimental peaks
with particular transitions, and perform a least-squares fit for the
parameters. In Sec. B we use the energy differences between a pair of
transitions involving the same conduction band LLandau level, to determine

approximate values for the higher-band parameters Yy 1* Ypr Y3 and K,
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Estimating q ~ N1 ~ 0, and A ~1 eV, inSec. C we carry out a two-
parameter fit to each set of data in order to determine a best value for F
and then to obtain Eg and Ep as a function of temperature and of alloy
composition. In Sec. D we discuss our results and compare them with

previous results.

A. Parameter Fitting Techniques

The process of identifying each transition plotted in the fan charts in
Figs. IV-12a through 12t, and finding the band parameters for a best fit
between theory and experiment, involved several steps making use of the
M.I. T. time-sharing computer system (TSO). First, approximate parameters
were chosen for each set of data. Second, these were used to calculate the
expected interband transition energies as a function of magnetic field, by
diagonalizing the Hamiltonians in Table II-5, and these energies were plotted
on-line on photocopies of the data. The transition intensities calculated from
Egs. (II-18) were used to estimate which transitions were most likely to be
observed. The plots which gave a reasonable fit to the data were used to
identify most data points with one or, at most, two particular interband
transitions. These were stored in an on-line disc dataset and used as input
to the least-squares fitting routines described below. These routines pro-
vided new parameter sets with which to make new plots and complete the line
identifications. The computer programs used are listed in Appendix C.

The data points were fit to the transitions listed in Table V-1, which
were calculated to be significantly stronger than the other transitions allowed

by the selection rules in Eqs. (II-19), using the matrix elements in Egs. (II-18)
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TABLE V-1.
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involving the solutions in Eqs. (II-11) to the Schriedinger equations, Egs. (1I-10).
The calculated curves in Figs. IV-12a through 12t, and the reflectivity peaks

in Figs. IV-5 through 11 are labeled with the transition numbers listed in

Table V-1.

The least-squares fit calculation was based on a method described by
Rei.ne.5 Given a set of N energy and magnetic field pairs (Ei " Hi) corresponding
to each observed reflectivity peak, and a function E(Hi) for calculating a
theoretical transition energy for a given magnetic field H;, we wish to minimize

the root mean square deviation

L e 2 {172
5 = |+ Z[E(Hp- E] v-1)
. i=1

where the function E(H) depends on a set of parameters aj » J=1, .00y M.
Reine showed that to minimize & to first order in the corrections baj to the

parameters

a = a + b, (V-2)

one must solve the MxM system of equations

M N N

aE(Hl) aE(Hl) aE(H.l)
E E Gak = E [Ei»E(Hi)] (V-3)
5 %a i 3 a = aaj

Successive corrections are made to the parameters aj until satisfactory
convergence to a minimum is obtained.
Relx:le5 calculated the derivatives BE(H.l)/Baj in Eq. (V-3) using

approximate expressions for the transition energies to first order in H. This
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was sufficiently accurate for large gap materials such as GaAs and GaSb. Since
the transition energies in small gap materials are strongly nonparabolic, i.e.
depend on higher-order terms in H, we used exact expressions for these
derivatives, obtained by differentiating the fourth-order determinantal equation
for the energy eigenvalues with respect to the parameters aj . The details of
this calculation are given in Appendix B.

The parameters of the quasi Ge model Hamiltonian in Table II-5, including
the diagonal parts of the terms proportional to q in Table III-1, are the energy

gap E_, the spin-orbit splitting A, the interband coupling energy Ep’ the

g
higher-band effective mass parameters F, Yl ’ \12 , and Y3 , and the g-factor

1’ K, and q. In the absence of a direct experimental determina-
tion of the spin-orbit splitting, we use the estimated value A= 1 eV.:2 In

contributions N

Appendix A we show that q and N1 are expected to be small for Hgl_xCdee,
so we set these to zero.

Thus we have a possibility of determining seven parameters: Eg, Ep, F,
Yi» Yoo Y3 and ¥ . However we found that the data were not sensitive enough
to fit all these parameters simultaneously. It is shown in Appendix A that the

Luttinger parameters Yy 1Y Y3 and K depend primarily on two Kane para-

2 ’
meters BK and CK . Therefore we attempted to fit the five parameters E g’

Ep, F, BK and C,,; however this still was not possible. In the next Section

K’
we show that we can determine approximate average values for the parameters
BK and CK’ hence the Luttinger parameters, by examining the energy difference
between transitions from two different heavy-hole levels to the same conduction-
band level, for several sets of data. With these parameters fixed for all sets

of data, we have been able to make an approximate determination of the best

value for F. We were then able to make two-parameter fits for each set of data,
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for the energy gap Eg and the interband coupling energy Ep .

B. Determination of Yl' YZ’ YS and g

The transitions listed in Table V-1 include two, © L(3) and O R(6) , from
the heavy-hole levels a (1) and a (3), to the conduction-band level ac(2).

We use the energy difference between these two to determine the Luttinger

parameters Yy, Yo» Y3 and K.

The expressions in Eqs. (II-14) give
E[0z 6)] - Elo; 3)] = 4B Hyy (V-4)

where, to lowest order in H

1 ’ s 3
YH =~ ¢5 [71\(1 -34(Y " +3y ) - 6K - 5(9-2f)q] (V-5)

which is of the same order of magnitude as the high-quantum-number inverse

heavy-hole effective mass m/m_ in Eq. (II-16):

m 1 » Y
o Yl A +3y7) (V-6)

where both results are valid only if Ep/Eg > Yy v’, Y* and K. The above

result for Yy is much less sensitive to the small parameter q than a similar

energy difference
4 L4 ,P 3
E[o; (2)]- E[op (2)]~ 5B H[- v + 2(y "+3y™) - 6K - 35 (9-20ql (V-7)
For q=0 Eq. (V-5) can be rewritten

Yy©:8) = Y ([100]) - 25 (¥5 - Y,)EE, B) (V-8)
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We could only measure the energy differences in Eq. (V-4) for those
samples for which we could resolve the [UL(3), O'L(4)] and [GR(G),GR(7)] doublets.
Representative spectra for these transitions are shown in Fig. [V-6. The
doublets are clearly resolved, but for other samples the [cR(6),oR(7)] doublet
was only barely resolved. For each sample where the doublets were resolved,
we plotted the magnetic fleld and photon energy positions of the aL(S) and oR(6)
peaks as shown in Fig. V-1 for the same sample whose spectrum is given in
Fig. IV-6. From this plot the energy differences, and hence Yy were
determined; the average YH found for each sample are given in Table V-2.

The first part of the Table gives Y,, for just the [001] oriented samples, giving

H
an average over all these samples of

Y001 ~ 2.9+ 0.2 (V-9)

where 0.2 is the probable error. Then the second part of Table V-2 give
YH(B,d) for the other samples. Equations (V-8) and (V-9) were used to give

the value for (Y3'Y2) to yield an average value

These results, along with Eq. (V-5) and the expressions in Appendix A for
Yyr Yoo Y3 and K in terms of the two Kane parameters BK and CK (with

AK e BK = 0) give

BK = '1-2 :|:0.5

(V-11)
CK o -2'1 + 0-2

which then give
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Fig. V-1. Determination of E[a (1)] - E[a (3)] from the transitions
UR(6) and UL(3) for sample 796.
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TABLE V-2. Results for the heavy-hole mass parameter yy; for samples
with H [[[001], and for other orientations 6, ¢ .

SAMPLE ¥, (fooal)

fFoa 3.4610.09
yoy 2421 0,07

?Og 5.05!0:!0

g09 2.77 #0.04

SAMPLE §Ce,%) ¥u(e,d) 3/3 _Xﬂ.

796 0.202 1.8 £0.04 LI2+0.8/
79% a.000 2.1320.08 0.6410./7

g0 0.000 d.0Yto.a8  O.,7/10./7
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Y1 = 2.5+0.4

Y2 o= -0¢3 + 002
(V-12)
Y3 = 0,9+ 0.1

K = =-1.2+0.1

C. Determination of Eg’ Ep and F

Using the valence band parameters from the previous Section for all our
sets of data, we next attempted to fit the three parameters remaining, F, Eg
and Ep’ simultaneously for each. Again the fits were not successful: the
deviation & was insensitive to small variations in F, so that convergence was
slow and a minimum was found in only a few cases. In these cases the value
of F for the minimum ranged from about -0.4 to -1.0, so we next made two-
parameter fits for just Eg and Ep for all sets of data, using fixed values
F=-0.1, -0.4, -0.7, -1.0, and -1.3 to span this region of F. For each
value of F we plot in Fig. V-2 the average 8, over all sets of data, of the
r.m.s. deviation 8 [Eq. (V-1)] and also the average of the absolute energy
differences ]A_E—J between the 24 K and 91 K results for Ep . Using the

minimum of both of these as criteria for a best fit, we find from Fig. V-2

the best choice of F is
F=-0.7+0.3 (V-13)

The results for Ep and Eg’ using the value F =-0.7, are given in

Table V-3 for the samples at liquid He temperature, and in Table V-4 for
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TABLE V-3. Results for Hgl_xCdee samples at T = 24K.

SaTLE R (fc’l/) (f';) (x::-uJ RE m?f:ﬁ'g‘:j
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TABLE V-4. Results for Hgl_dexTe samples at T = 91K.
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the samples at liquid N2 temperature. The stated error limits are the varia-
tions due to the limits in Eq. (V-13) on F. The results for Ep give an average

value

Ep = 17.9+ 0.2 eV (V-14)

D. Discussion

Using the results in Sec. B for E Y2, Y3 and K and Eq. (V-6), we find

the heavy-hole effective mass

+0.08
-0.06

B +0.10
m._([110])/m 0.45 -0.07

+0.13
-0.09

m_([001])/m = 0.40
(V-15)

m_([111])/m = 0.53

These results are in excellent agreement with the recent results of Uchida and
Tanaka® m_([001])/m = 0.38, m.([110])/m = 0.47 and m_([111])/m = 0.50
from their far-infrared magnetooptical studies of HgTe, with their precision

similar to ours. Guldner and his co-workers have used values for m_/m

ranging from 0.4 + 0.1, 7 in rough agreement with ours, to a value 0.25, 8,9

to fit magnetoabsorption results for Hgl_xCdee and HgTe. Groves etal. =

estimated m_([001])/m = 0.28 + 0.1, for Hg, 84Cd0 16 Te: Earlier results

11 12

and estimates have ranged from 0.3 to 0.71. The estimate of Lawaetz

of m_/m 2 1.0 does not seem to be realistic.

Our result (Y3 - Yz) =0.8 £ 0.3 is identical to that of Uchida and Ta.nalca,6

13

and is not inconsistent with that of Suzuki et al., 0.5+ 0.4. Lawaetz

12

estimated 0.6 for both HgTe and CdTe. This result, and those for m_/m,
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emphasize the importance of anisotropy: the use of an "average" value Y =

Yo = Y37-9 cannot be justified.

Our result F = -0.7 + 0.3 is consistent with the estimate of -1.2 in
Appendix A. This parameter has not been used in any previous studies of HgTe,

CdTe or Hgl_xCdee . Our values for BK and CK [Egs. (V-11)] are about the

o for HgTe, based on

earlier results for InSb (see Appendix A) and Ge. Lawaelz12

same as one set of parameters used by Groves et al. .
estimated values
about half of ours. The parameters chosen by Guldner et 511.7.9 result in
values of CK comparable to ours (-2.1 and -2.4) but much larger values of
BK (-2.8, -3.2, and -3.4) and non-zero values for DK (0.4 and £0.1). Again,
we do not regard these parameter choices as realistic.

QOur results for Ep are plotted in Fig. V-3. The average value Ep =
17.9 £ 0.2 eV is comparable to a number of previous results for
Hgl_xCdeelo’ 13 and Hg'I‘e14 and to the results of band calculations (17.2 and
18.0 eV) for the wave functions in Hg0.854Cd0. 146Te, 10 as well as the estimate

of Lawaetz12 for HgTe. However, other results have ranged from 16 eV for

HgTeg' 19, 15 to about 27 eV for Hg0’7880d0.212Te. 17 Guldner et al. 4 used

E p =19.0+ 0.1 eV to fit their magnetoabsorption results for semiconducting
Hgl_xCdee alloys (Eg > 0), with a systematic shift, for Eg!S 0, towards

18.0 eV at x=0. We find no evidence for such a systematic shift away from

18 eV. The different results for Ep may be partially a result of different
choices for the valence band parameters, but more likely a result of differences
in the interpretation of the experiments: Uchida and Tanaka6 found such a

difference between their results and those of Tuchendler et al. ? from far-

infrared magnetoabsorption in HgTe.
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Fig. V-3. Ep vs. alloy composition x for the Hgl_dexTe samples.
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In Fig. V-4 we plot our results for Eg as a function of x. The filled
circles are for T = 24 K and the open circles for T =91 K. Figure V-4 also

gives previous results, from the interband magnetoreflection experiments of

0 8

Groves et al. 1 at 25K and 90K for x = 0.161 £ 0.003, and of Strauss et al. 1

for x =0.17 at liquid helium temperature, and from fits to the intra-conduction-

15,19 for x =0.193 and 0.203, of Kinch

17

band experiments of McCombe et al.

20

and Buss®  and Antclif_fe21 for x = 0.204, and of Kahlert and Bauer™ for

x =0.212, all atliquid helium temperatures. We also include curves which
fit the results of a recent calculation by Chadi and Coherl2 for the Hgl_dexTe
band structure at T=0, including approximately the temperature dependence

of Schmit and Stelzerlz

E meV) = -310+ 1880x + (1-2x) 0.5 T(K) (V-16)

Guldner et 31.7 did not give their results for Eg as a function of x.

In Fig. V-4 our results, and those of the interband measurements at
x = 0.16 and 0.17, form a continuous curve which agrees fairly well with
Eq. (V-16). There is considerable deviation from the equation of Schmit and
S!JE:lzer1 which was developed for temperatures above 77K.

In Figs. V-5 and V-6 we present our results for the conduction band
band-edge effective mass m and g-factor g.asa function of x, for the
samples at liquid He temperature. As in Fig. V-4, there is considerable
deviation from our results by those of the intra-conduction-band experi -

15, 19-21

ments which were obtained by fitting their results to the model of

Bowers and Yafet, 43 which omits all the higher-band parameters. Using our
parameters, and values of Eg consistent with our results in Fig. V-4, gives

calculated curves which deviate significantly, by as much as 4 meV or 30 cm~ 1,
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15,19

from the experimental results of McCombe et al. Again, as for

,23:24 yere is a discrepancy between the parameters derived from

InSb
interband and intraband experiments; and as for InSb the intraband effective
masses are smaller and the g-factors larger. This is a general problem
which needs further study beyond the scope of this investigation. For example,
the effects of population (kH=0) on both interband and intraband lineshapes
must be carefully evaluated, since they can produce shifts in absorption peaks
and can introduce extra transitions, especially for intra-valence-band
experiments.

The agreement between our results in Eqs. (V-14) and those of Uchida
and Tanak36 gives confidence in these values for the heavy-hole effective
masses and, more generally, in the valence band parameters in Eqs. (V-12).
Similarly our results for E,(x) in Fig. V-4 establish Eq. (V- 16) as a good
approximation for the energy gap of Hgl_ xCdee as a function of x and
temperature. Thus, apart from the discrepancy between interband and iﬁtra-
band results, we have presented a comprehensive and systematic model for

the electronics structure of Hgl_xCdee alloys in the small-gap semiconductor

region.
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VI. CONCLUSION

In the first part of this investigation we have shown that, with one
exception, the cyclotron harmonic transitions observed in the small-gap
semiconductor InSb are induced by the warping and inversion asymmetry
effects which are neglected in the quasi Ge model for this material. We sug-
gest that careful measurements be made of the intensity of these transitions,
including the 2wc , E ) H ||[001] transition which may be due to impurity effects,
as a function of carrier concentration, crystal orientation and optical polariza-
tion. Such measurements, when compared to calculated intensities using the
model we have presented, could allow a determination of the six warping and
inversion asymmetry parameters including the two new parameters we have
defined.

In the latter part of this investigation we have analyzed our magneto-
reflection results for Hgl_xCdee using the quasi Ge model which neglects
such warping and inversion asymmetry effects, and have determined the para-
meters of this model for alloy compositions x in the small-gap semiconductor
region., Within the accuracy of our results, which is limited primarily by the
sample inhomogeneity, we find that all the parameters except the energy gap
are independent of x and of the sample temperature. Since the higher-band
energies are approximately the same in HgTe and CdTe (see App. A), itis
not surprising that the higher-band parameters are insensitive to x. It would
be useful to extend our experiments to a larger range of x in order to check
these conclusions.

Another useful extension of our studies of Hgl_xCdee would be intra-

band experiments on the same (n-type) samples. Our calculations indicate
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that cyclotron and combined resonance, and perhaps harmonics and phonon-
assisted transitions, could be observed using the same optical apparatus with,

in some cases, the use of higher magnetic fields or detectors operating at longer
wavelengths. In view of the general discrepancy between parameters deduced
from inter- and intra-band measurements in the zincblende semiconductors,
such experiments might provide a crucial test of the validity of the quasi Ge
model for these materials. Such a combination of intraband and interband
experiments, using the same apparatus, is possible only for materials like

our Hgl_xCdee samples, with extremely small energy gaps and effective

masses.



131

APPENDIX A. ESTIMATES OF PARAMETERS

We estimate the parameters of Table II-2 by expressing them in terms
of E matrix elements among the band-edge states belonging to the single-group
representations of the T q 8roup. We begin with the parameters defined by
Kane, 1 in terms of the conduction and valence band states S, X, Y and Z

and higher band states I‘i':

P = -1 (s|p|% (a-1)

a1 Z <X|Px|rl><r1|px|}()
K m 5

T’ Eqy - E@y)

1
K m ;

1.,» EO" E(I‘S)

A i (A-2)

& -=“...1_ <X|Pylr4>(r4lpylx>
K m .

T, Eqg - E[y)
e (X|py|1‘5'>(1"5'|py|x>
K m _ ’

ot Eq - Efs)
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~ 12
|SIp TP

E = _1
m ’»
Ty
(A-3)

@
1
8]~

3 (Slalp Cilnylo
~ E, - EC;)

where E0 is approximately the band edge energy of the conduction and valence
bands which are not includéd in the summations since the coupling between
these bands is included explicitly in our model.

When the Hamiltonian is expressed in terms of the linear combinations
of X, Y and Z, and the spin functions t and !} [Egs. (II-1)], which
diagonalize the spin-orbit interaction, the parameters in Eqs. (A-2) re-

combine to form the parameters defined by Lutt‘mgvr-:r2

s 2 .
¥, = 3 (AK+ BK + ZCK+2DK) d

T A _
Yo 3 (A + B = Cp = D)
(A-5)
PR | -4 .
Y3 = -3 (A -3Bg+ G- Dy)
PR R T g
€ = -3(Ag 2B - C+ DY -3

The spin-orbit interaction also allows the linear-k parameters defined by

Dresselha.us3
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(Yt|scso|r.lt><ri¢|pv|zr)

Ey- EC)

2
h
C= —2uu E (A-6)
2./3m"c

I"i=l" 4 1"5

Including the spin-orbit splitting of higher T’y bands (I‘; - I‘7', I3)» we obtain

the other four parameters in Table II-2:

8 r'd 4 8
qs%—L <¢3/2Ipxlr8><r8|py|¢3/2>
- E E.- ECL)

1‘8 0 8

6 A
No - LY (Wy/Ip ) Tyl vy /)
1 m e E, - EC’)
8 8
(A-7)
T e Youd "S Ao
stl_'z: 1/21Px|Tg 7 {TgIPylV_3 /5
m L4
6 o 18
N3 = -L E <w1/2lpxlrg)(rglpy|¢_3/2>
m rd

We estimate these last four parameters for one higher band (X’ ¥ Z%.
Carrying out the spin-orbit transformation on both this and the (X, Y, Z)
valence band, we find
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4 A (le |F‘>(F |P |X)
52,
g - EC )]
T4 4
n’ |<s|p T %%
(A-8)
1"4’ F E(r4)]
W R Z 8¢S py TP € ley 12
ATE
20 B T [Eq - EC)]
I\4’ .
where A’ is the spin-orbit splitting of the higher band. This gives
4 A°
"B Yy
0
N & £ ¥ (A-9)
L 3 B’
0
g = - et g

2 3 3./2 F‘o'

where E(; = E(I‘;) - E. This result for q is the same as that given by

Hensel and Suzuki.4

For InSb, the parameters P, Yl’ Y2, Y3 and ¥ were obtained from

magnetooptical experiments by Pidgeon and BrownS:
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E = 2P%/m ~ 21.9 ev

P
Y1 = 1.5
v, = - 12 (A-10)
R 0.1
K = =-2.1

neglecting the other parameters F, G, C, q, Nl' N2 and N3. Somewhat

different values were obtained by Pidgeon and Groves.6 who also found

q = 0.39
(A-11)

c = 9.3x10 M ev-cm
The results in Eq. (A-10) imply, from Eq. (A-4)

AK e 1.4

B, = -l.1
(A-12)

C., M= =2,

DK o~ 0.0

The results for q and CK imply

A'
Eg

s 0.35 (A-13)

which is approximately satisfied using A= 1 eV and E(; >~ 3 eV. However,
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Glosser, Fischer and Seraphin7 have observed electroreflection structure in
n-type InSb at 3.1 and 3.5 eV which they attribute to transitions from the 1"6
to the spin-split 1‘4' band, giving E6=~ 3.3eV and A = 0.4 eV with

A'/E(; = 0.12. This value of A" is about half that calculated by Varea de

Alvarez et al., - but agrees with a calculation by Bloom and Bergsl:resser.9

The ratio A'/Eé implies
q=0.13 (A-14)

rather than 0.39, which is close to the value 0.15 estimated by Lawaetz. B

Using Cy = -0.25 and ED' = 3.3 eV gives, from Eq. (A-2),
|<X|Py|1:;> lz/l‘n >~ 8.3 eV (A-15)
This, with the estimate of Lawaetz

B’ = 2¢s|p |x)]*m ~ 15ev (A-16)

P

gives, from Egs. (A-5)

F = -2.3
(A-17)
|G| = 2.4
Then Eqgs. (A-9) give
N, = -0.1
(A-18)
IN,| = [Ng| =~ 0.09
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For the case of Hgl_xCdee. Lawaetz10 estimates, for HgTe and CdTe,

A=1eV, A= 0.6 eV, and ED'=‘ 5.8 eV. He also estimates BK =~ -0.5 and

Cx ~=-1.2, with AK*DK*O, and q=0.06, Ep =~ 14 eV. These give
i SR Py
|G| = 1.4
(A-19)
N1 >~ =-0.4
INy | = [Ng| =~ 0.03

These results for Nl' N2 and NS’ as well as for q, are even smaller in
comparison to the other parameters, than is the case for InSb. These

estimates are further decreased if we used the recently calculated results

A*~0.13, Ej~6ev for CdTe or & ~0.26, Ef>5eV for HgTe. !
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APPENDIX B. DERIVATIVES OF TRANSITION ENERGIES

The system of equations (V-3) for the corrections Gaj to the set of
parameters (ﬁ involves the derivatives JdE(H)/ Baj of the transition energies
E(H) with respect to each parameter. Each transition energy is given by
E(H) = EC(H) " EV(H), where EC(H) and EV(H) are the conduction and valence
band energies in the quasi Ge model Egs. (II-10). These energies are solutions

of the determinental equation

El C D E
C E2 L3 F
=0 (B-1)
D L3 E3 G
E F G E4
where, for a-set energiesand n=1,
El = Eg + 28H[(2n+1)F + Nl + n+ 1] - E(H)
E, = - BH[@2n-1)(y, +Y") + 3K] + q, - E(H)
(B-2)
Eg = - BH[@n+3)(v, - Y') - k] +qg - E(H)
E4 x4 -{:'3H[(2n+3)\(1 - 2Kk - 1]~ E(H)

where q; and qg are defined in Eqs. (III-3), and
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C=,n HEp Ly =28 H/3n(n+ Dy~
D= - ,f(n+1)BHEp/3 F=-2BH.,/6n(n+D) Y~ (B-3)

esl
11}

J2Zm+1)BHE_ » G = J/2BH[(2n+3)y "- K- 1]

For the b-set energies, and n=> 1,

E) = E, + 28H[@n+DF -N, + n] - E(H)

1
E, = - BH[2n-1)(;-Y") + K] -qq - E(H)
(B-4)
Eg = - BH[@n+3)(y; +¥") - 3K] - q; - E(H)
E, = - A- BH[(20-1)y; + 2K + 1] - E(H)
and
C = V/nBHE | Ly = 28HBn(@+I) Y~
D = - /@+DBHE F = - /2BH[(20-1)Y +k+1)  (B-5)
E = /208HE G = 28HJ/6n(n+1) v~

Equation (B-1) is

2 2 _ g EF-E,E,G?

= EoE.E 189

2
E.E,E.E, - E,E,C" - E,E,D 2E3 183

I 27374 374 274

-E,E,L2

1E43 1 (B-6)

+ 2E ]E'GL3 o 2E2DEG + ZESCEF + 2E4CDL

w

22 2.2 2

- 2CDFG - 2DEFL, - 2CEGL3+CG + D"F” + E"L

w N
]
o

3
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Taking the derivative of this equation with respect to each parameter aj , We

obtain the following expression for the derivatives 3E(H)/ aaj :

where

and

with

4
3E
0 a%jﬂ= E £(E) -6a—ji+f(C)g—.§T+f(D)%-%+...
=1

J

& 5 -2 2 2
= ~E,(E3E,-G") + EgF” + Ly(E L - 2FG)

2 2 i
= -E,(E4E,~G") + E4E” + D(E,D - 2EG)

2

HE,) = -E(E,E,-C?) + E,E? + F(E,F - 2CE)

2

_ . 2 _
HE,) = -Eq(E,E, ch + E,L3 + D(E,D - 2CLy)

£C) = 2 [C(E3E4-Gz) - E(EF-GLj) - D(E,L;-FG)]
£(D) = 2[D(E2E4-F2) - E(E,G-FLj) - C(E,L; -FG)]
£(E) = 2[E(E2E3-L§) - D(E,G-FLy) - C(E3F-GLy)]

£(F)

2[F(E1E3-D2) - G(E,Ly-CD) - E(E,C-DLy)]

£(G)

2[G(E1E2-C2) - F(E,L;-CD) - E(E,D-CLy)]

H(L) =2[Ly(E E,-E? - F(E,G-DE) - C(E,D-EG)]

(B-7)

(B-8)

(B-9)
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R - e 2
p = (E1+E2)(E3E4 GY) (E3+E4)(E1E2 Cy+ (E1+E3)F

+ (Ey+E 4)1)2 + Ly[(E,+E )Ly - 2(CD+FG)] (B-10)
+ E[(E,+E,)E - 2(CF+DG)]

Taking the appropriate derivatives aEI/aaj , etc. from Egs. (B-2,3)
or (B-3,4), and using Eqs. (B-7) through (B-10), gives the equations used
to calculate the derivatives 3E(H)/ aaj in the subroutine DECAL which is in
the listings of computer programs in Appendix C. The derivatives for the
special cases n = -1 and 0 are computed, along with these energies, in the

soubroutine HCTEDR, which calls DECAL for n= 1.
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APPENDIX C. COMPUTER PROGRAMS

This Appendix includes listings of the computer programs used in this
investigation. These were all used on the TSO time-sharing system. Those
in the first group were used to calculate (GEDIAG) and print (GEPRT) the
energy eigenvalues and eigenvectors in the quasi Ge model for a given set of
parameters and magnetic field values, and also to calculate the energies and
intensities (GEINTEN) of transitions among these levels. The most intense
interband transitions were calculated (HCTTR) and plotted (HCTPLT) on copies
of our magnetoreflection data for Hg 1_K(deTe using the next two programs.
The identified magnetoreflection peaks were stored (DATACR) in disc datasets,
which could be edited using the TSO command EDIT. The data points were
fit to the calculated transition energies using variations of the next two pro-
grams, which call the subroutine HCTEDR which computes the transitions
energies and their derivatives with respect to all the parameters (see App. B).
The program HCTMIN was used to attempt to fit all of the parameters
simultaneously, and HCTMBC reduces the fit to 5 parameters or less by

expressing the valence band parameters Yl i Ny YS and K in terms of the

2

Kane parameters B, and Cy [Egs. (A-5)].

K
Each program which requires input from the terminal uses a standard
set of conventions. The LABL input provides an opportunity to label the out-
put with the date, for example, and setting the first character to "s" is the
"stop'" signal. The other input uses the TSO READ* or free-format input:
values are delimited by commas, successive commas are used to skip (leave

unchanged) a variable, and a "/" terminates the input. In our programs the

sample orientation is assumed to be [111] unless cos 6 is reset on input.



NAT3IDIAOANONNIOOON 30

SMBRNMTINF GENTAS(H,NMTN,NMAX,®s,DRL,RP,%,G1,6P,GPP,KAP,01,05,TV, 00000010
FN,U) 00000020

00000030

NTAGONALTZFS 8% GFRMANIUM K.P MATRIY IUSING ROUTINF EIGRS 00000040
IN *SYSE,IMSLIB.LOAD! 00000050
00000060

DARAMETRPS: H(EILOGAUSS) MAGNETIC FIELD 00000070
NMIN,NMAX (TNTEGFPS) RANGE OF N-VALUES TO BE USED 00000080

RG,DEL(FV) ENERGY GAP AND S-0 SPLITTING 00000090
®,%1,G6P,GPP,K2P,01,058 CONDUCTTON AND VALENCF BAND 00000100

HIGHFR-RAND PARAMETERS 00000110

TY = 0 FOP NN FTIGENVRCTORS, 1 FOR VECTORS 00000120

00000130

FFT™IRNS: EN(T,I) ENFRGIES(FV) R*LMAY MATRTIY 00000140
me{I,I 1Y FIGENVECTOR POR FN(T,Ll) U*R%kTMAY MATRIY 00000150

LMAY = NMAY - NMTN + 1 00000160

00000170

00000180

SMRRONTTN® GFNIAG(H,NMTN,NMAX,PG,DFL,¥*P,?,G61,6P,GPP,K,01,05,TV,EN,00000190
1M 00000200
IMPLICTI™ RFAL*8 (A-Z) 00000210
TNTEGFR NMIN,NMAY, TV, LMAYX,L,I,J,TIFR,TT,JJ 00000220
DIMENSTION PN(R,18),0(4,8,18) ,A(10),B(10),D(4) ,7Z (4,4),WK (1) 00000230
NATY RT2/1.4142135/2D0/ 00000240
DATA RT3/7,7320508N8D0O/ 00000250
NATA RTA/2,449U489743Nn0/ 00000260
LMAY=NMAX-NMIN+1 00000270
5=1, 157675 78N-5%H 00000280
§2=5/2Nn0 00000290
M2A=DNSORT (S*FDP) 00000300
MUA=M21 /RTH 00000310
MT7A=M2R /RT3 00000320
M2A=M2A /RT2 00000330
G1S=G1%*S 00000340
GPS=GP*S 00000350

GPL=G1S+GP< 00000360

44!



GMT=G1S=-3D¢ 00000370

KS=g%Q 000002380
01S=01%g 00000390
05S=05%*S 00000400
M1=(FP+5D-1) *3 oo000410
MIN=M1%2DN 00000420
M1I=M1+2G5+92 00000430
MAIA=5D-1%GPL-1,5DN%kKS+01S 0ono0LL0
MIR=5N=-1*GMT~-5N=-1%KS-05S 00000450
MEA=6N=1%KS=1 ,5DN*GMT+0KS 00000460
MFR=1,SD0*KS~-1,5D0*GPL-01S 00000170
M102=52-1,5D0*G1S+KS-DFL 00000480
M193=5D-1*315-S2-KS-DEL nonnougo
MS=-RT3I*GDD%S 00000500
MAN=RT2*GPS 00000510
MGA= (RS+S-3DN*GPS) /R™? 00000520
MAR= (GPS-RS-S) /RT2 00000530
1=1 00000540
N=NMTN 0eno00ss0
IF(NMTIN.G®”_,0) GO TO 19 00000560
R(1)=MAA+GMT 00000570
A (2)=-MOA-MON 00000580
B () =M10A+:1S 00000590
CALL PIG®S(A,2,IV,D,Z,U4,WFK,TER) 00000600
FN(1,1)=NDN 00000610
FN (2,7 =0D0O 00000620
FN(2,1Y=D(2) 00000630
FN(4,1)=D(1) 00000640
TN (5,7 =0D0 00000650
FN (6,1)=0DN 00000660
EN(7,1) =MABR+GPL 00000670
FN(R,1)=0DN 00000680
TF(IV.FQ.") GO TO 2?0 00000690
po 10 J=1,4 00000700
Do 10 T=1,R 00000710

neI,r,1)y=000 00000720

541



"n

19

"(3,3,NM=7(1,7)

"4, 3,Y=7(2,7)
ne3,8,1=72(1,1
nmeu,4,M1=72¢(2,1
n(3l7'1‘=1n0
TF(NMAY.%0.=-1) RFTIRN
I=1L+1

N=N+1D0

"o 110 1I=L,LMrAY
RTN1=DNSORT (N+*1NN)
A(1)=MINXN+MT
R{1Y=A(1) -5

A (Uy=—-MUpXPTN1

R (4)y=-M2A%DPTN1
RA(6)=MAA-NXGMT

R (R)=MAB=-N*GDPT
B(7)=MTA%*"PTN1

A (Q)y=—MOR+MOANXN
A{10Y=M1N2~-G1S*N
TF(N.NE,O0DN) GO ™0 A0
R(2)=A (W)

A (3)=A(h)

B(UYy=A(T)

R (5) =A(9)

A (RY=A(10)

CALL FIGPS(A,3,IV,D,Z,U4,WK, IFRFR)
FN(1,1)=D(3)
FN(2,1)=0DD
FN(3,LY=D(?)
FN(L,Ly=D(T)
IF(IV.E0.N) 0 TO 40
m1,1,LYy=2(1,
n(2,1,L)y=0D0
n(3f1!L‘ =7 (2,?‘
m(s,1,Ly=7(3,3)
m(1,2,L)=0D0

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000840
00000850
00000860
00000870
00000880
00000890
00000900
00000910
00000920
nno0093o0
00000940
00000950
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080

91



50

50

n{2,2,L1=nD0
n(3,2,L)y="D0
m(4,2,L)=nD0
m(1,3,y=7(1,2)
n(2,3,Ly=000
n‘—*'g'!._} =7 f2'2‘
", 3,1)=7 (3,2
n(1,4,7)=7(1,1)
m(2,4,L) =0DO
m(3,4,Ly=72(2,")
n,s,1)y=2(3,"
R(2) =R (4)

CAL] RTGRS(B,2,TV,D,Z,4,WK,TFER)

PN(S,L)=D(2)

FN (A,1)=0DN
PN(7,1)=D(N
FN(8,1)Y=0DN
TF(IV.RQ0.M GO0 7o 110
no s8N J:“'u

DO 50 T=5,8
m(J,I,Ly=ND0
m(1,5,L)=2(1,2)
n(3,5,LY=21(2,?)
n¢1,7.Ly=2(1,1)
meR,7,Ly=21(2,1)
GO ™0 110
TTN=NSORT (N)

A (2Y=RTN*M22
B(2) =RTNXMU}

A (2Y=M3IA-N*GPT
R()=M3IB-N*GMT
2 (5) ==RTN:XRTN1T*ME
B (5)=A(5)
R{7Y=RTN*XMTA

A (R)y==RT2%RA (%)

00001090
00001100
00001110
00001120
00001130
00001140
00001150
00001160
00001170
00001180
00001190
00001200
00001210
00001220
00001230
00001240
00001250
00001260
00001270
00001280
00001290
00001300
00001310
00001320
00001330
00001340
00001350
00001360
00001370
00001380
00001330
00001400
00001410
00001420
00001430
00001440

44!



71
80

an
109
119

120
130

10
150

Q000N

R (8) =MBR-N%MQN
R (9)y=-1 (R)
R(10)=M1NR-N*G15
CALL ®TG®5(A,L,IV,D,Z,4,WK, TFR)
PO 80 T=1,4
II=5-T
TN(TT,LY=D(T)
IP(IV.®0.N) GO TO 80
PO 70 3=1.,0
ney,1X,1)=%(J,7)
CONTTNTR
CALL. EIGES{B,4,1,D,2,4,9E _T2R)
no 100 I=1,4
IT=9-T
FN(TT,LY=D(T)
TF(TV.R0.0Y GO TO 100
Do an J=1,4
M3, XT , LY =243,7)
CONTINME
N=N+1D0
TF(IV.FQ.N) TRFTORN
PO 150 1=1,LMAX
nO 150 T=1,4
ITP(I(I,T,L) .GF.O0D0Y GN ™0 130
no 121 g=1,4
m(I,T,Ly=-0((J,I,L)
TP(M(I,TI+4,1).GE.ODO) 50O ™0 150
DO 140 J=1,4
(I, I+8,Ly==-1T(J, T+4,1)
CONTTNUF
RRTRIN
FND
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OO0 n0 0N

10
20

500

600

FILE GEPRT.FCRI

OBTAIHs AND TRANSMITS EAEAMETERS FOR GEDIAG ROUTINE

PRINTS ENFRGY LEVELS AND EIGENVECTORS

USAGE: LCADGO (GFPRT,GEDIAG) FORTLIB LIB(*'SYS5.IMSLIB.LOAD')

IMPLICIT REAL*8(A-Z)

INTEGFR*2 LABL,BLANK/' ',/,STOP/'S'/

INTEGER LINEF,NMIN,NMAX,LMAX ,IH,IMAX,I,L,N,Jd

DIMENSION HI(ZO),LABL(100),EN(8,1B),U(u,8,18)

DATA HI/ZD1,UD1.6E1,8E1,1DZ,12D1,1HD1,1601/

DATA NHIN,NHAX/-?,H/,IHAX/B/,C111/.577350269200/

DATA G1,G2,G3,K,F,0/0DC,0D0,0D0,0D0,0D0,0D0/

pc 20 1=1,100

LABL (I) =BLANE

CcC=C111

PEINT 500

FORMAT(//' ENTER LABEL/EGM,EF,DEL,G1,G2,G3,K,F,Q/",
'COSINE, NMIN, NMAX,FIELD IMAX,VALUES/'/)

READ 600,LABL

FORMAT (1004 1)

IF(LABL(1) .FQO.STOP) CALL EXIT

RFAD *,EGM,FP,DEL,G1,G2,G3,K,F,Q

RFAD *,C,NMIN, NMAX,IMAX,HI

FG=EGM*1D-3

G3L=EP/3DN/EG

G1L=G1+G3L

G3L=G3L/20D0

G2L=G2+G3L

KAPL=K+G3L

G3L=G3+G3L

GPP= (3D0*C*C-1LC0) /2D0

GPP=(G2-G3) *GPP*GPP

GP=G3+GPP
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510

539

1

540

un

550

£ 209 =

GPP=G?2/3DN+C3/1,5DN+GDPDP/ANN
05=(1NN=-1, ENO*C*kC) * , TINOXC*C
01=(Q5=-3D") *0
05=(IDO*0S+1,25D0) *0
TMAY=NMAX-NMTN+1

PRINT 510

FORMAT(///)

PETNT 520,LRARL

PORMAT (//1%X, 1000 1)
":'QM:F‘,!‘:*“D?

DELM=DRT*1D3

PRTNT 5130,%GM,DELM,EP,F,0,51L,62L,73%,KAPL,G1,62,53,%,GP,GPP

FORMAT (///// /" ®»G=',P8.2,' MEV, DFL=',F8.2,' MEV, EP=',F8,2,
v PY, P=',Ff,2,', O=',F6.2///%' G11=',P7.,3,', G2L=',F7.3,
Y. G3L=T,¥T.3,Y, FKAPL=Y_F7.3/L//" G1=*,F7.3,°', G2=',P7.3,
', A3=',P7.3,', RAP=',F1.2///! Gp=*,F7.3,', GPP=',F7.3,
W (/)

TH=1

H=HT (TH)

PRINT 520, LARL

TINF=3

CALL GEDIAG(H, NMIN,NMAX, EG,DFL,®?,P,G1,GP,GPP,K,01,05,1,EN, ™M)
PRTNT 540,H

FORMAT (///50%, "H=' PR,2,' KILOGANSS'///' N',8X,'EA(MEV)?*,

1 7Y, 18 ,8Y,13/2¢ 6X,'=-1/27,7X,'S-0",10X, ' RR (MFV) ', 7X,

2

1

'3 ,8Y,v1/2Y,6Y,'=3/2",7X,'5-0")

IINF=LINF+7

DO 40 L=1,TMAY

DO 40 1=1,R

FN(T,TL)=EN(I,L)*1D3

N=NMIN

no 5N L=1,TMAX

TF(LINE.GE.52) CALL NPRGE(LINEF,LABL,H)

PRINT 550,N, (FN(T,L),{(7(J,I,L),J=1,4),BN(I+4,1),
(U(J3,T+84,1),d=1,4) ,I=1,4)

FORMAT(//T3,F1Ff, U4,4P10,5,P16,4,4F10,5,
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&0
70

19
20

2n

uA

NAANNTO0N0N

1 2(/3Y,F16,U,UF1N, 5, F16,4,U4F10,5))
N=N+1
TINE=LTNFR+FR
CONTINTE
LINF=(TTNFR/EF) *RA-LINR+F6H
no A0 1L=1,LTNF
PRINT 70
FORMAT ()
IP(TH,.FO.TMAY) GO ™0 0
TH=TH+1
GO ™ 2N
END
SMRPOITINE NPAGR(LINE,LART,H)
INTEGR®*2 TARI (10N
P‘F‘l],*a H
TTNE=fA-T.TNF
PO *0 L=1,LINF
PRTNT™ 20
FORMAT ()
PPINT 230,TLART,
FORMAT (//1Y,100R1)
PPINT U0, H

PORMAT (///50X, 'H=1,FR,2,' KILOGAUSS'///"
1 7Y, 1SV ,RY, V20, 6Y, =172 ,TX,'5-0",10X, 'ER (MEV) ', 7X,
? l_q"ﬂ’f"1/2"5"1-?/'2""Y'lS_Oi‘

TLTNF=19)
EFTNRN
FND

N',BX,"FA(MRV) ',
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PTIF GRINT®N,FORT

CRTRAINS AND TPANSMTTS PARRMETERS FOR GEDIAG

o I E e B w I W 0 |

TMPLICTT RFAL*R(A-7)

TNTFGTR%2 LARL (100) ,BLANK/' '/, STOP/'SY/
TNTEGFS TTINF,NMAY,IMAX,IMAY,LM1,7,q,L,

(0 Ci = ) P 1 i

DIMFNSTON HI(8),EN(8,18) ,n(4,R,18) ,E(8,18,8),ET(2,8)

DTMFNSTON AT(2,R),M0(4,R,18,8)
PATR HI/2D1,4D1,6D1,8D1,1D2,12D01,14D1,16D1/
DATA TMAX/R/,NMAX/3/,C111/.57723502692D0/
pAT2 G1,62,G2,X,¥,0/000,0D0,0D0,0D0,0D0,0D0/
19 c=c111
no 20 1=1,100
20 LARL (L) =RLANK
PPINT 500

500  FOPMAT(//' PNTER LABL/®GM,EP,DFL,51,G2,G2,KAP,F,0/',

1 * COSTNF,NMAY,THMAX,F=-VALITES/"/)

PEAD 700, LART

780 FORMAT (1001 1)
TE(LABL (1) . FO.STOP) CALL RYTT
READ *, RGM,FP,DEL,G1,62,G62,K,F,0
PGR=RGMX1N-3
READ *,C,NMAY,TMAX,HI
GPP= (IDO*C*C-1D0Y) /2D0
GPP= (G2-G?) *GPE*GPP
GP=G 3+GPP
GPP=G2/3DN+G3/1.5D0+GPP/ADN
05=(1D0=-1.5D0*C%C) *,T5DO*C*C
01=(05-3DN) *0
N5=(3D0*05+1,25D0) *0

ROUTINE

PRTNTS INTFRRAND ENBRGTFS AND INTFNSITIES POR GE MODEL

MTSAGF: LOADRO (GFINTEN,GENTAG) PORTLIB LIB('SYS5.IMSLIB.LOAD')
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750

30

530

890

un

sS40
550
710

TMAX=NMAY+?

PRINT 750,LARIL
FORMA™ (//1Y,1000A 1)
DO 20 I=1,TMAY
H=HAT (T)

CALL G®DTAG (4,-1,NMAY,RG,DFL,EP,F,G1,GP,GPP,K,01,05,1,EN,T)

no 30 LL=1,8

PO 20 L=1,TMAY
F(LL,T,TY=(FN(LL,L)) *1D3
no 20 J=1,4

B0 (J,LL, L, Iy=0(J,LL,1)
PRINT 530, (HT(T),I=1,TMAX)

FORMAT (/30Y, *TPANSITION FNERGIFES (MPV) /ZINTENSITIES' /16X,8F1C.1

1)
TTNFP=15
PPINT 590

TORMAT (' T, +:")

LINF=LINT+1

LM1=LMAX-1

D0 50 LI=1,L1LM"

I=1T7+1

nO 40 T=1,TIMAX
RT(1,T)=(HWA(2,LL,1,L,00,T)) **2
AT(?,T)=(H¥B(7,LL,5,L,00,T)) **?
PT(1,TY=B(1,L,T)~-E(3,LL,I)
PT(2,7y=%(5,L,1)-E(7,LL,T)

11=11L-1

IP(LINFE.GF.S8) CALL NPAGE(TINE,LABIL,TMAY,HI)
PRINT 540,1L1,L1, (ET(1,T) ,I=1,IMAY)

PRINT 710, (AT™(1,I) ,I=1,TMAYX)

PRINT 550,L1,L1,(ET(2,I),7T=1,TMAY)

PRINT 710, (AT(2,1),I=1,TIMAYX)

PORMAT (5¥,¢ A4%,T1,' - AC*',T1,3X,RF10.4)
PORMAT™ (5%, * R+!,T1,' - RC',I1,2X,8F10,4)
FORMAT (17X,8F10,4)

LINE=TINE+U
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5N

00

r0

&N
=70

70

A10

R0

CONTINMF

TP(LINF.G7,50) CALL NPAG®(LINF,LRARL,TMRX,HI)
PRINT A00

PORMAT (' T-2%)

TINF=LINE+1

DO 77 LL=7,1.M1

T=LL+1

DO 0 I=1,TMAX

AT Ty =(HWA (2,1LL,1,L,011,T) ) ®%2

BT (2, I)=(HWR(6,11,5,1,71N, 1)) *%2

PRIV, D)= (1,1, 1)~ (2,1LL,T)
PT(2,IY=®(5,L,TY-R(6,LL,T)

11=LL-1

IP(LINF.5".54) CRLL NPAGE(LINE,LABL,TIMAYX,HI)
PRTNT 560,L1,7T1,(*T(1,1),I=1,THAY)

PRINT 710, (AT (1,T),T=1,IMRY)

PRTNT S570,11,T9, (F7(2,I) ,I=1,THAY)

PRINT 710, (A7 (2,7),I=1,IMAY)

FORMA™ (5X,* R=-',T1,' - AC',T1,3X,R8F10.1)
FORMAT™(SY,' B-¢_T1,' - RC',T1,2¥X,RFP10.4)
ITNRP=LTNT+U

CONTINNFE

TF(LINP.GF,.54) CALL NPAGF(LINE,LABL,TMAX,HT)
PRPTNT A1N

FORMAT (' R-21)

ITINF=LINF+1

nOo 90 LL=3,LMAX

I1=1LT7=-1

DO RO T=1,TMAY

P™(1,IY=(HWA (',L,2,LL,TT,T)) *%2

AP (2,TY=(HWR(S,L,6,LL, "IN ,T)) *%2

Pl =R, L, D =R (2,15, 1)
FT(2,7)=2(5,1,7V-F(6,LT,T

11=L=2

$11=1

ITP(LINE.G¥,54) CALL NPAGE(LINE,LRARL,TMAX,HT)
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AN

190

119

120
580

POTNT SA0,LL1,T1, (FT(1,T),T=1,TMAX)
PRINT 710, (AT(1,T),I=1,THAY)

PPINT 570,117,717, (PT(2,1),T=1,THAY)
PRTINT 710, (A7 (2,T),T=1,TMAY)
TINP=LINP+4

CONTTNN®

TF(LINE,G®,58) CALL NPAGR(LINF,LABL,IMAY,HT)
DITNT 420

TORMAT (' Dast)

TTNE=LINF+1

PO 110 LL=3,TLMAX

1=L1-1

PO 100 T=1,TM2aY

AT (1,T)=(9%2 (1,1,3,LL, U, T)) **2

AT (2,T)=(9¥P(5,L,7,LL, 00 ,T)) %%
®T(1,7T)=F(1,1,T)-F(3,LL,T)

™ (2,IV="(5,1,I)-F(7,LL,T)

L1=1-2

111=1

TP(LINE.GE.54) CALL NPAGE(LINE,LARL,TMAX,HI)
PRINT 540,LL1,11, (ET(1,I),T=1,TMAY)
PRINT 710, (A7 (1,T),I=1,IMAX)

PRTN™ 550,LL1,L1, (FT(2,T),T=1,TMAY)
PRINT 710, (AT(2,T),I=1,IMAX)
LINP=T.INF+U4

CONTINTE

LINF=(LTNP /RE) *RA-TINF+6AH

PO 120 L=1,LTNF

PRINT 580

FORMAT ()

GO ™0 10

FND

SURRONTINF NPAGE(ITNE,L2RBL,IMAY,HT)
REAL*8 HI (IMAY)

TNTRPGPR*2 TABL (100)

IINR= (LINF/6R) *h6-LINF+66
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n

40

1000000 NnN

DO 10 T=1,LTINF
PRTNT 20

FORMAT ()

PEINT 30,11RL

FORMAT (1X, 1001 1)

PRINT 40, (HI(T),T=1, IMAX)

FORMAT (///30X, 'TPANSITION ENFRGIES (MRV) /JINTENSTTIPS! /16X,8F10. 1
el |

PRINT 20

LINE=7

RETIRN

END

FONCTION HWZ(T,L,J,M,7,TH)

TMPLICTT RPAL*R(A-H,0-7)

DATR RT2/1.418213562D0/,%T3/1.732050808D0/, RT6/2.449489743D0
DTMPNSTON 17 (4,R,18,8)

AWZ=-("1(1,7,L, TH) * (RT2*1 (2,J,M, TR) =11 (4,J, M, IH)) +0(1,J,M, IH) *
1 (RT2%17(3,T,L,IH)+0(4,T,L,IH))) /RT3

RETORN

FNT®Y HWA(I,L,J,M,7,IH)

HuA= (7 (1,3,M,TH) *(-0(3,T,L, TH) +3T2%0 (L, T,L,IH)) +RT3*0(2,J,H, TH)
1 *n(1,T,L,IH)) /RT6

PFTNRN

FNTRY HWR(T,L,J,M,0,TIH)
AWB=(m(1,7,L,TH) *(17(2,J,M,TH) +RT2*0(8,3,M,TH) ) -RT3*1(1,J, 4, TH
1 *1(2,7,L,TH)) /RTE

PFTIRN

FND
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SURPONTINFS HCINTT(PG,DFL,®P,F,G1,

5P,GPP,KAP,01,05,N1,FPS)

RCTTR (H, TP,IT,ET)

DTAGONALT7PS RA%R GPRMANTIM F,P MATRTX MSING STRROOUTINES DMHS AND
DMFS® TN STMATH, FINDS INTERBAND TPANSTTION ENERGY

PAPAMETRRS: H(KILOGAUSS)
IP (INTEGFR)

MAGNETIC FIELD

1 PO® ICP, ? FOR RCP

TT (TNTEG®P®) T™RANSITTION NUMBER

¥3,DFL (RV) PNF®GY GAP AND S-0 SPLITTING

»,G1,GP,GPP,KAPM,01,05,N1 CONDNCTION AND VALENCE
BRAND HIGHFR-RAND DARAMRTRRS

FPS  ACCHRACY OF PIGENVALUES

RETMRNS: FT TRANSITION ENPRGY (FV)

SNRRONTTINR HCINIT™(®G,DFL,FP,?,G1,GP,GPP,K,01,05,N1,EPS)

TMPLICIT RFRAL*R (A-7)

TNTEGFR Y,,I,IFR,TP,IT,LC,LCP(20,2),LH,LHP(20,2),IC,ICP(20,2),TH,
1 I89P(20,2) ,L1,12,IL,TFR

NTMENSTON E(?!.A(1”\,B(10\,D(B},CD(R),R(1),AUX{8)

DATA RT2/1.414213562D0/
DATA 1ICP/1,%5,1,5,5,9,9

,9,5,9,9,9,5,9,9,9,°

i 1‘!—'1 1 S 1lq'g'1'q'q‘°'1'qlq’901fq'ql’9/

NATR IHD/? 7620607026202, 752,2,257,202624T4202,2,

Y AR B N B D B R BB 0 B

PATA LCP/2.2.4.4.3.5.6,7,4,8,9,10,5,11,12,13,6,14,15,16,
1.3,5,3,2.3 u,u,q,:,s,v,a,u,9,1n,11,5,12.13,1u/

nnma LAD/1.1.3,3.2.4.5.6,3,7,8,9,4,10,11,12,5,13,14,15,
1 1,3,8,3,8,%,5,6,8,7,8,9,5,10,11,%2,6,13,18,15/
FHIN——HFT

PETURN

FNTPY HC™ R (H,TP,IT,ET)
§=1,15767578D-5*H
S2=5/2D0
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IC=ICPITT1IP)
IH=IHP(IT,TP)
1.C=TCP(IT,TP)
TH=LHD (TT, TP)
IF(LH.GT.LC) GO TO 19
L1=1H
12=1C
50 TO 20
™m0 L?2=1IH
11=1C
20 ITF(IC.FQ.5Y GO TO 110
¥I.=1
Do 100 1=L1,12
N=1-7
ITF(N.GR,0DN) GO TO 30
C A-SET N=-1
A(1)=(K-G146GDP) *S2+405%S
A (2) = (GP=R=1DN) *S/RT?
B () =K*S+ (1ND0-G1) *S2-DFL
CALY DMHS(A,2,D,CD,IER)
CR1L DMES®?(D,CD,2,2,2,FPS,R, ATY,IFRR)
F(IL)Y=-R(N
G0 TO 100
3n TP(N,GT,0DN) GO TO 50
C A-SET™ N=0
P{(NY=(1DO+F+N1) *S+¥FG
R (2)=-NSOR™(EP*S/6D0)
A (3) = (K-3D0* (G1-GP) ) ¥S2+405%S
A (4)=-A(2) *RT2
A(5)=(GP*3N0O-K-1D0) *S/RT2
A (H)=K*S+ (1DO-3D0*G 1) *S2-NFL
CALT DMHS(A,3,D,CD, IER)
TF(L.EQ.LC) GO TO u0
CcALL DMES®(D,cD,2,2,2,FPS,R,AUX,TER)
FP(TL)=-R(1)
GO ™0 100
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an

CRLI DMESDP(D,CD,2,3,?,RPS,P ANIX,TRR)
F(IL)=R (1)
GO TO 100

C B-SET N>0

50

70

an

100
110

NP1=N+1D0

N3=N+1.5D0
RB(N)=(PE(2NOXN+1DN0) +N1+NE1) *S+FG

R (?2)=DSOR™ IN*S?2%FP)
A(2)==-(1.5N0%K+ (G14+GP) *(N-.5D0) -0 1) *§
A(4)=-DSORT(NP1XSXFP/ADN)
A(5)=DSORT(3IDNXNXNP1) ¥GPP*S
A(F)=(.5D0%*K~ (G1-GP) *N3I+05) *S
A(7)y=-=1(4) XR™2

A (R) ==14 (5) *RT?
A(9)=(GP*®N2%S- (K+1D0) *52) *3T2

A (10)=(K+,5D0-G1%*N3) *S-DFL

CRTY DMHS (A,4,D,CD,IER)

TF(L.70.1L") G0 ™0 80

IF(IH.F0.3) G0 TO 70

CALL DMESP (D,CNH,4,3,3,EPS,R,AUX,I®R)
F(ILY=-R(N

GO TO 100

CALY. DMPSP(D,CD,4,2,2,FPPS,R,AUYX,TER)
F(TI)==-R (1)

"0 TO 100

CALL DMESP(D,CD,4,4,4,FEDPS, 2 ANY TFR)
P(ILY=R (1)

TL=TL+1

IF(TC.EQ0.1) GO TO 200

IL=1

DO 190 L=L1,12

N=1-2

TF(N.GE.ODD) 0 ™0 120

C B-SET N=-1

F(TL)=- (3DN*K-G1-GP) #S2+01%*S
GO TO 190

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
0nn0o00830
00000RUO
00000850
00000860
00000870
0no0N8R0
0onNnooRrR90
c00nnN900
00000910
00000920
00000930
00000940
00000950
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080
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120

IF(N.GT,.NADM) GO TO 140

C B-SET™ N=0

129

R(1)=(F-N1) *S4+F73

R(2) ==-DSQPT (FP*57)

B (3)=(K-G1-GP) *3D0*S2-01%S

CATL DMHS(R,2,D,CD,TFR)

TP(L.¥0.1C) GO TO 130

CALT DM®S®(D,CD,2,1,1,FPS,R,AUX, IER)
E(TLY=-R (1)

o0 ™ 190

CALL DMPFSP(D,CD,2,2,2,FPS,R,ADY,IE®)
FITILYy=R (1)

GO TO 190

C B=-SET™ N0

149

160
165

NP1=N+1D0

N3=_5D0-N

BN =(F*(2DN*N+1D0) =N1+N) *S+FG;
R(2) =DSORT (N*S*EF/6D0)

R(3) =((G'-GP) *N3I-05) *S-K*3?

P (U4) =-DSORT (NP1%S*FP/2D0D)
R(5)=NSOR™ (3DO*XN*NP1) *GPP*§

B(F)=(1.5DO*K- (G14GP) % (N+1,.5D0)-01) *S

B(7)=B(2)*RT?

B (R) =(N3*GP*S~ (K+1D0) *S?) *RpT?2

R {Q\ =R {5) *0mD
R(10)=(N3I*51-Kk-,5DN) *S-DEL

CALL DMHS(B,4,D,CD,TER)

IP(L.FO.LCY GO TO 170

IF(TH.®0.7) G0 TO 160

CALL DMESP (D,CDH,4,3,3,FPS,R,AUX, IER)
TP(TC.N®.9) B0 TO 165
F(IL)=(F(IL)-R(1))/2D0

G0 TO 190

CALL DMESP(D,CD,4,2,2,FPS,R,A0%,TIER)
F(ILY=-R (1)

G0 TO 19N

00001090
00001100
00001110
00001120
00001130
00001140
00001150
00001160
00001170
00001180
00001190
00001200
00001210
00001220
00001230
00001240
00001250
00001260
00001270
00001280
00001290
00001300
00001310
00001320
00001330
00001340
00001350
00001360
00001370
00001380
00001390
00001400
00001410
00001420
00001430
00001440
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1709

1A%
‘|Qn
200

aAOoNaNOQaONanaaNnanNaaaaoaNaan

CALL DMPSP(D,CD,U4,4,8,8PS,R,ANX,TRR)
IF(TC.N®,9) GO T0 185
R(IT)=(B(TL) +P (1)) /2D0

GO TO 190

F(TILY=R (1)

TL=TL+"

FM=F (1) +F (2)

FFTIRN

FND

00001450
00001460
00001470
00001480
00001490
00001500
00001510
00001520
0N001530
00001540
00001550
00001560
00001570
00001580
00001590
00001600
00001610
00001620
0c001630
00001640
00001650
00001660
00001670
00001680
00001690
00001700
00001710
00001720
00001730
00001740
00001750
00001760
00001770
00001780
00001790
00001800

191



R NeRsNe e R e e

5
11

15

500
1

600

FILE HCTPTT.ROPT

ORTATNS AND TPANSMITS DPARAMETFRS FOR HCTTR ROUTINE

00000010
00000020
00000030
00000040

DRTNTS AND FLO™S TINTERBAND TRANSITION ENERGIES POR HG (1-X)CD(X)TE 00000050

00000060

NSAGF: LOADGO (HCTPLT,HCTTR,HCTEV) FORTLIR LIR(*'SYS5. IMSLIR.LOAD',00000070

'M.Mu006,PU540,. TSP, LOADY)

TMPLTCIT PRAL*R(A-7)
INTEGF® LTYNE, TMAY,IT,T,L,TPLT,NML

TNTRGPR*2 LABY (100) ,BLANK/' '/, STOP/'SY/

DIMENSTON HI(75) ,FT(20,75)

00000080
00000090
00000100
00000110
00000120

NATA TMAX/18/,C111/,5773502692D%/,%0,F1,H0,H1/5D1,27D1,0D0,15D1/ 00000130

DATA G1’G2'GQ' ‘K'?'O/?_ﬁ'-.a'.ﬁ'—‘Y -2'-.7'000/

DAT2 D®L/1DO/,FPS/1D-5/,N1/0D0/
no 5 1=1,75

HT(I)=T%*2D0

c=c111

DO 15 L=1,100

LARL (L) =RLANK

PPTNT S00

FOPMAT(//' ENTE®R LABL/FGM,EP,DEL,G1,G62,G3,KAP,F,0,N1/°',

*COSTNF,T™MAX,F0,R1,HO0,H1,EPS/" /)
READ AN0,LABL
PORMAT (10NA 1)
TF(LARL (1) . FO.STOP) CALL FXIT
RFAD *,EGM,EP,DEL,G1,62,G63,K,F,0,N1
FG=RGM*1D-2
RPEAD *,C,TMAX,%0,®1,H0,H1,¥PS
CPP=(INN*C*C-1D0) /2DO
GPP= (G2-G?) *GPEP*GPP
GP=G3+GPP
GPP=G2/3DN+G3/1,5D0+GPP/ADO
05=(1D0-1.5N0*C*C) *,T5DO*C*C
01=(05-3DN) *0
05=(3DN*05+1,25D0) *0

00000140
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000260
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000360

(44}



510

530

590

510
3n

550

un

50

CALL HCTYNTT(FG,DPL,®P,?,G1,GP,GPP,K,01,05,N1,FPS)

PRINT 510, IRRT
PORMAT(//1X,100A1)
PRINT 530, (HI(T),I=20,70,10)

FORMAT (/20Y,*TRANSTTION ENRRGIFS(MRV) */3X,6F10,1

' EKILOGADSS?)

LINF=15

PRINT 59N

FORMAT ("

Tiz 1Yy

LINF=ITNF+1
DO . 30 ¥7T=1,THMAX

no 20 T=1,7%

CALY HCTT® (HI(I),?,IT,F)

FT(IT,I)=

Fx1n3

TF(LINF.G®.57) CALL NPAGE(LINF,LABL,HT)
DRINT SHO,TYT, (¥P"{IT7,Y),T=20,70,10)
ILTNE=LTNF+1

FOPMAT(3X,T12,6F10.4)

CONTINTR

CALY. ETPLOT(ET,RO0,®1,HD,HT)
IF(LINR.GF.52) CALT NPAGE(LINF,LABRL,HT)

PRTNT 550

FORMAT (*

Rs V)

LINF=LTNF+U

DO 50 TT=1,THMAX

nO 40 T=1,75

CALL HCTTO (HI(T),2,IT,TF)

PT(IT,TY=F*1Dn2

IF(LINE.G®.57) CALL NPAGE(LINE,LRABL,HT)
PRINT 5u40,IT, (FT(IT,TI),T=20,70,10)
TINE=LINF+"

CONTINDE

CALL ETPLO™(E™,E0,®1,H0,HT)
LINE=LTINFE+3

LINP=66-LTNF

DO 210 L=1,LINF

00000370
00000380
00000390
00000400
00000410
000004820
00000430
00000u40O
00000450
00000460
00000470
00000480
00000490
00000500
00000510
00000520
00000530
00000540
00000550
00000560
00000570
00000580
00000590
00000600
00000610
00000620
00000630
00000640
00000650
00000660
00000670
00000680
00000690
00000700
00000719
00000720

£91



210
5R)

910
589

920

530

10

20

1

PRINT™ SAN

FORMAT ()

GO To 10

FND

SUBRONMTINR® NPAGE(LINE,IABL,HT)
TNTRGFR*2 LART (100)

RFAL%*8 HI(7%)

ITNF=R6-LTNF

PO 910 L=1,1INF

PRINT 58R0

FORMAT ()

PRINT 920,1ARL
FORMAT (1X, 1002 1)

PRTNT 530, (ART(T),I=20,70,10)

FORMAT (/20X, "TPANSITTYON ENPRGTFS(MFV) ' /3X,6F10.1

,' KILOGAOSS')
PRINT 580
LINF=S
PETURN
FND
SOBROUTINR PTPLOT(PT,E0, F1,HO,H1)
REAL*R BT,®0,F1,H0,H1
DIMENSTON E™(20,75) ,HI("5),FP(75)
no 5 1=1,75
HT (T)=T%*2.
FNS=E0
F1S=E1
FOS=HN
H1S=H1
NMAY=0
PEAD *,NMAY
TF(NMAY.GT.0) GO ™0 20
PRINT 10
FORMAT ()
RPTURN
CALL SPEED(30)

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000840
00000850
00000860
00000870
00000880
00000890
00000900
00000910
00000920
00000930
00000940
00000°50
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080
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Do 89 t=1,75 00001090

50 FP(I)=ENS 00001100
caty TSPLP(75,HI,FP,0.,10.,0.,10,.,H0S,H1S,ENS,E19) 00001110

nO 40 N=1,NmMAY 00001120

Do 30 1=1,75 00001130
TP(ET(N,T).L®.R1) GO ™0 30 00001140

I=1-1 00001150

0 TO u4n 00001160

21 FP(T)=E™(N,T) 00001170
4n CALT. TSPLP(I,WI,FP,0.,1",.,0.,10.,H0S5,H15,R0S,F15) 00001180
CALL TTY 00001190
PND 00001200
00001210

00001220

00001230

00001240

00001250

00001260

00001270

00001280

00001290

00001300

00001310

00001320

00001330

00001340

00001350

00001360

00001370

00001380

00001390

00001400

00001810

00001420

00001430

00001440
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C PILE: DATACR,POP™ gooooc10

e 00000020
DIMFNSION TT™S(2,14,20) 00000030
NATA HT/RANXN, / 00000040
PRINT £00 00000050
600 PORMAT (//" ENTER IPOL,TT,H, R, ITV1/Y) 00000060
10 CONTTNNE 0Cc000070
PFAD *,TP,IT, H,R,IT1 00000080
TF(TT.LE.N) GO T0O 190 00000090
TR{IT.6T.20) Go Tn 10 00000100
TR(TP,TR,N) GO ™0 4N 00000110
I?(Ie, 7.7 60 16 10 00000120
WRYT®P (2,5%00) TP,IT,IT1,H,R 00000130
PN 20 ID=1,14 00000140
IF(RT{IP,IN,T™ .20.0,) RO TO 3N 00000150
20 CONTINTR 00000160
GO0 TO 10 00000170
3n R {TP,IN,T™ =H 00000180
FPT(I1P,TDN,TM™)=F 00000190
TIPS (IP,ID,TT)y=TT 00000200
co TO 10 00000210
4n PO 6N 1IP=1,2 00000220
nOo 60 IT=1,20 00000230
PO 50 ID=1,14 00000240
TPATIIP,ID, T . %0.0,) 60 70 60 00000250
50 WRYTE(1,5n0y IP,TIT,ITS(IP,IND,IT) ,HT{(IP,ID,IT),ET(IP,ID,IT) 00000260
AN CONTTNIF 00000270
Tp=0 00000280
WRTTRE(1,500) TP 00000290
WeTITE (2,500 TP 00000300
PRINT A1 00000310
510 FORMAT (/' REFMEMBER ™0 DFLFTE BACKTP DATASET') 00000320
CALL FYIT 00000330
500 FORMAT (T1,I12,T72,2F5.1) 00000340
FND 00000350

c 0000N360

991



nOacnNQOoOononNnannaan

TO OSE DATACR, TYFE FX DATACR 'FILE' WHICH EXECUTES
THE FOLLOWING CLIST TO CREATE A DATASET FILE.DATA
DATACR.CLIST
PROC 1 NAME
FREEQ ATTR(FB15) FI (FTC1F001) DA (ENAME..DATA)
FREEQ DA (BACKUP.DATR)
CELETE ENAME..DATA
DELETE BACKUP.DATA
ATTRIB FB15 REC(F,F) LRE(15) BLK (2040)

0000C370
00000380
00000390
00000400
00000410
00000420
00000430
00000440
00000450

ALLOC FI(FTC1F001) DA(ENAME..DATA) US(FB15) BLO (2040) SP(6,6) 00000460
ALLOC FI(FTO2F001) DA(BACKUP.DATA) US(FB15) BLO(2040) SE(6,6)00000470

LOAL DATACR FORTLIB
FREE FI (FTO1F001)
FREE FI(FTO02F001)

00000480
00000490
00000500

L9T



(P IANNNANONANNAINA

N

SMRPOIITINFS HCTNTT (BG,DERL,FP,%®,51,GP,GPP,RAP,01,05,N1, FPS)

1

1

1

-

BCTEDR({H,IP,IT,RT,DE)

DTAGONATLIZ®S R*8 GERMANTUM K,P MATRIY NSING SURBRONTINES DMHS AND
DMRS™ IN SLMATH, FINDS INTFPRBAND TRANSITION ENERGY
AND TTS DERIVATTVFS WTTH IFSPECT™ T™0: 1-EG,2-FP,3-G1,4-G2,
5-G?,6-KHP,7-P,Q’0'Q"N1 '1O-DELQ

PRPAMRETRRS: H(KTLOGATSS)

TP (INTEGTR)

MAGNETIC FTELD

1 POR LCP, 2 FOR RCP

TT (INTEGER) TRANSITTON NUMRER

®G,DEL( EV) FNTRGY GAD AND S-0 SPLITTING

®,G61,GP,GPP,KAP,01,05,N1 CONDUCTION AND VALENCE
BAND HIGHFF-BAND PARAMETERS

FDS  ACCHRACY OF FIGENVALOES

DPTNBENS: P™ TRANSTTION ENPRGY (FV)

D®(?,.2s,10) DERIVATIVES OF PT

SMPROMTINF HTINIT(EG,DEFL,EP,F,G1,5P,G6PP,K,01,05,N1,EPS)

TMPLTICTIT RFAL*8 (A-7)

COMMON CQt,C0N5,CGP2,CGP3,CGPP2,CGPP3

TNTRGPR Y ,T,T%R,TP,IT,LC,T.CP(20,2),LH,LHP(20,2),IC,ICP(20,2),1H,
THPL20,2) s 112,12, 70, 18R

DTMRNSTON ®(2) ,A(10),RB(10),D(4),CD(L) ,R(1),AUX(B),DE(10)

DATR RT2/1.0414213562D0/

DATE ICP/1,9,1,5,5:9,9,9

v9,9,5,9,9,9,5,9,9,°

1,5,1,1,5,1,5,9,1,9,9,9,1,9,9,9,1,9,9,9/

nA™A IHP/3,7,2,6,7,2,2,2,7,2,2,2,7,2,2,2,7,2,2,2,
28253585205 2:3:252e25 35 25262y V22 )

DATA LCP/2,72,4,8,2,5,6,7,4,8,9,10,5,11,12,13,6,14,15,16,

12,2,3,2,3,4,4,5,3,6,7,8,4,9,10,11,%,12,13,18/

DATA 1HP/1,1,3,3,2,4,5,6,2,7,8,9,4,10,11,12,5,13,14,15,
?,3,4,2,4,5,5,6,4,7,8,9,5,10,11,12,6,13,14,15/

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100
00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000260
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000360

89T



10

20

DRTIPN

FNTRY HCTEDR{E TB TT . F7,NF)
€=1,157£7R7RAN=-5%Y
g2=5/20nn0

PO S T=1,10

DE(I)=1DC
TC=ICP(IT,TD)

TH=THP (I™, TD)
IC=1CcP(TT,ID)
ILH=LHP(IT, IV
IP(LH.S5T.LZY GO 70 10
T1=1H

12=1C

G0 TO 2N

1.2=1H

11=LC

TP(TC.FD.5) =~ TO 110
T1="

DO 100 T=11,17

N=T-2

IF(N.GE.NDOY 50 TO 30

C A-SE™ N=-1

B (1) = (RK=G14+GD) *52+05%S

2 (2) = (GP=K=-1NN) %S /"7

A () =K*S+(1DN-G1) *S2-DEL

PO 25 TI=1,3

B(TY=2(T)

CALT DMHS(R,?,D,CD,IFR)

CaLL DMRESP(D,CD,2,2,2,EPS,®,ANY,I”R)
F(TLY=-R (1)

PI=P (1) -2 (1)

FU=P (1) -2 ()

PHO=E3+F4

TF(DABS (RHO) .L™. 1D-15) PHN=1D-15
DR(10) =DF (10) +F3/RHO

DF () =DE(2) +5?

00000370
00000380
00000399
00000400
00000410
00000420
00000430
00000u4u0
00000450
00000u60
00000870
00000480
00000490
00000500
00000510
00000520
00000530
oenonsu0
00000550
00000560
00000570
00000580
00000590
00000600
00000610
c0000620
00000630
00000640
00000650
00000660
00000670
00000680
00000690
00000700
00000710
00000720

691



n

P1= (RT2%E%A () +$$2%7U) /RAO
NF (4) =NE (L) =F*

NP (A)=NE (R} +71-5

DE (2)=D® () ~COS*S*FU /THO
GO TO 100

TR(N.GT.ODO) GO TO 50

C A-S®»T N§N=0

35

un

us

A(N)=(TDN+FEN1) %S+701
R(?)==DSQ2T (FP*S /6D0)
R(2)=(R=-2DN%* (R1-GP) ) ¥S240NE%*S

B (Ly==1 (2) %*R™?2

A (S)=(GP*x2IN0=-K-1N0) xS /RT2
A(F)=K*xS+ (1DN=-3IN0*G1) ¥52-DNFL

no 35 I=1,F

B(TY=2(T)

CALT DMHS (R, 2,D,CD,IER)
TF(T.RD.TCYy ~O TO U0

CAYL] DMPSD(D,CD,3,7,2,EPS,R,;ANMY IER)
vC=2 (1)

F(I1L)==-%"C

SGN==-1D0

7O T™O 45

CAILT DM®BSDP(D,CD,3,3,?,EPS,F, ATY,TIER)
FF=D(1)

F(IL)=FC

SGN=1DN

F1=FC-1 (1)

F3=7C=-A (2)

RFU=WC-A (F)

FPI1=FIXRY-] (5) *2 (5)
F2=R1%%3-p (2) *2 (2)
FI=FE1*FU-A (L) *2 (1)
PHO=(F1+4F24F2) 25GN
TF(DARS (RHN) .1.T. 1D-15) RHO=1DN-15
F1=F1/RHO

DE(T)=DE (1) +F"

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000840
00000850
00000860
00000870
00000880
00000890
00000900
00000910
000009290
00000930
00000940
00000950
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080

041



F2=F2/RHO
PE(10)Y=DF(10)-P2

NF(2Y=DR(2) + (2 (2) * {FU*A (2) +2D0%] (4) %A (5)) +A (4) *2 (U) *F3) /FP/RHO

DE(7)=DE(7) +4S*F1

DF (9) =DE(9) +5%F1
F3=F31%32%3IN0 /PHO

F2=F2%5

DR (3)=DE(?) -FI-1.5D0%V2

FA=(R (5) *RY+2 (2) *A (4) ) *S*RT2 /RHO
DF (L) =NF (4) +F+P1%3DD
NDE(E)Y=DEB(R) +¥3 /ADDN-F1+FD

NF (]) =DE (A) +F3I*COS5/1,5DN

GO TO 100

© A=-SET N>0

en

55

NP1=N+1D0D

N3=N+1,5DN
A(TY=(FX(?2ND0OXN+1DD) +N1+NP1) *S+F3
R (2)=DSOR™ (N*SDO%ED)

B () == (1.5D0%K+ (G1+5D) X (N-_,5DN) -01) *8
B(4) ==NSORT (NP1%S*EP /ANN)

R (5)=DSOPT(INNkNXND1) ¥3DD*g

R (F)=(.5D0*K- (G1-GP) *N3+05) *§
A(7)y=-A (U4) xR™2

R (R) ==A (5) *P™2

B (0)=(GP*N3I*S—- (K+1D0) *S2) *PT?2
A(ID)=(K+,5N0-G1*%N3) *S=-NFT,

PO 55 T=1,10

B(I)=A (1)

CALL DMHWS(R,4,n,CD,TIER)

SA=1Dp"

TF(L.PO.LCY GO T0 RO

IF(IH.RD.?) GO TO 7N

CATY. DMPS™(D,CD,4,2,3,PPS,R,201X,TTR)
FC=2 (1)

RP(IL)==-RC

SGN==-1D0

00001090
00001100
00001110
00001120
00001130
00001140
00001150
00001160
00001170
noonN1180
00001190
00001200
00001210
00001220
00001230
00001240
00001250
00001260
00001270
00001280
00001290
00001300
00001310
00001320
00001330
00001340
00001350
00001360
00001370
00001380
00001390
00001400
00001410
00001420
00001430
00001440
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H

an

ak
100
110

TJF(IT,%D,9) SGN==-270

~O TO R/K

CALT DM®=SD(D,rD,4,2,2,EPS, R, ANY,IFR)
RC=R (1)

F(IL)=-%C

SGN=-1DN

70 TO 8%

CALL DM®S®P(D,CD,4,4,L,FPS, P _AlIY,TRR)
¥C=R (1)

P{IV) =FC

SON=1DN

IP(IC.FD.Q) SGN=2DO

CALL DECAL (BC,S5N,SA,A,N,S,EP,DE)
TL=TL+1

IP(IC.®0. ) GO TO 200

TL=1

po 19n 1=11,71.2

N=T-2

TR(N.GE.ODN) GO 70 120

C R-SRT N=-1

120

F(TL)=-(3DN*K-G1-GP) *S2+5%01
DF () =NE(3)+S?
NF(4)y=DE (4) +5?2

DR (AY=DE (A) =IDN*k<?

DF (B)Y =NF (R) +S*CN1

GN TO 190

IT(N.GT . NDMY GO TO 14N

~ R-S®M N=N

125

R(1)=(P=-N1) *S+FG

R (2) =-DSORT (RP*S2)

R(3)=(R-G1-GP) *IDN*S2-5%01

PO 125 T=1,3

B (T) =R (T)

CALL DMHS (A,?,D,CD,TRR)

TF(L.RO.LC) GO TO 130

CALL DMES™(D,CD,2,1,1,RPS,R,AUX, ITER)

00001450
00001460
00001470
00001480
N0001490
00001500
00001510
00001520
00001530
00001540
00001550
00001560
00001570
00001580
00001590
00001600
00001610
00001620
00001630
00001640
00001650
00001660
00001670
00001680
no001690
00001700
00001710
00001720
00001730
00001740
00001750
00001760
00001770
00001780
00001790
00001800

(A}



120

125

PC=® (1)

F(ILYy==-FC

SGN=-1D0

GO Tp 11

CRLT DM®SP(D,CD,?,2,2,¥FPS,? ,ANIY,TER)
vC=P (1)

F(TI1)=FC

SGN=1M0

F1="C=1R (1)

FI="C-B ()

PHEN= (R1+4F) %SGN
TP(DARS (PHO) . LT, 7D-15) THO=1D-15
F1=F/EHO

DE(1)Y=DE() +71

PR (T)=NP(T)+F1%

NE(9)Y=DR(A) -F1%35
PR(2)=NE(2) +R(2) *R(2) /FP/RHO
FP1=F1%S2%INDN /THO

DRI =nE(2) -**

NP (L4L)y=DF (4) =71
DF(E)=DE (F) +7»1

NP (RY=NF (]) -CO1*F1/1.5DN

cn T 190

€ R=SET N>N

100

NP1=N41D0

N3=,5D0=N
R(1)=(F*(2D0XN+1N0N) -N1+N) *S+FG;
R (2)=DSORT (NXS*ED/EDO)
P()=({(G1-GP) *N3I-05) *5-K*<?
R(U) =-NSORT(NP1%xS*EP/2DN)

R(5) =DSORT(3INN*kNXNP1) *xGPp*<c
R(AY=(1.5DN*R - (G1+GP) * (N+1,5D0)-Q1) *S
Rf?):R(Z)*pTﬂ

R (R)Y=(NI*GP*S=(RK+1N0) *S2) *RT?2
B (9) =R (5) *PT2
R(10)=(N3I*G1-K=-,5D0) *S=-DFL

00001810
00001820
00001830
00001840
00001850
00001860
00001870
00001880
00001890
00001900
00001910
00001920
00001930
00001940
00001950
00001960
00001970
00001980
00001990
00002000
00002010
00002020
00002030
00002040
00002050
00002060
00002070
00002080
00002090
00002100
00002110
00002120
00002130
00002140
00002150
00002160

€L



145

150

165

170

195

18R

190
200

no 145 T=1_10

A(I)=R(T)

CALY DMHS(A,4,D,CD,TRR)

SA=-1DpN

ITF(L.F0.LZY GO TO 170

IF(TH.R0.7) GO TO 160

CALI. DMPSP(D,CD,4,3,3,EPS, R ,ANY, TFER)
rC=" (1)

TF(TCT.NRE,Q)Y GO TO 165
FITIY=(R(TI)-FC) /2DN

SGN==-2N0

<0 TN 188

~2LL DMESP(D,CD,4,2,2,EPS,P AUUX,TER)
FC="r (1]

P(TL)y=-FC

SGEN==-1N0

G0 "0 1RKe

FATT NMFP<D(D,CD,4,4,4,FPS R, AN0Y, TPR)
FC=" (1)

IP(IC.NF, ) GO Tn 195
FITLY=(E(TIL)+FC) /2N0

SGN=2D0

GO 70 18R

F(TLY=FC

SGN=1D1)

CALL D®CAL (RC,SSN,SA,8%,N,S,FP,DE)
TI=TL+1

RT=F (1) +F(2)

F1=DE (U)
NE(U)=CGP2*E1+CGPP2%*DNFE (5)
DE(5)=CGPI*FT1+CGPPI%RDF (5)

PETTIRN

END

SURRONTINFE NECAL(®T,SkN,SR,4,N,S,EP,DF)

TMPLICTIT BEAL*A(A-7)
COMMON CO1,C05

00002170
00002180
00002190
00002200
00002210
00002220
00002230
00002240
00002250
00002260
00002270
00002280
00002290
00002300
00002310
00002320
00002330
00n02340
00002350
00002360
00002370
00002380
00002390
00002400
00002410
00002420
00002430
00002440
00002450
00002460
00002470
00002480
00002490
00002500
00002510
00002520

VLT



DIMENSION A (10),DE(10)
DATA RT2,1.41421356200/
E1=EC=A (1)

E2=EC-A (3)

E3=EC-2(6)

E4=EC=-1 (10)
F1=E1*E2-A (2) *A (2)
F2=E3%EU-} (9) *A (9)

RHO= (F1%* (E3+EU) +F2* (E1+4E2)-A (4)*A (4) * (E2+EL4)-A(B) *A(8B) * (ET+E3)

1 =2 (5)*(L(5)*(ET1+EU) +2CC* (2 (2) *A (4) +A (B)*A (9)))

2 =A(7)*(A(7)*(E2+E3)+2D0* (A (2) *A (8) +A (4)*A (9))))=SGN
IP(DABS (RHO) .LT.1D-15) RHO=1D-15
P3=(F2*E2-A(5)* (A(5) *E4+2D0O*A (8)*A(9)) -2 (8)*A (8)*E3) /RHC
DE(1)=DE (1) +F3
DE(7)=DE (7)+ (2D0*N+1D0) *S*F3
DE (9) =DE (9) +SA*S*F3
F3=(F1*E3-A(U)* (A(U)*E2+2D0*A (2) *A (5)) -A(5) *A (5) *E1) /RHC
CE(10)=DE(10) -F3
NAS= (N+SA+,.5D0) *S
DE (3) =DE (3) -F3*NAS
DE (6) =DE (6) +F3%SA*S
F3=E2%*E3-A (5) *A (5)

FU=EZ2*E4-A (B) *A (8B)
DE(2)=DE(2) +(A(2)* (A (2)*F2+2D0*A (4) * (A (5) *E4+A(8)*A(9)))

1 #A(4) *A (4)*FU+A(7) > (A(7)*F3+42D0* (A(U4) *A (9)*E2+4A (2) *A (8) *E3

2 +A(5)* (A(2)*A(9)+2(4)*A(8)))))/EP/RHO
F5= (F2*E1-A (U) * (A(4) *E4+2DO*A (7) *A (9) ) -2 (7) *A (7) *E3) *S/RHO
F6=(F1*EU4-A (8)* (A(S)*E1+2DO0*A (2) *A (7)) -A (7) *A (7) *E2) *S/RHO
DE(6)=DE (6) - ((2DO+SA)*F5- (2D0~-SA) *F6) =.5C0
IF(SA.GT.0D0) DE (B) =DE (8) +CQ1*F5+CQ5*F6
IF(SA.LT.O0DO) DE(8) =DE (8) -CQ5*F5-CQ1*F6
F5=F5% (N-.5D0)

F6=F6* (N+1.5D0)

DE (3) =DE (3) -F5-F6

DE(4) =DE (4) - (F5-F6) *SA

FS5=((ET1*E3-A (4) *A (4)) *A (8) + (E1*A(5) #A (2) *A(4) ) *A (9)

AC002530
eeon2sun
00002550
00002560
0C00257C
c00n2589
00002590
€0002600
gooc2610
00Cn2620
00002630
00002640
0000265"
00002660
00002670
00002680
00022690
00002700
00002710
00002720
00002730
00002740
00002750
00002760
00002770
00002780
00002790
00002800
000028190
00002820
00002830
00002840
00002850
00002860
00002870
0000288"

SLT



11

B B I 1 |

AN 220000 000

1 4 (FAIkR (D) +B (L) ¥R (5) ) *3 (7)) *RT2/PHO
FA=(P1%1 (D) + (T1%A(5) +A (2) %R (U4)) *A (")

1 *(?2*&(“\*Rf?\*!(g))*A[7}\*Rm?/BHO
Vﬂ=ff”’*€u-lf7)*n(1)3*l(5\+(°1*\(R\*A(Q)*A(7)]*A(9)
1 #(P4%A (2) +R (7Y *A(R)) *A(4)) /RHO
TF{SA.LT.ODNY GO ™0 11

T1=F§4

FI=PU4-75

FI=PH

G0 T 20

F1=-FE

TO=FU+RA

PAI=PH

n?(ﬂ\=0?(ﬂ)+“l9*200*?1
nP(F]=an?\+DSOHT(fN+1DD\*N*12D0\*S*F?
DF(F)=NE (F) =S*F3

ERTOAN

FND

00002890
00002900
00002910
00002920
00002930
00002940
00002950
00002960
0n002970
00002980
00002990
00003000
00003010
00003020
00003030
00003040
00003050
00003060
00003070
00003080
00003090
00003100
00003110
00003120
00003130
00003140
00003150
00003160
00003170
00003180
00003190
00003200
00003210
00003220
00003230
00003240
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e T I o

1
ANN

20
N
500

A10

PTILF: HCMMTN,FODT

MTNTMTZ®S MRAN SQIMARR DPVTATION ®¥TTH RFSPECT T0O: 1-EG, 2-EP,

1-G*, 4-G?, 5-63, f-¥KAP, 7-F, R-0, 9-N1, 10-DPLTRA

TMPLICTIT 2FAT*Q(2-7)

INTEGFR TINE,ID, IT,IPOL(280),TTRN(280),T,TDAT,
1 J,1L,TPRR (8) ,TS,TF?,NP,IT1(280)
INTPGER®2 LARL (100),STOP/1SY /,BL/Y v/
NTMENSTON HTEN (2R0) , ETRN (2R8))
PIMFNSTON X (10),A(10,10) ,R(10),NDE(10),DF2 (10)
COMMON CO1,C05,C6P2,CGP3, GPP2,CGDD3
DATA C111/,5773850269200/

DATA X/10%0N0/

DAT™3 ®DPS/1D-6/,NP/10/

TDAT=D

"FAD (1,fN0) TP,I™,J,H,F
TORMAT(T1,T2,T2, 2F5, 1)

TF(ID.F0.M™ GO TO 20

TDAT=TDAT4 "

TPOL (TDHAT) =TP

TTRN (IDATY =TT

*T9 (IDAT) =1

FTON (TDAT) =F*1p-2

FTRN (THAT) =H

TR(TDAT.EN.280) GO ™0 20

GO ™0 10

C=r111

no 30 1=1,100

TARL (T) =RT,

PRINT 500,IDAT

FORMA™ (/1¥,T2," DAT2 POTNTS, PNTFR LARL/COSINF, FPS,NP/')
RFAD £10,LABI

FORMAT (100A 1)

TF(LARL (1) . F0.STOP) STOP

PFAD *,C,FPS,NP

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100
00000110
00000120
00000130
000Nn0140
00000150
000001A0
00000170
000NN180
00000190
00010200
00000210
00000220
00000230
00000240
00000250
ne000260
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000360

LET



£1n

un
520

=30

50

AN

PO= ((INNXCRC=1ND) /N0 %%2
CEPY=FC

COP=1NN-FC

CGPP2= (2NN4+FC) /6NN

CGPP 2= (U4DN=FC) /6NN
0S=(1DN=1,SDO*XC*C) *, TSNO*C*C
CO1=(05-23DD)
COS=(3INN=*0S+1,25nN)

DPPTNT 510, T1ART

FOPMAT (//17 1001 1)

TINE=8

PRTNT 5720

®OPMAT (/' FNTED FGM,FD,DEL,G
PFAD *,FGM,X(2),Y (1M, (X (),
X (1) =FGM*1D=-2

TLINT=]TNF+4

TF(TGM,R0.NDMN 150 TO an
CP=CEDP2XY (B) 4CGPIXY (§)
GPP=CGPRP2%Y (U) +4°RPDIkY (F)

1
1

PRTN™ 530,FGM, ¥(2),¥Y(10), (Y (I),T=3,9),GP,GPP
FOPMAT (//' FG(MTV) FP(FV) DFL(PV)',LX,'G1' X,

PRl

G3,¥K2AP,F,0,N1Y)

"G21,5%,

1 %G ', 5Y, VKDY FX,TPY 7Y 007 ,TY,"N1',6X, 'GP ,AX, "GPP/

? FR,3,F8,U4,FR,5,0FR, U)
TTNRF=TTNF+U
01=CO1%xY ()
OS=COS%Y ()

CALL HOTINT™(X (M) ,¥X(10),Y (?2) ,¥(7Y,X(3),GP,GPP,X(€E),

1 01,0%,X(9) ,PPS)
DEY=0NI

no /N J=1,NP

R (J) =0DO

Do &0 L=1,NP

P (T,LY=0DN

DO 20 TI=1,IDAT

CALL HCTFDR (ATRW¥ (T) ,IPOL(TY,TTRN(T),FCAL,DEF)

IP(ITI(T).FO.N) GO TO 65

00000370
00000380
00000390
00000400
00000810
00000420
00000430
00000440
00000450
00000uk0
00000470
00000480
00000490
00000500
00000510
00000520
00000530
00000540
00000850
00000560
00000570
00000580
00000590
00000600
00000610
n0000620
00000630
0000N06U0
00000650
00000660
000006701
00000680
00000690
0nco00700
00000710
00000720

8.1



AL
£5

TN
a0

ag

an

CALT, HOTEDR(HTON(T) ,TIPOT(TY,TT1(TY ,FC2,DF2)
FCAT=(FCAL+FC2Y) /2N0O

no f4 J=1,ND

NR(IY=(NFP(J) +NF2 (J)) /2D0

DRLF=FETRN(T) -FCAL

po 70 J=1,NP

R(.TY =R (JY+DELF*DF (J)

nn 71 1=1,NP

RA(J,LY=A(J,L) +DE(J) *¥DE (L)

NDREV=DFLEXNEL F+NEV

DRMS=NSOR™ (DFY/TIDAT) *¥1N3

T=1

PRINT 5u40,nPMS

FORMAT (/Y DPMS=',1D2D10,2,' MPV: ENTEP 0 T™n STOPY)
PFAD *,T

TINP=LTN®+I

IP(T.F0,C) 60 TO of

CALI NMPG(A,10 _NP,IPR2,IS,TFR)

CALT, DMSG(A,10,IPFR ND,0 R, IF?)

no A5 J=1,NP

Y (JY=X (J) +R (J)

FGM=X (1) *1n3

CP=CHP2%Y (4) +CGPIXY (5)
GPP=CGPP2%Y (U) +CGPPIRY ()

TPF(LTNF,GR,5N) CATL NPAGF (LINF,LRARL)

PPTNT F?D,EGH,X!?),X(1”\.(XfT).I=1.9),GP,GDP
LINF=T.INF+U

O TO KO

TF(Y(1).EN.NNOY GO TO 95

GO=Y (2) /3DO/Y (1)

GC=Y (1) /(X (1) +X(10))

MC=1DN/ ((GC+IDM *G0O4+Y (7) *2D0+1D0)

GC=( (GC-1N0) *AN+1NN+2NN*Y (9) ) *2 DO
MP=YX (3) +GN

GN=:0/2D0
T1=DqO?T(!G0+Y(H\\**2*?Dﬂ*fGO+fY(ﬂ)+I(51\/200)**2)

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000840
00000850
00000860
00000870
00000880
00000890
00000900
00000910
00000920
00000930
00000940
00000950
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080
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in
20

an

s e Neo e Be Be Ko B9

4

M2=DSORT((GO+ (X (L) +3DOXY (5)) /UDO) **?
+AD0* (G0+ (IDN%X (4) +5DOXY (S) ) /ANDY *%2)
M2=DSOPT ((GO+X (S)) *%24+IDO* (GN+ (Y (4) +2DN%X (5)) /3D0) **2)
M1=1DN/ (MD=T1)
M2=1D0/ (MP-M2)
M3=1D0/ (MP=-M?)
MP=1D0/ (MD+T1)
DFTNT 580, MC,GC,MP, M1, M2, M3

TORMAT (/' MC,GC,MP(0N1) ,M=(001), (110), (111) =',1PEN12.3)

LINF=TTNF4+?

TTNF=FR-]TNF

NN 190 J=1,TTNF

DOTNT 57N

vnr‘-_n'_.\rr f‘

GO T™n 20

FND

SHRRPON™TNP NPARR (LTNE,LARBL)
TNTRGFOX2 TART (100)

LINP=RA-LTNF
no 10 1L=1,TLINF

PRETNT 20
FORMAT ()

DOYNT 30, LARL

TOPMAT (1X, 1003 1)
POTNT 20

TINF=?

RRMIRN

FND

00001090
00001100
00001110
00001120
00001130
onr0011u40
00001150
00001160
00001170
00001180
00001190
00001200
00001210
00001220
00001230
00001240
00001250
00001260
00001270
00001280
00001290
00001300
00001310
00001320
n0001330
00001340
00001250
00001360
00001370
00001380
00001390
00001400
00001410
00001420
00001430
00001440

08T



X L

]

o RD]

1n
00

20
10
500

610

TTT W

-

HCTMRC . TORT

MINTMT7RES MRAN SOUARFT DFVIATION WYTH FESPECT TO:
G-OI'

3-CK, 4-®F,

Cam
- r

TMPLICTT PFAT*R(1-7)

TNTEGRR LTNF,IT,IT,IPOT (280),ITRN(280),I,TIDAT,

1 3,L,TPPF(8),TS,TFR,NP,TT1(280)

TNTEGE2%2 LART (100),STOP/'S'/,BL/Y v/

NTMENSINON YTPN (28RN} ,RTRN (?R0)

NTMPNSTON 2 (10,10),R(10) ,DF(10) ,DE2(10C) ,DR(7)

COMMON C01,C05,CGP2,C572,CRPP2,CGPP2

paTp TmH WTH,OTH,0SX/.6666R6A667DN,1,.233333333D0,
.33322322333ID0,, 1ARE6R666TNO/

DA™A C111/.577350269200/
DA™A RKX,CK,®,0,N1/5%0D0/

NATA ®DS/ID-K/ ,NP/2/

TDA™=0
DFAD (1,60N)
PORPMAT(I1,T72,T2,

TP,I7,J,H,F

2?5.1‘

TP(TP.RO.N) GO TO 20

TDAT=TDAT+1
IPOL (TDAT)Y=IP
TTRN(THATY=I"
TT1(IDAT) =T

FTRN (IDAT) =F*1N-3

HTRN (TDAT) =H
TP (IDA™. FO. 2R0)
GO T0 10

c=c111

DO 3N T=1,100
TABL (T) =R1L
PRTNT 590,7TDAT
PORMAT (/1Y,T2,!
PFAD £10,LABL
POPMAT (10N 1)

c0 ™0 20

DATE DPOTNTS,

1-7G, 2-FP,

T-N1

FNTER LARL/DEL,COSINE,EPS,NP/')

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100
00000110
00000120
00000130
000001480
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000260
00000270
00000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000360

181



un
220

51n

5N

TP (LABL(1) .EN.S™0P) STOP

FRAD *,D¥L,C,FPS,ND

PRTNT 510, LARTY

RORMAT (//1Y,10C02 M

TLINR=R

PRTINT 520

FORMAT (/' ¥NTFP FGM, PP, CK,RE,P,0Q,N11)

PRAD * , PGM _ P®,CK,RY ? 0,N1

TINP=LTNR+Y

TR (RGM, BO,.NDNY GO ™0 90

G1==TTHXRF-FPTHXCK-1DN

G2=(CK=-RK) *NTH

G I=0SY*BK-0TH*CK

K=NSY%*RR+OTH*CK-NTH

FPC=((RDO*C*C=1D0) /2NN) *%2

GPP= (G2=13) %7

GDP=534RPP

GP2=G52/3D0+73/1,5N0+GPD/AD0
OS=(1NN=1,5DN*CxC) *  IEDN*C*C

C01=(05-3D0)

COS5=(3IN0%05+1,25n0)

CGP2=FC

CGPI=1D0-FC

CGPP2=(2DN+FC) /ANO

~oPP 3= (UDO-FC) /ADD

DRINT™ S530,%WGM,FP,D”,R31,62,G3,¥,F,0,N1,GP,GPP
PORMAT (//' PG (MPV) ED(FV) DEL (BV)',U4¥,'G1' KYX,'G2',5X,
1 '53 ', S5X, 'FAPY EX,'FPY 7Y ,'0', 7YX, N1 ,6X, "GP 6X,'GPP'/
2 FR,3,FR . 4,PR,.R,OPR 1)

ITNE=LTNF+U

FG=RGM*1Dn-1

01=C01%(

05=CQ5*0

CATT HCINIT(®G,D¥l,®P,P,G1,GP,GPP,K,07,05,N1,FEPS)
DRY=1DN

Do 60 J=1,NP

00000370
00000380
00000390
00000400
00000410
0noo0L20
00000420
00000440
n0000450
00000uLU6D
00000470
00000u80
00000490
00000500
00000510
00000520
00000530
00000540
00000550
00000560
00000570
00000580
00000590
00000600
00000610
00000620
00000630
00000640
00000650
00000660
00000670
00000680
00000690
00000700
00000710
00000720
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A0

AU
6%

TN

540

® (7)) =0D0

DA AN 1,=1,NP

3 (J,1)=0DN

N 70 T=1,TDAT

CALL HCTEDR(HTRN(I),IPOL(I),ITPN(T),RCAL,DF)

TP(T™(I).FO.0) GO TO 65

CATT, HCTENR(HTEN(I),IPOL(T),IT1(I),EC2,DE2)

FCAL= (RCAL+PC2) /2D0

po 64 J=1,0
DE(J)=(DF (J) +DE2 (7)) /2D0
DELE=FTRN (T) -FCAL
DEV=DELE*DFLE+DEV

DR (1) =DE (1)

DR (2)=DE(?)

PR (1) =0SX* (DE(5) +DF () ) -TTH*NE(3) ~OTH*DE (4)
DB (3) =OTH* (NF (4) -NDP (5) 4DF (6) ) ~PTH*DE (3)

NR (5)y=DR (T

DR () =NE (?)

DR (T7T)y=DE(7)

po 70 J=1,NP

B (J) =B (J) +DELE*DB (J)

Do 70 L=1,NP

A (J,L)Y=r(J,L)+DB(J) *DB (L)
DEMS=NSORT (DEV/INRAT) *1D2
I=1

PRINT 54N0,CK,BK,DRMS

FORMAT (/' CK, RK=',6F8.4,',',F8,4,' DRMS=',1PD10.3,

1 ' MRV: PNTPR N TO STOP')
PERAD *,T

LTNF=LTINF+U

IFP(I.%0.0) GO TO 99

CALT. DMPG(A,1N,NP,IPER,IS,TFR)
CALL DMSG(Ar,10,IPER,NP,0,R,IER)

FG=EG+B (1)
FP=RP+R (2)
IF (NP.LT.?) GO TO 82
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B

TF(ND,LT,U4) ®R(U4)=0D0
G1=G1-"THXR (4) ~PTHXR (2)
G2=R2=-NTH* (R (L) =B (3))
G3=G3I+0OSY*R (U) -0TH*R (3)
K=K+0OSY%R (U4) +OTH*R (3)
GPD= (G2=-G3) *FC
GP=33+GPD
GPP=G2/IDN+G3/1.5D0+5PD/AND
IF(NP.GE.5) FP=F+R(5)
TF(NP,RF,F) O=0+P ()
TP (NP, GF.7) N¥1=N1+R(7)
FGM=Pr*1D3
TP(LTN®.GF.5N) CALL NPAGE(LINE,LABL)
PRTNT 530, ®GM, *P,D¥L,51,G62,63,K,F,0,N1,G5P,GPP
LINE=LTNE+4
TF(NP,GR,U) BK=BK+R(U)
TF(NP.GR.3) CK=CK+R(3)
G0 TH SN
TP(PG.®0.NNYy fO TO 95
GO=FP/INN/FG
GC=FG/ (B5+DET)
MC=1D0/ ((GC+?2D0) *GO+F*2D0+1D0)
GC=({GC=1D0) *50+1D0+2D0*N1) *2DN
MP=G 1430
G0=50/2D0
T1=NSQRT((GN+G?) **¥2+3DN* (GO+ (G2+G3) /2N0) *x%x2)
M2=DSORT ((G0+ (G243INN*G3) /4NN %2
+3IN0% (GO+ (3DN%G2+45NN*G3I) /RDN) *x%2)
MI=DSORT ((G0+G2) *¥%24INN* (GO + (52+2D0%GI) /IDN) *%2)
H1=1nn/(np—¢1)
M2=1D0/(MP=-M?2)
MI=1NN/ (MDP-M Q)
MP=1NN/ (MDP+T1)
PRINT 580,MC,GT,M1,M2, M3
FORMAT (/Y MC,GC,M+(0ND1) , M= (001 , (110, (111) ='_,1P6ED12.3)
LINE=LTNF+2
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TTNF=R5-LTNF

po N0 J=1,LINF¥
DRTNT 570

POIMAT ()

GO TO 20

FND

STRRANTINE NPAGE (LTNE, LARI)
TNTRGTR%2 TABL (100)
LTNF=RA-TTNF

DO 17 L=1,LTN®
DRETNT 20

FOIMA™ ()

PRINT 130, LARY
FORMAT (1X, 1002 1)
PRTNT 2N

1TNF=?
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