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Adsorbate-Induced Angle Averaging of Cu(111) Photoemission Spectra

The adsorption of Cs on Cu(111) produces maj
gle-resolved photoelectron spectra recorded at
dence is much reduced and the spectra are quit
crystalline Cu. We associate this behavior wit
bate.

While uv photoelectron spectroscopy can pro-
vide useful information about the electronic struc-
ture and adsorbate geometry of chemisorption
system, ' much still remains to be learned about
the process of photoemission from such systems.
One interesting question concerns the transmis-
sion through the surface layer into vacuum of pho-
toelectrons excited from initial states in the sub-
strate valence band. This part of the process is
important particularly if electronic levels intro-
duced by the adsorption coincide in energy with
the substrate valence band. It may then be diffi-
cult to determine whether the observed changes
of photoelectron spectra recorded at a certain
emission angle are associated with the new chemi-
sorption levels or with a modified escape proba-
bility for the electrons from the substrate: The
latter, for example, may be due to diffraction by
an ordered overlayer. ' Frora a theoretical view-
point the transmission problem should be soluble
by low-energy electron-diffraction (LEED) type
calculations, although very lengthy ones consider-
ing the generally complicated angular distribution
of the optically excited electrons, incident on the
surface layer. A difficulty met with in this con-
nection is that the starting point for the calcula-
tion of the optical excitation spectrum may be un-
certain. Based on photoemission data from an
oxygen-exposed Cu(111), Shevchik et al. ' recently
suggested that the electron wave-vector conserva-
tion rule is not applicable in the direction perpen-
dicular to the surface for optical transitions oc-

or changes in the Cu M-band part of an-
Ru = 16.8 and 21.2 eV. The angular depen-

e similar to those obtained from poly-
h a strong incoherent scattering by the adsor-

curring within the emission depth of the photo-
electrons.

The present results suggest that one major
change induced by adsorption may be described
in quite simple terms. The spectra measured for
the Cu(111)/Cs adsorption system can be well un-
derstood within the framework of direct optical
transitions in the bulk of the Cu(111) crystal, if
it is assumed that the Cs layer acts as a filter
which transmits the electrons in an increasingly
diffuse manner as the coverage is increased. The
diffuse transmission corresponds to an integra-
tion over emission angles brought about by quasi-
elastic scattering of the electrons into the detec-
tion angle. When approximately half of a full
monolayer of Cs or more is adsorbed, the spec-
tra show little variation with emission angle at
the photon energies investigated, Scu = 16.8 and
21.2 eV. The influence of scatteringmay be large
for the present system since, according to LEED
calculations, ' Cs is a relatively strong scatterer
of low-energy electrons. If the adsorbate scatters
strongly enough, most of those photoelectrons,
which are excited optically in the substrate, will
be scattered as they pass the surface layer. In
such a case, the angular distribution of emitted
electrons will depend on the atomic order in the
adsorbed layer. Randomly distributed atoms can
scatter the electrons through any angle into the
detector, which then measures an angle-averaged
spectrum. The range of angles sampled via scat-
tering will be more restricted the higher the de-
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gree of order in the overlayer.
The Cu(111)/Cs system allows attention to be

focused on the transmission properties of the ad-
sorbate. The substrate has a well-known elec-
tronic structure. There is a weak electronic in-
teraction between substrate and adsorbate leaving
the adsorbate valence levels largely unaffected.
The most important change is a Friedel resonance
type of broadening. This is accompanied at low

Cs coverage by a transfer of most of the alkali
valence charge to the substrate. ' ' Apart from
the shift of a fractionally occupied Cu(111) surface
band to lower energy in order to accomodate the
transferred Cs valence electron, ' there is little
change of the electronic structure of the substrate
upon Cs adsorption. This is evident from the
very detailed agreement between the measured
and calculated angle-integrated uv photoemission
spectra from Cs-coated Cu for S~ &11 eV.' The
calculations are based on the assumption that only
direct optical transitions between bulk energy
bands are important and that Cs-covered Cu may
be treated as Cu with a clean surface and a re-
duced work function. Another advantage of the
Cu(ill)/Cs system is the small overlap between
the energy of the outer electrons of the adsorbate
with the Cu valence band. The substrate emis-
sion is dominated by the Sd band located between
2 eV and 5 eV below the Fermi level (FL) and
thus well separated from the Cs 5p electrons ap-
proximately 12 eV below the FL as well as from
the resonance-broadened 6s valence level which
extends to about 1 eV below the FL.' A further
important feature of the Cu(111)/Cs system is
that adsorbed amounts are easily monitored via
the characteristic coverage dependence of the
work function. " Since the adsorbate is uniformly
distributed over the surface, a coverage change
corresponds to a variation of a relatively well-
defined nearest-neighbor distance. ' ' "

We measure angle-resolved photoelectron spec-
tra using a v-segment cylindrical-mirror elec-
tron-energy analyzer accepting electrons emitted
within a cone having an opening angle of around
2'. The detected electron beam is located in the
plane of incidence making a fixed angle of 138
with the direction of the incoming light. The inci-
dence angle is therefore 42.' when electrons are
collected in the direction normal to the sample.
The azimuthal angle is fixed (45' away from
[2, 1, 1]) whereas the polar angle may be changed

by turning the sample. - Cs is evaporated from a
glass ampoule broken in vacuum onto a Cu(111)
crystal, which is cleaned by Ar' bombardment
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FIG. 1. Photoelectron energy distributions for Ro
= 16.8 eV of Cu(111) with different Cs coverages 8, re-
corded in the direction normal to the sample (lower
panel). The upper panel shows measured (full drawn)
and calculated spectra (Bef. 12) for a polycrystalline
Cu film.

(2 pA, 250 eV, 10 h) and heating (400'C, —,'h). The
Cs coverage is determined from the known work-
function reduction, which is measured by the di-
ode method using a three-grid LEED display sys-
tem.

Upon adsorption of monolayer amounts of Cs on

Cu(ill), major changes of the photoelectron ener-
gy spectra are observed (Fig. 1, lower panel).
The coverage values 8, where 8 is defined to be
0.25 for a close-packed p(2X2) layer, ' are indi-
cated in the diagram. The spectra are plotted
against initial electron energy with zero energy
corresponding to the FL, The shift of the surface-
state peak, labeled S, to lower initial energy
has been studied in detail previously with use of
photon energies below 6 eV.' Here we discuss
the influence of adsorbed Cs on the Cu Sd-band
region between 2 eV and 5 eV below the FL. Two
new features appear here, labeled A and B. The
highest coverage value shown in 8= 0.15. At high-
er coverage no changes of interest in the present
context are observed. There is a moderate (-30%)
loss of Cu Sd-band emission intensity as the Cs
coverage is increased from zero to 0.15,

We associate the observed changes of the angle-
resolved photoemission spectra with a quasielas-
tic scattering of the electrons from the Cu Sd
band as these pass the adsorbate layer. The con-
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FIG. 2. Photoelectron energy spectra recorded at
different polar angles from Cu(111) (lower panel) and
Cu(111) with a Cs coverage 0 = 0.16 (corresponding to
65% of a full Cs monolayer). The azimuthal angle is
fixed and 45 away from I2, 1,1j.

elusion is based on the small dependence of spec-
tral structure on polar emission angle (Fig. 2,
upper panel) for coverages above 0.15. Further-
more, there is good agreement between the pres-
ent results for high Cs coverages and the spec-
trum recorded by Eastman and Grobman" a.t
nearly the same photon energy for a polycrystal-
line Cu sample (Fig. 1, upper panel). Together
with the experimental spectrum at h& = 17 eV is
shown the angle-averaged spectrum predicted by
Janak, Williams, and Moruzzi" from calcula-
tions based on wave-vector-conserving transi-
tions between Cu bulk energy bands. In this re-
port, we show spectra measured at ha = 16.8 eV,
but the same conclusions can be drawn from data
taken at hu.= 21.2 eV.

Contributions to the angular integration ob-
served for a Cs-covered Cu(111) crystal may be
obtained from coherent as well as incoherent
scattering by the adsorbate. The uniformly dis-
tributed Cs atoms produce a cone of diffracted
electrons around an incident beam making the (00)
spot on the LEED screen appear at the center of
a diffraction ring. ' A calculation of the number
of electrons falling on the detector therefore in-
volves a summation over all directions half a dif-

fraction-cone angle away from the detection angle.
Previously, diffraction effects have been observed
to give an enhanced emission in certain directions
for a crystal with an ordered overlayer. ' With
the mechanism suggested above, new structure
may appear in photoelectron spectra even when

the adsorbate layer is not an ordered one. Only
in special cases, however, can a summation over
such a limited range of emission angles be ex-
pected to make the spectrum similar to that ob-
tained by integration over all emission angles.
Therefore it appears likely that the incoherent
quasielastic scattering, corresponding in LEED
to the diffuse background around the diffraction
ring, makes an important contribution to the re-
corded spectrum. In view of the polar-angle de-
pendence of spectra recorded for clean Cu(111)
(Fig. 2 lower panel), the electrons must be scat-
tered through a wide range of angles to account
for the angular averaged character of the spec-
trum recorded for Cs-covered Cu(111).

A comparison between different adsorbates re-
garding the importance of the elastic scattering
is not straightforward since there are usually
additional effects contributing to the spectral
changes. As an example one may take the copper-
oxygen system, which has been studied extensive-
ly. '" " The Cu spectra are modified here by
the emission of electrons from chemisorption lev-
els at the low- and high-energy edges of the Cu
Sd band and by the lack of emission from the
Cu(111) surface state, which is wiped out as the

copper-oxygen bond is formed. Photoemission
spectra measured after an oxygen exposure of 10'
L (1 L= 10 ' Torr sec) showed a strong angular
dependence in the Cu Sd-band range of initial en-
ergies. ' This is consistent with the present re-
sults since only a small fraction of the surface
is covered by oxygen at this exposure. " The reI.—

tively strong damping upon oxygen adsorption of
an s, p-band emission peak" is probably a com-
bined effect of the rearrangement of the electron-
ic energy levels in the surface region and the type
of scattering discussed here The s, p-.band peak
was observed only at particular emission angles
and should therefore be especially sensitive to
scattering.

In summary, we find that new structure, which
is not due to chemisorption levels, can appear in
angle-resolved photoelectron spectra from an ad-
sorbate-covered crystal. As a result of strong
scattering by the absorbate, the spectra recorded
for Cs-covered Cu(111) show little angular depen-
dence and are similar to the angle-integrated
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Tetramethylammonium Copper Chloride and tris (Trimethylammonium)
Copper Chloride: S =

2 Heisenberg One-Dimensional Ferromagnets
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The magnetic susceptibilities of powdered samples of Me4NCuCl3 (TMCuC) and.
[(CH3)3NHj3Cu2C17 (TTMCuC) have been measured. Both compounds behave like one-di-
mensional S = 2 Heisenberg ferromagnets which are weakly coupled antiferromagnetically
to adjacent chains. For TMCuC, we obtained J/k = 80 K with )J'[6 0.008 K; the ratio

~
J'/J( is the lowest yet found for a ferromagnetic S=$ chain. For TTMCuC, we obtained.

JF&/k= 50 K, with
~
J'/JF&~ 610, and JAF&/k = —10 K for the antiferromagnetic chains

also present.

The magnetic properties of low-dimensional
materials continue to be of much interest to phys-
icists and chemists. ' Of the many possible com-
binations of space dimensionality, spin dimen-
sionality, and spin quantum number, one combin-
ation which has been conspicuous by the lack of
suitable realizations is the one-dimensional (1D)
spin-& Heisenberg ferromagnet. The majority
of studies on one-dimensional magnetic systems
have been on antiferromagnets, with emphasis on
S =-', Heisenberg (Mn"), S =-, Ising (Co"), and
S=-, Heisenberg (Cu") systems. The general
lack of one-dimensional ferromagnets, particu-
larly for S =& where quantum effects are expected
to be most pronounced, has been unfortunate.
Recently we reported two pseudo-one-dimen-

sional ferromagnets, ' CuCl, DMSO [DMSO
—= (CHs)280] and CuC12' TMSO [TMSO= C~HsSO]
with a strong intrachain coupling, 2Z/k, of - 80-
90'K but the extent of interchain coupling (lZ'/JI
-10 ') was large enough to preclude their study
as ideal systems. The structural insight gained
in these studies prompted us to investigate two
additional compounds where the interchain coup-
ling, J', could be expected to be minimized.

The results presented in this paper indicate
that (CH, ),NCuCl, (TMCuC) is the most one-di-
mensional 8= & Heisenberg linear chain ferro-
magnet yet reported. The other compound dis-
cussed here, [(CH,),NH], Cu, C1, (TTMCuC), con-
tains a similar set of linear (CuC1,)„chains with
ferromagnetic interactions and very small inter-
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