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SUMMARY |

The near-normal-incidence, room-temperature reflectance spectra of

the Cd3Asz-Cd3P2 semiconductor alloy system have been measured over the

phoﬁon-energy range 0.1l4 to 21.2 eV. Use of synchrotron radiation from

the Electron Storage Ring of the University of Wisconsin allowed the ex-
tension of this high-energy limit to 30 eV in the case of Cd3Asz. Compar-
ison of our primary, reflectance data with the limited (spectrally speaking)
results of others as well as with the available band-structure calculations
has been made. We have adopted this procedure, since there exist no val-
ues of the optical constants above the infrared region.

The optical constants have been generated from 0.14 to 21.2 eV by
a Kramers-Kronig analysis of our primary data. As a result of the genera-
tion of the optical constants, we have been able to interpret more fully
the contributions to the fundamental-absorption edges. The interpretation
of the optical properties of these semiconductors in the range of the fun-
damental absorption is based on the primordial entity "the joint density
of states."

We summarize the trends of our primary data and the results of our
analysis as follows. The reflectance spectra are qualitatively similar
to those of III-V compounds, and the strong structure in these spectra
scales approximately linearly with composition, Good agreement is obtained
with the previously réported, fundamental band gaps. However, our data

indicate the presence of a nearby transition which also underlies this




fundamental edge. The optical dielectric constants range from 14 to 18

for Cd3P2 to Cd3Asz, respectively. Furthermore, transitions near the "L"

point below 2 eV contribute strongly to the optical dielectric constant,

as in the III-V compounds. We find contributions, which we attribute to

the cadmium d-bands, t¢ the reflectance at 11 eV. Finally, the plasmon

energy lies at least as high as 9.5 eV in these alloys.




CHAPTER 1

INTRODUCTION

The Interest

Special attention has been given to the II-V compounds of Zn3A52,
Zn3P2, CdBASZ’ and Cd3lE'2 as a result of their interesting transport prop-

erties: for example, Cd3As2 is a degenerate n-type semiconductor with an
exceptionally large mobility, low effective mass, and a small band gap,
whereas Zn3As2 is a p-type semiconductor with very low mobility, a com-
paratively large effective mass, and a large band gap. The practical
interest in these binary semiconductors has been extended to the alloy
systems ZHBASZ-CdBASZ’ Cd3ASZ-Cd3P2’ and Cd3A52-Zn3P2.

A fundamental understanding of the energy-band structures of these
alloys will eventually lead to more complete explanations of these prop-
erties. Of course, there is also intrinsic interest in the scaling of
these same properties as a function of alloy composition. Numerous in-
vestigations of the band structure of groups IV, III-V, and II-VI binary
compounds (and their alloys) have been performed by means of the analysis
of their reflectance spectra. The interpretation of the results is
greatly facilitated, if tentative band-structure calculations have also
been performed. Band-structure calculations have recently been performed

for several of these compounds, and we have undertaken an investigation

of the reflectance spectra of the CdBASZ-CdBPZ semiconductor alloy system.




We have measured the near-normal-incidence reflectance spectra of
these alloys over a very large range of photon energy. The high-energy
limit of our measurements has been extended by use of ultraviolet radia-
tion from the electron storage ring of the University of Wisconsin. We
have unfolded the optical constants and compared our results with the lim-
ited (spectrally speaking) results of others. A number of probable, in-
terband-transition assignments have been made, and these transitions have
been located as a function of alloy composition. We have obtained quali-
tative agreement with the available band-structure calculations.

The concepts, techniques, and results which have been summarized
above are discussed at length in the following chapters of this disserta-
tion. Presented in the remainder of this chapter are several sections
which provide structural and historical background material. The division
of these topics is somewhat arbitrary. The following chapter treats a
number of theoretical considerations, in particular, the "joint density
of states." Some of the material in this theoretical chapter is indeed
tutorial in nature; not all of the concepts introduced will be used in the
interpretation of the results., In Chapter III, we cover in some detail
the four experimental systems that have been employed.

This appatratus chapter is followed with a brief description of our
procedures, and the final chapter is concerned with the data obtained from

these alloys and their interpretation.

Crystal Structure

Of the II-V compounds, four are known which have both the formula

IIB—VA and belong tc the tetragonal crystal system: CdBASZ’ Zn3Asz,

32




cd and Zn,P Naake and Belcher (1) first reported that the Zn3Asz-

3P 35
Cd3A52 alloys formed solid solutions. Solid solutions of the Cd3Asz-Cd3P2
system were first reported by Masumoto and Isomura (2)., More recently,
Zdanowicz et al. reported solid solutions of CdBASZ-ZHBPZ (3). The unit
cells of the compounds have ''grown' with the passage of time.

In 1928, Natta and Passerini (4) reported cubic cells for Zn3As2
and CdBASZ' Seven years later, Stackelberg and Paulus (5) determined that
all four compounds had the same tetragonal space group P42/n me (Diz). In

1956, Cole et _al. (6) reported a body centered cell with probable space

20
group I4l/a cd (D4h) for ZnBASZ' In 1963 the crystal structure of Cd3A52
was also found to have the space group I41/a cd (DZS) by Zdanowicz et al.
(7). These more recent determinations of cell size (or lattice parameters)

for Cd3As2 and Zn3As2 have been such that the unit cell is now 4 X 2 X 2

times larger than that reported by Natta and Passerini and 2 X V2 x V2
times larger than that reported by Stackelberg and Paulus. The parameters

for Cd3P2 of Stackelberg and Paulus have been confirmed (8); those for

Zn3As2 of Cole et al. have been confirmed (7). Those for Cd3As2 o

Zdanowicz et al. have been confirmed by Steigmann and Goodyear (9); how-

f

ever, they reported the space group I41/ cd (Cii). Table 1 summarizes
this discussion; "Z" is the number of formula units éer unit cell.

.The ideal (ignores details of lattice distortions) crystal struc-
tures of all four compounds are intimately related (5,7,9). Consider,
for example, the structure of CdBASZ‘ The lérge As ions are cubic close-
packed, and three-fourths of the tetrahedral interstices are occupied by

Cd ions. Each As ion is thereby surrounded by Cd ions at six of the eight




Table 1. Crystal Structure of IIB-VA Compounds

(The number of Formula Units is "Z'")

3 72

Compound Reference Space Group Lattice cl/a Z
Parameters
Cd,As, (&) ? a= 6.29 A& 1 2
(5) Pé,/n mc a= 8.9% 4} 1.41 8
c=12.65 &
(7) 14,/a cd a= 12.654 & 2.012 32
c = 25.458 &
(2) ——- a= 12,67 4 --- 32
C: - .
(9) T4,/ cd a=12.67 § 2.011 32
c = 25.48 A
Zn,As, (&) ? a= 5.81 & 1 2
(5) P4,/n me a= 8.31 & 1.418 8
c =11.76 &
(6) I4,/a cd a=11.78 £ 2.007 32
c=23.65 &
(7) 14, /a cd a=11.783 4 2.007 32
c = 23.652 &
cd..p (5) P4_/n me a= 8.74 X  1.404 8
372 2 c=12.28 1
(8) -—-- a= 8.76 A& 1.401 8
c =12.27 &
Zn,P (5) P4 /n me a= 8.09 & 1.418 8
372 2 c = i

11.45




corners of a cube, the two vacant sites being at diagonally opposite
corners of a cube face. With the possible exception of the unit cells
reported by Natta and Passerini, this description of the structure of
Cd3As2 is identical to that for the other three compounds, What differ-
entiates the unit cells of the arsenides from those of the phosphides is
the relative disposition of the vacancies; this is the same reason for

the "growth" of the arsenides' cells since the time they were determined
by Stackelberg and Paulus. These remarks are clarified when the relation-
ship of these cells to the fluorite cell is exploited (9). For concrete-

ness, consider filling all the vacancies in"Cd with Cd ions. This

3A52 ’
hypothetical unit cell then transforms into 16 fluorite unit cells with
3- . 2+ 2+ . - . . .
As replacing the Ca and the Cd replacing F in the calcium-fluoride
structure, Figure 1 gives this fluorite structure in part (A), the rela-
tion of the Cd3As2 structure to the fluorite structure in part (B), and

the relation of the Cd3P2 structure to the fluorite structure in part (C).
It is worth repeating here that part (C) also gives the relation
of Stackelberg and Paulus' Cd3As2 structure to the fluorite structure.
Part (p) is constructed with the choice of the origin at an As ion, and
the 16 fluorite unit cells stacked two by two are viewed along the "c"
parameter. As ions are represented by "X" at AZ equals C/16 below each
plane, and Cd ions are represented by circles on each plane. Part (B) is
drawn to indicate the relative disposition of the Cd vacancies; this is
done with the tail and head of each arrow situated at the lower and upper

vacant sites, respectively, The arrows lie along the body diagonal of the

fluorite cells. 1In part (C) it is seen that the repeat configuration of
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the arrows occurs in half the distance of that in part (B). Hence, there
is a reduction in the "c¢" parameter by a factor of two. 1In part (C),

the broken line indicates the base of the Cd3P2 unit cell. Figure 2 shows
the relative sizes of rhe unit cells for Cd3As2 and Cd3P2. For conven-
ience in the discussion below we shall define parameters for a multiplied

unit cell for Cd3P2. From part (C) of Figure 1 we have both
c = 2c? (1)
and

a=y2a' (2)

as parameters for a multiplied unit cell. Using Table 1, we find that

c = 25.54 &, 3)
a=12.39 %, 4)

and
c/a = 2.061. (5)

These defined parameters for Cd3P2 are close to those for Cd3As2 (see

Table 1).
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Masumoto and Isomura (2) demonstrated the linear dependence
(Vegard's Law) of the "a'" parameter on the composition of the alloy system;
they thereby concluded that the Cd3(AsXP1_x)2 alloy system consists of a
continuous series of solid colutions. The index "x'" runs from 0 to 1 and
relates to the molecular percentage of the anion constituents. Their
Bridgman-grown crystals failed to produce a single ''phase'" compound for
Cd3P2; that is, there were precipitates of Cd or P at opposite ends of

their ingots. They made use of the x-ray work of others (5,8) for the

"a'" parameter of Cd3P2 (see Table 1). A multiplied Cd3P2 cell, (the same
as the one in the above discussion), was used in their work. It is found

from their work that the "a" parameter for any member may be written
a(x) = (.30 x + 12.37) &, ©(6)

If it be assumed that the '"c'" parameter also varies linearly with composi-
tion, then by reference (9) of Table 1 for the "c¢'" parameter of Cd3As2 and

Equation (3) for that of Cd3P2 it follows that we may write

c(x) = (.92 x + 24.56) K. (7)

From Equations (6) and (7) we have the volume, azc, of the unit

cell in the form

V(x) = (3758 + 323 x + 9.0 xz) §5, (8)
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where the cubic term is outside the known accuracy of the lattice
parameters.

Figure 3 is a schematic version of Masumoto and Isomura's phase
diagram (2). They tentatively considered the solid-phase transformation
to be a kind of polymorphic transformation (7) as in the Cd3Asz-Zn3As2
alloys: for example, another choice of a multiplied cell for Cd3P2 is ob-
tained by a vertical stacking of two of the primed cells in Figure 2. The
melting temperature of (739 & 2)°C for Cd3P2 was also obtained from refer-
ence (8). For Cd3Asz, Zemczuzny (10) has published a melting temperature
of 721°C and a solid-solid phase transition at 57800; associated with this
dimorphic transformation is a large increase of specific volume. Zemczuzny

investigated the melting-point curve of the Cd-As system. Stackelberg and

Paulus (5) reported a melting temperature of 720°C for CdBASZ'

Crystalline Quality

The Bridgman-grown samples of Masumoto and Isomura (2) had grain
sizes of about 1-5 mm. Haaeke and Castellion (1l) obviated the difficul-
ties of the Bridgman method and prepared both single and polycrystalline

samples of Cd Zdanowicz and Wojakowaki (8) also obtained single and

3F5-

polycrystalline saﬁples of Cd3P using a sublimation technique.

2
More recently Wagner et al. (12) brepared Cd3As2 by the direct
reaction of the elements and used a sublimation techmique to prepare
Cd3P2; a modified Bridgman method was used to prepare the members of the
alloy system. They found the Cd3(AsO_25PO.75)2 and Cd3(A30.12P0.88)2

samples not to be physically sound; a Bridgman-grown Cd3P2 sample was also

of poor quality. Radoff and Bishop (13), also from the Naval Research
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12
Laboratory of Washington, D. C., reported that for "x" greater than or equal
to 0.25 Bridgman-grown ingots showed cracks attributed to the phase transi-
tion shown in Figure 3; they reported similar problems with Bridgman-

grown Cd3Asz.

Principal Band-Edge Structure

From the number of formula units (Z = 32) per unit cell and the
compound formula Cd3(AsxP1_x)2 it follows that there are exactly 3.2
electrons per ion which contribute to the valence bands. This corresponds
to the enormous number of 512 valence electrons per unit cell. Although
a detailed investigation (5) of the bond lengths in Cd3Asé has been per-
formed, the bonding (ionic versus covalent) is not yet clear. It can be
safely assumed that there is a sizeable ionic content. All the zinc
blend III-V semiconduciors whose constituents come from the same row of
the periodic table have higher melting points than the corresponding
column IV valence semiconduétor; this is commonly attributed to the de-
parture from pure valence bonding (14). However, the energy of formation
of vacancies in these zinc blend semiconductors is quite small.

When a compound semiconductor is composed of constituents less
symmetrically disposed about column IV, it can become quite polar as in
the case of PbS (galena), PbSe, and PbTe (14,15). The polar semiconductor
Pb1+6 can exist in a single "phase" (that is, lacking precipitates) with
6 being a fraction up to about 10-3. Each excess Pb atom acts as a donor
impurity whose ionization level is very close to the conduction band.

The mechanism for this "impurity" level is the formation of an S ion va-
cancy which has an effective positive charge with respect to the perfect

crystal. The excess Pb atom is thought to enter the lattice in a normal
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site as Pb2+, and the two electrons are freed to occupy the As vacancy.
(In alkali halides, the binding energy of the single electron within the
vacancy is of the order of 1 eV, and these charged vacancies are known as
F-centers). The binding energy (first ionization potential of an electron
trapped at a divalent ion vacancy) is so small that it is released into
the conduction band except for very low temperatures. More generally,

a cation vacancy can also be formed from an excess of the anion; however,
whether or not acceptors readily contribute holes to the valence band will
depend again on the ionization potential of the holes trapped at the cat-
ion vacancy.

Suchet (16) has formuiated an empirical electronegativity\theory
from which the homopolar 51 and heteropolar 52 contributions to the funda-
mental energy gap 68(68 = 61 +-€2) have been computed for a large number
of semiconducting, binzry compounds. The fraction of ionic character fi
(fi = €z/€g) for CdgAs., was computéd to be on the order of 1.0; for Cd4P,,
on the order of 0.8.

Haacke and Castellion (11) performed annealing experiments on
Cd3P2, the results of which support the assumption that the high electron
concentration of undoped samples is due to phosphorous vacancies. (One
must distinguish sharply between the impurity vacancies, just discussed,
which follow a law of "mass-action'" and the one-fourth unfilled inter-
stices in the perfect crystal.)

To date, no one has reported a p-type member of this alloy system.
With one noteworthy exception, all work on as-grown alloys (2,12,13,17)

has been done on degenerate (reduced Fermi level T as large as 5) samples.
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Conduction-band electronic densities run from 5 X 1017 for Cd3P2 to

1 -
5x 10 8 cm 3 for Cd3A32. Ugai and Zyubina (18), using repeated zone re-
crystallization, obtained as-grown samples of Cd3As2 with an electron con-

centration of the order of 5 X 1016 cm-3.

The temperature dependence of an array of properties (Hall coeffi-
cient, resistivity, mobility, thermoelectric power) were measured along
with the thermal conductivity by Masumoto and Isomura (2) for the alloy
system. Below room temperature, down to 77°K, the negative Hall coeffi-
cients were quite independent of temperature, and the temperature coeffi-
cient of the resistivity was always positive. The Hall mobilities obeyved
the CT-a law; below 90°C the value of o spanned the range 0.71 to 1.16.
These results represent a degenerate (19) electronic conduction. The
Hall mobility was largest, 9400 cm2 V-1 sec-l, for Cd3Asz. Estimates for
the effective-mass ratio were found to center about the value 0.09, [In
the English language, Haacke and Castellion (11), Spitzer et al. (20),
and Rogers et al. (21) relate various transport coefficients to the scat-
tering factor "s" and the reduced Fermi level 1| for degenerate semicon-
ductors. These latter sources enable one to obtain similar estimates for
the effective mass and to partition the thermal conductivity into elec-
tronic and lattice contributions.] Turner et al. (22), who measured a
number of properties of Cd3As2, rgported that even at 4°K the Hall coeffi-
cient remained flat and the resistivity never reached a minimum.

In these thermal measurements, the ;hermoelectric power is the
primordial coefficient as it enables an estimate of the Fermi level;

therefore, it deserves mention that the thermoelectric power (Seebeck

coefficient) of a thermocouple can be written as
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= 0’2 - Q’la (9)

where o is the absolute power of the semiconductor and % is that of a
metal. Usually @y is an order of magnitude (23) greater than @, so that,

to within the usual limits of accuracy, we have the approximation

21 ® Y1 (10
The fundamental energy gaps of this alloy system have been the sub-

ject of extensive investigation by the Naval Research Laboratory of Wash-

ington, D. €. Interband magnetoabsorption (IMO) experiments were conducted

by Wagner et al. (24,12) in an effort to obtain the energy gaps unaffected

by the large conduction-band electronic density (Burstein-Moss shift).

They obtained gaps which spanned the range 0.57 for Cd3P2 to about 0.1 eV

for Cd3CAs Interband magnetoabsorption was not observed for

0.2570.7572"
1"y -
Cd3Asz. Between "x'" values of 0.0 and 0.75 [CdB(ASxPI-x)ZJ the low
temperature (SOqK) IMO gaps varied quite linearly, whereas their room-
temperature optical gaps bowed upward for "x" greater than 0.50. (A large

Burstein-Moss shift is expected, given the combination of small gap and

large electron-to-hole effective mass ratio, even for intrinsic semi-

conductors.)

In the course of their investigation, a Kane model was proposed

for the conduction band, which was basically of the form

22
hX e 4e6e? (11)
C C
2mn
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for the choice of the zero of energy at the bottom of the conduction band
[we denote the electronic wave vector by "K"]. This nonparabolic model
has been used for 'megative' gap system, and the gaps were given as a func-

tion of composition by
Cg(x) = (0.588 - 0.834 x) eV. (16)

They also tabulated the bottom-of-the-band effective-mass ratios (m:/m).
That for Cd3P2 was found to be 0.047 and for Cd3Asz, 0.014. It should be
noted that these II-V semiconductors have another property in common with
the III-V zinc blend semiconductors: the gap is smaller for the heavier
of the two anions.

Naturally, most investigations to date have centered on the end-
members, Cd3P2 and Cd3A32’ of this system. Armitage and Goldsmid (26),
who first reported the large departure from parabolicity of the conduction
band for Cd3Asz, obtained a vanishing value for m:; he thereby implied
the existence of a zero energy gap at SOOK and that CC(K) was exactly
linear. Next, Blom and Schrama (27) reported a value of (m:/m) equal to
0.012 and a band gap of 0.15 eV at 300°K. More recently, Rogers et al.
(21) reported the value of 0,10 for this effective-mass ratio and a value
of zero for the band gap (corrected for the Burstein-Moss shift) at 300°K.
All three of these reports of nonparabolicity were in essential agreement,
in so far as CC(K) was approximately a straight line for Cd3As2 and the

band gap was quite small.

Earlier, Haidemenakis et al. (28) observed the infrared plasma
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reflection edge, performed free-carrier magneto-plasma experiments, and
observed IMO in Cd3Asz. They reported effective-mass ratios of 0.041,
0.042, and 0.045 for temperatures of 40K, 77°K, and 3009 respectively,
The IMO measurements gave directly the reduced-mass ratio of 0.031 for
the valence and conduction bands; this gave a valence-band mass ratio of
0.12.

In 1967, Sexter (29) proposed two conduction bands for Cd3As2 sep-
arated by 0.15 eV with effective masses of 0.06 and 0.12 m. In 1968,
Rosenman (30) by measurement of the oscillatory magnetoresistance (Shub-
nikov de Hass oscillations, SdH) established that the constant-energy
surfaces for the principal band edge departed very little (anisotropy axis
ratio was 1.18) from sphericity and was zone centered. Also from the ob-

servation of Shubnikov de Hass oscillations, Heller et al. (31) found that

for Cd, P, the constant-energy surfaces of the principal band edge departed

372
immeasurably from sphericity and was zone centered. They reported an ef-
fective mass of 0.06 m for n, equal to 1.2 X 1018 cm-3 and 0.05 m for
17 -3

n, equal to 2.2 X 107" em .

Fundamental-Absorption Edge

Although much effort has been expended in the investigation of the
principal band-edge structure of Cd3P2 and particularly that of Cd3Asz,
there remains little agreement as to the assignment of optical transitions
in Cd3Asz.

The firs; report‘(1§50) of an optical gap'and a thermal gap was
that of Moss (32) in a study of the photoconductivity of Cd3Asz. The
photoconductive edge lay just below 0.6 eV. He obtained the thermal gap

from resistance measurements, the results of which were plotted as log
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(resistance) against reciprocal temperature. With the assumption that
. . . . o)
intrinsic conductivity had been reached at high temperature (180 to 390 K),

the value of the gap was obtained from the elementary relation
R=Rexp € /2kT), | (17)

where Sg was found to be 0.14 eV. (This value for the gap is an extrapo-
lated value, to T = Oq(; the temperature dependence of the gap has been
lumped into Ro.)

Such thermal measurements are full of pitfalls (l4), particularly
in semiconductors with polar binding and with such great degeneracy (33).
Thermal measurements continued to be reported which agreed nicely with the
work of Mdss, except for the thermal work of Ugai and Zyubina (18). Then
Turner et al. (34) reported optical absorption edges in Cd3As2 as a func-
tion of temperature. When their results (300°K optical gap of 0.13 eV)
were extrapolated>to zero degrees Kelvin, one obtained a gap of 0.184 eV.
Zdanowicz (33) investigated the fundamental optical edge of Cd3As2
films, whose glectrical properties were comparable with those of bulk ma-
terial, She endeavored to explain the discrepancy of the gap of Turner
et al. and those of the thermal measurements of others. The hitherto re-
ported thermal gaps, in the range of 0.1l4 eV determined in the manner of
Equation (l7), were dispelled as shortcomings of the technique. One was
left with the following picture: the optical absorption edge (at 300°K)
at about 0.6 eV was due to direct transitions (AK = 0 in Brillouin zone)

and the lower energy edge at say, 0.l3 eV, was attributed to indirect
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transitions. These conclusions were.based on the spectral dependence of
the absorption coefficient, . This view of Zdanowicz has been affirmed
by Rogers et al. (20) who proposed, élong with Armitage and Goldsmid (26),
that the lower energy zap was largely due to a Burstein-Moss shift.

Bishop et al. (35) investigated the photoconductivity and photo-
luminescence in Cd3P2 and established the intrinsic optical gap of 0.60
eV; they, thereby, confirmed the earlier estimate of Haacke and Castel-
lion (11). These measurements were followed with a report of optically
pumped, coherent, laser oscillation in Cd3P2 (36) and measurement of the
temperature dependence of photoluminescence in this alloy system by Bishop
and Radoff (17). In this latter report it was proposed that the funda-
mental edge for Cd3P2 was underlain by a direct transition, and the ab-
sence of photoluminescence in Cd3As2 appeared consistent with the result
of Lin-Chung's energy-band calculations for Cd3A52 (37) that the lowest
energy gap was indirect, 1In a subsequent publication, however, Radoff
and Bishop (13), affirmed the 4-ban&, Kane model proposed by Wagner et al.
(12). 1In this model, the relatively small absorption coefficient (&) ob-
served just above 0.13 eV by Zdanowicz (33) was attributed to a forbidden

direct tramsition, (The four bands include the mirror-like 's' and 'p"

bands discussed above, and all four bands are zone centered.)

Optical Properties Bevond The Fundamental Edge

In 1968 Sobolev et al. (38) studied the reflectance spectra of a
large number of compounds belonging to groups II-V, V-VI, and III-VI.
Crude reflectance measurements were performed on polycrystalline samples
of Cd3P2 and Cd3A52. For Cd3P2, a well defined peak was found at 4.0 eV,

and there was a suggestion of weak structure between 2.5 and 3.1 eV. For
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CdBASZ’ peaks were found at 3.65 eV and 1;7 eV. Direct interband transi-
tions were assumed to be responsible for these peaks. The structure of
the reflectance strongly resembled that of substances belonging to groups
IV and III-V.

In 1970 Zivitz gt al. (39) reported the results of preliminary mea-
surements on the reflectance of Cd3As2 polycrystalline samples. The span
of photon energy was 4 to 20 eV. In 1971 Sobolev et al. (40) obtained
reflectance measurements on single, unoriented crystals of Cd3A82. From
1 to 5 eV, measurements were taken at 293%K and 77°K; from 5 to 12 eV, at
293°%K., A total of nine peaks appeared in their reflectance curves, and
they were interpreted on the basis of direct transitions. On the basis
of Lin-Chung's (37) energy-band calculation, probable assignments were
made for these transitions. As mentioned above, their earlier work (38)
located a peak at 1.7 eV. In this more recent study of a single crystal-
line sample, a doublet peak was found where E1 = 1.7 eV and Ei = 1,88 eV.
The splitting was attributed to the spin-orbit splitting of the upper va-
lence band along the ) direction (this band is p-like about the arsenic
atoms). Generally excellent agreement was obtained with Lin-Chung's cal-
culated band structure.

Also in 1971 Stevenson et al. (41) generated the optical constants
for Cd3As2 and calculated the effective number of free electrons per atom

contributing to the optical properties in the photon=-energy range 0 to

hwo (42). This quantity n was shown to saturate in the range of 3.2,

EFF

before the d-bands began to contribute to the optical properties above,

say 12 eV.
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In addition to the energy-band calculation for Cd3Asz, Lin=-Chung
(43) has performed a very similar calculation for Cd3P2. Pseudopotential
calculations were performed for these two crystals in a hypotheticaleluo-

rite structure (see the section Crystal Structure). The Brillouin zone

for this fluorite structure was much larger than that for either Cd3As2

or Cd3P2 and was identical to that of the fcc structure. The high sym-

metry points (44) of this fluorite structure were also symmetry points of
the real Brillouin zones. Figure 4 demonstrates these two Brillouin
zones. The Brillouin zone for the fecc structure was sixteen times larger

than that for Cd,As, and four times larger than that for Cd.P, (this fol-

3772 32

lows since the real unit cells of Cd3A52 and Cd3P2 have a direct volume

ratio of four-to-one).

There was a strong similarity befween the overall energy-band struc-
tures of Cd3As2 and Cd3P2, and they were found to resemble those of the
III-V compounds (InAs, GaSb, etc,). Figure 5 gives the energy-band strﬁc-
tures for Cd3As2 and C:d3P2 as calculated by Lin-Chung. The lowest valence
band was an anion s~like level, the second valence band was a Cd s-like
level, and the third and fourth were s-like about Cd and p-like about the
anion. The valence-band maximum for Cd3P2 was at ['; that for Cd3As2,
slightly (~ 12 percent) off center of the Brillouin zone. The bottom of
the conduction band at. ' had an s-like representation Pl. A number of
prescriptions were given for relating the band structure in this hypo-
thetical fluorite structure to the band structure in the real crystals.
Her predicted band-edge structure for Cd3As2 gave an energy gap of about

0.2 eV or smaller. She briefly discussed the alternative views as to




Figure 4. The First Brillouin Zone of (A) Body-centered Tetragonal
Structure, and (B) Fluorite Structure.
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whether or not this gap gave rise to direct or indirect transitions. 1In
these publications (37,43) a few of the calculated interband-energy dif-
ferences were tabulated for ready comparison with experiment.

Although CdA

5, and Cd3P2 possessed slightly different crystal

structures, the more important features of the electronic structure were
presumably related to their similar chemical composition. The group-IIB
atoms both had an outer f&lled "s" shell, an empty "p" shell, and a filled
"d" shell about 9 eV below the filled "s" shell., The group-V atoms had

a filled "s" shell and three electrons in their outer "p" shell. No

other electrons lie at energies accessible to our measurements. Figure

6 depicts the ionization energies (45), referred to vacuum, of the neutral
atomic components of the alloys investigated. The 4d level at 17.6 eV

for cadmium was obtained from the multiplicity-weighted average of the

2 2

D3/2 and “D terms given by Harrison (46).

5/2

A first approximation to the separation of the '"d" band and valence
band in the solid is given by the difference between the '"d" shell in the
group-IIB atom and "p" shell of the group-V atom. This approximation ig-
nores the large energy shift caused by a transfer of charge in the more
ionic crystals; in the event of such a shift, one should more apﬁropriately
use the first ionization energies of the stripped atoms (47).

It was clear that the bonding of these compounds involved hybrid-
ization of the "s" and "p" orbitals of both atoms (the third and fourth
bands were s-like about: Cd and p-like about the anion). This hybridization

limited the ability to use the language of atomiclike orbitals. However,

since the bottom of the conduction band atIH_ had an s-like representation,
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26

it appeared that one could crudely associate the first vertical valence~
band to conduction-band transition with a measure of reverse charge trans-
fer from, say, the 'p" shell of the anion to the "s" shell of the 'par-
tially ionized" IIB atom.

Given the demonstrated interest in the end-members of this alloy
system and the availability of samples from the Semiconductors Branch of
the U. S. Naval Research Laboratory in Washington, D. C., an effort was
made to extend the knowledge of the optical properties of this alloy

system beyond the fundamental edge.
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CHAPTER II
THEORY OF OPTICAL PROPERTIES

This dielectric formulation of the optical properties of a
crystalline solid is essentially a linear formulation which is valid for
weak fields of wavelength large compared to that of a crystallographic
unit cell.

Within this formulation we shall use a one-electron picture, ignore
effective-field corrections, the interaction with the lattice (phonons),
and the first excitation of the crystal, the exciton. Finally, the aniso-
tropy of these crystals will be ignored (symmetry arguments provide the
1ogicél extension of the results). The notation of Stern (48), as well as
several of his topics, is closely followed herein.

The "joint density of states" is treated in some detail by means
of geometrical arguments. Since it is often stated that a one-electron
treatment is equivalent to Hartree calculations (in certain approximations),

this equivalence is shown to hold exactly.

Wave-vector-dependent Dielectric Constant

The framework for the dielectric formulation is given by Maxwell's

equations:

V.B =0 (18)

vD = p (19)
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VxE = -dB/dt (20)

VxH = J + dD/dt (21)

where p is the external (free, excess)-charge density; and J includes
both the conduction-current and the external-current densities. When use
is made of the derived field quantities

D=¢e¢E+ P (22)
and
B - M, (23)
and of the dimensional (49) relation

5y = Gyt (24)

we find that Equations (18-21) may be rewritten as follows:

VB =0 (25)
eo V+E = p - V-? ’ (26)
VxE + bﬁ/bt =0 (27)

VxB - c-zbi/bt

by (T + dP/ot + vM). (28)
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It is simplest to allow for phase shifts (say, inertial effects) between
the polarization and the electric field, by representing the fields as the

real parts of complex quantities. For example, we may write

E=ReE (29)

Re fEO exp (fﬁ-? - iwt)]
= Re [EO exp(ikl-r - iwt)lexp (- kz-r)
Generally, we find that

k = k1 + ik2 (30)

where kl is normal to the planes of constant phase and k2 is normal to

the planes of constant amplitude. We may now handle phase shifts by

writing, for example,

ok
Il
mz
=l

1)

E=—3

where D, E, and g’may all be complex.

The conduction current 3; which contributes to Equation (21)

ond

may be written

Jcond = ok (32)




30

(This assumed '"'local response' will be re-examined below) and the dis-

placement in phase with the field is given by

(33)

For fields with time variation given by Equation (29), we can artificially

combine the conduction and displacement currents in the form

Egond + dD/dt = oE + €dE/ot = Re [(0 - iwe)E]

Re {-iw [e + i(c/w)]%}.

(34)

From Equations (34) we have two alternatives for compressing the algebra.

A complex dielectric constant (relative permittivity) K may be employed

in the form
K(w) = 'E(w)/eo
together with

TW) = e(w) + il (w)/wl

I

(35)

(36)
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Or a complex conductivity
d(w) =o@) - iwe(w) (37)

may be used. By analogy, the constitutive relation for the magnetic

fields may be written
B =0 H (38)
For tﬁe complex permeability (relative permeability) we have the expressions
k@ =ik (39)

and '

bo=py + i,

More formal expressions for the fields due to external sources
p(r,t) and Eext(;’t) may be obtained with the use of Fourier analysis,
The introduction of a scaler potential ¢ and vector potential A leads to

the Fourier-transformec equations
Blk,w) = ik x Ak,») (40)

and
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E(k,0) = -ikp(k,0) + iwA(k,w) (41)
At this point it is convenient to generalize the complex dielectric con-
stant and permeability of Equations (31) and (38) and allow them to depend

on the wave vector k as well as on the angular frequency w as follows:

D(k,w) = ¥(k,0)E&,v) (42)

il

Z(ﬂ,w) ?(E,w)/ﬁ. (k,w) (43)

where the conductivity is included in §(k,w), as above. (This dependence
is not only suggested by the symmetry of these equations, but will be

shown to be explicitly required by quantum mechanics for intraband absorp-

tion.) Equations (19) and (21) become

Kk - wk+A = 5/5 (44)

(45)

[

-—— 2~~ e e —_ ~
[kek - 07%] A+ [uiep - keAlk = ext?

wherein quantities with a tilde are functions of k and w. The Lorentz

condition may be used to reduce Equations (44) and (45) to the symmetrical

forms
. ~
iely =p/c (46)

[k - 05818 =0T . %7)
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Alternatively, Equations (44) and (45) may be simplified by a

) ja)
partition of A and Jex respectively, into longitudinal and transverse

t

components as follows:

= J—

A(k,w) = A (K, + Ay (K,0) (48)
EXT‘:L=E-7{T=O. (49)

Making use of this partition scheme and charge conservation [contained

in Equations (20) and (21)],

E-Tfext (k0) = wp (k,w), (50)
we readily obtain
KK - wk-A = §/8 (51)
and
(KK - wzﬁz]?T = {3, (52)

as alternatives to Equations (46) and (47). The arbitrariness in Equation
(51) may be reduced by either the choice of a gauge in which the scaler

potential & vanishes so that we have

?L(E,w) = - EE(E,w)/[QE-EE(E,w)] (53)
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or that gauge (Coulomb) in which the component AL vanishes so that we have
$(k,0) = p(k,w)/l[keke(k,w)]. (54)

We now consider the propagation of waves in the absence of external
charges or currents. Equation (52) shows that a transverse wave can exist

if there is a dispersion relation of the form
- = .= = 2
Kok = i (k,0) T(k,0) w (55)

A less formal, single, plane-wave treatment yields this same relation.
Furthermore, the plane-wave treatment allows k and w to be complex (the
Fourier analysis restricts k and w to real values). Equations (53) and

(54) yield as the condition for the existence of a longitudinal wave in

the absence of sources
Kk (k,w) = 0. (56)

This condition is found to hold approximately for real solids and is. op-
tically associated with the threshold for transparency in the ultraviolet
region and a similar threshold for transparency in the infrared region
when there exists a Restrahlen band. We see here that an external source
p(E,w) will produce a large, longitudinal response in the solid. Further-
more, Equation (53) or (54) leads to a vanishing magnetic field by the use
of Equation (40). So these longitudinal waves consists of purely electric

fields and are called plasma oscillations.
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Alternative Definition of Dielectric Constant

Theoretical investigations of the electronic properties of the
free-electron gas often introduce an alternative definition of the di-
electric constant for transverse fields., This alternative arises in an
effort to relate the magnetization to the more fundamental magnetic-field
quantity 3. Many equations are simplified by the introduction of the

reciprocal relative permeability

~ —

R0 = K Gl (57)

In particular, we can write the magnetization as

ME,0) = [1 - 2(,0)] B, /. (58)

Now the V X M term which appears in Equation (28) may be considered to be
another current term in the fashion that the displacement current was
lumped into the conduction current in Equation (34). First we rewrite

Equation (28) in the form

" vx3=3xt+cﬁ+bﬁ/bt+vxﬁ (59)

ext ind

Now if no external change is present and if we choose the gauge in
which the scaler potential vanishes, we may write Egnd in the following

forms
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(S

ind = [iw( - iwe) + k-k (1-R) MO-I]X(E’“’) (60)

~LT

[105%F (&, w) TAGE,w)

H

2. ~tr
w e ¥
o

(k,0) Alk,n)

Since the magnetic effects have been lumped into Gtr or Ktr, we have the

degenerate constitutive relation

L@, . (61)

Ot
H(k,w) = Ko

Significance of Wave~Vector Dependence of Dielectric Constant

Consider a freely propagating wave of fixed frequency ®w. Equation

(55), which we may rewrite by the use of Equation (24) as

Rk = (@22 (&,v) fm(E,w) (62)

is an implicit equation which must, in principle, be solved for k. The
resulting value of k is then substituted into K andlcm. The behavior of
the wave is then completely specified within a solid of infinite extension.
Let us now consider a mechanism responsible for this wave-vector depend-
ence. Equation (32), which is the constitutive relation for the conduc-
tion-current density, is not well-founded, even classically. The nature
of the invalidity of this constitutive relation is not directly related

to relaxation effects., When we consider the free-carrier contribution of
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say a single group of electrons [see Equation (215) of Appendix A] to E(w),
and identify I'' with the reciprocal of a mean free time, we see that for w
much less than I'! Eﬁn) is totally complex. If we now compare this K ()
with Equation (36), it is seen that & (w) is totally real; that is, we con-
sider frequencies (109 Hertz) for which relaxation effects are negligible.

This constitutive relation is based on the implicit assumption (50)

that the spacial variation of the electric field is long compared to an
electronic mean free path. When the field varies rapidly (spacially)
within a mean free path, the current density will no longer be the result
of a "local" field. (The word '"local" as used here, bears no relation to
the Lorentz local or effective field,) Between randomizing collisions,
the electron will experience a varying field strength; the acquired drift
velocity will be related to the field strength at all points along its
path. Retardation effects appear and we have a nonlocal response. The
wave-vector-dependent dielectric constant, introduced above, affords the
means for handling this nonlocal response.

In fact, for strong wave-vector dependence of the dielectric con-
stant, there arise serious difficulties in handling boundaries between
solids. Since the current at a point will depend on the field at other
points, the effects of a boundary will be felt at considerable depths.

This gives rise to the anomalous skin effect in metals. The conventional
boundary-condition treaiment fails. It is well known that the conventional
boundary-condition treatment leads to algebraic relationships between the
reflectance (specular) and a complex index of refraction (see below); how-
ever, in view of the above, a proper utilization of this algebra requires

weak wave-vector dependence of the dielectric constant.
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It is a comfort to the experimentalist to know that, even for the
case of very strong wave-vector dependence of the dielectric constant,
a phenomenological quantity exists which is descriptive of the surface of
a solid. This quantity is the surface impedance (51) for normal incidence

~

Z, and is given by

= ~ O ~
E=2(H X n). (63)
=~ =~ ~
Now, E and H are evaluated at the surface of the solid and n is a unit
vector in the propagation direction, which we choose to be the positive
" "

z," and if we choose to polarize the electric field in the "x'" direction,

we find that the surface impedance is given by
Z=E /0. (64)

The reflectance may be expressed in terms of Z. If we assume a uniform
time dependence given by exp(-iwt) and that the wave is incident from the
vacuum, then we can express the magnetic field for negative "z'" as the sum

of an incident and a reflected wave in the form

ﬁy(z) = ﬁi exp (ikz) + ﬁr exp (-ikz) (65)

where the propagation vector is given by

k= |k|] =w/c. (66)
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Without the loss of generality, we may express Equation (19), within the

vacuum, in the form
k X E = ap H. (67)
This Equation (67) combined with Equation (65) leads to the expression

Ex(z) =z [ﬁi exp (ikz) - ﬁr exp(-ikz)], (68)

where Zo, defined by ithe equation

Zy = Bl (69)

is called the impedance of the vacuum or of free space. We now define

the amplitﬁde reflection coefficient By the expression

r = Hr/ﬁi. (70)

This definition obviates the difficulties in "bookkeeping'" which arise if
one chooses to define the reflection coefficient in terms of the electric
field.

(The literature is full of inconsistencies which arise from this

latter choice; very often authors carelessly drop or add a factor of 180°,

This subject will be mentioned below.)

We now solve Equations (64), (65), and (68) for ¥ in terms of Z and

find the expression
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= (2 - Z)/(zo + Z). (71)

The reflectance may be written

(72)

3 2 2
= |zo-z| /|zo+z| .

Equation (71) shows that we have obtained, independently of the details

of the wave-vector dependence of the dielectric constant, the algebra of

transmission lines. We will now briefly consider the quantum mechanical

introduction of this wave~-vector dependence and then see in what fashion

we can legitimately relate the surface impedance to the dielectric or

optical constants.

Kinematics of Energy and Crystal Momentum Conservation

With the aid of quantum mechanics, we now consider interactions of

electromagnetic radiation with our solid. A one-electron picture is used

and this electron moves in an average potential Vo(x). The total energy

of this electron in the presence of an electromagnetic field is given

simply by

H=V_ - e+ mv?/2 (73)

and the canonical momenta (52) are given by
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i i i (74)

We find, by substituting Equation (74) into (73), the expression

H=V - ef+ (+ eR)2/om (75)

for the Hamiltonian. We choose that gauge in which the scaler potential

¢ vanishes and consider a single plane wave with vector potential given by

A=Re [A exp(k-7 - iwt)] (76)
= Re A.
From this Equation (76) and the operation relation
p = -ihv (77)
we find the symmetrized expressions
Ap + peA = 2A-(p + hk/2) (78)
= 2a-5

The additional term LE/Z need only be included for longitudinal fields.

The first-order interaction term (H = Ho +'HI) is given by
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HI = a exp(-iwt) + 5* exp{(iwt) (79)
and
Q= (e'/zm)io exp(ik+D) -p . (80)

One term in Equation (79) induces upward transitions; the other, downward
transitions at the same rate (53).

In the visible and near ultraviolet regions (54) of the spectrum,
we may write the one-electron wavefunctions as [Ej) where the wave vector
K labels the irreducible representation of the translation group (44)
according to which the one-electron state transforms. The three dimen-
sional domain of K is the Brillouin zone. The energy of an eigenstate is
not a single-valued function of this wave vector; so we represent the en-
ergy by the quasicontinuous function Sj(i). The index "j'" allows us to
define a single~valued function; the lowest lying state of wave vector K
is said to .be in the "first band."

It is assumed that the potential of the solid has the full transla-
tional symmetry of the lattice; the degree to which the following analysis
is valid for an alloy, in which the translational symmetry will not be
perfect, can be judged by comparison of the experimental results for the
mid-members of the alloy system with those for the end-members (55). It
is found that when the "impurity" belongs to the same column of the peri-
odic table as the host element it replaces, the consequences of the de-
struction of the translational symmetry are mild (56).

For the moment, we consider the first term of Equation (79). If
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the electron was initially in the state |Ej), then the transition rate for
the absorption of a photon (53) which takes the electron to the state

lf'm) is shown by the golden rule number 2 in the form

r = GrA) | ®nl8En %@ (81)

where p(€) may be considered to be a density (as yet unspecified) of

states per unit energy in K-space that relates to a lack of perfect mono-

chromaticity of the incident radiation. The kinematics of energy and

crystal momentum thK) conservation will dictate the precise interpretation

of this term. The energy difference between the upper and lower states

is given by

ho =€ (K" - €.(K). (82)
m J

When we consider the second term of Equation (79), we find an expression

identical to Equation (81); however, this latter transition corresponds

to the emission of a photon or a sign change in Equation (82), The net

transition rate from state lfj) to state |E"m) will depend on their rela-

tive occupancies as given by the Fermi~Dirac distribution function

£le (0] = (explie [ (® - €pl/kt} + 17 (83)

where CF is the Fermi level., This net rate is given by the expressions

‘

I, =

ind ro[f[sm(l"c')]{l - f[CJ. ®B - f[sj(E)J{l - f[sm(k"')]}] (84)
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- ro{f[gm(E')J - f[Ej(E)J}
= r_{F.D.}

The abbreviation F, I'. is introduced for convenience. Substitution of

Equation (80) into (81) and then Equation (8l1) into (84) yields the results

r, o = [ne? & |*/(nh)] |u|% () (F.D.) (85)

and

M= (K'm|exp(ik-1)d -?]Ej ) (86)

where we have introduced a unit polarization vector 30.

This matrix element given by Equation (86) contains the selection

rule based on the conservation of crystal momentum. To see this rule,

we introduce the Bloch function as follows:

lug;) = exp(-iK-D)| K1) (87)

and

|Kj) = exp(@iK-T)| ugy)- (88)

These Bloch functions have the full translational symmetry of the lattice.

By substitution of Equation (88) into Equation (86) we obtain
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M= (ug, |8 expli(e - X)-T]5 exp (iK-T) g, ).« (89)

-+
We now operate with p and obtain

M= (ui,m{ exp[i(E,+ k - E')'?]ﬁo{h(i + 1/2 k - fVIqu). (90)

It is well known that the term exp[i(ﬁ + k - K')+T] contributes extremely

rapid oscillations to such an integral over macroscopic dimensions, so the

integral (Matrix Element) vanishes unlesc we have the selection rule

(91)

for the conservation of crystal momentum tK).

We now restrict our attention to transverse waves and consider two

possibilities for the states |Ej) and |E'm); the first, in which we have

K' =K+ k (92)
and
m= j; (93)
the second, in which we have
X' s K (94)
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and

m % 3. (95)

Intraband Transitions

This first possibility corresponds to no change in the band index

and is an "intraband" tramsition. (Although this free-carrier contribu-

tion to the dielectric constant is not of much consequence in the analysis
of the absorption mechanisms of semiconductors beyond the fundamental
edge, it 1s considered here for the reason that the wave vector k enters
the transition rate explicitly.) We again consider the vector potential
of Equation (76) to be propagafing in the z-direction and polarized in the

x-direction. From Equations (90, (91), and the orthogonality of the Bloch

functions we have for the matrix element M the expression

M= (o, E)jl -ﬂub/bxluij). (96)
We rewrite the conservation Equations (91) and (82) in the forms

B =K+ & (97)

and

2 2

X' =K + 2w/, (98)

where for convenience we consider spherical constant-energy surfaces with
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parabolic dependence on the wave vector K. Squaring Equation (97) and

subtracting Equation (98) gives
K, = (m*w/hk) - k/2 (99)

where we have used the fact that "k" lies in the z-direction. Quite

generally, the density of electronic states in E-space is given by
WK) = 2v/(2m) (100)

where the volume of the crystalline solid is V. We now seek that number
of states in E-space that relates to the lack of perfect monochromaticity
of the incident radiation [see Equation (81)]. This number of states may

be written
p (E)dE = W(K)aK (101)
where the volume element d3K is that domain of E—space in which this
"blurring" occurs.
From Equation (99) we see that changing w by h-ldg changes Kz by
a2
(m*/Ah“k)dE. So Equation (101) becomes

p€) = [m*/ (zm?t&zk) ]dede (102)

where we have used Equation (l00) and divided by d€ and by the volume V.

Substitution of Equations (96) and (102) into (85) yields for the transi-
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tion rate for intraband absorption

r = [nezlzblz/(Zm%h)](u

2
ind - J‘be/bx‘u-ﬁj) (103)

& + k) j'
X [m*/ (lm%ﬁzk) ]dede{F.D.}
where it is seen that there is explicit dependence on the wave vector E.
(We will see below that this leads to a dependence of the dielectric con-
stant on E.) We note in ending this discussion of intraband transitions
that, experimentally, the initial state of the electron |Ej) is not known

so that we must perform an integration of Equation (103) over the Brillouin

zone,

Interband Transitions

The second possibility corresponds to approximately no change in

the electron wave vector K and is a direct or vertical "i

interband” transi-
tion. The approximation, as given by Equation (94), consists of the ne-
glect of the photon wave vector k in Equation (91). For photons of energy
less than say 10 eV this wave vector is indeed small compared to those of
the electronic states, whose wave-vector domain is the Brillouin zone.

(We recall that radiation must reach the x-ray region, about 1 keV, before
Bragg diffraction occurs. This approximation is analogous to the dipole
approximation in the perturbation theory of isolated atoms.) The classical
analogue of this transition (absorption mechanism) is given by the motion
of a damped, harmonically bound electron in the presence of the electro-

magnetic field (see Appendix A). As in the case of interband transitioms,

we must again find that number of states in E-space that relates to the
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lack of perfect moncchromaticity of the incident radiation [see Equation
(81)].
In order to find that number of states, we first rewrite Equation

(82) in the form

ho = 8m(E) - sj(E). (104)

In sharp contrast to the procedure used above for interband transitions,
we see that a change of the angular frequency of the incident radiation
by an amount dw cannot be related to a "blurring" of the wave vector

of only one of the two electronic states. This inability to relate the
"blurring' to only one of the two states involved is due to the symmetry
of Equations (94) and (104). We proceed as follows, with the justifica-
tion that the results are in exact agreement with those of Hartree calcu-
lations in which small relaxation terms are ignored,

First, we substitute Equation (100) in (101) and obtain
34,3
p(€)dE = [2v/(2m)~1d7k (105)
We now see that changing w by h-ldﬂ introduces a change in the wave

vector K of amount dK; this -follows from the differentiation of Equation

(104) in the form

dE = VE[Em(E) - 8j(E)]odE. (106)

We now rewrite Equation (106) in the form
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de = |vele ®) - £ X®) 14K, . (107)

This change dK, may be considered to be the normal to a surface element
dSE’ in E—space, on which Equation (104) holds true; that is, on which

energy is conserved. By substituting Equation (107) in (105) and by re-

placing d3K with dSE&K13 we therefore obtain

3 - -
o (€) = [2/(2m)~1ds/|vglE (K) - Ej(K)Jl (108)

where we have divided by df and by the volume V.

For these interband transitions, Equation (90) becomes

M= (Lrlzmlao'ﬁlqu) (109)

where it is assumed that the Bloch functions of differing indices are

orthogonal. The substitution of Equations (108) and (109) into (85)

yvields the result

Tind = _[ﬁ82|?5|2/(2mgh)] (u§ﬁ|§0’5 uij)z (110)

3 — —
x [2/(2m) ]ds-i/lvi [e ® - Ej(K)]

The term F. D. has been set equal to minus one; that is, we shall assume
that the initial state j is occupied and the final state m is empty.
As mentioned above, experimentally the initial state |Eﬁ) of the electron

is not known. Every pair of states within the Brillouin zone that
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satisfies the kinematics of energy and crystal momentum conservation can

contribute to the absorption process. It is claimed (54) that the matrix

element '"M" is a slowly varying function of wave vector K and that we have

to perform an integral of this result over the Brillouin zone. We obtain

for the observed induced transition rate the expression

s =" [neero|2/(zm3h)] (uim|50~3|ufj)2ij (111)

where we have introduced the "joint density of states" ij in the usual

form

r 3 b =
3.5 = (2/cm ] [asg/|vele, @ - £;®]

. (112)

The\small volume element dSRdK_L has become a thin shell in which energy

is conserved. We shall further discuss Equation (111) below.

Relation of Transition Rates to K2 and Line Shapes

In the following, we restrict the fields to single plane waves, we
agree to time-average field quantities over one period, and we continue
to use that gauge in which the scaler potential vanishes. Maxwell's equa-

tions in the absence of sources may be written for a plane wave

=
2R
il

2

(113)

=
Y
l

e

(114)
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k X E = afiH, (115)
and
k X H = - wsE. (116)

As previously mentioned [see Equation (55)], for plane waves we may write

(117)

We now introduce the index of refraction "n'" and the extinction coeffi-

cient "k" by the expressions

Rk = jisw’ = Eimwz/cz = (n+ ik)zwz/c2 (118)

-2 = .2 - -
= g | 7 - [k, " + 21k -k,

For the case of El and k2 parallel (homogeneous plane wave), we find

k| = nw/e (119)

and

|E2| = kw/c. (120)

We also find for the time-averaged energy flow (Poynting vector)
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<S>

]

1/2 Re(E x H¥) (121)

m*'m "~ —...._

(nc eo/ZKm)(Eo Eo)k1 exp ( 2k2 r)

where ﬁl is a unit vector in the direction of El and Eé; use has been
made of Equation (29). From Equation (121) we have the following ex-
pressions for the absorption coefficient:

o = 2|§

N (122)

or
o = 2kwn/c. (123)

We earlier identified We with the conductivity in Equation (36). Stern
(48) states that 1/2 Wwe E:E* gives the time-averaged power dissipation per
unit volume due to Joule heating and that 1/2 wﬁéﬁ-i& gives the magnetic-
power dissipation. The power dissipation arises from the phase shift be-
tween the polarization (magnetization) and the electric (magnetic) field,
since it is the imaginary part of & (i) which appears. (Much discussion
centers about this interpretation, because the electromagnetic energy den-
sity is not given by 1/2 Re(E-§:+-§:§3 in a dispersive medium.) We hence-
forth restrict ourselves to the case where Km is unity (this is valid at
optical frequencies).

We now identify the power dissipation per unit volume, 1/2 weéifE*,

with the quantum mechanical quantity hwrobs; 80 wWe write
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1/2 we B B* = -hwrobs. (124)
For our choice of gauge we also have the relation
1/2 we BB = 1/2 w’e K A A (125)

By combining Equations (111), (124), and (125) we obtain the desired

expressions
K, = [nez/(mzeowz)] |M|2ij, (126)
M= (‘Uﬁn|§;-'§'|u§j), (127)
and
Iy = [2/ (2m)°] J dsg/|vgle &) - € ®1. (128)

Equations (127) and (128) are merely repeated for convenience.

This expression for the contribution of interband transitions to
the complex dielectric constant forms the basis for much of the analysis
of the "one-electron' (54) spectra of crystalline solids. Appendix A con-
tains a classical model for this absorption process, introduces the longi-
tudinal dielectric constant, and shows that within certain approximations
this expression for Kz agrees with the results of a self-consistent field
method for calculating the complex dielectric constant. (Hereafter, we

shall refer to the complex dielectric constant as, simply, the 'dielectric
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constant.")

It is seen from Equation (128) that, within the above approximations,

a large contribution to K2 occurs at those frequencies for which
VE[Em(E) - Cj(i)] vanishes at some point on the energy-conserving surface
he = Em(i) - Sj(i)] in K-space. Such "critical points" were first

stressed by Van Hove; Phillips (54) further delineated the number of such

points by symmetry arguments. Two types of points are distinguished:

those which occur at symmetry points for which we have

k%5 (129)
and those which occur at general points for which we have
vzE (K) = V'iej (K) # 0. (130)

Cardona (57) states that such critical points can be localized in
a small domain of E-space or can range over large portions of the Brillouin
zone over which filled and empty bands are parallel or nearly parallel.

The analytic behavior of the joint density of states Jm near a
critical point (and consequently the behavior of the Kz) can be found by

expanding Cm(i) - Ej(i) in a Taylor series about the critical point E;

as follows:

3

e ® - £5® =€ )+ 21 a, & - X )2 (131)
1=
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Depending on the relative signs of 'the a, four shapes (54,58) are found
for Jm.. These four kinds of critical points are labeled Mo to M3. The
Mo critical point, for which all a, are positive, yvields the familiar de~
pendence on photon energy (hw - Eo)%; this dependence vanishes for hw less
than Eo.

The behavior orf ij is somewhat similar for each of the four kinds
of critical points. The significant feature is that a critical point only
produces an edge in ij and thus in Kz. To obtain a peak (due solely to
interband transitions) there must be two critical points almost accident-
ally degenerate.

Several broadening mechanisms tend to complicate the assignment of
these interband transitions. Within the fundamental absorption region,

electron~phonon interactions (54) may be considered to replace the Hartree-

energy difference Em(ih - Eﬁ(i} by
£_(® +8€ - eJ. K) - aej:..- (::h/ij) (132)
where
l/ij = (l/Tm) + (l/Tj) (133)

gives the lifetime broadening [see also Equation (241) of Appendix A].
These shifts éEﬁ(E) as well as the lifetime broadening are temperature
dependent. At room temperature, the lifetime broadening is of the order
of 0.1 eV in semiconductors. In additionlﬁo this intrinsic broadening,

the edges in K, (or the primary reflectance data) are broadened extrin-

2
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sically by mechanical polishing and by oxide layers.

The shift of the energy bands with hydrostatic pressure may be re-
garded as the limiting case of an interaction with long-wavelength phonons.
The effect of hydrostatic pressure is qualitatively similar to that of
temperature: there is a change of the lattice constants. Another quali-
tative similarity has been demonstrated, theoretically, between the shift
of energy levels in Ge with hydrostatic pressure and the shift of the same
energy levels in Ge-Si alloys. These shifts in the alloys are observed
as a function of composition (chemical shifts).

The energy shifts with hydrostatic pressure occur because the in~-
teratomic distances decrease, whereas the core (to which the valence elec-
tron wave functions are orthogonal) can be regarded as incompressible (58).
The result is a rearrangement of the valence wave functions relative to
these unaltered core functions. For a given change in lattice constant,
the energy shifts are greater in the alloys than those observed in either,
elemental solid under hydrostatic pressure. This enhancement of the en-
ergy shifts in alloys follows from the admixture of other core functions.

Until now, we have considered the matrix element '"M" which enters
the Equation (126) for Kz to be a nonvanishing constant. According to

Seitz (59) we may rewrite the Equation (127) for "M" in the form
M= (u—ﬁ'niao--ﬁ!uﬁj) (134)
= (u—IénIanorlqu)(mi/h)[Em(K) - € ®)1

where 30'; is the magnitude of the displacement T in the direction of the
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magnetic vector potential X. To obtain this important result, Fermi (60)
outlined a simple derivation which made use of the fact that within the
perturbation scheme 1 is simply min [see Equation (74)]. When this fact
is realized, we may use Dirac's analogue (61) for relating in to the
quantum theory; that is, kn is given by (i/h ) (Hoxn - ano)' Since the
unperturbed Hamiltonian Ho is diagonal, we immediately obtain Equation
'(134),

The symmetry properties of the wavefunctions readily allow us to
determine whether or not "M" has zero or finite values at those critical
points which occur at symmetry points of the Brillouin zéne. It can be
shown (62) that if one chooses the active point of view (fixed coordinate
system, but '"rotated" so0lid), then the action of a point-group operator
Ri on a Bloch type wavefunction (the solid) is such that the matrix ai
which subsequently "rotates" the wave vector of the electronic state forms
an irreducible representation of the operator Ri' We illustrate this re-

sult schematically by writing

R |Kj) = [K')) (135)
and

K' =o' [R K (136)

for each rotation R, of the point group (these are not quantum-mechaniecal

i

operators). Consequently, the application of all the symmetry operations
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of the group to the wavefunction lij) generates the "star" (55) of K.
Since these symmetry operations take the Hamiltonian into itself, these
states are degenerate. (It follows that the bands have the full symmetry
of the solid.,) The dimensionality of an irreducible representation ai
gives the degeneracy, and the trace of an irreducible representation gives
the character X(Ri)' There are a number of sets of irreducible repre-
sentations of differing dimensionality.

For special choices of E, there are subgroups of the full point
group which take K into itself rather thaﬁ into a distinct wave vector;
this subgroup is called the "group of K." Such a choice might be along a
[100] direction in a cubic crystal. At special points in the Brillouin
zone, the group of the wave vector may be larger than that on symmetry
lines which thread it; these are called symmetry points. [Recall the men-
tion of symmetry points at Equation (129).]

We have now defined the formalism which enables the determination
of whether the dipole transition is allowed or forbidden. From Equation
(134) and from the orthogonality of functions belonging to different ir-

reducible representations, one obtains (58) the selection rule

=

q 1
C' == X (R,
p B q (Rx

®x%_(R) (137)
p .
i=1

Xy¥s2

I

{ = ( forbidden

# 0 allowed

where‘xP(R), xq(R) are the characters of the pth or qth representation,

respectively, of the rotation '"R" (states j,m transform accoxrding to the
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p,qth irreducible representations)., The characters of the irreducible

representation according to which the coordinates x,y,z transform are

given by Xx y z(R)' The total number of rotations (elements) '"R" in the
3 3

group is "h".

Normal-Incidence Refleétance and the Optical Constants

As can be seen from Equation (103), the intraband contribution to

Kz is strongly wave-vector dependent, In contrast to this strong depend-

ence, we have seen that the vertical interband contribution to Kz has a

wave-vector dependence that can be ignored (see also Appendix A). Since
we envisage interband transitions to be responsible for the structure in
KZ beyond the fundamental edge, we may safely (see above, the section

Significance . . . Constant) employ the conventional boundary conditions

in a derivation (48) of the amplitude reflection coefficients.

Before presenting any results of such a derivation, we shall first
simplify several equations and introduce the Kramers-Kronig integral dis-
peréion relations. We recall that we have set K equal to unity, so we may
combine Equations (24), (35), and (118) in the forms

=k, + ik, = (0 + ik)> (138)

1 2
or

K =N (139)

where we have introduced the complex index of refraction N(N = n + ik).




61

Equating real and imaginary components in Equation (138) leads to the

simple relations

K, =n -k (140)
and

K., = 2nk. (141)

Furthermore, we now cease to indicate any wave-vector dependence
of the dielectric constant. We write for the linear response of the solid
to an electric field at a fixed point

00

F(t) =f (@) - ¢ JE@) exp(-ivt)do. (142)

=00

The use of such Fourier integrals leads to the result
e(-w) = e¥(w). (143)

For this choice (-iwt) of time dependence, it can be shown (48) that
[e(w) - eo] defines a function which is analytic for complex values of
w having a positive imaginary part, The organic behavior of analytic
functions eventually leads to the dispersion relations for the dielectric
constant as follows:

00

Klﬁn) - 1= (2/m)p r w’KZ(w')(w'z - wz)'ldw' (144)
Yo
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K@) - ©_[ew) = (20/mP JO Kl(w')(wz - 0 Llay, (145)

The dc conductivity term arises from the consideration of boundedness of
e(w) in conductors. The derivation contains three major assumptions:
boundedness, linearity, and causality (retarded times). These Kramers-
Kronig dispersion relations are valid for other physical quantities which
express a linear relation between an input and a retarded output,

If we drop the dc condactivity term in Equation (145) and perform
an integration by parits, Equations (144) and (145) become
w2|-1

ki - 1= 1/m) J [dKZ(w')/dw'] En(|w'2 - Ydw' (146)
[0}

and

<o

K@) = - (1/m) f [ac, (@) /de'] 4nl(o’ + w)/|w' - o|lde'. (147)

o .

These latter expressions will be used in discussing qualitatively the
experimental results below. One of the more important uses of these
dispersion relations between the real and imaginary parts of the dielectric
constant is the derivation of sum rules., (See Appendix A for an example
of an f-sum rule.)

Since the only satisfactory (convenient) way of determining the
optical constants n,k over a large photon-energy range is through the
measurement of the normal-incidence reflectance (this is especially true
for noncubic solids), we shall not dwell on the éeneral case of arbitrary

angle of incidence o. We merely note that within the present formalism,
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Snell's law of refraction becomes
lk,| sino = |k} sino! (148)
[k, | sinp = [kj] sing (149)

and the simple relations given by Equations (119) and (120) no longer

hold for El not parallel to k..

2 It follows that the phase velocity
v'= w/lki) in the second medium is no longer a function only of the
optical constants n',k' but depends also on the angle of incidence o.

If our single plane wave is normally incident within a vacuum on a

solid, it can be shown that the amplitude reflection coefficient of Equa-

tion (71) becomes

F=0N-1/N+1). (150)

We can use the prescription

z [z = N (151)

to obtain Equation (150) from (71). From Equations (138), (139), and

(150) we readily obtain

n=q - |EDH/a - 2|F|cose + |E]D (152)

k = 2|%|sin0/(1 - 2|F|cose + |F|D) (153)
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where we have explicitly employed the phast shift © of the magnetic field

in the form

= |g|e. (154)

We observe that a knowledge of T (amplitude and phase shift) yields

directly the optical constants n,k from Equations (152) and (153), Ex-

perimentally, we can determine |F| from a measurement of the reflectance,

which is given by

(155)

Formally (this is not a derivation) we can define a logarithmic function

of the amplitude reflection coefficient as follows:

Ln E = 4n|%| + i8, 0 <6< 180° (156)

The positive branch chosen for 6 relates to the fact that k in Equation

(153) must be positive. From the analyticity of this function, we obtain

the result

0@ = @o/me [ to]¥@H] @ - 0D T, (157)
(o]

Compare this Equation (157) with Equation (145).

In addition to the direct experimental determination of |%|, it is

seen that a numerical integration of the same primary data allows a
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determination of the associated phase shift 6. So Equations (155) and
(157) then give the optical constant n,k in a direct manner. The compon-

ents of the dielectric constant Kl,K are finally obtained from Equations

2
(140 and (141).

In conclusion, we note that Equation (157) is dimensionless; that
is, we may use any convenient unit for the angular frequency ® (photon
energy). Whereas the literature is replete with inconsistent usage of
these dispersion relations, several equivalent forms of Equation (157)
are given here. (The inconsistencies arise, usually, from the failure
to employ a consistent: time dependence * iwt and from the burden of book-
keeping which arises if one defines the normal-incidence reflection co-
efficient in terms of the electric field; in this latter case, one must

carry along an additional phase shift of 1800.) The consistent forms are

given as follows:

o (w) = (w/mP f” &%_ESQL% dw' (158)
ow - w'
8 (w) = (w/m) !' Lin R(“’Qz' An IZ*(“’)] dw? (159)
"o w - o'
o) = (- /2 mP Jo [d—z—“—aﬁ-,ﬁ“ﬁ An H dw' (160)
4 w' + w \
8 = (1/2meP .r: Zn R(w') ey (zn U ) dw (161)

An unambiguous handling of the phase shift is only obtained when an author

states the following:




(1) time dependence of the field (+ iwt)

1
(2) sign of the phase shift (e"le)

(3) whether the amplitude reflection coefficient is that of the

=13 S
electric field E or the magnetic field H.
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CHAPTER III

APPARATUS

Optical Systems

Infrared

The energy famge from .083 to 1.9 eV (15 to 0.65 ) was investigated
by the implementation of a Perkin-Elmer Corporation "Optical Reflectance
Attachment!" and a Perkin~Elmer model 99 monochromator. Relatively minor
alterations were made on both pieces of equipment in order to be compatible
with sample dimensions (8-mm discs) and the instrumentation, which is to
be described below.

The "sample-in" and ”samplé-out“ configurations are illustrated in
Figure 7. The two spherical mirrors, "B" and 'C", were used slightly off
axis (10°) and thereby produced astigmatic images. The mirror labeled "A"
selected either a globar source or a Sylvania 6.6A/T2%/CL tungsten-halogen
lamp; for either position, masks were constructed and placed as close as
possible to the source in order to reduce the size of the images at '"R",
an aluminum coated reference mirror, or "S", the sample. The images at
"R" and "S" were the circles of least confusion; that produced by 'C" at
the entrance slits of the monochromator was a horizontal focus. A 180°
rotation of the pair of mirrors labeled "D" produced the change of config-
urations; reproducibility of positioning was effected by magnetic stops.

The angle of incidence was 6°.
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A sodium-chloride prism was used to span the above range. The drum
reading of the monochromator was calibrated using Friedel-Mckinney points
(63) where convenient and, at the shorter wavelengths, use was made of the
spectral lines produced by an AH-4 mercury lamp (64). From the smooth
curve which passed through the limited number of calibration points, a
larger number of points was tabulated for future use in Lagrange's Interpo-
lation Formula (65).

As the monochromator (Littrow mounting) was a double-pass instru-
ment, the undesired first-pass radiation appeared at the exit slit along
with the second-pass and was of longer wavelength. Whereas the first pass
suffered an inversion and the second pass did not, masking of correspond-
ing halves of the entrance and exit slits reduced the first-pass radiation
to the background level (66). The first-pass peak of the globar curve had
been twice the magnitude of the second-pass peak prior to the masking.

For ready comparison with the other spectral regions, Figure 8 displays
the spectral resolution of a Single-pass monochromator. This curve was
generated from a similar one reported by Palik and Stevenson (67) and
served as a basis for estimating the resolution of the double-pass instru-
ment. For slits greater than 100 p, diffraction effects were ignorable,
and the resolution for slits greater than 100 . increased merely in ﬁhe
ratio of slit widths.

The potassium-bromide-windowed thermocouple supplied with the mono-
chromator only reached 75 percent of its dc response at a chopping frequency

of 13 Hz; it had a nominal responsivity of & pV/uW.
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Visible and Near Ultraviolet

From 1.9 to 7.3 eV (6500 to 1700 A) the sample enviromment was more
carefully controlled than in the other spectral regions by the use of an

ultrahigh-vacuum reflectometer of conventional design and an ion pump. A

0.3-m scanning monochromator with provisions for evacuation and easy in-

terchange of gratings served to span this range. To support the pressure

differential between the reflectometer and monochromator, a lithium-

fluoride-windowed flange was used (lithium fluoride has a UV cutoff of

.105 4 and an IR cutoff of 9.0 p). Neither unit, reflectometer-with-pump

or monochromator, could mechanically support the other; to that end, a two-

level table was constructed along with an elegant bellows assembly of orig-

inal design.

Figure 9 shows the reflectometer. A 1/6-inch walled, 4=-inch inner-

diameter, 10-inch long, seamed pipe (stainless-steel alloy number 304)
with 6~ and 8-inch "Lo-Torr" flanges attached at opposite ends of the pipe

and six 2 3/4-inch ports attached (heliarc welded) radially to the pipe

formed the vacuum chamber for the reflectometer. Hughes Aircraft Company

provided the chamber as a modification of a large nipple. It was found

that the only reliable way to locate the axis of the chamber was to make
use of counter-bores that were provided in either of the larger flanges.

Unfortunately, the run-out over the 1l0-inch length of the pipe was on the

order of 1/16 inch. This necessitated re-boring of one of the flanges.

The construction followed that of Smith (68); that is, the reflecto-

meter was of single~beam design with manual manipulation required for the

change of configurations, For the sample-out condition, the monochromatic

radiation was incident on a phosphor-coated (above 3 eV) light pipe which
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channeled the fluorescent radiation to a photomultiplier tube. For the
sample~in condition, the sample was interposed between the exit beam from
the monochromator and the light pipe, which then had to be rotated to ac-
cept the reflected beam. The angle of incidence was fixed at 15°,

As shown in Figure 10, the sample was inserted into the beam by
raising and lowering the sample holder via the action of a cam consisting
of a pin attached to a wheel: the pin tra;eled in a slotted bar attached
to the vertical shaft. Two small brass rings served as bearing surfaces
for the vertical shaft:. The cam was actuated by an Ultek model 282-6050
rotary-motion feedthrough. Figure 11 shows the details of the sample
holder; also illustrated in this figure is the pedestal for the ultra-
high-vacuum system. Three spring-and-screw combinations allowed for tilt
adjustment and lateral positioning; a piece of stainless-steel shim acted
as a spring, to force the sample upward against a V-groove. It was con-
venient for all optical systems to employ a common sample mount. The
tongs allowed easy handling of the sample holder.

A stainless-steel rack and pinion, supplied by PIC Design Corpora-
tion; along with a pair of stainless-steel bearings, supplied by New
Departure Hyatt Bearings; and an Ultek model 282-6100 push-pull feedthrough
(modified with a micrometer spindle) formed the system which effected the
rotation of the light pipe. The angle of incidence on the sample was 150,
so that the reflected beam deviated 150° from the sample-out path. The
light pipe was a solid Pyrex rod bent as shown in Figure 9. The straight
segment of this rod was coincident with the axis of the chamber and the

sample face. 1Its outer surface was coated with aluminum, and a sodium-
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salicylate phosphor coated the entrance end of the rod (69). Phosphor
densities were at least 1 mg/cm2 as suggested by Samson (70). A teflon
bushing supported the rod between the inner races of the two bearings.
The exit end of the rod faced a 6-inch Pyrex-windowed flange which was
supplied by Hughes Aircraft Company (Hughes). On the other side of this
window a 2-inch, end-on, photomultiplier tube, an EMI 9514S, was seated.
This 13-stage tube had a nominal gain of 108. Although there was no me-
chanical linkage between the rotary motion of the light pipe and a 150°
rotation which could be executed with the photomultiplier tube, efforts
were made to have them track at the extremity of their rotations. This
was done to minimize systematic errors (71) (a few percent of the absolute
value of the reflectance) due to areal inhomogeneity of the photocathode.

A sorption pump, Hughes model SP-9, was used to take the sample
chamber from atmosphere to approximately 10"2 Torr (10 p); at this thres-
hold (just below the glow-discharge range) the ion pump's pumping speed
would begin its ascent (''come on") and then peak (after the throughput
was considerably reduced) at its rated pumping speed in the range of
7 X 10-7 Torr. The 60-Lps ion pump, Hughes model VP-60, was provided with
a glow-discharge screen.

The control unit, Hughes model VPC-60, allowed monitoring of the
current supplied to the pump. Although the sample chamber contained ord-
inary red brass and teflon (teflon has a vapor pressure of 10-6 Torr), it
reached a pressure of approximately 3 X 10-9 Torr overnite. Pressure was
monitored by reading the current drawn by the ion pump: current flow is
directly proportional to pressure in ion pumps. As a check against the

nominal calibration curve (provided by Hughes) of current versus pressure,
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an ionization gauge, Hughes model IG-7169, along with a gauge control
unit, Hughes model IGC-TGC, was employed. By using this ionization gauge
as a standard for comparison, we found the nominal calibration curve
yielded a pressure which was too low by a factor of two.

A McPherson Instrument Corporation (McPherson) model 218, 0.3-m,
scanning monochromator equipped with two, 1200-line/mm, piane diffraction
gratings serviced this region. Since it formed a fast (£/5.3) system,
this instrument used aspheric collimating and focusing mirrors to reduce
aberrations; moreover, these mirrors were only slightly off axis as a re-
sult of the entrance and exit beams having been crossed (a modified
Czerny-Turner mounting). This latter feature afforded compactness of de-
sign and large angular separation (440) between the entrance- and exit-
slit housings. Approximately one inch from the exit slits, a 1/6-inch,
Fused-Quartz plate (1600-& cutoff), General Electric type 101, was posi-
tioned; it was supported by a rod which passed through the monochromator
cover by means of an O-ring seal and could be accurately positioned in the
beam or removed from the beam path for "order" sorting.

The 1200-line/mm, replica gratings had plate factors (reciprocal
linear dispersions) of 26.5 A/mm and first-order resolutions of 0.6 &,

One had a first -order blaze angle for 1500 A; the other, for 5000 A; By
controlling the inclination--of each grove facet--to a grating's surface,
the manufacturer can modulate the spectral distribution which results from
the uncontrolled case (the arbitrarily shaped facet corresponds to the
ordinary derivations wherein facet structure is ignored). The inclination
(blaze angle) is so chosen that the reflectance relation, ''the angle of

incidence equals that of reflectance,'" is satisfied at the facet by the
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ray incident on the grating and some particular diffracted ray. Once this
relation is satisfied in first order, it will automatically be satisfied
for all higher orders of the diffracted radiation. The net result is that
there is an enhancement of the spectral distribution at the wavelength

for which the reflectance relation is satisfied at the facet and a corres~
ponding reduction elsewhere (72,73).

A two-stage mechanical pump, Welch model 1402, buffered by a Veeco
VS-162 foreline trap, evacuated the monochromator when a capillary-dis-
charge light source, McPherson model 630, was used in the windowless con-
figuration. A hydrogen gas pressure of a few Torr was used to produce the
intense molecular continuum; the "many-lined" hydrogen spectrum was ef-
fectively removed by the quartz filter. For wavelengths greater than
3600 A, an unfocused tungsten-halogen lamp, Sylvania 250Q/CL, was used as
a source.

Figure 12 gives an exploded view of the bellows assembly which was
used. Also shown are the relative positions of the exit-slit housing of
the monochromator and the entrance port of the ultrahigh-vacuum chamber.
With the exception of the spacing studs, the piece which bolted to the
monochromator was machined from a single brass rod. The 3/4-inch outer-
diameter bellows, Cajon part number X-12-1, was shortened and then silver
soldered to a brass flange which had an annular V-groove to mate with six
studs. There were two advantages over commercial designs: (1) the flanges
were 5 inches in outer diameter and thereby facilitated alignment checks
and (2) tension and torsion on the bellows were absent as the bellows
"floated" at one end. The usual trauma of coupling heavy vacuum equipment

was reduced,
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Vacuum Ultraviolet

The region from 7.3 to 21 eV (1700 to 600 K) also required the use
of an evacuated monochromator and reflectometer, due to the strong onset
of atmospheric (oxygen below 2000 K) absorption., As lithium fluoride,
the only practical material for lenses or windows in the vacuum ultravio-
let, has a transmission cutoff of 1050 A, no windows were employed. Also
the reflectance‘Of mirror coatings is low at normal incidence and commer-
cially available mirrors for use off axis (reflectance approaches 100 per-
cent at grazing incidence) are limited in variety. A General Electric GEI-
44854, l-m, normal-incidence monochromator, similar to that designed by
Johnson (74), was highly modified. The sample chamber used by Hinson (69)
was but slightly improved.

The monochromator's design was such that a concave grating executed
a simple rotation about its vertical tangent, which passed through a point
approximately on the Rowland circle (lies in horizontal plane); the
entrance~-and exit-slit positions were fixed. The horizontal foci were
precisely at the slit positions at the zero order,'which was used for
alignment. See Figure 13 for an overlay of the Rowland circle with the
monochromator. The monochromator formed a slow (f/12) system,

The slit separation was 6 1/2 inches and their respective housings
were constructed from 5-inch diameter, aluminum rods. A feeler gauge
having been required for adjustment, the slit assemblies were of primitive
design; however, small slits (less than 100 y) were never used. The slit
end plate was a 1/2-inch thick, 12-inch outer-diameter disc of aluminum,

Aluminum baffles were installed to reduce the scattered light (espe-
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cially, the central image's contribution). The aluminum surfaces were
painted with a conductive black paint, Walsco Electronics C~R Tubecoat
No. 199-02.

A platinum overcoated, replica grating, Baush and Lomb Catalog
number 35-52-23-700, was chosen for this instrument. It was a 1200-line/mm,
tripartite grating (the ruled area was 96 mm by 56 mm) of one-meter radius
of curvature; the blaze angle was 2°45" which gave a normal~-incidence
"blaze' wavelength of 800 A. An aluminum grating holder, similar to the
original, allowed for rotation of the grating about its normal and for tilt
adjustment about its horizontal tangent. Focus was achieved by shimming
the grating holder where it attached to the grating end plate.

Figure 14 illustrates the paths of the incident ray and the dif-
fracted ray which reaches the exit slit. The concave-grating equation for
the inside order (the spectrum lies between the grating normal and the

exit slit, at the central image) is

oA = d(sin o ~ sin B) , (162)
wherein o and B are defined to be positive as drawn., At the central image,
o equals o and B equals Eo' It can be seen from the figure that a rota-
tion of the grating by 8 alters o and B as shown by

o=a +0 (163)

and
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B=B, -0

By substituting Equations (163) into Equation (162) and making use of the

equality of o to Eo by design, one feadily finds the result
n\ = d(2cos ao)sin ¢] (164)

The design was such that @, was about 4030'; so, to within the ap-

proximation that the grating remained on the Roland circle, we had
n\ = 2d'sin 6 (165)

as a working equation. The span used was O to 1700 & in the first order;
this corresponded to a grating rotation of 6 of just under 6°. Having
been pinned to a lengthwise slot in the grating~drive screw, a drum was
calibrated in terms of wavelength; for small displacement of the screw,
the drum reading DR was approximately proportional to sin 6, It was thus

expected that the calibration would take the form

A= ho + mDR +n(DR)2 + (small higher order terms). (166)

This relationship was investigated by means of an analog shaft-angle .

encoder (to be described below) which fed one axis on a Hewlett Packard
model 2D-2M X-Y recorder while the other axis monitored a voltage propor-

tionai to the current output of an EMI 95145 photomultiplier tube. The

L o



85

possible error of the encoder was * .2 DR; this included reading errors
attributed to the recorder and corresponded to an angular error of + 0,72,
Ths full-width-at-half-maximum location of the spectral lines used gave
rise to a similar error. The worst combination of possible errors yielded
* .5 DR. With the slits set at 130 p, which corresponded to a theoretical
bandpass greater than 1 i (plate factor or reciprocal linear dispersion

of 8 A/mm), the calibration was executed. The results are summarized in
Table 2. These four "lines'" were least-squares fit to a quadratic form.
Appendix B gives a detailed study of the actual geometry at the grating

dirve. The following calibration was employed:
A[]= - 1.08 & + 1.9610(DR) + 0.000004281(DR)>. (167)

The drum was motorized; and a 5-inch disc with four, equally-spaced,
1/8-inch holes was attached to the gear train. A tungsten lamp, photodi-
ode combination formed the basis of a method for stepping the drum (this
was convenient, as the drum and samble chamber were at opposite ends of a
1-m instrument), The lamp beam either passed through one of the 1/8-inch
holes or was blocked by the disc. The latching circuit will be described
below. One could step the drum either 2.5 DR Q.Sﬁ) or 5.0 DR (~ 10 1y,
without penalty of accumulated error.

The monochromator was evacuated by a 4-inch, Consolidated Vacuum
Corporation type MCF 300-002, diffusion pump which was buffered by a water
cooled baffle, This pump was backed by a two-stage, Welch model 1397,
mechanical pump. This combination could provide a vacuum of approximately

3 % 10-6 Torr., Perhaps the free use of Apiezon "Q" wax (vapor pressure
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Table 2. Calibration of Wavelength Drum with a Quadratic Fit
\[A]= - 1.08 & + 1.9610(DR) + 0.000004281(DR)>
Spectral Wavelength A Drum Calculated AN
Line [i] Reading Wavelength (error)
(DR]
Central Image 0.000 0.64 0.179 - 0.18
Hel(r) 584,334 298.11 583.89 + 0.44
HI(r) 1215.670 619.81 1215.99 - 0.32
Hgl 2536,52 1290.4 2536.47 + 0,05
o e e o
S
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of 10-5 Torr), in the sealing of the light baffles, limited this ultimate
pressure. This performance could only be achieved when the McPherson
model 630, discharge lamp was inoperative; that is, with no gas flow
through the entrance slits. Both hydrogen and helium gases were used with
dc current through the lamp; helium was also used with a repetitive, con-
densed discharge through the lamp to produce the Hopfield continuum.

The reflectometer description parallels that of the ultrahigh-
vacuum reflectometer. For low strain on the exit-slit housing, aluminum
was used in the construction of theuﬁ-inch inner~-diameter chamber; the
"'stop" assemblies were made of hardéf material. Figure 15 displays its
salient features; it is shown in the sample—out'configuration. An American
Time Products L8CD optical chopper provided a chopping frequency of 400 Hz.

To obtain the sample-in configuration, one rotated the photomulti-
plier housing and light pipe (they moved as a unit) until the housing base
was against a '"stop'. The sample pedestal was then raised until the push-~

pull driver reached a slotted "

stop", so the sample was positioned at an
angle of incidence of 20°,  The photomultiplier housing was threaded for
easy removal in subdued light, as the E.M,I. 9514S dark current required

several hours to recover upon exposure to room lighting.

Extreme Ultraviolet

The energy range 21 to 30 eV (590 to 400 1), and above, has but one
source of radiation which is uniquely suited for optical measurements:
synchrotron radiation from a beam of charged particles (75). The unique
combination of features may be listed as follows:

1, intense continuum from, say, 50 E to the infrared

2. ultrahigh~vacuum compatibility, affording windowless operation
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3. high degree of polarization, when viewed in the orbit plane,
affording study of anisotropic crystals

4, known spectral distribution.

Use was made of the synchrotron radiation from the 240-MeV electron stor-
age ring (76) at the University of Wisconsin Physical Sciences Laboratory.
We obtained rudimentary results (39) with the emplacement of the ultrahigh-
vacuum chamber at the position indicated by Figure 16, which is a diagram
of the optical system as seen from above.

A centripetally accelerated, relativistic electron has a radiation
pattern which is strongly peaked and approximately symmetrical about the
instantaneous-velocity vector (77,78); so a continuous beam of electrons,
constrained to orbit circularly, gives rise to a radiation pattern resem-
bling a very flat doughnut., Near the wavelength peak of the spectral dis-
tribution for a single electron (the radiation is incoherent, so that the
intensity is directly proportional to the number of electrons in the beam),
the angular extent of the cone of radiation is indicated by the rms

vertical angle

(¢2> 1/2 &:mocz/E (168)
where moc2 is the rest mass energy; "E", the energy of the monoenergetic
electrons., This angle is 2 mrad for the 240-MeV electrons. Bending mag-
nets, designated BM-n, supply magnetic fields normal to the orbit plane
and thereby produce the centripetal acceleration along a bending radius

of 0.635 m. To replenish the radiative energy loss during an orbit of
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the beam, an RF field within a cavity (not illustrated) surrounding one
of the straight segments of the ring provides a linear acceleration once
per revolution. This synchronous restoration of energy (repetition rate
of 31.9 MHz) to the =lectron beam results in a bunched beam approximately
1/10 the total length of the orbit. The cross section of the electron
beam is of the‘order .5 mm and the average stored current level is (1970)
usually 1 mA (approx 2 x 109 electrons), with a "half-1life" of 1 1/2 hours,

To accept the synchrotron radiation, the 1l-m normal-incidence, Mc-
Pherson model 225, monochromator's field of view (that of the exit slit)
has to include a region of the electron beam within BM-2. Figure 17 de-
picts the viewable segment of the electron-beam channel; this segment is
referred to here as the object slug. (The primordial consideration is the
divergence in the horizontal plane as the Rowland mounting requires a hori-
zontal focus in the entrance slits.) This object slug is obtained by geo-
metrical construction: one extends the tangents from the electron-beam
channel to the edges of the storage-ring port, recalliﬁg that the synchro-
tron radiation is directed along these tangents. This construction leads
one to the definition of the acceptance angle o (79). For the port under
consideration, o is 23 mrad.

As the monochromator is a 1-m, £/12 instrument with a grating sim-

ilar (96 mm x 56 mm) to that described in the "Vacuum Ultraviolet'" section

above, it has a nominal grating aperture given by
A=4B= g3 (169)
i .

This follows from the ordinary definition of f-number. One can obtain
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the same result from the grating dimensions directly, by computing the
area of the ruled portion of the grating and finding the diameter of a
circle which yields the same area. This diameter is given by

56

1/2
=)

D= 2(96 % mm = 83 mm . (170)
The above holds true, since the definition of f~number really involves a
solid angle. (To ensure complete filling of the width of the grating,
one should not use the f-number designation of the instrument; however,
for this grating, the error is small.) The horizontal acceptance angle B
of the grating is 96 mrad. To achieve the matchinghof B with o, the ac-
ceptance angle which relates to the length of the object slug, a mirror
is required which focuses the object slug at the entrance slit position

and which achieves a lateral magnification in the ratio given by

o
2= f-i;— ran 2 = g= 2-3—"' l (171)
YO tan % p 9 4

It is also desirable to obtain a vertical focus at the entrance slits with
this mirror in order to fill more completely the grating vertically, as
radiation damage can occur (80). It should be noted that acceptance of
all the radiation in the vertical plane is not ‘directly compatible with
the goal of those "users' who desire to exploit the high degree of polar-
ization in the horizontal plane.

Figure 18 is a side view of the object slug, the mirrors housed by

the mirror chamber, and the entrance slits to the monochromator. (Ignore
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the plane mirror for the moment.) An off-axis section of an ellipsoid
when positioned as shown is the mirror configuration which satisfies the
above criteria. The mirror width or any additional length of vacuum pipe
can further reduce the horizontal stop which delimits the acceptance
angle . The ellipscid is the surface of revolution (actually a spheroid)
of the ellipse whose foci define the object and image positions and whose
complete specification is therefore given by the sum of the object and
image distances from the mirror. As grazing-incidence optics are desired,
the ellipsoid is very prolate.

In this mirror chamber, the angle of incidence is approximately 92°.
At such an angle, there is no need to overcoat the mirror; and, aside from
scattered light problems, two reflections in the vertical plane are at
least as good as or better than one reflection in the horizontal plane
(integration over the vertical angle yields radiation which is still more
than 80 percent plane polarized (81,82,83). This second reflection is
produced by a plane mirror which returns the central ray to the horizontal
plane for ready acceptarce by the monochromator. The image quality at the
entrance slit is good, as the object slug is far from the mirror; that is,
the depth of field is large. The image dimensions are on the order of 1/3
mm. This discussion has been treated more generally (81,84). |

Referring back to Figure 16, one sees the position occupied by the
sample chamber. A modified push-pull feedthrough supported a small stop
which reduced the field of view at the sample position; this was done with
relative impunity as there was nearly always sufficient radiation to

saturate (signal current becomes 10 percent of bias current) the solar-
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blind Bendix channel electron multiplier (CEM), Model 4028, At the blaze
wavelength of 800 i, 20-y exit slits provided count rates of 3 X 104 secn1
in the sample-out configuratidn. This corresponded to approximately
5 X 10"7 amp if the CEM gain was indeed 108. The reflectometer was crude,
The CEM was rigidly affixed (with plexiglass) to a blank stainless-steel
flange, with BNC feedthroughs, which capped the chamber, and the sample
was supported by a stainless-steel spider assembly with no provision for
the sample's insertion into or withdrawal from the beam other than direct
handling when the system was vented to dry nitrogen., Depending on which
configuration was to be run, the flange supporting the CEM was appropri-
ately oriented by rotation through an angle (450) determined by the bolt
circle of the flange. The angle of incidence at the sample position was
22 1/20. A conductive epoxy, Emerson & Cummings, Inc. Eccobond Solder 57C,
was used to glue a 3/4-inch-square piece of stainless-steel shim stock,
with a hole the diameter of the CEM funnel, to the funnel; this was an
aid in mounting the CEM. The same epoxy was used with a small piece (say
2-mm square) of stainless-steel shim to cap the open anode end of the CEM,
This is the same epoxy used in the CEM by The Bendix Corporation (85).
With an electron beam injected, the storage ring was maintained at
a pressure of 2 X 10-9 Torr (76). The commercial monochromator was held
at 2 X ].0-8 Torr and the mirror chamber was held at ]'.0-9 Torr. The mirror
chamber served as part of a differential-pumping assembly: a low-conduct-
ance baffle could be placed at the entrance slits to the monochromator, as

a focus in both planes was achieved there. Ion pumps of high speed (100

to 200 Lps) and titanium sublimator pumps produced the vacuum; roughing
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was effected by the use of oil~less mechanical and cryosorption pumps.
The above pressures were read from the logarithmic pressure scales of the
associated ion-pump power supplies (recall, above, that the current sup-
plied to an ion pump is directly proportional to the pressure within the
pump). A low-conductance baffle was available for use at the exit-slit
housing, to buffer the sample chamber from the heavy out-gassing of the
slit housing. Rubloff (80) reported that sublimation pumping was found
necessary to attain the low pressures required to start tﬁe ion pump. As
we had no such pump (sublimator pump) the only manner in which we could
limit the high throughput at our ion pump to a finite time interval was
to remove the baffle. This severely affected the pressure maintained in

our chamber during measurements: the pressure was in the low 10-'7 Torr

range.

Instrumentation

Infrared

It proved convenient to use a Perkin-Elmer chopping assembly external

to the monochromator and mounted on the reflectometer about one inch from
the entrance slits. The mechanical contacts on the assembly were not used
for a reference-signal generator. Reference-signal contact noise was elim-
inated by the use of a light-emitting diode (LED) and photodiode pair: the
LED beam was intercepted by a small, transparent disc (one half of which
was painted black) which rode on the same shaft as the chopper wheel. See
Figure 19,

The PAR HR-8, in the "Select-External' mode served as a synchronous

rectifier (phase-sensitive detector): in this mode, it was insensitive to
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the exact shape of the reference signal. The 10-Meg, differential input,
type "A" pre-amp was used in the PAR instrument. Between this pre=-amp
and the thermocouple was the Perkin-Elmer pre-amp, strapped to the bottom
of the monochromator, and several stages of the Perkin-Elmer Model 107
Amplifier; these latter two units provided a voltage gain of 128 db so
that the PAR pre-amp was receiving large signals (as large as 0.5 V).

Figure 20 shows the block diagram for the infrared span. The gated
A-to-D converter was adapted from a United Systems Corporation Digitec
DC voltmeter, model number 251A., This unit was comprised of a main frame
with a Nixie Tube display and a voltmeter plug=-in '"module." The combined
unit was accurate to within 0,0l percent (as specified by the manufacturer).
The module had a continuous sampling rate which could not be gated: the
module employed feedback of an error signal to compensate the clock fre-
quency whenever the ramp generator produced a slope such that the calibra~
tion of clock pulses versus voltage tried to drift. However, the main-
frame's update of the display was programmable to an extent. The heart
of the update was a unijunction transistor; when it fired, the serial out-
put of the module was encoded into the main frame for display. Readily
available to the user was this serial output and, upon termination of each
update, a system~ready pulse.

The modifications to the unijunction oscillator are shown in Figure
21; everything to the left of the points labeled "X" was added to the
original circuitry, Assume the SCR was latched on (thé unijunction's fir-
ing was thereby inhibited), The trailing edge of the update command

turned off the SCR, with subsequent firing of the unijunction and the
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release of the serial output, along with an update of the display. At
the end of this update, a system ready pulse turned on the SCR before the
uni-junction could effect another update,.

The generator of the update command, illustrated in Figure 20 as
the One-shot timeout, was an array of five timers. An array of five push
buttons allowed the selection of the timeout compatible with the PAR low-
pass filter; the update-command widths varied between 5 seconds and 2 1/2
minutes. Also shown in Figure 21 was a normally-closed push button whose
depression effected an update without significant delay.

The printing loop was comprised of Ortec units. A model 715, dual
scaler was slightly modified such that the highest decades of each scaler-
could be thumbwheel encoded (&ecimal to BCD) with a digit related to
sample configuration or a digit related to the PAR scale respectively.
This was possible as five digits were carried in the serial input, whereas
the scalers were six- and seven-decade units. By combining these two
thumbwheeled digits in a two dimensional array, we found it possible to
extend the encoding to the PAR scales to a number greater than ten; this
was necessary in the many~lined hydrogen region in the VUV (vacuum-
ultraviolet) span. The output of the dual scaler was fed to a 222 (Mod-
ified Teletype ASP33) Page Printer by 432 Print-Out Control. The print-
ing loop was initiated with the previously mentioned system ready pulse.
The Teletype was equipped with a paper-tape punch. The scaler which
received the serial output of the "module" was gated with a stretched

version of the unijunction pulse,




103

Visible

Simple dc detection was employed throughout this range; a Keithley
Instruments, model 414s picoammeter converted the photomultiplier current
to a voltage for the A-to-D converter. Figure 22 illustrates the config-
uration that was used. The repeat cycle timer had a period of one minute;
during which, ten microswitches were serially toggled at intervals of six
seconds.

This battery of switches is illustrated in Figure 21 as a single-
pole-single-throw switch (a momentary "shunt" unlatches the SCR in the
same fashion as a momentary series 'open'; that is, the current through
the device is interrupted).

The monochromator, as well as the repeat cycle timer, was driven
by synchronous motors; this allowed wavelength settings as good as + 0.54.
Initiation of a scan segment involved the monochromator's being started by
a line-voltage relay controlled by the timer. The instrument labeled
“"repeat cycle timer" also generated a pulse which was counted by one of
the scalers; this was an aid to the manipulation of the data, as it was
related to the wavelength,

The tungsten-halogen lamp was powered by a passive current regulator
which maintained a steady dc current to within * 0.3 percent; the se?ies-
pass element was an Amperite Ballast Tube, model 22-4. The McPherson lamp
was powered by a Kepco, Inc., model HB2050 voltage regulated supply. A
ballast had to be employed to buffer this voltage regulated supply from
the glow-discharge lamp, which also has a constant-voltage characteristic
after it had fired: wupon firing, the difference between the supply

voltage and lamp voltage supported a current which was limited only by

\
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the low output impedance of the regulated supply. The supply with ballast
1s illustrated in Figure 23. Also shown is an ignition circuit which fur-
ther reduced the transient in the regulated supply. The diode was re-
versed biased during the firing at the larger voltage, and this enabled
the regulated supply to be preset. (This simple ignition circuit allows
the use of a pdwer supply with a much lower voltage rating than would
otherwise be possible.)

The author found that the cosmetic condition of the aluminum cathode
of this lamp strongly affected its performance, that is, its stability and
ability to fire. Undoubtedly the cathode damage was caused by posit%ye-
ion bombardment. . Every 200 hrs or so the cathode required resurfaciﬁg;
this was easily done on a lathe, using mineral spirits and progressively

finer-grit emery paper.

Vacuum Ultraviolet

The above mentioned schemétic for the drum stepping mechanism is
given in Figure 24. Only two integrated circuits were required. One was
a guadruple two-input positive nand gate; the other, a dual D-type leading-
edge-trigger flip-flop. Depression of the normally-open push button
started the motor, which ran until one of the two configurations selected
by the single-pole-single-throw switch interrupted the current to the
motor relay. The configuration in which each pulse stopped the motor is
labeled "E'; that in which every other pulse, "E.0,".

Figure 25 gives an overview of the instrumentation in this region.
The 95148 PM tube and phosphor combination had a responsivity on the order

of 4 X 1011 v/watt, when fed into a 100-K load resistor. This responsivity
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was wavelength independent below 3000 L. Below 13 eV, the glow-discharge
lamp was operated as in the visible region; however, the many-lined hydro-
gen spectrum was the desired spectrum here. Helium, at an arc pressure
of a few Torr, was used to produce the helium resonance line at 21.2 eV;
again the lamp was used in a dc mode with the 400-Hz chopper and PAR de-

tector. Between 13 and 19 eV, a mildly condensed discharge through an arc

pressure of 60 Torr of tank helium produced a weak Hopfield continuum (86).

The combination of low specular reflectance and a weak source necessitated
the use of a correlation technique for signal detection. Jordan's tech-
nique (87) of interrupting the ac line to the McPherson model 720 Dual
Mode AC Power Supply was exploited, since the pulse repetition rate at

the PM tube was far too low fo; use in conjunction with the 400-Hz mechan-
ical chopper. Appendix C gives an account of how the ac line was inter-
rupted in this experiment; there is no suggestion of the same in Jordon's
discussion.

Figure 26 shows the elements of this power supply as adjusted for
this spectral region. (For the discussion here, ignore the interruption
of the ac line.) The spark-gap breakdown voltage was 3.0 kv which was
much higher than the firing potential of the glow-dischérge lamp, so the
firing rate of the lamp was controlled by the condition of the gap. This
spark gap was irradiated with a mercury lamp and continuously swept with
an adjustable jet of air in an effort to obtain stable operation: that
is, a constant repetition rate and equal energy fed to the lamp per firing.
Adjustment of the repetition rate was affected by changing the variac

setting, since an increase of the transformer secondary voltage increased

e —



300 K 0.026”

300w SPARK GAP
A A
VW > <+
/-d-\
GLOW
1S 10 kV 0016uF — = DISCHARGE
% < [ LANMP

(o) 4
_/

Figure 26. Parameters as Adjusted for the 720 Supply.

B
|

01T




111

that fraction of the quarter cycle over which the spark-gap voltage was
exceeded. The author failed to achieve a truly constant repetition rate
above, say, 16 pulses per quarter cycle. A nominal repetition rate of 25
per quarter cycle was used,

The shaft-angle encoder for the drum reading of the monochromator
is sﬁown in Figure 27. The operational amplifiers were supplied by Burr-
Brown Research Corporation; the #* 15-V supply was a Burr-Brown model
508/16. The illustrated 9-V batteries were composed of 1,5-V telephone
cells,

The 1552/16 op amps were used as voltage followers of high input
impedance and low output impedance. Their outputs were summed by a unity-
gain inverting amplifier, constructed from the 3021/15 op amp, which pre-
sented a 10-K input impedance to each of the follower outputs. The 10-K,
15-turn heli-pot which was fastened to the wavelength drum is shown con-
nected to one of the non-inverting inputs. It was provided by Link Avia-
tion Incorporated as Part No. 221003 and had a linearity tolerance of
* 0.025 percent. The 20-K heli-pot served to offset the voltage propor-
tional to the-drﬁﬁireaaing, fof the purpose of making recordings on an ex-
panded scale; a horizontal recorder sensitivity of 10 mV/cm was usually
used during wavelength calibration runs. The * .5 mA null meter was es-
sential to avoid pegging of the‘recorder: its sensitivity was gradually
decreased until the off-setting voltage was precisely set; only then could
the recorder be safely connected.

Extreme Ultraviolet

The block diagram for this span is presented in Figure 28. A

channel-electron multiplier, provided by the Bendix Corporation as
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Figure 27.
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CEM-4028, was used in the counting mode. The very narrow (~ 5 ns )
current pulses were integrated over stray shunt capacitance and the input
capacitance of the Ortec model 113 unity-gain preamplifier; the voltage
on these capacitors then decayed with a time constant determined by this
total capacitance and the parallel resistance of the load resistor and -
the input resistor selected by the preamp. The preamp output was series
terminated and fed into an Ortec model 485 linear amplifier. An Ortec
model 421 integral discriminator received the amplified-and-shaped pulses
and accepted all pulses above a given threshold. The probability that

two photons would contribute to a doubling of the pulse amplitude was very
small but finite, so that the gain of the linear amplifier was correspond-
ingly adjusted to allow the passage of the doubled pulses through the dis~-
criminator. The very narrow pulse-height distribution of the Channeltron
facilitated adjustment of the discriminator setting.

An Ortec model 441 count-rate meter filtered the shot noise and
provided a voltage output for one of the channels of a Varian dual-pen
strip-chart recorder. The other channel of the recorder monitored a
voltage proportional to the stored electron-beam current. This beam-
current monitor was a secondary standard of measurement; the primary stand=-
ard consisted of an electrostatic inductor. Figure 29 displays the sal-
ient features of this secondary standard. The ion sweep plates formed a
nearly ideal current source. Residual ions were continuously removed from
the electron-beam path. There existed a linear relationship between the
swept ion current and the electron-<beam cﬁrrent;!the calibration of this

beam current monitor was stated to be good to within + 5 percent (88).
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CHAPTER IV

EXPERIMENTAL PROCEDURE

Sample Preparation

A total of eight samples were obtained from the Naval Research
Laboratory (N.R.L.) of Washington, D. C. and were 8-mm diameter discs
sawed to l-mm thicknesses. All the members were prepared by means of a
modified Bridgman method (14). Wagner, Palik, and Swiggard (12) reported
that the Cd3(ASO°25P0.75)2 and the Cd3(ASO.12P0.88)2 crystals were not
physically strong. Radoff and Bishop (13) reported that for 'x' greater
than or equal to 0.25 the Bridgman-grown ingots show cracks associated
with a solid-solid phacge transition. See Chapter I for the phase diagram
of this system. Table 3 summarizes the appearance of this set of samples.

The chemical analysis of the samples gave results which varied but
slightly over the ingot length (89); the tabulated values of "x!" in Table
3 are reliable to within * 1 percent.

Mechanical-polishing and etching techniques were developed along
lines suggested by the group at N.R.L., (89). The saw-cut samples were
held to a 3~-inch diameter, stainless-steel holder by Crystalbond 509, a
cement stick of reasonable vacuum properties, manufactured by Aremco Prod-
ucts Inc. An 8-inch, polishing wheel was covered with Buehler AB Micro-
cloth, Catalog No. 40-7208, at each stage of polishing. These samples

were so soft as not to require "grinding'. Polishing commenced with a
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Table 3. Index of Samples and Qualitative Comment
on Crystalline Quality of Samples
Sample End (N.R.L.) Cd3(AsXP1_x)2 Comment
Member Ingot
Number
1 ~/ -- x= 0.00 cracked
2 - 8-151-3E x= 0.12 good
3 -- 8-149-8B x = 0.25 badly cracked
4 -~ 8-111-~7 x = 0,50 good
5 -- 8-111-8 X = 0.50 very good
6 -- 8-59-13B x= 0.75 cracked
7 -- 8-59-13C x= 0.75 good
8 «/ -- x= 1,00

badly cracked
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mixture of Union Carbide's 1-p alumina powder and tap water, and it was
continued until no scratches were visible except for those left by the
powder. This was followed by polishing with a suspension of 0,25-, diamond
compound, provided by Buehler as AB Metadi with Catalog No. 40-6112, in a
lapping oil provided by Buehler as AB Automet with Catalog No. 60-3250.
Final polishing was performed with a mixture of Union Carbide's 0.05-p

(500 1) alumina powder and distilled water.

The etching procedure lacked discernable trends. An etch consist-
ing of a solution of bromine in methanol, 5 to 0.08 percent by volume, was
used. This is a satisfactory etch for the removal of oxides from ele-
mental arsenic. Polished samples were etched for 5 to 60 seconds in this
solution; then they were quickly transferred to two successive rinses in
acetone. If the etch was too concentrated and/or the exposure too long,
then the results were deleterious: the sample surface appeared dull or
had a strong bluish cast. The infrared reflectance of such a sample was
still reasonable, but at 4000 A the reflectance was down by a factor of
three or four. Such samples were repolished with the 0.05~p alumina powder

and then re-etched. Several samples were recycled several times.

Alignment of Sample

Whereas the crystalline quality of the samples was not uniform and
their fragility was accompanied with the fact that only a limited number
of samples were available, little effort was expended toward orientation
of the crystallographic axes: though cracked, the crystalline regions of
several of the samples were sizable (~ 1 mm). Furthermore, the develop-
ment of the instrumentation was not compatible in all wavelength regions

with the attendant loss of signal strength that polarizers would have
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introduced. Unmeasured instrumental polarization together with unspecified
crystal orientation were assumed to generate a reflectance curve which
mimicked a response to an isotropic sample.

Common to the I[R, visible, and UV instruments was a simple align-
ment procedure. For each sample run, the three spring-loaded tilt and
centering screws (see Figure 11) were adjusted with the sample holder posi-
tioned on the infrared reflectometer; this automatically aligned the sample
for the visible and UV reflectometers, by means of earlier-made compatible
adjustments on the respective tri-slotted pedestals for the sample holder.
The IR reflectometer was chosen as the base for ;his procedure, as the op-
tical paths were longer; this permitted a more sensitive adjustment.

The visible reflectometer's pedestal was machined such that it was
angularly positioned by the presence of the cam surface of the sample
raising and lowering mechanism; this cam wheel was oriented by the port
supporting the rotary feedthrough. The UV reflectometer's pedestal was
angularly positioned with the aid of the visible central image of the
monochromator, when a tungsten lamp was substituted for the glow-discharge
lamp (this procedure never required readjustment). As the angle of inci-
dence was 200, a polished stainless-steel bevel of 200, whose surface was
coincident with that of the axis of the chamber, was temporarily mounted
to the sample holder. The pedestal, with sample holder and bevel in situ,
was then rotated until the incident beam was reflected back onto itself.
Once this angular position was located, a slotted cam allowed the pedestal
to be lowered for the sample-out configuration and reproducibly positioned

for the sample-in configuration,
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Reflectance Measurements

Several monochromators (gratings, prism), light sources, and several
sample chambers were combined in the effort to span the huge energy range
of 0.083 to 21 eV. As mentioned in Chapter III, this range was extended
to 30 ev for Cd3Asz. The normal sequence of data acquisition (exclusive
of the extreme-UV data) was such that upon completion of the etching and
alignment, a methanol-rinsed and air-blown-dry sample was placed in the
ultrahigh-vacuum chamber (visible span); a run was executed and the sample
was then emplaced in the UV chamber; finally, the sample was run in the
IR reflectometer. This sequence was so chosen as within the IR region,
the reflectance was the least sensitive to surface contamination; there
was no in situ sample preparation. Table 4 gives an overview of the com-~
ponent spans that linked to form the entire region of interest.

With the exception of generated reflectance curves which proved
unreasonable due to the action of the etch and the usual operational er-
rors, there were no runs which were entirely duplicated for the purpose of

averaging; however, many points were spot checked for consistency within

a given span.

Determination of Backgrounds

Background or base-line corrections in the IR region were only of
consequence near 15 i, where the data were poor for other reasons (see
next chapter).

The use of quartz filters in the visible and UV regions singled-out
long-wavelength scattered light as the major contributor to the background.

This background manifested itself as a very slowly decreasing (versus




Table 4. Summary of Experimental Instrumentation and Conditions
Span Light Source Monochromator Dispersing Wavelength Resolution Chamber Mode of
No. Element Span ~bA Pressure Acquisition
[Torr]
0 Synchrotron l-m Normal 800-1 Blaze 400-1200 & 5 & 1 X 10-7 Repeated
Incidence Grating Scans
1 Glow Discharge 1-m Normal 800-4 Blaze 584 % 4 K 6 X 10-1 Point by
Hel Incidence Grating Point
2  Condensed l-m Normal 800-1 Blaze 650- 950 A 5 & 2 X 101 Poirt by
Discharge He2 Incidence Grating Point
3  Glow Discharge 1-m Normal 800-4 Blaze 950-1700 & 10 & .6 X10°Y  Point by
H2 Incidence Grating Point
| 4 Glow Discharge .3-m Czerny-  1500-A Blaze 1700-3050 A 5 & 1 x10°8 Repeated
f H2 Turner Grating Scans
: 5 Glow Discharge .3~m Czerny- 5000~ Blaze 3050-3600 A 5 & 1 X 10-8 Repeated
H2 Turner Grating Scans
6 Tungsten .3-m Czerny- 5000-1 Blaze 3600-6500 A 5 4 1 %1078  Repeated
Halogen Lamp Turner Grating Scans
7 Tungsten Littrow NaCl Prism  0.65-1.4 u 20 - 160 A Atm. Point by
Halogen Lamp Mounting Point
8 Globar Littrow NaCl Prism 1.4-15 .016 » .9 p Atm, Point by
Mounting Point
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wavelength) contribution from the central image. It was always assumed

to be a constant within a given span.

at a short wavelength where no radiation should have reached the detector,

an intensity measurement was taken for both sample-in and sample-out con-

figurations. This was handled analytically by the replacements

I, I'-B
R R

R: T« g (172)
o] o]

where "I" was respectively the incident and reflected intensity, and the

primes denoted the measured intensities; "A" and "B" were the background

corrections.

In the extreme-UV region, again the long-wavelength light was the

greater contributor te the background. However, the use of a solar-blind

channel-electron-multiplier eliminated the need for such corrections,

Two corrective terms were employed:
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‘CHAPTER V
RESULTS AND DISCUSSION

The results of the hitherto unmeasured, reflectance spectra for
these alloys will be presented below. In analogy to the III-V compounds,
the strong structure in the reflectance will be interpreted as due to di-
rect transitions, Probable assignments of interband transitions will be
made on the basis of the available energy-band-structure calculations. An
extensive comparison of our reflectance data with the limited (spectrally
speaking) data of others will be made. This comparison serves as a check
on the absolute and relative errors of our data and forms the basis for
error estimates in our Kramers-Kronig unfolding of the optical constants.
These optical constants have not been previously published for any of
these alloys above the infrared region.

In the following presentation, samples will usually be denoted by
the integer indices defined in Table 3 of Chapter IV. These indices are
numbered one through eight and increase somewhat in proportion to the con-
centration of the arsenic constituent of these alloys. The index "1" de-

. ot
notes Cd3P2. The index ''8" denotes Cd3Asz.

Primary Data

The results of the near-normal-incidence reflectance measurements
are presented in Figure 30. These measurements from 0.08 to 21.2 eV have

been performed at the Georgia Institute of Technology. For several
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typical results, the nearly transparent or plasmon region is also shown
on the enlarged scale of Figure 31. The results of similar measurements,

performed at the Physical Sciences Laboratory of the University of Wiscon-

sin, are presented in Figure 32. Included in this latter Figure 32 are

the results of measurements on the related compound Zn3A32 37).

In addition to the x-ray work of Masumoto and Isomura (2) and the

low-temperature, transmission-edge work of Radoff and Bishop (13), we find

that the roughly linear scaling of the strong structure of the reflectance,

-

as a function of alloy composition, represents further evidence that these

alloys form a continuous series of solid solutions. We note that the

structure in the reflectance curves of the mid-members of this alloy system

is as well defined as that for the end-members.

Interpretation of Reflectance Structure

The structure above the fundamental absorption edge (~ 0.6 eV) will

be related to Lin-Chung's (37,43) band structure (B.S,) as calculated for

the hypothetical structure (see Figure 5). Only that portion of our struc-

ture below say 0.7 eV is directly amenable to a discussion in terms of the

joint density of states. This latter remark will be made clear when the

optical constants are generated below.

First we redraw the primary data of Figure 30, as shown in Figure

33. These curves are zero-shifted in relation to the percentage of the

anion concentration ('"x'" values of Table 3). We defer treatment of the

sharp structure below 0.7 eV and begin with a discussion of the structure

in the range of 2 eV, CQCur Figure 33 suggests a linear scaling of the
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position of this peak versus the alloy composition. In accordance with

the work (40) of Sobolev et al. on Cd_As,, we label this peak E The

3772 1
more refined data of Sobolev has shown this peak to be split by approxi-
mately 0.2 eV (see Figure 36), The center of gravity of our peak for
Cd3As2 agrees well with Lin-Chung's B.S. calculation. The corresponding
peak for Cd3P2 agrees poorly with the respective B.S. calculation. See
Table 5 for a comparison of these observed peaks with the B.S. calculations.
The probable assignments are made by analogy to the zinc-blende III-V
‘compounds (for example, GaAs).

The doublet character of this peak in Cd3As2 is presumably due to
the spin~orbit splitting of the upper valence band (A3) along the A direc-
tion. (Recall that Lin-Chung's calculations were nonrelativistic when
referring to Figure 5; only the single group notation is used herein.)
This upper valence band is p-like about the As atoms. A good estimate of
the spin-orbit splitting (90,91,92) of the upper valence band at the T
point can be obtained from the spin-orbit splitting of the states of "p"

character of the isolated anion atom (for example, the terms 2P and

1/2
2P3/2 of AsIII). 1In going from the isolated anion atom to the solid, the
splitting is enhanced by the factor 29/20. Using Moore's tabulation (47)

of atomic terms, we thereby obtain 0.10 eV and 0.53 eV for the spin-orbit

splitting at ' in Cd,P, and Cd

3Py As

respectively.

3%

The splitting observed in ghe reflectance structure (in analogy
to III-V compounds) is along the A direction. Along this direction the
upper valence band is presumably further spin-orbit split. The degree
of the latter splitting is two-thirds of the splitting at the [ point,

We therefore expect the observed splitting of the reflectance peak
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Table 5. Probable Assignments, Between 0.7 and 6 eV,
of Interband Transitions

y
Ref (38) Peaks CdgAs, B.S. Probable g
293K 77°K Calculation Location |
E 1.7 1.74 A, 5 A !
1 } 1.7 { 3 1
! A
E, 1.88 1.90 3 2 A1
E2 2.86 2.86 2.7 24 -> 21
t
E3 3.33 3.26 2.8 X5 - X3
E 3.7 3.7 3.9 A, =2 A
4 27 2 oh
E5 5.15 -—— {
1
5.2 X4 - X1
Present Peaks Cd3As2 B.S. Probable EL
Results 297°K Calculation Location E?
i
E1 1.7 1.7 A3 - A1 :
2.8 X' >X E
E 3.6 { 5 2%y ;
3,4 3.9 A3 - A1 |
Present Peaks Cd,P, B.S. Probable '
Results 297°K Calculation Location .
i‘
Ey 1.9 2.4 A3 - A1 %
[ 3.9 X,'" »X e
E 4.0 5 3 [
3,4 1 5.1 3 N g

1
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in the range of 2 eV to be 0.067 eV and 0.35 eV for CdBP2 and Cd3As2,
respectively. This estimate of 0.35 eV is in qualitative agreement with
the 0.2 eV splitting observed by Sobolev. Had we not encountered diffi-
culties in this region (see below), we may also have been able to resolve
this splitting in Cd3As2. However, our estimated splitting of 0.067 eV
for Cd3P2 would su;ely be obscured by lifetime broadening at room tempera-~
ture. It is clear, at any rate, that the contribution to the joint dens~

ity of states is large along a range of the line from [ to L, since the

bands Al and A3 are nearly parallel in both Cd,As, and Cd3P2 near the L
point.

The peak in the range of 4 eV is labeled E3’4, since it corresponds
to an average of the locations of the peaks E3 and E4 found by Sobolev in
single-crystal Cd3As2 (see Figure 36). In both end-members of this alloy
system we assume that the peak E3 corresponds to the transition XS' - X3
and that E4 corresponds to A3 = Al' In Cd3P2, the nearby transition
F15 > FZS appears to be as likely an assignment as A3<e A1 for peak EA’
The peak E2 of Sobolev is not resolved in our data. We assume, therefore,
that the peak }33,4 merely scales with the composition as shown in Figure
33. 1If the peak }3354 indeed scales as illustrated with the composition,
then our results are in qualitative agreement with the B.S. calculations
(see Table 5).

The structure of this peak }33’4 represents a strong departure from
the corresponding structure in the IIL-V compounds. In GaAs the similar

peak, which is located around 5 eV, is largely associated with the transi-

tion X5 - Xl’ A slightly higher (~ 0.5 eV) satellite is identified with
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X5 - X3 and a lower (~ 0.5 eV) energy shoulder is identified with I'._ -» T

15 15

transitions. [We are using the representations which belong to GaAs (93)].
In sharp contrast to this distribution of oscillator strengths in

GaAs, we associate vanishingly small oscillator strength with XS' - Xl.

5' -> Xl to be at 3.4 eV and 2,7 eV in

Cd3P2 and Cd3Asz, respectively. The assignments of A3 - Al for a contri-

The B.S. calculations predict X

bution to the peak E3 4 are nearly zone centered and thus crudely cor-
H
respond to F15 - F15 in GaAs. However in the Cd3A52 - Cde2 system, the

transition A3 - Al lies above X_.' = X3 (at least in Cd3A52L and in GaAs

5

the transition F15 - rlS lies below X5 - Xl'

We refrain from commenting at length on the structure, or rather
our lack of it, between peak E3,4 and the rise in reflectance at 11.0 eV,
On a gross scale, this decrease in reflectance is similar to that found
in the III-V compounds and corresponds to the near exhaustion of the f-
sum rule for interband transitions (94). This overall decrease in refléc—
tance typically signals the onset of the plasmon region. When the optical
constants are generated below, we shall find a broad peak in the charac-
teristic energy loss function in the range of 9.5 eV for all members of
this alloy system.

Figure 31 clearly shows that all samples exhibit a sharp increase
in the reflectance at approximately 11.0 eV. Since the bonding in these
alloys appears to have a large ionic character, it is reasonable to assume
that the cadmium 4d atomic levels generate a narrow band below the valence
bands (see Figure 6). Lin-Chung has ignored these 4d levels in her B.S.

calculations (in a tight-binding prture, charge transfer will lower these

levels in the solid). This consideration of the relative position of the
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"d" band in these'alloys and the fact that this onset at 11.0 eV is
independent of alloy composition [recall the formula Cd3(AsxP1_x)2] lead
us to the conjecture that this threshold corresponds to the onset of real
"d'" band-to-conduction-band transitions. The data obtained for Cd3As2
and for the sister compound Zn3As2 at the University of Wisconsin storage
ring provide convincing evidence that this increase in reflectance at
11.0 eV has not been due to an instrumental error (see Figure 32).

In the ionic II-VI compounds CdS, CdSe, and CdTe, Freeouf (95) has
recently identified a doublet at about 13.5 eV with the spin-orbit-split
transition from the Cd 4d level (the atomic terms are identified in Chap-

ter 1). By way of contrast, rudimentary measurements (96) in this spec-

tral region on elemental cadmium have revealed no semblance of structure.

Errors in the Reflectance Values

It is of singular importance that the absolute value of the
reflectance "R" be reasonébly known when the optical constants are com-
puted from Equations (152) and (153); it can also be seen from Equation
(160) that the phase shift 6 is only dependent on the relative value of
the reflectance. Conséquently, a complete error analysis of the optical
constants, which are simple functions of both "R" and 6, is based in prin-
ciple on the absolute and relative errors of the reflectance values.

Since we have thus far chosen to interpret the reflectance struc-
ture directly, and since there exist practically no published values of
the optical constants with which to compare results below, we find it
convenient to compare our reflectance measurements with the results of
others at this stage of the exposition. This comparison will enable a

determination of the merit of the present work.
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Before any comparative analysis is made, however, we first recount
numerous sources of relative and absolute errors in our reflectance mea-
surements. We refrain from making a global estimate of these errors for
the reason that a total of four different optical systems have been em~-
ployed in these measurements.

A graphic display of the relative error in these reflectance mea-
surements is given in Figure 34. Spectral regions or "spans'” are labeled
in this figure according to Table 4, This particular result for Cd3A32
is typical of that for all the samples. The relative error is defined as
the difference in two successive reflectance values divided by their
arithmetic mean, This error is quite acceptable in spans numbered 4
through 8; however, the errors in spans 3 and 2 are almost as largé as
the structure which is usually reported for semiconductors in this region.
It should be recalled that span 3 was essentially a line spectrum and that
data were acquired at equal, wavelength spacing therein. Span 2 was a
weak continuum, and the signals were at least an order of magnitude lower
than those in span 3. The reflectance (sample-in) signals were usually
below the dark current of the PM tube in span 2.

The most obvious source of absolute errors in the reflectance is
the poor crystalline quality of the samples (see Table 3). The cracks
which occur in these samples account for sizeable (5-15 petrcent) portions
of the irradiated surfaces. Had the data been uniformly acquired in time,
as discussed in Chapter IV, the compensation for this source of error
would have been straight forward. However, there has been occasion to
re-mount and re-run many of the samples for span 3. There has been simply

no assurance that these samples were re-mounted as in the other spans.
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A systematic error in the absolute value of the reflectance appears
between spans 3 and 4 (1700 ). Table 4 shows that this wavelength cor-
"responds to a change in monochromator and sample-chamber configurations.

The shift in absolute value of the reflectance for these two spans is on

the order of eight percent. Since the acceptance angle of the detector

in span 3 is very much larger than that in span 4, the standard for com-

pensation (forced matching of curves by a multiplicative term) has been

taken to be span 3.

An unexpected, systematic, absolute error in the reflectance ap-
pears between spans 4 and 5 (3050 A), wherein the only alteration is a
change of gratings in the monochromator. The shift in absolute value is

8 percent, 8 percent, 12 percent, 12 percent, and 12 percent for samples

numbered 2, 3, 5, 6, and 8., Again, a forced matching of the reflectance

curves has been performed. We note that samples numbered 4 and 5 are of

the same chemical composition and that this artifice of forcing the curves
to match in absolute value is such that the altered, reflectance curve for
the sample number 5 closely resembles the unaltered curve for number 4.
Since both samples numbered 4 and 5 had no cracks, this matching is pre-

sumably valid for the other samples.

At still longer wavelength (3600 A) between spans 5 and 6, another

discontinuity in absolute value occurs. Span 6 marks that wavelength at

which the high-vacuum chamber has been vented and the phosphor removed

from the light pipe. On several occasions this span has been covered out

of the usual sequence. This disruption has required the re-mounting of
the sample, so that the absolute shifts which occur here could be taken

as a measure of the absolute reproducibility of the reflectance data in
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this spectral region. The shifts in the absolute reflectance are + 10
percent, + 8 percent, - 4 percent, ~ 4 percent, - 5 percent, ~ 4 percent,

and + 15 percent for samples 1, 3, 4, 5, 6, 7, and 8 respectively. Since

samples 4, 5, and 7 are of good ‘quality (no visible cracks) and each has
a reproducibility of 4 percent, it is therefore reasonable to assume that

the larger shifts which have been incurred with the other samples are in

part due to their cracks. In particular, two of the larger shifts (+ 8

percent and-+ 15 percent) have been incurred with the bacly cracked samples

3 and 8.

A very large systematic error in the reflectance appears between
spans 6 and 7 (6500 L), wherein the infrared measurements have commenced.
These infrared measurements employ the configuration shown in Figure 7.
Presumably this technique of preceding the monochromator with the re-
flectometer is much more sensitive to the errors of sample or reflecto-

meter alignment, since the monochromator houses a large number of optical

elements. The reflectance values uniformly undergo a downward shift of

approximately 25 percent. Once again, the reflectance (of span 7) has

been compensated to match that of a previous run (span 6).

Less well-defined errors occur in several spectral regions. We

could identify these latter errors with "background" corrections. The

finer structure (usually two bumps) which appears beyond the point labeled

"MIN" in Figure 31 is attributed to such background corrections, These

errors indicate a shortcoming of the simple correction terms given in

Equation (172). A similar high-~background region has been inadvertently

created when o0il back-streamed into the McPherson monochromator and dam~

aged the 1700 A-blazed grating. This contaminated grating, which has
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considerably increased the background correction, gives rise to the
semblance of finer structure superposed on the broad structure at 7 eV
(see Figure 30).

Just above 2 eV (6500 k), background corrections again become con-
siderable when the spectral response of the PM tube begins to drop rapidly.
Also when the next span begins in the infrared region, it has been later
found that a small quantity of the first-pass radiation of the two-pass
I.R. monochromator persisted at the exit slit. There i1s no simple was to
account for this error.

Finally, at both 0.15 and 0.20 eV strong, molecular-absorption
lines obscure the data. These lines are superposed because the I.R.
reflectometer has not been purged (inequality of the light paths for the
sample-in and the sample-out configurations).

Returning to the Wisconsin data, we find that the scanning rates
and counting rates have been so chosen that the relative accufacy of the
curves of Figure 32 is approximately * 5 percent. This Wisconsin data is
plotted directly as it was '‘generated, but there is little confidence in
the absolute values of these reflectance curves.

We now continue with the error analysis of the reflectance values
by direct comparison of our results with those of others (28,34,38,40).
The infrared, plasma-edge, reflectance measurements of Turner et al. (34)
and of Haidemenakis et zl. (28) are given in Figure 35 along with the
author's results for CdaAsz. Better agreement in the absolute value of
the reflectance is had with the data of Reference (34).

The shortcomings of the present results are readily apparent in the

range of 0.1 eV (as discussed above). At 0.25 eV, the percentage error
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of the present results with respect to those of Reference (34), is + 8
percent. Note the strong similarity of this infrared plasma edge with
the ultraviolet plasma edge of Figure 31.

It is convenient at this point to digress, in order to define the
"optical” dielectric constant. If the assumptions be made that the room
temperature gaé of Cd3As2 is quite small ( ~ 0 eV), that the Restrahlen
absorption bands are energetically lower than the region of interest, and
that the fundamental-absorption edge is not reached until say 0.6 eV (see

Chapter I) then we may rewrite the classical Equation (215) of Appendix A

as follows

E=Km [1-—5—(21———-] (173)

where

w = | _e? ]1/2 (174)

meeo

is the plasma frequency for a single group of degenerate carriers. Two
asymptotic expressions for the reflectance can be immediately obtained by
use of Equations (138), (139), (150), and (155); the alternate pairs of

approximations to Equation (173) which yield the asymptotic expressions

are

w = w;s T (175)

and
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o <Kw, . (176)

The low-frequency approximation gives the Drude dependence for the re-

flectance. The high-frequency approximation is such that the asymptotic

expression for the reflectance decreases with decreasing energy. So a

minimum in the reflectance must exist in the range of angular frequency

w, - Figure 35 shows fthat both Reference (28) and (34) have found this

minimum at 0.05 eV.

For all members of this alloy system, we shall subsequently define
the "optical' dielectric constant Kl(O) to be the dielectric constant be-

tween the Restrahlen‘bands or the infrared plasma edge and the fundamental-

absorption edge. We have just seen that such a definition is compatible

with the optical properties of Cd3Asz, since the photon-energy interval

between the plasma edge and the fundamental ‘edge is so large.

At higher photon energy we compare our reflectance measurements for

Cd3As2 with those of Sobolev et al. (40) in Figure 36. The curves labeled

"B'" and 'C" are equally zero-shifted as indicated to prevent overlap. The
measurements of Reference (40) have been performed on single, unoriented
crystals and no error estimates have been provided. His 293°K data is
discontinuous not only in absolute magnitude, but also in shape. (Qur

data suffered background problems, as discussed above, in the encircled

region of Figure 36.) At 1.6 eV our data has an absolute error of + 21

percent with respect to the reflectance data of Reference (40). It is

difficult to account for an absolute error of that magnitude and sign,

since Cd3As2 (sample number 8) was badly cracked. Presumably the data
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of Reference (40) is not well disposed to an absolute scale.

When the data of Figure 36 are inspected more closely, it is seen
that our structure is poorly defined relative to that of Reference (40).
We can only assume that this lack of definition is due to the poor crys-
talline quality or that the damaged layer incurred during the mechanical
polishing has not been removed by the etchant. Between 5 and 12 eV,
Reference (40) also obtained a series of peaks labeled E5 through E9.

Sobolev et al. (38) has also performed rudimentary reflectance

measurements on Cd3P2. Figure 37 displays the present results for Cd, P

372
and those of Reference (38), whose curve is given in arbitrary units.
Their peak at approximately 4 eV is reasonable in view of our results.
Note the strong similarity of this peak in our results for all members

of this alloy system in Figure 27. The fact that Reference (38) has used

a polycrystalline sample of Cd3P2 leads us to believe that the departure

of our results from those (on single crystals) of Reference (40) in Figure
36 is attributable to a polycrystalline surface of our prepared samples.

The remaining portion of their data on Cd3P2 is unreasonable.

Optical Constants and Further Interpretation

As described in Chapter 11, we obtain the optical constants '"n"

and "k" from Equations (152) and (153), which are strictly correct for

normal incidence. The errors introduced by the assumption of normal in-

cidence are far less than the absolute error associated with our primary

data (97). Furthermore, these Equations (152) and (153) do not account

for anisotropy. Again we observe that our data appears to be representa-

tive of a polycrystalline surface so that the question of anisotropy be-

comes academic,
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Usually when the Kramers-Kronig dispersion integral [see Equations
(158-61)] is performed, an assumed form for the reflectance "R" must be
used above the highest photon energy investigated., In semiconductors and

insulators this assumed contribution to the calculated phase shift 9 is

then adjusted, by choosing the upper limit of the integral, so that the
phase shift vanishes below the fundamental band gap Sg. There are worthy
alternatives (98,99) to this procedure; however, in large, we have adopted
this more usual method.

Our assumed form for the reflectance above 21 eV, moreover, is not
completely arbitrary. If indeed the absorption above 11 eV is due mostly
to the Cd 4d levels, then the reflectance curve of Figure 32 for Cd3As2

provides an "assumed" form for all members of this alloy system. The

analytic form which therefore describes the reflectance of all the alloys

above 21 eV has been assumed to be

R(E) = R(21 eV) exp[~ 0.111(E - 21 eV)] . (177)

That portion of the reflectance data below the adjusted, upper limit has
been numerically integrated by means of a computer program kindly fur-

nished by Shay (100). The integration is performed in such a manner that

the only approximation involved is the assumption that the straight-~line
segments between data points accurately represent the true reflectance
curve.

With the exception of samples numbers 6 and 7, the upper energy
limit to the integral has been progressively decreased until the phase

shift vanished. The practical "zero" for this vanishing has been
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arbitrarily chosen tc be 0.015 radians (~ 1°). The gap energies Sg at
which the phase shifts vanish are the room-temperature gaps 0.135, 0.175,
0.175, 0.233, 0.233, 0.37, 0.457, and 0.51 eV for samples numbers 8 through
1, respectively (12). The resultant values of the upper energy limits to
the phase shift integral are 32.5, 22.5, 37.5, 62.5, 85.0, 75,0, 75.0,

and 70 eV for samples numbers 1 through 8, respectively.

The energy limit of 22.5 eV for sample number 2 in&icates the pre-
sence of a systematic error, since no sizeable extrapolation has been
found acceptable. Figure 30 shows that in the plasmon region (~ 9 eV)
the reflectance for sample number 2 is much higher than the reflectance
of the other alloys. The upper energy limits of 75.0 eV for samples num-
bers 6 and 7 will be further discussed below. We merely remark here that
the difficulty encountered with the choice of a limit has arisen since
the relative error of the reflectance data in the range of their gap en-~
ergies of 0.175 eV is large, as discussed above. This technique of forc-
ing the phase shift to be zero below the fundamental gap Sg is obviously
very sensitive to the relative error of the reflectance in the range of
the gap.

The results of the Kraﬁers-Kronig dispersion integrals are conven-
iently displayed in the form of curves for the dual quantities "n'" and "k".
These curves are presented in Figure 38. The zero shifting for either
family of curves is in the.successive amount of ome unit,

At this point of the discussion, it is convenient to compare our
results for "n" and "k" with those of others for Cd3Asz. Haidemenakis
et al. (28) obtained the value of 4.04 for "n", by fitting Equation (173)

_k 12y,

to their data of Figure 35 (q=° We have obtained at an energy
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above the IR plasma edge, say 0.4 eV, the value of 4.3 for "n" in Cd3Asz,
More careful inspection of this same Figure 35 indicates a slight decrease

in our reflectance for Cd3As2 as a function of increasing energy (below

0.6 eV). This decrease in reflectance manifests itself in Figure 38 as a
decrease in '"n" as a function of increasing energy in Cd3As2
For further comparison, Zdanowicz (33) found values of 5.0 for "a"
and 0.04 for "k" [k = co/2w, from Equation (123)] at 0.413 eV (3 microns).
From Equations (150) and (155) these 'm, k" values yield a normal-incidence
reflectance of 0.44, which is even 10 percent greater than our value (re-
call that our reflectance was greater than that of References (28) and
(34). More importantly, this transmission work of Zdanowicz leads to an

energy dependence for "

n" that is opposite ours., In view of this result
of Zdanowicz and the results of both References (28) and (34) in Figure
35, we therefore assume that our data for Cd3As2 is in error in this spec-
tral region. The cause of the disagreement is unknown to the author.

Also Zdanowicz has found a sharp peak in "n" at about 0.6 eV. This
peak has been associated (33,37) with the fundamental-~absorption edge.
The underlying transition’is thought to be zone centered in the real crys-
tal structure (F15 - Fl). Our Cd3As2 data exhibit only a weak shoulder
in "n" at 0.6 eV (see also the reflectance structure labeled Eo in Figure
35).

Now use is made of the relations given by Equations (140) and (141)

to obtain the dual quantities Kl and K the components of the complex

25

dielectric constant. The families of these quantities are given in Fig-
ure 39. As usual, the structure in the reflectance is seen to follow

curve, This structure is sensitive to the

that in the corresponding K2

(below 0.6 eV).
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relative value of reflectance, and precise values of absolute reflectance
are not necessary for these correlations, Since KZ is the entity which
relates directly to the theory of interband transitions, we now complete
the justification for the above discussion of the transitions in terms of
the primary reflectance data. We further note that the structural corre-
lations given By Equations '(146) and:(147) are operative. For example,

Kl is large where the élope of KZ is large; KZ is large where the slope of
Kl is large and negative.

We now turn our attention to the structure below 0.7 eV. The struc~-
ture in this particular reglon is sufficiently well defined as to be amen-
able to a description in terms of the joint density of states; that is,
we believe that we recognize a couple of the characteristic shapes in KZ.
As discussed in Chapter II, these characteristic shapes resemble four basic
forms (Mb’ Ml’ MZ’ and M4) of the joint density of states in the range of
allowed transitions at critical points which are also symmetry points,

This structure in K1 and KZ’ along with the reflectance "R" is illustrated.
in both Figures 40 and 41.

With the exception of Cd3Asz, we have marked two discontinuities
in the slopes of the K? curves. The solid arrow locates what appears to
be an M.o critical point, and the dotted arrow locates what appears to be
an M1 critical point. In the case of Cd3Asz, the dotted line appears to
locate an MO critical point; however, we recall, from above, that we have
encountered serious relative errors in our Cd3As2 data in this region.

We have been aided in the determination of the location of the M,

critical points by the room-temperature gaps Sg of Wagner et al. (12).

The underlying transition is PlS e»Fl, according to Lin-Chung's B.S.
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calculations. Figure 42 gives a plot of the location of this MO critical
point as a function cf the alloy composition. Note the good agreement
with the transmission edges found by Reference (12). Our tentative loca-
tion of the M1 critical points may represent a new contribution to the
knowledge of the band structure of these alloys.

|

These critical-point identifications are made in the following

manner. The sharp rise in the K, curves at the point located by the solid

2
arrow is characteristic of an MO critical point (58). Were this M0 crit-
ical point the only nearby contribution to the joint density of states,

one would further expect Kl (and "R'", since "k" is small here) to peak at

the same location. We observe that in all cases, except for Cd the

BASZ’
Kl curve peaks above the location of the MO critical point. An explana-
tion of this relative shift in structure is readily obtained if the change

in slope of the K2 curves, located by the dotted lines, is due to an M

1

critical point. An M1 critical point gives rise to peaking of the Kl
curve slightly below the location of the Ml critical point (101). There-
fore, we find that our interpretation of two nearby critical points, M.O
and Ml’ contributing to a peaking of Kl (and "R") between the location of
these critical points is quite consistent with our dielectric constants,
The location of the Ml critical point is in qualitative agreement
with Lin-Chung's B.S. calculations. The X point and the T" point of the
hypothetical structures are equivalent in the real crystal structure: the
X point becomes a ' point. We, therefore, envisage the direct transitions
in the real structure giving rise to the M1 critical point to be rlS - X1

in these alloys. We are unable to identify the exact type of critical

point in Cd3As2, but we assume the same transition is involved. Lin-Chung




1.0

0.7

0.4

0.3

CRITICAL POINT LOCATIONS (eV)

0.2

0.1

154

_—

REFERENCE (13)

REFERENCE (12)

PRESENT RESULTS

O
<
>

0 A 2 3 4 .5 .6
Cd:‘lpz X i CdaASz

Figure 42, Location of the Band-Edge Critical Points as Determined

by the Structure in Ko

B .8 8 1.0




155

has calculated this transition rlS - Xl to be of energy 1.2 eV in Cd3A52,
and believes that it corresponds to the direct gap Eg found by Zdanowicz
(33) at 0.6 eV. 1In Cd3P2, she calculated the transition rlS - X, to be

1
of energy 1.875 eV. We find this transition at 0.63 eV in Cd,P, and

372
therefore have the same qualitative agreement with the B.S. calculations
as did Zdanowicz for Cd3A52. Figure 42 also displays the composition

dependence of this M1 critical point, and includes, for reference, the

low-temperature gaps given by Equation (16).

Errors in the Optical Constants

A minimum measure of the accuracy of the low-energy dielectric
constants is obtained by comparing the optical (~ 0 eV) dielectric con-
stant Kl from Figure 39 with Kl(O) of Equation (l44). We have integrated
this equation by means of the trapezoid rule, and the successive contri-~
butions to this integral are depicted in Figure 43, in which these curves
are repeatedly zero-shifted in the amount of five units. The similarity
to curves of the group IV and III-V compounds is apparent (102). The
near saturation at phoron energies below 5 eV is evidence that strong
interband transitions at critical points below this energy are mainly
responsible for the value of the low-energy dielectric\constant. The
total values of the integrals4are taken, arbitr;rily, to be the intercepts
of the curves with the ordinate at 22 eV.

These total values of Kl(O) are now- compared with the optical (~0
eV) dielectric constant Kl in Figure 44. For reference, the optical die-
lectric constant of germanium is 16.6. It is seen that the curves differ

by approximately * 10 percent, so we must consider this inconsistency to
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be a minimum estimate of the error in the dielectric constants in the low-
energy region. We further admit of possibly large absolute errors, + 15
percent, in the reflectance "R" in this same region (see above). Since 6
has been assumed to vanish here, Equation (152) yields a further average
contribution of * 15 percent to the error in Kl (Kl = n2 in this case).
This is an "average'" contribution, since we have used the average value

of the reflectance, 0.37, for these samples. By combining these two
sources of error in Kl’ we finally obtain the estimate of + 18 percent

for the percentage error in our optical dielectric constants.

Similar estimates could be made for higher-energy regions. Let it
suffice to way that in view of the above comparison (see Figure 35) of our
primary data with that of Reference (40) for Cd3A52, particularly above
6 eV, we believe our optical constants are only qualitatively correct.

At any rate, they are surely not represeﬁtative of a single crystal.

The expression ('"partial® sum rule)

. [ 2 1 ' '
o e = | 20/N(he) ] f E,ENE" (178)
or in practical units
n = (0 04617 x 1022 cm-3/N> | €', (E')de!’ (179)
EFF ’ 2 i

yields an effective number of free electrons contributing to the optical
properties over a finite range 0 to & (102). "N" is the atomic density

of the solid in units of cm-a. If we again cavalierly disregard the
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possible anisotropy ¢f these samples, we may apply this expression to our
results for KZ. The successive values of Dopp which we have obtained are
displayed in Figure 45. The atomic density "N'" has been obtained by mak-
ing use of the number of formula units "Z" (Z = 32) per unit cell and
Equation (8).

Since there are exactly 3.2 valence electrons per atom, we are
somewhat surprised to find that these curves nearly saturate (before the
rise at 12 eV) at a value of approximately 2.2. In particular, since the
cadmium d-band transitions are expected to overlap nearly the tail of the
fundamental-absorption spectra in these alloys, we should look for an en-
hancement of - ovel the valence electron contribution of 3.2, This
enhancement has not been found to be the case, and we attribute this fact
to reflectance values which are low in the spectral region above 6 eV.

Sample number 2 appears to represent a favorable counter example
to the failure of N FE to reach higher level; however, this sample was
found to be inconsistent with our Kramers-Kronig extrapolation scheme (see
above). It is appropriate to mention here that the high-energy limits to
the phase-shift integral for samples numbers 6 and 7 were chosen so their

respective values of n, were consistent with the other members of this
Jed

FF
alloy system.

As mentioned above, the f-sum rule for interband transitions which
involve the valence bands is nearly exhausted in the range of 9 eV. This
remark is complimented by these curves of DL P It is also usually the

case that these valence electrons, in conjunction with d~band contributions,

are able to participate in bulk plasmons (see Appendix A). Figure 46 in
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fact shows a broad peak in the characteristic-energy~loss function Im(l/E).
If our primary data indeed drop too fast in this photon~-energy range,
then these peaks provide a lower estimate of approximately 9.5 eV for the
plasmon energy. For comparison, the free-electron plasmon energy, due to
the valence electrons only, is 13.13 eV for Cd3Asz. This latter number
is given for crude comparison only: it is well known that not only do the
d-bands enhance the effective number of electrons available to contribute
to a plasmon, but that the d-bands (electrons) provide a measure of shield-
ing of the Coulomb interactions.

Furthermore, the dependence of the plasmon energy on the volume

-1/2

of the unit cells is weak (E_ ~ V ). Since the unit-cell volume

change from Cd3As2 to Cd3P2 is small, we do not list the free-electron
plasmon energies for the other alloys. The step-like structure around 2

and 4 eV corresponds to the single-electron excitations discussed above.

Summary

In this chapter several aspects of the optical properties, as re-
lated to the electronic structure, of these alloys have been discussed.
We summarize here some of the main results that we have obtained.
< The near-normal-incidence reflectance spectra were presented in
Figure 30. The high=~energy limit of our measurements was extended to 30
eV for the end-member (:d3As2 (see Figure 32). The relative error of data
was large at the low-erntergy limit (~ 0.1 eV). Comparison with the work
of Sobolev et al. on both the single-crystal Cd3As2 and poly=-crystal Cd3P2
led us to the conclusion that our measurements were representative of

- poly=-crystalline prepared surfaces.

v
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Above the fundamental-absorption edge, we compared the reflectance
structure directly with the band-structure calculations for Cd3As2 and
Cd3P2. This reflectance structure was similar to that of III+V compounds
in the range of 2 eV. We obtained the estimates of 0.35 eV and 0.067 eV

for the separation of the spin-orbit-split transitions near the L point,

'

in Cd3As2 and Cd_ P, respectively.

3F, At 4 eV, the reflectance structure ap-

peared to differ from that of III-V compounds,

The low-energy structure was discussed in terms of the "joint dens-
ity of stdtes." The joint density of states (actually Kz) was obtained

from the Kramers-Kronig generated optical constants. The optical dielec-

tric constants ranged from 14 to 18 for Cd3P2 to Cd3Asz, respectively.

The application of Philipp and Ehrenreich's "partial" sum rule

yielded values of DEEp which appeared low; this inconsistency suggested

that our absolute-reflectance values beyond 6 eV were low.

Although the values of the absolute reflectance effect the applica-
tion of sum rules and a Kramers-Kronig analysis, the position of structure

in the reflectance data remains relatively unchanged. As a consequence,

the above results are presented in terms of the chemical shifts of the

structure in K_ or "R".

9 We present these findings in Figure 47. The

upper two curves were obtained from the peaks in the reflectance data;

the lower two curves, from the structure in Kz. The data presented in

Figure 47 suggests a sharp change of transitions involved at an anion
concentration of 50 percent in the energy range of 4 eV. Other interband

transitions seem to change more gradually with anion concentration.
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Recommendations for Further Research

With Figure 47 clearly in mind, it is apparent that we have just
begun to unfold the optical prope;ties of these alloys. The infrared
region needs more careful study; in particular, verification of our tenta-
tive assignment rlS a-Xl is desirable. More refined data in the range
of 2 eV would permit a following of the spin-orbit splitting as a function
of composition. As w2 review the probable assignments in the range of
4 eV, it is clear that our results are limited by the absence of the
availability of good crystalline surfaces. To permit a clearer under-
standing of the underlying transitions therein, much more attention has
to be given to the subjects of crystal growth and sample preparation.
Finally the elusive, photon-energy range beyond 5 eV requires a combina-
tion of improved sample-preparation techniques and a cleaner vacuum en-
vironment. Any one of these regions, if carefully investigated at low

o
temperature (77 K), would prove a worthy subject of investigation.
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APPENDIX A
THEORETICAL CONSIDERATIONS

The Classical Oscillator Model for Dielectric Constants

The purpose of this treatment is to review a simple classical model
for the interaction of radiation with a group of electronic oscillators as
well as to precisely identify the terms which will enter into the equations
of motion. We begin with a microscopic picture of a singleﬁnonrelativistic
particle of mass '"m" and charge "e" bound by a spherically symmetric, lin-
ear, restoring force nwo§: Because we are considering steady-state os-

cillations, we use the Abraham-Lorentz (49) equation

m(- 1% +F +TE+ u):':?) = - eE_(t) (180)
where
Em(t) = Eoexp(- iwt) , (181)

the incident, microscopic electric field in the dipole approximation,
provides the driving force. This equation includes, in an average way,

radiation damping; the characteristic time T is given by

r=|16me)] e2/me®] . (182)
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The resistive term m{''X will be shown to measure the strength of non-
electromagnetic dissipative effects (this is not known a priori). The

steady-state (homogeneous) solution to Equation (180) is given by

X = - (e/m)ﬁo exp (- iwt)/@»ﬁ - w2 - iwrt) (183)

where

P @ =T' + (/)7 (184)

is called the '"total decay constant' or '"total width"; the radiative decay

constant I' (60) is given by

r = wg T, (185)

We now introduce several total "“cross sections'". The accelerated

motion described by Equation (183) gives rise to the radiation electric

field

Erad = [Qio/eo)1/2/4n](- e/r)[ﬁx(ﬁxi'c;)]ret (186)

where

fi=F/r=G -9/|x" -% (187)

is a unit vector directed from the position X of the electron to the
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observation point at X', and the bracket is to be evaluated at the retarded

time
t'=t-r/c. (188)

The magnetic induction is related to this radiation electric field by the

relation

AXE . (189)
The incident energy flux is given by Equation (121)
= % « F k
{(s) (ceo/Z)Eo E k; . (190)
(Recall that we are presently using the microscopic fields.) It is con-

venient to describe this scattering of the incident radiation by the total

scattering cross section

o () = Energy radiated/unit time
sC " Incident energy flux

(191)

It follows from Equations (183) and (186) that this scattered radiation

is of the same frequency as that of the incident radiation.

The next cross section we introduce is the absorption cross section,

We begin with the expression

ac/dat = I E-J a°x! (192)
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for the rate of doing work on our bound electron, and we use the repre-

sentation
Jm = - ev §[X' - x(t)] (193)
for the current density. The dipole approximation is again used for the

microscopic field E;, which at this part of the derivation is generalized

to the form

Em(c) = f'j;‘m(w)e'i‘”tdw.- ' (194)

The total work done on the electron

— T o7 3 1
AE = Lodt E +J d°x (195)
becomes
AE = - e I v-E dt (196)
= m

We now also Fourier analyze x(t), substitute into the Equation (180),

and then obtain the solution

T = - (/MEW/G - o - 1l (197)

Compare this Equation with Equation (183). Jackson (49) shows that we

finally obtain the result
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AE = (ez/m) f {l%ﬁ@u)lz ZwZTt/[ng - wz)2 + wzftz]} dw. (198)

o}

We define the energy absorbed per unit frequency interval to be
2 o 2 2 2
a€/aw = (*/m B | % 27T /w2 - 0D+ o 21, (199)

f= 3
where we now consider Em(t) to be essentially monochromatic; so we can

rewrite this equation in the form
a€/aw = (*/m[E @)|* 27T /167 - oB? + o7 2. (200)

This expression is now formulated in terms of the same incident electric
field as used in Equation (181). We describe this absorption of the inci-

dent radiation by the absorption cross section

o (W) = Energy absorbed/unit frequency
abs " Incident energy/unit area-frequency

(201)

The time-averaged incident energy per unit area per unit frequency is

given by

( Sy'=4[sec?] ( 8) (202)

where { S) is given by Equation (190).

The evaluation of Equations (191) and (201) yields the results
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(a)/wo)zr. (203)

o (w) ’
o e e
S (w(z) - w2)2 + wzrtz

cabs(w) T (204)

By comparing Equation (184) with Equation$ (203) and (204), we are led to
the following interpretation.

In the derivation of the cross section for absorption, we began
with the microscopic Equation (192), which gave the mechanical energy
absorbed by the oscillator; as of yet we have not answered the question
of whether it was re-emitted as radiation or dissipated in some other way.
The virtue of this derivation is that such questions are answerable; the
radiative reaction force m-rﬁ' was introduced into Equation (180) such
that field and mechanical energy are simultaneously conserved. These two
cross sections have been defined, accordingly, so that their difference
is a direct measure of radiation which has been absorbed, but not

re-radiated. So we dafine the '"reaction" cross section by the equation

o () = dabs(w) -0 . W, (205)

When use is made of Equation (184), we can summarize the results

as follows:

cabs(w) ( / )21_, S rt
w/w
csc(w) = 6n(eopo)-1 5 5 g Zr 5 Gn/wo)zr. (206)
(wo -w)" +w ‘
cr(w) . !
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The Classical Polarizability

We proceed to consider the electronic contribution to the induced,
molecular polarizability of a solid (59,103). Since the contribution of
the damping term mI“ﬁTin Equation (180) has been properly interpreted, we
may ignore the radiation damping term —f%iin the following discussion

(49,104). The solution to Equation (180) becomes
%= [- (e/m)/ @ - o - iwr"IE . (207)
The induced dipole moment is
p_= - ex, (208)
so the molecular polarizability & is given by
& = [/ - w? - ial")]. (209)

To account for the total number of electrons "Z" per molecule, we
introduce the oscillator strength fj' We say there are f, electrons with

binding frequency(ﬁoj and damping constantI"j. We immediately have the

f-sum rule

ij = Z (210)

and the expression
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o =:ZjL(fje2/m)/(w§j - w2 - iij')] (211)
J

for the molecular polarizability. If we neglect "local-field" (internal-
field) corrections (104) and define the macroscopic fields E and F.by

means of

|
il
S~
|
=)
s

(212)

and
P = Np (213)

where the bracket denotes a spacial average and '"N" gives the number of

identical molecules per unit volume, we will obtain the Sellmeyer formula

(105)
K = efe, = 14X =1+ (N&/eo) (214)

for the complex dielectric censtant,
We now regroup terms from Equations (211), (213), and (214) and

write

K = []. +Z wij/(wsj - w2 - iwl"j')] (215)
3

and
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_ 2 1/2
wlj = [Nje /meo] . (216)
Here Nj (Nj = ij) is the concentration of electrons of the jth group.

When free electrons (not external) are also present, the above derivation

remains valid (48): merely replace ubj by zero. The complex dielectric

constant of Equation (214) then becomes

K=1+Xb+Xf (217)

where the ib and if are the bound and free electron contributions to the
induced susceptibility, respectively.
We now make the observation that for sufficiently weak damping and

sufficiently high frequency (if the electrons are bound) we may write

Equation (215) as

k=1 - (wp/w)z (218)

where

5 1/2
()] =Ew _] 219
P . 1) (219)
J
is the angular frequency for which the real part of the dielectric con-

stant vanishes while the imaginary part is small; this frequency wp/Zn

is generally called the plasma frequency. We explore the consequences of

the vanishing of the complex dielectric constant in the next section.
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Dielectric Energy-Loss Formulation

We remark that in the treatment, above, of the interaction of
radiation with the sclid we have assumed that it is legitimate to calcu-
late the effect of the incident radiation on one electron in the molecule
at a time, and then sum up incoherently the energy transfers to all the
electrons in all the molecules. This same assumption underlies the dis-
cussion in Chapter II; therein, it was assumed that we could account for
the interaction of the incident radiation with our valence (44) electroms,
if we considered excitations of single electrons. Such "one-electron
spectra'" (54) accurately describe many optical properties of solids.

On the other hand, theoretical studies (106-9) and experimental
studies first carried out by Watanabe (110) have demonstrated the exist-
ence of collective excitations in a solid. Experimental studies have in-
volved measurement of the angular distribution of the inelastically scat-
tered, fast (~ 10 keV) electrons, which have traversed thin foils. More
recently (111-3) reradiation (following excitation by electron bombardment)
associated these collective excitations in thin films has been detected.

We momentarily return to a microscopic picture of our '"classical"
solid and consider the energy transfer (49) which occurs in Coulomb col-
lisions. The kinematics of energy and momentum conservation show that

most of the energy loss of a fast, incident, charged particle is to the
electrons, and we use the approximation (which is better for a massive
particle) that the incident particle is negligibly deflected in a single
collision. At small impact parameters, the effects of the binding force

mwg X are negligible. At large impact parameters, it is found that not
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only must the effects of the binding force be considered, but that the
Coulomb interaction becomes screened due to the polarization of the mole-
cules between the incident particle and the electron at the given large
impact parameter. An incoherent (one-electron) treatment, similar to
that for the interaction of radiation with the electrons, is therefore
found to give erroneously large contributions to the energy loss due to
unscreened collisions at large impact parameters.

When we use a dielectric formulation for the energy loss suffered
by our incident particle, it is clear that we are using macroscopic fields
in the continuum approximation. This approximation will not be good for
the impact parameters of the order of molecular dimensions, but will be
valid for the great bulk of the collisions.

We seek here only the principal result of a dielectric formulation
of the energy loss. It has been shown (114,115) that the maximum infor-
mation obtainable is contained in the imaginary part of [l/ﬁ(k,w)]. The
arguments of the complex dielectric comnstant have the same quantum me-
chanical interpretation as in Chapter II (see Intraband Transitions): the
momentum transfer hk and the energy transfer hw are those involved in a
single inelastic scattering event. We now outline a derivation of this
important and revealing result.

A particle of charge Ze moves with velocity v in a solid. The
fields of the particle induce a polarization field which in turn gives
rise to an electric field E at the position of the incident particle;
the field E tends to“oppose the motion of the incident particle. The
power loss -dE/dt can be written -ZeE.v and the stopping power, or energy

loss per unit length, is given by
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- v lag/de = - zeE.v/v. (220)

- If we represent the incident charge density p(T,t), which passes

the origin with velocity v at the zero of time, by Zeé(;-;t), we obtain

the Fourier components

S(K,0) = [Ze/(8m°) 16 (w-k-v) (221)

I (k)

e [Zev/ (81)° 16 (0-K+7) (222)

for the charge and current densities, respectively. For the choice of
gauge in which the scaler potential ¢ vanishes, Equations (51) and (52)

yield the longitudinal and transverse components of the vector potential

as follows:

A 0 = - [ze/(8n° ) (R (o-k- W)/ (KW (o)1} (223)
- 3. =& a = ==, =2 2etr i
Ap(R0) = [Za /(8701 [v-k(k-9) 18 (-k-9)/ (K2 /) KT ()] (224)

This expression for:XT(E;D) was obtained with the aid of Equations (36),

(37), and (60); these cther equations yield

fET = K 4+ (c/w) 2R - (LK )1 (225)

The term [V - k(k-¥)] gives the transverse component of the velocity v.
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The electric field is given by
E(r,t) = EL + ET; (226)

for our choice of gauge (¢ = 0), the longitudinal component of the elec-

tric field is given by
_ . 3 - T T = —ZE == =9 3
EL(r,t) = [-iZe/(8m eo)] r {k exp[ik-(r-vt)/kK (k,k.v)}d k (227)

A similar expression occurs for ET' Since we seek the electric field at

the point r equal to ;f, Equation (227) simplifies to

E (ve,t) = [-ize/(8rn e )| [R/EK (k,k-¥) 1k (228)

The change of variable of integration and replacements

k.v = kv = w', (229)
3 2
d"k = 2nk"dkdE = 2nkdkdw'/v, (230)
and
- - — 2 - 2
k- vk.v)/v. = w'v/v (231)

lead to the form given by Linhard (114)
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o kv _
E, (Vt,t) = [-12ev/ (4n’e w1 [ k_ldkj [w' /K (F,w)1dw'.  (232)
To kv

From the reality of E(;,t) and B(;,t), and from Equation (42) we have
~ — N* ——
K(-k,-w) =K (k,w). (233)
For a solid possessing inversion symmetry we have

€ (k,0) =K (-k,w); (234)

so that for such a solid we have the further relation

(K, -w) = K (R,0). (235)

Stern (48) shows that under these conditions Kl is an even function of w

and Ko is an odd function of w. We therefore obtain ‘the stopping power

in the form

o kv
v lag/ae = [-z2e2/(2ngeov2)] [ k'ldk[ o' Im[1/R (k,0') 1do'  (236)
‘o Yo
plus another term which comes from the contribution of the transverse
component of the electric field E&. This latter contribution is usually
much smaller and gives the energy loss to Cerenkov radiation. Equation

(236) displays the principal result of a dielectric formulation of the

stopping power. Large contributions to the stopping power come from those
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regions of the spectrum where the imaginary part of the reciprocal of the
dielectric constant is large; that is, from regions for which E(E,w) ap-
proximately vanishes. 1In retrospect, we see that the charge-density
fluctuation S(E,w) coupled with the longitudinal field, so that in a
theoretical investigation of the normal modes of oscillation of the ideal
electron gas, one calculates the "longitudinal" dielectric constant. The
addition term in Equation (78) is retained in such investigations.

It is well known that quanta of long-wavelength oscillations

(plasmons) exist in the free-electron gas; their angular frequency for

infinite wavelength is given by

o = ve?/me 1M2. (237)
Compare this Equation (237) with Equations (216) and (219). Ehrenreich
and Cohen (116) calculated the longitudinal dielectric constant for a
real solid and claim that for vanishingly small wave vector, the longi-
tudinal and transverse dielectric constants are equal. This equality,

as pointed out by others (109) also, leads to the results that the plasma

frequency of zero wave vector and the damping of these oscillations in the

solid may be deduced from optical data.

Merit of the Transition Rate as Given by the Golden Rule

In Chapter II we obtained the following expressions for the inter-

band contribution to the complex part of the dielectric constant:

KZ = [ﬂeZ/(m2€d”2)] |M|2ij (238)

N EU O S PIp
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M= (gl 8, Plug) (239)
3. = [2/¢2)°] j ds=/|v=[€ (E)4- €. (1| (240)
mj K K- m J

Using a self-consistent field method, Ehrenreich et al. (42,116) found

the expression

~

~ _ 2 3 3 ot =
K =K(O,w) =1 - [e/(4n"me ) J d'K 2 f[Ej(K)]f:lj (241)
jm
X W - W + (i/7 )]-1[w + w + (i/7 )]-1
jm jm jm jm

for the interband contribution to the complex dielectric constant; this
expression was obtained as the limit (as k » 0) of the "exact" frequency-
and wave-vector-dependent, longitudinal, complex dielectric constant
E(E,w). This limit (as k - 0) is equivalent to the apéroximation of
Equation (94); this approximation gives rise to the descriptive name
"wertical" transition. The term f[Ej(E)] is the Fermi-Dirac distribution
given by Equation (83). The angular frequency wmj is given by

{[Em(i) - Ej(i)]ﬁﬂ. The oscillator strength is given by

b b2
fmj = [(2/I1wmjm)] |pmj| (242)
and

-1
Prs = Op (gl P lgp) (243)
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where the Bloch functions are normalized to the volume QD of a primitive

cell of the direct lattice.

We note a strong similarity between this quantum mechanical result,
Equation (241), and the classical result, Equation (215), What we seek

now, however, is a detailed comparison of Equation (238) with Equation

(241); the exercise is fruitful.

In the range of optical frequencies the phenomenalogical relaxa-

tion times ij in Equation (241) are long; that is, we have

> 1. (244)

If we introduce the variable 7T so that

m=1/t im (245)
is used in the prescription
limit _ .
M50 x + 1M = @/x) - ind(x) (246)

where "P" denotes the Cauchy principal value and "“8" denotes the Dirac

delta function, we immzsdiately obtain the expression

€, = [ez/(lmzmeo)] J 3k Z £LE, (E)]fijé(wjm-iw)/(w—wjm) (247)
jm
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= [/ (8 ’new)] f a3k E'f[e.(i)]f“.a(m. + w)
o . ] mj Jm
jm
for the complex part of the dielectric constant.

An interchange of indices "j" and '"m" changes the sign of fi. ac-
cording to the denominator of Equation (242); otherwise, the terms j,m
and m,j in Equation (247) only differ by their occupancies f[Cj(E)] and
f[Cm(E)]. Equation (84) provides a simple interpretation of this rela-
tionship between the occupancies. We can now rewrite Equation (247) as

a single sum over initial states

2 2 3 "
= - X -+ .
K, [e”/(8n meow)] J d KZ {F.D.} fmjé (wjm w) (248)
3
In addition, we now restrict our attention to the contribution of a
single pair of states "m" and "j"; the integral over the Brillouin zone
widens the scope of our attention to a single pair of bands. We further

assume that the lower band is full and the upper band is empty. Equation

(248) becomes

=
i

p = ¥/ @n’mew)] [ Px ow +w (249)

2 3 " — = ;
e/ (B me @)1 [ & £ 61E @ - €@ -hol.
The property of the Dirac delta function

b , -1
[ sostzmiax = ) sex) [os/ox (250)
a

X X=X
(o] (o]
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where f(xo) vanishes, when generalized to three dimensions, allows us to

rewrite Equation (249) in the form

¢, = [’/ (an’me 01 [ asg £ /]916,60 - €,®1]. (251)
The sum in Equation (250) becomes an integral over that surface, in K-
space, on which energy is conserved; that is, that surface on which the
term [Sm(E) - iji) -hw ] vanishes. As was done in Chapter II, we assume
that fij is a constant over the Brillouin zone. We may now replace wmj
by w in Equation (242) and regroup terms in Equations (242), (243), and

(251) as follows:

KZ = [nez/(ngeow)] lpijZij (252)
-1
P = % (gl Plugy) (253)
3. = [2/ 03] [ asgl|vg1e, @ - €, (254)
mj K K" "m i

We have introduced the joint density of states de by regrouping terms.
At this stage of the analysis of Ehrenreich's result, it.is convenient to
compare Equations (238), (239), and (240) with Equations (252), (253), and
(254). Only the matrix elements "M' and ﬁ;d have yet to be shown to be
equivalent. The momenftum operator p“ was chosen parallel to the direction
k of the propagation of the longitudinal wave in Ehrenreich's treatment.

We are at liberty to choose our unit vector 30 of Equation (239) parallel
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to any direction; in particular, the p-direction of Equation (253).
A remaining detail in this comparison is that of the choice of

normalization in Equation (239)
M= (u | p“|uij)v (255)
and Equation (253)

-1
Paj = Op (%n]p’ilu'lzj)cell' (256)

The normalization to the total volume "V" of the solid may be shown ex-

plicitly in Equation (255) by writing
lV'l/Zufm) e o) (257)
so that Equation (255) becomes
M= (/9] (g | ug ), - (258)
If we recall that the Bloch functions are periodic in the direct lattice,
then it is seen that we obtain a large number of identical contributions

to this integral (Matrix element). When the total number of primitive

cells is given by the parameter "N", we obtain

M = [N/V](%h’uiuij)ceu (259)
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where the integration is now .to be performed over the volume of a single

primitive cell. Since [N/V] is Q_, by definition, we have demonstrated

D’
the equivalence of Equations (255) and (256).
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APPENDIX B
EXACT GEOMETRY OF THE GRATING DRIVE

As seen in Figure 13, the grating holder is directly supported by
a horizontal yoke which permits tilt adjustment; the combination of hori-
zontal yoke and grating holder rotates through angle 6 by means of a ver-
tical yoke support and a drive screw which is spring loaded against an
arm attached to the horizontal yoke. The rotation of the grating is about
its vertical tangent (the Rowland circle defines the horizontal plane).
The radius of the rounded rod, against which the end of the screw is in
contact, is much smaller than that of the arm.

Figure 48 gives a simplified view of the drive; the rounded stock
is drawn oversized for clarity. The grating rotates about point "0",
The screw translates along the line "X" and makes contact with the en-
larged rounded stock of radius "r" at the intersection of lines "X" and

"L", DNow, from Figure 48 we have
P=(L -X) s (260)

Z"=R +1r, (261)

and

L% = z% 4+ % - 22r cosy. (262)
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Also we have the relationship

cosp = & LI, (263)
Substituting Equations (263) and (261) into Equation (262), one finds
L = R2 - 2rX. (264)
Finally, since we may write

sind =

ol k]

) (265)

and by substituting Equations (264) into Equation (265) one obtains the

desired expression

sing = £ [1 - rx/rRH17Y2, (266)

wm

We now make the following valued assignments:

R = 3.00", (267)
r = 0.0625", (268)

and '
X = DR/2800. (269)

(The radii "R" and "r'" were not precisely measured.) This last equality
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follows from the two relations (1) the pitch of the drive screw is 28
turns per inch and (2) there are 100 drum readings, DR, per revolution.
Since DR never exceeds 850, it is seen that a Maclaurin-series expansion
is in order; that is, Equation (266) becomes

ing = = X
Employing the grating Equation (165), wherein "d" equals mm/ (1200 lines)

and substituting Equations (267-270Q) therein, we have the result

A = 1.983 DR + 0.00000492 (DR)Z. (271)
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APPENDIX C
ZERO-VOLTAGE SWITCHING

The device that was constructed fell into the category of zero-
voltage switches. These devices used triacs (two complementary SCR's,
back to back) which had to be derated or not used at all for purely in-
ductive loads. Some of these devices had minimum-load requirements;
others had unknown characteristics due to compensation which the vendor
claimed allowed the use of their device on purely inductive loads. There
were even integrated circuits which triggered triacs at the zero-voltage
crossing. Armed with the above, a discrete-component zero-voltage switch
was constructed. Use was made of several commercial triacs, with varying
degrees of success.

A block diagram of the circuitry is given in Figure 49. "The sche-
matics, including the unregulated dc supplies, are reproduced in Figures
50 through 52.

Two General Electric triacs were tried; both made use of a switch
closure (relay) for triggering. The GE S200A3 internally generated its
trigger pulses, which enforced zero-voltage switching, as a result of an
imbalance in a resistance bridge which incorporated the relay; it promptly
ceased to work. The GE S100F5 did not generate internal trigger pulses.
The firing angle of this triac was simply determined by the resistance of
the relay contacts in shunt with a 500-K resistor; with the contacts

closed, it fired full cycle and vice versa. This latter triac performed

well until it was destroyed by operator error.
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A "Synchro-Reedac,'" manufactured by Grigsby-Barton, Incorporated
and provided with part no. GB 7200-0700-3-QS, almost met the desired "no
minimum-load" requirements. The GE triacs required large (10 Amp) re-
sistive loads in shuni: with an inductive load, whereas the Barton unit
only required a 0.5-A load in shunt with the McPherson spark—-gap supply.
There was one early failure with the Barton unit; since then, several
hundred successful hours have elapsed,.

Figure 53 displays the waveforms related to this chopper. The
"Chopped Line Voltage' was typical of the waveform obtained with the GE
units. The capacitor voltage was monitored by a resistance chain which
is not illustrated in Figure 26, for the sake of clarity. It is seen
that the RC time constant (see Figure 26) was small (0.5 ms) compared to
1/60 s. The overshoot which appeared on the capacitor was not permitted
to become so large as to cause an additional breakdown of the gap: there
was attendant gross instability if that occurred. This consideration

usually limited the d¢ current through the gap to approximately 12 mA

when the chopper was operative. The PM-tube anode pulses are seen to be

coincident with the gap breakdowns. Careful measurement has shown that
the radiation is emiti:ed as an after glow which reaches a maximum inten-
sity of 1.4 ps after the spark discharge., This picture of the anode
pulses could be obscured by the addition of dark-current pulses when the

ratio of signal to dark current was poor.
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