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Spectroscopy of the Solid State: Potassium and Calcium*
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Utilizmg the techniques developed by O'Bryan and Skinner for the study of the emission bands of metals,
it has been possible to determine the structure of the conduction bands of the metals, potassium and calcium.
The spectrograph used utilizes a photomultiplier in place of a photograph plate, thus enabling higher sensi-
tivity and ease of operation. The particular radiation studied is produced by transitions of the conduction
electrons into the ionized 3p state of the atom. The limiting factor in the accuracy of the emission band ob-
tained in this way is the purity of the sample studied. The contamination of the surface of an evaporated
sample affects the resultant curve mainly as a result of insufBcient penetration of the electrons, since the
photon absorption is negligible at depths required to produce radiation representative of the pure bulk
metal. The results for potassium and calcium at temperatures between 25'C and 100'C are not in good
agreement with previous theoretical calculations. The experimental values of band width are 1.9 and 3.0 ev,
respectively, compared with the theoretical calculations of 3.6 and 5.0 ev.

I. INTRODUCTION

Y means of spectrographic techniques originally
developed by O'Bryan and Skinner' it has been

possible to determine the energy distribution of the
valence electrons in metallic potassium and calcium.
If a sample of the metal is bombarded with electrons of
several hundred volts energy it is possible to observe
an emission band whose intensity distribution is directly
related to the density of occupied states in the conduc-
tion band. The transition studied in this work is the
valence band to 3p level, having a short wavelength
limit of 500 and 670A for calcium and potassium, re-
spectively. This wavelength radiation lies in the extreme
ultraviolet and requires a spectrograph evacuated to
pressures of 10 ' mm Hg or better, utilizing a grazing

FIG. 1. Band emission curve of potassium. Eh=300 volts.
Ib=3 ma. Counting rate= 500 counts/sec full scale.

*This work has been supported in part by the Signal Corps,
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' H. M. O'Bryan and H. W. B. Skinner, Phys. Rev. 45, 370
(1934).

incidence concave grating. The instrument used, de-
scribed elsewhere in the literature, ' consists of two
separate vacuum systems; one containing the spectro-
graph proper and the other containing a copper target,
electron gun, and evaporating furnace for preparation
of the sample. The two systems are separated by a
sliding-type vacuum valve and the specimen chamber
is maintained at a vacuum of 10 ' mm Hg to assure
minimum contamination of the specimen. The spectro-
graph is of the same type as that used by O'Bryan and
Skinner except that the photographic plate has been
replaced by a Be-Cu photomultiplier which may be
driven by an external coupling along the focusing tra-
jectory of the spectrograph. This modification greatly
enhances the sensitivity and Qexibility of the apparatus.

II. EXPERIMENTAL PROCEDURE

The potassium used for this work was reagent grade
metal packed in kerosene. For evaporation purposes the
metal was rinsed in toluene and cut in small pieces
before being placed in the evaporating cup. In this way
the active surface of the material wa, s not exposed until
the toluene had evaporated during evacuation of the
chamber.

After the specimen chamber, containing the evapo-
rating furnace, target, and electron gun, had been
evacuated to a pressure of LO ' mm Hg, the furnace
and gun were turned on and the system allowed to
outgas. When a suitable vacuum had again been ob-
tained, the valve separating the specimen chamber
from the spectrograph was opened and the target ad-
justed to obtain maximum photon counting rate. Then,
with the detection system set at a wavelength corre-
sponding to the maximum intensity of the emission
band, the power to the evaporating furnace was in-
creased and evaporation continued until the observed
radiation reached a steady maximum in intensity. At

'E. M. Gyorgy and R. H. Kingston, Phys, Rev. 83, 220(A)
(1951};Piore, Harvey, Gyorgy and Kingston, "A high vacuum
recording spectrograph for the study of radiation from solids in
the 100-800A range" (to be published, Rev. Sci. Instr. ).
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Fio. 2. Band emission curve of calcium. Eq= 500 volts.
Iq=6 ma. Counting rate=500 counts/sec full scale.

this point the photomultiplier was moved to a wave-
length slightly shorter than that of the emission edge
and a curve such as shown in Fig. 1 was recorded. A
total of a dozen curves were taken, with several values
of bombarding voltage and varying evaporation cycles;
that shown was taken several minutes after the metal
had been evaporated onto the target and the furnace
shut oG. It is representative of all the curves taken
within a few minutes of the evaporation. An interesting
point is that at voltages of 300 volts and higher the
curves reproduce well; however, if the voltage is de-
creased to 150 volts, a sharp peak no longer appears
at the high energy end of the band. The same results
occur if the curve is taken ten or more minutes after
the evaporation is stopped. This is interpreted as mean-
ing that the penetration of the electrons is not sufhcient
at 150 volts to produce radiation representative of the
pure bulk metal. In all probability the loss of the high
energy peak is a result of oxide forming on the surface
of the specimen. The fact that this eGect is observed at
higher voltages if the target has had time to deteriorate
would indicate a slow penetration of the contaminating
atoms into the interior of the metal.

Much more di6iculty was experienced in obtaining
the calcium emission band as a result of the contamina-
tion of the sample. There are two reasons for this.
First, calcium does not melt before it reaches a tem-
perature sufhcient to evaporate metal onto the target;
this means that an oxidized layer may easily form on
the surface of the solid calcium, preventing the pure
metal atoms from leaving the material. Second, calcium
does not form a protective coat as do metals such as
potassium and aluminum; instead of a thin layer of
oxide forming on the surface and protecting the metal,
the oxygen atoms seem to penetrate into the bulk of
the metal in a matter of seconds. Because of this the
curve shown in Fig. 2, one of approximately 30 curves,

had to be taken with the evaporating furnace still
running. The calcium on the target was thus being re-
plenished continually with pure metal. To assume
maximum purity the metal chips were first ground by
means of a mortar and pestle to expose as much fresh
surface as possible before being evaporated. Even with
these precautions it was not possible to take more than
one accurate curve for each filling of the evaporating
cup. A second plot taken with the furnace still in opera-
tion produced a curve of the same general shape, but
decreases in intensity by a factor of 50 to 75 percent.
The behavior of the curve at the emission edge was
checked carefully by starting the record at the peak of
the edge, thus starting the curve only a few seconds
from the time a satisfactory coat was on the target.
In this way it was definitely established that the rising
intensity with increasing wavelength was an accurate
observation. If the evaporating furnace is shut oG
before the curve is started the result is a band emission
curve which looks like a decreasing exponential, since
the decrease in intensity as a function of time because
of contamination completely masks the true shape of
the emission band. This same eGect may be observed
if the photomultiplier is set at the peak of the emission
band and the intensity of radiation as a function of
time is studied at the one particular wavelength. The
time required for the intensity to drop to one-half of
its maximum for potassium. On the whole this seems to
indicate that the behavior of metallic surfaces is not
simply related to the activity of the free atom. These
eGects should certainly be considered in any future
work on the band emission of solids.

A curve of a contaminated sample of calcium is
shown in Fig. 3. Note how the intensity has fallen to
almost half its value and the maximum has shifted to
longer wavelengths. This particular curve was run ten

FIG. 3. Band emission curve of contaminated calcium. Eq=330 volts. Iq= 6 ma. Counting rate = 200 counts /sec full
scale.
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minutes after the evaporating furnace had been turned
on. Although the coat was being slowly replenished,
oxidation of the metal in the cup and on the target
caused a high percentage of impurities in the target.
As was observed in potassium it was impossible to ob-
tain any representative curve at all at 150 volts bom-
bardment potential, even though the record was started
at the beginning of the evaporation cycle.

During all the runs taken the object slit was set at
0.25-mm width and the image slit at 1.0 mm. This
corresponds to a resolution of approximately 5A in the
region studied. The calibration of the spectrograph was
made at this same slit setting so that the wavelength
of the emission edges should be accurate within 1 or
2A, if this value is measured at 50 percent of the maxi-
mum value of intensity at the emission edge. The
calibrating edge was that of aluminum in the third and
fourth order, corresponding to wavelengths of 510 and
680A.

The target temperature was somewhere between 25

and 100'C since during all the experiments the copper
target was filled with tap water. Since the input power
to the target was of the order of 1.5 watts there was
not enough heat to cause boiling so that an accurate
value of temperature was not obtained. It is important
to realize that the temperature of the body of the
target does not correspond to the temperature of the
active surface. Actually the metal at the surface could
theoretically be hot enough to melt. The only investiga-

tion of this problem has been made by Skinner, ' who
made an accurate study of the width of the emission
edge as a function of target temperature. By relating
this width to the Fermi distribution theoretical width
he concluded that the temperature of the active surface
was close to the over-all temperature. Since Skinner's
input power to the target was much higher than ours it
is reasonable to assume that the temperature of the
sample in our work was within a few degrees of the
target temperature.

In the work described the bombardment potential
was kept as low as possible to eliminate the high back-
ground which might be produced by excitation of
higher energy states, specifically those in the 2s and 2p
shells of the atom. As has been observed by other
workers the conduction band-to-3S transition is not
observed in these metals because of the high proba-
bility of an intermediate 3p-to-3s transition.

III. INTERPRETATION OF DATA

The experimental curves may be modified to repre-
sent the density, dlV/dE, of the s-type and d-type
electrons according to a method given by Skinner. '
The background is first subtracted from the emission
curve and then the resultant distribution replotted as
a function of quantum energy; the ordinate having been
divided by a factor proportional to the fourth power of
the energy. The final curve then represents the density
of electrons weighted according to their particular
wave function. For example, if the wave function of
electrons at some specific point in the band is composed
of s and p functions, the resultant plot will give only
the contribution of the s part of the function since the
final state in the transition is a p state. For simplicity
the emission edge has been sharpened to correspond to
the shape of the theoretical edge obtained from the
Fermi statistics at the temperature used. This is not a
strictly accurate interpretation since it cannot be said
definitely that the edge would be this sharp if the spec-
trograph were operated at its limiting resolution. The
width of the edge, however, as measured on the ex-
perimental curves corresponds to the calculated resolu-
tion of the spectrograph and it is therefore assumed that
the above alteration is reasonable. The energy at the
emission edge was determined by a direct comparison
with higher orders of the aluminum edge obtained by
Skinner. The cross calibration was made at the midpoint
of the experimental edge.

Since potassium is a monovalent metal, it is quite
well described by the Sommerfeld free-electron approxi-
mation. Figure 4 shows the distribution of electrons as
a function of energy as determined from the experi-
mental curves. The dotted line at the low energy end of
the curve shows the probable position of the bottom
of the Brillouin zone. The low energy "tail" on the
curve is a common characteristic of emission bands and

FIG. 5. 5 and d electron distribution in calcium. ' H. %.B.Skinner, Trans. Roy. Soc. I'London) A239, 9S (1940).
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has been discussed by Skinner' and Seitz. ' There are
several explanations for the eGect. Skinner concludes
that it is a result of Auger transitions during the radia-
tive process while Seitz attributes it to either con-
tamina tion or the vestiges of excited states formed
below the band. A detailed analysis applied to sodium
is given by Landsberg. ' In this curve and the curve for
calcium a parabola has been fitted to the bottom of the
band, since it is known that electrons in this region
behave according to the free electron theory. The posi-
tion of the estimated limit of the band cannot be deter-
mined accurately because of this phenomenon, but a
reasonable value of the band width is 1.9&0.2 electron-
volts. It is of interest to note that the Sommerfeld
approximation gives 2.1 volts for this value, while a
signer-Seitz calculation of the effective mass of the
electrons at the bottom of the zone gives a band width
of 3.6 volts. Evidently the wave functions of the elec-
trons in the potassium band are predominantly of the
s-type, since the over-all curve is a good representation
of the parabolic distribution which would be expected
in this case.

The calcium conduction band shows a shape much
different than the free electron theory would predict.
Figure 5 indicates that the first Brillouin zone is nearly
filled, since the density of states falls ofF well before the
high energy edge. The second zone must necessarily
overlap with the first since the metal is a conductor;
however there is an uncertainty as to the wave functions
at the bottom of this excited band. There is certainly no
definite indication of an overlapping curve such as may
be seen in Fig. 6, taken from data obtained for alumi-
num. ' Even though calcium has two valence electrons,
compared with three for aluminum, Skinner's curves'
for magnesium indicate that even in the divalent case
an overlap should be observed. There are two possible
explanations for the lack of structure in the calcium
case. First, it is possible that the wave functions at the
bottom of the second band are p-type, therefore not
observable in a transition to the 3p state; or second,
the excited band rises so slowly that it would not pro-
duce any observable inQection in the curve. Manning
and Kru tter's calculations' indicate a d band as the
overlapping zone; however, examination of their pre-
dicted curve in Fig. 7 shows that the calculations
cannot be too sound since the band widths are in very
poor agreement. The observed band width is 3.0+0.2
volts, Manning and Krutter's value, 5.0 volts and the
free-electron determination, 4.3 volts. It is not possible
to determine from the above authors' calculations
whether the electrons in the bottom of the d band are
s-, p-, or d-type. If the band is as sharp as their calcula-
tions would indicate then p-type functions would be

4 F. Seitz, 3IIodern Theory of Solids {McGraw-Hill Book Corn-
pany, Inc., New York, 1940), p. 439.

~ P. T. Landsberg, Proc. Phys, Soc. (London) A62, 806 {1949).
See reference 4, p. 354.

~ M. F. Manning, H. M. Krutter, Phys. Rev. Sl, 761 (1937).
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Fzo. 6. S and d electron distribution in aluminum. (Dashed
lines indicate probable zone structure. )

expected, since a sharp rise is not visible in the experi-
mental curve; however, there is possibly an overlap into
the 4p-derived band rather than the 3d, in which case
it would most likely be fairly broad and would there-
fore not be obvious in the curves. The peak of the
density curve does not necessarily correspond to the
maximum number of electrons per unit energy range
since there is every indication that the electron wave
function changes from s to either p or d as the eigen-
value increases in magnitude. It may certainly be
stated, however, that the degeneracy at the top of the
band is as high if not higher than the observed curve
indicates, contrary to the theory. A survey of the
literature indicates that there are no data on the Hall
coefIicient for calcium. When such measurements are
made, it should prove instructive to ascertain the rela-
tion of this coefFicient to the filling of the first Brillouin
zone. Since this zone is almost completely full it is
highly probable that the coefEcient would have the
anomalous sign, that is, the negative mass eGect in the
quantum mechanical treatment would cause the cur-
rent carriers to appear as positive charges.

The experimental results for potassium and calcium
are summarized in Table I.

IV. GENERAL DISCUSSION OF METALLIC
ENERGY BANDS

Table II is a survey of the theoretical and experi-
mental results obtained for the electronic structure of

dM
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F&G. 7. Manning and Krutter's calculated distribution curve.



R. H. KINGSTON

Thsrx I. Summary of experimental results for
potassium and calcium,

Band width
(ev)

Emission edge
Wavelength (A) Energy (ev)

Potassium 1.9~0.2
Calcium 3.0~0.2

675a2
500~2

18.4~0.1
24.8~0.1

metals from lithium to zinc in the periodic table. The
values of the observed band width for titanium through
zinc, taken from an unpublished communication from
Skinner, are not considered too reliable, since the
emission edges are not at all sharp. The free-electron
band widths for the transition metals have not been
calculated, as the value obtained would be in complete
disagreement with the actual band widths, since the
d electrons are known to be tightly bound. The cellular
calculations for the transition metals are also unre-
liable, since they are only qualitative values obtained

by Slater by extrapolating Krutter's results for copper.
The lithium value has been recalculated by Silverman' '
giving a value of effective mass in closer correspondence
with the observed band width.

The calculations show generally good agreement for
the 6rst two periods of the table; however, the po-
tassium and calcium band widths are closer to the free
electron value than that of the signer-Seitz calculation,
and the work on the transition metals is too sketchy
to make any generalizations. It is interesting that the

ALE D.~ Summary of band emission data and theoretical
calculations. (All energies given in electron-volts}.

Metal

Ll
Be
Na
Mg
Al
K
Ca
Tl
Va
Cr
Mn
Fe
Co¹i
Cu
Zn

No. of
valence

electrons

1
2

3
1

5
6
7

9
10
1(?)
2(&)

Free
electron

4.7
14.3
3.2
7.2

11.7
2.1
4.3

~ ~

7.1
9.5

Band width
Bloch Cellu-
pert. lar

31b
11 8c
3.2d

13.0 ~ ~ ~

36b
5.0'
1.8'
2.5f
3.1'
3,7'
4.3'
4.6'
4.9'
7.3g

~ ~ ~

3.7~0.5
13.8~1.0
2.5~0.3
6.2~0.3

11.8~0.5
1.9~0.2
3.0+0.2
5.6~0.5
5.6~0.5
6.3~0.5
6.0~0.5
4.4~0.5
5.8~0.5
4.7+0.5
7.0~0.5

11.0~0.5

+ Note: Observed band widths are taken from reference 3 for Li to Al;
from this paper, for K and Ca; and the remainder from Skinner's data
mentioned in the text.

ss G. C. Fletcher and E. P. Wohlfarth, Phil. Mag. 42, 106 {1951).
b Based on calculation of the eR'ective mass; see reference 4, p. 354.
e C. Herring and A. G. Hill, Phys. Rev. 58, 132 (1940). Not strictly a

cellular method, but included for reference.
sI J. C. Slater, Phys. Rev. 45, 794 {1934).
& M. F. Manning and H. M. Krutter, Phys. Rev. 51, 761 (1937).
f J. C. Slater, Phys. Rev. 49, $37 (1936). Values extrapolated from

Krutter's work on copper.
& H. M. Krutter, Phys. Rev. 4S, 664 (1935).See also S. R. Tibbs, Proc .

Cambridge Phil. Soc. 34, I, 89 (1938).

s R. A. Silverman and W. Kohn, Phys. Rev. 80, 912 (1950).
s R. A. Silverman, Ph.D. thesis, Dept. of Physics, Harvard

University (1N1).

Fletcher and Wohlfarth calculation for nickel gives a
band width just one-half the value of that obtained by
Slater using the cellular method. If similar results were
to be expected for potassium and calcium using the
Bloch perturbation method the band widths would
correspond much more closely with the experimental
values. It is not immediately obvious why the Bloch
calculation gives a band width corresponding to much
tighter binding than the cellular method. It may be
that the presence of a 3rd level with energy very close
to the 4s energy, and yet a mean radius corresponding
to that of the 3p level, introduces complications not
taken into full account in the cellular method. This
might be a result of the fact that the Bloch scheme
seems to take a much more accurate account of exchange
interactions. Slater" has proposed an intermediate
method of calculating the interaction potentials and a
trial calculation is now being carried out by Parmenter"
to determine the validity of this approach. The idea is
to modify the Hartree-Fock equations in such a way
that the potential seen by the electron is somewhere
between the extreme of the Bloch method, where
neighboring cells are assumed to contain no valence
electrons, and the cellular method, where the neighbor-
ing cells are treated as electrically neutral.

V. SUMMARY

The experimental work described has de6nitely es-
tablished the fact that the emission edges of the metals
potassium and calcium are sharp as has been observed
in aluminum and the preceding conductors in the peri-
odic table. On the basis of these results it seems possible
that future work on the transition metals, with the
more sensitive techniques described, will produce better
resolution than that obtained by Skinner, above. A
study of the absorption coefficients of metals for radia-
tion of the wavelengths" used has shown that the
important factor 'in determining the reliability of the
observed band emission curves is the depth of penetra-
tion of the bombarding electrons. For the metals de-
scribed in this paper the necessary bombarding poten-
tial has been found to be 300 volts or higher. There is
of course the possibility that the metals which have d
band structure may have higher electron absorption,
in which case the voltage should be raised to take this
into account. A thorough study of electron penetra-
tions at voltages of 100 to 1000 volts would be an ex-
tremely valuable addition to the literature, as well as
further studies on photon absorption in the 100 to
800A range.

' J. C. Slater, Phys. Rev. 81, 385 (1951)."R.H. Parmenter, Quarterly Profress Report, Solid State and
Molecular Theory Group, M.I.T., Cambridge, Massachusetts
(July 15, 1951),p. 15.

~ H. W. B. Skinner and J. E. Johnston, Proc. Roy. Soc. (Lon-
don}&AI61, 420 (1937); J. E. Johnston, Proc. Cambridge Phil.
Soc. 35, 108 (1939).
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Another important result of the work is the observa-
tion that the chemical activity of a metal is not a de-
cisive factory in determining its resistance to oxide
contamination. Before intensive studies of the transi-
tion metals are taken up it seems advisable that the
protective layer efFect as observed in potassium should
be investigated more thoroughly, probably by a survey
of the metallurgical literature.

The use of the photomultiplier in place of photo-
graphic plates has added another variable to the ex-
perimental observations. This is the possibility of study-
ing time-dependence of the radiation from the sample.
The high sensitivity and the foregoing efFect suggest

possible studies of surface efFects in metals and non-
conductors.
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If one assumes that self-interactions don't exist and can be ignored, the explanation of the anomalous
magnetic moments of proton and electron and the Lamb shift require new types of interaction between
protons, photons, and electrons. A theory with such additional interactions is here developed in gauge-
independent form, thus avoiding longitudinal and scalar photons throughout, The covariance of the
formalism is proved. The resulting modification of Maxwell's equations for charged elementary particles
in the vacuum involves only the introduction of an intrinsic polarization and magnetization of elementary
particles, so that these equations for the vacuum now take the familiar form of the macroscopic Maxwell
equations in matter. A further modification of the Dirac equation for electrons and protons involves the
introduction of a delta-function interaction between them, opposite in sign to the Coulomb interaction.
It is indicated how one can derive an energy density tensor for this theory. It is then shown how this for-
malism explains the anomalous moments and the Lamb shift. The three new interaction constants are
adjusted to the experimental data. The dependence of the Lamb shift on the quantum numbers automatically
comes out to be nearly the same and the dependence on the atomic number to be exactly the same as in the
theory of Bethe, French and Weisskopf.

l. INTRODUCTION

HE Lamb shift" and the anomalous magnetic
@ament of the electron'4 "have been explained

as consequences of self-interaction of the electron
through the radiation field. ' "The necessity of inanite
"renormalizations" or "subtractions" or of other special
devices to make divergent expressions Gnite makes this

' W. E.Lamb and R. C. Retherford, Phys. Rev. 72, 241 (1947).'R. C. Retherford and W. E. Lamb, Phys. Rev. 75, 1325
(1949); W. E. Lamb and R. C. Retherford, Phys. Rev. 79, 549
(1950);and 81, 222 (1951).

I P. Kusch and H. M. Foley, Phys. Rev. 72, 1256 (1947};H. M.
Foley and P. Kusch, Phys. Rev. 73, 412 (1948).

4 P. Kusch and H. M. Foley, Phys. Rev. 74, 250 (1948).
4' S. Koenig, A. G. Prodell, and P. Kusch, Phys. Rev. 83, 687(L)

(1951).' H. A. Bethe, Phys. Rev. 72, 339 (1947).
s J.B.French and V. F. Weisskopf, Phys. Rev. 75, 1240 (1949).' Bethe, Brown, and Stehn, Phys. Rev. 77, 370 (1950).
8 Similar results were obtained by J.Schwinger and others using

manifestly covariant methods, in which, however, the non-
normalizability of the state vector makes the derivations some-
what more doubtful.

~ R. Karplus and N. KroO, Phys. Rev. 77, 536 {1950).

theory not fully satisfactory. There have also been
attempts at explaining the anomalous magnetic
moment of nucleons' "as a consequence of their mesic
("pionic") self-interaction. "These theories too are not
quite satisfactory.

Instead of attempting to improve these existing
theories, we want to attack these problems in this
paper from an entirely different point of view. It has
been suggested by this author" that perhaps no self-
interactions exist at all in nature. Although this hypoth-
esis formulated in this oversimplified form is subject
to various serious objections, which the author intends
to discuss in a forthcoming paper, and which need
further investigations for their complete solution, it
might yet be interesting to examine already now, how

9 H. Taub and P. Kusch, Phys. Rev. 75, 1481 (1949).
"Sommer, Thomas, and Hippie, Phys. Rev. 80, 487 (1950}."C. D. Jeffries, Phys. Rev. 81, 1040 (1951).
~ See for example, S. Borowitz and W. Kohn, Phys. Rev. 76,

818 (1949)."F.J.Belinfante, Phys. Rev. 82, 767 (1951};Progress of Theor.
Physics 6, 202 (1951).








