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tained at room temperature agrees well with the value
4,77 and 4.72 electron volts obtained by Glasoe! and
Cardwell,! respectively, at room temperature. Wahlin’s*
values 4.21 and 4.48 ev, determined thermionically for
B and v iron, respectively, do not agree with the corre-
sponding values 4.62 and 4.68 ev reported in this work.
No satisfactory explanation of this disagreement is
evident.

As in the case of nickel,® it should be noted that the
magnitudes of the vertical shifts required to bring the
experimental curves into coincidence with the theo-
retical curve are not the same for all temperatures.
The photocurrent in each case was measured in the

11 G, N. Glasoe, Phys. Rev. 38, 1490 (1931).

CARDWELL

same units. In a normal case with no allotropic change
involved, no vertical shift occurs. According to Fowler’s
theory, such a shift indicates a change in the probability
factor. Hence, the vertical shift in the case of iron indi-
cates a change in both the number density of free
electrons and the transition probability factor for these
electrons. Whether the latter is characteristic of the
metal itself or is produced by a changed equilibrium
condition of a gaseous layer on the surface is a question
which can be answered only when marked advances in
present vacuum techniques are developed.

The writer wishes to express his indebtedness to
Mr. Robert St. John whose services were valuable
during the first year of the experimental work.
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Linear absorption coefficients have been determined for Mg and MgO for wavelengths from 80A to 350A.
The results for Mg have indicated values range from 1.8X10* to 12)X10* cm™. These values are in reasonable
agreement with those extrapolated from the region of the K absorption edge. Surface effects were eliminated
by plotting transmission against foil thickness. MgO exhibits three absorption bands in this spectral region.
These bands have been tentatively identified and discussed in relation to earlier emission data of O’Bryan
and Skinner. A gap of about 4 ev is found to exist between the top filled level and the proposed conduc-

tion band.

INTRODUCTION

SING a method similar to that described by
Tomboulian and Pell,! the photon absorption by
magnesium and magnesium oxide has been studied
experimentally in the wavelength region near the mag-
nesium L, ; edges. The electronic configuration of Mg,
which results in two 3s electrons, makes the distribution
of electronic energy states in the metal of particular
interest. This arises from the prediction based on a non-
overlapping band structure that this metal should be
an insulator. Since the energy band arising from the 3s
atomic states is filled, no electronic conduction would
be expected.

The absorption by the metal in this wavelength
region (from 80A to 350A) has been measured by
O’Bryan and Skinner.? Apparent trouble with surface
contaminants, however, made absolute measurement of
the absorption coefficients very difficult. The present
work on Mg was therefore undertaken to eliminate or
correct for surface effects and to seek absolute values

1 Based on the authors thesis presented in partial fulfillment of
the requirements for the Ph.D. degree at Cornell University,
September, 1951.

* Present address: Hanford Atomic Products Operation, General
Electric Company, Richland, Washington.
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for the absorption coefficients. The work on MgO
absorption was intended as a supplement to emission
work done by O’Bryan and Skinner.® Also it enabled a
comparison to be made between the absorption spec-
trum for Mg when in a conductor and in an insulator.
Since MgO contamination of the Mg films was antici-
pated, it was hoped a means of correcting for this would
also come from the MgO study.

EXPERIMENTAL

The source of radiation was of the condensed spark
discharge type described by Tomboulian and Pell.!
A concave glass grating with a 1.5-meter radius of
curvature was used at an angle of incidence of about 85°.
Slit widths of 0.05 to 0.10 mm were used.

Absorber foils of Mg were formed by evaporation in
a vacuum of less than 10~ mm Hg as determined by a
McLeod gauge. A liquid N, trap was used between the
gauge and evaporation bell jar. A small disk of Mg was
heated in an open graphite crucible on which was
wound a tungsten heater coil. The evaporated Mg was
condensed on a microscope slide coated with zapon
plastic. To minimize the absorption effects of the zapon,
the slide then was immersed in amyl acetate to free

3H. M. O’Bryan and H. W. B. Skinner, Proc. Roy. Soc.
(London) A176, 229 (1940).
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the evaporated film from its backing. The resulting
films were bright and metallic showing no discolorations.
The unbacked Mg foils were then mounted on fine-wire
open-mesh nickel screening.

Absorber thicknesses were determined by assuming
the foil density to be that of bulk Mg. Determination of
weight/cm? of foils for a given amount of evaporated
Mg gave the foil thickness per gram of evaporated Mg.
When this ratio was measured for films of thickness
3X10™* cm or more, values agreed to within 5 percent.
When attempted for foils thinner than this, weighing
from 50 to 100 micrograms, the scatter was greater but
the average value was consistent with that obtained
from the thick foils. This indicated that the use of a
single ratio for all thicknesses was justified, provided
the evaporation geometry remained fixed. The measured
foil thicknesses were in agreement with values calculated

for a point source evaporating over a solid angle deter-

mined by the crucible depth and diameter.

MgO foils were prepared by heating the unbacked
Mg foils supported on the nickel screen to 600°C for
5 minutes in a hydrogen furnace with a small amount
of water vapor. If the furnace was left on for several
hours prior to treatment, the residual water vapor was
removed and the Mg foil passed the treatment ap-
parently unchanged. If then a few drops of water were
introduced along with the sample, the foil was rapidly
converted to a transparent, brittle material. Since
heats of combustion predict that Mg will replace the
hydrogen in water with a large evolution of heat, this
film is undoubtedly MgO. The formation of the hydrox-
ide is prevented by the high temperature. Use of a
desiccator and prompt mounting in the vacuum spec-
trometer, at pressures of 10~* mm Hg or less, also
served to prevent formation of the hydroxide.

The photographic methods were similar to those of
the earlier paper' with the exception that each plate
consisted of three spectra. Two of these were taken
with no absorber and were used to calibrate the plate
as described by Skinner and Johnston.* Each plate was
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F16. 1. In(Z/I,) as a function of wavelength for two Mg
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internally calibrated and a third spectrum was that
transmitted by the absorber. Appreciable changes in
the calibration curves were recorded and seem to indi-
cate the presence of the Eberhard effect.? These plates
were not utilized for the data given in the following.

The location of the L absorption edges in Mg can be
predicted in the following way. The L, ; edges can be
found from the relation: vx=wvx,+»1, where vg is the
K absorption-edge frequency, vk, is the K, emission
frequency, and vy is the Ly, ; absorption-edge frequency.
Data obtained by Wetterblad and Ase® for Mg give
the result Az=251A. The separation of L; and L3 ab-
sorption edges can be found from the usual spin
doublet formula. This gives Azz—Azs=1.19A. The posi-
tion of the L, edge can be predicted on the basis of
observations made on the Ly ;—L; transition in Mg.?
This data places the L, absorption edge at 140A.

RESULTS
Magnesium

Figure 1 gives the In(I/I,) curves for two typical
samples with thicknesses of 880A and 1800A. I, is the
incident intensity and I is the intensity transmitted
by the absorber. One such curve is obtained from each
photographic plate; the curves shown are averages of
two and four plates for the 880A- and the 1800A-foil,
respectively. To check on the consistency of such curves

5 Harrison, Lord, and Loofbourow, Practical Spectroscopy
(Prentice-Hall, Inc., New York, 1948).

8 T. Wetterblad (Mg. K emission), Z. Physik. 42, 603 (1927);
Ase (Mg K absorption edge), Reported in Siegbahn, Spektroskopie
der Rintgenstrahlen (1931).

(1(7)435 H. Tomboulian and W. M. Cady, Phys. Rev. 59, 422
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for various thicknesses and to eliminate surface effects,
the curves shown in Fig. 2 were plotted giving In(Zo/T)
versus thickness for several wavelengths. If a fraction C
of the incident radiation is absorbed or reflected by the
surface layers, then the data should follow the relation
In(Zo/I)=px—InC. This linear relation is borne out to
within the rather appreciable experimental error. The
ordinates are averages of from two to four plates while
the foil thicknesses were determined but once. As indi-
vidual ordinate determinations were good to within
5 percent while foil thickness was determined to within
10 percent, the ordinate values were used as the inde-
pendent variable in determining the least square lines
for the various wavelengths.

Figure 3 shows values of u calculated from the slopes
of curves similar to those in Fig. 2 for 12 different
wavelengths.

As a further check on the data’s consistency, the
magnitude of the change in In(Zo/I) at the L, ; edge
was plotted against foil thickness as shown in Fig. 4.
This change was measured between wavelengths of
250A and 248A. The presence of this sudden increase
in the absorption coefficient depends upon the Mg being
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Fic. 3. Linear absorption coefficient for Mg as a
function of wavelength.

in a metallic state with a Fermi level having a large
density of empty energy levels just above it. If a thick-
ness d of the deposited Mg was converted to a non-
metallic state such as MgO, then the data of Fig. 4
should yield a straight line whose slope is the change in
the absorption coefficient between 250A and 248A and
whose x axis intercept is equal to d. As for Fig. 2 the
ordinate of Fig. 4 should be more reliable than the
sample thickness. Thus a least-squares line was drawn
using the ordinate values as the independent variable.
The slope of the line gives a value for'the change in u of
(8.26-0.65)X 10* cm™!, while d was found to be 218
+134A. The errors quoted are probable errors calcu-
lated from the data.

As a final check on surface contamination, a foil was
prepared and left on the zapon backing. Aside from a
general increase in absorption, this had the effect of
increasing the dip observed in Fig. 1 at a wavelength
of 170A.

Magnesium Oxide

Magnesium oxide absorption was measured for three
films. These were formed by oxidizing Mg foils whose
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F16. 4. The change in absorption of Mg foils at the L ; absorption
edge as a function of measured foil thickness.

measured thicknesses were 1450A, 2200A, and 2670A.
No evidence of surface effects or surface contamination
was found, for In(Z,/I) was directly proportional to the
thickness in the three cases. Figure 5 gives the values
of In(Zo/I) for the MgO film formed from the 2200A
Mg foil. By assuming the densities of the Mg and MgO
foils to be the same as for the bulk materials, one can
find the thickness of the MgO film formed by oxidizing
a Mg film of known thickness. This gives a thickness of
1710A for the MgO absorber considered in Fig. S.
Values of the linear absorption coefficient can be ob-
tained from Fig. 5 by multiplying the ordinate by 6.15
X10* cm™. All prominent features of the curve were
found on all three foils. This includes the almost atomic-
like absorption at 215A, the details of the band struc-
ture, and the absorption band of smaller magnitude
near 100A.

DISCUSSION
Magnesium

The present study confirms the general properties of
Mg absorption observed by O’Bryan and Skinner,? but
differs in some details. The absorption maximum near
170A exhibits more fine structure and is not so large as
reported in the earlier work. There is a clear indication
that this maximum arises from some type of zapon-Mg
interface as described by Tomboulian and Pell in the
case of aluminum. Figure 2 shows the slopes of the
curves for the 200A and 170A data to be nearly identical
indicating equal Mg absorption coefficients even though
the 170A absorption is always greater at any thickness.
The 170A absorption must therefore contain an appreci-
able contribution from a surface layer. Also, leaving the
zapon backing on increased the magnitude of this
absorption maximum. The earlier report estimated that
the change in u at the Ly 3 edge was 1.8X10* cm™.
This disagrees with the present value of 8.3X10* cm™.
The discrepancy could arise if the earlier work was
done with absorbers having a larger amount of Mg
converted to some nonmetallic state.
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The 880A curve in Fig. 1 shows a marked increase in
absorption at a wavelength of 140A where the L; edge
should be observed. The magnitude of the absorption
change there is about % that of the L 3 edge which is
what would be expected on the basis of the statistical
weights. Though five foils gave an indication of this
edge, it remains doubtful as to whether it is a surface
effect, fine structure from the Ly, ; edge or the L; edge.

The « intercept of Fig. 4 represents how much of the
measured foil thickness has been converted to some non-
metallic state. As given above, the least square value
obtained was 218A but it was found to have a large
probable error of 134A. The large uncertainty in the
intercept is felt to arise almost entirely from insufficient
accuracy in the foil thickness determinations. Using
more precise thickness measurements this method
should be useful in the study of the formation of non-
metallic compounds on metals. As an example, the
change in the absorption edge jump would enable one
to study the surface oxidation of a metallic foil as a
function of time and temperature.

In Fig. 6 are shown the available data on the K and L
absorption coefficients for Mg metal. For wavelengths
less than the K edge, Allen’s data is plotted.® For wave-
lengths above the K edge Stobbe’s theory? agreed well
with data available for aluminum absorption just above
the K edge, so good agreement would be expected here

as well. As was the case for aluminum L absorption,®

the extrapolation of the shorter wavelength curve falls
somewhat above the observed L absorption in the case
of Mg.

Magnesium Oxide

Magnesium oxide has a crystal structure similar to
- that of NaCl with a Mg-O separation of 2.10A. From
the normal chemical valences of Mg and O one would
anticipate that the compound consisted of doubly
charged ions. Calculation of the electron affinity of O——
in the MgO lattice by the Born ionic model or the
‘Born-Mayer equation for ionic solids assuming the
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Fic. 5. In(Zo/I) as a function of wavelength for a MgO foil
formed by oxidizing a 2200A-Mg foil.
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F16. 6. Mg mass absorption coefficient as a function of wavelength
near the K and L absorption edges.

metal ion to be doubly charged yields a value in fair
agreement with values calculated similarly from CaO,
SrO, and BaO. However, an indication that other
than ionic bonding is also present comes from the
failure in the Cauchy relation between the elastic con-
stants.! Thus the lattice most likely consists of ions
nearly doubly charged with a small amount of non-
radial interaction.

The absorption spectrum of MgO as shown in Fig. 5
consists of three absorption bands for the wavelength
region studied. The band with a threshold energy at
52 ev is believed to arise from the electronic transition
from the Lg, 3 shell to the conduction band. The band
whose threshold is near 95 ev is then identified as
arising from an L, shell electron being excited to the
conduction band. The observed difference in the thresh-
old energies of about 43 ev agrees within the uncer-
tainty of the threshold determinations with the Ly, 3— Ly
energy separation found by Tomboulian and Cady.
The band widths appear comparable and absorption
magnitudes differ by a factor of about 3 as expected
from the statistical weights of the two shells. If one
ascribes the structure seen between 52 ev and 82 ev to
the density of conduction band energy levels alone, it is
seen that a nearly forbidden range of energies is present
at 12 ev above the lowest empty level. Also there is an
indication of splitting each of the wider bands into two
by a depression in the density of states.

These interpretations of the absorption spectrum are
in conflict with the emission spectrum as obtained by
O’Bryan and Skinner® and interpreted by Mott and
Gurney.”? The emission data as interpreted would place
the top filled band of levels (the O~— 2p states) in the
energy range from 50 ev to 60 ev above the Mgt+ Ly 5
(or 2p) states. This in turn implies the present absorp-
tion band with an average energy of 58 ev results in

0 F, Seitz, Modern Theory of Solids (McGraw-Hill Book Com-
pany, Inc., New York, 1942), p. 89.

11 M. A. Durand, Phys. Rev. 50, 449 (1936).

2 N. F. Mott and R. W. Gurney, Elsctronic Processes in Ionic
Crystals (Oxford University Press, London, 1940), p. 76.
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the Mg*+ 2p electrons being excited to levels already
occupied by the O~ 2p electrons. This conflict arises
from the double emission bands observed by O’Bryan
and Skinner. If their lower energy peak is taken as
arising from the direct transition from the filled band
to the Mg*+ 25 state, then the filled band occupies the
energies from 38 ev to 48 ev above the Mg*+ 2p state
leaving a gap of about 4 ev between the filled and
empty bands.

This interpretation of the emission data leaves un-
explained the high-energy emission band observed by
O’Bryan and Skinner. This, however, seems a smaller
shortcoming than the overlap between filled and empty
levels which results from Mott and Gurney’s interpreta-
tion when applied to the present absorption data. It may
_ be noted in this regard that the emission studies were
carried out under conditions of electron bombardment
which resulted in aluminum oxide being decomposed to
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F16. 7. An approximate electronic energy level scheme for MgO
giving the levels of the isolated doubly charged ions after shifting
them by an amount equal to the Madelung potential (see F. Seitz,
reference 13).

leave a visible deposit of aluminum metal. If similar
partial decomposition of the MgO occurred, the possi-
bility of singly charged Mg ions being present would
offer a lower lying energy level which would explain
the high-energy emission band.

The absorption band interpretation given here gains
support from the type of energy level diagram sug-
gested by Seitz.'® A purely ionic type of lattice is
assumed and the energy levels of the Mgt*+ and O——
ions are found for the isolated states. Shifting these
ionic levels by the Madelung potential, whose magni-
tude is 24 ev in MgO, we get an estimate of the positions
of the energy bands in the solid. The levels are shown
in Fig. 7 after shifting the Mgt levels upward and the
O~ levels downward by the Madelung potential.

The energy level of the O~ 2s2p° excited ionic state
was not known, so estimates were made which place it
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between —10.4 ev and —17.7 ev. The first estimate
used the neon L; absorption edge®® to determine an
effective screening constant for the L shell of a 10 elec-
tron atom. The screening of the 2p electrons in the case
of O~ will be smaller than in the case of neon and
hence the use of neon’s screening constant gives too
large an energy. The other estimate utilized the ioniza-
tion potential of neutral oxygen, viz., 13.6 ev, and the
extension of the screening doublet law down to oxygen.
This predicts an L, ionization potential of 28.6 ev. To
then estimate the screening of the two extra 2p elec-
trons in O~ —, a charge of 2¢ was considered as a spherical
shell of 1.32A in radius as given by Goldschmidt.* This
raises the electronic potential energy inside the sphere
by 10.9 ev giving for the state in question an ionization
potential of 17.7 ev. This is too low an estimate, for the
2p electrons will shield somewhat inside the L shell as
well as outside it. An average value of —13 ev was thus
taken for this level. The O~— 2522p° level is given by
Seitz!® on the basis of the Born cycle. The Mgt+ 25228
level is a spectroscopic one'® and the Mg++ 251258 level
is taken as 39 ev lower as found by Tomboulian and
Cady for Mg metal. The Mg and O K levels are at
—1300 ev and —500 ev, respectively, and do not con-
cern us here.

The levels as plotted will be greatly broadened by
perturbations from nearby atoms in the solid, but the
levels should give approximately the mean energies of
the bands involved. If the bottom of the conduction
band is taken as the zero of energy, a negligible electron
affinity is implied and this has been done. From this
tentative level diagram one sees that a mean energy of
56 ev is expected for the Mg L, s—conduction band
transition and 95 ev for the Mg L;—conduction band.
These numbers agree quite well with the observed
values of 58 ev and 100 ev. Also a mean energy of 41 ev
for the emission band O Ly s—Mg Ly, 5 is seen to agree
with the mean energy of 43 ev given by the low-energy
emission peak observed by ‘O’Bryan and Skinner. It
appears at present that photoconductivity experiments
would be fruitful in identifying more clearly the absorp-
tion band corresponding to the conduction band and
hence identifying which of the emission bands is to be
the fundamental one.
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