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The large, optical-absorption anomaly in the reflection spectrum of potassium, discovered by Mayer and El
Naby has a threshold near 0.6 eV and maximum near 0.8 eV. The failure of other workers to reproduce this
effect has led to a premature conclusion that it was an experimental artifact. The recent discovery by Harms
of how to reproduce it in a controlled way reestablishes the need for a satisfactory explanation. Since the
anomaly is turned on by the presence of a KOH surface layer, we report transmission measurements on KOH
between 0.5 and 1.1 eV. These show that absorption in KOH cannot be the cause. A number of other
extrinsic mechanisms are also considered. Finally we entertain the possibility that the absorption is intrinsic to
the metal. This would require potassium to be optically anisotropic. If the direction of the optic axis is
influenced by the presence of the KOH layer, a quantitative account of the diverse observations is possible.
Two critical experiments are proposed which may distinguish intrinsic and extrinsic mechanisms.

I. INTRODUCTION

The purpose of this paper is to revitalize in-
terest in the problem of the origin of the Mayer-
El Naby optical-absorption anomaly,' observed
in the near-infrared reflection spectrum of potas-
sium. Study of this enigma has subsided since
its discovery in 1963 because other workers®™*
were unable to reproduce it. The conventional
view is that the original anomaly was spurious
or, at least, unrelated to the properties of potas-
sium.

Recently, Harms,® in an extensive study, has
shown that the Mayer-El Naby anomaly can be
reproduced at will in a controlled way. Freshly
prepared (bulk) metal-vacuum surfaces can be
obtained which show no trace of the absorption
anomaly (see curve A of Fig. 1). Curves B, C,
D, and E were obtained after successive intro-
duction of small amounts of H,O vapor into the
vacuum chamber, otherwise kept at ~107'° Torr.
The dashed curve M is one obtained by Mayer
and El Naby.! The chemical reaction between
potassium and trace amounts of H,O is

K +H,0 -KOH + 3H,. (1)

Consequently, we conclude that curves B, C, M,
D, and E are the absorption spectra of potassium
surfaces having increasing amounts of KOH on
the surface.

The problem, of course, is to account for the
magnitude and spectral shape of the absorption
shown in Fig. 1. The absorption threshold is near
0.6 eV, the peak is near 0.8 eV, and the asym-
metric high-energy tail extends beyond the 1.3-
eV threshold for interband absorption in potas-
sium. When present, the anomalous absorption
is an order of magnitude larger than the ob-

served®'* interband absorption. (The data shown

were obtained by reflection measurements of
p- and s-polarized light having a 75° angle of

incidence, and interpreted by employing the Fres-
nel equations.®)

II. EXTRINSIC MECHANISMS

Since the anomalous loss of reflectivity near
0.8 eV is associated with the presence of KOH

0.4

——Harms

UOISSIWSUDI]

0.6 0.8 1.0 1.2
Photon Energy(eV)

FIG. 1. Curve A is the optical conductivity (absorption)
at a clean bulk-potassium-vacuum interface. Curves
B, C, D, and E were obtained on the same specimen
after successive exposure to trace amounts of HyO.
These data are from Harms, Ref. 5. The dashed curve
M is one obtained by Mayer and El1 Naby, Ref. 1. The
dashed curve T is an inverted plot of the transmission
through 0.01 ¢cm of KOH sandwiched between glass slides.
All data are at room temperature.

3371



3372 A. W. OVERHAUSER AND N. R. BUTLER 14

on the potassium surface, it is natural to assume
that this (apparent) absorption peak has an ex-
trinsic origin, not associated with the fundamental
optical properties of bulk potassium. Such a con-
clusion is not warranted, however, until a physical
mechanism can be suggested which accounts for
the experimental observations qualitatively. We
consider below a number of possibilities.

A. Absorption in KOH

KOH is a transparent insulator and would not
be expected to absorb in the near infrared. The
spectral region of interest is between hv=0.5 and
1.1 eV. Infrared data for 2Zv< 0.5 eV can be found,’
but we have not located any for the relevant ener-
gy. We therefore report our own observations
of the transmission of KOH in the near infrared.
KOH samples 1072 c¢m thick were grown be-
tween glass slides in an argon atmosphere. The
transmission of these KOH-glass sandwiches was
measured with a Perkin Elmer Model E-1 double-
pass spectrometer. The dashed curve T of Fig.
1 is an inverted plot of the transmission data ob-
tained. The transmission is that relative to an
empty sandwich. It is obvious that there is no
absorption in KOH that could lead to an explana-
tion of the Mayer—-El Naby anomaly.

B. Interference

The observation, shown in Fig. 1, that the
spectral shape of the anomalous absorption re-
mains unchanged as the magnitude of the effect
builds up with increasing amounts of KOH on the
surface is inconsistent with the supposition that
the effect is caused by interference in KOH layers
of increasing thickness. A KOH layer of unique
thickness, but of increasing area of coverage,
would require a reflectivity loss that oscillates
with hv.

C. Surface roughness

Attack of a potassium surface by the chemical
reaction (1) would be expected to roughen the
metal surface. This will lead to light scatter-
ing®~'% and a consequent loss in specular reflectiv-
ity. The spectral shape of this reflectivity loss
depends somewhat on the scale of the surface
roughness, but in general, it increases mono-
tonically as (kv)* until an energy ~0.7 times the
plasma frequency.'! Since the plasma frequency
of potassium corresponds to an energy of 3.8 eV,
the spectrum of Fig. 1 cannot be ascribed to this
mechanism. The early work' of Mayer and El
Naby would also preclude this mechanism since
they observed the anomaly to be essentially un-

changed when the potassium surface became
molten. (One would expect the surface rough-
ness to be much smaller for a liquid interface.)

D. Plasmon absorption

Surface roughness also allows electromagnetic
waves to couple to surface plasmons.'? The loss
in reflectivity caused by this interaction occurs,
however, at 2.8 eV in potassium* (without a KOH
coating). A recent theoretical study® has shown
that as a dielectric layer is added the frequency
of this absorption shifts to lower energy with in-
creasing thickness of the layer. However, for
thick layers the frequency approaches w,/(1 +€)¥2,
where w, is the bulk plasma frequency and € is
the (optical) dielectric constant. For KOH €~2,
so surface plasmon absorption could not occur
below ~2 eV for potassium coated with KOH.

E. Scattering by KOH aggregates

A resonant loss of reflectivity could occur if
the KOH formed large (~10 000-A) clumps on the
potassium surface. But one would then expect
the spectral shape of such scattering to change
continuously as the clumps grow in size, since
scattering resonances are geometric in origin.
(Even if one were to assume that KOH clumps had
a unique size, the sharpness of the observed
threshold at 0.6 eV could not be explained.'*
Moreover, a size distribution would be required
to reproduce the monotonic behavior for 2v> 0.8
eV so, in addition, one would have to require
the size distribution to be independent of accumu-
lated mass of KOH.)

F. Color centers in KOH

It is conceivable that KOH formed by reaction
(1) at a potassium surface acquires a defect
structure which would lead to color center ab-
sorption. Since excess K is available at the met-
al surface, the most probable defect would be
OH~ vacancies with a trapped electron (for charge
compensation), i.e., F centers. The energy of
the F-band absorption in KOH (presuming that
it exists) can be estimated from Ivy’s law: hvg
is a smooth function of the lattice constant. The
molecular volume of KOH is intermediate be-
tween that of KF and KCl, for which hvg=2.8
and 2.3 eV, respectively. Therefore the F band
in KOH should be near 2.5 V. The validity of
this argument has been tested'® for the case of
KCN, where the F band was found at 2.1 eV, com-
pared to 2.0 eV for KBr. KCN has a slightly
smaller lattice constant than KBr. (The forgoing
mechanism would also be in difficulty from the
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standpoint of intensity since extraordinary con-
centrations of color centers would be required.
Furthermore, the striking asymmetry of the
anomaly would also be a problem.)

G. Surface states

The Mayer—El Naby anomaly is 10-20 times
stronger than the fundamental interband absorp-
tion of potassium. The peak value of the latter®'*
corresponds to an optical conductivity of 0~0.3
x10* sec™'. The maximum anomalous absorption
shown in Fig. 1 is about 4.5x10'* sec™. The
integrated oscillator strength of this peak is
about f ~0.1, a value derived on the basis that .
every atom within the penetration depth (~260 A)
of the light contributes equally. To attribute such
an absorption to surface states would require an
active site (having an oscillator strength f ~1)
at each surface atom. Freshly cleaved surfaces
of Si and Ge do exhibit'® an absorption of com-
parable magnitude. It seems unlikely that a KOH-
potassium interface, where surface states would
necessarily overlap the conduction band con-
tinuum, could have a high density of sharp, oc-
cupied surface states and a complimentary nar-
row band of empty surface states (~0.8 eV higher).
Although such hypotheses present serious dif-
ficulties, they cannot be ruled out completely.

H. Absorption by K particles in KOH

Meessen'” has suggested that the Mayer-El
Naby absorption arises from small (submicron)
particles of potassium. In view of the Harms
study these could be embedded in the KOH over-
layer. For spherical particles the absorption
resonance would occur®® at w,/(1 +2€)"2, i.e.,
at ~1.7 eV. One can reduce this energy arbi-
trarily by assuming the particles are very flat
spheroids parallel to the surface. This would
seem to be a rather ad hoc and extreme assump-
tion, and one that would be hard to reconcile with
the invariant spectral shape shown in Fig. 1.

J. Impurity absorption in potassium

The surface reaction (1) could conceivably pro-
vide a source of H or O which, upon diffusion
into the metal, might provide sites for optical
excitation having the appropriate spectral shape
and intensity. However H is insoluble in potas-
sium.'® A hydride, KH, could occur but it is not
stable® at ambient pressures of 107*° Torr. Solute
oxygen can also be ruled out: Mayer and El Naby
also measured the long-wavelength Drude ab-
sorption at 90 °K and found that it was consistent
with the phonon resistivity of pure potassium

(~2 uQ cm) at that temperature. Since from
Linde’s rule?! the expected residual resistivity

of 1-at.% O in a monovalent metal is ~8 uQ cm,
the concentration of O in solid solution could only
be 1072 or less. The magnitude of the observed
anomalous absorption is too large for such a
small concentration, even if the O were to have
an absorption (in K) of the required spectral shape
and an oscillator strength near unity.

K. Unknown mechanism

If the Mayer—E1 Naby anomaly is to be attributed
to an extrinsic mechanism, this one would seem
to be more likely than the others discussed above.
The structure of the hydrated layer produced by
Harms has not been characterized nor has its
thickness even been estimated. Under such cir-
cumstances it is useless to speculate further.

One of the experiments proposed in Sec. IV should
confirm any mechanism that could be attributable
to the hydrated layer itself.

III. INTRINSIC MECHANISMS

From the foregoing discussion it seems that,
at present, a satisfactory, extrinsic explanation
of the Mayer—EIl Naby anomaly has yet to be found.
It is possible that one may eventually be identified
and shown experimentally to be the cause. Until
such a time it is appropriate to examine the only
alternative, namely, that the Mayer-E1 Naby
anomaly arises from the properties of potassium
metal itself. Such a postulate leads immediately
to three tentative conclusions.

(i) Bulk potassium, although seemingly cubic,
must be optically anisotropic. There must be
an optic axis a such that the anomalous absorp-
tion occurs if the polarization vector € of the
electromagnetic wave (in the metal) is parallel
to 5, whereas if € is perpendicular to a absorp-
tion does not occur. € parallel to a must be the
direction for absorption since, when the anomaly
is not observed, it is absent for all € lying in a
plane (the metal surface).

(ii) The optic axis a must be perpendicular to
a glass-metal interface or a vacuum-metal inter-
face. This assumption is required to account
for the many negative observations.

(iii) Finally, the work of Harms requires that
a is not perpendicular, and is postibly parallel,
to a K-KOH surface. In other words an epitaxial
deposit of KOH rotates a into the plane of the
surface.

A theoretical model must be consistent with
the foregoing properties and, in addition, must
explain the unusual intensity and asymmetry of
the absorption. Most early attempts to explain
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the Mayer—-EI Naby result failed to satisfy the
properties given above. Only one model,?* which
assumes that potassium has a charge-density-
wave (CDW) ground state, appears to be consistent
with all of the requirements. In the remainder
of this section we will elaborate on this observa-
tion.

A CDW introduces an additional periodic po-
tential V(T) into the one-electron Schrddinger
equation for conduction electrons:

V(¥) =G cos(Q* T), (2)

where 6, the CDW wave vector, has a magnitude
slightly larger than 2k;,2*?® the diameter of the
Fermi surface. This potential introduces new
energy gaps of magnitude G into the one-electron
energy spectrum E[k). Asa consequence there
will arise a new optical absorption mechanism
having a threshold at zv=G. The optical con-
ductivity o(W), W=hv, caused by electronic tran-
sitions from below to above the CDW gap has been
calculated®:

o(W)

G%%Q <W—G> 1/2<1 W+G

_ - 2
= BMWI\W+G 2uQ>°°S 0,

®3)

where u =7%2%Q/2m and 6 is the angle between (3
and the (electric) polarization vector € of the light.
o(W)=0 for W< G. This result exhibits a uni-
axial absorption, as required. The optic axis

is coincident with the wave vector 6 Multiple-

é CDW states are possible and have been ob-
served in layer compounds.?* However, for the
case of potassium, the (apparent) need for a
unique optic axis is consistent only with a single-
6 CDW structure.

One of the remarkable properties of the theo-
retical o(W), given by Eq. (3), is that it explains
the magnitude and shape of the Mayer-EI Naby
anomaly. This is shown in Fig. 2, where the
Drude tail (caused by intraband conductivity) has
been subtracted from the experimental points of
Mayer and El Naby. The CDW energy gap was
taken to be G =0.62 eV and cos?6 =% for the theo-
retical curve. The data of Harms require a larger
magnitude by about a factor of 2. A stronger
absorption can arise theoretically as a result
of collective corrections to the optical matrix
element. Exchange and correlation effects lead
to such an enhancement®® when they are large
enough to cause a CDW instability.

[ The validity of Eq. (3) needs to be discussed.
It was originally derived for optical transitions
across an energy gap created by a spin-density wave
(SDW). Hopfield® pointed out the matrix elements
for transitions across (pure) SDW energy gaps
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FIG. 2. Anomalous optical-absorption spectrum of
potassium. The intraband conductivity, dashed curve,
has been subtracted from the experimental data of
Mayer and El Naby before the latter were plotted. The
solid curve is the theoretical absorption of a CDW
structure given by Eq. (3) of the text. The dot-dashed
curve, starting at 1.3 eV is the fundamental interband
absorption caused by the cubic-lattice periodic potential.

have to be zero. This is true only when the peri-
odic potential causing the energy gap arises ex-
clusively from the conduction electrons. The
periodic potential of a CDW, however, arises

in part from the lattice modulation which neces-
srily accompanies the electronic modulation.??
Consequently, Hopfield’s remark does not apply.
(Otherwise ordinary interband absorption could
never occur.) A self-consistent theory®® of the
optical matrix elements leads to the conclusion
that Eq. (3) is likely a slight underestimate, as
observed above.]

A single-é CDW structure is expected to cause
a splitting of the conduction-electron spin reso-
nance.?” This effect has been reported®® and con-
firmed as a g-factor splitting.?® A gap of G~0.6
eV is required to fit the observed splitting. If
this phenomenon is employed to determine G,
then the extraordinary agreement (within a factor
of 2) between Eq. (3) and the observed anomaly
can be achieved without an adjustable parameter.
Energy threshold, asymmetric shape, magnitude,
and uniaxial character are all accounted for.

Orientation of 6 at various potassium inter-
faces remains to be discussed. A CDW in the
electronic structure must be accompanied by a
similar distortion of the positive-ion lattice in
order to optimize microscopic charge neutrality.?
Such ion displacements are equivalent to a static
longitudinal phonon. To minimize the energy
penalty of this distortion one expects Q to have
a crystallographic direction for which a longitu-
dinal phonon (having the same | Q|) has the lowest
frequency. For potassium this is a [110] direc~
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tion.

When soft metals are evaporated on amorphous
substrates (e.g., glass), the crystal grains have
a preferred texture. The close-packed planes
of the lattice lie parallel to the surface.’° For
potassium the normal to a glass-metal interface
will be a [110] direction, i.e., one of the allowed
directions for 6 This means that the interfacial
energy can be minimized by allowing the phase
of the CDW to adjust so that either a maximum
or minimum of electron density occurs at the
boundary. Since the planes of constant electron
density are perpendicular to (3, optimization of
the interfacial energy can occur only if (_5 is paral-
lel to the [110] direction normal to the surface.
It must be remembered that when light reflects
from a metal surface, the polarization vector
€ (inside the metal) is parallel to the surface.
Accordingly one does not expect a CDW optical
anomaly in potassium to be visible at a glass-
metal interface or at the vacuum-metal inter-
face of an evaporated film. The CDW model ex-
plains therefore why Hodgson,? Smith,® and Pal-
mer and Schnatterly® could not reporduce the
Mayer—E] Naby result.

Only Mayer and El Naby' and Harms® have
measured the optical constants of potassium at
a bulk-metal vacuum interface. Even if a clean
bulk-metal vacuum interface had, say, a (100)
orientation macroscopically, one would not ex-
pect to see the Mayer-EI Naby absorption. Such
a surface will quickly regrow into a washboard-
like surface, with each facet having a (110)-type
orientation, so as to minimize the surface ener-
gy. This explains why it is possible to not ob-
serve the anomaly on a bulk (and presumably
polycrystalline) sample, as shown by curve A
of Fig. 1.

The only ad hoc assumption that is required
to provide a complete (and quantitative) explana-
tion is that a KOH surface layer epitaxially
puckers a potassium (110) surface so that 6 can
rotate into, say, the [110] direction. Or, al-
ternatively, one can assume that a KOH layer
stabilizes microscopic facets having other than
(110)-type orientations. In either case cos®d, of
Eq. (3), will acquire a nonzero average value
and “turn on” the Mayer—EI Naby anomaly.

IV. TWO CRITICAL EXPERIMENTS

The question whether the Mayer-EIl Naby anom-
aly is extrinsic or intrinsic is of considerable
importance. An understanding of nature’s sim-
plest metal is at stake.?' We now propose two
experiments which may settle the issue. Of course
it is of importance first to reproduce the work
of Harms under conditions such that the amount
of KOH formed on the surface can be measured
and correlated with the optical anomaly. Then
the following studies seem promising.

(a) Prepare a thin film of K (at least twice as
thick as the hydrated layer needed to obtain curve
E of Fig. 1) on a transparent substrate. Convert
the entire specimen to “KOH” by admitting H,O.
Then measure the transmission coefficient of the
completely hydrated sample. An absorption spec-
trum similar to Fig. 1 would prove that the anom-
aly is extrinsic, and is to be associated with
electronic transitions in the hydrated layer (or
on its surface).

(b) Boutry and Dormont*? have shown by low-
energy electron diffraction that a (100) K film
can be epitaxially grown on a clean, cleaved
KF substrate. Monin and Boutry®® have confirmed
that K films on optically plane glass are (110).
Reflection specimens of both types should be pre-
pared simultaneously and o(kv) measured. If both
samples show a Mayer—~El Naby anomaly, then
the conditions of preparation would be at fault.

If neither sample shows an anomaly, then the
anomaly cannot be intrinsic since the [110] Q
direction of a CDW would have to have a com-
ponent parallel to the surface of the (100) speci-
men. If the (100) specimen were to show an anom-
aly when the (110) specimen did not, then the

CDW mechanism would be definitely established.
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