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Exciton Screening in Amorphous Mg-Bi and Mg-Sb Alloys*
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The Mg Ly, absorption edge (kv =50 eV) has been studied as a function of composition
in amorphous Mg-Bi and Mg-Sb alloys using a synchrotron source and a high-resolution
grazing-incidence spectrometer, Exciton lines occur and are most prominent for low-
conductivity material, e.g., corresponding to Mg;Bi,. Screening of the electron-hole in-
teraction takes place as the conductivity increases, but a remnant enhancement remains

at threshold even in pure Mg metal.

Certain intermetallic compounds exhibit strik-
ing composition-dependent electrical properties
when in the liquid or amorphous state. For ex-
ample, Ferrier and Herrell*? have shown that
the electrical conductivity of amorphous Mg,Bi,_,
and of Mg, Sb, ., is quite low and cusplike at x
=0.60 (e.g., amorphous Mg,Bi,) and rises to
metallic values on either side of this composi-
tion, We find that sharp exciton lines occur at
the Mg Ly, absorption edge in the extreme ul-
traviolet (50 eV) for low-conductivity amorphous
films. These exciton lines tend to be screened
out with increasing conductivity, but a remnant
enhancement remains at threshold even in pure
Mg metal.

The spectra were obtained by measuring the
transmission of synchrotron radiation through
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thin films using a high-resolution grazing-inci-
dence monochromator.® The amorphous films
(90-510 A thickness) were made in situ by co-
evaporation onto Formvar substrates kept near
100°K by baffles at liquid-nitrogen temperature.
Composition x could be controlled to about 1 or
2% by means of crystal thickness monitors and
circuitry developed to display accurately the
ratio of evaporant fluxes. Thermal flux was
minimized by means of baffles and large source-
to-substrate distances (1 m). The amorphous
Mg-Bi alloys could be transformed to crystalline
simply by slowly warming to room temperature.
Figure 1 shows the absorption spectra for sev-
eral amorphous Mg, Bi,_, films of different com-
position x. The instrument spectral bandwidth
was less than 0.02 eV. These spectra are all
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FIG. 1. Absorption coefficient versus photon energy
for Mg, Bis., at 100°K. All samples were amorphous
except magnesium metal, x=1,00, The same scale ap-
plies to all spectra, but the curves have been shifted
arbitrarily along the vertical axis for clarity in display.

drawn to the same vertical scale, but are dis-
placed along the vertical axis for purposes of
clarity. Note the strong resonances near x =0.6
(low conductivity) due to two spin-orbit—split
n =1 exciton transitions from the Mg 2p°® core.
The intensities of the resonances at threshold
are comparable to the edge enhancement in pure
Mg metal (x =1.00) shown at the top of Fig. 1.
On the other hand, the shape and 7elative strength
of the two spin-orbit components is very differ-
ent between the metallic and insulating case.
For Mg metal the observed splitting is 0.258
+0.01 eV and the j =3 and j =3 components are in
the ratio 2:1. At x =0.6 the intensity ratio is
about 1:1.4 (uncertainty of about 10%). This
lower ratio for amorphous MggBi, is due to elec-
tron-hole exchange as discussed by Onodera and
Toyozawa* and observed for core excitons in the
magnesium halides by Rabe et al.® Here the ex-
change effects are appreciable but less than in
the halide crystals. The observed exciton split-
ting in amorphous Mg, (Bi,, is 0.269+ 0,01 eV
and must be only slightly larger than the spin-
orbit splitting.

A simple argument can be given for the screen-
ing of excitons. Let the electron-hole potential
be given by®

U=~ (e%/er)e (1)

where the classical screening length 1/X is given

by
1/1 = (ekT/4me’n,)' . (2)

Here n, is the carrier density which might be
estimated from the conductivity of films whose
compositions are those over which distinct ex-
citon lines occur. Figure 1 indicates that this
range is bounded by x =0.65 and x =0.55, and the
corresponding conductivity in both cases!® is
0~100 ! em~!, Assuming a mobility u~100
cm?/V sec (nonhopping) yields an n, of 10 cm "3,
At T=90°K Eq. (2) then gives a screening length
of 2—6 A for dielectric constants € in the range
1-9. This can be compared with an exciton ra-
dius estimated from the optical data, where the
observed intensity ratio and exchange effects
indicate compact exciton states. Furthermore,
the structure seen on the high-energy sides of
the lines of Fig. 1 for compositions x near 0.6
is likely due to transitions to the 7 =2 exciton
states. From the difference in #=1 and n=2
exciton energies, we estimate an exciton Rydberg
of 0,74+0.08 eV and a Bohr radius of about 2.3
A. Effective screening might therefore take
place for carrier densities of the order of mag-
nitude quoted above.

A more complete theory of x-ray excitons and
the transition from insulating to metallic behav-
ior has been given by Combescot and Noziéres.”
These authors show, using a very approximate
potential, that the familiar exciton line of an in-
sulator broadens asymmetrically towards higher
energy as conductivity increases, ultimately
transforming into the “infrared singularity” ob-
served in the case of some metals.®® This broad-
ening can be described as a kind of Auger pro-
cess in which many electron-hole pairs at the
Fermi surface accompany the core excitation.®
It is characteristic of these theories that the re-
sponse or transition probability W(£) depends
upon photon energy E, above threshold E,, as

W(E)x (E -Ey) % ®)

Actually, the spectrum may have a singularity

at threshold or no discontinuity at all depending
upon whether the critical exponent a is positive
or negative. For example, our measurements
on the L shell of Mg metal, shown in the upper
part of Fig. 1, indicate that « is positive 0.35.
The exponent is_also positive for excitation of the
L shell of Na and Al, In the case of the K-shell
excitation of Li the coefficient a is negative and
the edge diminished rather than enhanced.®

When amorphous Mg, Bi, ., is heated above where
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it crystallizes the conductivity increases and is
greater than 700 Q! cm ! for all values of x.

We observe that the exciton resonances for

x =0.6 disappear upon crystallization and do not
reappear upon recooling. Presumably the critic-
al exponent in crystalline Mg Bi, is such as to
give diminution rather than enhancement.

Amorphous Mg, Sb,_, is very resistive over
a much wider range of composition than Mg, Bi, _,.
The conductivity of the antimonide is less than
1X10°% ©°! em ! for compositions in the range
0.4 <x <0.6 where strong excitonic enhancement
is found. For x=0.6, spin-orbit—split exciton
lines are observed at 51.25 and 51,50 (£ 0.05) eV
with an intensity ratio of approximately 1: 1.5,
These lines are somewhat broader and less well-
resolved than in Mg-Bi. The n» =2 exciton com-
ponents are not clearly seen either because of
additional damping or because the exciton is a
little less strongly bound in the antimonide. Out-
side of the range 0.4 <x <0.6, a more or less
continuous transition to the screened case (shape
like that for ¥ =0.55 or x =0.75 in Fig. 1) takes
place, in contrast to the abrupt change argued
for quite a different system by Raz et al.*!

By fitting Eq. (3) to our data, we can obtain
exponents « for comparison with theory. This
can be done because of good signal-to-noise
ratio and the fact that, except in the most insulat-
ing case, the curves have a steeper rising than
falling part. Account must be taken of the split-
ting, and the trailing portions of each component
are plotted on a loga versus logE basis., Figure
2 shows the values of @ obtained in this way for
amorphous Mg, Sb,_, together with resistivity
versus composition as measured by Ferrier and
Herrell.? Notice that a peaks near a composi-
tion x =0.6 where the resistivity rapidly diverges.

In the Noziéres theory it is the phase shift §
for scattering of electrons at the Fermi energy
which determines the critical exponent a. This
phase shift is connected with the critical expon-
ent by the expression a=(25/7)~ (6/7)%. Notice
that o in Fig. 2 varies continuously over a nar-
row range, whereas resistivity changes over
many orders of magnitude. Now what is needed
is a simple expression relating phase shift to
screening length or carrier density. Efforts
along these lines are underway.'? The significant
features of the present experimental work are
that remarkable core exciton effects are found
for amorphous Mg-alloy systems, and screening
takes place which can be followed continuously
from insulating to metallic conductivities.
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FIG. 2. The solid curve (log scale on the left) shows
resistivity (Refs. 1 and 2) of amorphous Mg, Sby-, as a
function of composition ¥, Critical exponents & are in-

dicated by the dashed curve with data points and linear
scale on the right.

The authors would like to thank the staff of the
University of Wisconsin Physical Science Lab-
oratory and also the U. S. Air Force Office of
Scientific Research for support of the synchro-
tron radiation source. They also appreciate
helpful suggestions by Professor J. D. Dow.

*Work supported in part by the U, S. Army Research
Office under Contract No. ARO-D-381-124-71-G15 and
by the Advanced Research Projects Agency under Con-
tract No. HC15-67-C-0021,

'R. P. Ferrier and D. J., Herrell, Phil, Mag. 19, 853
(1969).

’R, P. Ferrier and D. J. Herrell, J. Non-Cryst.
Solids 2, 278 (1970).

3C. Gahwiller, F. C. Brown, and H. Fujita, Rev, Sci.
Instrum 41, 1275 (1970).

%Y. Onodera and Y. Toyozawa, J. Phys. Soc. Jap. 22,
833 (1967).

P, Rabe, B. Sonntag, T. Sagawa, and R, Haensel,’
Phys. Status Solidi (b) 50, 559 (1972).

83, Ziman, Principles of the Theory of Solids (Cam-
bridge Univ. Press, Cambridge, England, 1965),

p. 131,

"M. Combescot and P, Nozieres, J. Phys. (Paris)
32, 913 (1971),
3¢, Kunz, R. Haensel, G. Keitel, P, Schreiber, and
B. Sonntag, in Electronic Density of States, edited by
L. H. Bennett, U, S. National Bureau of Standards
Special Publication No. 323 (U. S. GPO, Washington,
D. C., 1971), p. 323, and Phys. Status Solidi (a) 2, 85
(1970). -

9C. Gthwiller and F, C. Brown, Phys. Rev. B 2, 1918



VOLUME 29, NUMBER 14

PHYSICAL REVIEW LETTERS

2 OCTOBER 1972

(1970).
193, J. Hopfield, Comments Solid State Phys. 2, 40
(1969).

11, Raz, A. Gedanken, U. Even, and J. Jortner, Phys.
Rev. Lett, 28, 1643 (1972).
125, D, Dow, to be published.

Hall Effect of Silver Ions in RbAg,Is Single Crystals

T. Kaneda and E. Mizuki
Research Labovatories, Tokyo, Fuji Photo Film Co., Ltd,, Mizonuma, Asaka, Saitama-ken 351, Japan
(Received 2 June 1972)

The Hall effect of the high ionic conductor RbAg,l; was studied from 0 to 40°C, By com-
parison with the results on photoexcited carriers, it is determined that the origins of Hall
signals in RbAg,l; are the mobile silver ions. The value of Hall mobility is about 0.05

cm? v !sec

! at room temperature, which is about 30 times as large as that of the ions

in NaCl at 780°C previously obtained by Read and Katz.

There have been many Hall-effect studies con-
cerning the electrons and the holes in ionic crys-
tals and semiconductors by using various tech-
niques.’ However, no previous study has been
conducted on the Hall effect of ions in a solid ex-
cept for one in NaCl single crystals at a high tem-
perature by Read and Katz?; the sodium ions were
supposed to be the primary origin of the voltage.
Hall-effect measurements of ions in a solid are
very difficult, because it is suspected that the
ionic carriers spend an appreciable time in a
stable status in the lattice and that they possess
very heavy masses and very large volumes com-
pared with those of electronic carriers. Further-
more, the space charge near the electrodes aris-
ing from the movement of ions under an electric
field causes additional difficulties in taking mea-
surements.

Recently, several scientists® investigated high—
ionic-conducting solid electrolyte rubidium silver
iodide RbAg,I,, which has an ionic conductivity of
about 0.2 7! em ™! at room temperature. Using
the Tubandt method, it was determined that the
charge-carrying species in RbAg,I, were the sil-
ver ions and their transport number was about
0.995.* This high ionic conductivity was assigned
mainly due to the isostructural lattice of RbAg,I..
The purpose of this work is to study the behavior
of silver ions in RbAg,I. single crystals by Hall-
effect measurements.

The Hall effect in RbAg,I. was investigated by
a new technique® which was essentially an ac
method to prevent the accumulation of space
charges near electrodes; the alternating current
K f,) through a sample and the alternating applied
magnetic field H(f,) were phase locked to each
other. Thus, the observed Hall voltage oscillated

with a frequency of the sum or the difference of
fi1and f,. Actually, f, and f, were 75 and 50 Hz,
respectively. A component with 125 Hz in the
Hall voltage was selected and amplified by a low-
noise preamplifier with a pass filter followed by
a lock-in amplifier., Square-shaped samples with
four electrodes were investigated over a temper-
ature range from 0 to 40°C. It was confirmed
that the measuring system used in this experi-
ment was able to detect a Hall voltage as low as
around 1 nV, about 50 times as sensitive as the
method used by Read and Katz.? The validity of
this technique was confirmed by performing the
same measurements on n-type Ge specimens
whose electronic properties were studied by in-
dependent experiments.

Single crystals of RbAg,I. as large as 1 cm
diam X4 cm long were grown from melts by the
Czochralski technique.® Extrapure reagents Agl
and Rbl were purified by vacuum distillation and
then by zone melting. The crystals obtained were
transparent with a light yellow tint. Sizes of the
specimens were about 6X6X0.5 mm?,

Hall voltages in RbAg,I; single crystals in the
dark are linear with respect to the applied fields
—both magnetic and electric. Hall mobility . in
the dark is shown in Fig. 1 as a function of the
reciprocal temperature. The value of u, increas-
es with increasing temperature, and is about 0.05
cm? V™! sec "' at room temperature which is ap-
proximately 30 times as large as that of the ions
in NaCl single crystals at 780°C obtained by Read
and Katz.?

Measurements of the Hall effect and conductivity
under photoexcitation were effected to confirm
that origins of the Hall data presented in Fig. 1
were the silver ions in RbAg,J.. Since the wave-
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