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AUSTRACT

Measurements of the lattice thermal conductivity of

1 17

intium antimonide (n = 10 to 107 an1 i = 107 to 10
CN—B) single crystal samples have been performed in the
temperature range oif 1.2 to lOOK, and for tl.ez lower
temperatures in magnetic fields up to 410 KG. A new 8-bit
microprocessor controlled systein wvas constructed to make
fully automatic measurements under optimised conditions.
This enabled thermal conductivity measurements to be made
to an accuracy of 2% absolute and 0.1% relative. The zero
field results are in wood agreenent with tlteory and with
previous measuremaents,

The tlhermal consluctivity of the p-InSh decreased
with increase of magnetic field. The acceptor ground
state is four fol‘l ‘Jegenerate and the thermal phonons
could only be scatteresd by transition within tlle quartet
of energy levels. 1t vsas found that Ge doped sample
(I = 2.8 « 1015 cm—3) at 1.23OK exhibited a broad
minimum vhen the fiel- reaclied about 10 KG which was
due to the lirst order Zeeman splitting of the acceptor
ground state.

Juantum oscillationsof thermal conductivity of
highly rloped n-type samples were observesd in a magnetic
field. The p;riod of oscillation was the same as the
Shubnikov-de lians oscillation of electrical coniluctivity
and it is sho m that the oscillation occurs because the

alectron-phonon interaction oscillates with magnetic

field as the Fermi level crosses successive Landau levels.
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CLIAPTER 1

Introiduction

The purpose of this investigation is to extenrd tle
measuremant of the thermal conductivity of iadium
antimonide single crystal (n, p-type) in magnetic fields
up to the extreme guantum limit, and to determine the
scattering mechanisms which are affected by the magnetic
field.

Previous measurements of the thermal conductivity
of Insh and other III-V compounds, with varyingz amounts
of 1impurities, in zero magnetic field were reported by

) J -
Gehallea Challis et al“’3, hollanﬂl, Kosarev et alj‘6 and

by Grenier7. Similar measurements by Carruthers et a18

on pure and dope: specimen of Germanium offer also
interesting points of comparison. The first basic
observation is that the lattice thermal conductivity below
the conductivity maximum is sensitive to the excess
carrier concentration. Tle effect of tle carriers is to
act as scattering ceutres for phonons. Their own contri-
bution to the leat current being negligible for the rloping
levels and temperature range considere:d here. The second
observation is that for InSb the introduction of excess
carriers has a much greater effect in p-type speciments
than in n-type specimnns. This was investigated by Challis
et d13 who found that the thermal conductivity of five
n-type spacimens (tellurium-doped) covering the range

3.8 x 101“ - h.0 x IO18 carriers/cm3 varies by a factor

of ahout 2.5 while that of 6-p-type specimens (germanium-

Joped) covering the range 6.7 x 101} - 4.5 x 1017 carriers/



¢
cin’ changes by a factor of more than 10. In this regard

it is interesting to note that Kosurev6 has offered a new
mo:del for the scattering of plonons by charged carriers
in the field of a charged impurity, and shown that in
semiconlductors ~ith a small effective mass, for example
n-Insb, this mechanism of scattering would not be very
effective. The zinc blend lattice for the III-V compounds
consists of two fcc sub-lattices, formed with atoms of
group V and group III elements, respectively. The basic
difference between this lattice and the diamond lattice
of the group IV semiconductors is the absence in this case
of the inversion symmetry. Another fundamental difference
hetween the III-V compoun:ds and the elemental semiconductors
is tle crystal binding. ¥-ray -diffraction experiments
have shown that, for InSh, there is a charge transfer of
-0.%5e, indicating that negative charge is being passed
from the Sb atom to the In atom; tlerefore tlie binding
is partially polar and polar scattering ~ill play an
appreciable role in transport properties, limiting the
carrier mobhility because the relative motion of the 2
different atoms causes a polarization of the crystal, and
a strong interaction with the carriers may result. The
II1I-V compounds have band structures of the same type as
the group IV semiconductors though there are some
differances which arise from the lack éf inversion symmetry
in the cocmpounds.

The conrduction band structure varies considerably
from compound to compound. Experiments show tlat the

minimum of the conduction band in Insb lies at the centre
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Figure 1.Band structure of InSb(From reference 10).
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of tle zone and that the band is spherically symmetrical.
There is a high curvature at the minimum, giving a very
small eftective mass for electrons at the bhottom of the
banid, but the band is non-parabolic, the curvature
decreasing rapidly vith increasing energylo, see Fig. (i).
Concerning the valence band, which is also important
for the present vork, retailed quantitative information
is unfortunately not as precise as (or the conduction ban:.
The experimental results appear to be consistent with a
valence band structure like that of Ge or 51 in its
general features. The theoretical work on Insb suggests,
as shomn in Fig. (1), the existence of 3 bands, a heavy-

hole band, Vl’ a ligh-}tole band, V2, degenerate with V1

at Kk = 0 andl a band V3 split off by spin-orbit coupling.
Fhere is still some rdoubt about the value of the effective
masses of heavy hole in Insb. It appears, on the present
evidence, that thlie most probhahle value of the effective
mass of heavy holes at low temperatures is more than

0. moll. Our use of this value at belium temperature

is questionahie. The maxiﬁa of the heavy-hole band lie
slightly awvay from the centre of the zone, probably on
the III axes. Kane12 has calculated that these maxima
lie at about 0.3% of the distance to the zone boundary
anl at about LO—“ eV aibove the energy at k = 0. The hole
affective masses are not isotropic and this "warping' may
have noticeahble effects on some transport properties like
longitudinal magneto-resistence. The energy gap between

the conduction and valence ban.ls is E = 0.23 eV at

I' = Okw.
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Isolated acceptors in InSh have levels that lie above
the top of the valence bhanrd. From the variation of Hall
coeflicient .ith temperature, Putley deduced an activation
nnergy of ahout 0.008 eV in snecimens contuiniﬁg Zn or Cd
impurities. At acceptor concentration greater than about
1015 cm_3 there is appreciable interaction betwaen the
impurities and p-type InSb containing more than this number
of impurities shovs behaviour typical of impurity band
conluction. Fig (2) shows that as the temperature is
reduced, the contribution to the conductivity from the
carriers in the impurity band increases relative to that
from the carriers in the valence band; the liall coefficient
passes tlrough a maximum, and below this point the resistivity
ceases to rise rapidly as the temperature is lowered.
UJecause of the smaller effective mass of holes in InS3Sb,
impurity band conduction occurs at lower impurity
concentrations than in Ge, thougl: the ground state of
shallow acceptors in In3b are four fold degenerate as in
Ge or Si. At acceptor concentrations greater tlan about
10> crn_3 it merges with the valence band, This is shown
in Fig. (3).

Tre wmeasurements of magnetothermal conductivity of

13

p-type Ge and Si revealed the linear Zeeman effect of

the acceptor ground stae for Si and recent investigation
R 1h L . 15

of thermal conductivity and ultrasonic attenuation

under high magnetic field suggested a second order

Zecman splitting of the quartet in Ge. The effect observed

Crom magnetothermal conductivity of p-Insh was very similar

to that of Si but the minimum of the reduced thermal

conductivity (K”/KO) occurred at a higher field. This
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could be e to a smaller g factor for accaptor states
in Inshb than in 35i.
In n-type Insh tlie effaective wmass m* 1s small and
tle ‘ielectric counstant large, so that for a hydrogen-like

molel of a ‘lonor centre the activation energy

E m?okm2 R v
D= Tm v = 0.7 me

*
where Ry = 13.6 eV, %; = 0.0138 and K = 16. At the same
time the Bohr radius is very large and as a result the
AdAonor centres for a band of levels which overlap tlie bottom
of thke conduction band. This is the case for doping level
don to less that 101) cm-3. Consegyuently even at the
lowest temperature free carriers are preseat. Jhen a
) . . g . . . 17

magnetic field i1s applied Yafet, Keyes and Adams have
shon that the by/ldrogen-like rdonor centres have activation
energy which increases «~ith tlhe field causes the overlap
of thte band to he lifted and this 1is magnetic freeze-out
off the electrons.

. _ e 15 . ) . .

ND greater than 5 x 10 cm indiun antimonide is
degenerate up to tlie hizhest fields present and tle effect

change
of the magnetic field is to the distribution of energy
levels in the coniuction band. Sub-bands of Landau
as
levels are produced and the magnetic field is increased
successive Landau levels pass tlhirough tlie Fermi level
according to the expression
DY - 1
By = (n+ Hho

where n = 0, 1, 2,... and(uc is the cvclotron frejuency.
This causes oscillationsin those properties which depend

on the free electrons such as de Haas-van Alphen, Shubnikov-

de liaas effects. Oscillation would occur in the electron
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contribution to tle thermal conductivity but, as already
mentioned, this contribution is negligible compared to

. o . 18 -3
the lattice con-ductivity for doping levels up to 10 cm .
Oscillation can occur, however in the free =2lectron scattering
of the plionons wlhich may cause a small oscillation in the
total sensitivity if the electron-phonon contribution to
the thermal sensitivity becomes observable.

The present work was principally aimed at resolving

the following uestions:

1. Is the theory of Suzuki and Mikosiba18 for zero field
scattering by the acceptor yuartet valid for p-InSb and
whetler the acceptor ground state splits under magnetic

field or not?

2. liow strong the electron-phonon interaction in n-Insb
is, and whetler the oscillatory effect of electrical
conductivity in a magnetic field can be observed for
thhermal conductivity despite the weak coupling of electrons
with plionons?

And also to achieve tle accuracy necessary to solve
these problems & fully automatic system has been
developed. This led to an improved understanding of the

zero magnetic field conductivity.

L\
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CHAPTER 2

A Review of Thermal Conductivity

2.1 Introduction

The tliermal conductivity K in an isotopic solid is

given by the relation:
Q= -K graad T
wherc's represents the rate of flow of heat across unit
cross-section perpendicular to d: T is the temperature.
When there are no free electrons, heat is transmitted
by phonons, which are the quanta of energy in each mode
of vibration, and the mean free path is a measure of the
rate at which energy is exchanged between different phonon
mo-les. By analogy with kinetic theory the thermal conduct-
ivity of solids can be analysed using the expression:
K = scv @
where C is the lieat capacity contributed by the lattice,
v is the velocity of sound and Z is the phonon mean free
path. Y“hen an excess of phonons is generated at the hot
end they diffuse to the cold end . However,
if the harmonic approximation was exactly valid, and the
crystal was perfect, tliere would be no resisﬁance to the
heat flow and thermal conductivity would be infinite.
It is necessary to intro:sluce anharmonic forces, or
imperfections or hoth to obtain a finite thermal conduct-
ivity. Thus the study of lattice thermal conductivity
anharmonic

is of considerable importance for the study of effects.

The phonon mean free path € is determined principally
by two process; geometrical scattering and scattering by

other phonons. 1In the low temperature range the interaction
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of phonons by phonons is negligible, but the geometrical
effects and imperfections are important in limiting the
mean free path. Now if we generalize the mean free path
to £ = v(q,A)t(q,A) where Vv is the velocity of phonons

and t(gq,A) is the relaxation time for tle phonon (q,A)

in which ¢ is the wave vector and )\ is the polarization
of the phonons. If there are several types of excitation,
K is the sum of a contribution from each. If the mean
free path is limited by several scattering processes the
effective mean free path is given by €-1 = §; 0-'. 1r

J

the specific heat per normal phonon mode is given by CPh

and we add up the contribution due to each mode we obtain
the total specific heat as follows:

c=§chphdq
Now, by subhstituting for phonon mean free path and the
total specific heat in the equation K = %Cvg the

following general form for thermal conductivity is obtained:
(L)}

K = 3(—1ns

<L

2
(0,\) [v(q,Me(q, )] 22w
h [ ] Vj(qyk)

In the above equation the frequency and wave vector have

LV(q. A) CP

been related in the Debye approximation for low wave

vector by w = qv, and have assumed an isotopic phonon

spectrum. At the lowest temperature range when there is

just boundary scattering (P=const) K changes as TB(CﬁTB).
Now consider the effect of doping on the thermal

conductivity. The thermal conductivity of doped III-V

compounids is altered as the impurity content is changed.

As the impurity content is increased, the maximum thermal

conductivity is depres;ed, so that in the lower temperature

range the drop of thermal conductivity is considerable.
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Wwhen the phonon mean free path in the impure specimens
is much less than the size of the specimen, there is
consi‘derable variation both in magnitude and functional
hehaviour of the K vs T.

In the interpretation and analysis of the lattice

19

thermal conductivity we follow Callaway's phenomeno--
logical theory in which it was assumed that all phonon
scattaring processes can be represented by relaxation times
which are functions of frequency and temperature. It was
also assumed that there is isotropy in the phonon spectrum

ansd the dispersion in the vibrational spectrum is neglected.

The expression given for thermal conductivity is:
3 — b x '
. k kT .3 <& 1 T X e .
K = Y ':E—) % V_‘S ¢ ———————— dx (-'3.1)

in which the specific heat per normal phonon mode is

considered:

kxzex
C (x) = ——
> 2
Ph (ex - 1)?
1 hw _ Tvq . .
vhere x = =¢ = 7% - q is the magnitude of the phonon

wave vector, X and T are the 3oltzman and Planck constants
respectively and v is sound velocity. In expression (2.1)
t* is a combined relaxation time considering the boundary
scattering, normal three phonon process, impurity and
charge-carrier phonon scattering and 6 is the Debye

20
). At low temperature

temperature (0 for InSb is 208K
the upper limit of integration 6/T is large and can be
taken as infinity.

The phonon relaxation time t can be obtained from

the principle of additivity of the resistive scattering



relaxation f‘]:‘eql_lexflc:iesf.'t'_1 =;§4 g-l and the scattering
mechanisms which are common for dielectric crystals are

as following: phonon-phonon, isotops and impurities,
charge-carriers and boundary scattering. These will be
explained briefly here and more detailed treatment of thlose

most relevant to the system under study will be given

elsewhere.

2.2 Phonon-Phonon Scattering

Phonons interact with one another because of the
anharmonic nature of the lattice forces and due to this
interaction the energy is exchanged between different
mo-les. The simplest type of phonon scattering is the
three phonon process which in term 1§ distinguished into
three types of Normal and Umklapp process. In Normal
process two phonons collide to produce a single phonon
in which both energy and momentum is conserved and the
direction of the energy does not alter. Pejer1521 pointed
out that the important three-phonon processes for thermal
conrductivity are not of the form of N-process, but.are
of the form of U-process in which the momentum is destroyed
and the direction of energy flow changes. Thus U-processes
provide thermal resistance to phonon flow and can thermalize
a phonon distribution. At low temperatures, only the
regions of momentum space close to the centre of the
Brillouin zone remain heavily populated with phonons; yet
a U-process cannot occur unless the total wave vector of
the two phonons extend beyond the zone boundary. According

to Peierls the probability of U-process would fall off as
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exp(—QD/BT) at low temperatures where QU is the Debhye
temperature. This is quite different from the low
temperature probability of N-processes, which should fall

-
off as T? well below ©.. The phonon-plonon interaction

D
term for thermal conductivity employed by Calla;v'ay19 is

-1 2 1

+ = Bw T’

P
where B is a constant which can be calculated.

5

Kosarev” argued that the above expression is valid

only in the extreme case of hw &« kT for the longwave
phonons.

Below the conductivity maximum (T = 10°K) where
the subthermal and thermal phonons are scatteréd by
boundaries, only superthermal phonons hp®» kT participate

in plonon-phonon processes and different relaxation times

~—

should be considered. SlonimskiBD considered a scattering

frequency for longitudinal phonons as

-1 5.5
te = Bex T

And the expression for transverse phonons in which
- -

—
Qg1 * Qo &= 4

are the most efficient processes has been found by Orbach

36

et al as
vV, - Vv
-1 _p xsT5 exp(—i;————g
t t Ve * Ve
When expressions téland t;l are used, the temperature range

x)

vhare normal phonon-phonon processes remain efficient is
wilened and the temperature where boundary scattering is

effective shifts toward lower temperature.



_14;

2.3 Phonon-3oundarv Scattering

The scattering relaxation frequency due to crystal
boundaries and surface dislocation t;l is descrihed By

a4 constant which is the ratio of the velocity of sound

to Casimir's length A and is given by:

where A = j%'lllg 11, l2 are dimensions of the cross-section
of the crystal and it is assumed that the sample's walls

are perfectly rough, so that the scattering is perfectly
diffused and phénons are not specularly reflected. The
sample is also considered to be long enouzh, so thaﬁ there
is no scattering from end-faces, and vy is the average
phonon velocity taking into account one longitudinal and

tvo transverse modes according to:

3 1 1 1
TV tv oty
s 4 Ft st
where Vo = 3.835 x 10° ecm/sec, Vpe = 2.335 x 105 cm/sec
[ 4
and v = 1.68 x 10’ cm/sec as measured by heat pulse

st
5o

=

experiments®~.

Casimir assumed that walls of the sample acted as
diffuse scatterers of phonons, i.e. a phonon striking
the surface of the crystal would be reradiated with random
direction. lowever, in general, one expects that a

certain fraction of the phonons will be specularly reflected.

23

It has been shown ~ that this effect increases the

(1 + P)
(1 - p)°

surface condition and may also depend upon temperature.

conductivity by a factor where P varies with the

The variation with temperature occurs because with

decreasing temperature the average phonon wavelength
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increases and consequently a surface of given roughness
appears smoother. Thus the phonon mean (ree path is
increased. derman et al. shows that A should be clanged
by A(2 - £)/f where £, the roughness parameter, is the
fraction of the phonons vhicli are diffusely scattered.

In the low temperature region, where boundary scattering
dominates (€ constant), the specific heat C changes as

3

T so that tlermal conductivity also varies as T3.

2.t Impurity Scattering

In between the two extremes of high and low temperatures
vhere phonon-phonon an:d houndary scattering dominate
respectively the conluctivity achieves a maximum and
scattering by ‘defects in the crystal like dislocations
and isotopic impurities become important. The extent of
this type of scattering determines the height of the
maximum in the con‘luctivity. The impurity scattering
freqguency 6; is somewhat complex and can be considered

as the sum of terms

-1 TR T P N e
i iso im ir. k is~

The first tlwree terms are Rayleigh-type scattering, i.e.
proportional to the fourth power of phonon frequency, which
is
<t . = Ay

where \ is the coustant of proportionality. More
specifically, t;;o and t;; are the mass-difference scattering
due to isotope and impurities substitution and combined

-1

ti for mass-difference scattering is given by

: !
. = vfm*/han = Ammq
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where
> X M\ 2 MH 2 |
F= x,_y... (X+Y+Z+.°)(_',T—]—) /.’(\) + (m)(g) F(d) + e e
AM.
) = Zp (—2)°
1 1 =
MA

For the compouns Axaycz seey v is the molecular volume,

x‘-\l t yl + L}I t LI

M =
M (x +y +z2 + ..)

Here the molecule is InSb and the summation is carried
over all the kinds of molecules AB formed by the different
isotope and impurity atoms.

The other Rayleigh-type scattering term t;; is a
strain scattering caused by force-constant difference and

. 2 . . . s
volume difference 6 associated with the impurities.

t

_ ! :
; = Ag = — TN, (éf-f- - 5‘%}1?
1 2']']:N 1

where N. is the number of i-type impurities and AF/F and
AV/V are, the added stress and added dilatation introduced
by the impurity. The addition of As’ for which there is
not sufficient information to calculate, may account for
part of the discrepancy between the experimentally deter-
mined value A and calculated value for AM.

A resonance scattering term t;; was formulated by

27
Pohl and 1is
1 2T
- w .
t. oc 5 7
2 2 2 2
T @2 - ) v mPe?

where wo is the resonance frequency and v describes damping
of the resonance may modify the simple Rayleigh-type

behaviour, but its effect is expected in a temperature
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range higher than the range measured here, and therefore
will not be considered.

. 28 .

Keyes proposerl a resonance-like hound electron-

phonon process:

f;l o4 (;L)’l ljwz - (h;/h)z}-z [1 + gzwa/hvzj -8
wlhere a* 1is tlhe effective radius of the localizéd state
and A is the chemical shift related to the splitting of
electronic states.

In summary, the impurity scattering frequency £;1
can be approximated by a Rayleigzh term &;1 = Awa. The

deviation from this simple behaviour due to ¢;i and {;1

will be neglected.

2.5 Charge Carrier-Phonon Scattering

The electron-phonon interaction concerns transport
properties which involve the flow of electricity and of
heat. Concerning the effect of the charge carriers-phonon

3 et al

interaction in thermal conductivity Challis
showers that thre thermal contuctivity of indium antimonide

of p-type samples is much less than that of n-type with

the same concentration of the charge carriers. The analysis
of thermal conductivity revealed that the effect of doping
impurities could not be explained just by the ordinary
Rayleigh-type scattering of phonons by point defectszg.

In conseguence a number of theoretical papers have been
presented to deal with phonon scattering with charge
carriers. Ziman30 derived the relaxation time for

scattering of phonons by the free charge carriers in a

more heavily doped semiconductors where wave functions
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of carriers are markedly overlapped and also they are
contained in a parabolic isotopic band. The scattering
frejuency is of the form

1 m‘zczq% kT 1+exp{(kT)_1[;ﬂqv—(ha/Sm)(ﬁkzF—qzﬂ}

t
— b
e-Ph ~ in

211:10v§ilt 1+exp{KkT)—1 E%hqv-(hz/8m)(4k§—qzﬂ}

where m* is the effective mass, c¢c deformation potential,
P crystal density, and Ryt is the cosine of the angle

1
betiveen Z and the polarization vector Zd of longitudinal

or transverse phonons averaged over the solid angle:

s @3, %
T1,t = Im 1,t°%, 0 2
In t—l the logarithmic part is considered as a cut off

e-Ph

function which takes account of the fact that not every
phonon can be scattered. In Ziman's theory the effectiveness
of phonon-electron interaction is limited by the laws of
conservation of energy and momentum. When the electron

-
is scattered from a state characterized by a vector k to

=, - -
a state characterized by ﬁ', with k' ='3 + k, the limit
rp(ZkF is set on'g owing to the upper limit kF taken by

both'g' and.g. When the above theory is applied to
p-InSb with proper adjustment of parameters a relatively
good fit is obtained. However at the low temperature
end the result is not satisfactory and according to

-
Kosarev® the limit of o <2%

F is responsible for the

inadequacy of the theory. If the field of the ionized
impurity, in which the interaction of the phonons with
carriers take place is taken into account, this violates
the condition for the closure of the carrier-phonon system

—
which leads to a lifting of the 1imitation.ac$2kF. A
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similar situation is known in optics: Abhsorption of light
by free carriers in semiconductors within the limit of
one Dand is possible only in the presence of interaction
.~ . . . .31 32 .
of’ carriers with phonons or impurities” . Pyle considered

processes of second or:der of perturbation theory, namely

virtual absorption and emission of phonons:

ﬁi+'3-—»'ﬁ' —>'K“ +';'.
And as far as the energy is not conserved in the intermediate
state which in consegquence lifts the limitation
- = .
q <2kF. However, Pyle's theory is not consistant with
experiment at lower temperature, though it was an
improvemaent over that of Ziman in terms of physical

33

realism. Suzukl et al considered the phonon scattering
by bholes within the four fold degenerate acceptor states
which is in rather goo'l agreement with experiment.

Electron-phonon interaction will be described in more detail

elsewhere.
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CHAPTER 3

Experimental Details

3.1 Samples

Rectangular parallel piped samples of Tellerium doped
single crystal of Insb were used. Samples B, C have
dimensions 1 x 2 x 25mm and samples D, £ are 2 x 2 x 25 and
1 x 2 x 17mm with the (111) axis perpendicular to within
five degrees of the large face which vere cut and supplied
by Royal Radar &stablishment. Two slices of p-type InSb,
Ge doped were obtained from M.C.P. The X-ray photographs,
for these slices, Fig. ( 4 ) shows the (111) axis is
perpendicular to the large face. The bar shaped samples were
cut using spark erosion with a gap voltage kept at the
minimum of 50 volts to minimize the depth of the damage to
the crystal surface. Samples were polished after cutting
using 5 micron alumina powder to remove the damaged area.
They were cut in such a direction that the (110) axis is
parallel to the long axis or along the heat current and
applied magnetic field. Two p-type samples F and G have
dimensions 2 x 2 x 25mm and all samples were etched by cph
etchant for 3 seconds as final treatment and washed in pure
water for 2% hours. Carrier concentrations of the samples

1'% 3

varied between 10 ‘cm ° to 1017c:m--3 and are given in the

following table.
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Figure &.X-ray photograph in the direction

[11_1] perpendicular to the large face of

sample F.
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77K
sSample n, p = <:.m-3 kF cm—1 o 'E.P.D.cm_2
L em™/v sec |p obmecm
[} [ =4 11’ B [t 3 -

B n = 3.5 x 10 2.03 x 10 365000 0.056 1000
C no= 4. ox 10 |5.07 x 10°
D n = 3.5 x 1016 1.01 x 10(’
Iy n = 1.2 x 107 1.53 x 106

5.8 15 |, 6 ,

F p = 2.8 x 10 .38 x 10 6500 0.34% 100
4 17 6

G p = 2.% x 10 1.92 x 10 1049 0.025 1000
(Table I)

3.2 Crvostat

To cover the temperature range from 1.30K to 10°K a new

cryostat was designed and built. Since most of the measure-

ments were made in a magnetic field, it was essential to make

the cryostat as versatile as possible to carry out the
experiments in the desired temperature range and also in the
magnetic field. Fig. (5 ) represents a block diagram of the
system.

A stainless steel cryomagnetic system made by Oxford
Instruments, which was originally used for a He3 cryostat,
was available so the cryostat was build to fit in this
in order to accomodate thermometers

equipment. Unfortunately,

used to measure the specimen temperature outside the magnetic

]

field, the Hel pot had to be raised which reduced the volume

available for liquid lie and it was necessary to transfer lie
during each run.

The cryostat was similar to tlie one described by
Note

Challis et al13 and is shown in figures (6 ) and (7 ).
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Vacuum jacket pumping line

Pot pumping line

Vacustat B
__"_] Needle valve
Y
.L B " Woodsmetal soldering
E 4.2 K Heat sink

Helium "Pot"

Vacuum jacket

1.2 K Heat sink
H : Thermometer

RN Sample heater

Copper lead

E—

_/

Indium "O"
ring

Aux.heater 2

Aux.heater 1

Sample

Figure 6.Schematic diagram of the cryomagnetic system.



Electrical leads

) T Vacuum pumping
He ! pol pumping —. line
line
— Q“i
— i
—_— P —
Radiation shield L
iR
I Transfer tube

Vacuum jacket

I
Figure 7.Schematic diagram of He pot and sample

holder of the cryomagnectic system.
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that the specimen chamber had a demountable O-ring indium
seal which provided easy access to the specimen. The
temperature of the He!i pot could be controlled by a manos*tat -
shown in figure ( 8 ) which controlled accurately the

pumping speed so that the vapour pressure in and hence tle
temperature of the pot was constant. This device made it
possible to vary the ambient temperature of the specimen
without having to use electrical heating with its consequent
rapid evaporation of the liguid helium.

The lead wires from room temperéture to the 4.2°K heat
sink were 4% gauge enamel copper wire running in the tube
used for pumping on the vacuum jacket. After the n.2°K
heat sink super-conducting wires were used and glued to tlie
wall of helium pot using 7031 GEY varnish and €inally
anchored at 1.2°K on tre bottom of the pot.

In order to make measurements in the magnetic field and
also at temperatures higher than Q.EOK, a copper rod with
brass rings soldered along it was prepared, and could be
screwed into the copper plate of the helium pot, see Fig. (9 ).

Copper wire (22 gauge) was used to link the thermometers
and the sample heater with the sample. To avoid vibration
of these wires, which could directly increase the noise
level, the wires were fastened by very thin nylon thread to
the stainless steel pegs on each brass ring. Two auxillary
heaters were wound in a bifilar manner on the main copper

rod to control the temperature at any point.

3.3 Thermomet ry

Thermal conductivity measurements were made in two

different ranges, 1.2 to %.2°K and 4.2 to 10°K.
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To Helium

Pot

Thermometer______+-& ﬂ
Uy P
Section
Brass diSC —_— T : ll i -
\ Stainless
,A\\~——17¢}(/Steel peg
Aux.leater 2 | 5 \
/ \
Car B
Aux.lleater 1 \\\\\\‘ ; Copper Lead
| Nylon fiber
%)
T Superconducting
A Magnet

Sample Heater
copper lead

Figure 9.Sample holder and the mounting rig.
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Two Allen-Bradby carbon resistors were used for the
measurements of temperature difference along the sample.
These t:o thermometers were culibrated for each run against
a calibratesd carbon-glass tlermometer and the calibration
was clieckerd at some temperatures using the vapour pressure
of the liquid helimm in the halium pot. Thermometers of this
type usually have characteristics which differ slightly from
each other. Each curve changes very little and usually
settles down to a good reproducible curve with variation of
less than 0.2%. Below &°K two 100 ohm Allen-Bradby carbon
resistors were used. These had a value ahbhout 1000 ohms at
h.2%K and never exceeded J2R at 1.2°K.  The following
ffunction with 9 coefficients was found, by the method of a
lcast sgquare fit, to provide a satisfactory fit:-

8
InT = 27 . A (1n )" (1)
n=0 n

The following values were obtained for coefficients An,

For Rt A 0.6661h7102E8-09 A 0.172"26990E-01

1]
I

1 0 5 |
A= 0.267339213E+01 Ap = -0.225393666E-02
A, = -0.257156912E+00 A7 = 0.136558185£-03
Ay = 0.%32210316E-03 Ag = -0.316885985E£-05
A, = -0.510109185E-01

And for R,:

Ag = 0.237516136£-10 Ag = 0.180617012E-02
Ay = -0.2017026248+02 A = -0.357181999E-02
A, = 0.141081482E+02 A7 = 0.279232813E-03
Ay = -0.367897957E+01  Ag = -0.703505158E-05

0.37'1559714E+00

>
"
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i"ig. (10) shows the cxperimental points of Rl and R,
vs I' and illustrates tle good (it with tlie solid line
ohtained from equation (1) and the above coelficiecnts.

As will he sliown in tlie next section, tle computation
of Al the temperature drop across the sample which leads to
calcnlation of thermal conductivity, depends <directly on the
values of the thermometers' slope (g%) and not on the
resistance of them. 5o according to equation (1) the slope
of the characteristic curve R = R(T) and also second

3

. . I™R
derivative (L—g) of each thermometer was calculated and are
aT™
shovwnn below:

AR _ R 1
ar- 1 §; nA, (1ar)™"?
n=1 !
anri
8 n-2
, (iﬁ)d 8 S5 n(n-1)A_(1nR)
d~R dar ayn-1 n=2 h
= . 1 - Z n-\ (ln;{) -
e R noq O 8 1
N >, uAn(lnR)n-
n=1

The second fderivative of the resistance with respect to
temperature vas us2d only in correcting terms. In the
temperature range of the experiment the good matching of the
tvo thermometers Rl and R2 can be judged by the following

criterion:

:Hll dR2
AT~ T | ( 0.008
d[lg
dT
For the measurement above &OK two 220 ohms A - B

resistors were used. These two were calibrated simply against

the C = G thermometers for each run. The resistance of 22O
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Figure 10.Calibration curves of two 100 ohms

Allen-Bradley thermometers.
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ohms A - B increases very rapidly below 30K so this type of
thermometer is only suitable for measurements above 1°K.
Calibration curves for R} and R! are given in Fig. (11).

1

3.t Computer Controlled Svstem

The measurements of thermal conductivity were made
fully automatically by means of a Microprocessor Calculating
Unit (MPU) and a Digital Controller.

The system consisted of a KeithleySystem One and a
digital control system. Tﬁe latter<was designed and built
in the college electronics workshoqu. Binary codes from
the MPU were decoded into specific commands which were sent
to the various control devices.

Tle KeithleySystem One consisted‘of the following:

(a) Programmable Calculating Unit (787-21)

(b) Control Unit (780)

(c) Ten channel scanner (702/7029)

(d) Digital voltmeter 17

(e) Digital output (1722) for DVM 174

(f) Interface (7801-1722) in slot# 1 of CU (780)

The programme which was loaded into the calculating unit

was executed and proper commands through the control unit
were transmitted to different parts qf the system. The
scanner was capable of scanning ten different channels. The
sensitivity of the DVM 174 was 100nV.

The Digital Controller was a combination of the
following devices:

(a) two different digital temperature controllers

(b) two constant current.units

(c) four external circuit controllers



-33-

—

A h N oo wo
T

Calibration curves of

200 ohms A-B thermometers

o~
T

w
T

RESISTANCE (KILO - OHMS)

N
T

1 1 1 1 1

6 7 8 9 10

TEMPERATURE (K)

=
—

y

N—b
(&)
W =
~
(8]

Figure 11.Calibration curves of two 200 ohms

Allen-Bradley thermometers.
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(d) interface and decoder

(e) function selector.
This system was designed to he fully automatic, but any
function could be over iden bv tl.e manual control kevboard.
[lle tvo digital temperature controllars were different in
desicn and use., The output of tle first ons was connected
to an auxillary heater (a) and the second one was used only
to create a heat gradient through the sample for thermal
conluctivity measurements. A\ block diagram of this system
is shown in Fig. (12). CLach part will be discussed in details

in tle following:

3..1 Main Digital Temperature Controller

The temperature of tle cryostat was monitored by the
MicU and could be changed or kept constant according to the
programme loaded into it, by means of a digital temperature
controller, see Fig. (13). The logic circuit consisted of
two t-bit up/dowvn counters (5N7%193) in cascade, and 8-bit
data storage latch (SN74115) and two 4-bit data selectors
(5N7T'H157) .

The functioning of all these elements was controlled
entirely by the MPU via an Interface Module which decodes
tl'e various commands (i.e. load up/down counter, select latch,
etc.) and sends specific control signal to the appropriate
device. To reach a desired temperature gquickly an 8-bit
latch was used to set the initial heating or cooling rate
in larger steps compared to that of the counters. when this
temperature was reached the output control was shifted from
the latch to the counters. This could be done by sending

t-vo Control and Data Bytes by the MPU to the temperature
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Figure 12. A block diagram of the computer controlled

system.
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Figure 13.Circuit diagram of the digital temperature

controller.



-37-

controller unit. The Control 3yte (C3) selects the revice
which controls the output current, the Data Byte (DB)
carrins thn rdasired valus of the heater current. The last
D3 for the latch woul:d be considered as first D3 for the
counters after the output control is taken over by the
counter which from now on will receive only one step up/down
(ten times smaller from the latch) commands for better
stability. Using 8-bit logic gives only a resolution of
1/256 in the output current and to improve on this a ten
position divider was used in the output circuit (not shown)
which was again controlled Yy the MPU., This gave a resolution
of 1/2560 which is like using a 12-bit logic system. The
outpnt section which was controlled by the logic section
consisted of a DAC(ZN415E), an operational amplifier and a
current divi‘ler 1C. The operational amplifier was used to
buflfer the DAC output and at the final stage could provide
up to 300mA at 3.5 volts. The commnand codes to control the

temperature controller are as the follo.ving:

function 3CD code Octal code c;ﬁtﬁg?:éﬁgt
Temp. controller OFF 11 821 00010001
" ON 12 822 00010010
load latch 13 823 00010011
clear latch 1%t 824 00010100
select latch 15 825 00010101
load counter 16 826 00010110
clear counter 17 827 00010111
select counter 18 830 00011000
count up 21 841 00100001
count down 22 842 00100010
advance divider 23 843 00100011

reset divider 2 84 00100100
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3.4.2 Sample lteater Controller

In thermal conductivity measurements a very stable
power supply is required to create a constant temperature
gradient through the sample. Since in a large temperature
range different heat gradients are needed, the output of the
pover supply must be controlled. This was done by a digital
circuit similar to the temperature controller explained in
the previous section. Since up/down counters were not used
the circuit is simpler, see Fig. (14). Using this arrangement
helped for optimizing thermal conductivity data by receiving
proper CB and D3 from MPU changing the heat current through
the sample creating different temperatnure drop across the
specimen while the temperature of tlie cryostat was kept
constant.,

Another facility available in this section of the system
was, the current through the sample heater could be reverserd.
S5ince at very low temperature the applied heat to the sample
wvas small the thermal emf could reéult in a large error in
lheat measurements, and the only way to eliminate thermal emf
was to reverse the current and then use the mean value. The
current reversal command was sent to the sample heater
controller by the MPU after registering the current and
voltage across the sample heater in normal positions. The
chosen value for the heater current was rdetermined by the
programme according to temperature to optimize the thermal
conductivity.' The command codes are as f{ollows:

Output on

Function BCD code UOctal code control unit

sample heater OFF 31 861 ' 00110001
" " ON 32 862 00110010
load latch 33 863 00110011

clear latch 3 864 00110100

reverse current 35 865 . 00110101
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Figure 14. Circuit diagram of the sample heater controller.
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3.".3 Constant Current Unit

The thermometers were supplied by two constant current
units, see Fig. (15). The circuit consisted of two digital
and analogue parts. The logic circuit which controlled the
analogue power supply contained just four IC's for both
units., Two adjustable ranges had to be preselected manually.
lowever the reverse switches on each these two units were
controlled both manually and by the MPU. The main reason
for use of tle reversing switches was that in some cases
the tlermal emf intro-uced a large error in the measured
voltage across the thermometers. As explained in section
3.".2 by reversing the currant and averazing the voltage the
steady thermal emf could be eliminated. lnvthe analogue
section the transistor (2N5%57) was used to supply a constant
current in the output independent of the change of impedance

of the circuit. The command codes for tliese units are as:

Function BCD code Octal code coor;‘ttrpo“lt on
c.c. unit # ! Normal 51 121 01010001
" " 1 Reverse 52 122 01010010
" " 2 Normal 55 125 01010101
" " 2 Reverse 56 126 01010110

3.h."t External Circuit Controllers

Four additional circuit controllers were built for
various circuits such as (a) controlling the magnetic field
(b) operating the superconducting switch to put the magnet
into the persistant-mode (c) to control a magnetic valve on
the pressure regulator to fix the vapour pressure. Availability
of external circuit controllers increased tliec versatility

of the whole system so much that in fact it was used for some
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Figure 15. Circuit diagram for one of the

constant current units.
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other lov temperature experiment as programme controlled and
fully automatic measurement. Tle logic circuit analysed the
commain‘d received from MPU, and sent a signal which was
amplifiesd by TR#1,2 see Fig. (16) and finally activated the

relay. The commnan: colde are as following:

Function BCD code Octal code c;ﬁffgizgzlt
External 1 OFF 1 101 01000001
" 1 ON b2 102 01000010
" 2  OFF 43 103 01000011
" 2 ON 1y 104 01000100
" 3 OFF 5 105 01000101
" 3 ON "6 106 01000110
" t  OFF h7 107 01000111
" ' ON h8 110 01001000

3.%.5 lnterface and Decoder

There are three slots availahle in the Keithly Control
Unit (730), slot % 1 was used for digital voltmeter 174 and
slotzg 2 was used to send the commands from MPU to the
VDigital Controller Unit (DCU). In the Auto mode the MPU
was connected via an interface board which fdecoded the
control signals: Enable Pulse, Control Pulse (CP), Data
rulse (DP), Byte 1 and Byte 2 see Fig. (17) . The systems
would only receive commands after receiving an enable pulse.
On receiving a CP the decorler logic would be reset ready for
the first DP. When this DP was received together with a
Byte 1 pulse, the Functions Address register would bhe loaded
with an 8-bit code corresponling to whatever command the MPU
wished to make (I.E. lLoad Aux. lleater Latch, Sweep up the
field, etc.). This DI’ was then delayed by approximately

1 35 and used as a "Data Valid" signal to the Function

Selection logic. If a single function only was required tlen



IC_  SN7h410N

Ic SN7L 16N

b
TR1 BC108

1c, TR, 2N3053

OFF 3 *5
0 A €
- |
IC

3
ON o w0 8

n

—06::J___
Reset
5 6 ‘

Figure 16. Circuit diagram for one of the extermal

ciruit controller.
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MPU Control ’ Result
Pulses
Enable ____J Enables Unit
]
' .
Control l l ~ Resets Decoder
(cp)
1sl Data ] l
(DP) : ! Loads Function
' : address with
Codes
Byte 1 4J I
2nd Data _J [
: : Loads required
i N Heater control
with Data
Byte 2

15

F———-———_ One Command

Figure 17. Pulse chart for interface and decoder.
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the commands ould he executed the moment this "Data Valid"
pulse was receivel. llovevar, if data was to be loaded into
oneg of the heater control registers, then the apnropriate
recister was set up by this first byte (3yte 1) and then
on racaiving the second DP togetlier with a 3yte 2 pulse the
data was loaded and would change the heater current
accordingzly. Codes from Control Unit were inverted by two
(SN7hH36) IC's Fig. (18 ) and the output of these were
transferred to the latch on DTC hoard andl also stored in the
B-Hit latch (3N7%1:6) and the output of the latch went into
two, four to ten BCD (SN7%42) IC's, from which the new codes
directly transmitted to function selector board. There were
also <some otter signals from control unit wvhich werekcarrying

enable slot on reset signal.

17.".6 Function Selactor doard

The output from the decoder board was directed to tke
function selector wwhich was the actual elem2nt of the system
that completed the analysis of the code sent from MPU
through tte control unit and transmitted the proper command
to each part of tle system for execution. From the hardware
point of view it was a large board containing 20 IC's.
Another facility on this board was the manual control logic
whichiprovided manual commands that could override the
MPU's. As it is shown in the circuit diagram Fig. (19) how

each pulse is inverted or where it would be transmitted.

3.5 Measurements of Thermal Conductivity in Zero Field

\ steady-state heat flow method was used for measurement

of tlermal coniluctivity. Two Allen-8radley thermometers R1
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and i, were used to measure the teomperature gradient across

i

tl

¢ saunple. Tha thermometars were constructed by wrapping
the resistors vith o winling of 3 ~gauge cnamel-coated copper
cire, the ends of -vhiclh were brought togethber, twiéged and
soldered Gith dindiun to t.o copper rings which were solderéd
over the ends of the sauple for better thermal contact

between tlhe specimen and the thermometers. A calibrated

carbon-glass thermomaeter R3 was used to calibrate thermometers

“1 and R,, Fig. (20) showvs the position of each thermometer

on the crystal. Tle sample leater consisted of 'th-gauge
constantan wire wound in bifilar manner (to avoid creating
a magnatic field) on an lL-shaped piece of 1'i-gauge copper
vire «hich ~as soldered with indium to one end of the
crystal and covered with General dlectric No. 7031 varnish.
I'he other end ot tlie sample was firmly clamped and indium
solderedl to the sample holder. The sample holder itself was
screwed ia a copper rod in contact with tl:e helium pot. For
further measuremants of tlermal conductivity in a magnetic
fi2ld one sample hol-der -vas prepared for each sample to
avoid any damage to tle sample during replacem=2at and once
the sample vas fixed on a sample holder it was very easy and
practical to mount it in the crvostat. Two auxiliary hifilar
leater was constructed by vinding the constantan resistance
vire around a section of the sample holder specially
mnchiﬁed tor this purpose on the main copper rod which was
thermailly sinked to tle helium pqt.'

The resistance of tle sémple heater and auxiliary heater
at room temperature were respectively 700 and 900 ohms.

T'he tYermometric circuit - The two thermometers number 1 and

2 whicl. were soldered to copper brackets on both ends of the
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Figure 20. Schematic diagram of the thermometers
position on the crystal and temperature
gradiant across the crystal of InSb

during different stages of measurements.
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S. R owe i icle 5
sampl vere 1n a bridze, shown below, where R_. was a

0

constant 100 K resistance.

SR1(ch.3) 7]

Rz(ch.6)

SR2(ch.5)

Computer Control Constant Current
Switch Unit
1

- a

Fiz.(21)

The carbon-glass thermometer was in a separate circuit by
itselCl.

The proce lure of thermal conductivity measurement - To measure

the thermal conductivity first we turned the sample heater
on, then measured the potential difference between A and B.
At the same time resistance of thermometer number 2 was
determined by measuring the voltage V2 across Rz and 1 K
standard resistance number 2 which give the current Iz.
After this measurement, the sample heafef was turned off,
but the auxiliary heater was turned on to bring back the
vhole sample to the same temperature that it had reached
Aduring the measurement, that is the same temperature which
was read by R,; then under these conditions, we again
measured the potential difference betwveen A and B. According
to tle following calcualtions where the juantities are

those shown in the diagram above, the temperature drop could
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Iyt a9 -
be obtained from the measurements described above:

.
I
v

n

[Rh + [{O +ARO + Rl] 11 + Rhlz

HRL [nb T R,)] I,

~

[

Consider:
LR B [..’.'{ ! - i

b 10+A10+R1+Rd]+[no +ARO. Rl] [RO+R2]
then woe get:

11 - lu(lln + Rz) I

)

E(R + AR + R
2 (0] O
A\ ' A

E
V=V, -V = — ! ) _
3 A A[zg(uo PN+ R) - Rp(R 1{2)]

E[ ]
V = <=} ? -
N ‘:“o +Ano) RoR (1)
If the bridge is balunced V = 0 and we get Rz = Ro (2)
R, R+ AR
. R, (R. + AR ) RR (R + R,)
V:ﬁ[(n s AR+ R )0 ° -2 1 0 2
A o o 1"(R + AR+ R_) R+ R
o o 1 o 2
Assume
) R Lo Ro+AR
o S TR TR 2 "R _+AR_+ R
o 2 o
then

[ . ) '
o= = 2 - . + RIR
Vo= [aa“;’(“o +A.{O + Rl) “1(“0 L)

Substituting I, 11 then

V = a,,R_,I,) - 11?111

—- - <

when we turn the sample heater on there is a change in V:

-~

Y - _'2[ v e
TV = K[(u0 +1_\Izo)<,fn23 - R Jlai +‘\2 Rz(Ro +ARO) - Ronl]o A (3)

Substituting (2) in (3)

; - !
SV = o(,.glzé'liz -oc.lI1 JR_l (")

Usine second order approximation for th=2 change of each .re
ing >

resistance with respect to temperature w~e¢ have:



2R g’
R = ’ 2 -
F
. r + T')
ety - T, =t and 5—— = T, so that t is the temperiture
drop aal ' the men temperature Ilring measurements, then
. - t —
ro= T+ < and r2='p_.§_

substituting (5) in (&) we get the following:

IR, IR, 3R

. V) = 1;[.[ CX, -2 :l [ _
(3v) = i za(ar)+l11ar)5t+ Io‘a(ar)“111ar)]‘”
[ 8‘1{ 9“ St.2
v M1, (—2 )-I'a( 1] [6T) " ]
TR gr? 1 ][ )
5°R, 3° R,
N LA SR bsesT
=< o712 at?
or where dV = \*§t + B'ST + C* [(ST)Z + (%)2] + D*dTJt
IR, anr,
e _ 1
AT o= Z[Iz U aT) * Ilal(aT)]
8R ) aRl
2= fleae) - e ]
azn,, 3°R
c* = Izo‘z(a,rz) } I10‘1(6,.r2 )]
3R aul '
D* = },[1 o, (——= ) + T (=5 )]
22 a1 ar*

According to our calibration curves in thermometry sections
B* and C* terms are negligible because of the good matching
of R and R,. iWhen we adjust I1 and I2 to satisfy the

conditions:

I o oR
d £ = 1 =.a' (())
i o 4 o
1 2
then
$V = /\'art + U‘JTJt : (7)

But in order to have a linear approximation or just the A*
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Lerm, the term U’ST must he negligible. This term is

proportionil to the rise in mean temperature of the whole

sample after turning the sample bheater on. A mood heat
contact bet.enn the crystal and tha leat sink is nssential
to minimize this term heciuse it reqduces dT. The Fig. (20)
sho s the temperature rise across the sample and between
caclt thermometer. So by meaéuring 3V, and calculating gt
from the formula (7) and also measuring the current (I”) and
voltayg» (Vh) of the sample heatazr, and the distance between
tle points of attaclurant of thke tliermometers, we measure:l
tle leat gradient, and by using the following standard

expression ve calculated thermal conductivity:

I

l( - ‘g' . -']_J'.
AT o5t
“here Q = I, . V., and]l 1is the distance between thernometers

H

# 1 and #2 and A is the cross-section of the crvstal. The

points which must be mentioned is that the quantitiesCX.2 and

o, appearing in A* were calculated for each temperature

1
point to avoid further approximation and the crucial
aljustment of l1 anl Ig hy changinglﬁRo to bring &' to the
correct value (e.g. (6) above).

As mentioned before the above procedure normally is rlone
manually and the calculation is performerd by the use of a
compuator. Hut by using a Kiethl? system one and tle Digital
Controller explained in previous section tle tl.ermal coniduct-
ivity measurement vas made through an appropriate programme
loadad into system one.

i £ cran -
Control Programme - The main features of the programme con

.

sist of the following :



~5h_

be At each point the temperature was fixed and controlled

Al two thermometer numbers 1| and 2 were calibrated against

the precalibrated carhon-glass tlhermometer.

) N Ty PR
2. Ule sample heater was turned on to create heat gradient

through the sample.

}. The current and voltage across the thermometers and
sample heater was measured, and then eacli value was stored

in the memory bink for later use.

L. e voltage difference}V across tlie bridge is measured.
D To eliminate the thermal emf noise the current in all
tlermomnters and the heater is reversed and step 3 and 't was

repeata-i.

. The sample heater is turned off anil the auxiliary heater
turne:l on and raturned the temperature of the whole sample

to the point lLere R, was.

£

7. Using expression (7) the temperature difference and

finally the thermal conluctivity is calculated, and if
é31<:i3.01 tle sample bheater current is changed and step 1
T

to 7 is repecaterd again.

The flov chart for the above procedure is shown in the

e
follo~ing an'l the programme loaded on Keithly System One for

soro field thermal conductivity is given in appendix.
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3.6 Thermal Conductivity Measurements in Magnetic Field

The effect of a magnetic field on the thermal conluctivity
of Insb is very small, but since only tle reclative clange
with field is neecldad a Adifferent metlo!l of neasurement was
used to that used for the zero field method. In these
measurements an AC Signal Generator was used to supply the
thermometers instead of the DC power supply, and the voltage
difference across the bridge was measured by means of a
drookdeal lock-in-amplifier.

The output of the lock-in-amplifier was connected to
tlie y-axis of an x-y recorder anti the magnetic field to the
Xx-axis.

Procedure of the measurements - The same bridge was used as

before Fig. (21) for these measurements. First with the sample
l.eater on, the out of balance voltage was measured as explained
in section 5. The2 the change in this voltage was‘recorded
as the magnetic field was swept up. The temperature had to
be controlled to a very high stability because the output
of tle bridge was very sensitive to any temperature drift.

1n order to avoid hotl interference of 50 Hz from the
mains and a very long time constant the most suitable
frequency was found, by an initial experiment, to be 180 liz.
The magnetic field was swept up/down to 10 KG at a rate of
20 - 50 minutes. To make sure that the output signal was
not lacging behind the fizld due to the time constant of tle
device, the field was swept up and down for cach measuremant
at a fixed temperature, to ensure the retrace of the reﬁorded
outpnte.

Ihe thermometers and the sample heater wvere placed 20 cm

from the cehtre of the superconiucting coil where the magnetic
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finsld dropped to less than 250 gauss. This field was then
shiel-led out by wrapping the thermomet=zrs vith Niobium foils
(critical fiell = 1970 gauss) to avoil magnetoresistance
effects., A careful test to check the above was performed

as follows: the sample heater was turned off and the
temperature at the lowvest point was kept constant. Thren tte
output of tle bridge was monitored while tlie field swept up
to "0 KG, there was no change.in the output signal, hence

tllere vas no effect due to the interactions between residual

{field and the thermometers.
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CHAPTER 4

The Zero-Field Thermal Conductivity

"1 n-InSh

Measurements of the thermal con:luctivity haQe been
marde between 1 and 10K of four samples of indium
antimonide tellurium doped. Their specifications (e.g.
dimensions, crystallographic orientation and impurity
concentration, etc.) are given in section 3.1.

The results of the thermal conductivity measurements
in zero-field are represented in a traditional logarithmic
plot in figures (22 -25). The experimental data are in

3

gool acsreement with the measurements of Challis et al” and

.
Kosarev’. The following observations are considerecd:

3

1. There is a departure from the T® temperature dependency
of the thermal conductivity, which is expected from an ideal
dielectric at low temperature. In figure (26) by plotting

K/Tj vs T for sample (B ) the divergence of the conductivity

from '[‘3 is shown.
2. These measurements are not significantly dependent
on the technigue used for sample growth (sample E, C were

boat grown and D, B were pulled).

3. When the impurities were added the thermal conductivity

decreased and the maximum was shifted to higher temperatures.
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lii1.1Thermal Conductivity of the Least Doped Sample

-3

. . . 1/

five donor concentration of sample B with ND—N\C:3 x 107 ‘cm
I's

is low which can be considered almost pure. Its thermal

conductivity results have been fitted to Callaway's thermal

conductivity integral: (8]
D
1 WT 2 3 T x_h '
K(T) = — (2" 22 L t—CX ax (4.1)
6 h t=1 't 0 (e* - 1)°
T\(:)

where x = -
kT °
The total relaxation time ‘€ is considered to be a com-

vination of thr:se terms as in the following:

- -1 - —-
PRIt L S (4.2)
b i D

i

where ti s fb and fp are the relaxation times for phonon
scattering by the isotopes , the crystal boundaries and
the phonons. In ti the effect of the defects and dislo-
cations have been neglected because the ambient tempe-
rature is lower than that where these scattering mecha-

nisms are effective. tp become noticeable just at the

hirher temperature end (above OK) .

;.1.2 Isotope scattering frequency t;i

As mentioned in 2./t the isotope scattering frequency is

shown to bhe t;l = A vnore A was detinoad hefora as:

r

A=V[/ 4 ng

I -4k 3
Iolland  initially considered A = 0.923 x 10 2

)y
o~ Mt 3

This differs anpreciably from the value A = 2.8x1 sec

obtained from the experimental data on an InsSb sample
7 -
withn = 7 x 1017 cm 3. As A depends on the velocity of

sound , which is different for each crystalographic di-

rection, the difference is not unexpected.
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".1.3 Boundary Scattering Freguency f;

The rate of phonon scattering by tlie crystal boundaries

37

has been calculatesd according to 2.3. Frankl et al have

given an analytical expression for the correction required
)

to A for the finite length effect. Berman et 31“3
graphically showed the correction as a function of R/L

(wvhere R = A/2 and L is the sample length) for different

values of f the roughness parameter. Frankl's expression

is:

1 11 - P 1

A TAT+P T
where P, the specularity factor, measures the sample
polish which is related to £ by:

2 2
] - P = f(q, q) = 1 - exp(-2q K )
where W is the root-mean-sguare deviation of the surface

from the level and i1s called asperity parameter.

".1.t Fitting Results

To fit the experimental data of sample B into the
thermal cogdu;tivity integral, boundary scattering rate
t;l, A and\é were considered as adjustable parameters.
A non-linear least square fitting routine was developed
to calculate the above parameter according to the

experimental points. The results are shown in the

following table.

(Table II)
-1
fb A B
- ~22
Calculated 1.4 x 106 0.923 x 10 4 1.92 x 10 2
! -2
Best fit .25 x 10° |2.42 x 107t | 3.1 x 10722
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Differences hetween calculated values and the best fit
was expected because firstly there are some phonons
gpecularly raflected from the houndaries anl secondly in
calculation of A the ~=ffect of dislocation and defeccts
wils not taken into account anl in practice the
exprrimental value of A is larger than the calculated
value. From the value obtained for boundary scattering
the specularity factor I’ can be calculated from Frankl

anid Campisi expression:

-1 1 1 - P 1
'tB = Vs ':7\(1+P)+-I—J:,

substituting numerical value for each parameter P = 0.12.
An order of magniturde value for the aspecity parameter

can be deduced. sSince at 1.5K the dominant phonon wave-

. OKT f -
vector is (g = BF&f ) 3.19 x 10 cm 1, so the asperity
n = BSAO is obtained. According to Campisi's data when

o) .

ll;LlOOA the sample may he considered rough. The
calculated value for the phonon-phonon interaction parameter
B from fitting is in a good agreement with the value given

!
t

bv Holland liowever, this scattering mechanism is only

effective in the temperatures above liquid helium.

".1.5 Thermal Conductivity of the More leavily Doped Samples

The analysis of the zero field thermal conductivity

p -3

for n-type samples +vith concentration larger than 101) cm
is similar to that of pure sample with the difference of

adlitional term in relaxation time which takes into account

the effect of the electron-phonon interaction te—Ph'
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".1.6 lectron-Fhonon Scatterine

The lifetime of an acoustic phonon interacting with
a quasi-free eloctron gas is calculated from standard
. ) 30 . .
first order perturbation theory” . If one assumes isotropy

but not necessarily parabolicity, of the conduction band

the relaxation rate is given bhy:

2
-1 emh 2
= — < 2
te—ph —;77 IV(q, u)l for q << K
Th
2l
where lV(q, u)]“ is the squared matrix element of the

phonon potential, and the deformation potential induced
by a sinusoidal strain give additive contribution to

)
IV(q. u)l y since there is no interference term between

38

them” . The above expression is valid only for wavevectors

in the Fermi sphere of energy E_. (condition of strong

F
degeneracy). An important aspect of the above eguation
is the absence of an explicit dependence on the total

numher of electrons. To deal with the electron-phonon
interaction a free-electron ‘lielectric permittivity was

39

introduced vhich would screen out the phonon potentials

accorrding to:

vV _(q, u) )
V?q u) : 2 F(Z% )
! 1 + (qTF/q) F
2}
. . o1 1 - x° 1 + x
with F(x) = ) + ‘-—7*—){—— In 1 = xl
The Thomas-Fermi wavevector, App is given by:
1/2 Qm*egk
A (4m6/te) = ( Fy1/2 (h.%)
- - - 1) L]

The factor F(=3—) is nearly equal to 1 for q <:2k and
2k P F
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decreases rapidly to 1/2 when g = :kF. Tlen the screening-

cnhanced relaxation time of a phonon interacting with an

‘)
[

alectron is given hy lluet et al

-1 \ \ .
Caspl = t + By) { (1.5)
, Hppioo2
screeaen (1 4 3(—%—) ) Fz(;%—)
SR
where
2 2 2
J2me m* (914) —_— — —_—— — — )
A = (. 9 u =
75 (qxq u, ¥ quzux + qz[xuy)
Tl [ I’)V
s
2 2
m” 2, = -
B =——— cos (g, u)
Zﬁhjpvg

when wve consider that the thermal phonons are propagating
in the direction of Elé] and only the longiturdinal mode

is interacting with electrons we get:

ZﬁthVS

38,1

1"

where c¢ 13 eV for the :eformation potential constant

17 for the lattice dielectric permittivity,

3

5.80 ¢/cm”.

€

n

P

In order to consider the relaxation rate due to the
above scatterineg (i2gqn. n.5) tle thermal conductivity
integral (EZgn. t.1) must be split in two parts as

following:
0*/T

b x
x e dx

- T - -
E:l . ax*T* N bxT ] (ek _ 1)3
b hv Qor
S TF.,2] 2
0 [1 + 3( ) (——) ]

kT X



/T
‘ x“exdx
HA S -1 I, Iy X 2 (4.6)
th + ax T (e™ - 1)
Q*/T ’
whnre
kq
a = A(E) the isotope scattering
parameter
Y33
k T - 1
A' = ——)3— Z V— (’Il’-7)
27 h? t=1 "t
and
2 2
*
b= km c’* (%.8)
l—‘]’tpv f]

the electron-phonon interaction parameter. ©* is called

effective Debye temnerature antd defined by:

O = 2k, (—2) (%.9)

which limits the phonon wavevectors which can be scattered
an

by electrons an7d electron syvstem is transparent for

wi q Dk...
phonons with g ;> kF

Fitting results for sample C rid not show any electron-

phonon séattering, but for the samples D and £ the results

a
revealed small contribution of this scattering in the
thermal conrluctivity at the lover temperature range. At

6 -1

1.2K the dominant phonon wavevector q = 1.6 x 10 cm

which is well in the allow range for above interaction

(i.e. .1 x 10’ <iq <<3.1 x 106 cm-l).

k.2 p-InSh

Here experimental data of thermal conductivity of
twvo Ge <doped p-type indium antimonide single crystals
are presented, see figures (27-28). Measurements have

been performed on two specimen with specifications given
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in section 3.1. The etfect due to the scattering of
phonons by boundaries and isotopes is the same as the case
ol n-Insh. Fhe strong phonon scattering in this type of
crystals is not however cansed by isotopes or imperfection

to
of the lattice but is rather due different scattering

processes, In the sample with .-\'Af:- 2 x 1017 cm_3 the
phonon scattering is due to Ziman type charge carrier
scattering and for the sample with NAC: 2.8 x 10 cm™3
Lthe acceptors are neutral and their energy levels are
split so that phonon scattering arises due to transition
bhetueen these split states.

The effective mass of charge carriers (holes) is
relatively large and phonon-charge carrier scattesing
mechanism which plays a decisive role accounting for great

differences between tle phonon thermal conductivity of

n-tvpe and p-Insb revealed by the experiments.

".2.1 Charge Carrier -Phonon Scattering

The theoretical treatment of hole-phonon scattering
in the degenerate case U’;11017 cm_B) when impurity
levels form a band which overlaps with the valence band
is already discussed insections 2.5 and t.1.5. The
interaction of charge carriers and phonons becomes
interesting ~hen the acceptor levels are still isolated
(1’:;1016 cm_3) and they do not merge with the valence
band.

The shallov acceptor ground state and the valence band
edge of II1l-V semiconiductor compounds are similar to that
ol Ge and 5142. They also have four-fold degeneracy and

f% symmetry. \ccordingly, the acceptor hole-phonon
&)
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interaction Hamiltonian is ol the same form as that for

! n!
. ! Lt N
free holes near the valence band erdge 3 . I'rom symmetry

o~

. . tH . . . .
consileration llasegcawa constructed this liamiltonian

in terms of the angular momentum operator J as

o 2 v L2 c
o= p® [(J - 3J%)e 4 CI’] + 3p% [(J J +JJ e+ CP} (h.10)
u X XX u Xy y x' “xy

where JO'. is the &th component of the angular momentum
operator for J = w;*(C(: x, ¥ and z referring to the four-
fold axes), eaB 1s the conventional strain component,
Di and l)z, are the deformation potential constants of the
acceptor states and CP denotes the cyclic permutation of
the indices x, y and z. The state?u‘(r) of the shallow
acceptor can be representerd by the Bloch functions ;JJ. (r)

of the valence band edge and the hydrogenic envelope

funcrions Fj(r) as

6
ey = Z P (e (r) (h.11)
) J J

J=1
I1f we assume that the ground states are identified by the

quantum number .\IJ(%, ;}, -—'-}3, —%), the corresponding envelope

functions are given by:
-—y - *
'OEEN [(na-% 2 omr/2 ] (t.12)
" "

where V5M is the eigen function of MJ and a* is the
effectivi Bohr radius. 8y expanding eaa in phonon

operators, the matrix elements of the hole-phonon interaction
between two acceptor states |n> and [m> can be calculated.
This calculation will be shown in \ppendix 2 for quantization
axis in [110]<Hrection, but in this section we are mostly
concerned about the phonon relaxation rate due to this
interaction. The single-mode relaxation time 'th-ph is

defined by,*6
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1 =

q!

T W(q — q')
h-ph

wvhere W(y — q') for the elastic phonon scattering in the

second dorn approximation is calculated by Suzuki and

MikoshihalB and the final relaxation rate caused by

acceptor hole-phonon interaction is

(Uzlﬁl f._).( ) ) f.f( ) )
n [} —_— _—
-1 a aa N2, w 5
¢ - S (302,) () Vi o+ 3 Vo (h.13)
h-ph IOOp“Kh"v" t 5 5
t v1 v2

where n, is the acceptor concentration, v, and v, are the
p ==

1

average velocities of sound for the longitudinal and

transverse modes of the phonon, respectively,

W= 15 ( hl + \‘12 + “v3 )
B h
where W, = 2% + 48b7 + 8D
‘) ’l
W, = 16 + 3707 + 7D
2 h
Wy = 20 + 3507 + 5D
Di 1 2 2.=-2 -1
in which D = -—a—- and f(q) = (1 + ,'a* q ) . ”_V adfling "
DU' h-ph

to the total relaxation rate t—l_a gzood fit for thermal

' 15
conductivity measnrements of p-type sample F (P = 2.8% x 10 °
cm ’) was obtained. Fig (29) represents the relaxation

rate for cach scattering mechanism of this sample. Values

of the parameters used iu the phonon thermal conductivity

. - o .a ,
calculations are p = 5.8 gm/cmj, a* = oA, b= 2.6 eV,
a - ~ . . . .
Uu' = 6.5 eV, and the velocity of sound is given in

sec. 2.3.

Consider now sample G which has a much higher
concentration of acceptors. The thermal courluctivity data
of sample G IFFig. (28) obeys the Ziman type Tz behaviour

at the lovest temperature range. To compare the calculated
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value for clectron-phonon interaction parameters with those

found from the best fit, the (ollowing approximation is

b
macde . We take the recion whern K varies as T7, then we

neglect the other scattering mechanisms. llence expression

1)
1.5 becomes:

o*/T
L
K ok (kT3 g 1 x'efdx
19 - = -'J“ IS
h-ph 2ﬂ~vs T axT (ex _ 1)5
0
or:
’ 0+ /T
I 2 3 x
k T x'e
K = —— ——— dx (hoth)
h- ) .
ph 27 v'hj S (ex—l)a
S 0

The above integral is of the form of Debve integrals J .
- n

Y 2
k T QF _
= T A JBLTT) (4.15)

1 =~ 3
277v h
s

“h-ph

but for the temperature region where this holds 9{2? T and

e - . . .
J (=) = J () = 7.212., Substituting the above value in

3T 3

(".15), we cgat

h J, (w)
a = —K L3 ("+.16)
. < +3 N
297 v h Oé)
T
, L2 o g2 7
I'be measured value for K/T~ for sample G (K/T7 = 0.015 x 10
-1 -3 -1 . . . !

erez cm deg sec ) is substitutedin (4.16), then
a = 1.85 x 106 (K-sec)” Y. The variation of this parameter

2l
was very elfective on the T region. The isotope scattering
term d can alternatively be deduced graphically.
This matches better with experiment and also gives

the approximate value of 0* as follows:

e*/T O/T
k %T,3 -1 -1 x ‘e Xae
K = —— (= (t + axT) —= ax + t'———dx
27‘[“V n (e‘ 1)-- (ex

s 0 - 0*/T
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where €' represents all scattering other than charge carrier
scattering. If the bounduary scattering is assumed to be

negligible above the Ziman cut-off and ¥' is reduced to

_ )
the isotope scattering (' 5 = dx'T') then
@
.I,L’. O* X
N o= X - JB(jr) + %% S ~——5LLELT
(e - 1)°
0*/T
QU —~
where ﬁF—-—(D
anci
k“ 2 !
a = —5 3 = f.1 x 1010 (erg/cm.sec“.deg_*)
. 3
2TV h
then
Tg Q /T
. é —
= ( — —_ —
K a J'3( 'P) * 2Td ®
) . . Q-
If again we approximate JB(jf) = Jz(aﬂ = 7.212
o -0*/T . ERCEN 5
5Td © = K - T  x 1.6 x 10
then
-9 e ) -
% e 9°/T = =— (K - 1.6 x 105Ta)
or
* o] 2
1n d + %‘ = -1n [:T (K - 1.6 x lOST“)]

) *

vs + we get a straight line, Fig (30)

by plocting 1n d + T T

whose slope is equal to ©* and its intercept represents

In d. Variation of d and ©* in (%.06) was effective in the

temperature range above the Ta region, which is expected.

At this stage by using the above numerical values of

each parameter, the expression .6 can be evaluated

numerically. The calculated value of drp for this sample
6

is 1.9 x 10 cm™ and the effective Debye temperature ©*

derived from the graph 12.5 deg is in good agreement vith
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Ln(d) + %

| { 1 1
0.2 0.4 0.6 0.8

1/T (x71)

Y

Figure 30.Logarithm of the isotope scattering
parameter d plus the ratio of effec-

*
tive Debye temperature @6 +to tempera-

ture T versus reciprocal temperature

for sample G,
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thae cauleulate valna of 11,2 deg wlicl confirms Ziman's

theory in a brief range of temperature.
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CHAPTIER 5

lhermal Conductivity of n-Insb in Magnetic Field

Introduction

1
.
—

The work described here examines the electron-phonon
interaction in n-type indium antimonide at liquid helium
temperature using magneto - thermal conductivity measurements.
Thermal phonons with large momentum comparable with that
of electrons are ahsorbed and it is convenient to use a
magnetic field to isolate the effect of the electron-phonon
interaction from other scattering mechanism. In particular,
the electronic states in n-Insb are markedly affected by
applied field.

Since the effective mass of the electrons in InSb is
very small, the contribution of electrons in scattering
phonons is also small in thermal conductivity at low
temperatures. In a degenerate specimen of InSb when donor
states overlap the conduction band (donor concentration
:7 5 x 1015 cm-3), thermal condnctivity show yuantum
oscillations (see Fig. (31) for raw data of sample D)
which are associated with the crossing of the Landau levels
through the Fermi level of the electrons, similar to that
of de liaas-van Alphen oscillation.

Absorption of phonons occurs only when the change in
component of electron wave vector perpendicular to the
magnetic field which accompanies the aosorption is smaller
than the inverse of the cyclotron radius. This allows
electron transition within a Landau level to occur only
vhen the bottom of the Landau level is close to the Fermni

level.
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5el Landau lLevels

In the presence of an external mwagnetic field, we form

the hamiltonian operator 1 = 1l [(F + eK)/B] and solve the

effeective Schrodinger equation

w (@ . _e_g)/h]’/”m - 6 (5.1)

c
Suppose a splerical energy surface witlhh hamiltonian

— N0
li = -,—1—. (P + f“"l)u (5.2)
«in C
2 ) )
H o= —— (P~ + P~ + P-)
~m X y Z

It is convenient to take the magnetic field B to be along

the z direction and we choose the vector potential A as:

A = =-Bx A=A =20
Y X z
then
o R h
) —4 -_— o = -_— T !3_ P = - —.
lx i 9% Iy i3y enx z i3z (5.3)

vith these simplification equations (5.1) takes the form

%2 —82 B . 2 ‘32 >
8% L (2 e« 2P ) = ) (5.%)
- E + v ieB3x/h '323 7b r 7U

This equation is separable in rectangular coordinates.

Let us put

’7”(1») = exp[i(kyy + kzz):] g(x) (5.5)

This leads to
2 2 2 2.2 1 3 _
(A g/d"x)+(2m* /b7 ) |e-(h kz/2m‘)-(rg7)(hky—eux) ¢c(x) = 0 (5.

It is convenient to define the classical cyclotron radius )

as:



and

then the above equation may be written as

J

Iu" dm* 2 2] 2
(- '(;) + (_n.])) £ - ;':m'mc (x - ANk ) c(x) = 0 (5.7)
ax” 4~ Y ,
2 2
. 1K I ) . .
where € = L - z . This is an e:juation for a simple
2m”

harmonic oscillator of frequency(uc, with the eigen value

£ given by

B — 1 {
(08 = n + «)hy
] ( (_) W

vhere n is a positive integer including zero (n = 0, 1, 2..),
and the quantity W is called the cyclotron frequency. The
totul enargy of an clectron in a magnetic field (when the
spin is neglected) is ¢iven by

)

‘)
1k

+ (n + %)fmc (5.8)

and it 1s apparent the result is quite remarkable because

a three-dimensional, parabolic band structure from which

ve started has heen split up into a series of the
oscillator leveals which can he associated with the
classical circular motion of the electron in a plane
perpendicular to the magnetic field, plus a one-dimensional
parabolic term coming from the free electron motion in a
direction parallel to the ftield. These discrete levels

are called Landau levels, and the energy of the lowest

state is no longer zero, but has bheen raised to %ﬁwc. These

levels are separated by an energy

hel3 -8 3
— — 2 e
{@C = 5o = 1.1577 x 10 T /mY eV
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where 3 is in gauss and m is the free clectron mass. This
energy is large for materials witli small effective mass

-2
ratio o€ tle orler of 10 7 (In3sh, i, etc.) in strong fields
and the formation of the Landau levels becomes yuite
significant. IFor low fields and for materials with
effective mass ratios of the orider of unity, this energy
is small compared to thermal energies except at the very
lowest temperatures. 1f we add the effect of the spin to
the picture, another term representing the interaction of

the electron spin with the magnetic field will be added

to the hamiltonian of eguation (5.2) which is given by

(—) s . B

and consequently the energies are

N ﬂzkz 1 eh, =
2m* ¢ o
where s is the spin quantum numbher (s = : 1) . Here we

note that the free electron mass my enters into the spin
term, whereas the effective mass m* enters into the cyclo-
tron freqguency. We may also note that as a result of the
spin term, we find that if m* =~ m the energy of the
lowest state is E = 0, that is, the lowering of energy
caused by alignment of the spin cancels the increase
producesd by confinement of au electron to an orbit. IHowever,
in indium antimonide m"<<mo, and one effect or the other
may predominate. The preceding representation is a some-
what over-simplified picture of the spectrﬁm particularly
in indium antimonide where spin-orbit coupling is
significant, and the g factor of the electron departs

significantly from 2. The calculations of g factor has
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i7
been reviewed by Yafat, and simplified recently by

h7
de Graaf and Overhauser .

5.3 Magnetic Field Lffaect on iflectron-Plhionon Interaction

liere we consider the electron-phonon interaction

Hamiltonian through the deformation potential C as:

: 1 - _ = =
H' = cf {3 ) © Z‘ __'11_ (a + a*)etdsT (5.10)
2A%p g wq2 1 4

where a and a* are the creation and annihilation operators
of the phonon with wave vector -, and as explained in
section 5.2 since P, PZ commute with H the corresponding

eigen function for jjamiltonian (5.2) can he easily written

as:
-1 2
, = A exp [i(k y + kz) ¢ (x - ATk.) (5.11)
nkyky Yy z n y

where \ i1s the normalization constant. The rate of phonon
absorption by an electron (n, kv’ kz, s) being scattered
to the state (n', k;, k!, s) can be calculated using the
standard time-dependent perturbation theory in the

lowest orfler.

<:ﬁb;kykzs

' _ - R
l‘rf%k§k;%;> =8y oy - k)

% +m iqxx * ) o)
- k! . - “k X - Kk 5.12
S(kZ +oa, hz) Q1 | dxe ¢n(x A ky)ﬁm(x A ky) (5.12)
-
Here ve assume g = q (0, 0, 1). The integration over x
sives
+ 5 0
iq x A 9, IA _ 1 ohem A2
e X gt ()4 (x)dx = exp(-"——=) (—=)"""(mt/n) L TN(S) (5.13)
n m t {; m =
-

where L7 is the lLaguerre bi-polynomial and the right hand
m :



side is valitl tor n>/ m. The ejuation (5.12) takes tle

following form

<//Jnk K s
Y 7z

Ao
1 - 7 - IS < > —
;[I’//,”kykys> = B‘SSvg(ky—lx)’,)g(!\zwl-k:;).t.xp( 7 x)'

l _ 1 _ A d

(L_Xyn-m (md/ne) 2 LM _

Jj m <
s n! 1 P

. n-m
tl L X = Z’ - P
VRRE Ly (x) p=0 (-1) (m-P )t (P+n-m)t pt =

(5.14)

'he rate of absorption is obtained by

, A . i e ¥ 2y 2 3
\J('l,n,lxy,s —_ (),m,lxy + q,s) = (2n/D)(C™Hhq7/2A pwq)'

A 4

}

I«‘nm(K_ji_)g(fx(oq + li(n,kz,s) - E(m,kz +i,s) (5.15)
~“hbere
I"nm(x) = e-xxli_rn(Fnl/n!) [L:;—m(x)] 2
This function is = 1 for n = m and = 0 for n‘.# m, now if

we sumn the absorption rate over the initial and final

rnlectron states:

5 3, 242 .
3 t = A7 Wl N ) 5 .
\n:m () (\/h T A7) S (;,n,kz,s -—>(,n,kz+q,5)fn,kz’s

(1 - ¢ ) dk
Z

n,kz,+r1,s

vhere [ ~is the Fermi distribution function for the

n,k ,s

g

electron state of (n, kz, s). And finally the relaxation

rate of electron-phonon interaction is given by

el 20 WS
n
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Now, the absorption rate (5.15) can be calculated in detail
in the following:
vy 2 3
W ( Lyt ,s —> O,n,ky«rq,s) = (ZT[/{))(C—‘{IQ /2N pgv).
S(ﬂqv+ﬁ(n,kz,s)—E(n,k?+q,s)) (5.16)

If we substitute for energies from equation (5.9) section

5.2 in the deltafunctions we get:

)
Cgf {)2( = Tlu(ik?
W= Ay (hgv - L _ ) (5.17)
3 2m* m
A va

Since the delta function 1s an even function the above

result can be simplified as

2 v m*
. 'FC 9 i S 4 -
% S [ (kz - —5— +12J . (5.18)
\pv
or
, TtCm ) -
W = X(l\ - ko) (5.19)
A pv fl
where
vgm‘ q
Ky = H T2

By summing over the initial and final state of the electrons

the relaxation rate becomes

3
-1 Z, A TIC m* )
T = L S D,k If (L= )dic,

) ) -
SARY N A pﬁv ok, Lk, +q,s

which is



‘)

- C i~

P LS (1 - ¢ ) (5.20)
) y 2.2 n,s m*v o m*v 7
tTTph AV I TR Ny TS

[he Fermi distribution function is rdefCined by

1,2k
f = R [ % - 4 .—.2
Nk 1/'{oxp (Jm‘ Erhs)/kr] + {} (5.21)
va
+here
£ = B - 3 3 5.22
s B [(n + o+ 3 {s)ﬁwJ (5.22)
with
spin splitting ﬁws gueB
Y = it Sf 2 (5.23)

Landau level splitting = ﬁmc = 7ﬁmc

substituting for each parameter we get
Y = -0.32
To calculate the relaxation rate (5.20) each Fermi

function in the summation must bhe determined as

o)
Hh™ omev g2
- S ) BTy il 1y =k I 5.2/

£ om'v g = 1/(QXP{[Jm’( T J) ‘(n+z+;Y5)fuc F /T +1)  (5.2%4)

M T oS
A similar expression can Ye derived for (1-f . ) and

m*v 4
N, =+ S
substitution of these in (5.20) determines the final
relaxation rate of eclectron-phonon scattering in a magnetic
fielcd,
5
Com Ve P2 skt '

- v s X Kk xk
telﬂ s 1/(exp{( s - )+ (e b hys Yho

FThh hmph®™A"v n,s - Bm*v” -

2
m*vq Y2P2T2
B/ Yy +1] Jexpd [(——=+ =———+ (n+3+} Ys)how -&
I 2 . 2 <« c F
8m*v

[

) )

2 2 2

[MVs  x%i7r? | xiT
/k{}/(oxp{[( = + - T )+(n+}+%¥s)ﬁwc—EJ /KT +lﬂ

8m*v~

(5.25)
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S . .
vhere x = ——, m* is the electron effective mass and VS

kT
i1s the velocity of sound for longitudinal mode since only
the longitudinal phonon mode is scattercd by electrons
in each Landau level,

5.0 Measurements and lixperimzntal Results of Thermal

Condunctivity in Magnatic Field

Magnetotliermal conductivity measurements of four
n-type indium antimonide samples was made in the temperature
range of (1,2 - 2K). The experimental procedure was
explained in section 3.6, and the only point which has to
be mentioned here 1is that in order to reduce the noise
level in tle output signal of the lock-in-amplifier the
time constant and sweeping tine was increased to an
optimum value which permitted a very stable ambient
temperature and an output signal which did not lag behind
the magnetic field. The variations of the thermal
condnctivity with magnetic field at various fixed témper—
ature is plotted for the n-tvpe samples in figures (32-34).
Thie data obtained for sample 3 (see Fig. (32)) with low
donor concentration sliowed no change in thermal
conductivity due to magnetic field. This confirms the
basic assumption that the effect observed in the ‘loped
samples is correlated with the concentration of un-type
impurities and is due to the electron-phonon interactioi.

No oscillations are observed in sample C. This sample

5 -3

has a concentration Ni)_i\‘.-\ = h.h ox 101 cm such that the

extreme quantum limit with the electrons occupying the

lowest Landau level, is reacled with a field as low as
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1O K. There is however a small decrease in thermal
conductivity of about 0.3 as the field is increaserd to

O KkG.  3ut as the impurity concentration is increased the
effect of the magnetic field is enhanced, and the thermal
conductivity of samples D and I oscillate with the

magnetic field. The periods of the oscillation are similar
to those of the Shubnikov-de Haas oscillations. liowever,
the amplitule of the oscillations are small and the

maxiomun change of the thermal conlductivity at 40 kG for

sample ) is just 1%.

5.5 Shubnikov-ide liaas Uscillation in More lieavilv Doped

Sameles

[here is a rdirect corresponidence hetween magneto-
thermal resistivity oscillation and the Shubnikov-de Haas
oscillation of magnetoresistance of heavily doped samples.
liowever the cause of these tvo effects is guite Jdifferent.
The Shubnikov-de llaas effect is one of a series of
similar eftects which includes the de llaas-van JAlphen effect
in which the magnetic susceptibility oscillates with
field.

The densitv of states oscillate in the applied magnetic
field (Fig. (35))50 due to the quantization of electron
motion. There is an abrupt change of the densitv of states
at each Landau level. For a degenerate semiconductor
the electrical resistivity is fdetermined by the scattering
of clectrons +vith energy close to the Fermi energy, and
when the Landau levels cross the Fermi level there is a
suidden change in nlectron scattering due to the change in

the density of states at Fermi level. Conseqgquently there



..94..

dN/de

l 1
5/2 7/2 9/2
e/hwc

Figure 35.Density of states in the prasence of a
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(From reference 50)
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1s an oscillation in the resistivity hich is the
Shubnikov-de laas effect. The oscillation occurs according
to

1/8 = (zeqx/NicA)(n + 1) (5.27)
where A\ 1s the area of the cross section of the Fermi
sphere in the momentum space anrl the effect of spin has

been neglected. In a longitudinal magnetic field the

!
oscillating part of the resistivity is shown to be}9
2. .
P-P_ ﬁwc 1 g -2mTk T
= )= - s . - : h = 50
5 (JL\ Sinh y cos(YT)expl o ) sin(F+d) (5.28)
o I c
2 y
2 KT, wc, 2
he = = Ar b= = .2
where y = —ﬂaz—, FU T/mkt and | 2ekF (5.29)

is the frequency of the oscillation. TD 1s called the
Dingle temperature and y is defined in expression (5.23).

The amplitule of tle oscillation rlepen:ds on thermal
broadening through the term v and at low temperature where
)'<< 1 then y/sinh v Z 1 and the amplitude of the oscillation
hecome independent of the temperature.

Measurements of macneto-resitance of a speciman
similar to sample D revealed oscillation :ith period
identical to that observed in magneto-thermal resistivity.
The awmpliturde of the oscillation in these t.vo measurements
is Juite different as expected, and also the oscillation
of magnetoresistance shoJ/ed a monotonic cliange whicli was
not present {or tle magneto-thermal resistivity.

Figure (30) compares the types of oscillations.

5.6 aAnalysis of the Resnlt

The oscillatory magneto-thermal resistance effect

observerd in InsSb have been treated accoriding to theory
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civen in section 5.73. Since this oscillation in thermal
caorcluctivity is jnst due to the scattering of phonons bhy
clectrons in lifferent Landlauw levels the amplitude of the
oscillation depends lirectly on the strength of this
interaction for ecach sample. [he amplitude of the
oscillation also depemds on vhicl Landau level is crossing
the IFermi level. Figure (37 ) shows a plot of the 1/8

values for maxiumm and minimuam values of thermal resistivity
of sample D versus integers vhich is identical to that of
electrical resistivity measured at 2K.

In order to include tle relaxation rate (5.23) in

~1

the thermal conluctivity integral,values of te }
) . —ph

were
calculated separately to check vietier tle oscillatory
nffect vas siegnificant or not, and to do so the calculation
of the allowed plhonon wavevactor vas re:juired. ©tlectron
transitions occur only in the same Landau level by
ahsorption ol a phonon it certain wavevactor E in the
vicinity of the iermi lavel, ant the electron system is
transparent for the rest of the phonon spz2ctrum. figure

(38) Lllustrates tlo allo.2d plionon ~savevector for elactron

transition in nth Landlan level H
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nth level

= 0

0]

Figure 38. Allowed phonon wavevectors for electron
transition in nth Landau-level.
n n -
1 <a <oy (5.30)
where q? represents a phlionon absorbed bv an electron which
is excited from A, below the Fermi level to 3 close to the
Fermi level and q? to excitation from C, at the Fermi

level to D.

[hen the following assumption is made:

g«

P )
o ﬁ“k;n
b - —_ 1
Ep = —— + (n + z)ﬁmc
nl ‘)
ﬁ“k;n n o
then — = EF = EF - (n + %)ﬂwc (3.31)

If the origin is transferred to 0! tlle coordinates of
point A and B with respect to energy and wavevector axis

are.:



. A Jm* l n n
r\ D) k = Y — Iy - —) = DA - \
(£, ) ([1" Po s ( a) l/LF ’fm1)

fl_’. 2
N
baocause :;I.l, - ‘rwrll = l’nll\’
. n n
B, k) = (E'JF, + kb‘)

1 .
(ll may he obtiined as:

n _.n 2m* b T n
ST VTR SN (,fg VAT 4"“’1
1

. n n
using ’f.wl = ;';1

n n,:2 2m* n n
- Kk = (—) (& - :
(([1 1 [“) ( D) )( p ‘Tws 11)

i

(3.32)

(5.3N)

(5.35)

. no ) .
and finally 1, is determined from second order e:jjuation

(5.35) as:

, . . n -
substituting for kl" from (5.31)

P " 1 1 . »
n 2m 3 e . - 2m
'11 = 2( f,, )= [.LF - (n = ‘L_)*‘.mC] L v

using the coorfdinate of points C and D and following

. n .
the sume procedure as ahove ¢, can be obtained:

n
C(LF

m*

:
L, .n n m* 3} /.on n
1)(1;F + 11(”3.‘ + (/—=)°* DG f\wz)

then

n o 2m* o) 1) f 1 2m*

! = 2 - O 5 - r
T ( 2 ) [ 1’ (n + %) m)c] L O

(5.36)

(5.37)

In adlition to the condition (5.30) the phonon wavevector

must satisfCy the followving recjuirement:

-1
4 <‘*crf>‘

(5.38)
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Yo is slowly varving ith 3, but qul and ’13 ilecrease rapidly
vith increasing B as the bottom of the n-th Landau level
approaches the Fermi level. \s the field strength is
changeld, the range of phonon vavevaector satisfying e mation
(5.30) also chuanges, but such phonons can be always found
in the broal thermal phonon spectrum. lowever, satisfying
equation (5.38) explains why absorption is strong only

for small ranges of the field strength and is nearly zero
for other fields despite the fact that a broad phonon
spectrum is present. Thuas, at fields such that Yep <:q?,
the two requirements (5.30) and (5.38) cannot be satisfied,
and so no phonon is absorbhed. As the field increases and
hecomes such that qul <'lcr <q§, onlyv phonons whose wave-
vector satisfies q? <:1 <:qcr are absorbed. When the field
increases more (q? decreases), the range of 4 satisfying
this inequality increases. \t fields which allow

qg <:qcr’ all the phonons satisfying (5.30) are absorbed.
Finally when tle field increasesd so that the hottom of the
Landau leval coincides .ith the Fermi level, the total
absorption suddenly decreases, and this process goes on

for cach Landau level. Usins expression (5.25) to
calculate t;iph at T = 1.298K and also neglecting spin
figure (39) ~as obtained for sample D whiclh represents the
variation of electron-phonon scattering rate for each Landau
level vith magnetic field. In order to compare the
strength of this interaction with the otlier scattering
mechanisms, all are plotted against the phonon fre:juency

v in figure (40) which reveals that electron-phonon
scattering in only predominant in a very short interval

off phonon spectrum anrd the interaction is stronger when
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the Landau loevel involved with phounon scattering is deeper.
Thus tle best way to observe the oscillation of thermal
contductivity is to maintain the ambient temperature of the
sanple in a range that the most probable phonons have a
fre.quency where 'tc_zzplu is effective. This temperature for
sample ) was 0.70K which was not attainable by the system
nsed, llowever tle oscillation could be observed up to 2K
because of tl'e broard thermal spectrum. 3But wlen the
temprerature increased the amplitude of the oscillation
decreased because the most probable phonons moved to higher
fre uency.

Finally the effect of egquation (5.25) was examined
bv alling 1t to tle total relaxation time of the thermal
conluctivity integral, ~<hich was split into AdAifferent parts
accoriding to '1111 anrl -41‘} for cach magnetic field as in the

folloving

l1
K 3 J 1 1 Px‘(,*(]\f
R(T) = —(kro/f)7 2 - S B ——— -+
G t=1 t ('t* + ftI Y(e™ - 1)°
0
)
o Xdx x e dx
1 -1 -1 < 2t 21 1., x 5t
(ot 'tc_ph)(e - 1) L (b7 o+t ) (e - 1)
",_).
41“)
" x
X e dx +
-1 -1 -1 X 2
2 ('th * 'tl * 'tc-ph)((" - 1)
S}

Figure (41) shows the calculated thermal conductivity for

sample D versus magnetic field.
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The calculated value has been deduced assuming only one
Landau-level at a time is responsi®ie for the electron-
phonon scattering. This is justified by the condition
5-38. A comparison of figurc(i1)with the experimental
results shown in figure(33) shows that there is good
agroemenl between the period and amplitude of the osci-
llations. The shape of the oscillations however, are not
the same ond this may be due to various factors. For
exanple the density of states in a magnetic field is

ideally as:

N 2m 3 -
%% = ( ”2 - . ;EZ? [8 - (n+%igys)hw;]
h (2nA)° n,s

ol

The singularitics given Ly this formula when the Fermi

level passes through cach Londau-level are broacdened by
the presence off an impurity band which merges with con-
duction band . The absorption of phonons by electrons in

this impurity band has been neglected due to lack of

information about thce impurity baad.
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Chi\Plell 6

fhe Tlhermal Conductivityv of p-Inshb in Magnetic tield

6ol Introduction

Mleasurements of the magnetothermal conductivity of
tvo Ge dopel p-type inlium antimonide specirmen liave been
made in the temperature range 1.2 to3K and in magnetic
fields up to 10 kG.

As mentioned before the acceptor ground state in
p-Insh is similar to that of 3i or Ge Which is four fold
degenerate, and splits into the two Kramers -doublets.

The effect of the magnetic field on the acceptor ground
state is to split it into four single states. Since the
first excite'd state is far ahove the ground state, the
therimal phonons in the heat current can onlyv be scattered
through transitions within the quartet. When the dezeneracy
of the ground state is removed by a magnetic field, the
conluctivity shonld first C£all as the level splittings
become comparable to the lominant phonon energies (3.8%T)
an‘l then rise rapi.tly ~hen tlie splittings become:j> kT.

The thermal conductivity of sample F (with acceptor
concentration 2.8 x 1015 cm_g) in a magnetic field decreased
with increase of the magnetic field up to 33 kG and then
approached a minimum at 10 kG. Since tlis vas the highest
field attainahle the expected rapid rise of thermal
cornvluctivity could not be ohtained. The observed magnetic
field dependence of the condnction is consirdered to be due to
the linear Zeeman effect. This +vill be (liscussed in detail

in future sections.
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h.

[

Acceptor Ground sStates

The wvave functions for shallow acceptor states have
Hean brietfly explained in sectioan t. llere tlhey vill YHe
treatedl in more cletail. T2 spin-orhit interaction splits
tle valence-bnd edee into a quartet and a doublet

. =
corresponding to the total angalar wmom=atum J = 5 and é

states, respectivelv, lhe envelopes F(r) in the wave

tunctions t.11 can He o“tuined by expanling in spherical
. : 51,52

Farmonics 1Lm(u, ¥g) 77, anl only odd L or only cven [,

terms contribute simultaneously since tle effective mass

. . . . . 573
IHHami ltonian 1s even un‘er 1nver5Lon) SO
]

. ) N , ) ;
Flr) _z: g (r) Y (o, ) (6.1)
L,m

Fhn acceptor ground state wave functions are largely s-1like
and in this case the even angular momentum expansion
should he used (i.e. L = 0 ind L = 2) for s and (d-like parts.

It is clear {romnm equation (H.1) that if the sum is truncated

after L = 2 tlere are six independent envelopes, one s-like
for L = O anl m = 0, an'l five i-like corresponiing to L = 2
anddl m = 2, 1, 0, -1, =-2. The wave functions of the

accrptor c¢round state guartet (J = %) corresponidling to the
mazsnetic juantum numhers MJ = }, }, -g, —} are of particular
interest. 'bese can ha coustructe !l from prolucts of tte

~

s and d-1like envelopes anl tle bases ¢j(r) in (".11). For

each MJ these products can be arranged to form six

indepenlent functions, ﬂi, each of them satisfies the correct
- : : W
symmetry ([h) of the J=3 states. bSuzuki et al have

derived these functions for the axis of quantization along

[UOL] in the bases of (M, M) for Ge and Si. The
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corresponding functions for the axis of quaantization along

[lll] Lhave been derived Hhy Fjeldly et als) anrtd are given
in tahle 1311 .

[he radial parts are ziven hy

(ﬁ/ri)

[

1

Ro(r) exp (-r/rl) s-like

1.
(H/’;jr?)zrZ exp (-r/ra) d-like

1

R.(r)
i

where r, and r | are the effective Bohr radii. Then the
wave functions of the acceptor ground state can he written

in the form

5 M
'7U= > e 4’
i=0

vhere the ci's are the amplituide factors. Challis et a156
have calculated approximate wave functions of acceptor
states in the [110] direction.

liovever, a completely diffarent approach for
calculating the shallow acceptor states in semiconductors
have been made by Balleresclil et a157. In the model used
by 3alrereschi the strong similarity between impurity
centres and atomic and nuclear svstemms is used. In fact,
the impurity centre is describhed as a particle with
effective mass, spin and charze which is bLound to the
impurity site through a screenead Coulombh potential. The
acceptor Hamiltonian in tlie spin-orhit coupling limit, as

59

vritten by Luttinger””, is
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TABLI 11X

M

The functions Mi for axis of quantization along [111] '

with corresponding radial functions

M, 3/2 1/2 -1/2 -3/2 Radial Parts
1 o) 0 0
o} 1 0 0
M, 0 0 0 0 =
Yo 0 0 0 ) /2; Ry (r)
0 0 1 0
o} 0 0 1
[¢] a*/2ye -ia/h [¢]
Via/h 0 -a/h 0
MJ iv3at/4 —a/2y2 0 0 — Rl(r)
4 i e yaa
1 0 o] a*/aye -iv3a/l b 2
0] a*/’% 4] Via*/h
(o] ia®/h -~a/2y/2 o
[ DR i.b././b ..... c:/;.. . -1./.'?!/.3-“ SRRRPALERELE (CRRRERLE .. .
c/V6 -2b/3 —ct /W2 o
‘JMJ —iy2/Jc* -c/3 -b*/3V2 . _O—_ \/7—2.. RZ('rY
2 o] b/ 2 c*/3 ivz2/3c b2
0 c/3V2 2h*/3 -c VB
0 -ivic*/3 -c/3 -ib* VG
ceveceedennnn. SRERLE . _.a.:/-z‘/"j ..... 1.0./.“ ........... e
~a/h3 0 a*/4 ia//G
MJ ia*/wWy —a/ayl 0 a*//6 5 RB(r)
9’3 -a/y% 0 a*/2y2 -ia/W3 \/;ﬁ i
-ia*/VG a/h 0 a* /3
0 -ia‘/'li a/2y2 0
...... . ““-'h./,/E .._c./.j.. SV . AR .
-c/36 0 ~c* /32 “hic/W3
M, -i/3e*/3 -c/3 -b* /Y2 2¢°/3/3 = Ry (r)
2 -2¢/3V3 b/VE c*/3 i/2/3¢c/3 4 2
hic*/3/3 /W2 0 c* /WG
0 Wlc*/3 c/3 b*/VE
Ceesrenn SERRKRERE R s P .
2e/W3 0 c*/3 -iv3e/3
M ic'/3V3 VZic/3 0 -V3c*/3 \/—; Rs(r)
45 VZ/3c/3 0 Vze/3 -ic/3/3 K
iv3c*/3 -2¢/3 0 -2c¢*/3/3
iV'273b -ic*/3 Vic/3 0
a = x2 - yz - (2i//3) [22 - (x2 + yg)/'d:l y b = Xy + yz + zx

and ¢

i [xy - (x + y)/ll] + Jz(x - y)/2

.
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2 , 2
3([w z’J [J J 1 ) [(:1{] [J J ] " [1)1)] [J J J ) - 2 (4.2)
m Xy Xy y z y =z 2z X A E,T

Jdien terms Liunear in 2 arne necslected Tor zinc-Ylen:d

crvstals. l.ore [JU] = (ab + bha)/2, m is the free electron
TS EO is the dirloctric constaat, J is the angular
mortrntum operator for oo particle vitl spin % and I is the
hole Linear momentuwm operator. The llamiltonian (6.2)
doscribes a particle Jith spin % in a Coulomb potential.

It 1s convenient to write (H.2) in such a way that besiies

. . . . . . . 60
laaviang cnthic symmetry, 1t is also spherically invariant .

P ) ! 9 —
Yl,ll e~ ’Yzf“Y: (2) (2) Y} Y, (2) (231 %
I = Iy 12— e - - = (4 .J ) - _]T—( 1’ xJ +
= no ()I D mO (] q C A!'lo a q _ ,‘

)

(')
here the tensor opoerators antd J are saecond rank
a

irreducible components witlh o = -2, -1, 0O, 1, 2. lience

¥

a nnrar set of parameters {or the ‘description ol the

acesntor Heniltonian is lescribeld toaathar ith vy, as:
4

o= (r‘,Y3 + HYJ)/le

‘hich gives the strength of tlhe spherical spin-orbhit

interaction, il
N = (v, - Y,)/Y,

el measuros tle cuhic contribution.
In indium antimonide € = 17.9, ’Y1 = 35.08, Y2 = 15.6"%
61,62

58 . .
anc:l Y} = 16.91 . [Finally Ruymond) by considering the

inversion asvmuetry contrihution to shallow acceptor
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states in Insh presanted the wwave [unction /Zfas

_ ~ !
ﬁ ~Z tI_,m[O‘, Lm] (6.%)
Lm
Lm

where oo, L'm are Yasis function of the represaentation

. The function frx are
Lm

vhitch is computed rom Y[':l

xod

[Lm = r:x;)(—r/aLm) (r) (6.5)

VI
1
Lim

where I)Lm 1s a polynomial in r.

5.3 The Strain Pamiltonian

/f'-
From symmetry constderation llasegawa ? constructed

a strain Hamiltonian for fthe six state valence band edge

in terms of the anrular operator 1.

Y , 2 .

I . = D (e ie  +e Y+2D =L T)e +CLP. +D (L L +L L ).
strain A xx Yy 2z uyp X - XX u Xy Yy z

o4 c.p.] (6.6)
Xy

v .

where “d' !,)“ anl “u' ara the valence band deformation

potential constants.. [JOL is the a~-componant of the angular

momentan operator (&= x,v aunlz). C.P. lenotes cyclic

parmitation of the inlices x,v 1l 2. e are the strain
o

components defined as

’aUOL/}xB i DUB/BXOL rfor oo #

e —

= (H.7)
3
ok gLfa/’a 3 for &« = B

wherce UOL is tlhe g component of the displacement vector. The
first term in itg. (H.6) cives the shift of the centre of
gravity of tlie valence band edge anl siuce it does not
contribute to tho splitting, 1t is Jisrccarderd. The strain

Lamiltonian “.n can he used to find tbhe energy split in
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the accaeptor sround state quartet, and also descrihes the
oscillating strain due to tle phonons and the resulting
acceptor hola2-lattice interaction. Tlhese effects

. . . v
requires the calculation of matrix elements of [ .
strain

usinzg the wave functions in the (ML, M ) bases. This can
s
be carried out by representing the strain liamiltonian by

a 6 x 6 matrix on the same bases. 3Since there are no spin

T

operators in -
strain

it can be written in the block form

as ;

v
strain

= (6.8)

(3 x 3) 0

v
strain

A\
O Hstrain(3 x 3)

with the 3 x 3 blocks defined by the LOC representation.
o = 1, 2, 3 are the tlree axes of a right handed cartesian

coordinate svstem, vith tle axis of .Juantization along

a = 3.
0 1 0] 0 -i O]
1 1
L1 = 72 1 0 1 L2 = 75 i 0 -1
| O 1 QJ _O i Q_
(6.9)
1 0 0] i )
2
L3 = 0 0 0 L™ = 0 2 0
0 O -1 0] 0 2
b pu b -
‘or [O()l] LOC' x = 1, 2, 3 are simply the three components

Lo Ly and L of Eq. (5.6) respectively. In the case of

z'-axis 1in the [110] lirection the choice of perpendicular
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axes, x' and v' is immaterial, but a convenient set of

dircection is [17()] for x' and 001 for y'. L\(, Lv and L

N

in (H.6) should he decombosesd along the new coordinate

axes, according to

1
L‘( =7 (Lx' + L,‘,J
L = —1— (-—L + L ) (6 10)
v V2 x! A -
L = -L_,
z y

Strain Hamiltonian (6.6) can be written in terms of J-
operators acting only on the four 3loch states defined by
s . , . . . . v .
J = %. 'his form 1s obtained by projecting H . into
; 7 'strain
J space, while simultaneously relegating all information

abont the Jd-lilke parts of tle envelopes to a set of

respectively

. . a a
deformation potential paramaters DS and D .
u u

in 4. (6.6) (superscript "a" stanls for acceptor). Thus
only the s-like part of tle wave functions are considered

explicitly, and the projected portion of the llamiltonian

is written as:

a a..AQ 212 ~ 1,
| = §D7 [(JT=-3J7)e C.pP.| +3D J J -P. .
Hetrain 27 [ x 3 )Gxx+ } T ( ny+Jy x)exy+C Pol (6.11)
For oscillating strain like those prorduced by phonons the
deformation potential parameters Ui and Di, are in general
4

fragquency dependent5 . But these parametcrs are normally
referred to as the deformation potential constants {or the

acceptor ground state. The connection between the static
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a a . _ -
i)” and Uu' and the band edge deformation potential constants

Dn ant “u' can he ohtained by comparing the matrix elements

N Y 7, ) . ; \4 " \ . )
of Hs;tr.)in (e (Ho11)) and Hstruj_n (e (6.6)) in the

static strain limit. lamiltonian (6.11) caii be expanded

in terms ol the normal phonon wodes. But first the
four

— - e
displacement vectors U of 5. (6.7) have to expanded in

terms of the vibrational modes of the crystal then the
strain componznts vyould he substituted in tle strain

33

Hamiltonian. A\ standared procedure leads to

(6.12)

)
R
IH
|
-
| |
t
gl=>
]
[ |
30
| I—
o
U
oy
e
-
=
.
all
o
oy
.
+
e
1 ]
e
L

x . . .
where e— 1s tlie & —component of the polarization vector,

‘
©w , the angular frequency, a‘ the creation operator and
qt qt
a the annihilation operator, anvl All are for accoustical
vlt

phonons of branch t witl wvave vector . C.C mezans complex
conjugate antd M is the mass of thie crystal. Usiag (6.12)

and (L.7) the strain components can be easily flerived as:

1 _ =
e :[—\H*ZE q. & e'4 T 4 + C.C;]
(0dv d LMW — x — —
— gt gt qt

{ ~’1 - - ‘_n_ .

Cap :[———'—]- Z i C‘B + .IB ei yet T a_ +C.C.la#B (H.13)
- qt qt gt

In expression (H.13) it is assumed that the lincar long

wvave length limit of the phonon dispersion is valid which

is a good approximation for the thermal phonon-frequency

range considered here. The strain acting on the impurity



-116-

site, will split the iunartet into two Kramers (doublets.
The effect of the strain way be considered as a static
perturbation potential acting within the ground state if
the magnitude of the valence band edge splitting is

small compared to the ionization energy of the acceptors.
The expansion of (1.11) in the normal vibrational mode

+ill be carried out in appendix 2.

6G.%  Zeeman Effect of Acceptor Ground State

The Zeeman effect of the shallow acceptors in semi-
coniductors has been investizated theoretically and

63,6%,68

experimentally Most of the work has been done
on acceptor states in germanium uand silicon. The theoretical
work on this probhlem bhas been mostly devoted to perturbation

calculation based on the effective-mass approximation to

obtain explicit g-values and intensities of the Zeeman

ol

components of the optical spectra ? using four-component

R , g . 66,67
wave functions of tle hKohn-schechter type , anrl
consideriung onlyv the linear Zecman effect. llowever, a group-
thiroretical treatment hased only on symmetry consicderation
l'as proved to be cavable of explaining the experimental
results.  lFor calculating the relative intensities of the
Zeeman comnponants the procedure is baserd on the metho-

69

. \ s )
developed by Rodrigunes, Fisher and 3arra for stress-
inluced components.

The application of a magnetic field 3 introduces new

terms in the liamiltonian of the acceptor holes. These

additional terms coustitute the Zeeman llamiltonian

- o - 1 2 2.1 - '—2 ]
H = -uB(L +2s).8 —amp 073 -(r. B) (6.1%)

Jeoman
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vhere Ko 1s the Sohr magneton, m tlhe free ~laectron mass,

i
r tha position operator of th: lholes, L and s are the orbital
viel bty spin angalar momenta in vunits of '¥», respectively.,

The most general form of the llamiltoniuan matrix for a/—',,
O

level can be expresserd in terms of the anzular momentum

operator J o as

i 3.7 3 3 3 2 - =2
= ! v ! + ' : ‘ r .
L eeman = pugl(d.J)+p,U5L(Hxe Hny+dZJZ)+1ld +12(1 J)
(302432028259 (6.15)
+x]3 lx x+ y y+ — 7.15

where the parameters gl', .5 Ays M anrd depensd on the

‘)
<

q}
unperturbed wave functions of the acceptor ground state
level., The angnlar momentim matrices are given in (A.1),
an‘l the componrnts of I refers to the cubic axes X, y, and
7z of the crystal. Let the orientation of B bhe ziven by
the polar aungle § and the azimuthal anzgle . That is,

3 = 3n with

n = sindcosq,
n, = sinfsingy (6.16)
n_ = cos f3

s

Then the | becomes

|
Zeeman

— 3. 3. 3 — =2
- ' Lot : . . .
M man=Mn [gi(n.J)75,2(nXJx_+nny+anz)}B+ it 1_,(n J)

2 3w 2D 3
+q,(n"J7-n"J +n_J%)| 8 (6.17)
37 x x Yy z z

For an arbitrary Jdirection of the magnetic field, Ey. (6.17)
. . . . k] o
is not necessarily diagonal in the J = 7 space. Fhe

enerzies of the Jdeeman sublevels can be obtained by
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diagonalizing the liamiltounian matrix (H.17). Bt the
cigen functions are no loaser deiined by tle states of

J =

rof

. when the magnetic fieltl is applied in the [Ll(f)]
direcction, the Zeeman Lamiltonian in the transformed hasis

hecomes

I S R
us npSy % CRpSh
.,

! = '3 ! + Ty |3 |3 [
“/,e(em(\n - u[}‘gj_)_ {1‘]7‘ (l/t/—)(Jx +Jy )+

x (L,f— _ JjJ]n} (6.18)

By using transformation matrix (A.2) and proper unitary

tranasformation to diagonalize tle Hiee the energies of
’ man

62

the Zeeman sublevels cain be derived as

—

__Sl + :2‘(52 + 53)] %

E - = ungéi}{AJ( + (X0 +7) o+

+
rCpd

D - o -(1lp 7 [ (s :
L+% = u;,\sgﬁ{fl_ (ip + §) 51 ¢ (s, 4 53)] 3}
(6.19)
L-l = uugéi}{—A +(p o+ %) +le + %(Sd + 53)] lﬁ}
B_g = uBgéu{:A -(ip o+ D) +[Sl + %(53 + sj)] U}
where P = gi/géy “1 = (lk/u‘ggi anr
17 1 42 3 MY 2 d 6. 2(
A+ = [( P+ ’8] + [52 + Qsj] 3)T o+ m(} - ;538) (6.20)

[he allowed transition between the levels 3, }, -1 and

]

[N

are numbered 1, 2, 3 and ' respectively. Using (6.19)
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these transiLtion euerocsiacs i the [11():] direction are

ddeternined as

I - ) 1] t
By o= Bugml A
(6.21)
1
- )
oy = -2Hps, OB

e magetic Cicld dependence of the energy splitting £
nn

can bhe calculated hy using the resonance lield an

vons.e (6,21) which include four parametors gi, g5y 4, and

qqe Hovever, if only linear Zeeman effact is considere:l
here(ioe. RS

= 0) the numhar of parameters rerluces

to only r;'l anl ¢!, Accor:iling to tle theory of the

5
effective mass approximation tle grounlt state of the

shallowv acceptors in the cubic semiconductors is split

due to the initial local fields. The splittings are incluced
by the static fields which break the tetrahedral symmetry

at the acceptor site. In the absence of the external fields,
tle splitting may be caused by the initial local stresses
which are brought about by the randomly distributed

crvstal imperfections and the dislocations as well as weak
corralations among the acceptor impur‘ities7o. This initial

splitting shoull be consi-lered in calculation of the

energy levels,



6.5 Analyvsis of the Maonetothermal Conductivity of p-Insb

lesults of the reduced thermal conductivity (K/KO)
of sample I (.\"'\ - .\'“ = 2.9 x 1()15 Cm_3) is presented in
figure (42 ). As one expects the thermal conductivity
decreases vhen the magnetic field is increased, and also
when the temperature is raised the effect of the field on
thermal conductivity diminishes. The average fistance
betveen the impurities for this sample (d &2 8a*) satisfies
the need to keep 42 a* to avoid overlap between neigh-
bouring accaptors so the impurities are considered to be
isolated and the theory explained in sections 6.4 is
applicable in this case. The g-factors gi and gé
involved in e mations (6.21) are not the conventional
Zeenan g-factors g- and g4 which are the splitting

: 2

coefficients of the ground state energy levels. Sy is

J
defined by:

[
I
)

"‘ - M -
Cao =My glMJ! Ug B (6.2

llence to find g3 and g3 1in [11d] direction, eguations (6.21)
2 2

and (6.22) is used as in the following

]
g
e e Ea = Tes - T30 =1, 7 6.2
By - £z = 3gzupb = 2“13*“:”{ AT 8)} (6.23)
ol 3 2 <)
vhere A = A = A+ or simply only the [irst order terms

arc taken into account. g7 can be found in the same way
2

as (6.23) and the simplified expressions are given as
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Figure 42.Magnetic field dependence of thermal

conductivity of sample F with acceptor

15

concentration p=2.84x10 em™ 3 at

several temperatures.
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An estimation of these g-factors can be maile hy using
approximate resonance field and also the energy of the
dominant phonons (i.e. Ar = fw = 3.81{’[‘)14"[8. As

mentioned in section (6.1) a clear minimum of magnetothermal
conluctivity conld not he obtained. llowever, from the data

at the lowest temperature, the position of the minimum

could be guessed and the lfollowing values are estimated

[ 0.38 and = -0.1

o]
- -

and conse juently

0.69

gy = 0.93 and g-
i 2

The error can be as large as the estimated values. These
g-values have heen calculated by many authors for Ge and
S . A variety of values 1is obtained according to

the choice of the effective mass wave functions and the
valence band parameters. But these values are in sharp
contrast with the experimental results obtained by Challis
et all’i and TokumotoGg. lHHowever, direct experimental

or theorcetical determination of these g-factors for indium
antimonide have not been made and the worlkk on optical
spectra and the nanalysis of these presumahly would be
exceadingly complicated anywvay. Since there has not been
a source of comparison for the g-factors for indium
antimonide the choice of above values is :uestionable.

17 -3

The results of sample G (N\ - N, = 2.4 x 10 cm
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is given in Pie. (43 ). Comparisn of the rdata obtainerl

for saumple 1 and G reveals that the effect of tlie magnetic

fivll decreases Jhen the carricer concentration is iLncrease-l.

Fhis can be (e to the overlap of the impurity band (I1:3)

of sample G with the valeace band (Vi3). The separation

of the impurities in this sample (0 2 a™) +whicl is a clear
of

inlication of the werging 13 witlh the V3, and so at low

magnetic fieldl the hole-phonon interaction is due to the

free charge carriers. o chaeclt on this the magnetoresistance

of this sample was measured (see Figure (44 )) and the same

behavionr as magnetothermal resistance was observed. So

1t is concluled that due to the high impurity concentration

the Jlole-plionon interaction is screened due to the condition

(11“., <(1 <2!{1_.) explained in sectionbd.1 tor zero field

thermal condaectivity and since only this interaction is

affected by tlhe magnetic field the effect in sanple G is

less tlan that of sample IF.
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Figure 43.Magnetic field dependence of thermal

conductivity of sample G with acceptor
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Conclusion

It has been shown that despite some initial diffi-
cultiex, the thermal conductivity measurcments at liquid
helium temperature could be performed automatically by
meang of a microprocessor based control system providing
higher accuracy and quicker data collection than previous-
ly possible . The results obtained for both n and p-type
indium antimonide single crystals using this system have
becn analysed by the standard theory of thermal conduc-
tivity,and agreed with previous measurements.

In me2asurements of the thermal conductivity of n-type
indinm antimonide in a magnetic field the quantum oscil-
lation of the phonon absorption by electrons was explained
mialitatively by an electron-phonon interaction Hamilto-
nian. This oscillation is ascribed to a narrow band of
frequencies within the phonon spectrun which are highly
absorbed by the clectrons. The band is bounded by G4 and
Qo such that both are less than ACcR* These frequencies
are independent of temperature. However, the amplitude
of thecscillations depend on the temperature being lar-
gest when a4 and q, are ncar the maximum of the phonon
spectrum. The oscillatcry absorption is associated mainly
by the intra Landau lovel transitions., The period is in
close agreement with the de Haas - Shubnikov period. The
calculated K determined without any adjustable parameter

except those used to derive the zero field thermal con-

ductivity has an oscillation amplitude comparable with
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the measured oscillations, but the calcenlated curves have
abrupt changes which are not present in the measured -
vscillations. Exact correlation betwoen theory given here
and cxporiment cem not be expectd because only one intra
Landau level transition has been considered and the -
likely distortion of the density of states by impurity
Level has Deen ignored. Spot calculation on inter Landau-
leve transitions indicate such transitions probably have
negligible effect, however the effect of impurity levels
blurring the shape at botton of the Landau - level is

not known, but may well be the cause of smoothing the
oscillatinns.

The magnetothermal conductivity in p - InSb has been
explained by the first order Zeceman splitting of the four
fold degenerate acceptor states, similar to that of p-type
silicon (i.e. an initial decrecase in thermal conductivity
with incré;e of the magnetic field and the exhibition
of a broad minimum) . From an estimate of the position
of tho minimum of the thermal conductivity for InSb Zeeman
z - factors have been estimated. The minimum appeaxr to
accur at a higher magnetic field than is observed in
silicon because the g - factors for indiwn antimonide is
less than that for silicon. An interesting observation
is the coffect of the magnetic field on thermal conducti-
vity of more heavily doped sample was less than the effcct
observed in lightly doped sample . This is interpreted

as the charge carricr system reacts as a plasma to low-



Trquencey phonon, and the resulting screening decreases
thie phonon - charge carrier interaction in more heavily
cdoped sanples. However, extension of the investigation
in higher magnetic field for p - InSb would be interes-

ting .
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APPENDIX 1

The following programme has been developed to be loaded on
Keithlev- System one for automatic measurements of the thermal
conductivity. The main feature of this programmas according to
the flowchart given in sec.3 is that the ambient temperature
of Lhe system is kept constant for the complete measurements
of each parameter. All the calculations involved are carried
out and then the reguired data such as temperature difference
across the sample, heat gradient, ambient temperature and the

thermal conductivity are printed.

DECIMAL INSTRUCTION INSTRUCTILON COMMENTS
STEP CODE MNEMONIC
0000 066 IND/3YMSB Subroutine "“CL"
1 063 CL
2 271 LDDL xx%xx Load DL
3 000 0
ly 272 . LDDH xxx Load DH
5 023
6 372 STKD Stack DC
7 371 RCLP Recall P
8 371
9 057
0010 066 IND/SYMB Subroutine to scan
o _q different channels
1 071 Sin
2 266 LDIX
3 202 Choose slot 2
% 314 OPCB Output Control Byte
5 266 LDIX
6 121 C.C.1 normal
7 315 OPDB Output Data Byte
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DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0013 266 LDIX
9 202
020 314 oPCB
1 2606 LDIX
2 125 C.C.Z normal
3 315 OoPD3
ly 066 SYMB/IND Symbolic address
5 055
6 111 10)
7 012 .
8 111 1()
9 021 +
0030 0N 4
1 127 BR Branch() () to
subroutine A
2 067
3 025 A™
4 120 yO O) Store in pointer
5 067 IND/SYMB
6 377 NOOP
7 111 tO)
8 012 .
9 151
0040 110 y(O)
1 012 .
2 111 1)



DECIMAL INSTRUCTLON INSTRUCTILION COMMENTS
STEP COLE MNEMONIC
00hh 003 3
) O-z -
6 001 1
7 020 =
8 126 Ju Jump () () to
9 022 _
0050 067 IND/SYMB
1 055
2 126 JuU Set Flag
3 016 FLAG
Iy 067 IND/SYMB
5 020 =
6 001 1
7 000 0
8 110 ()
9 022 -
0060 00% I Choose channel
1 001 1
2 000 0
3 111 1O
l 021 +
5 011 9
6 110 1O Store in pointer
7 012 .
8 001 1

9 000 0



DECTMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0070 110 {1O)
1 021 +
2 003 3
3 266 LDIX Choose slot 2
hy 202
5 314 OPCB Output Control
Byte
6 266 LDIX
7 122 Revers C.C.1
8 315 OoPD3 Output Data Byte
9 266 LDIX
0080 202
1 314 oPCB Oatput Coatrol
Byte
2 266 LDIX
3 126 Revers C.C.2
4 315 OPDB Output Data Byte
5 266 LDIX
6 202
7 314 OPCB Output Control
Byte
8 266 LDIX
9 065 Revers sample
0090 315 OPD3 Heater current
1 016 FLAG
2 004 ly Choose channel 3
3 001 1
4 003 3
5 105 ouUT
6 001 1 Choose mostsen-

sitive range
on DVM



DECIMAL INSTRUCTLON INSTRUCTION COMMENTS
STEP COobdE MNEMONIC
0097 003 3
8 105 ouUT
9 003 3
0100 107 WALIT Wait for 3 sec.
1 126 Ju Jump () () to
2 067 IND/SYMB
3 055
ly 066 IND/SYM3
5 020 =
6 165 Reset Flag
7 111 () Store final channel
in pointer
6 011 9
9 110 J0)
0110 012 -
1 176 Print a dot line
2 066 IND/SYMB Subroutine R for
averaging measured
3 o072 R° value on each
channel
l 121 1000
5 067 IND/STMB
6 110 {0)
7 002 2
8 001 1
9 000 o)
0120 113 + Add ten to pointer
1 012 .

) ()

3%
—
ra
—



DIECIMAL
STER

0123
ly
5

6

0140

INSTRUCTION
CODE

067

013

020
120
067
060
111

012

126
020
067
047
013
011
113
012

126
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INSTRUCTION
MNEMONIC

IND/SYMB

vO) ()
IND/SYMB
PRINT

1)

10

3

Ju

IND/SYMB

Ju

COMMENTS

Divide the sum by
half

Store in main data
register for
printing

Print the average
value

If all the scan-
ned channels are
averaged check
for the next
decision.

Add nine to
pointer

If averaging is
not finished
continue



DECLIMAL
STEP

0148

N

6

9

0170

INSTRUCTION
CODE

067

011

110

-136-

INSTRUCTION COMMEN'TS
MNEMONIC

IND/SYM3
RO
1ND/SYMB
Print a dot line
9
1)
+
9
1O)
1 Check if the
first channel
0 scanned is 1
the? go to sub.
= LG™" to calculate
the temperature
Ju
IND/SYMB
e
2
0
JU
IND/SYMB



DECIMAL

STEP

0174

9

0180

I

\]

INSTRUCTION
CODE

010
004
001
177

060

010
005
002
177
060

010

-137-

INSTRUCTION
MNEMONIC

Lo}

IND/3YMB

BR

IND/SYMB

PRINT
BR
IND/SYMB
F
100

8

U

\e]

PRINT

COMMENTS

Subroutine to
calculate the re-
sistance of cecach
thermometer

Store R1 in the
main data regis-
ter no. 84

Print identifier
for thermometer 1

Store R2 in the
main data regis-
ter no. 85

Print identifier
for thermometer 2

IT calculation and
print of the value
for thermmometer R1
and R2 get heater
current



DECTMAL
STEP

02090

1

|§v]

\

6

8

0210

INSTRUCTLON
COobE

021
067
062
121
001

010

010
006
066

062
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INSTRUCTION

MNEMONIC

+
IND/SYMB
RESET
) Q)

1

PRINT
OO
8
6
IND/SYMB
RESET
RESUME

IND/SYMS3

COMMENTS

Multiply

Get heater vol- .
tage

Calculate the
heat current in
s3mpler heater

Store in main
data storage 86

End of the sub-
routine scan

Subroutine to
choose channel
and range



DECIMAL
STEP
0227

8

9

0230

1

~J

8

0240

-3 1 = W

e=]

o \O

INSTRUCTION
CODE

006
012
000
000
003
110
010

066

110
007

111

007
045

020

..139._

INSTRUCTION
MNEMONIC

+(O)
8
IND/SYMB
SIN

e

6

ouT

COMMENTS

Choose most sen-
sitive range on
DVM

Wait 2 sec.

Read the voltage
from the DVM

Check on the
range

If over ranging
go to change
range



DECIMAL
STEPR

INSTRUCTION
CODE

126
022
_067
050
00/
107
001
106
057

066

113
006
001
000

110

-‘1,‘i0—

INSTRUCTION COMMENTS
MNEMONIC
JuU
IND/SYMB
LG
!y
ouT
1 Read the final
value on DVM
READ
RESUME Go back to
branch point
IND/SYMB
LG
1 Add 1 to scratch
pad 6
+
6
1 Increment the
range
(0]
1O)
X
8
JU ° End of subrou-
tine range and
IND/SYMB channel
SIN
IND/SYMB " Subroutine 2FUN
to calculate the
F resistance
1



DECIMAL

STEP

(e
e
~J
~J

>

INSTRUCTION
CODE

113
012
121
067
110
002

001

111

110

-141-

INSTRUCTION
MNEMONIC

10 O)
IND/SYMB
JO)
1

+

T0) ()
IND/SYMB

10)
2
X

EXP

3

RESUME

IND/SYMB

LG
1@
6
10 O)
IND/SYMB

()

COMMENTS

Get the voltage

Get the current

Fnd of the sub-
routine 2FUN

Subroutine to
calculate the
temperature

Calculate 1In R3

Get coeficients

A,
i



DECIMAL INSTRUCTION
ST CODE
030" 001
5 066
6 117
7 111
8 001
9 111
0310 023
1 006
2 110
3 010
ly 111
> 012
6 152
7 110
8 012
9 121
0320 067
1 111
2 021
3 010
ly 110
5 001
6 111
7 012
8 111
9 022

-1h2-

INSTRUCTION
MNEMONIC

1
IND/SYMB
DE.SET
10)
1
20)
X

6
v()

r0)

HOXQ!
IND/SYMB

10)

COMMENTS

Get the loop to

calculate sum

Get (1n R)T=* A

Decrease pointer
by 1

Calcula{e
A (InR)™ + A,
in the loop

Subtract 2 from
pointer



_1/]3_

DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0330 002 2
1 126 JuU
2 021 +
3 067 IND/STMB
4 117 DE.SET
5 111 1) Get 1In T
6 02} i
7 051 o Calculate T
8 057 RESUME Go to branch
point

Step 0342 to 0509 the ountoput handler for interface model

7501 = 1722 is stored (Sce Xiathley instriuaction manual).
0510 066 IND/SYMB Subroutine e to
« calculate R3 and
1 051 e subsequently the
temperature
2 003 3
3 177
4 127 BR Branch to sudrou-
tine 2FUN
5 067 IND/SYMB
6 052 F
v 352 ICEX
2 060 PRINT Print R3 in ohms
9 110 1O)
0520 003 3
1 004 Ny
2 000 0
3 110 10

I 002 2



DECTMAL
STE

P

9

07330

034

R}

RS

INSTRUCTTON
cobe

004

010

127
067
027z
061
176
001

001

021
011

110

~-1h4-

INSTRUCTION
MNEMONIC

}O)
3
O

IND/SYMB

PRINT A

IND/SYMB

IND/SYMB
1,/

LDIX

COMMENTS

Print 2z Jot line

Branch to subrou-
tine - to calcu-
late temperature

Print the answear

P:rrint a dot line

Add 11 to sciatch
pac no. 9 and sto-
re in the pointer

Jump to subrouti-
ne

Subroutine 1/x to
reverse the cur--
rent in thermome-
ters



DECIMAL

STEP

0550

CN

()

(@

\92}

N\

~1

3

1

...‘].’_;3_

INSTRUCTTON INSTRUCTTION
CODE MVEMONIC
202
31h OPCD
oG LDIX
126
315 OPDB
003 3
107 WATT
001 1
106 READ
110 10)
005 5
266 LDIX
202
314 OPCD
265 LDIX
125
315 oPDB
003 3
107 WAIT
001 1
106h READ
111 03
022 -
005 5
021 -
002 2

COMMENTS

Reverse the cur-—
rent in R1 and R2

Wait 3 seconds

Read the woltage

Store in scratch
pad no. 5

Get slot na. 2

Reverse the cur-
rent in R3

Wait 3 seconds

Re2ad the voltage



DECTMAL
STEDP

RS |

6

&

0600

_']/]6_.

INSTRUCTTON TN3TRUCTION
CODF MNEMONIC
020 =
110 JO)

005 5

057 RESUME
066 IND/SYMB
030

056 HALT
001 1

110 10)
011 9

110 V()
012 .

00! h

001 1

000 C

110 v()
004 I8

0056 6

110 O

007 3

110 yO)
005 5

127 BR

067 IND/SYMB
07 1 Sin~?
260 LDIX

COMMENTS

End of subrouti-
ne 1/x

Start of the muain
prozyrun (i.e. sub-
routine )

Stairt from chan-
nel onaea

Stoire channel se-
lector in scratch
paid no. 4

Choose channel 6
as the las*t one
to scan ir. thae
first round

Branch to subrou-
tine scan (i.e.
sin” ")

Cet slot no.2



DECIMAL

STER

0602

(%]

N

0610

INSTRUCTION
CODE

110
o012
004
001
000
110
004
011

110

-1 ].}7__

INSTRUCTION

MNEMONIC

OPCDB

LDIX

BR
IND/SYMB
CLEAR

LDIX

OPCD

LDIX

COMMENTS

Outpul a control
byte

Load the latch of
sample heater

Branch to subroa-
tine “CL"

Output control
byte

Turn seample hea-
t2r on

Store channel 2
in scratch pad 9
and pointer



DECLIMAL

INSTRUCTION

STEP CODE
06130 003
1 110
0 005
3 005
4 107
B 127
6 067
7 071
o 266
9 202
0040 314
1 2640
2 061
3 312
h 005
5 007
1 110
7 012
3 00/
9 011
0650 110
1 002
2 121
3 010
4 00%

-1 118-

INSTRUCTION

MNEMONIC

vO)

N

WATT
BR

IND/SYMB
§3.7 1

LDrIX

OPC3

LDIX

orns

ot

v()

N

O

yO)

) ()

COMMENTS

Wait 5 seconds

Branch to sual -
routine scan

Get slot no.2

Tarn the sample

heater off

Get the coeffi-
cients of Ri

Get R1 from main
data register &4



-1 /;()--

DECTMAL TNSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0655 127 BR Branch to subrou-
tine - to calcu -
6 067 IND/SYMB late T for R1
7 022 —
8 054 1/
9 121 YO (O)
0660 023 X
1 010 8
2 004 h
3 110 V(O)
hy 005 5
5 005 5
¢ 007 7 Store 57 in poin-
ter
7 110 J(O)
8 012 .
9 005 5 Store 50 in scra-
tch pad no. 2
0670 000 0
1 110 VO)
2 002 2
3 121 PO O) Get main data re-
gister no. &4
I 010 8
5 004 4
6 127 BR Branch to subrou-
tine "+" to cal-
7 067 IND/SYMB culate the slop
of thermometers
R3] 021 +

9 111 1)
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DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STIP CODE MNEMONIC
0neo 023 X
1 005 )
2 126 J O ()
3 G110 a
/) 000 O
5 000 6
6 006 6 Store 66 in poin-
ter
7 110 O
8 012 .
9 005 5
0590 010 ] Store 58 in scra-
tch pad no. 2
1 110 v
2 002 2
3 123 A(Y() Get R2
!y 010 8
5 005 5
6 127 BR Branch to subrou-
tinz """
7 057 IND/SYMS
R 02z -
S 054 1/x
0700 121 »O)O)
1 023 X
2 010 3
3 005 5
i 110 $O)

5 005

(1]



DIECIMAL
STeEP

0706

T

Q

0710

\A

6

6

~J

INSTRUCTION
cope

006
006
110
012
005
011
110
002
121

010

120
010

001

121
001
005
023

026

INSTRUCTION
MNEMONIC

6

6
yO)

vO)

N

PO O)

8

5
BR
IND/SYMB
+

+0)

X
5

+OO)

X

100

COMMENTS

7 .
Store GO in the

pointer

Get the coeffi-
cients Ai for R2

Branch to subrou-
tine "+"

Store slope of R2
in main data re-

gister 81

Get main data re-
gister 15, to cal-
culate alpha
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DILCIMAL INSTRUCTION INSTRUCTION COMMENTS
STRP CODE MNEMONIG
07132 014 LXP
3 005 5
4 024 =
5 026 (
6 014 EXP
7 005 5
8 021 +
9 121 +O)C)
0710 010 8
1 004 I
2] 027 )
3 027 )
Yy 020 = Store alpha in
scratch pad 5
5 110 $(0)
6 005 5
7 121 tOO Get 9 R1
T
& 010 8
9 000 0
0750 023 X
1 121 +O) ()
2 001 1 Calculate beta
3 003 3
L 023 X
5 026 (
6 014 EXP
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DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0758 02l hd
9 026 (
0760 014 EXP
1 005 5
2 021 +
3 121 O O) Get R2
L 010 8
5 005 5
6 027 )
7 027 )
8 021 +
9 111 +O) Calculate A~
0770 005 5
1 024 =
2 002 2
3 024 %
h 014 EXP
5 006 6
6 020 =
7 045 X Store A* in main
data register 82
8 120 VO ()
9 010 8
0750 002 2
1 266 LDIX
2 202 Get slot no.2
3 314 oPrcnB Output control

byte



DECLMAL
STEP

0784
5
G

7
8

9

9

0800

1

6

INSTRUCTION
coDE

266
0206
315

000

-154 -

INSTRUCTTON

MNEMONIC

LDfX

OPDB

+QO)

+
0

BR

IND/SYMB

CLEAR

LDIX

OoPCB

LDIX

oPrpB

LDIX

opPCB

LDIX

OPDB

BRR

COMMENTS

Load counter on

auxiliary heater

Branch to subrou-
tine "CLM"

Get slot no. 2

Select the coun-
ter on auxiliary
h=2ater

Get slot no. 2

Turn the auxilia-
ry heater on

Branch_to subrou-
tine AT to choose
the channel and
the range



DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0810 067 IND/SYMB
1 025 A~
2 011 9
3 110 VO)
L 004 h
5 066 IND/SYMB Symnolic address
6 116
7 127 BR Branch to subrou-
tine 1/x to rever-
8 057 IND/SYMB se the current in
Ri1, R2 and R3
9 05k 1/x
0820 121 10) ()
1 o2 -
2 001 1
3 006 6
ly 126 JuU Routin to adjust
the temperature
5 022 -
6 067 IND/SYMB
i 060 PRINT X
8 111 +0)
9 005 5
0830 022 -
1 121 +O 0O
2 001 1
3 006 6
h 022 -
5 121 OO

6 010 8



DECIMAL

STEP

0837
8

9

0840

\N

6

8

0850

e
9
0860
1

2

INSTRUCTION
CODE

202
314
266
041
315

126

315
126
067
116

0606

-156-

INSTRUCTLON
MNEMONLC

COMMENTS

IND/SYMB
PRINT A

LDIX

OPCD

LDIX

OPDB
Ju

IND/5YMB

IND/SYMB
PRINT X

LDIX

orcnB

LDIX

oPDB

JU

IND/SYMB

IND/SYMB

Check the error
in temperature

If there is no
error, go to ad-
dress "PRINTAY

Get slot no. 2

Counter up(i.e.
increase the tem-
perature)

Go to address

Symbolic address
"PRINTX"

Get slot no. 2

Count douwn(i.e.
decrease heat)

Go to address

Symbolic address
"PRINTX"



DECIMAL
STEP

068G
5

6

~J

0870

[o

1

6

-
8

9

0880

SN N

INSTRUCTION
CODE

001

_157_

INSTRUCTION
MNEMONIC

PRINT A

LDIX

orcnB

LDIX

OPDB

BR
IND/SYMB
1/x
1O O

JU

IND/SYMB
T,

tO)

COMMENTS

Get slot no. 2

Output control
byte

Advance divider
Output data bytle

Branch to subrou-
tine "1/x" to re-
verse the current

Check for tempe-
rature to be con-
trolled to best
stability

If control is ok
then go to ad-
dress T

Increament scra-
tch pad no. &4
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DECIMAL INSTRUCTTON INSTRUCTION COMMENTS
STEP CODL MNEMONIC
0890 110 VO
1 004 4
2 126 JU If temperature is
checked go to ad-
3 021 + dress "PRINTA"
I 067 IND/SYMB
5 061 PRINT A
6 126 JU Go to address
7 067 IND/SYMB
8 116
9 066 IND/SYMB Symbolic address 7
0900 015 T
1 002 o
2 001 1
3 110 VO)
i 011 9
5 110 vO)
f) 012 -
? 003 3
8 011 9
9 000 0 Store 390 in scra-
tch pad no.k
0910 110 $O)
1 00/ U
2 002 2
3 007 7 Store 427 in scra-

tch pad no. 3
Iy 110 ()



DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEPR CODE MNEMONIC
0915 003 3
6 007 7
7 110 {O) Store 7 in scra-
tch pad no.5
8 005 5 ‘
9 12 BR Branch to subrou-
tine scan
0920 067 IND/SYMB
. -1
1 071 Sin
2 266 LDIX
3 202 Get slot no.2
Yy 31 oPC3
5 266 LDIX
G 021 Turn auxiliary
heater off
7 315 OPDB
8 2606 LDIX
9 202 Get slot no.2
0930 314 oPCB
1 266 LDIX
2 Olhly Reset the divider
3 315 OPDB
Y 121 1) ()
5 003 3
6 007 7
7 121 10 ()
8 022 -



DECIMAL

S5TEP

0940

]

r2

8
9
0950
1

N
=

0960

a%}

o

\1

6

INSTRUCTION
CODL

007
045

060

110

0006

~160-~

INSTRUCTION
MNEMONIC

2

X
PRINT X
YOO

8

2
PRINT X
1/x
1O O)

X

0
PRINT A
ADV
Ju

IND/SYMB

IND/SYMB
+
1n

v()
6

COMMENTS

Calculate v

Print \Y

Calculate T

Print T in mK

Get the heat
current

Get 1/A for the
sample

Calculate and
print thermal
conductivity

Advance the paper

Go to the begin-
ning of the pro-
grm.

Subroutine to cal-
culate R
T
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DECIMAL INSTRUCTION INSTRUCTION COMMENTS
STEP CODE MNEMONIC
0967 010 6
8 110 {O)
9 00/ b
0970 121 10)0)
1 067 IND/SYMB
2 111 X
3 023 X
h 004 l
5 110 $O)
6 001 1
7 00606 IND/SYMB %ymtaolic address
> on
8 024 —
9 111 A+(0)
0980 001 1
1 111 tO)
) 023 X
3 006 6
Iy 110 v ()
5 010 8
6 001 1
7 013 CH.SIGN
8 113 Decreament pointer
9 012 .
0990 113 Increament scratch
pad no. 4

1 004 Iy
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DECIMAL INSTRUCTION INSTRUCTLON COMMENTS

STEP CODE MNEMONIC

0992 121 O (O)
3 067 IND/SY B
I 111 1)
5 023 X
f 004 !
7 111 O
8 021 +
9 010 8

1000 110 1O
1 001 1
2 111 £(O)
3 012 .
l 111 | 10)
5 022 -
6 002 2
7 126 Ju If the condition

satisfies, go to

8 021 + subroutine” "
9 067 IND/SYMB _

1010 024 z
1 111 A0)
2 001 1
3 054 1/x Go to branch print

4 057 RESUME
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APPENDIX 2

To carry out the expansion of the strain llamiltonian
in terms of the strain components, the angular momentum

operators J (vo1)
a6

p— — - r _ ~
0 ‘/% 0 0 0 -1‘/-3— 0 0
iy 1 0 2 0 0
J = = J _ <
1 - 2 -
) 1 0 V3 0 i 0 ‘i/’g‘
O 0 ‘/—’,— 0 0 0 i‘/—f— 0o
L 2 i i 2 ]
. =
3 0 o o | B o 0 o0
0 1 0 0 , 5 |0 1 0 0
J , = é J7 = _Tgi-
g 0 0 -1 0 0 0 1 0
0 0 0 -3 0 0 0 1
L J L -

must he decomposerd of J‘, Jv and JZ in a coordinate system
with & = 3 along [110](2'-4irection). 'be transformation

satrix o is obtained by two successive rotations about the

z-axis hy /% and about x, hv /2,

r an ’—T
ER )
r = _V/_‘% 0 V-‘T! (A.2)
0 -1 0
- -

Then for a right-handel cartesian coor:linate system, the

components of J are:



—1£4 -
l_ " oY ]
- ‘/% 0 0
V3 L t 0
oL [ I
/0 —- ’ - B
Sl oo 1 1 /3 V2
2 2
Y
0 ¢] ‘/j -—2—
L s
B —
o /3 0
L R
J =
Z
O -1 0O
V3
i 0 0 -1 o
and J7 is the sane as in (A.1).

bhao ritten as:

o, A 2y 2
u X XX

A
2

It was derivel by

in (A.35) averleaf.

As

tlhau the acceptor

site

Nos 2 3/2 an-l .\]}

A =<f)l/ '}/:] b,

’/\D“]/J are the

“haere

cont1in integrals,

will split the

‘n"‘,[(J J 43 J de  +(J
XUy TvTx T Uxy

sroun:l

+

r

wa

over

)

)
+(J7-1J7)n
. y 73

quartat

1
AR

ve

J +J J e
vz oz v

substitution

previously montioned,
state
lovel

with

all space,

Yy

,

{(e3) in

[
<~
ISRy

0]

YZ

Hamiltontian

) )
+(I17=107)e ]+
z zz

+(

4

~N,
e

b4 .

(hoih)

F\.‘]r—-

anid 1is

as

|

N2

(a.3)

(A.11) can

J +J . J e ] (a.%)
X x z' Tzx

any strain of lower syvmmetry

the

functions.

shen acting on

into two

The

Kramers

separation,

of protucts

A

kxin,‘f'”/2> —(70 }’“str“.u'_|1l'7L"l >

Mmatrix eclement

the impurity
doublet

civen

will

between the
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various s- and ‘d-like angular parts of the wave fuanctions,
, . . igqe.r

thoeir radial parts an'l the phase {actor e from the

lawiLtonian (A.3). Fhese integrals are gqaite complicaterd

ant ianvolved. Dovever the essential information can be

obtained by taking the angular average overall “directions

ot T hefore ‘loing the spatial integrals of the matrix

clemaents. I'his corresponds to considering:
i.r sinZqr
ettt !
qr

[he spatial integrals involving the s-like part is

unaffected hy the above substitution and has the form

1.r

S SR
rit e = (1 + (qu/l) )

= q

The other integrals over a cross product betwecen an s-like
an‘l a d=like part are given by reference 18. So with tle
axis of yuantization chosen along the [110] direction the

Mmatrix elements can be obtainad by

1 n' — E ifﬂi ;(3na Y(a +a* )C““'f( )
<nl 'str’ainl ! > - 2 2 alt qt gt gt E
qt vt

1
aM

nn'
vhere C

it are referred to as coupling parameters, and
)

nn' represent the states MJ = 3/2, %, -}, -3/2.
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