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High-resolution photoabsorption spectra were obtained in the range 40-200 eV for Mg-group-V alloys.

Sharp line structure was discovered for amorphous alloys of Mg-Bi and Mg-Sb near the

photoabsorption threshold of the Mg 2p core level. These lines were strongest for compositions
corresponding to the intermetallic compounds in the crystalline solid, and are thought to be due to the
formation of core excitons. The positions and shapes of the exciton lines contain information about
short-range screening, ionicity, and excited-state lifetime in the amorphous solids. Variation in the line

shape of the threshold is described by a critical exponent, and appears to be continuous between

compositions having insulating conductivity and compositions approaching metallic conductivity. This

supports the idea that the metallic L „,« threshold is a remnant exciton singularity. Exchange
interaction alters the relative strengths of the threshold doublet which originates in the spin-orbit

splitting of the 2p initial state. This electron-hole exchange suggests a compact excition wave function.
Furthermore, for sufficiently long screening lengths the excitons sharpened enough to uncover additional

structure, possibly due to higher-order members of an exciton series. The fact that excitons were not
observed in crystalline alloys of Mg-Bi is attributed to a change in conductivity and to the nature of
the critical exponent in the ordered phase.

I. INTRODUCTION

In amorphous solids, the circumstances for
which one might expect to find sharp photoabsorp-
tion structure are not intuitively obvious. One
might expect composition-dependent behavior in
nondilute amorphous alloys to be only weakly de-
pendent on small variations in alloy stoichiometry.
In fact, sharp structure can occur which depends
rather sensitively on stoichiometry, and which
therefore can be used to probe into the nature of
excited electron states in disordered systems in
general. awhile the physical properties of tetrahe-
drally bonded semiconductors, cha1, cogen, and
chalcogenide semiconductors have received con-
siderable attention, few other systems have been
extensively studied. Here we present high-resolu-
tion spectral measurements of the optical absorp-
tion due to electrons in the Mg-Bi and Mg-Sb alloy
systems. For the amorphous alloys, sharp photo-
absorption line structure is found in the soft-x-ray
region, probably due to the formation of core ex-
citons. Conductivity-dependent changes in the line
shapes contain information about electronic proper-
ties and interactions in the amorphous and crystal-
line phases, including short-range screening, scat-
tering phase shifts, and ionicities.

Resonances which may be due to exciton forma-
tion have previously been reported in the absorp-
tion spectrum of liquid Ga. Excitons have been
studied in liquid rare gases and in solid Xe-Hg
thin-film mixtures. Also, the infrared absorption
edge of amorphous Se has a nonconducting com-
ponent. 4 Arguments which have been made against
the likelihood of finding sharp exciton structure in
amorphous solids' pertain more to extended %an-

nier or band-gap excitons. The x-ray excitons are
shown to be compact. They are probably there-
fore less affected by disorder.

Among binary crystalline systems, Mg-Bi and
Mg-Sb occupy a middle ground between typically
metallic alloys and ionic crystals. The elements
involved are essentially immiscible except for the
formation of a single, thermodynamically stable,
homogeneous intermetallic phase. This phase sat-
isfies the formal 8 —N chemical valency rule if one
ascribes to Bi a —3 valence state (which is not one
of its commonly assigned valencies). Crystalline
MgsSbz (which we write c-Mg~sbz) is a, semicon-
ductor with a band gap of about 0. 8 eV. The
data for MgsBi2 suggest that it is a semimetal in
the crystalline phase. ' Simple electronic proper-
ties like the static dielectric constant and the Hall
mobility remain unmeasured in c-Mg3Bi3, and only
a few transport measurements have ever been made
on c-Mg, Sb,.' "

Only narrow ranges of solubilities exist around
0, 60, and 100-at. % Mg. However, uniform meta-
stable amorphous solids can be made at practically
any composition. %e used synchrotron radiation
to scan the spectral response of these amorphous
alloys from 40 to 200 eV. The advantages of syn-
chrotron radiation as a probe of electron states
has been amply documented. Ne paid particular
attention to the region of photon energy around 50
eV, corresponding to photoexcitation of the Mg 2P
core level, leaving a deep hole in the Mg 2p core.
The "impurity" potential of this hole, as screened
by the rest of the system, can bind the excited
electron and form a "core exciton" or "x-ray ex-
citon. " Evidence for such an excited state was
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found in amorphous Mg/i, „(which we write
a-Mg $31~ „), for values of x within a small range
about x=0.6. ' Excitons were also found in
a-Mggb, „where the screening length is longer,
covering a wider range of compositions. In the Sb
alloys it was possible to study the continuous trans-
formation of exciton lines" to the type of enhanced
threshold previously seen in metals. In Sec. II
we discuss the synthesis and characterization of
thin films of these amorphous solids. In Sec. III
there is a brief discussion of the experimental
technique. Several new points which emerged in
association with the present work are emphasized.
Absorption coefficient data are presented and inter-
preted in Sec. IV.

The composition-dependent behavior of the con-
ductivity, thermoelectric power, and temperature
coefficient of resistivity in a-MgJ3i~ „, suggests a
Fermi level moving through a pseudogap. ' Elec-
trical conductivity varies over more than five or-
ders of magnitude in a-Mg/i~ „, and over more
than eleven orders of magnitude in a-Mgpb, „as a
function of composition x. By controlling composi-
tion of the amorphous solid, the electrical conduc-
tivity can be varied continuously through a range
extending from a semimetallic or semiconducting
value (10 and less than 10 6 0 cm ', respectively,
at 80 K) to a typically metallic value (10'

-i~ so, sv, &8 One important implication of this
widely variable conductivity is that by controlling
stoichiometric composition of the alloys, screen-
ing length can be controlled simply by limiting the
number of mobile carriers available. Information
about crystalline and amorphous electronic proper-
ties is extracted from the conductivity- and order-
dependent line shape in Sec. V. A parameter is
suggested to quantitatively describe the strength of
the exciton resonance at threshold.

II. SAMPLE PREPARATION

A. Synthesis of amorphous samples

The equilibrium phase diagrams for the Mg-Bi
and Mg-Sb alloy systems show that these ele-
ments possess little mutual miscibility, except for
the existence of intermetallic compounds Mg3Bi~
and Mg38bz. The crystallized (equilibrium) solid,
Mg„Bi& „or Mg„Sb~ „for 0 x 1, is therefore a
polycrystalline mixture of two distinct phases, ex-
cept at x = 0, 0.6, and 1.

It is possible, however, to make uniform amor-
Pkous alloys a-Mg„Bi, „and a-Mg„Sb, „which are
at least metastable. These amorphous alloys can
be maintained amorphous and uniform as long as
their temperature is kept below their composition-
dependent crystallization temperature. They can
be made over a range covering at least 0.2~x~0. 8

by vapor co-deposition of Mg and the heavy element.
It was important to make samples of accurate and
uniform stoichiometric composition, and also to
keep them amorphous and stable through various
stages of the experiment, because the electrical
properties of the alloys depend on composition and
the degree of order present.

Samples of the II-V alloys were prepared in situ
for x-ray absorption spectroscopy by vapor deposi-
tion of 99. 995~yf) Mg and 99. 999% Bi or Sb onto cold
substrates in high vacuum. Typically an evapora-
tion required about 15 min. The two components
were coevaporated from separate resistance-
heated sources. The ratio of the fluxes in the two
evaporant beams was monitored with piezoelectric
quartz crystals. The two sources were specially
designed to have uniform time rates of evaporation.
This allowed the evaporation rates to be controlled
manually, without the benefit of any automatic feed-
back control, as is needed for less sophisticated
evaporation sources. Coevaporation is superior
to evaporation from a single source because alloys
cannot always be relied upon to evaporate stoichi-
ometrically.

Ordinarily quartz crystals are used to measure
deposited thickness. The adaptation shown in
Fig. 1 allows the relative coevaporation rates to be
controlled, so as to produce a uniform composi-
tion. The output frequency of the crystal oscillator
was compared with a reference frequency of a vari-
able-frequency oscillator (VFO) which initially was
set at the same frequency as the crystal. These
two outputs were fed into a mixer whose nonlinear
element generated sum and difference frequencies.
As evaporation proceeded, this difference frequen-
cy went from zero to a value which was propor-
tional to the mass which had been deposited onto
the crystal. This change in crystal mass was in
turn proportional to the mass which had been de-
posited onto the sample by the evaporation source.

Both evaporation components were monitored by

circuits of this type. The ratio of the two differ-
ence frequencies was displayed by feeding the
difference frequencies into a Monsanto 100A
counter-timer used in the ratio mode. An astable
multivibrator was inserted into the Mg-monitoring
half of the circuits to provide frequency division
and thus increase the sensitivity of the counter-
timer to nonstoichiometric coevaporation. During
deposition, the ratio of the difference frequencies
was kept constant as the frequencies themselves
changed with progressive deposition, resulting in
a sample of uniform composition. Judging by the
observed stability of the evaporation sources and

the measured stability of the coevaporation elec-
tronics and display ratio during actual coevapora-
tion, the compositions of samples reported here
are accurate and uniform to within 2-at. % Mg.
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B. Characterization of the amorphous state

Unlike amorphous Si or Ge, details of possible
short-range ordering are unknown in amorphous
Mg-group-V alloys, except for the presumption
that short-range stoichiometry is maintained. It
has been suggested that strongly composition-de-
pendent conductivity and thermopower imply "fair-
ly-well-defined molecular groups" 22 in liquid

Mg3Bia. It is claimed that a disparity of atomic
sizes is an aid to forming amorphous alloys. ~3

However even elemental metals have been prepared
in the amorphous state by lowering the substrate
temperature sufficiently. 2' %e were able to pre-
pare amorphous II-V alloys by vapor deposition on-
to substrates below 100 K. This cooling was
achieved principally by surrounding the thin-sus-
pended-formvar substrate with a nearly 4m solid
angle of liquid-nitrogen-cooled surfaces. This tem-
perature was maintained during the spectroscopic
measurements.

Mg„Biz „alloys crystallize at temperatures rang-
ing between 150-350 K. '7 It has been observed that
the conductivity of Mg, Biz rises by more than three
orders of magnitude when amorphous samples
crystallize. '~ Some samples were prepared under
identical geometry and evaporation conditions as
used for spectroscopy, except that the formvar sub-
strates were mounted on Teflon instead of copper.
For a-Mg3Bi2, the conductivity increased by a fac-
tor of 2. 3& 10 between 100 and 290 K. Most of
this change occurred rapidly at 270 K, which is
therefore identified as the crystallization tempera-
ture for MgeBi~. If a weighted-average melting
temperature is used, Nader's criterion for the
amorphous to crystalline transitiorP3 predicts a
crystallization temperature between 230-270 K.

The large change in conductivity shows that the
films were amorphous as deposited. Also, the op-
tical response was markedly different between low-

temperature as-deposited films and low-tempera-
ture films that had been cycled up to room temper-
ature and back. This alone implied that irrevers-
ible annealing had taken place.

Samples of both Mg„Bi, „and Mg„Sb, „whose ab-
sorption coefficients were measured at liquid-ni-

trogen temperature were also examined by electron
microprobe, transmission electron microscope,
and electron diffraction at room temperature.
Electron-microprobe examination showed that the
compositions of the films were uniform over the phys-
ical dimensions of the films, down to a resolution of 1

p, m. Electron diffraction patterns showed that

Mg„Bi~ „alloys were generally crystallized at room
temperature, although sometimes just barely (dif-
fuse MgsBi2 intermetallic compound rings, plus
sharp rings of any excess metal}. Sizes of the pop-
corn-shaped crystallites, as measured in the trans-
mission electron microscope at room temperature,
depended on composition. The crystallities were
as large as 7 && 103 A in diameter for x = 0.4, and

typically around 100 A in diameter for x = 0.6.
Mg-rich alloys pose a puzzle. It seems strange
that alloys which are 90-at. % Mg should have an

annealing temperature so high as 350 K' at the

same time that pure metals are so notably difficult
to make amorphous. It seems at least plausible
that the deposited thin film of such an alloy might

be composed of crystallites whose tiny size is at
the fuzzy boundary of being "amorphous. " Then,
as Ferrier and Herrell suggest, ~7 the less pro-
nounced annealing may simply be an increase in

grain size. For Mg-rich Mg, Bi, „alloys, actual
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grain sizes were somewhat obscured by surface
irregularity, but appeared to be less than 100 A.

Unlike the Mg„Bi, „alloys, Mg„Sb& „alloys re-
main amorphous at room temperature. A crystal-
lization temperature of 450 K is cited for Mg38b2. "
It was verified that samples which had actually been
subject to x-ray absorption spectroscopy at 100 K,
were still amorphous at room temperature when
examined by electron diffraction. These showed
only the broad halo patterns typical of amorphous
solids, and no sharp rings. Electron micrographs
showed no patterns identifiable as crystallites. No

crystalline samples of Mggb& „alloys were stud-
ied in the present work.

III. X-RAY ABSORPTION SPECTROSCOPY

Soft-x-ray absorption spectroscopy QEAS), using
synchrotron radiation from a synchrotron or an
electron storage ring, is becoming a well estab-
lished technique. ' ' ' ' The 240-MeV electron
storage ring at the University of Wisconsin Phys-
ical Science Laboratory was used as the source of
synchrotron radiation in this experiment. The XAS
apparatus and data gathering system is essentially
unchanged from the system described elsewhere, 2~

except that the grazing incidence optics have been
rotated 90' so that the electric vector of the polar-
ized light lies parallel to the reflecting and dif-
fracting surfaces. A coevaporation chamber was
inserted into the system to make binary-alloy sam-
ples in situ. The light transmitted by the sample
was analyzed in a 2-m grazing-incidence spectrom-
eter using a 1200-line/mm grating which is
blazed for a first-order maximum near 100 A.
The spectrometer bandwidth was better than 0.02
eV for photon energies around 50 eV. A Bendix
channeltron detector was used to count photons se-
lected by the exit slit.

In the extreme ultraviolet, the deeper initial-
state electron energy levels are narrow in energy
width. The energy distribution of the absorption
spectrum often closely follows the energy distribu-
tion of one-electron final states. ~8 There is some-
times additional structure associated with final-
state interactions or excitons.

The binding energy of an electron in the 2P core
level of Mg is about 50 eV. In a crystal the advan-
tage of using such a deep level as an initial state
is that such a level has a sharply defined energy.
In an amorphous solid one must consider the pos-
sible broadening effect of local fields due to vari-
able nearest neighbor coordination. The sharpness
of the spectra presented in Sec. IV suggests that
such broadening is negligible.

There is uncertainty in the values of the linear
absorption coefficients on the order of 25%. This
is principally caused by scattering due to surface
roughness of the sample, and by uncertainty in the

Both Mg3Bi~ and Mg3812 form hexagonal crystals
of a type which suggests ionic compounds, anti-
La203 ' The space group is C Sm (D'„). The unit
cell of this structure is pictured in Fig. 2 for the
bismuthide. The atoms which comprise the unit
cell are labeled in the upper drawing. In the lower
drawing the numbers give the heights of various at-
oms above the base of the unit cell, in units of lat-
tice spacing co. These II-V alloys probably crys-
tallize into this form because of the disparate
sizes of the constituent atoms. Among other al-
loys of Mg with group-V elements the crystal
structure is cubic Mn~O3 type, although Mg3As~
is also hexagonal anti-La~0~ above 1000 'C. Note
that Mg3Bi2 and Mg3Sb2 have high-temperature
crystalline phase transitions. For these alloys,
reference here to the crystalline phase will al-
ways mean the room-temperature n-phase.

The lack of mutual miscibility between Mg and
Bi at any composition other than the compound
formed according to the 8-N valence rule,
MgeBia, suggests an ionic description. Although
c-Mg~Bi2 is probably a semimetal, ' let us as-
sume charge transfer for the sake of constructing
a ladder diagram of the energy levels as a lowest

57
765

FIG. 2. Unit cell of
eMg3Bi&. In this phase
the crystal is hexagonal
anti-La203 type. The ba-
sis atoms are labeled in
the upper drawing. The
lower drawing is a top
view of the same unit cell,
and the numbers give the
heights of various atoms
above the base of the unit
cell, in units of go (from
Ref. 2S).

value and uniformity of film thickness d. All films
had relatively smooth surfaces as deposited. A

few samples, however, showed progressively worse
surface roughness as a function of time, as mea-
sured by their percent transmission to the synchro-
tron radiation beam. The development of rough-
ness could be measured and compensated for in cal-
culating o.'(~). This effect was not seen in Mg-Sb
alloys. In Mg-Bi alloys it occurred only in films
less than 170 A thick, and may be caused by the
formation of islands. All data from rough-surfaced
ultrathin films was disregarded.

IV. EXPERIMENTAL RESULTS

A. Preliminary considerations
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approximation to the band structure. That the ar-
rangement of levels for crystalline and amorphous
material might be similar, is suggested by recent
electron-spectroscopy-for-chemical-analysis
(ESCA) studies of a- and c-GeTe, ~' where consid-
erable changes in long- and short-range order do
not significantly alter either the valence or core
density of states.

If Mg
' and Bis ions are placed on the basis sites

of the crystal lattice in Fig. 2, the Madelung po-
tential of a Bi ion at either of the equivalent sites
is roughly —35 eV when evaluated by direct sum-
mation for electrically neutral surrounding
spheres. The Mg ions are distributed between two
nonequivalent sites, but the weighted average
Madelung potential for an Mg ion must be 3 that of
a Bi ion, since the Mg

' sublattice is bound to the
Bi sublattice. The Madelung potential for Mg
ions is thus about —23 eV.

The difference between the vacuum level and the
Mg 2P level in ionic Mg3Bi~ is the S0.12-eV ioniza-
tion potential of Mg

' (Ref. 32) plus the —23-eV
lattice binding energy. %e observe that the posi-
tion of the delayed 5d-nf spectral resonance
structure shifts by about 0.42 eV in going from
c-Bi to Bi in c-MgeBiz. Therefore, in construct-
ing the ladder diagram for c-Mg3Bi2, we shift the
position of the 5d level as determined by ESCA in
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FIG. 4. Absorption coefficient versus photon energy
for Mg„ai, at 100 K. Each curve is labeled by composi-
tion x. All samples were amorphous except for Mg met-
al, g=1.00, which was crystalline. The same scale
applies to all spectra, but the curves have been shifted
vertically for clarity. For comparison, the absorption
coefficients at 50 eV, in units of 10' cm ', for decreasing
x were 1.0, 1.7, 2.0, 2.5, 2.2, 4.9, and 5.6.

P3
3$

6d
7$
6p
6$

5 de/

5dg

-50 — 2p
/p

P)
'2

C
O

o -Ioo—
0)

LIJ

2$ 5p
/p

5p
/p

FIG. 3. Energy-level ladder diagram for Mg38i2.
The compound was assumed to be ionic. A more accu-
rate picture would show the upper levels broadened into
bands.

pure Bi (Ref. 33) by a. similar amount. The re-
sul. tant Mg 2P and Bi 5d level placement is as
shown in Fig. 3. The placement of the remaining
levels relative to these two is as determined spec-
troscopically or by ESCA. 3 The j =2, & com-
ponents of the Mg 2P level appear as a single level
due to the scale used. Note that the 2P level is
well isolated in energy from the next levels above
and below it.

In Mg metal the 2P core level is spin-orbit split
into j = —,', —,

' levels. Vfhen sufficiently energetic
photons excite the 2P electrons to the Fermi sur-
face, the absorption spectrum clearly shows two
excitation thresholds whose separation we measure
as 0. 273+0. 01 eV. At the top of Fig. 4 is a com-
posite absorption spectrum for thin films of Mg
metal, taken from our data and that of Kunz et al,
to illustrate this point. Because the initial state is
split, the absorption spectrum is a superposition of
two spectra, either of which is a first approxima-
tion to the band density of unoccupied states. In
addition, there is a many-body enhancement of the
threshold itself, and the effects of nonconstant ma-
trix elements and decreasing oscillator strength
above threshold. These parts of the absorption
spectrum corresponding to excitation from the j = 2,
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—,
' levels of the 2P core are referred to as L«and
L»& respectively, and the total 2P photoexcitation
threshold is referred to as the L„„,edge. The
intensities of the L„,,» component spectra, as
measured above the background absorption from
higher-lying states, are proportional to the statis-
tical weights of the levels, 2j+1. The ratio of the
intensities is I(Lr, z)/ I(L„)= 2.

The other spectra in Fig. 4 are for a-Mg„Bi~ „
alloys, and each is labeled with the appropriate
value of x. For these spectra, the ratio of the two

components of the threshold differs from 2. When

Mg atoms form compounds with other elements,
there may be increased overlap between the wave
functions of the excited electron and the core hole,
so that the exchange energy is appreciable and the

j =-,', —,
' designation may be inappropriate for distin-

guishing the excited eigenstates. This was pointed
out by the work of Qnodera and Toyozawa where
they applied atomic intermediate coupling to the
solid state. For a P-like initial state and an s-like
final state, there are four possible excited states
of the system, but only two can be excited optical-
ly, just as in the jj coupling limit. These are des-
ignated A and C, and are such that they become the

j = ~, 2 states, respectively, in the limit of zero
electron-hole exchange energy. Transitions to the
states A and C are not equally allowed. The tran-
sition probabilities depend on the relative admix-
tures of singlet states, which in turn depend on the
magnitude of the exchange energy & relative to the
spin-orbit splitting X, 4

where y=arctan W2, and Q =-, arctan [(2v 2&/X)/
(3 —&/X)]. The splitting of the A, C doublet is bE,
where

(2)

For positive exchange energy I~/I„& 2. We have

reported such alteration of the intensity ratio in

resonances observed in amorphous alloys of Mg-Bi
and Mg-Sb, ' and it has been reported by Rabe et
al. in crystalline Mg halides. '

The data which we present for the Mg-Bi and

Mg-Sb alloys is for samples with thicknesses rang-
ing from 140 to above 500 A thick, and is regarded
as characteristic of the bulk material for the low-
est-order exciton and the band density of states.
The nature of the exciton resonance is independent

of film thickness within this range. Exciton
strength in samples of Mg-Sb alloy with thickness
less than 100 A appeared to decrease with decreas-
ing thickness. No extensive study of excitons in
ultrathin films was undertaken.
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FIG. 5. Absorption spectra of Bi and Mg3Bi2. (A) Bi
deposited and measured below 100 K, (B) microcrystal-
line Mg&Bi& annealed to 300 K, (C) amorphous Mg3Bi2 de-
posited and measured below 100 K, showing sharp exci-
tons. The dashed line is the spectrum of Bi reported in
Ref. 36. A split vertical scale is used, and curve B has
been shifted upward for clarity.

B. Amorphous and erystaHine Mg„Bi

The broad features of absorption spectra of a-
and c-Mg, Bi, are dominated by the delayed 5d- nf
resonance structure of the Bi atom. This can be
seen in Fig. 5 which compares the spectra of Bi
and Mg3Biz for both amorphous and crystalline
forms. At the top is the spectrum of c-Bi (dashed
line) as measured by Haensel et af. 3~ Below are
our spectra for (a) Bi deposited and measured be-
low 100 K, (b) c-MgsBi2, and (c) a-Mg&Bi2. The
broad structure has a characteristic width of about
20 eV and is easily separable from the sharp ab-
sorption structure which appears near 51-eV pho-
ton energy in the Mg-Bi alloys, associated with the
excitation of the Mg 2P electrons (see Fig. 3).

The sharp resonances in a-Mg„Bi, „are shown
on a magnified scale in Fig. 4 for a variety of com-
positions, x=0.40, 0. 55, 0. 56, 0. 57, 0.60, and
0.75. Also shown is the spectrum of c-Mg metal,
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1/X = (e/4ve'N)'" (4)

where E expresses the screening due to the ion
cores, and N is the density of carriers per unit en-
ergy which are effective in screening. Conductiv-
ity as a function of composition (Fig. 8 in Ref. 17)
indicates a strong dependence of N on composition,
assuming the mobility does not change dramatical-
ly. The mechanism for electrical conductivity in
these alloys is not yet clear. Possibilities include
extended state or hopping transport either near a
mobility edge or at the Fermi level. The excitons

x=1.00. All spectra are drawn to the same scale,
but the spectra have been shifted vertically for
clarity of display. These doublet resonances were
strongest for those amorphous alloys whose com-
positions were closest to @=60-at.% Mg, the com-
position corresponding to the intermetallic com-
pound. The resonance is believed to be due to the
creation of an exciton for the following reasons.
It is clear that the initial state is the Mg 2p level,
because the resonances correspond to the absorp-
tion of photons whose energies are near 51 eV, and
furthermore the resonances are doublets whose ex-
change modified splitting is comparable to the
0.273 +0. 1 eV spin-orbit splitting of the Mg 2p
core, cited earlier. The resonances cannot be due
to transitions to an impurity level, since they are
of considerable strength, comparable to the Mg
step height, and furthermore because the reso-
nances are present only for the process which cre-
ates a hole in the Mg 2p core level. The sharp-
ness of the resonances and their strong dependence of
intensity upon composition make it unlikely that
they could be due to a critical point effect in the
final states. In fact the reduced-zone expression
of band structure should be at best only approxi-
mately adaptable to amorphous solids.

These excitons are of a specific type, called
core excitons or x-ray excitons. They are bound
electron-hole pairs where the hole is in a deep
(Mg 2P) level, and the electron is well localized
about the Mg atom which bears the nonmobile hole.
The compactness of the exciton can be seen from
the weighting of the threshold doublet structure,
where the ratio of intensities Ic/I„was 0. 6 + 0.1
for a-Mg38i~, instead of 2 as for Mg. This implies
considerable exchange interaction due to overlap.
According to Eq. (1), the exchange energy must be
nearly half as large as the 0.27-eV spin-orbit
splitting of the 2P initial levels.

When x differs from 0.6 the excitons became
weaker, due to screening of the potential which
binds the electron and hole of form the exciton. "
For an impurity potential of the types~

6fI=(e /er) e ""

the classical screening length 1/X is given by
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FIG. 6. Component absorption spectrum of g-Mg&VBi43.
After background absorption was subtracted from the
threshold spectrum, the A and C component transitions
were separated. Only the o.f.-((d) component spectrum is
pictured above. Sample was amorphous and at 100 K.

in c-Mg„Bi, „, which are strong and sharp at
x=0.6, are broader and weaker for x=0. 55 and
0. 65, where the conductivity o= 100 0 ' cm '. This
is near to the value for separating metallic con-
ductivity from hopping via localized states. ' If one
places the Fermi level near the edge of the pseudo-
gap, the density of states there could ha"dly exceed
N(Ez) -103' cm ~ eV ' and still leave a pseudogap.
Using this value in Eq. (4) gives an estimated low-
er limit for the screening length of 2-7 A, for
choices of a between 1 and 9. Since the excitons
begin to be screened at x=0. 55 and 0.65, this
would, in turn, be an estimate of the exciton radius.
Note that a lower estimate of N for x=0. 55 or 0.65
leads to a larger exciton radius. At the stoichio-
metric composition, x =0.6, the conductivity is be-
tween 0.1-1.0 0 ~cm '. Thus at x=0. 6 the screen-
ing length is expected to be more than ten times
larger so that the electron and hole should remain
bound via the potential, Eq. (3). Accordingly the
absorption resonances in Fig. 4 were strong and
well defined around x = 0.6, the stoichiometric com-
position corresponding to the intermetallic com-
pound.

The broadening which accompanied decreasing
oscillator strength for x& 0.6 was asymmetric, be-
ing larger in the direction of the higher transition
energies. Even at x = 0.6 the resonances appeared
to be asymmetric, although they did become sharp
enough to uncover additional structure which may
be an envelope of higher-order members of an ex-
citon series. Figure 6 shows the nc(~) component
absorption spectrum of a-Mg»Bi~3. To get this
spectrum, the background was subtracted from the
total absorption spectrum, leaving the absorption
associated only with excitation of the Mg 2P elec-
trons:
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ac(~) = (Ic/I„)a„(re+ bE) (6)

where Ic/I„ is the intensity ratio in Eg. (1). The
values of Ie/I„and bE were varied as parameters
to find the best fit.

The energy difference between the threshold peak
and higher energy structure was 0.4+0. 1 eV for
those compositions near x = 0. 6 which showed evi-
dence of higher-order excitons. The simple El-
liott exciton theory ' can be modified to estimate
an upper limit for the radius of an exciton. In the
simple theory excitons are found below the conduc-
tion band edge E„at energies E„,

E„=E, —p*RO/n'm, e'„

where R, is the hydrogen rydberg unit R, =e' m, /
2h, and p~ is the reduced mass m~m„"/(m*, + m)).
The radius of the nth exciton is

r„=n' e„a,m, /p, * (8)

where a, is the Bohr radius ao=h /e'm, . For a
Wannier (large-radius) exciton, e„ is just the static
dielectric constant e, . For a compact exciton, &„
depends on the exciton radius r„and the effective
mass of the electron m,*. Assuming that the effec-
tive mass of the core hole is infinite, according to
Haken e„ is given by40

where c„is the high-frequency dielectric constant
and (d Lo is the frequency of the longitudinal-optical
phonon. For %annier excitons the energy differ-
ence between the first two exciton series members
(n=1, 2) can be found from Eq. (7) and usedtoelim-
inate e„ in Eq. (8):

n' 8It m
r„(&,) =

2
' „,Wannier. (10)

a -Ei)&"
Since a„depends on n for a compact exciton, ' the
Wannier radius in Eq. (10) is an upper limit on the
true exciton radius,

r„(&„) r„(&,)

I(~) = ac(~)+ a~(~)

This was then decomposed into nc(to) and n„4o)
component spectra, by computer analysis and plot-
ting. The two component spectra were assumed to
be related by

length, which we have earlier estimated from the
conductivity of those compositions where the reso-
nance began to weaken.

The identification of the higher-energy structure
as an envelope of n &1 excitons should still be re-
garded as tentative however. The higher-energy
peak may be caused by a different process. It
could conceivably be a multiple excitation, where
creation of the core exciton is accompanied by the
excitation of an electron across the pseudogap. The
separation between the exciton resonance and the
higher structure is 0.4+ 0. 1 eV, which is about the
width of the pseudogap minimum estimated by
Ferrier and Herrell from thermoelectric measure-
ments, using a model in which the density of states
is composition independent. ' However, it has been
argued that such a multiple process would be weak
even when the two excited electrons originate from
the same energy band. 4~ If the higher-energy
structure really is an n &1 exciton envelope, then
one must ask what is the effect of having the exci-
ton binding energy so large that the exciton ap-
proaches the edge of the density of extended states
in the valence band. There could be interactions
or competing processes which interfere with each
other.

Some samples were partially annealed at a tem-
perature below the crystallization temperature, and
then returned to below 100 K. No differences larg-
er than the 0.02-eV instrument spectral bandwidth
were seen between exciton linewidths at these ex-
tremes of temperature (probably 100-260 K). The
reason is probably that the theoretical linewidth,
which is proportional to T'~~, should involve an ef-
fective temperature which includes both the real
temperature and the high density of lattice imper-

5.5
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O

O

C
4l

V

4PP
5.0

C
P
CL

P
Ih

Cl

where we have assumed e„~e, from Eq. (9). For
the core exciton in a-Mg„Bi, „for x near 0.6 we
find

4.5
50

I

51
Photon Energy (eV)

52 53

r, (2. S A)f'," (12)

where f, =
mmmm*, . Thus, for those compositions

where the exciton line is strong, the exciton radius
may indeed be less than the 2-6-A screening

FIG. 7. Absorption spectra of Mg&&Bi4&. The amor-
phous spectrum was taken below 100 K and shows the
partially screened exciton. The crystalline spectrum
was taken at 300 K and shows only monotonically rising
absorption, and does not change upon recooling.
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fections in the amorphous solid, as suggested by
Toyozawa. 3

When a-Mg„Bi, „was heated to above its crys-
tallization temperature the excitons disappeared,
and did not reappear upon recooling. This behav-
ior was shown in Fig. 5 for the sharpest excitons,
x=0.6. At x=0. 55, where the excitons mere weak-
er and broader, the behavior was the same, as is
shown in Fig. 7. The structure at 49. 7 eV is a
trace of the Mg I.» «, edge. The spectra for all
crysta1. lized samples of Mg„Bi, „for 0.4~x~0. 8

were qualitatively the same. This mas not sur-
prising since the equilibrium phase diagram'
leads one to expect phase separation. For x ~ 0. 8

the Mg L« „,edge became more prominent, due to
increased precipitation of Mg crystallites. For
x&0.4 the Bi 5d-nf resonance overwhelmed the
remaining traces of Mg structure.

C. Amorphous Mg„Sbi „
There are two important differences between the

positions of crystalline energy levels in Mg&Sbz and

Mg~Bia. The Sb 4d levels replace the Bi 5d levels
since Sb is one row higher in column V of the Peri-
odic Table. These 4d levels 1.ie about 10 eV lower,
so that the delayed 4d- nf resonance is shifted
about 10 eV toward higher photon energy, amay
from the Mg 2P threshold structure. Accordingly,
the a-Mg~Sbz absorption spectrum mas dominated

by the Mg absorption, as can be seen from Fig. 8,
which compares the wide-range spectra which me

obtained for a-MgsS12 (solid line) and c-Mg (dashed
line). There is increased background absorption

FIG. 9. Absorption coefficient vs photon energy for
a-Mg„Sb& „. Each curve is labeled by composition ~.
All samples were deposited and measured below 100 K.

between 60 and 100 eV in a-Mg3Sba due to the struc-
tureless Sb 4d-nf delayed resonance.

The second difference concerns the assumption

, X=.6
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FIG. 10. Component, absorption spectra for a-Mg„Sb& „.
Spectra were obtained in the same way as Fig. 6. These
spectra represent one component of the threshold doublet.
Each curve is labeled according to composition x. All
samples were deposited and measured below 100 K.
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that Mg~Bi~ and Mg3Sb, are ionic for the purpose of
estimating energy level placement (Fig. 3). We
drew the Bi 6P level as a solid line to indicate that
it would be filled, and the Mg 3s level as a dashed
line to indicate it would be empty, in accord with a
closed shell model, and ignored the fact that these
levels should actually be replaced by broad solid-
state bands. Even in the absence of electrical data,
the overlap of these levels suggests that Mg3Bi~ is
not very ionic. In Mg3Sb2 on the other hand, the
assumption is more self-consistent since the same
procedure leads to placing the Sb 5P level lower
than the Mg 3s level by nearly 5 eV. %'e find that
the unoccupied Sb 6s level, which replaces the Bi
7s level, overlaps the Mg 3s level. %hereas the
electron part of the exciton wave function may be
expected to have strong s-p admixture in the Bi al-
loys, more s-like dominance may be expected in
the Sb alloys, which means more 2P- s oscillator
strength for the threshold transition.

Figure 9 shows absorption spectra of a-Mg„Sb, „
for several compositions: x = 0. 38, 0. 48, 0. 60, and
0.67. Compared to the spectra for a-Mg„Bi, „,
these spectra were (i) more broadened for compo-
sitions near x= 0 .6, (ii) further shifted away from
the threshold in pure Mg, toward higher photon en-
ergy, (iii) stronger in threshold oscillator strength,
and (iv) strong for a considerably larger concentra-
tion of the group-V element. Differences (i)-(iii)
are discussed below. The last-mentioned differ-
ence is easily understood in terms of the screening
argument advanced earlier. The conductivities of
amorphous Bi alloys and amorphous Sb alloys are
similar for x &0. 6, but the conductivity for x&0. 6
is orders of magnitude lower in a-Mg„Sb~ „(Fig. 3
in Ref. 10). The Coulomb potential [Eq. (3)] should
be screened by fewer free carriers in the Sb alloy,
even if the mobility were two orders of magnitude
less in the Sb alloy. Therefore, the screening
length [Eq. (4)] is longer so that the excitons re-
main relatively stable in Sb-rich amorphous alloy.

Before discussing further the composition depen-

dence of the exciton threshold in a-Mg„Sb, „, it is
useful to eliminate the doublet nature of the thresh-
old by separating the nc(&u} and o.'„(~) components
of the n(~) absorption spectra. This procedure
was discussed above, Eqs. (6} and (6). Figure 10
shows the resolved nc(&u) component spectra for
a-Mg„Sbz „for compositions x=0. 38, 0. 43, 0. 48,
0. 58, 0. 60, and 0.67. The values of the intensity
ratio Ic/I„and the doublet splitting rE which gave
the best fit are listed in Table I, together with the
exchange energy ~ and spin-orbit splitting of the
Mg 2p level as calculated from Eqs. (1) and {2).
Also listed are values for a-Mg57B143 and
a-MgeoBi40, but these values are less reliable since
the resolution of the sample preparation technique
was about 2-at. %%u(}Mg, an d th eexciton schang emore
rapidly with x in Mg-Bi alloys.

For x near 0.6 in the Sb alloys, there was again
a trace of higher-energy structure, perhaps an
n &1 exciton envelope. However, even in the no{~)
spectra it was only poorly resolved. As before,
the spectra for x40. 6 became more broadened,
with the broadening being asymmetrically empha-
sized toward higher transition energies. Since the
calculated values of exchange energy in Table I
were comparable for Sb alloys and Bi alloys, the
exciton is probably similarly compact in
a-Mg„Sb, „, although greater broadening suggests
a shorter lifetime.

Unlike Mg„Bi, „, the conductivity trough at
x=0. 6 persists in c-Mg„Sb, „. %'e did not prepare
samples of c-Mg„Sb, „, nor did we study the tem-
perature dependence of the exciton line width in
a-Mg„Sb, „, since no variation was observed in the
similar a-Mg„Bi, „system beyond the 0. 02-eV in-
strument re solution.

The infrared absorption spectrum of a-MgsSb2
was measured at room temperature using a 250-
A-thick sample. The spectrum, Fig. 11, showed
no trace of any exciton resonance. Even in such a
thin sample, it should be possible to create an ex-
citon without interaction with the surface, provided

TABLE I. Threshold data for Mg and amorphous alloys of Mg with Bi and Sb. Values for the in-
tensity ratio and the doublet splitting are those that give the smoothest 0.'c((d). From this information,
the exchange and spin-orbit splitting were calculated.

Composition

Mg
g-Mg;, 7Bi4&

g-Mg60Bi4p
g-Mg38Sb(;2
a-Mg43Sbgg
p-Mg48Sb;2
g-Mg~sSb42
g Mg60Sb40

a-Mg67Sb33

Intensity ratio
Ic./I~

2

0. 95
0.8
0. 51
0.58
0.70
0.71
0.70
0.53

Doublet splitting~ (eve

0.273
0.27
0.28
0.3
0.29
0.28
0.28
0.27
0.28

Exchange energy
~ (eve

0
0. 10
0.16
0.2

0.17
0. 15
0.14
0.15
0.18

Spin-orbit splitting
X (ev)

0. 273
0.29
0.29
0.3
0.30
0.29
0, 29
0.29
0.3
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its radius were less than -60 A. We observe only
a gradual onset of absorption beginning at about
0.6 eV. Compare this to the crystalline band gap
of 0. 82 eV, which is marked by an arrow in the
figure. It is likely that the valence-band hole wave
function is more extensive than that of the core
hole. It should interact more strongly with, and
have greater probability to be scattered by, the
conduction electrons. Measurements made at low-
er temperature would not necessarily lead to the
observation of an exciton resonance, since there
would still remain the high effective temperature
associated with disorder. '3 If a band-gap exciton
forms, it lacks the stability of the core exciton,
which is probably attributable to its compactness.

Thicker samples would have to be studied to ex-
plore whether there is a nonzero density of local-
ized pseudogap states below 0.6 eV in a-Mg„Sb& „.
On the basis of electrical measurements it has been
suggested that this density is negligible and that the
amorphous alloy is an extrinsic semiconductor. "

V. DISCUSSION

A. Critical exponent

Mahan was the first to suggest that exciton states
do exist in degenerate semiconductors and metals,
and that absorption threshold enhancements arise
from exciton states as modified by interaction with
the Fermi sea. 44 46 It was not even necessary that
the exciton be a real bound state. A many-body en-
hancement occurred provided lifetime broadening
was not too severe. Close to the threshold, ab-
sorption is determined by the change of the scatter-

ing phase shift 6, of the conduction electrons brought
brought about by the change in the potential due to
the presence of the core hole. ~ Ignoring lifetime
broadening effects, the shape of the photoabsorp-
tlon ls

n(&u) ~ ((u —(u0) & 0((u —~ )

where co is the transition energy, &0 is the thresh-
old energy, 8(e —+0) is the unit step function which
is zero for ~ &co0, and n, is a critical exponent
which depends on the phase shifts. If the critical
exponent is positive the threshold is enhanced, and
if negative it is suppressed. In fact, Combescot
and Nozihres find two thresholds, the enhanced
exciton threshold, and a second suppressed thresh-
old corresponding to excitation of an electron to the
continuum conduction density of states. Here we
are concerned only with the former, the prominent
observable feature. The second threshold may be
artificial, a consequence of their use of a contact
potential. If the second threshold is real, it would
be a third possible explanation of the poorly re-
solved higher-energy structure which we observe.

An important consequence of the theory is that
it identifies the x-ray absorption threshold en-
hancement found in metals, the so called "infrared
singularity, "' as being the remains of the exciton
threshold. The singularity is thought to be due to
the many-body process where the x ray excites an
electron to a virtual bound state, accompanied by
the infinitesimal excitation (hence "infrared") of an
infinite number of electron-hole pairs across the
Fermi level. We will refer to this phenomenon



10 CORE EXCITONS IN AMORPHOUS MAGNESIUM ALLOYS 427

0.0

O
-0.5

J3
Q 0.48

3

3 -IO—
O

(3
O

-I 5
—I.O

I

-0.5 0.0
LOG (p (~ -wo)

0.5

I'IG. 12. Logarithmic a-Mggb& „photoabsorption
thresholds. 1((~) is the absorption coefficient n(~) with
the background absorption subtracted. Photon energy ~
and threshold energy ( p are measured in eV. Curves
are labeled according to composition x. The dashed
curve is the low-energy side of the exciton resonance for
x- 0.6, reflected through the threshold to demonstrate
the limitation imposed by the line broadening.

as an x-ray singularity. Starting with the conven-
tional bound-state exciton found in insulators or
semiconductors, Combescot and Nozieres visual-
ize a continuous transformation to the x-ray singu-
larity as the Fermi level is raised through the gap
and on into the conduction band. For the case
where the bound state exists, the transformation is
accomplished through intermediate stages where
the exciton approaches the band edge and broadens
asymmetrically toward higher energies, filling in
the absorption spectrum gap between the exciton
and the continuum.

The amorphous Mg-group-V alloys are an ele-
gant system in which to study this transformation.
Excitons exist in the low-conductivity region
x-0.6, and x can be varied continuously to shift
the Fermi level. Also, Mg possesses a typical
x-ray singularity at the Lzz zzz edge (Fig. 4). In
spite of the approximations of the theory, Eq. (13)
seems likely to be a correct description of the pho-
toabsorption near threshold. It is therefore im-
portant to extract the critical exponent n, from the
asymmetrically broadened excitons. In this study
of the critical exponent we concentrate on
a-Mg„Sb& „since its excitons were observed for a
wide range of x. We work with the extracted zz.,(~)
component absorption spectra from Fig. 10, where
the background absorption has been subtracted and
where the complication of the initial-state spin-
orbit splitting has been removed by using the as-
sumptions in Ezls. (5) and (6). This allows the

TABLE II. Values for the critical exponent at various
alloy compositions. The values labeled e&' were ob-
tained by a successive approximation application of Eq.
(13) to the doublet threshold structure (Ref. 15). Those
labeled o', are regarded as better values, and were ob-
tained from the resolved components of the doublet struc-
ture. Uncertainties are about d-. 0.1 for a, .

Composition

Mg
a-Mg &VBi43

a-Mg38Sb62
a-Mg43Sb;~
a-Mg48SbM
a- Mg;, 8Sb42
a Mg( pSb4p

a-Mg67Sb33

~old
l

0.35

0. 18
0.45
0. 39
0, 51
0.66
0. 50

0.22
0.7
0.30
0.63
0. 55
0.87
1.04
0.81

critical exponents n, to be determined easily us-
ing Ezl. (13). In Fig. 13 we plot logzozz, (a) vs
loglp( —cop) for (d above threshold. The curves
are labeled according to composition x in

a-Mg„Sb, „, except that x=1.00 corresponds to
c-Mg. The slopes of the lines give the values of

Their degree of linearity is a measure of how

well they fit the theory. The curves with larger n,
values are less linear since the sharper exciton
lines show the effect of lifetime broadening more
clearly. This broadening limitation is shown by a
dashed line in the figure, which is a plot of the
a-Mg, Sb~ threshold shape for ~ & ~p, which should
theoretically be sharp. Thus the true a, values for
x=0. 58, 0.60, and 0. 67 could conceivably be larg-
er than those obtained experimentally. All of the
curves are flat near the ((d Mp) pole because the
absorption remains finite at that point (attributed
to conduction electron interaction). Also, all of
the curves become level around 1 eV above thresh-
old where transitions to the band density of states
become increasingly important.

We have previously published values of n, deter-
mined manually from a successive approximation
application of Ezl. (13) to the unresolved threshold
doublet structure. ' These values are listed in
Table II, together with better values obtained by
computer analysis of the component spectra. The
qualitative behavior is still the same. As predicted
by theory, a, is a maximum for the most insulat-
ing composition. As x changes from 0.6, the alloy
becomes more metallic and both the resistivity and

n, decrease, as is shown in Fig. 13. For the ex-
tremes of composition x = 0. 38 and 0..67, the shape
of the asymmetric broadening (Fig. 10) tends to-
ward the shape seen in pure Mg, which supports
the interpretation that the metallic x-ray singular-
ity is a kind of Auger-broadened exciton remnant.

W'e have followed the exciton to low concentra-
tions of Bi, x=0. 9, where it disappeared. This
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FIG. 13. Resistivity and critical exponents of

a-Mob& . The solid curve (log scale on the left) shows
resistivity of a-Mg„Sb& „at 273 K from Ref. 10, as a
function of composition ~. Critical exponents are indi-
cated by data points with dashed curve, and linear scale
on the right. The point at x=1.0 is for e-Mg.

disappearance is not conclusive evidence that the
exciton ever disappears in amorphous alloy, how-

ever, since such samples were probably micro-
crystalline, as mentioned earlier. The exciton
resonance was absent for all compositions of
c-Mg„Bi, „alloys.

It is unclear why excitons were not observed in

c-MgeBia. There is still oscillator strength which
can be identified as belonging to excitation of the
Mg 2P electron. This is best seen in spectrum B
of Fig. 5, and less well in Fig. 7. The resonances
were still quite strong in a-Mgv, Biz, (a=2&&10'
0 ' cm '), but absent in c-Mg~Bia (a = 7&&10

0 ' cm '). Screening probably cannot provide a
complete explanation. The wave functions are
more localized in the absence of long-range order,
and this should enhance the transition matrix ele-
ment. Also, since Mg~Bia is a semimetal, or pos-
sibly a very degenerate semiconductor, the Fermi
level must lie near the band edge. When this hap-
pens, it has been indicated ' that in the absence of

a bound state, all 5& become zero and the singular-
ity disappears. One would be left with a step func-
tion, possibly broadened by the increased screen-
ing. In that case the phase transition would be the
cause of a change in the nature of the critical ex-
ponent, from 1 to 0, due to a change in the density
of states from a pseudogap of localized states to
semimetallic overlapping bands of extended states.

Although we have not examined crystalline
Mg38b2, it is a semiconductor with a band gap of
0.82 eV, and all arguments lead us to expect that
the excitons should persist when a-Mg38b& crystal-
lizes.

Ea E~+Ec
ED 2 2

(14)

where & and X are obtained from Eqs. (1) and (2).
We also introduce the parameter 5E which mea-
sures the chemical shift of these levels in any ionic
state of Mg relative to the I-„», levels in Mg met-
al. In Mg metal, 5E =0 by definition. The opposite
extreme is the maximum ionization state of Mg
likely to be found in solids, Mg '. As reference
points we take values of E~, ED, and 5E for Mg

'
from data for the free ion, Mg III. 3~

The final parameter A is proportional to the to-
tal oscillator strength of the Mg 2P - threshold
transition, evaluated at threshold:

where the summation is over the allowed transi-
tions and n is the absorption coefficient mea-

B. tonicity

%e have noted that the excitons in a-Mg„Sb, „,
as compared to those in a-Mg„Bi, „, were (i}
more broadened for x- 0. 6, (ii) further shifted to-
ward higher energy from the threshold transition
of pure Mg, and (iii) stronger, as measured by
their line intensities. To compare these differ-
ences quantitatively, we define and tabulate the pa-
rameters I', E~, ED, 5E, and A.

For the asymmetrically broadened component
spectra in Figs. 6 and 10, the parameter I' is twice
the difference between the energy where the ab-
sorption peak occurs, and the lower energy where
the absorption is half as strong. For a symmetric
line, I' would simply be the half-width. For the
thresholds with which we are dealing, we measure
1" in this different way to get a true measure of
lifetime broadening, uncomplicated by higher-or-
der structure or asymmetric broadening.

The parameters Ea and ED are energy values which
correspond to the positions of the threshold ener-
gies Ec and E~ respectively, if the shifting effect
of the electron-hole exchange interaction is ex-
tracted. E~ and ED are also the energies of the
forbidden transitions to the pure triplet states
which have total electron-hole angular momenta
J =2, 0 respectively, because, since these optical
transitions are forbidden, the positions of these
final states are unaf fected by exchange interac-
tion. ' lt is proper to compare E~ and ED with the

err and I rr thresholds, respectively, of pure Mg,
since they are in fact the I-»& and I-«energies for
an alloy or ionized state of Mg. EI, and ED are
used here to compare chemical shifts caused by
differing numbers of conduction electrons in the
vicinity of the Mg atom. ' The energies of these
levels are related to the allowed transitions by
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TABLE III. Threshold parameters for excitation of Mg 2p electrons. The least ionic state of Mg is
at the top. Ionicity generally increases for Mg in compound with Bi, Sb, Br, Cl, and F. Mg 'repre-
sents the maximum likely ionic state of Mg in compound. Data for Mg halides are calculated from da-
ta in Ref. 35. Data for Mg 'are from Ref. 32.

Composition

Mg
g-Mg)7Bi43
&-Mg6oBi4o
g- Mg38Sb62

g-Mgg3Sb)7
g-Mg48Sb 52

~-Mg5sSb42

Mg6osb4o

g-Mg67Sb33
MgBrp
Mg C12

MgF2
Mg

'

~Average value.

Half-width
I (eV)

0.1
0.17
0.2

0.5
0.38
0.39
0.30
0.30
0.36
0.20
0.31
0.57

Lzu thresh.
E, (eV)

49.46
50. 82
50.8
50. 95
51.05
51.17
51.18
51.17
51.12
53.03
53.49
53.73
52.76

Lgg thresh.
ED (eV)

49.71
51.11
51.1
51.28
51.35
51.46
51.47
51.45
51.40
53.30
53.80
54. 13
53.03

Chem. shift
pE (eV)

0
l.38
1.3
1.5
1.62
l.73
1.74
1.73
l.68
3.58
4. 06
4.35
3.31

Strength
A (104 e Vjcm)

2.2

2.6
5

3.8
5.6

6.9
6.4
7.6
3.6

sured above background at the energy correspond-
ing to maximum transition threshold oscillator
strength.

Values of these parameters, as determined in

c-Mg, a-Mg„Bi& „, and a-Mg„Sb~ „, are listed in

Table III. For comparison, data are also listed for
Mg

' (Ref. 32) and Mg halides. As mentioned
earlier, the oscillator strength of the threshold
transition is greater in a-Mg3Sba than in a-MgsBi~.
Using the parameter A, the transition is 1.5 times
stronger in the Sb alloy. This was attributed to a
matrix element effect, since the lowest unoccupied
state is expected to have a more s-like admixture
in a-Mg3Sb~. within the a-Mg„Sb, „system, the
variation of threshold transition strength reaches
a maximum at x=0.6, due to minimum screening,
as discussed earlier.

The value of the chemical shift 5E correlates
with the ionicity of the Mg atom. Coulson and

Zauli have found a quadratic relationship between
the chemical shift and ionicity in sulfur. Defin-
ing 5E =0 in Mg metal, a value near 5E = 3. 31 eV
would indicate that an Mg atom in compound is in
the Mg

' state. It is seen from Table ID that Mg-
Sb alloys are noticeably more ionic than Mg-Bi al-
loys, but that neither is as truly ionic as are the

Mg halides. The 5E values for the halides mere
calculated from Ec and E„values which had not
been corrected for background, nor for the mu-

tual distortion caused by the lines being close to
each other in energy. Therefore, me regard the

Ec and E„values for the halides as being approxi-
mate.

The fact that a-Mg„Sb& „is more ionic tha. n

a-Mg„Bi~ „is in agreement with both their electri-
cal conductivity differences, ' '~ and with the dif-
ference in the heats of formation between MgsSb~

and Mg, Bi~, 16 vs 'l. 4 kcal/mole. " Likewise,
trends in ionicity occur within the a-Mg„Sbz „sys-
tem. In this case the ionicity is maximum for
x=0.6, and decreases for an excess of Mg or Sb.
This suggests that an excess of either constituent
increases the number of carriers at finite temper-
ature by shifting the Fermi level through the pseu-
dogap toward a density of extended states. This
agrees with thermoelectric power measurements
which indicate that the Fermi level rises through
the pseudogap as the Mg concentration is in-
creased. "

The half-width I' also depends on ionicity and the
number of carriers near the Mg atom, as long as
we remain within a particular alloy system. In
a-Mg„Sb, „, for example, the Mg atom is most ion-
ic when x=0.6. The screening and the Coulomb
broadening due to other electrons is a minimum at
x=0.6, so the exciton lifetime is a maximum and
the lines are narrowest. Comparing the Sb and Bi
alloys, it is necessary to realize that the exciton
lifetimes depend on the competition between the
Coulomb binding potential and the repulsive over-
lap of the electrons associated mith Bi or Sb. To
explain why I is narrower in the less ionic Bi al-
loy one could examine the width of the Mg to heavy-
atom hopping transition using wave functions like
those found in the tables of Herman and Skillman. '
Here we only note that the trend of I' to decrease
as the anion atomic weight increases appears to be
true for both group-V and group-VII anions.

VI. CONCLUSION

Core excitons have been identified in amorphous
Mg alloys as giving rise to sharp photoabsorption
structure in the soft-x-ray region. Ne have ex-
amined the absorption spectra using several sim-
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pie physical principles to obtain information about
the short-range interactions in the amorphous sol-
id. The strength of the exciton threshold transi-
tion depends on the final-state symmetry and the
effectiveness of screening. There was consider-
able shifting of oscillator strength between the
components of the threshold spin-orbit doublet, at-
tributed to exchange interaction. The magnitude
of the exchange interaction indicates that the ex-
citon is compact. The chemical shifting of the
transition threshold energy allows us to order the
ionicities of Mg atoms in various compounds on a
relative scale. %'ithin an alloy system, the small
shift in line or threshold position, and small
changes in half-width, vary continuously with con-
ductivity and may relate to changing ionicities in
the alloys.

There appeared to be some higher-energy struc-
ture just above the photoabsorption threshold. If
this is an envelope of an n&1 exciton series, an
upper limit on the n = 1 exciton radius would be
around 3 A in a-Mg3Bi2. The exciton is screened
for screening lengths comparable to this (2-6 A as
estimated from conductivity data). Strong absorp-
tion between 60-80-eV photon energy, due to de-
layed d- f resonances, made it desirable to use
thin samples. Voile the n =1 exciton line was in-
dependent of thickness for thicknesses greater than
100 A, higher order excitons have larger radii,
and may have been suppressed. '~ These n &1 ex-
citons should be sought in samples thicker than
500 A to see if higher energy structure can be bet-
ter resolved, but the large ratio of background ab-
sorption to their weaker structure is likely to make
such study difficult. This simple interpretation is
advanced with some caution, however, since band
absorption, a multiple excitation process, or other
channels of excitation may be responsible for the
observed structure. Furthermore, although we
use the term "exciton, " it seems that an accurate
many-body treatment is necessary instead of a
simple single process explanation, particularly
for the more metallic compositions. The simpli-

fied model of Combescot and Nozieres is a step in
this direction. The shape of the exciton lines was
approximately described by a critical exponent,
such as appears in their model. It is important
that the exciton line shape can be followed contin-
uously from insulating to metallic conductivity,
varying from a sharp resonance to the type of sin-
gularity observed in metals. The ability to follow
these phenomena depends on an unusual property
of the amorphous Mg-Bi and Mg-Sb alloy systems,
that by controlling composition one can move the
Fermi level through the pseudogap and into the
conduction band of extended states. During the
transition from metallic to insu1. ating behavior,
both the screening and the critical exponent vary
qualitatively together, since both depend on the
response of the conduction electrons to the excita-
tion process. It is remarkable that the excitons
exist in spite of the probable absence of a true gap
in the density of states, a mobility gap or pseudo-
gap containing only localized states being suffi-
cient. No temperature dependence of the exciton
linewidth was noted in Mg~Bi~ films except that the
sharp exciton resonances disappeared when the
films were crystallized.
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