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ABSTRACT

Studies on PbTe/Pby gSng oTe superlattices and Pby_,Sn,Te
doped with indium are carried out by magnetoplasma spectroscopy.

The superlattices, with periodicities of‘ZZOZ/SOK, 2402/602,
260%/1508,  2208/220a, 3004/190R8,  180&/230A, and 3447414
(PbTe/Pbo.gsno.zTe), are investigated. The characterization of
the superlattice structure has been performed by examining the
satellite intensity of X-ray diffraction. From the dependence of
resonancé magnetic field on the magnetic field direction, the
band edge structures of the superlattices are determined. For
superlattices(2604/1508, 2404/60&, 2204/304) with small interdif-
fusion, the cyclotron masses are calculated by the envelope
function approximation method. The measured and calculated cyclo-
tron masses agree well with each other. On the other hand, for
superlattices with large interdiffusion, difference of subbands
in the same valley in the <111> direction yields two dimensional
electron system and three dimensional electron system, though
electrons belong to the same vailey.

For the Pbl_XSnXTe doped with indium, mechanism of photoex-
citation . and relaxation of carriers is investigated. From the
magnetoplasma spectra using strip-line method, the temperature
dependence of carrier density is obtained by calculations to
reproduce the measured spectra. It is found that carrier density
almost does not change in the temperature range (4.2K-15K), while
it rapidly decreases above 15K. Similar temperature dependences

are observed for samples with various tin composition(0.21-



0.35). The temperature dependence is discussed in the double
capture model. It 1is also found that the band edge masses of
Pby_,Sn,Te doped with In are much heavier than those of undoped
Pby_Sn,Te.

From these investigations, it is found that experimental
results are consistent with the model in which the band disconti-
nuities between PbTe and Pbl_XSnXTe are determined by taking the

In pinning level as the energy origin.
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§1 INTRODUCTION

§1-1 PbTe/Pby__Sn_Te superlattice
1-x°Dx

In recent years it has become possible to design even an

electronic structure of semiconductor by periodically alternating
o]

thin films ( a few - a few hundred A) of two different materials

1)

periodically, that is, by making a supperlattice Since the

superlattice has a periodic structure composed of two different

materials, the Brillouin zone is divided into minizones by
k=nz/d, where k: the wave vector of the superlattice direction,
n: an integer, d: the superlattice periodicity. As a result,

narrow allowed bands and forbidden gaps are formed in the host
material conduction band. Hence the superlattice has different
electronic properties from those of the host materials.

Important parameters to determine the electronic properties
of a superlattice are the layer thicknesses and the energy gaps
of the host materials. In addition, one more very important
parameter is the band discontinuity between the two host mate-
‘ rials; The discontinuity of conduction band edge, AEC is defined
by

AEC = ECB - Eqoar (1.1.1)
where Eg p and E_p are the conduction band edge energies of the
host materials A and B, respectively. Determining AE, simulta-
neously gives the discontinuity of valence band edge, AE, by the

equation



AE, = AE_ + Eg, - Egp,
(1.1.2)

where Eg, and Egp are the energy gaps of the host materials A and
B, respectively. The differences of these discontinuities ex-
tremely change the electronic properties.

When AEc>0 and AEv<0(type 1), electrons and holes are con-
fined in the layers of the host material A. The transition proba-
bility of electrons across the energy gap is large(see Fig. 1-1-1

1-13)

(a)). A GaAs/Gaj_ Al As superlattice corresponds to this

case and 1is used as a quantum well laser device4’11) for this
reason. On the other hand, when AEc>0 and AEv>0(type I')14),
electrons are confined in the layers of the host material A and
holes are confined in the layers of the host material B(see Fig.
1-1-1 (b)). In an extreme case{type II), the conduction band edge
of the host material A is below the valence band edge of the host
material B (see Fig. 1-1-1 (c)). The GaSb/InAs superlatticels_zz)
belongs to this case, and shows semimetal-semiconductor
transitions with decreasing layer thicknesses.

To explain these electronic properties of the superlattice,
electronic structures have been calculated. The calculation meth-
ods are classified into two types. One is the calculation based
on the first principlels), and it 1is suitable for the
superlattices composed of thin layers, e.g., atomic monolayer

superlattices6); The other is based on the effective mass theo-

ryzs), and it is preferable for thicker layer superlattices.

Particularly an envelope function approximation24_3o), which



belongs to the effective mass theory, has succeeded in explaining

metal-insulator transitions of the GaSb/InAs superlatticeze).

Since superlattices were proposed in 1970 by Esaki and
Tsul) to obtain high speed switching devices having negative
resistance, Gay_, Al As/GaAs, InAs/GasSb, Ge/Si, Ge/GaAs,

InSb/PbTe, InSb/CdTe, ZnSe/ZnTe, PbTe/CdTe ,PbTe/Pbl_XSnXTe su-
perlattice, etc. have been prepared and their electronic struc-
tures have been investigated. These samples have been prepared by

various methods; molecular beam epitaxy (MBE)5’15), metal-organic

chemical vapor deposition(MO—CVD)31), laser depositionsz), hot

33,34)
H

wall epitaxy and so on. Esgpecially MBE is widely used for

III-V compound superlattice, because this method makes it possi-
ble +to control the growth of each material by atomic monolayer
unit.

The IV-VI compound semiconductors have narrow energy gaps
and their band edge structures are described the two band model

whose formalism is practically the same as Dirac's equa-

35,36)

tion Hence IV-VI compound superlattices have been attrac-

ting great interest in fundamental electronic properties and

application to infrared lasers and detectors37_39). In IV-VI

compound superlattices, PbTe/Pby_,Sn, Te superlattice was pre-

pared for the first time by Kinoshita and Fujiyasuss), using hot

wall epitaxy method. Since then PbTe/SnTe4O),

41,42) | pose/pb;_.Sn Se'?), nipi poretds44)

Pbl_XEuXTe/PbTe super-
lattices have been investigated.

In particular, PbTe/Pb;_,Sn, Te superlattices have been wide-



ly investigated14’29’30’33’34’40’43’45—49), because of their high

mobilities. Kinoshita and Fujiyasu analyzed the band edge struc-
ture using absorption due to interband transition, and measured
33,47)

Shubnikov~de Haas oscillations Fantner et al. revealed by

X-ray diffraction that lattice mismatch between PbTe and
Pb;_,Sn, Te is accommodated with uniform strain of each layerso).
Measurements of cyclotron resonance showed that the PbTe layers
form well potentials in the conduction band14). But Pascher et
al. concluded from g-value measurement that electrons and holes
are confined in the Pbl_XSnXTe49). In addition to these experi-
mental results, the model based on deep 1levels of In in
Pby_,Sn Te suggests that the superlattice belongs to type I'14),
but the tight binding calculation suggests that it belongs +to
\ type 129). Thus contradictory experimental results and models
exist.

So far, IV-VI compound superlattices forming 2D-electron
systems have been investigated intensively. But superlattices are
originally characterized by widely spread miniband due to tun-
nelling of electrons through barrier layers. One of our purposes
is ﬁo\show that miniband spread with decreasing thickness of the
barrier layer. Another is to examine a consistency between exper-
imental results and envelope function calculations. The third

purpose is to determine the band discontinuities between PbTe and

Pby_.Sn,Te.
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§1-2 In-doped Pby_,Sn Te

Aluminum, Ga, In, and Tl atoms, belonging to third column in
the periodic table, show respectively different characters in
IV-VI narrow gap semiconductors. Usually, the same group atoms
act with same dopant behavior; for Si, group V atoms, that is, P,
As, and Sb atoms make shallow donor levels. However, Al, Ga
atoms are strong donor dopants and In atoms are weak donor
dopants in PbTe, while Tl impurities behave as strong acceptors.
The carrier concentration in PbTe saturates to a constant value
independent of .the impurity concentration at high impurity
doping50’51). For n-type dopants, the saturation carrier
concentration in Pby_,Sn Te decreases with increasing tin compo-
sitions; on the other hand for p-type dopants the saturation
carrier concentration increase with increasing tin composi-
tion51). In particular, Pbl_XSnxTe doped with In shows metal-
insulator-metal transitions with increasing tin composi-
tion52’53)(see Figs. 1-2-1 and 1-2-2). Thus the levels of In
impurities in Pbl_XSnXTe move from above the conduction band
bottom to below the valence band top with increasing tin composi-
tions. Pressure (0-18kbar) also causes similar metal-insulator
transitions for Pb;_, Sn Te doped with In as shown in Fig. 1-2-3).
Moreover In impurities emit or capture electrons and pin the
Fermi energy. Even though the density of states at band edge
changes by applying high magnetic field.(0-3T), the Fermi energy

54,55)

does not change In order to explain these curious experi-



mental results, a double electron capture model is suggestedss).
In the model, In atom in Pbl_XSnXTe takes three charged states,
(45)0, (48)1, and (48)2, and electrons occupied at In impurity
levels largely couple with the lattice surrounding the In atoms
(large electron-phonon coupling). Introducing large electron
phonon coupling makes In impurities prefer doubly electron cap-
tured states and non electron captured states to singly captured
states(as discussed in section 9-1). There was single electron
capture model in which the In impurity state was of s-type.
However, the dependence of carrier concentration on temperature
and impurity concentration suggests that the singly occupied
model is improbable57). There was another model that the In forms
a very narrow impurity band composed of two states per impurity
atom. This model is also doubtful because it does not take into
account the Coulomb interaction between two electrons captured by
the same impurity. Moreover, the impurity conduction cannot be
observed57). Diminishing of photoluminescence intensity due to
interband transition and long relaxation of photoconduction sup-
port the existence of large electron phonon coupling58).

Recently a kinetic mechanism of the photoconduction draws

59-61) The

attentions of many researchers photoconduction of

Pby_,Sn Te doped with In is remarkably strong below 20K. Negative

photoconduction56’61) and persistent photoconductionSz) are also
observed. The photoconduction is sensitive to temperature and
excitation 1light spectra. Our main purpose is to clarify the

mechanism of photo-conduction and to give guantitative interpre-



tation for the Anderson’'s negative U model.
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FIG. 1-2-1 Tin composition dependence of pinning Fermi level of

Pby_,.Sn,Te doped with 0.5 at.% In(after Akimov et al. ref.63).
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FIG. 1-2-2 Tin composition dependence of pinning Fermi level of

Pbl_XSnXTe doped with In by isothermal anealing(after Takaoka et

al. ref.54)
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FIG. 1-2-3 Pressure dependence of pinning Fermi level of

Pb0.758n0.25Te doped with 0.5 at.% In(by Akimov et al.ref.63).
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§1-3 The relation between investigations of PbTe/Pbl_XSnxTe

superlattices and In doped Pb;_,Sn,Te

These two investigations seems to be independent of each
other ©but they are closely related in band discontinuities bet-
ween PbTe and Pby_,Sn . Te. It is difficult to determine the dis-
continuities from the first principle, because very precise cal-
culations are needed due to the very narrow energy gaps
(<180meV) of these compounds. There is another method to deter-
mine +the discontinuity. This method utilizes the deep impurity
level of 1In as the energy origin. Indium atoms in Pbl_XSnXTe
enter at the metallic atom sites. Since In are surrounded by Te
atoms and electrons captured by In atoms are strongly localized,
In levels are determined by the interaction between In atoms and
Te atoms. Therefore In levels are supposed not to be affected by
tin composition. Investigation of In levels is important for

study of superlatticesl4).

Section 2 describes the band model in Pby_,Sn, Te and the k-p
perturbation theory.

For superlattices, in Section 3, we describe the envelope
function approximation to calculate superlattice electronic
structures. The magnetoplasma theory is presented for analysis of
spectra in Section 4. Laser construction and experimental proce-
dure(for PbTe/Pbl_XSnXTe) are described in Section 5. Strain

effect and X-ray analysis are given in Section 6. Experimental

12
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results are presented in Section 7. Section 8 presents discussion
of superlattices.

For In-doped Pby_.Sn Te, Section 9 contains Anderson's nega-
tive U model. Magnetoplasma dielectric constant is given in
Section 10. Experimental procedure(for Pbl_XSnXTe/In) is given in

Section 11. The experimental results are given in Section 12. The

discussion is given in Section 13. Summary is given in Section

14.
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§2 BAND STRUCTURES OF PbTe, SnTe, AND Pb;_.Sn Te

The energy band structures of IV-VI compounds have Dbeen
investigated with great interest to understand their physical
properties: +the narrow band gap, the band inversion, the phase
transition64—66), the Knight shift67), etc. In this section, we
survey the overall band feature and describe the band edge struc-
ture by k+'p perturbation theory. This perturbation theory is
important to derive the envelope function approximation for the

band calculation of superlattices.

§2-1 Full band structure of PbTe and SnTe

A number of band structures of IV-VI compounds have already

been calculated, wusing various methodss7—78). In the compounds,
especially lead chalcogenides, relativistic effects are very
important. They are becoming more accurate using recent precise

measurements of XPS and UPS79’80), Knight shift, and effective
masses.

Figure 2-1-1 shows the band structure of PbTe calculated by
Martinez et al. using an empirical pseudopotential method
(E.P.M.)78). The 1lowest band has a character of s-bonding and
mainly comes from 5s electrons of Te. The second lowest band has
a character of s-antibonding and mainly comes from 6s electrons
of PbTe. The third, fourth, and fifth lowest bands have charac-

ters of p-bonding and mainly come from p-electrons of Te. The

14



sixth, seventh, and eighth lowest bands have anti-bonding charac-
ters and mainly come from p-electrons of Pb. The very small
minimum energy gap(0.2eV) lies between the fifth and sixth lowest
bands, and the valence band maxima and the conduction band minima
are found at the L-points in the Brillouin zone.

Figure 2-1-2 shows the band structure of SnTe calculated by

76). Its feature resembles that to

Bernick and Kleinman using EPM
PbTe except for inversion of the levels at L-points. Figure 2-1-3
shows the first Brillouin zone and Fermi surface of PbTe and

SnTe.

15



‘(8L 3241

‘T 39 zOUT}JBK I93J®)olqd JO 9an3jonays pued [-1-2 *DHIA

(1139 jilun AB/S3J0}s) S3LVIS 40 ALISN3A

1 |

(A3) A9H3N3

16



e | W \—X;
3 ) 5
K3 L " :X::
! 1%5- 7+
5 3+
X e
L La:
(32 W3
L%
T LS 10
%r’é'—‘::w?
— i5- 6+
- L+
K3 )
K‘s R:/
5/; . w;/—
Ka\/r” W
K3 WS /
l L +4-.5
Ks- - “4-.6
1 L. Wz-‘\_x‘i: ;
i / -7
)
kK $ I A L Wz X A T

FIG. 2-1-2 Band structure of SnTe after Bernik et al.(Energy in
Ry, ref.76).

17



1]

2] ¢ ) e [170]

!

FIG. 2-1-3 First Brillouin zone of PbTe and SnTe and Fermi

surface.
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§2-2 Band edge structure and k:p theory

Although full band structures are valid for recognizing XPS
or UPS results, only properties at L-point of them is needed to
describe band edge structures. Since our substantial interests
are transport properties and magnetic level near the Fermi level,

we must know the band edge structure. For describing band edge

structures k- p theories are usefu181_87). In particular, for
pseudobinary system, e.g., PbTe-SnTe, k+p theories are helpful
because band parameter can be easily obtained. Moreover k-:p

theories develop as envelope function approximation to calculate
band edge structure of superlattice. Full band structure has
established and gives the sequence of energy levels at L-point
and symmetry of their wave functions to formalize k:'p perturba-
tion theory.

For PbTe, reading from Fig. 2-1-1 and Fig. 2-1-2 gives the

energy levels at L-point as follows.

19



L-point level Energy(eV)

PbTe SnTe
other higher levels >10.0
Le ~(Lgy) 2.0 0.98
Lgg™ , 1.9 0.75
Lg “(Lgo™) 0.2 0.0
Lg t(Lgeh) 0.0 0.26
Lys* -1.2 ~1.03
Lg "(Lga"t) ~1.7 -1.46
other lower levels <-8.5 <-5.0

(reading directly Figs. 2-1-1 and 2-1-2)

We can see‘that that band edge symmetry is L61+ for the wvalence
band and Lgo~ for the conduction band in PbTe. These are reversed
in SnTe. The energy difference of valence band maxima and conduc-
tion band minima is very small. Because the other levels at L-
points are far from the two band, the two band model based on
k.p perturbation theory is valid. Even when more precise ap-
proach is needed, it is sufficient to take into account the other
four band contributions. To acquire momentum matrix elements,
Mitchell and Wallis started from single group basis functions
belonging to the Hamiltonian without spin-orbit interaction84).
They +transformed single group basis functions into double group

basis functions, and they diagonalized the Hamiltonian taking

into account spin-orbit interaction. the Hamiltonian is given by

20



2 52
* = - ﬁ_ _a__+ Vir) + ._.1_2 VZV(I‘) + ———I———Z—[p-o‘XVV(r)].
8(mec) 2(mc)

(2.2.1)
They could decrease the number of momentum matrix element parame-
ter down to seven by this procedure. Figure 2-2-1 shows the
procedure and gives the notation and symmetry of basis wave
functions at L-point. In these notation, + and - denote even and
odd parities, respectively; a and B are a Kramers degeneracy
pair; +the X, Y, and Z coordinate axes are taken in [TIT2], [170],
and [111] crystallographic directions, respectively; 9+ and 6~
are mixing parameter of spin-orbit interaction. Using the basis

functions Lgi*a, Lgy*8, Lgy"a, and Lgo, ™8 gives the 4x4 k.p

Hamiltonian:

21
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where P/ and PL are the longitudinal and transverse momentum

matrix elements; k+ and k_ are defined by kx+iky, and kx-iky; the
operator p is composed of momentum part and spin-orbit term
p =ty & SOXVV (2.2.3)
i 4mc

From Eq. (2.2.2) the energy dispersion is given by

2
(% - E)(-}j—g + E) = Z Z{P_Lz(kx2+ky2)+PL2kzz}. (2.2.4)
o]

Taking into account contributions from the other bands of six

bands leads to the 4x4 Hamiltonian operator

23
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It is called the six band Hamiltonian. From Eq.{(2.2.5) the energy

dispersion is given by

2. 2 2. 2 2. 2 2, 2
Eg 1k %k Eg Kk H%k
(— + L 4 7_ . gy(— + L 4 4+ E)
2 2mg”  2mg- 2 2my*  2mg+
2 2, 2 2, 2
= Z(P_L kﬂ + P; %k, Yy . (2.2.6)
Mo
From Eq.(2.2.6) the band edge masses are given by
2 : 2
1 : 2P_L ' . 1 ’ 1 _ ZPI ' . 1 ,
My, Egmo mt— mj e Egmo ml—
2 2
1 2P 1 1 2P 1
= L > + T ! and = 4 2 + P
My, Egmo mg Mgy, Egmo mi (2.2.7)

Figure 2-2-3 shows the energy levels of L-points in Pb;_,Sn,Te

versus Sn composition. The Sn composition dependence of energy

gap determined experimentally is shown in Fig. 2-2-4.
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Single Group

Double Group. Rﬁpresentatlon

Representation without wit ith
without spin-orbit diagonal off-diagonal
spin-orbit int. part of part of
int. spin-orbit spin-orbit
int. int.
L45 B( (Y +-iX_4))
Lys™ a( (Y tHIX_4)) L
///// ‘ /L61 af{cos@ Zt-sing” X )
L= (Z° /’ Lgi Blcos6 Zi+sing Y )
_/

, 6_
Ly, (Z) (2Z) Lg~ (Z4)

%

-1 .
Ly (X, 1-1X_4))
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at L-points and symmetry notations of wave

functions(ref.84).

27



L%
0-08 (—
VAL
0-04 E,=0-18eV fL;and L; E, =0-3ev
0
I~
L 0-04
Ly
-0-08 |- L%
-0-12
--16
! L L L
PoTe 0.2 0-4 0.6 0-8 SaTe
X
FIG. 2-2-3 Tin composition dependence of energy levels of
L-points in Pby_,Sn,Te. The shaded area shows energy forbidden
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and tunneling(ref.88).
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§3 ELECTRONIC STRUCTURE IN PbTe/Pb;_,Sn,Te SUPERLATTICES

Electronic structures of superlattices are mainly determined
by band discontinuities and layer thicknesses. 1In this section,
the problem of the band discontinuities is reviewed. Next, to
describe the electronic structure, the energy dispersibn relation

based on the envelope function approximation is given.
8§3-1 Band discontinuities

As stated in introduction, band discontinuities between the
two host materials are very important parameters to determine the
electronic properties of superlattices. The discontinuity of
conduction band edge, AE is defined by

AE, = Xxp-xp
and the discontinuity of valence band edge, AEV is defined by
AE, = x,*+Eg, - (xp+Egp),
where EgA and EgB are the energy gaps of host materials A and B
respectively; XA and Xp are the electron affinity of the host
materials A and B. The differences of these discontinuities
extremely change the electronic properties.

Band discontinuities would bé obtained by taking the dif-
ference of electron affinities between the two materials. But
electron affinity of each material is not an accurate quantity
because it is dependent on crystal face directions and chemical

properties of crystal surface( this effect is like the effect of
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charge double layer in metals). Since the interface charge
transfer must be taken into account, even this definition is
doubtful. A large number of attempts to obtain the discontinui-
ties are made experimentally and theoretically, but it is diffi-
cult to determine the discontinuities in energy within 10meV. It

90)

has been long since many people cast doubt on the discontinui-

ties(85% 15% law in GaAs/Gal_xAles superlattices) determined by

89) using energy of sublevels,.

Dingle

In recent years Bauer and Margaritondo have obtained the
band discontinuities by synchrotron radiation in a accuracy range
of a few tens meVgl). Harrison has compared the discontinuities

obtained from calculation of semiempirical tight binding model,

with experimental ones and he obtained an astonishing coincidence

between themgz’gs). Another empirical approach is a method using
deep level impurity states, which have the character of Dbare
atomsg4).

In PbTe/Pby_,Sn,Te the problem of the band discontinuities
is controversial because there are two contradictory experimental
results. One result shows PbTe/Pb;_,Sn,Te superlattices(x=0.22)

are the type I' by measuring the cyclotron mass of PbTe
other result claims that PbTe/Pb;_,Sn, Te superlattices (x=0.12)

are the type I from measuring g-value of Pb;_,Sn,Te by the four

wave mixing technique29’49). Two contradictory models are pro-
posed beside these results; based on deep levels on In impuri-
ties(see Fig. 3-1-1), it has been predicted that the PbTe super-

lattice belongs to the type I'14), while based on tight binding
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calculation(see Fig. 3-1-2), it has been suggested that superlat-

tices belong to the type 149).
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3~2 Envelope function approximation
The envelope function approximation is an suitable method to
obtain the energy dispersions of superlattices consisting of

24‘26'29). Well-known Kronig-Penny model

relatively thick layers
can not take into account the nonparabolic effects due to the two
bands. Moreover Kronig-Penny model does not give the boundary
condition of the wave functions at the interfaces between two
materials with deferent effective masses. In the envelope
function approximation, these effects are taken into account

naturally. Suppose that the wave function for a superlattice

PbTe/Pbl_XSnXTe takes the form

Juj;
Jj=1,2,3,4
3'2.1
() { Y. Fj(r)uJB(r) at r in B ( )
Jj=1,2,3,4 ’
where Fj(r)'s are slowly varying envelope functions; ul(r),
ug(r), u3(r), and u4(r) are the wave functions at the L-point in

the Brillouin =zone, Lsz-a, LSZ—B’ L61+a, and L61+B (those are
defined in Fig. 2-2-2; the superscripts, A and B denote belonging
to PbTe and Pby_,Sn,Te. This assumption for the wave function is
justified when the electron energy considered is near band edge
energy.

Consider an ideal interface between two semiconductors at
the plane =z=z,. We make two assumption to derive the matching

relation of Fj(r) at the interface.

1) The four basis functions uj(r)[j=1,2,3,4] in each
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material are linearly independent functions of x and y at
Z=2Z.

2) For all x and y at ZZZ g,

9y A(r)= Q—uJ-B(r) (3.2.2)

3z J Jz

The assumption 1) is right because each wave function of x and y
does mnot belong to the same basis function of an irreducible
representation of the two-dimensional group of the surface. " The
assumption 2) is should be examined by a numerical calculation.

We define uj(r) as follows:

ujA(r) at r in A

us;{r) = { (3.2.3)
J ujB(r) at r in B .
Operating the Hamiltonian ¥ to &(r) leads to
Hd = ED, (3.2.4)
or
) -[iVZF-(r)]u-(r) -8 gF.(r) pui(r) + F;(r)%u;(r)} = E®
2mo J J mo 9 P J J J - '
j=1,2,3,4
(3.2.5)
Since Fj(r)'s are slowly varying functions, VZFJ(r)’s are negli-

gible. Multiplying both sides of Eq.(3.2.5) through by ul(r) and

integrating over unit cell at a, we obtain
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Z {—EZVFj(a)-<ul|p|uj> + Fj(a)<ul|%|gj>} = E ZFj(a)<ul|uj>,
j=1,2,3,4 j=1,2,3,4

(3.2.6)
where we use the fact that since Fj(r)'s are slowly varying wave
functions, they are regarded constant in the range of unit cell.
Finally using normalization properties‘of uj(r)'s, we obtain

simultaneous differential equations for Fj(r)'s.

~ \/ A C N
Eg (r) 0 % prk, 5 pix_||Fy(r) Fqy(r)
2 Mo Mo
Eg (r 1) i}
0 Ee_(r) Sprk, - Boprk, | |Fy(r) Fo(r)
= E
+
B prk, Bpyiy_ Eg_(xr) 0 Fy(r) Fy(r)
Mo Mo 2
fi fi Eg?
fpik. - Bpyk, 0 Eg (r) | iF,(r) Fy(r)
Mo Mo 2 y
- AN s . /
(3.2.7)

where Eg ™ (r) and Eg+(r) denote, respectively,
EgA' (at r in A)

Eg (r)= {
Egp~ (at r in B)

and

E + .
+ _ g (at r in A)
Eg™ (r)= +
EgA (at r in B); (3.2.8)
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while k, and k_ denote

k, = kX + iky (3.2.9)
and
respectively, with
-k a . h a3 - h 3
k - = k - k — - . 302-11
x " i gx '’ y o iegy’ z " i gz ( )

Using Pauli Matrices Gys O and G,, We can rewrite Eq.(3.2.7) as

y)

Al
- | fl(rg
(Eg (r)-E)I E—{PL(kaX+Gyky)+PIGZkZ}
° fz(r)
=0
5 . fq(r)
‘,h‘o‘{PJ-(kaxM'yky)*P//“zkz} (Eg (r)-E)I
f4(r)
k JL J
(3.2.12)

where I is the 2x2 unit matrix. Projecting fs(r) and f4(r) onto

fl(r) and fz(r), we obtain

[(Eg“(r)—E)I

- 1 h
mg {P.L( O'xkx"l'd'yky ) +P//O'Zkz}E—g+(r—)_§ m {PJ_(O'XkaO'yky ) +P//6Zkz }]

[ ]
fz(r)

(3.2.13)

37



We impose the Bloch condition on fl(r) and fz(r):
f]_(XJY)Z"'d) fl(x,y,z)
' = exp(iqd) .
fz(x’y,z'l'd) fz(x,y,z)
(3.2.14)
At the A-B interface, we integrate Eq.(3.2.13) across the boun-
dary. We obtain the condition that

1 i f1(x)
m —;{P.L(O‘xkx'l'o'yky)‘l’P//szz}] [ ]

fol(r)
(3.2.14)
is continued at the interface. From this matching condition, we
obtain the energy dispersion relation:
cos(qd):cos(kAdA)cos(deB) - %ésin(kAdA)sin(deB)
(3.2.15)

with

(Egp*-E) 2P, 2kp?+ (Egp*-F) 2P %k, 2+ (Bep*-Eg, *) 2P 2 (k, 24k, 2)

(Egy* - E)(Eg,* - E)P, %k, kp

(3.2.186)
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§4 MAGNETOPLASMA THEORY

In this section, we derive the formal expressions for power
transport and power dissipation that accompany the propagation of
electro-magnetic radiation in material media under static magne-
tic fieldgs). From the expression, the dielectric tensor of

Pby_4Sn,Te is given.

8§4-1 General theory

The starting point is Maxwell's equations (in CGS units)

VxE = ‘%‘3”3 (4.1.1)
and
V><H=-é%+i—”j, (4.1.2)

with the constitutive equations relating the fields to the flux

vectors
D = le (4.1.3)

and

1l

B #}'l, (4‘1o4)
as well as the equation relating the conductivity tensor to
current density vector by Ohm’'s law including the static magnetic

field effect

J = ¢E, (4.1.5)
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where j(r,t) is the current density; o is the conductivity ten-
sor; E(r,t) and H(r,t) are the electric and magnetic field vec-
tors, respectively; D(r,t) and B(r,t) are the electric and magne-
tic flux vectors;s and ux are the electric and magnetic permiati-
vity tensors of the material. Since IV-VI compounds do not con-
tain transition metals, we can put
u=1I, (4.1.6)

where I is the unit tensor. Substituting Eqgs.(4.1.3), (4.1.4),

(4.1.5), and (4.1.6) into Egs.(4.1.1) and (4.1.2) leads to

_ 14
E=-1dy 4.1.7
Vx c 3t ( )
and
vxH = 1 3 g 4 4m4p (4.1.8)
c gt c

Taking rotation of Eq.(4.1.7), and using Eq.(4.1.8), we obtain

=___1__az +é_7£_a_E‘ -1-
Vx (VXE) 0% ek * Tl (4.1.9)

Since our main interest is in harmonic time variations, we postu-
late a solution in the form of

E = Ejexpli(q-r-wt)] , (4.1.10)
where E,exp(iq-r) is the complex field amplitude at r; w is the
circular (radian) frequency; q is the complex wave number vector.

Substitution of this equation into Eq.(4.1.9) gives
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ax(qxEg)

(2)2 (&) +3Z5) 5.

(4.1.11)

Here we define a generalized dielectric tensor for the phonon and

magnetoplasma coupled system

If we postulate a solution in the form of

E = Ejexpli(qz-wt)];

then Eq.(4.1.11) becomes

w2 2
Exx ~ (6) q

2X

Projecting E, onto the Ey and the Ey leads to

\

(

XX

According to fundamental linear algebra,

EXZEZX

&

Xy

3

_ Sxz°zy

&

&

zZZ
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“

(

E

XZ

vz

A4

X

(4.1.12)
(4.1.13)
Eyx
Ey = 0.
E
z |
(4.1.14)
Ey
w,2 2
(E) q
E
\ yA
(4.1.15)

we obtain two effective



dielectric constants

e = (2)242 (4.1.16)

i &, & &y, & ]
z X
Eyy - xE zZ Exy - xz zy
Zz zz
Eu. & Eyo &
Eyx ~ = Eyy - —To2
zZ zz J°

(4.1.17)
Substituting the eigenvalues back into Eq.(4?1.15) gives their
eigen modes of electro-magnetic field | amplitude. Using
Eq.(4.1.18) leads to

E = --2xg _ fzy g

s By - 2 (4.1.18)

If E, # 0, electro-magnetic radiation involves longitudinal elec-

tric field.
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8§4-2 Dielectric function due to lattice

The dielectric function &1 due to optical phonon is a tensor
in crystal but we can treat it as scalar when the crystal has
cubic symmetry. According to derivation used by Born and Huang,
we start with the equation of the ionic motion in the long wave
limit (the wavelength of the electromagnetic field is much larger

than the lattice constant)

2 X
g——u + F-g—u + w 2u = £, (4.2.1)
2 TO
dt dt M
where u = u, - u_; wu, and u_ are is the displacement vectors of

the cation and the anion from their equilibrium position, respec-
tively; T is relaxation time ; wTOZ is restoring force constant;
e* is the effective charge of the ions; M is the reduced mass of
anion and cation; E is the external field. Actually the field
acting on ions is not E but the Lorentz field. Since the polari-
zation vector is proportional to the displacement vector u, this
effect only renormalizes (e*/M). The electric field E is in a
sinusoidal time variation

E = Eoexp(—iwt), (4.2.2)
so that we postulate a solution in the form of

u = uoexp(—iwt). (4.2.3)

Substituting the last equation into Eq.(4.2.1) gives

X

2 4 ilw + wpo?)u = & E. (4.2.4)

(- w




Using the relations

P = Ne*u, (4.2.5)

£1E = & E + 47nP, (4.2.6)

and

%2 |
2 _ AnNe (4.2.7)

2
Yo T~ 9o Ty

Eq.(4.2.4) results in

2 2
wgo “ro ), (4.2.8)

wrg~ - wz - ilw

E1 = &(1 ¢+

where N is the number of ion pairs per unit volume; P is the
polarization vector; &r is the dielectric constant at high fre-

quency.
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§4-3 Magnetoplasma conductivity tensor

In this section we consider the conductivity tensor of

electron or hole gas medium on which static magnetic field is

imposed. To save manipulations, Einstein's promise is used for
the tensor. Hence we must take summation with respect to the
suffix which emerges twice in the same term. Consider the motion

of +the electron with mass m. under the static magnetic field Hi

iJ

and the oscilatory time varying electric field E;. Using Drude
model, we can get the equation of the motion of the electron with

the velocity vyt

dv .
Momm.

ljazi = —momierlvj + e(E + -

o eijijHk) ) (4.3-1)
where €4 jk is the component of the antisymmetric tensor; g1 is a
reciprocal of +the relaxation time of electrons. Postulate a
solution in the form of

E; = Ejexp(-iwt) (4.3.2)

1

and

~

vy = viexp(-iwt).

Substitution of these equations into Eq.(4.3.1) gives

{momij(—iw+Fel) + % eiijk}Vj = eEi. (4.3.3)
Using the relation
ji = 6;jE; = nevy , (4.3.4)

the conductivity tensor becomes
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ne2 1

oy - { p b % e w17 (4305
o= mo‘—iw+Pel mij -iw+Fel.m°C ijk k} ! e

where n is the carrier density of electrons. Solving the inverse
matrix in the last equation, we obtain

2 2

ine 1 { -1 II].c ﬁ ﬁ + 1 ﬁ }
T 3 = - . - m .. — ———— e . B TG. .. 1IN
1J mo (w+ilgj+wy) 1J det(m; ;) 1 i 1JkTRITL
inez 1 { -1 mcz ﬁ f—i 1 ﬁ
- . m s = —H. s = —Ee s
mo (w+ilgj-wg) 1J det(mij) 179 1oijkMkl l}
inez 1 { mcz A A }
mo  (w+ilgp) ldet(m; ) + I/’
{(4.3.6)
where Mo W and ﬁi are defined by
me = (det(ms;)/(my H;H;))1 /2, (4.3.7)
eH
We = (4.3.8)
momcc
with
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§4-4 Magnetoplasma dielectric tensor

Faraday configuration (q/H/<111>)

Since 1IV-VI compounds are grown

cleaved surface of Ban, we need the

of IV-VI compounds in

epitaxially on a (111)

dielectric tensor in the

condition that q#H#<111> (Faraday configuration) and q#/<111>

H#7<I12>(Voigt configuration). We name four valleys as follows:

<111> valley a,

<111> valley b,

<111> valley c,
and

<111> valley d

(see Fig. 4-4-1).

We take the Cartesian Coordinates as follows:

x <112>,
y <110>,
and
z <111>.
Derive the dielectric tensor in Faraday
HZ z
and
q /4 z.
From Eq.(4.3.7), cyclotron masses of a,

Moy Moo and m.q are given by

Moy = Myge

47

configuration:

b, ¢, and d valley, M.,



2n /(§m + 1p ) Lz
Meb M1b/ YoMt 7 gMlb

Meb = '
and
Moe = Med = Bebe
(4.4.1)
respectively. From Eq.(4.3.8), the cyclotron frequencies of a, b,
d, and d valleys, wggs Wohr Wee? and w,q are given by
- eH
@ T —
ca Mom,,C !
- eH
Web ~ mom_pC
and
Woe = Wed T Yeb? (4.4.2)
respectively. Using Eqs.(4.1.12), (4.2.8), and (4.3.6), we obtain
the components of the dielectric tensor
47n e? 1 1 1
‘SXX:E]. -{ +
mo 2o(wtilgjtogy) 20(wtily~wo,) "Mey
127znye? { 1 1 1(5 4
- . + — + s
mo 2o(wtileytwgp) 2wlwtile)-wop) "9 My M
4mn e’ { 1/i 1/4 1
EX =- 0
V' me  2w(w+il  twe,) 2w(wtile)-wg) My,
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]

1270y e? { 1/1i 1/4 (8myp+myy ) meoy,
Mo 2w(wtilgytwoy) 2w(wtily) -wqp) gmtbzmlb

fyy T Exx’

Eyz = Ezy = 0,
and
47n_e? 1 (1 8 1
€z7°81 2. l t 34 + )~
zz o “Myp Wy
Mo w(w+1Fel) my 5 9 9
12nnbe2 { 1 1 }
Mo 2w(w+iFel+wcb) 2w(w+iFel—wcb)

{( S S : )‘1}
. + - (—m + —m
tb 1b !

(4.4.3)
Taking eigenvalue of Eq.(4.1.17), we obtain the effective dielec-

tric constant of the cyclotron active mode,

5CRAzexx'i‘Sxy

47n_e? 1 1
:6 . - .
1 mo w(w+ilg-wey) Mgy
2
_IZnnbe . 1 ‘i i[ 5 . 4 ]+(8mtb+mlb)mcb}
Mo w(w+iFel—wcb) 29 ' mey mpy gmtbzmlb
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— +
Mo Q)(&)+1Pel+(z.)cb) 219 mtb mlb

127mye? 1 115 4 ] (8mtb+mlb)mcb}

. , el i
My M1p

(4.4.4)

and the effective dielectric constant of the cyclotron inactive

mode,
SCRI:EXX+i5xy
47, e? 1 1
:8 . - .
1 Mo w(w+1Fel+wca) My,
9 ,
12mn,.e 1 1(i¢ 5 4 8my, . +m m
_l2mny 1 _[ . }+( tb*M1p) cb}
Mo w(w+iFel+wcb) 219 My My thbzmlb
2
_12nnbe . 1 .i i{ 5 . 4 ]_(smtb+mlb)mcb}.
(4.4.5)
Under the lossless limit situation, poles of ECRA and

ECRI correspond to the dips in the magnetoplasma transmission
spectra. 0's give the peaks in the spectra. 'Contour map’

of ECRA and ECRI is given in Fig. 4-4-2. The effective dielectric
constants &cpa and ECRT’ and transmission versus magnetic field

are shown in Fig. 4-4-3,
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vy

FIG. 4-4-1 Definition of Cartesian coordinates and the valleys

of Pbl_XSnXTe.
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_ — MAGNETIC _FIEID  (kQe)

FIG. 4-4-2 Contour map of ECRA and ECRI for the Faraday

configuration with H#<111>. The solid and broken lines show the

location of the dielectric anomalies and poles, respectively.
Shaded areas represent regions of negative g, where reflectivity
is unity. The parameters used in calculation are: my = 0.0218moe,

K = 11, n = 2.OXI017cm'3, wpg = 18.8cm_1, wo = 1l4cm”™

34.
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§4-5 Magnetoplasma dielectric tensor of IV-VI compounds in Voigt

configuration (q/<111> and H/<TII2>)

Let us derive the dielectric tensor in Voigt configuration:
H /Z x
and

q /4 z.

From Eq.(4.3.7), cyclotron masses of a, b, c, and d valleys, Mg s

Moy, Moo and m,q are given by
Moy = Vigalig:
i/2
- 2 1 8
mop = {mtb mip/ (Gmep * §mlb)} ,
1/2
- 2 7 2
Moe = {mtb mip/ (ghep * §mlb)} ’
and
Mo = Meeo
(4.5.1)
respectively. From Eq.(4.3.8), cyclotron frequency of a, b, c,
and d valleys, Woar Wob! Wog? and woqr are given by
_ eH
w —_ —————————
ca Mom,,C ’
. _eH
®ob Mom 0 ’
- eH
w = ——_—
cc MomC !
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and

Wod = Yee

Using Egs.(4.1.12), (4.2.8), and

components of the dielectric tensor

Exx~€1

4nnae2 1 1 8

{ 1
. +(

l(w+iFel) mta 9

9

Mo

2 1

(4.3.6),

1

we

7
9

4mzn, e
b +

.{zw(
.{(

Mo

1

1 8

4
9mlb

9mtb

1
+

-(gMmtp *

w+iFel+wcb) 2w(w+iFel—wcb

8

1

)

-1
3™m1b) }

.{zw(
.{(

7 2 7
+

1
+

w+iFel+wCC) Zw(w+ifel—w

2

)"(gmtb + §mlb)_

1

ccC

)

J

1

(4.5.2)

obtain

2

—mtb + —mlb)_1+2-(—mtb + —mlb)_

9

{Zw(

wtilg) twep

1
+

1

1

) 2w(w+irel—wca) My,

|

1
+

1

1

Zw(w+ifel+wcb) 2w(w+iFel—wcb) My 1,

1 2

+

|

55

2w(w+iFel+wCC) 2w(w+iFel-wCC)

}

3

{

b

Myp Mip

the

'



p

4nnae 1 1 1
Ezzzgl .{ - + X }
mo 2w(wtilg1twgy) 2w(wtilgy-wegy) ‘Mg
4mny e’ { 1 1 }1{ 8 1 }
- . + — +
Mo 2w(w+ifel+wcb) 2w(w+iPe1—wcb) 9 'miyp Myp
8nnye? { 1 1 }1{ 8 1
. + — + ,
Mo 2w(w+irel+wcc) 2w(m+ifel—wcc) 9 Mip Mip
£ =
X
v 2w(w+iT, +wgy) 20(w+ile-wep)’ — 9mep2myy
_ 8nnbe2 { 1/1 1/1 l—df(mtb—mlb)m
mo 2w(w+il e1t9ch ) 2w(w+il"el—wcb)I thbzmlb
4mn e’ { 1/i 1/i | 1
Eop=—
vz Mo 2w(w+ilgytwgog ) 20(wtilg1-weg ) 'Meg
i 4nnbe2 { 1/1 1/i }(mtb+8mlb)mcb
mo  \Zw(w+il +wyp) 20(w+ileq-wep)’ 9mep’myyp
__ 8mmye’ { 1/i 1/4 }(7mtb+2mlb)m
Mo 2w(w+il l+&) b) 2w(w+if‘el—wcb) 9mtb2mlb
4nnbe2 { 1 }ZVE{ 1 1
& = + — e —
zx Mo’ 2w(w+il el e b) 2w(w+iFel—wa) 9 My, mip
Snnbez { 1 \—Vf{ 1 1
mo 2w{w+il l+wcc) 2w(m+11"el-—wcc)J 9 ‘myyp mip
Syx = "exy )
Ezy = "Eyz ’
and
€xz = Tézx
(4.5.3)

56



§5 EXPERIMENTAL PROCEDURE

§5-1 The Construction of submillimeter laser system

For magnetoplasma spectroscopy, a powerful and stable submil-

limeter light source is essential. Optically pumped gas lasers
are representatives of the light sources, because they widely
cover the wavelength region from 13m to 2mm97_99). We have

constructed an optically pumped laser system for stable light
sources and easy driving. First we describe mechanism and impro-
vement of a COy laser system for pumping light source. Second we
report mechanism of laser action and construction in a submilli-

meter laser system. third we report a feed back system to acquire

a stable output power.
§56-1-1 CO, laser for pumping

The carbon dioxide laser is the molecular laser whose wave
length output is A=10.6 and 9.6ym100). The CO, laser generates
high power(about 30W C.W.) using only compact system because it
possesses a high overall working efficiency. This is one of the
reasons the CO, laser is used for excitation of optically pumped
laser.

The CO, laser 1is one of the molecular gas lasers which
utilize the internal vibration and rotation levels. Laser medium

contains N, and He in addition to COy. The mechanism of laser
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action 1is shown in Fig.5-1-2. First nitrogens are excited from
ground states to first excited states{which belong to stretching
vibration modes) by a plasma discharge. Second nitrogen vibration
energy preferentially transfers to the ground state COZ molecule
by collision, that is, COz is excited from ground state to the (0
0 1) state, where a set of three integers(nl,nz,ng) denote the
energy level of the COZ molecule; ny, ng, ng are the quantum
numbers that correspond to the symmetric stretching, bending, and
asymmetric stretching modes, respectively(see Fig. 5-1-2). (Ac-
tually there are a large fraction of COZ molecules directly
excited by electron impact, and the excited molecules cascade
down the energy ladder from their original level of excitation to
(0 0 1) state.) The laser oscillation occurs wusing transition
from (0 0 1) state to (1 0 0) and from (0 0 1) to (O 2 0). The
transition from (0 0 1) to {1 0 0) states corresponds to 10.6um
line. The transition from (0 0 1) to (0 2 0) corresponds to 9.6um
line.

Figure 5-1-3 shows the optically pumping laser laser system.
Very high stability is required in power and frequency of COy
laser light because absorption lines of CHSOH, CHOOH etc. are
very narrow. The factors determining the stability is as follows.

1) stability of cavity length .

2) stability of flowing gas pressure

3) stability of an electric power supplier

4) stability of optical alignment

On the first factor, the cavity length is affected by atmospheric
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temperature because most of materials expand with increasing
temperature. To eliminate this factor we use neoseram whose
thermal expansion coefficient is -1.OX10_7;neoseram bar with
length 2m shrink by 2um with increasing temperature by 10 degrees
(we used before invar whose thermal coefficient is 1.OX10—6). The
second and third factors are related to each other, because
increase of gas pressure causes decrease of the electrical con-
ductance. We eliminate these factors using high quality needle
valve. On the fourth factor, the stability of optical alignment
depends on the performance of an isolation from vibration gene-
rated by rotary pumps and man walking. We perform the isolation
by introducing air damper under optical bench of pumping laser
system. In addition to the above improvements, we develop the

feed back system to stabilize the power.

§5-1-2 FIR laser

Since Chang and Bridges have developed the submillimeter
wave laser action in CH3vaolecules excited by P(20) COs-laser
line at 9.6um branch101), new lines in the region from 13.m to
2mm have been discovered using various molecules.

To get 1light source in the range from 13um to 2mm, mole-
cules, e.g. CH3OH , CHOOH are used. The COZ laser light excites
molecules in the FIR laser tube from ground state to vibrational-
ly excited states. The excitation inverts population between

rotational energy levels. Since the molecules have permanent
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electric dipole, 1laser action arises using these rotational
levels.

In laying out FIR laser, we have taken care of easiness of
optical alignment. Main feature is introducing a cavity box for
optical instrument to build up optical resonator(see Fig. 5-1-2).
This improvement enables us to use this system not only as an
open cavity resonator but also closed cavity resonator (wave

guide) by setting up copper cylinder instead of glassy one.
§5-1-3 Feed back system by PID control

We have achieved further improvement for stabilizing output
power of FIR laser. The fluctuation of the power 1is primarily
caused by the drift of the frequency of the CO, laser, because
absorption line is toolnarrow to coincide with CO, laser line.
The drift of the frequency is due to a change of the resonator
length. For the C02 laser with the free spectral range of 80MHz,
1um change of the resonator length corresponds to 16MHz drift of
the frequency. Various methods to stabilize the power and freque-
ncy have been reported102—104). The control mechanism adopted for
our laser system is as follows. First set output power of FIR
laser at 90% maximum power by controlling resonator length 6f COq
laser. Next carry out PID feedback using linear relation between

the increment of resonator length and the increment of power.
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FIG. 5-1-1 The mechanism of excitation and emission of the COZ

laser.

FIG. 5-1-2 (a)Unexcited CO,y molecule. {b), (c), and(d)The three

modes of vibration of the COz molecule(ref. 100).

61



'welsAs J9SB] I932WTITTTUANS g-[-G °*DId
4 wuw y
(susjhuyiakiod)| | 0002 um
, mopulm| 1 (Bwwg ajoy bundnoo) “
(WIY'GZ=)) Sgswl i Jounw yeyy m
J010u Su9) — 19s®] Yi4 :
g amcﬂﬁ/ sa
< MOPUIM 4: rhés_._.. J.Tz,_..
ndu .
"G oy
dnnd 191ds weaq 101 3ARDUOD
VA
Buidwnd A 5L81 w_
m Agiw.O_umaA w
: “ dhnd ‘ww/auogt)
(/0L ANASYRI WOI=Y)! “QVA §A Bunes
10111 SABDUOD| IEI 13se] {09 N . “
= 7
17d u J (scu
o . S )
13)SM
R Japsmalg | HIMOY FSMoTd

62



§5-2 Signal detection and experimental arrangements

Figure 5-2-1 shows the apparatus for the magnetoplasma
spectroscopy. Submillimeter light emitted from a laser is chopped
at 450Hz with duty ratio of 1:1 and guided into cryostat by a
light pipe(inner diameter ©6-10 mm). The 1light transmitting
through a sample is detected by changes of conductance of an InSb
photodetectorlos). Magnetic field(0~5T) applies to the sample by
a superconducting magnet. The changes of conductance is trans-
formed into voltage signals and amplified by a pre-amplifier. The
voltage signals is transmitted into DC voltage by lock-in-ampli-
fier and memorized by a computor, The sample holder for
measuring magnetoplasma transmission is shown in Fig. 5-2-2. The
sample is mounted on the aluminum film with a 5mmx5mm square hole
by G.E.wax. To avoid even very small leak of light beside the
sample, which distorts the transmission spectra, .the greatest
possible care must be paid due to superimposing and resulting
interference, since transmissivity of PbTe with thickness of 4um

is only about 0.1%.
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§6 SAMPLE PREPARATION AND CHARACTERIZATION
§6-1 Lattice Mismatch and Strain Effect

The lattice constants of PbTe and Pby gSng ,Te are 6.460 and
6.4303 and the lattice mismatch between them is 0.46%106). The
lattice mismatch is accommodated by matching the léttice éOnstaﬁtb_'
in the direction perpendicular to growth direction écrossb‘the
interface50’107_110). As a result, a large strain 1is yiélded in
. each layers of the superlattice. The strain effect is iﬁportént-
because the strain causes valley splitting and changes the inten-
sity of the satellite in the X-ray diffraction pattern of  the
superlattice. In this section we discuss the strain of the
superlattice.,.

The spacing do(a) without the strain between the ath metal
layer and the nearest neighbor telluride layer is given by

do (a) =503 a(x(a)), (6.1.1)
where x{(a) is the tin composition of the aqth metal layer and a(x)
is +the lattice constant of Pbl_XSnxTe. After deformation by
matching the lattice constant, do{(a) changes into dl(a) by the
strains along the growth di;ection and the space do(a) perpendi-
cular to the growth direction change into dy. The strains along
the growth direction and perpendicular to the growth direction,

e/(a) and eL(a), are defined by
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_ dy(a) - dof(a)

e//(a) do(a)
and
d, - dola)
- _t 0
e—L(a) - d_o(a) 1

respectively. The strain energy U(a) of the ath layer

Ula) = z(Cyjla)eylaleyla) + Cyplale lale, (a)

1
6

+ Ctt(a)e_l_(a)e_!_(a)) ’

(6.1.2)

(6.1.3)

is given by

(6.1.4)

where Cll(a), Clt(a)’ and Ctt(a) are defined by the elastic

,(6.1.5)

stiffness constants CiijTe and CianTelll) as follows:
Cll(a) - (cllpre + 2012PbTe +4C44PbTe)(14x(a))
+(0118nTe + 2C12SnTe +4c44SnTe)x(a)

Clt(a) - 4(Cllpre+2012PbTe-ZC44PbTe)(l—x(a))

+4(Cl1SnTe+zcl281’1Te__20448nTe)X(a)

and

Copla) = 4(Cq  PTe420,PPTe e, ,PPTE) (1-x(a))

+4(Cl1SnTe+zclzsnTe+C44SnTe)X(a)
Impose the <condition that there is no stress along
direction of the superlattice; namely,
aula) _

adl(a) -

and
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Cipla)

eyla) = - 2611 (@) e (a) (6.1.9)
Substituting this into Eq.(6.1.4), the total energy of strain, U
is given by

Cqela)?
U = % - { Cee (@) = 35777 } L) (6.1.10)

Impose the condition that the total energy is minimized in equi-

librium state

au  _
5&; = 0. (6.1.11)
From the last condition, we get
B Gla) Gla)
dt = Z / Z — (6.1.12)
do (a) do{a)
Qa a
and
where G(a) and P(a) are defined by
Gla) = Ceqla) SLI (6.1.14)
a) = a) - .1,
tt 4Cllia5
and
Cisla)
1t
P T e =t 1.
respectively. So far, we are taking into account interdiffusion

between PbTe layers and Pbl_XSnXTe layers by (a).

no interdiffusion,
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dlA = dOA + (d.t - dOA)PA

and

dlB = doB + (dt - doB)PB’

where LA and LB are the layer thicknesses of the PbTe

Pbl_XSnXTe layer, respectively.
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(6.1.17)

(6.1.18)
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TABLE 6-1-1 Lattice constant and stiffness constant

lattice constant(X) P G
A Pbo'ssnO.zTe 6.430 —1.08 0.892
B PbTe . 6.460 -1.08 0.916
BaF, 6.187

lattice mismatch 0.46% between PbTe and Pb0.8SnO.2Te

lattice mismatch 4.2% between PbTe and Ban
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§6-2 X-ray Diffraction of Superlattices

X-ray difraction is a powerful method to determine the
structural characterization of superlattices50’109—110). Let us
consider X-ray diffraction intensity of a PbTe/Pbl_XSnXTe super-
lattice. The superlattice consists of N periods and each period
has 2M atomic layers. For the superlattice with <111> growth
direction, metallic atom layer and Te atom layer are grown
alternately. When x-ray is incident with the angle 8§ with respect
to the superlattice interface, the amplitude A of X-ray dif-

fracted with the same angle 8 is given by summation of amplitude

of reflected X-ray from the gth atomic layer:

2NM-1 '
A=) g(a)exp[lAk*ds(a)] ' (6.2.1)
a=
with
£ )={fpb(9)(1—X(a))+f8n(9)X(a) (a = odd number)
fre(8) (¢ = even number)
(6.2.2)
ds(a)= gd(ﬂ)
B=1"
where fp(68), fg,(0) and fq () are atomic scattering factors of

Pb, Sn and Te, respectively; d(a) is the distance between (a-1)th

and ath atomic layer. The amplitude A becomes
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g-l ) @M—l i
A =) Sxp[lAk*ND] L g(a)exp[lAk*dS(a)]
Tl = = .
i 2nrw M-1 )
= Nexp(lAk*ND/Z)d(Ak-—B—) i g(a)exp[lAk*dS(a)]:
a=
(6.2.3)
where D 1is the thickness of one period; ¥ is integer;d8(x) 1is
defined by
1 ( x = 0 )
J(X)={
0 (x £ 1) .
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§6-3 Sample preparation by hot wall epitaxy

Samples have been prepare by flip-flop hot wall epitaxy
system in 1><10_7 torr(see Fig. 6—3—1)112). Crystal growth has
been performed in almost closed tube so that 1><10—7 torr is
sufficiently high vacuum. Hot wall epitaxy Vapor pressure in hot
wall epitaxy method is much high(l()"q"le—3 Torr) than that in
molecular beam epitaxy. Typical source temperature is 520°C and
a substrate temperature is 250°C. Growth rate is about SZ/seb.
Carrier concentration has been controlled by Te reservoir tempe-

rature.
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§7 EXPERIMENTAL RESULTS AND ANALYSES FOR VARIOUS SUPERLATTICES

To observe minibands of superlattices, barrier layers must
be enough narrow for electrons to tunnel through the Dbarrier
layers. If Pb0.8sn0.2Te layers act as barriers, electrons with an
energy about the middle of energy gap penetrate into the Dbarrier
layers by 145& in the case of the singlet valley, where the <1115
direction is taken as a superlattice growth direction. In the
case of the triplet valleys the penetration depth is 44&, since
the mass along the superlattice direction is almost equal to my.
(see Table 7-0-1). We prepared superlattices with barrier layer
thicknesses in the range from 302 to ZOOK as  shown in Table
7-0-2,

It 1is also important to check the interdiffusion of Pb and
Sn atoms across the interfaces because the interdiffusion changes
the potential shape for electrons and holes. Layer thicknesses
and interdiffusion lengths are determined by using satellite
intensity and spacing 6f_X—ray diffraction pattern. The X-ray
through monochromator from Cu target contains only characteristic
lines of kaj(A=1.54053) and kap(A=1.5443A) with intensity ratio
of 2:1. Carrier densities of the superlattices are determined by
Hall measurements. These characterization data are 1listed in

Table 7-0-2. Electronic properties of superlattices are specified

by the superlattice structure and carrier density. We will
discuss properties of the superlattices individually. Sections

7-1, T7-2, 17-3, and 7-4 give the analysis of cyclotron resonance

78



for superlattices with small interdiffusion. The samples analysed
in these four sections have the PbTe layers with almost the same
thickness(ZOOoA). The PbO.BsnO.ZTe layer thicknesses is 30, 60,
150, ZZOOA, respectively. From the four sections we will get the
barrier layer thickness dependence of the electronic properties
in the superlattices. The magneto-plasma spectra of superlattice
with large interdiffusion are given in section 7-5 and 7-6. 1In
section T7-7, the cyclotron resonance data of the superlattice

consist of very thin layer are presented. Over all discussion is

given in section 8.
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TABLE 7-0-1 Energy gap and effective mass

Eg(meV)at 4,2K mt(mo) ml(mo)
PbTe 184 0.023 0.242
PbO.gsno‘zTe 76 0.0095 0-100
E . _ K%kx? . K%ky® . K2kz?
E(1 + =—) = + +
Eg 2mg 2my 2my

=

penetration depth of electron in Pbgy gSng oTe, dx and dz

0.0095m0, dx = 1454

H

E = -38(meV}, my

0.1000mo, dz = 444

1l

my

80



TABLE 7-0-2

SAMPLE CHARACTERISTICS

sample layer layer inter- total carrier mobility
name thickness thickngss diffsign layer density at 4.2K
o]
PbTe (&) PbSnTe(A) length(A) number (1/cm®) (cm?/V.s)
#1 220 30 <10 175 1.2x10L7 17000
42 240 60 <10 160 1.1x1017 260000
#3 260 150 <30 135 3.9x1017 220000
#4 220 220 <10 100 - -
5 300 190 a5 100 2.1x1017 130000
46 180 230 70 100 1.5x1017 13400
$7 34 41 <16 600 1.5x1017 90000
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§7-1 PbTe/Pb;_ Sn Te 2204/30A Superlattice(#1)

From the X-ray diffraction pattern(see Fig. 7—1-1), PbTe and
Pbl_XSnxTe layer thicknesses, 2203 and 30&, are obtained. Total
thickness is 4.48um. Interdiffusion length is Dbelow IOK. To
obtain more precise interdiffusion length, we must detect inten-
sity of further satellites. Because higher harmonics become
increasingly important as tin composition profile approaches the
square shape. Actually they are very weak. Figure 7-1—-2 shows Sn
composition profile at interdiffusion length 1OZ(worst case) .
Figure 7-1-3 shows an energy diagram based on the model that the
indium level are taken as the energy origin, Figs. 7-1—-4 and
7-1-5 show the dependence of the magnetoplasma transmission spec-
tra on magnetic field direction. Dip A is the cyclotron resonance
of the singlet valley. Peak B is the dielectric anomaly. There is
no triplet valley signal due to valley.splitting caused by ten-
sile strain from BaF,. .This tensile strain arise on account of
the difference of thermal expansion coefficient between the
superlattice film and the BaF, substrate when a sample is cooled
down from room temperature to 4.2K. Figure 7-1—-6 shows resonance
magnetic field versus magnetic field directions. The solid 1line
in Fig. 7-1-6 are calculated resonance m;gnetic field based on
the envelope function approximation method. In this calculation,
potential 1is taken as the square shape. This is good approxima-

tion from the above X-ray analysis. Band discontinuities are

defined by
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Ec(x) 300x{meV)

and

1]

Ev(x) -184 + 243x(meV)

from the model in which the indium level in Pby_,Sn Te is used as
reference level({see Fig. 3-1-1). For PbTe/Pbo.ssno.z, the band
discontinuity of the conduction band is 60meV. The valley split-
ting effect due to the internal strain to accommodate the lattice

mismach must be taken into account. The deformation parameters in

ref. are used(listed below}.

Dg¢ = -1.09 (eV)
de = -2.23 (eV)
D, = 2.07 (eV)
D,Y = 2.62 (eV)
From cross section of the Fermi surface, Sk’ cyclotron mass, Mg,

is derived by using

52 dS,
Me = 27°dE (7.1.1)
where E is the energy at the Fermi surface. From this calcula-

tion, calculated carrier density and area of cross section.of the
Fermi surface are almost coincident with measured ones (see Table
7-1-1). Band parameters in calculation are given in Fig. 7-1-7.
The band edge energy suffers fram the effect of internal strains
at the PbTe layer and PbO.SSnO.ZTe layer to accommodate the
lattice mismatch. The effect of tensile strain due to the BaF,
substrate is taken into account as a valley splitting to maintain

consistency between measured Fermi surface and carrier density
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and calculated ones. The energy dispersion curves are shown in
Figs. 7-1-8 and 7-1-9. For the singlet valley, the first and
second subbands are not dispersive along the q(<111> superlat-
tice direction). In other words, energy gaps between the first
and second subbands at q=0, and between the second and third
subbands at q=z/d are wide. The Fermi level locates slightly
above the third subband edge(short and long dashed line in Fig.
7-1—-8). Thus the Fermi surfaces of the first and second subbands
have cylindrical shapes and are 2—dimensional. The third subband

is dispersive but the number of carriers is gquite small to detect

the cyclotron resonance Table 7-1-1). For the triplet valleys,
dispersion of subbands along q is large. However carriers do no
exist in the triplet valleys, we could not examine this disper-
sion.
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FIG. 7-1-1 "Measured(solid line) and calculated(dotted line)
X—-ray diffraction patterns for the sample #1. Calculated line is
shifted intentionally to avoid overlapping. Diffraction is around
(444) reflection. From the calculation, the thicknesses of
2204 (60 PbTe layers) and 30A(9 Pby gSng ,Te layers) are obtained.

The interdiffusion length is below 10A.
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FIG. 7-1-2 Tin composition profile versus metallic atom layer
numbers for the sample #1(220A/30A4). The thickness of 100

o
molecular layers corresponds to 373A.
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FIG. 7-1-3 Energy band diagrams of the singlet valley(solid

lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #1(2202/30&). The thickness of 100
molecular layers corresponds to 3733. Energy bands shift by

internal strain to accommodate the lattice mismatch between PbTe

and PbO;SsnO.ZTe layers.
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FIG. 7-1-4 Magnetoplasma transmission spectra with 307um laser
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light at 4.2K for the sample #1(2203/30A). The magnetic field
direction is changed from O deg along <111>(Faraday configura-
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FIG. 7-1-5 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #1(220A4/30A). The magnetic field
direction is changed from 0 deg along <111>(Faraday configura-

tion) to -90 deg along <112>(Voigt configuration).
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FIG. 7-1-6 Dip position as a function of the magnetic field
directions for the sample #1(2204/30&). Solid line is the

cyclotron resonance field obtained from calculation based on the

envelope function approximation.
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§7-2 PbTe/Pb;_ Sn _Te 240A/60A Superlattice(#2)

From the X-ray diffraction pattern(see Fig. 7-2-1), PbTe and
Pbl_XSnXTe layer thicknesses, 2402 and SOX are obtained. Total
thickness is 4.67um. Interdiffusion length is below 103. To
analyze more precise interdiffusion length, we must detect inten-
sity of further satellites for the same reason in section T7-1.
Figure 7-2-2 shows the Sn composition profile with an interdiffu-
sion length IOX(worst case). Figure 7-2-3 shows energy diagram
based on the model that the indium level is taken as the energy
origin. In this case, the square well potential approximation is
good even in a worst case for interdiffusion. The mobility of
260000 cmz/V-s is extremely high in this sample. Figures 7-2-4
and 7-2-5 show the dependence of the magnetoplasma transmission
spectra on magnetic field directions. ‘Dips A and B come from
cyclotron resonance of the singlet valley(valley A) and valley B
of the triplet valleys, respectively. Dip C is cyclotron reso-
nance due to valleys C and D of the triplet valleys. Valleys A,
B, C, and D are denoted by valleys directed <111)>, <11I7>, <I1D>
and <T1I>, respectively. Electrons belonging to the singlet val-
ley are 2—dimensional but the electrons belonging to the triplet
valleys are 3—-dimensional. Figure 7—-2-6 shows resonance magnetic
field versus magnetic field directions. The solid line in Fig.
7-2—6 are calculated resonance magnetic field based on the enve-
lope function approximation. Procedure of calculation is the same

as section 7-1. Calculated carrier density and area of cross
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section of the Fermi surface almost reproduce experimental ones
(see Table 7-2—1). Band parameters in calculation are given in

Fig. 7-2-7. The energy dispersion curves are shown in Figs. 7-2-8

and 7-2-9.
For +the singlet valley, dispersion of the first and second sub-
bands is almost constant as function of q. Fermi level 1is

slightly above the second subband edge. Hence the electron system
of the singlet valley is 2-dimensional. For the triplet valleys,
even the first subbands are dispersive as shown in Fig. 7-2-9.
The Fermi level locates in the first subband. The shape of the
Fermi surface is almost spheroidal and the dependence of reso-

nance magnetic field is 3-dimensional.
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FIG. 7-2-1 Measured(solid line) and calculated(dotted line)
X-ray diffraction patterns of the sample #2. Diffraction is
around (444) reflection. From the calculation, the thicknesses of
240&(63 PbTe layers) and 602(15 PbO.BSno.ZTe layers) are

obtained. The interdiffusion length is below IOK.
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FIG. 7-2-2 Tin composition profile versus metallic atom layer
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numbers for the sample #2(240A/60A). The thickness of 100
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molecular layers corresponds to 373A.
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.FIG. 7-2-3 Energy band diagrams of the singlet valley(solid
lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #2(240A/60A). The thickness of 100
molecular layers corresponds to 373%. Energy bands shift by

internal strain to accommodate the lattice mismatch between PbTe

and Pbg gSng ,Te layers.
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FIG. 7-2-5 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #2(2402/602). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to -90 deg along <112>(Voigt configuration).
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cyclotron resonance fieid obtained from calculation based on the

envelope function approximation.
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§7-3 PbTe/Pb,__Sn_Te 2604/150A Superlattice(#3)
1-x90x

From the X-ray diffraction pattern(see Fig. 7-3-1), PbTe and
Pby_,Sn Te layer thicknesses, 2602 and 1502 are obtained. Total
thickness is 5.48um. Interdiffusion length is Dbelow BOK. To
determine more precise interdiffusion length, we must measure
intensity of far satellites for the same reason in section 7-1.
Tin composition profile are shown in Fig. 7-3-2 at interdiffusion
length BOX(worst case). Figure 7-3-3 shows energy diagram Dbased
on the model that the indium level is taken as the energy origin.
In this case, the square well potential approximation is safely
used. The carrier mobility of 220000 cmz/V-s is very high.
Figures 7-3-4 and 7-3-5 show the dependence of the magnetoplasma
transmission spectra on magnetic field direction. The electrons
belonging to the singlet and triplet valleys are 2—-dimensional
because magnetic field direction dependence is 1/cos@. Figure
7—-3—-6 shows resonance magnetic field versus magnetic field direc-
. tions. The solid lines in Fig. 7-3-6 are calculated resonance
magnetic field based on the envelope function approximation.
Calculation are made by the same procedure in section 7-1. The
caluculated carrier density and area of cross section of the
Fermi surface well agree with measured ones as shown in Table
7-3—-1. Calculated band parameters in calculation are given in
Fig. 7-3-7. The energy aispersion curves are shown in Figs. 7-3-8
and 7-3-9. For the singlet valley, dispersion curves of the

first, second, third, and forth subbands are almost constant for
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q. Electrons in the singlet valley indicate 2-dimensional prop-
erties because the Fermi level 1is above the third sub-
band (Kx=0,Ky=0) and the Fermi surfaces of these subbands are
spheroidal. For the triplet valleys, the dispersion of the first
subband is small. Since the Fermi level locate in the gap between
the first and second subbands, the triplet valley's electrons act

2-dimensional electron.
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FIG. 7-3-1 Measured(solid line) and calculated(dotted line)
X-ray diffraction patterns of the sample #3. Diffraction is

around (444) reflection. From the calculation, the thicknesses of
2602(70 PbTe layers) and 150K(39 Pbgy gSng, oTe layers) are

obtained. The interdiffusion length is below 302.
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FIG. 7-3-2 Tin composition profile versus metallic atom layer
numbers for the sample #3(2601/1502). The thickness of 100

molecular layers corresponds to 373&.

110



200 r | | | | |
PDTE/PDO_BSHO'ETE SL

100 —
~
)
E
. 0
D)
T
Ll
=
L

-100

—EOO(j 50 4100 150 200 250 300

LAYER NUMBER

FIG. 7-3-3 Energy band diagrams of the singlet valley(solid
lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #3(2602/1502). The thickness of 100
molecular layers correéponds to 3732. Energy bands shift by
internal strain to accommodate the lattice mismatch between PbTe\

and Pbo,gsno,zTe layers.
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FIG. 7-3-4 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #3(260&/1502). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to 90 deg along <II2>(Voigt configuration).
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FIG. 7-3-5 Magnetoplasma transmission spectra with 337um laser

light at 4.2K for the sample #3(260A/150&). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to at -90 deg along <112>(Voigt configuration).
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FIG. 7-3-6 Dip position as a function of the magnetic field
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cyclotron resonance field obtained from calculation based on the

envelope function approximation.

114



Pble PbSnTle

PbTe PbSnTe -1 WA
- —q\ \
LBmeV BrmeV 62meV "BimeV
\], 83meV \1,
N T Y
\
185meV | 186meV
\ _ \
Vs Valley | Vit Valley

FIG. 7-3-7 Band parameters used in the calculation based on the
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§7—-4 PbTe/Pby__Sn_Te ZZOK/ZZOK Superlattice(#4)
1-—xSDx

PbTe and Pby_,Sn,Te layer thicknesses, ZZOK and ZZOK are
"obtained to reproduce the measured X-ray diffraction pattern(see
Fig. T7T-4-1). Total thickness is 4.32um. Interdiffusion length is
below 103. To measure more precise interdiffusion length, we must
detect intensity of further satellites because of the same reason
in section 7-1. But they are too weak to measure. Figure 7—-4-2
shows Sn composition profile at interdiffusion length 30K(worst
case). Carrier concentration could not be determined probably due
to coexistence of two types of carriers. Figure 7-4-3 shows
energy diagram based on the model that the indium level is taken
as the energy origin. In this case, the square well potential
approximation is safe. Figures 7-4-4 and 7-4-5 show the depend-
ence of the magnetoplasma transmission spectra on magnetic field
direction. The electrons belonging to the singlet and triplet
valleys are 2—dimensional. The envelope function calculation was
not carried out because the carrier density and the cross section
area of the Fermi surface due to existence of two type of car-
riers(n/p). But analysis of section 7-3 suggests that calculated
dispersion curve in this superlattice should be almost constant

as a function of q.
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FIG. 7-4-1 Measured(solid line) and calculated(dotted line)
X-ray diffraction patterns of the sample #4. Diffraction is
around (444) reflection. From the calculation, the thicknesses of
220&(58 PbTe layers) and 220&(58 PbO.SSnO.ZTe layers) are

obtained. The interdiffusion length is below IOK.
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FIG. 7-4-2 Tin composition profile versus metallic atom layer
numbers for the sample #4(2202/2202). The . thickness of 100
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molecular layers corresponds to 373A.
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FIG. 7-4-3 Energy band diagrams of the singlet valley(solid

lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #4(2203/2202). The thickness of 100
molecular layers corresbonds to 3732. Energy bands shift by

internal strain to accommodate the lattice mismatch between PbTe

and Pbo_gsno_zTe layers.
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FIG. 7-4-4 Magnetoplasmd transmission spectra with 337um laser
light at 4.2K for the sample #4(220A4/220A4). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to 90 deg along <I12>(Voigt configuration).
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FIG. 7-4-5 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample 8603065A(2204/220A). The magnetic
field direction is changed from O deg along <111>(Faraday

configuration) to -90 deg along <112>(Voigt configuration).
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FIG. 7-4-6 Dip position as a function of the magnetic field
direction for the sample #4(220A/220&). Solid lines are the

cyclotron resonance field having 1/cos(8).
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§7-5 PbTe/Pb,_.Sn Te 300A/190A Superlattice(#5)
1—x°Px

From the X-ray diffraction pattern(see Fig. 7-5—-1), PbTe and
Pbl_XSnXTe layer thicknesses, SOOZ and 1SOZ are obtained. Total
thickness is 4.84um. Interdiffusion length is very large QSK. Sn
composition profile at interdiffusionllength 95%. Figure 7-5-3
shows energy diagram based on the model that indium level are
taken as the energy origin. The carrier mobility of 130000
cmz/V's is very high. Figures 7-5-4 and 7-5-5 show the dependence
of the magnetoplasma transmission spectra on magnetic field di-
rection. The electrons belonging to the triplet valleys are
2_dimensional. but the electrons belonging to the singlet valley
are divided into 2-dimensional and 3—dimensional one. This dif-
ference comes from large interdiffusion. Large interdiffusion
makes the potential shallow, where higher subbands have large
dispersion. Internal strain due to lattice mismatch between PbTe
and Pb0.8sn0.2Te layers decreases potential deference(compare
solid line and dotted line in Fig. 7-5-6). Thus, for the singlet
valley, the first subband Fermi surface is cylindrical but second
subband is spheroidal. For‘the triplet valleys only electrons
belonging to the first subband exist and its Fermi surface 1is
cylindrical. The envelope function calculation was not carried
out. 1In this case, equations for obtaining the energy dispersion
curve are differential ones. It is interesting physically to

calculate the interdiffusion dependence of subband dispersion.
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FIG. 7-b5-1 Measured(solid line) and calculated(dotted line)
X—ray diffraction patterns of the sample #5. Diffraction is
around (444) reflection: From the calculation, the thicknesses of
3OOX(SO PbTe layers) and 1QOX(SO PbO.BSnO.ZTe layers) are

[o]
obtained. The interdiffusion length is 95A.
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FIG. 7-5-2 Tin composition profile versus metallic atom layer
0
numbers for the sample #5(300A/190x). The thickness of 100
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molecular layers corresponds to 373A.
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FIG. 7-5-3 Energy band diagrams of the singlet valley(solid
lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #5(3002/190&). The thickness of 100
molecular layers corresponds to 373&. Energy bands shift by

internal strain to accommodate the lattice mismatch between PbTe

and PbO.SsnO.ZTe layers.
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FIG. 7-5-4 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #5(300A/1904). The magnetic field
direction is changed from 0 deg along <111>(Faraday

configuration) to 90 deg along <II2>(Voigt configuration).
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FIG. 7-5-5 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #5(300A/190A4). The magnetic field
direction is changed from 0 deg along <111>(Faraday

configuration) to at -90 deg along <112>(Voigt configuration).
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direction for the sample>#5(300A/1QOX). Solid lines are the

cyclotron resonance field obtained from calculation based on the

usual bulk Fermi surface.
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§7-6 PbTe/Pb;_ Sn Te 180A/231A Superlattice(#6)

From the X-ray diffraction pattern(see Fig. 7-5—-1), PbTe and
Pbl_XSnxTe layer thicknesses, 1802 and 2313 are obtained. Total
thickness is 4.32um. Interdiffusion length is 702. Figure T7-6-2
shows Sn composition profile at interdiffusion length 703. Figure
7-4-3 shows energy diagram based on the model that indium level
are taken as the energy origin. Figures 7-4-4 and 7—4-5 show the
dependence of the magnetoplasma transmission spectra on magnetic
field direction. In Voigt configuration(at 90 and -90 degree),
transmission spectra is constant, so the electrons belonging to
the singlet and triplet valleys are 2—dimensional. Comparing
with the superlattice 1802/231K(in the previous section), low
carrier density and small interdiffusion are the reason why 3-
dimensional carrier can not be observed. The envelope function
calculation was not carried out because of the same reason in

section 7-5.
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FIG. 7-6-1 Measured(solid line) and calculated(dotted line)
X-ray diffraction patterns of the sample #6. Diffraction is
around (444) reflection; From the calculation, the thicknesses of
180&(48 PbTe léyers) and 2313(62 Pb0.8sn0.2Te layers) are

obtained. The interdiffusion length is 703.
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molecular layers corresponds to 373A.
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FIG. 7-6-3 Energy band diagrams of the singlet.valley(solid
lines) and triplet valleys(dotted lines) versus metallic atom
layer numbers for the sample #6(180&/2313). The thickness of 100
molecular layers corresponds to 373&. Energy bands shift by

internal strain to accommodate the lattice mismatch between PbTe

and PbO.SsnO.ZTe layers.
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FIG. 7-6-4 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #6(180A/231&). The magnetic field
direction is changed frdm 0 deg along <111>(Faraday
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FIG. 7-6-5 Magnetoplasma transmission spectra with 337um laser

light at 4.2K for the sample #6(1803/231&). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to -90 deg along <112>(Voigt configuration).

138



40

(kG)

30 —

20 -

10

RESONANCE MAGNETIC FIELD

(180-230)
s J A A S EE E N E—

-80 -60 -30 0 30 60 80
MAGNETIC FIELD DIRECTION (DEG)

FIG. 7-6-6 Dip position as a function of the magnetic field

o
direction for the sample #G(IBOZ/ZBIA). Solid lines are the
cyclotron resonance field obtained from calculation based on the
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§7—7 PbTe/Pb;_.Sn,Te 34A/41A Superlattice(#7)
1-x°x

From the X-ray diffraction pattern(see Fig. 7-7-1), PbTe and
Pbl_XSnXTe layer thicknesses, 342 and 412 are obtained. Total
thickness is 4.50um. Interdiffusion length is below 163. To
determine more precise interdiffusion length, intensity of the
further satellites are required for the same reason in section 7-
1. But they are very weak. Figure 7-7-2 shows Sn composition
profile at interdiffusion length 162(worst case) . Fig. 7-7-3
shows energy diagram based on the model that indium level are
taken as the energy origin. In the worst case, it is the problem
which the square well potential approximation is used safely or
not. Figures 7-7—-4 and 7-7-5 show the dependence of the magneto-
plasma transmission spectra on magnetic field direction. The
electrons belonging to the singlet and triplet valleys are 3—di-
mensional. Figure 7-7—-6 shows resonance magnetic field versus
magnetic field directions. The solid line in Fig. 7- 7—6 are
calculated resonance magnetic field based on the envelope func-
tion approximation. In this sample, there are no data of SdH.
Band parameters in calculation are given 1in Fig. 7-7-7. The

energy dispersion curves are shown in Figs. 7-7-8 and 7-7-9.
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FIG. 7-7-1 Measured(solid line) and calculated(dotted line)
X-ray diffraction patte?ns of the sample #7. Diffraction is
around (444) reflection. From the calculation, the thicknesses of
342(9 PbTe layers) and 412(11 PbO.SSnO.ZTe layers) are obtained.

The interdiffusion length is below 16&.
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FIG. 7-7-5 Magnetoplasma transmission spectra with 337um laser
light at 4.2K for the sample #7(342/412). The magnetic field
direction is changed from O deg along <111>(Faraday

configuration) to -90 deg along <112>(Voigt configuration).
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§8 DISCUSSION FOR PbTe/Pby_,Sn Te SUPERLATTICES

For 2204/220A, 260A/150A, 240A/604, and 220A/30A superlat-
tices with small interdiffusion, the dependence of band edge
structure on the barrier layer(Pbl_xSnXTe layer) thickness are
observed by magnetoplasma transmission spectra(see sections 7-1,
7-2, 7-3, and 7-4). The electron system belonging to the singlet
valleys 1is 2~dimensional for all these superlattices, even for
the sample with the barrier layer thickness of BOZ. The electron
system belonging to triplet valleys is 2-dimensional for the
2204/220A and 260A/150A superlattices, while for the 200A/60A
superlattice, the electron systems belonging to triplet valleys
are 3-dimensional due to electron tunneling across barrier layer.
This coexistence of two dimensional and three dimensional bands
is the first exapmple in IV-VI superlattices. The difference of
dimensionality of electron systems between the singlet and trip-
let wvalleys comes from the fact that the singlet valley's elec-
tron mass along superlattice direction is ten times heavier than
triplet ones. For the ZZOZ/3OX superlattices, the cyclotron reso-
nance of electrons belonging to the triplet valleys is not ob-
served, because the electrons do not exist due to valley split-
ting by tensile strain caused by the difference of thermal expan-
sion coefficient between superlattice film and BaF, substrate.

Calculation of cyclotron masses is made using the envelope
function approximation based on the two band model(see sections

2-1 and 3-2). For the band discontinuity, we use the model that
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PbTe and Pby_,Sn,Te energy bands are connected in reference to
the pinning level of the deep impurity indium. The measured and
calculated cyclotron masses agree well with each other, where the
measured carrier density and the cross section of Fermi surface
are reproduced as good as possible. Also from the calculated
energy dispersion curve, the relation of barrier thickness to
dimensionality of electron system can be explained. Moreover it
has been found that the band discontinuity model 1is consistent
with the experimental results.

For the superlattices 3002/1902 with large interdiffusion of
Pb and Sn atoms across the interface, the resonance magnetic
field due to the singlet valley's electrons splits into two with
changing the magnetic field direction from Faraday configuration.
This splitting comes from the fact that the higher subband of two
lowest subbands is much more dispersive than the lower, because
the large interdiffusion decreases the barrier potential and the

dispersion of the higher subband becomes large.
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§9 ANDERSON'S NEGATIVE U MODEL AND STATISTICS OF THREE CHARGED

STATES

In this section let us consider a negative U potential model
for double acceptor impurities. At first the model was proposed
by Anderson to account for diamagnetism of localized states in

gap in chalcogenide amorphous semiconductor113);

generally impu-
rity states in a covalent semiconductor shows Curie-Weiss para-
magnetism due to repulsive Coulomb interactions. A large elec-
tron-phonon coupling incorporated in the model makes an impurity
prefer two electron occupied state to single electron occupied
one, though repulsive Coulomb interaction exisﬁs between loca-
lized electrons. The model also explains the Fermi level pinning,
persistent photoconductivity, and metal-insulator transitions in
Pbl_xSnXTe/In. In Sec. 2-1 we show Anderson's negative U model.
In Sec. 2-2 we give statistics of the three charged states de-

rived from the mode1114).
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9-1 Anderson’'s negative U model

A starting Hamiltonian consists of the electron term, the

113).

phonon term, and the electron-phonon coupling term
}[ =}[el +}{ph +;{el-—ph . (9-1.1)
The electron term is given by

Moy = L Ejlngy + nyy) + U Y nyynyy (9.1.2)
1 1 .

where nj 4 and n;, are number operators for a spin up electron and

a spin down one, respectiVely. The energy, E;, can be equal at
any impurity site, i,‘ or assumed to be distributed over a given
range of energy. The energy U is the Coulomb repulsive energy

between electrons at the same impurity. The phonon term is repre-

sented by
1 - 1
”ph = Z (meg + Ecxg) s (9.1.3)
, i
where X3 is the Holstein coordinate; m the mass; ¢ the force

constant. The electron-phonon coupling term is
Hel-ph = § - Axj(njy + n3y) (9.1.4)

where A is the coupling constant. Replacing the parameters in

these definition as follows

Ay = Axg (9.1.5)
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A = A2 (9.1.6)

M = %f , (9.1.7)

the Hamiltonian becomes

* ; {EMAl + ingl - Aj(ngy + 00} (9.1.8)
where A; and A, have energy dimension of energy. Rewriting the

Hamiltonian as follows:

A
¥ =Y (By - 5zo)(ngy + nyy) + 1 (U= Ajdngyng,
1 1
1yi 2 1 2
+ %I[EMAi + EZ;{Ai - Aglnyy + n3)1%1 0 (9.1.9)

we can obtain energy eigenstate. Defining Ueff, Eieff, and wg by
Ueff = U - A, {9.1.10)
A
eff _ 0
El —El —7—- (9.1.11)
wo? = (Mag) ! (9.1.12)
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leads to diagonalized Hamiltonian involving quantized phonon

term.
i
1
+ Z fw,(n + f) . (9.1.13)
i
where n is the phonon number operator. The Hamiltonian for each

impurity is

- eff eff

+ fwg(n + %) (9.1.14)
Under the low frequency limit that o << wg, the last term 1is
negligible and each impurity has three energy eigenstates, that
is, three charged states. Unoccupied state | 0 > is nondegenerate
and has E=0.
%il 0> =0] 0> (9.1.15)
Singly occupied state is twofold degenerate. One is a spin up

state | 4 >, and the otlHer is a spin down state I { >. They have
E=Eieff;so that

- eff
#:1 t > = Ey | ¢+ > (9.1.16)
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and

X

oo o= BT (9.1.17)

Doubly occupied state is nondegenerate and has E=2Eieff.
x| 44> = ceE STty (9.1.18)

Whether the Ueff is positive or negative is serious for this
system. For example, consider the system which consists of N
impurities and N electrons. While in the case of positive Ueff
the lowest energy state is the one that all impurities are singly
occupied, in the case of negative Ueff the lowest energy state is
the one that N/2 impurities are unoccupied and N/2 impurities are

doubly occupied. In next section we consider statistics of this

system.
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9-2 Statistics of three charged states

The character of the three charged states statistics depends

Ueff 114). From eqgs. (9.1.13),

on the sign of +the greatly
(9.1.15), (9.1.16), (9.1.17), and (9.1.18) the grand partition

function for N/ impurities is

z = m{1+2expl-(E;®TTsp) /kTI4expl-(2E; T F+ueT T 2,p) /KT1}.

i
(9.2.1)
If all Ei's are equal to E  , defining Eoeff by
A
eff _ o)
E, = E, - 7 (9.2.2)

leads to
z = {1+2expl-(E 2TT-ep) /kT1+expl- (2B ST T+uetT-zep) /ury o

(9.2.3)

The average number n of electrons per impurity site is given by

aan)
aEF T

n(EF)T) = — kT(

2{expl- (B eTT-gp) /kT1+expl-(2E STT4ueTi 2ep) /KT])
(1+2expl-(E St i-ep) /kT]+expl- (2B, ST T+USTizer) /KTI}

(9.2.4)
Solving (9.2.4) for the Fermi energy as a function of electronic

concentration, we obtain
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ep = E ST kTin{(n"1-1)2+1(n"1-1)+ (20" 1-1)exp(-UCTT/kT) 1} 1/2
(9.2.5)

Consider the case that Ueff > 0 and Ueff/kT > 0., The Fermi
energy gradually rises with increasing the electronic concentra-
tion n from 0 to just before 1, abruptly rises near n=1, and
gradually rises again with increasing n from just after 1 to 2 as
shown in Fig 9-2-1. That is because 21t is more stable than I° +
12*, On the other hand, in the case that USET ¢ 0 ana |ueff/kr|
>> 0, the Fermi energy gradually increase and is almost constant
value of Eoeff - Ueff/z with increasing n as shown in Fig.

: o 2+ + +
9-2—-2. That is why I~ + I has lower energy than 2I° and I  does
Ueff

not almost exist all range of the n. Thus the negative pins

the Fermi energy, where double acceptor impurities play a role of

+

a reservoir of electrons. The concentration of Io, I, and Iz+

are denoted by nyo, nrt, and n12+, respectively and they are

given by
expl-(2E °TT+ueflfqp) /kT]
" {1+2expl-(E T gy /kTI+expl-(2E ST T+ueTi 2ep) /kT1 )
(9.2.6)
nI+(EFyT)

Zexp[—(EOEff-aF)/kT]
{1+2expl-(E_°TT-gp) /kTI+expl- (2B ST T+UTT 26p) /kT]}

(9.2.7)
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and

n12+(8F9T)

1
(1+2expl—(E CLi-s) /kTl+expl- (2B, ST T +USTT-26p) /kT)}

(9.2.8)
Figure 9-2-3 shows the 1t concentration as a function of Ueff/kT.
The temperature dependence of 17 concentration is shown in Fig.
9-2-14.
In Pbl_XSnXTe/In, the Fermi energy pinning occurs due to
negaﬁive UEff and the metal-insulator transitions are due to 1In

level shift-down with increasing tin compositions.
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§10 Magnetoplasma Dielectric Tensor of IV-VI Compounds

To analyze the stripline transmission spectra we need the
dielectric tensor in the condition that q#/H/<001>(Faraday con-
figuration) and q#<001> H/<110>(Voigt cénfiguration) . We name
four valleys as follows:

<111> wvalley A,

<111> valley B,

<111> valley C,
and ’

<111> valley D.

We take the Cartesian coordinates as follows:

x <110>,

v <1105,
and

z <001>.
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§10-1 Magnetoplasma dielectric tensor of IV-VI compounds

in the Faraday configuration (q/H/<001>)

First, let us derive the dielectric tensor in Faraday configura-
tion:
H7 z,
and
q / z.
From Eq.(4.3.7), cyclotron masses of A,B,C,and D wvalleys, L P

Moy Moo and m.gq, are given by

Mag = Mep = Mee = Mg = Mg

and
1/2

m, = {mtzml/(%mt + %ml)} : (10.1.1)
From Eq.(4.3.8), cyclotron frequency of A, B, C, and D valley,
Wagr Wopr Woeo and w,q are given by

Weag = Weh T Woeo T Wed = 9o
and

w, = —=2i (10.1.2)

mom,C
Using Egqs.(4.1.12), (4.2.8), and (4.3.6), we obtain the component
of the dielectric tensor as,
47ne? 1 1 2 1
€xx~€1 '{ * —
Mo 2w(w+iPel+wC) 2w(w+iFel—wc) Smt Sml
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47ne { 1/1 1/1 {(2mt+ml)mc}
EX = . ]
y Mo Zw(m+irel+wc) Zw(w+iFel—wc) m{ Smtzml
eyx = ‘Exy,
yy T &xx
Eyz = Ezy = 0,
E€zx T €xz 0,
and

4nne2 1 p 1 -1
Ey p=E1™ . (—my + —ml)

Mo O)(w+irel) 3 3

47zne2

(10.1.3)
Taking eigenvalue of Eq.(10.1.3), we obtain the effective die-

lectric constant of the cyclotron active mode

ECRATExx~1éxy
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2 1

1 2 1
i)
2 3mt 3ml

47ne
:El— °
Mo w(w+iI‘e1—wC)
4nne2' 1
Mo w(w+iFel+wC)

.i{[i+ ! |

2

(th+ml)mc}

2

(2mt+ml)mc}
Bmt 3m1 Bmtzml

(10.1.4)

and the effective dielectric constant of the cyclotron inactive
mode
EcRI” exxtiéxy
47¢me2 1 1{[ 2 1 ] (th+ml)mc
=g~ . .- + + }

o w(w+ifel+wc) 2''3my 3my 3mt2ml

47me? 1 1{[ 2 1 } (th+ml)mc}

Mo w(w+iFel-wc) 2''3my 3my 3mt2ml

(10.1.5)

'Controur map' of &cga and &ppy 1s given in Fig. 10-1-1. Under

the lossless limit situation,

the

dielectric constant &pgga and ECRI’

netic field are shown in Fig.

dips in the magnetoplasma reflection spectra.

0's of &ppp and EcRy correspond to

The effective

and transmission versus mag-

10-1-2.
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FIG. 10-1-1 Contour map of ECRA and ECRI for the Faraday

configuration with H/<001>(by Ichiguchi). The solid and broken
lines show the location of the dielectric anomalies and poles,
respectively. Shaded areas represent regions of negative &, where
reflectivity is unity. Tﬁe parameters used in calculation are: mg

= 0.0218mo, K = 11, n = 2.0x107en™3, wpo = 18.8cn7!, oo =

114cm™! and g, = 34.(ref.115)
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§10-2 Magnetoplasma dielectric tensor of IV-VI compounds in Voigt

configuration

Let us derive the dielectric tensor in Voigt configuration

H /7 x
q / z

From Eq.(4.3.7), cyclotron masses of A, B, C, and D valleys, Mg,

Moy Moo and m.3,» are given by

1/2
Mog = {mtzml/(%mt + %ml)} ’
Moy = Dege
Moo = VIgmy,
and
Meg = Meer
(10.2.1)
From Eq.(4.3.8), cyclotron frequency of A, B, C, and D valley,
Wopr Web' Poe’ and w,q are given by
. _eH
“ca Mmom,,C ’
Weh “Wea!
. _eH
wCC momcoc’
and
Wed “Wec
(10.2.2)
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Using Egs.(3.1.12), (3.2.8), and (3.3.6), we obtain the compo-
nents of the dielectric tensor
Exx~€1
27ne? 1 1 2 -1, L_}
- . — R
27zne2 { 1 1 }
- . +
Mo 2w(w+iFel+wca) 2w(w+iFel—wca)
L, 2 (1 2 )_1}’
e d (e | = (— 4+ —
{ 3my 3ml} 3mt 1
27zne2 1 1 1
5yy:51 .{ + }_
Mo 2w(w+iFel+wca) 2w(w+iFel—w0a) my
2mne? { 1 1 }{ 1 }
- . + + ,
Mo Zw(w+iFel+wcc) 2w(w+iFel-wCC) 3mt 3ml
2mme? 1 1 2
- + [EREN
Mo 2w(w+iFel+wca) 2m(w+iFel—wca) 3my 3my
27ne? { 1 1 }{ 2 }
- . + + ,
Mo 2w(m+iFel+wcb) 2w(w+iFel—wa) 3mt 3ml
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vz~ 2

47n, e { 1/i 1/i (1mg+2mp Jmgy
& pit .
2w(w+iFel+wca) 2w(w+iFel-wca) 3my¢ “my

Mo

47me? { 1/i 1/1 |1
- ¢ y
Mo 2w(w+il ] twey) 2w(w+iFel—wcb)Jmcc
Eyx = Exy o,
Ez-y = "eyz ’
and
Exz = &zx = 0
(10.2.3)
Taking eigenvalue of Eq.(3.1.17), we obtain the effective die-
lectric constant of the extra ordinary mode
& ZSZ
EEXT-:Eyy - Yz z¥ (10.2.4)
€32

and the effective dielectric constant of the ordinary mode

€ORD™ ®xx * (10.2.5)
'Controur map' of &ggp and &gyt is given in Fig. 10-2-1. Under
the lossless limit situation, 0's of &ngp and &gy correspond to
the dips in the magnetoplasma reflection spectra. Fig. 10-2-2

shows the angular dependence of positions of poles and 0's.
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FIG. 10-2-1 Contour map of é&ggrp and  EgxT for the Voigt
configuration with H#<110>(by Ichiguchi ref. 115). The solid and

dotted (or broken) lines denote the 0's and o's of g, respective-

ly: the positions of dielectric anomalies and poles. The broken
lines also show the cyclotron resonance positions. The shaded
area indicate the regions where & is negative. The parameters

used in calculation are: my = 0.0218mo, k = 11, n = 2.OX1017cm_3,‘

wpo = 18.8cm_1, wL,o = 114cm™ " and gy = 34.(ref.115)
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FIG. 10-2-2 Directional dependence of dielectric anomaly, pole,

. !

il

D)
L

and vuncoupled cyclotron resonance field in 337um radiation(by
Ichiguchi ref.115). Magnetic field is applied along (010) or (~
110) plane: left or right part. There are three kinds of cyclotron
masses when magnetic field direction is in (110) plane while two
kinds of cyclotron masses exist when magnetic field direction is
in (010) plane. In general, there are four branches of dielectric
anomaly(e = 0) and four poles (& = ). Parameters used in calcu-

3

lation are:my = 0{022m0, K = 10.5, n = 1.7XI017cm_ and el(w) = -

820.
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§11 EXPERIMENTAL PROCEDURE
§11-1 Sample preparation

Single crystal Pby_,Sn,Te has been made using the vapor
transport method. Bridgeman method and the solution growth method
make large differences in compositions between the source and the
obtained sample because the solid phase line and liguid phase
line separated from each other in phase diagram. But the dif-~
ference in the vapor transport method is in the range of 1~2%.
The preparation procedure is as follows.

First, Pb, Sn, and Te(their purity is six 9s) are cleaned by
etching 1liquid. They are weighed in the atomic rate l-x:x:1
taking into account buoyancy due to atmosphere and put into clean
quartz ampoule. Next, we evacuate at 10_6 torr and raise
temperature of the ampoule to 200°C to eliminate contaminants
adsorbed at an inner surface of quartz ampoule and surfaces of
Pb, Sn, and Te. After 2 hours, we seal the ampoule and put it
into an electronic furnace and raise the temperature to g50°cC
which is higher by 30 degrees than the melting point of PbTe. The
ampoule must be vibrated well once an hour to mix the molten
materials. After 8 hours it is thrown into water cooled by
crushed ice and quench the ampoule.

Next we take out the source and put it into another quartz

ampoule. After evacuating to 10—6 torr and raise temperature of

the ampoule to 200°C in 2 hours, we seal the ampoule and set in
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an 840°C electronic furnace having a temperature gradient of 3
degrees between ends of ampoule. After one week a 1 cm3 single
crystal can be obtained. In this temperature the stoichiometry of
the crystal shifts into side of Te excess and metal vacancies
exist at 1019+1020 em™3.

For doping In, the isothermal annealing has been used. After
soaking the single crystal Pbl_XSnXTe in the eﬁching liquid,
(100) crystal face can be found out. We slice it into 1mm
thickness wafer along the face. After etching the the sample, the
wafer is put into quartz ampoule, with etched indium. After 2
hours taking gas out at 500°C, we seal the ampoule filled with
250Torr Ar gas and set it in an electric furnace. (Argon gas
protect the sublimation of Pbl_XSnXTe.) To get the uniform diffu-
gion of indium atoms in Pbl_XSnxTe, the ampoule temperature are
controlled at 700°C in about ten days, at 650°C in about 7 days
and at 600°C in‘about 8 days.

The samples prepared in this method have been characterized

using chemical analysis and Auger electron spectroscopy analysis.

Indium atoms exist much near surface (1~5%).
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§11-2 Strip-line

Submillimeter magneto-optics is one of the most reliable
methods to investigate the electronic structure near band edge
and the plasma properties. Usually, the magnetic field dependence
of +transmissivity and reflectivity is measured in submillimeter
magneto-spectroscopy. It is difficult to obtain thin samples
from the bulk sample to get sufficient transmission through it,
because their carrier density is large and wave length of probing
light 1is in the reststrahlen region. Reflectivity is near 100%
and its change due to applied magnetic field scanning 1is very
small for the same reasons. In this case the strip-line method is
effective. The étrip—line method gives a strong contrast to
change of reflection by wusing multiple reflection of the 1light
through the narrow space between the bulk sample and metal(for
example brass, copper). The spacing between the sample and metal
must be set below half of wave length of the light(see Fig.11-2-1).

The strip-line method is applicable in various mate-

116-119) 514 has been introduced in Pbl_xSnXTells) by some

rials
authors. The transmission spectra of strip-line must be analyzed
taking into account the mode problem as the same way in the wave
guide problem. This problem has been solved and the transmission
spectra obtained from the calculation is almost the same as that
based on multiple refiection. Therefore we have carried out

transmission spectra analysis by reproducing to nth order of

reflectivity obtained from the dielectric function.
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8§12 EXPERIMENTAL RESULTS AND ANALYSIS OF MAGNETOPLASMA EXCITAITON

SPECTRA OF Pby_,Sn Te DOPED WITH In

§12-1 Analysis in the case x=0.23

For Pb0‘77Sn0.23Te/In, we obtained the dependence of mag-
netoplasma transmission spectra on the magnetic field direc-
tions(Fig. 12-1-1), temperatures(Figs. 12-1-2 and 12-1-3), and
laser wave lengthes(Figs. 12-1-4 and 12-1-5). Each dip in spectra
corresponds to dielectric anomaly. As shown in Figs. 12-1-2 and
12-1-3, the spectra changes abruptly flat ones and the magnetic
field at dielectric anomaly makes toward low with increasing

temperature from 15K to 20K. Above 20K, +the field dependence

disappears.

To obtain carrier density and mass of Pbl_XSnxTe, we have
made line shape fitting using the result of section 10. Carrier
density, mass ‘and wro have been determined from the laser wave-

1ength dependence and field direction dependence of spectra con-
sistently. Next we have obtained the temperature dependence of
carrier density by changing only a carrier density parameter
(broken lines are calculated spectra in Figs. 12-1—2,. 12-1-2,

12-1-3, 12-1-4, and 12-1-5).
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FIG.“12—1—1 Measured (solid lines)v and calculated {dashed

curves) magnetoplasma transmission spectra with 337um laser light
at 4.2K. The magnetic field direction is changed from 0 deg
along <001>(the Faraday configuration) to 90 deg along <110>(the

Voigt configuration).
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FIG. 12-1-2 Temperature dependence of magnetoplasma transmission

spectra with 337um laser light in the Faraday configuration.
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FIG. 12-1-3 Temperature dependence of magnetoplasma transmission

spectra with 337um laser light in the Voigt configuration.
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FIG. 12-1-4 Dependence of magnetoplasma transmission spectra on

laser wave length in the Faraday configuration.
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FIG. 12-1-5 Dependence of magnetoplasma transmission spectra on

laser wave length in the Voigt configuration.
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12-2 Temperature dependence of magnetoplasma spectra of

x=0.21, 0.23, 0.25, 0.28, 0.35

For Pbl_XSnXTe/In with various tin compositions, the tempe-
rature dependences of magnetoplasma spectra are shown 1in Figs.
12-2-1, 12-2-2, 12-2-3, 12-2-4, and 12-2-5. The changes of spec-
tra are abrupt for all samples above 15K. For samples with tin
composition of 0.21 and 0.35, the pinning Fermi energy situates
in the conduction and valence band,respectively, so carriers do
remain above 20K. Hence the spectra can be measured above 20K.
The experimental results involve the dynamical process of photo-
conduction. In next section we will show this dependence well
agree with the results of rate equations based upon the model
that electrons relax from conduction or valence band to In levels
by thermal activation process and tunneling process (which has no
temperature dependence). This model are also understandable in
terms of Andersbn’s negative U model. The dependence of wpqg and

band edge mass dependence on Sn composition is also discussed.
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FIG. 12-2-1 Temperature dependence of magnetoplasma transmission

spectra with 337um laser light in the Faraday configuration.
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FIG. 12-2-2 Temperature dependence of magnetoplasma transmission

spectra with 337um laser light in the Faraday configuration.
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FIG. 12-2-3 Temperature dependence of magnetoplasma transmission

spectra with 337um laser light in the Faraday configuration.
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FIG. 12-2-4 Temperaturée dependence of magnetoplasma transmission

spectra with 337um laser light in the Faraday configuration.
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FIG. 12-2-6 Tin composition dependence of magnetoplasma
transmission spectra with 337um laser light in the Faraday
configuration.
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§13 DISCUSSION FOR PHOTOCARRIER DENSITY VERSUS TEMPERATURE AND

MASS VERSUS Sn COMPOSITION OF In DOPED Pbl_xSnxTe

§13—1 The temperature dependence of carrier density

The black body radiation of room temperature excites the
elcctrons from localized In levels to conduction or valence band,
and bring about photoconduction. We will discuss this photocon-
duction and its dynamical processes. Figures 13—151 and 13-1-2
shows the dependence of the carrier density on temperature in
Pby_,Sn,Te/In with various Sn composition. The carrier density is
obtained by line shape fitting to the dependence of magnetoplasma
in section 6. In all samples ,the carrier density remains con-
stant below 15K, but it rapidly decreases down to below measuring
limit with rising temperatures. The stabilizing energy level of
the samples at Sn composition 21% and 35% are situated in the
conduction or the valence band so that carriers remain with some
density at more than 20K. On the other hand, since the stabi-
lizing energy level of other samples is situated in the energy
forbidden gap; carriers disappear at more than 20K. Qualitative-
ly, this +temperature dependence is recognized as follows. In
stationary state(below 15K} electrons excited from In levels by
black body radiation per unit time balanced with electrons
relaxed to In levels. At low temperatures relaxation time does
not depend on temperature, so that carrier concentration does not

change in this temperature region. But, at above 15K, the relaxa-
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tion time becomes short with increasing temperatures. We explain
this dependence by the rate equation based upon the model that

the electrons relax to In levels by thermal activation and +tun-

neling process in next section.
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FIG. 13-1-1 Temperature dependences of the carrier density.

Solid lines show the carrier density calculated from the model in
which electrons relax from conduction band to In levels by
tunneling and thermal activation processes(based on Anderson's

negative U model).
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FIG. 13-1-2 Temperature dependences of the carrier density.

Solid lines show the carrier density calculated from the model in
which electrons relax from conduction band to In levels by
tunneling and thermal activation processes(based on Anderson's

negative U model).
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FIG. 13-1-3 Temperature dependences of the carrier density.

Solid lines show the carrier density calculated from the model in
which electrons relax from conduction band to 1In levels by

tunneling and thermal activation processes(Single capture model).
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13-2 Rate Equation and electron relaxation model

So far, the carrier concentrations of Pbl_XSnXTe are almost
constant below 4.2K and rapidly decrease with increasing tempera-
ture above 15K at all these tin compositions. To interpret these
experimental results, the processes of photoexcitation and ther-
mal relaxation are considered microscopically within Anderson's
negative U potential model. The negative U model has been suc-
cessfully explaining the strong pinning of the Fermi energy, the
negativé photoconduction, and metal-insulator transitions versus
Sn composition. This model is also consistent with the following
experimental results;no observation of resonant scattering into
the impurity band, the lack of ESR signal of In+, and the lack of
the impurity conduction. Only qualitative considerations are
sufficient to understand these phenomena. But quantitative con-
siderations are‘needed for the interpretation of the temperature
dependence of carrier densities. And we will give the parameter
values of this model.

In section 9, we explained Anderson’'s negative U model and
gave the reason for the strong Fermi energy pinning by statisti-
cal thermodynamics. Now consider the photoexcitation and relaxa-
tion processes microscopically. By taking the proper position as
the energy origin of the band electron, Ei in Eq.(9.1.2) can be
defined by
E; = A, - U/2 . (13.2.1)

1

From Eq.(9.2.6), the pinning level is zero, that is, the defini-
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tion of Eq.(13.2.1) corresponds to taking the pinning energy

level as the energy origin. Consider the case where the pinning
level is above the conduction band edge, and the Fermi energy is
coincident with the pinning level(equilibrium condition). Each

term of Hamiltonian (9.1.8) as a function of lattice coordinate
parameter A can be described in Fig. 13-2-1(a). The line 1 in
this figure indicates the energy level of the electron in the
singly occupied state of an In impurity; the line 2, the energy
level of the second electron in the doubly occupied state; the
line 3, the total energy level of the two electrons in the doubly
occupied state; the line 4 is the lattice deformation energy.
Adding this lattice energy to the levels indicated by line 1, 3,
EFO, c.b. and v.b., the configurational coordinate diagram can be
obtained(see Fig. 13-2-1(b)). In this figure, the line Egp°(In?),

2+

1(In+) and 3(In2+) describe the total energies of the In state

and two electrons at the pinning level, the Int state and one
electron at the pinning level, and the Ino, respectively. The

stable points of these 3 states are 0, A and ZAO, respectively.

O’
The equilibrium state 1is characterized by the fact that the

2+ 0

energy of In and In” at the stable points coincide each other.

The transitions of the thermal excitations occur through the

path as indicated by the arrows in Fig. 13-2-2. The activation

2+ to Inz+, from In+ to Ino, and

+

energies from In to In+, from In

In+, U21, U12’ UlO’ and Ugy, are defined by
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(A,-U/2)2

U21 = _——E—A_— y (13.2.2)
0
(u/2)2
Ulz = Z—A_ 5 (13.2.3)
0
(U/2)2
Uio = —gx— (13.2.4)
o)
and
(A,-U/2)2
Upr = —3a (13.2.5)
o)
respectively(see Fig. 13-2-2). 1In the equilibrium state con-
sidered now, the conditions
U21 = Upsg
and
Uiz = Uso
holds.
The photoexcitation processes are shown in Fig.13-2-2. The

process where electrons are photoexcited from In impurities to
the band is indicated by the vertical arrow A. The process where
electrons in the bands are trapped by In impurities is indicated
by the arrow B. These transitions occur vertically according to
Frank-Condon principle. The transitions from Int are neglected
because the population of Int is expected to be very small.

Next consider the case where the Fermi energy is situated
above the pinning level. Define the Fermi energy by EF' The total

2+

energy E(In2++2e_) of the In state and the two electrons at the

Fermi energy 1is given by
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2

2+ -y _A
E(In“"+2e7) 'Z_AO + 2Eg. (13.2.5)

+

The total energy E(In++e_) of the In' state and one electron at

the Fermi energy is

trem) = L (aag2 420 U
E(In"+e” ) = ZAO(A Ag) T+ 5 5 +Ep. (13.2.6)
The total energy E(Ino) of the InO is
o, _ 1 _ 2
E(In ) = E;(A ZAO) . (13.2.7)
From Egs.(13.2.5), (13.2.6), and (13.2.7), the configurational

coordinate diagram is given by Fig.13-2-3. In this situation, the

condition

(13.2.8)
0

Ugy < Upy

2+

holds so that the thermal transition from In state to In”’ arise

0 o+ state. This nonequili-

more frequently than that from In~ to In
brium state returns to the equilibrium state. This relaxation has

‘no exponential time dependence manner because activation energies

are functions of EF. On the other hand, when the Fermi energy 1is
below the pinning level, the thermal transition from Ino to Inz+
2+ 0

to In~ states.

states overwhelms that from In

The configurational coordinate diagram is show in Fig.13-2-4.

2+ +

To obtain the transition rates from In to In , etc.,

2+

consider capture of an electron by In center microscopically

120,121)

and precisely Firstly, the electron is in a free state

of the conduction band or valence band and its state has an
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energy Eel; we take the stabilized energy as the energy origin.

In?* has no trapped electron, it has only the lattice

Since
energy

AZ

?Kg (13.2.9)
The total energy of the In 2+ and the free electron, E(In2++e—)
is given by

2+, - Az
E(In® "+e ) = EZS + Eel" (13.2.10)

In this state the lattice vibrates sinusoidally about A = 0 with

amplitude AQ, so

A = AQsinwt . (13.2.11)

2+

Secondly the free electron is captured by the In and the In¥ is

created. The In® state has the energy E(In+):

+, _ 1 _ 2 ég _u
E(In") = EKE(A AO) + 3 VA (13.2.12)
Figure 13-2-5 shows the configurational coordinate diagram. The

transition from In2+ + e to Int occurs mainly at or near the

level crossing, that is, for A = A21:

A21 = AO - % - Eel (13.2.13)
Hence when AQ > A21 the two state levels cross twice during each
period of vibration and transition probability is finite. But

when AQ < A21 the level crossing does not occur and the +transi-
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tion probability must be zero. Landau and Zener calculated the

single crossing transition probability P21:

27 |<In*|AV[In?*+e™>|?

P = 1 - exp(- =
21
h | Eair
+ wltioa—y 12
- 2= | <In |4V|In +e”> | , (13.2.14)
f | Eair
where |In?*+e”™> and |In'> are the electronic wave functions of
the In2+ + e~ and the In" respectively;‘Edif is defined by

. d 24, - +
Ejsp = |Z2(E(In“Y+e™) - E(In") | 24, -\ _ +

From (13.2.9) and (13.2.10) we obtain

Eqir = AAon'Eel’%

(284 (Eq - Ugy /2, (13.2.16)

where EQ is the vibration energy and Uy; is expressed as

2
(A,-Egq-U/2)

Uz1 = ZAc (13.2.17)

We take the thermal average of P21 over phonon energy EQ, <P21>:

21

2 |<in*|av]|in?tie>|? _ 1/2
= = VoA exp[-Uyq/kT](n/kT)

(13.2.18)
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From similar manipulations, we obtain

2 |<In*]AV]In®*+e™> |2 exp[-Uy,/kT1(n/kT)1/2

<P > =
12 f V2A,
(13.2.19)
2 ](InOIAV[In++e">|z 1/2
(Pn1> = — - k ,
01 T \/ZAO expl U01/kT](7t/ T)
(13.2.20)
and
0 +, _—-y12
_ 2 |<inY|AV]InT+e™> | 1/2
<P10> = % VQAO exp[—Ulo/kT](%/kT)
(13.2.21)
with
(E_,+U/2)2
U el (13.2.22)
12 - ZAO 4 . .
2
(Ag+Eg1-U/2)
UOl = ZAO y (13.2.23)
and
2
Uy = Fer U/Z) (13.2.24)
10 ~ 28, . .2,
From these equations, the increments of the numbers of Ino, In2+,
and InT by +thermal relaxation in wunit time, ANOthermal’

AN2+thermal’ and AN+thermal’ are given by

0

AN thermal:JdEelp(Eel)f(Eel'Ef)PIO
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-JdEelp(Eel)[l—f(Eel—Ef)JP01 ,  (13.2.25)

2+ .
AN thermal‘JdEelp(Eel)[1_f(Eel'Ef)]P12

—jdEelp(Eel)f(Eel“Ef)P21 3 (13-2-26)

and
+ - ;0 .2+
AN thermal= BN thermal ™®N" thermal (13.2.27)
(see Fig. 13-2-5).
Assuming that the increment of the numbers of Ino, In2+, and In”

. . . . . +
by photoexcitation in unit time, ANOphoto’ ANaphoto’ and AN+photo

are given by

MO hoto = - Ig (13.2.28)
2+ _
ANZY oto =7 Tow o (13.2.29)
and
(13.2.30)

+ _
AN photo ~ IO + I2+

0 In2+

The total increment of the numbers of In”~, , and In+ in unit

time ANO, AN2+, and AN+.are given by

0

- O - 0 a
AN = AN"thermal t ON photo (13.2.31)

ANZT = ANZ* .+ an?t (13.2.32)

therma photo
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and

2+

AN - AN” - AN . (13.2.33)

Imposing stationary conditions that

aN® = 0 (13.2.34)
and

ANZY = 0, (13.2.35)
the rate equations are obtained. Solving numerically these equa-
tion, the temperature dependence of the carrier density is ob-
tained. 1In these equation the temperature independences of

carrier density in the range from 4.2K to 15K are not obtained.
This independence is explained by introducing tunnel relaxation
in <Py9> and <Pyg> by substitution of constant value into KkT.
Calculation curves are shown in Figs.13-2-1 and 13-2-2. From this

calculation we obtained A, =200meV in all samples.
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13-3 Band edge mass versus tin composition

The value of cyclotron mass is precisely determined by
reproducing the measured magnetoplasma spectra by calculations
using the dielectric constants(see sections 10-1 and 10-2). The
band edge transverse masses of Pb;_,Sn, Te/In with wvarious Sn
compositions were determined from the cyclotron masses in the
case where the carrier densities are of the order of 1015 cm—3

near 20K(except for x=0.21 and 0.35). The nonparabolicity of the

bands make the masses heavier by 2.4BX10—4(mo/meV)XEF(meV), where

Ep is the Fermi energy measured from the band edge. In these
small carrier density case, we can neglect the nonparabolic
effect. Tin composition dependence of transverse band edge mass

of Pby_,Sn,Te/In is given in Fig. 13-3-1. Considerably large mass
enhancement is observed compared with masses measured in the
Pby_,Sn,Te. Various reasons for this rather constant mass en-
hancement can be considered in following ways. Some polaron
- effects that the local phonons of In atoms interact to band
electrons change the conduction band dispersion and cause the
polaron pinning. The usual Frdohlich type polaron effect122-124)
should be absent because carriers with considerably high con-
centration screen the electron-phonon interactions. Another pos-
sible reason for the mass enhancement is the breakdown of crystal
symmetry by introducing the random potential due to the indium

atoms. Under the perfect crystal symmetry, the energy level\

crossing of L61+ and L62_ which corresponds to conduction and
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valence band edge energies(see Fig. 2-2-1) occurs with increasing
Sn composition. The random potential mixes the two wave functions
and the level crossing does not occur. As a result, the enefgy

gap becomes wide and the effective mass is enhanced. This may be
related to the energy gap increase due to heavily doped In obser-

ved by Stafeev et al.lzs).
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8§14 SUMMARY AND CONCLUSIONS

Studies on PbTe/PbO_SSnO.zTe superlattices and In doped
Pbl_xSnxTe were made by magnetoplasma speciroscopy.

For the superlattices, we investigated the band edge struc-
tures from the dependence of the resonance magnetic fields on the
magnetic field direction. The superlattices with various periodi-
cities were prepared by a hot wall epitaxy system. The charac-
terization of superlattice structures(layer thickness, interdif-
fusion of Sn and Pb atoms across the interfaces) was done by
analyzing the satellite intensity of X-ray diffraction.

For 220%/220%, 2608/1504, 2404/60A, and 2204/30A superlat-
tices with small interdiffusion, we observed the dependence of

band edge structure on the barrier layer(Pbl_XSnXTe layer)

thickness. The electron system belonging to the singlet valley

was 2-dimensional for all these superlattices, even for the
o

samples with the barrier layer thickness of 30A. The electron

'systems belonging to triplet valleys were 2—dimensional for the
220%/2208 and 2604/150A superlattices. On the other hand, the
electron systems belonging to triplet valleys were 3—dimensional
due to electron tunneling across barrier layer for the 2002/602
superlattice. The difference of dimensionality of electron sys-
tems Dbetween the single? and triplet valleys came from the fact
that the singlet valley electron mass along the superlattice
direction 1is ten times heavier than triplet ones. For the

o] o
220A/30A superlattices, we could not observe the cyclotron reso-
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nance of electrons belonging to the triplet valleys, because the
electrons are absent due to a valley splitting by tensile strain
caused by the difference of thermal expansion coefficient between
superlattice film and BaF, substrate.

Moreover we calculated cyclotron masses to examine the band
discontinuity model in which PbTe and Pbl_xSnXTe bands are con-
nected in reference to the pinning level of the deep impurity
indium. The calculation were made by using the envelope function
approximation based on two band model. The measured and calcu-
lated cyclotron masses agreed well with each other, it was found
that this band discontinuity model is consistent with the experi-
mental results.

For the superlattices BOOK/IQOX with large interdiffusion of
Pb and Sn atoms across the interface, we found the resonance
magnetic field due to the singlet valley electrons splitted into
two with changing magnetic field direction from the Faraday
configuration. This splitting reflects the fact that the higher
subband of the two was much more dispersive than the lower,
because the large interdiffusion decreases the barrier potential

and enlarges dispersion of the higher subband.

For Pbl_XSnXTe(sz.ZS, 0.25, 0.28, 0.33, 0.35) doped with

indium, mechanism of photoexcitation and relaxation of electrons
was investigated. From the magnetoplasma excitation spectra by a
stripline method, the temperature dependence of photo-~carrier

density was obtained by the calculation to reproduce the measured
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magnetoplasma spectra. It was found-that the carrier density did
not change in the temperature range from 4.2K to 15K, while it
rapidly decreased above 15K for the all samples. We analyzed the
temperature dependence of carrier density quantitatively within
Anderson's negative U potential model.

It was also found that the band edge masses of In doped
Pby_,Sn,Te were much heavier than those of wundoped Pby_,Sn, Te.
Possible mechanisms of the mass enhancement have been discussed.
Although some polaron effect due to the local phonon modes en-
hances the electron mass, usual Frdhlich polaron effects are
absent due to screening by high density of carriers. Another
cause is the static random potential introduced by In atoms. This
random potential breaks the symmetry of the crystal potential and
mixes the two band edge wave functions. As a result the energy
gap spreads and the band edge mass becomes heavy. In composition
dependence of the band edge mass should be investigated in detail
to determining an essential mechanism for the mass enhancement.

It was found that the experimental results were consistent
with the model that the band discontinuities at the hetero-
junctions between PbTe and Pb;_,Sn Te are determined by taking In

level as the energy origin.

Many important developments are expected in these materials
in future. For the superlattices, investigation of Sn composition
dependence of the electronic structure is interesting. The energy

gap of Pby_, Sn,Te decreases with increasing Sn compositions and
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becomes zero at x=0.35. Above x=0.35, the band is inverted and
the energy gap increases. For superlattices consisting of not
inverted band and inverted band semiconductors, Korenman and Drew

suggested that energy states like soliton states emerge in the

energy gaps at the interfaceslzs_lzB). In our band offset, the
gap states cannot be exist, because the band inversion superlat-
tice belongs to type II. But Katnani et al.lzg), Capasso et

al.lBO), and Niles et al.lgl) have reported that the band discon-
tinuities can be tuned by making dipole layer near or at the
interface; that is, by putting anbther very thin material into
the interface. If type I or I' superlattices can be realized by
this method, the gap states in the band inversion superlattices
will be observed. It is interesting to investigate electronic
structures in PbTe/Pbl_XSnxTe superlattice with various lengths
of interdiffusion of Pb and Sn across the interface. The inter-
diffusion length can be controlled by annealing temperature and
time. If we could prepare the superlattices with various energy
_dispersions and mini gaps at will. The magnetic break down that
is one of tunneling effect in k—space, should be observed by
tuning the mini gaps. Tndium doped PbTe/Pbl_XSnxTe superlattices
are also attractive. Electronic properties, especially dimen-
sionality, of superlattice is determined by the position of the
Fermi level. If utilization of positive or negative photoconduc-
tion makes it possible to control the Fermi level, we can observe
the electronic properties of the superlattice at various Fermi

levels; i.e. metal insulator transitions.
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