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ELECTRONIC AND LATTICE STRUCTURE OF CESIUM FILMS ADSORBED ON TUNGSTEN
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Data on elastic diffraction and inelastic scattering of electrons by Cs adsorbed on W in
monolayer lattices suggest that at monolayer densities equal to about half the bulk densi-
ty the decay rate of surface plasmons is much greater than for similarly situated mono-
layers of approximately bulk density. The enhanced decay rate is interpreted as evi-
dence for nonmetallic character of the low-density layer, as proposed by Wigner for a
low-density gas and by Mott for low-density aggregates of odd-valence atoms.

A study of the interaction of cesium atoms with
atomically clean surfaces of tungsten has revealed
a system that has many of the propert&es associ-
ated with the metal-insulator (Mott) transition in
crystalline arrays, discussed at length in a re-
cent conference. ' At the time of the conference,
this transition had not been observed in crystal-
line arrays and indeed there was a question that
it could ever be observed. ' By means of low-en-
ergy electron diffraction (LEED) we have studied
the structures of Cs deposited in vacuum on atom-
ically clean W surfaces. The structures explain
the minimum in work function observed previous-
ly. ' At the minimum the outer layer of Cs corre-
sponds to a low-density lattice structure with zz
= 7.3, where &m(rsa0)' is the volume per Cs atom,
which is about 30% larger than the value of r
= 5.6 for Cs metal. Inelastic energy losses sug-
gest that the low-density outer layer is nonmetal-
lic. It is possible that the primary cause for the
nonmetallic character of the low-density layer is
the Coulomb repulsion between electrons, which
can create an insulating state, as discussed by
Wigner' and by Mott. '

'i'he apparatus used in this investigation was a
three-grid display-type LEED system. Cesium
was deposited on a clean (100) W surface, at
background pressures in the low 10 "-Torr
range, by evaporation from a glass capsule. The
crystal was cleaned by repeated heating in oxy-
gen followed by heating at 10 "Torr to remove
the resultant oxide. ' The surface cleanness was
monitored by LEED and Auger-emission spectro-
scopy. The diffraction patterns were monitored
concurrent with the adsorption by rotating the
crystal in such a way that both the cesium and
electron beams could strike the crystal.

LEED patterns were obtained with a primary-
beam energy of about 30 eV, with the sample at
room temperature. %Phile adsorption on both
(100) and (110)planes was studied, the low-densi-
ty surface layer was studied on only the (100)
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FIG. 1. Change of the work function 4 and the sur-
face-plasmon intensity PCs as a function of Cs cover-
age c.n W (100) together with the associated surface
structure. (a) The &(2 x2) structure on W (100), (b) (2
x2) on c(2 x2), and (c) close-packed structure on c(2
x2).
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plane. ' For the (100) planes the first layer is ob-
served to form a c(2 x2) structure with a nearest-
neighbor distance d, = 4.46 A, considerably small-
er than the bulk nearest-neighbor distance d
= 5.25 A. The density of this surface layer is 5
x10"/cm'. The first layer also reduces the
work function 4 by 2 eV, as shown in Fig. 1.
Each C s atom is therefore partially ionized, with
one Cs+ ion for two % atoms.
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The second layer forms in two stages. The
first stage is a p(2 x2) structure that undergoes
continuous rearrangement with the addition of
further Cs atoms. The adsorption sites of the
p(2 x2) are assumed to be over "holes" in the un-
derlying c(2x2) layer, so that the density of this
layer is half that of the first layer, or 2.5 x10'~/
cm', and the nearest-neighbor spacing is 6.3 A.
The total coverage at this stage is 7.5 x 10 "/cm'.
The minimum in 4 coincides with the completion
of the p(2 x2) intermediate layer (see Fig. 1).

With addition of more Cs atoms, continuous re-
arrangement of the p(2 x 2) structure in the sec-
ond layer takes place to form a close-packed hex-
agonal layer, with half the atoms remaining cen-
tered over "holes" in the first layer, while half
are finally centered above points of contact of Cs
ions in the first layer. The density of this layer
is close to that of bulk Cs, with a nearest-neigh-
bor spacing of 5.15 A compared with the bulk val-
ue of 5.25 A.

As this close-packed structure forms, the
work function increases with its final value 0.3
eV higher than the value found at the minimum.

The origin of the minimum in 4 at the comple-
tion of the low-density intermediate second layer
can be explained in terms of the "smoothing" ef-
fect of Smolucbowski. ' When a surface has hills
and valleys of ionic potential [ as for the p(2 x 2)

structure, which is similar to the (110) faces of
a sc crystal'], the kinetic energy of the electrons
is reduced when charge flows from the hills to
the valleys. In this way there arises a net posi-
tive dipole moment, which is eliminated when the
second layer rearranges into the close-packed
structure. Thus the minimum in 4 may be a geo-
metrical effect. The slope d4/de when the in-
termediate second layer is half-completed is as-
sociated with the smoothing effect and is about
half that arising from the electronegativity differ-
ence between W and Cs.

Information on the electronic structure of the
low-density intermediate layer is furnished by
the secondary-emission spectrum with incident
electron energies E; of about 10 eV. An energy
loss AE;= 1.5 eV is observed when the second
layer has become completely close-packed and
closely resembles bulk Cs. The intensity of this
characteristic energy loss in inelastic scattering
is reduced at lower Cs coverage and it disap-
pears when the intermediate layer has just been
formed (Fig. 1). Addition of more Cs (up to ten
layers) beyond the close-packed layer leads to a
shift of AE. to 2.4 eV, as shown in Fig. 2.

It is assumed that the inelastic scattering is as-
sociated with the emission of surface plasmons
defined by Re&(~) = -1. In transmission through
thick Cs films, bulk and surface plasmons have
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FIG. 2. Energy spectrum of backscattered electrons from a W (100) target as a function of'9e coverage for a 10-
eV primary beam. The elastic component is seen at 10 eV and has a resolution (width at half-maximum) of about
0.5 eV. The cutoffs near zero energy are a measure of the change in surface work function. (a) Range from clean
surface to minimum work function. (b) Range from minimum to saturation (for sample at room temperature).
(c) Shift of the loss peak at 1.5 eV to about 2.4 eV with multilayer cesium deposition (produced by cooling the sam-
ple).
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been identified" with respective energies 2.96
and 2.11 eV. For very thin films, however, the
surface-plasmon mode" splits into two branches,
u+ and ~, defined by

2~ '= ~ 'L1~exp(-ak )],J

where (d~ is the bulk plasma frequency, a is the
film thickness, and kz the component of incident
electron momentum normal to the film. Both
branches of (1) have been observed in transmis-
sion-energy-loss experiments" through Al foils,
and it is assumed here that the lower branch is
contributing to the energy loss of backscattered
electrons. Similar energy losses have been de-
tected with Cs films on Ni, "and (1) accounts
qualitatively for the dependence of AE~ on film
thickness.

Several alternative loss meehanisrns appear
less likely. Interband scattering should scale
roughly like r~ ", yet the difference in density
of the close-packed second layer (b,E = 1.5 eV)
and bulk Cs (b E = 2.1-2.4 eV) is less than 10 /G.

Either charge- or spin-density waves (CDW or
SDW) of the type proposed by Overhauser" would
produce additional diffraction spots, which are
not observed. Because of the stabilizing effect
of the first layer, this cannot be regarded as a
decisive test of the validity of the Overhauser
model of alkali metals at low densities.

For higher incident electron energies (-40 eV)
both bulk and surface W plasmon losses of 25
and 16 eV, respectively, are observed. With Cs
coverage an additional loss at 7.5 eV is observed
which is believed to be associated with the W-Cs
interface, where the first layer of Cs is bound
so strongly to the W as to form an intermetallic
compound. When the second layer is complete,
however, it contributes very little to 4, which in-
dicates that it is essentially neutral, having been
shielded from the W substrate by the first Cs lay-
er. The intermediate second layer of Cs thus
may be described as a low-density alkali-lattice
monolayer. It appears from the disappearance
of the surface-plasmon losses that the low-densi-
ty second layer may not be in a normal metallic
state. The intermediate layer conta, ins 1 atom/
unit cell, or if one insists (in spite of the differ-
ent contributions to 4) upon grouping the first
and second layers together, there are 3 atoms/
unit cell. In either case because of an odd num-
ber of electrons/unit cell there will be no energy
gap between filled and empty states generated by
the periodic potential.

We may suppose that because of the low density
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of the intermediate second layer it is in an insu-
lating state with an energy gap E& between the oc-
cupied states and the excited states which corre-
spond to delocalization of at least one electron.
From the fact that the LEED pattern changes con-
tinuously from the intermediate second-layer to
the final second-layer structure it appears that
this energy gap goes continuously to zero as the
Cs density approaches the bulk value. The fol-
lowing rough calculation shows that E is small
compared with he@~, but may be larger than b4,
-0.3 eV.

When an electron is removed from a localized
atomic state to a distant region of the monolayer,
the energy required is &E&. This consists of two
parts, an ionization energy Wl (estimated from
the free-atom ionization energy) and a polariza-
tion energy EI, of the nearest neighbors. In the
P(2 &&2) structure there are four neighbors at a

0

distance d=6.32 A, and we assume an atomic vol-
ume G = d'. Neglecting dielectric dispersion we
estimate that the polarization energy is given by

E (A(d /E ),0 p g
so that using (2) and (3) we can solve

~E =W -E1

g I

(3)

(4)

for E&. One finds E -0.7 eV.
Because Eg is larger than ~42 we expect the

presence of the first Cs layer to have little ef-
fect on the electronic structure of the second lay-
er. Also E& is smaller than ha~, so that even
the Wigner-Mott state would be expected to exhib-
it bulk and surface plasmons. The apparent dis-
appearance of the surface-plasmon losses may
then be attributed to an enhancement of the decay
rate (lifetime broadening) in the insulating state.
Such an enhancement might arise because of the
low-density insulating state. The exclusion prin-
ciple would not inhibit the production of electron-
hole pairs so effectively as it does in the usual
case of a high-density electron gas.

In conclusion, it appears that the P(2 X2) Cs
surface layer discussed here represents an ap-
proximate experimental realization of an ideal
electron gas with r about 7.3 (or slightly larg-
er). It also appears that the metallic or nonme-
tallic character of such a layer can be identified

0 2

E =4—(e -I)(—,),p 8r 0 d'

where e, is the static dielectric constant. We es-
timate (one-gap model) that
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by inelastic scattering of low-energy electrons.
Similar results (although corresponding to other

values) should be obtainable with any substrate
S

plus nearly-free-electron metal film which ex-
hibits a minimum in 4(Ns).

We are grateful to Conyers Herring for point-

ing out the connection between this work and that

of Smoluchowski, Ref. 8.
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Phonon-exchange pumping of nuclear magnon pairs in low-anisotropy flopped antiferro-
magnets is proposed and the effective threshold fields given. Although the electronic
sublattice magnetizations are driven, magnetoelastically, far below their resonance fre-
quency, the lower pump frequency compensates for the weakened dynamic coupling be-
tween nuclear and electronic magnons. The required phonon power density is thus low
and well within experimental reach.

When a sufficiently intense elastic wave of the
proper frequency propagates through an antifer-
romagnet, spin-wave pairs can be driven unsta-
ble because of coupling via the linear magneto-
striction. This method of excitation —related to
but different from photon exchange pumping' —is
of special interest because the sign of the torque
on each magnetic sublattice is opposite, giving
rise to an "optical-like" excitation that brings
the intersublattice coupling into play. Morgen-
thaler' has previously derived the thresholds for
phonon parallel pumping of electronic magnon
pairs in the unf lopped state with special attention
to RbMnF, . Although the thresholds are predict-
ed to be low, the pump frequency must be compa-
rable with twice the electronic resonances fre-
quencies —which for RbMnF, are typically in the
10-GHz range. Unfortunately, ultrasonic trans-
ducer fabrication in this range is not within the
current state of the art; this fact has inhibited
our experimental efforts to date. However, be-
cause the Mn" ions carry a nuclear magnetic
moment, the possibility exists of phonon pump-
ing nuclear magnon pairs (or one nuclear and

one electronic magnon) at a much lower frequen-
cy.

In this Letter we give the theoretical first-or-
der instability thresholds for such processes in
a flopped cubic antiferromagnet for the case of a
longitudinal phonon propagating parallel to the
equilibrium direction of the sublattice magnetiza-
tions. The threshold of purely electronic mag-
non pairs is included to allow comparisons. In
all three cases the excitation is via the exchange
interaction between the electronic sublattice
magnetizations and the pumping is thus maximal-
ly efficient. ' The threshold elastic powers re-
quired (roughly of the same order in the three
situations) appea, r to be very low for antiferro-
magnets with weak anisotropy and reasonable
magnon losses. The leading candidate appears
to be RbMnF, .

It has been shown by de Gennes et al. ' that nu-
clear spin-wave branches exist due to the Suhl-
Nakamura indirect interaction. The possibility
of excitation of nuclear magnon pairs by parallel
pumping with an rf field (photon parallel pump-
ing) has also been considered by them but the
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