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Photoemission from (110)Faces of Noble Metals: Observation
of One-Dimensional Density of States*
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(Received 8 July 1976)

Photoelectron distribution. curves of (110) single-crystal faces of the noble metals Cu,
Ag, and Au obtained at photon energies of 16.85 and 21.22 eV show strong contributions
which c~»ot be accounted for by direct k-conserving transitions. Instead we observed a
surprisingly good correlation between the measured spectra and the one-dimensional den. —

sity of states of the bulk band structure. It is supposed that surface photoemission is re-
sponsible for the observed effect.

Ultraviolet photoelectron spectroscopic (UPS)
studies of single-crystal faces of tungsten by
Feuerbacher and Christensen' have established
the influence of the surface on the photoemission
process in several ways. (i) Important contribu-
tions in their electron distribution curves (EDC's)
were attributed to structures of the local density
of surface states, which is characteristically
modified compared with the bulk density of states
of the corresponding symmetry direction. (ii') It
had to be concluded that because of the presence
of the surface, transitions are allowed to final
states which lie in a gap of the bulk band struc-
ture. ' (iii) A surface resonance was observed.
Keeping in mind these results it seems surpris-
ing that recent angle-resolved UPS investigations
of copper" and gold" could essentially be under-
stood by merely considering direct k-conserving
transitions between E(k) curves of the bulk band
structure. Only Gartland and Slagsvold have thor-
oughly discussed a surface state of the (111)face
Qf CU.

In this Letter we report on high-resolution mea-
surements of the (110) faces of Cu, Ag, and Au

at photon energies of 16.85 and 21.22 eV, where
for the first time considerable contributions to
angle-resolved EDC's of the noble metals were
identified, which cannot be explained by bulk k-
conserving transitions. Instead we found strong
correlation of the observed structures with the
one-dimensional density of states of the hulk band
structure. Our observations and conclusions are
also different from those reported by Feuerbach-
er and Christensen, because no definite modifica-
tion of the bulk density of states near the surface
is seen, nor do absolute gaps exist at the rele-
vant final-state energies. Furthermore, no ex-
perimental evidence was found for the existence
of surface states attributable to these faces. It
is important to note that direct transitions were
clearly analyzed in our UPS results of the (100)

and (111) single crystals of the noble metals,
where they are dominant processes. ' We assume
our observations, obtained from Cu(110), Ag(110),
and Au(110), to be related to surface photoemis-
sion.

The EDC's have been measured by means of a
high- resolution photoelectron spectrometer. '
The samples were prepared from high-purity sin-
gle crystals; they were cleaned in situ by repeat-
ed cycles of argon-ion bombardment and subse-
quent heating. The photoelectrons were measured
within a mean cone angle of +5 normal to the sur-
face; the angle of incidence of the light was 80'.
The resolution was better than 0.06 eV. The in-
tensity distributions were corrected for the
transmission function of the analyzer and normal-
ized. The experimental results are shown in the
upper parts of Figs. 1-3. Previous and compar-
able investigations of these faces have been re-
ported by Nilsson and Ilver for Cu using the same
photon energies' and for Au at 16.8 eV. ' Their
experimental results are roughly in agreement
with ours; the fine structure details of their spec-
tra appear less resolved, especially for Cu.

The most striking result of our experimental
data of Cu(110) (Fig. 1) is the full agreement be-
tween EDC's obtained at different photon energies.
Since other faces of Cu do show distinct direct-
transition behavior corresponding to the band
structure of the symmetry direction in question,
we conclude from the experiment that bulk k-con-
serving processes cannot be responsible for the
measured structures. This point will be dis-
cussed later in more detail. We tentatively re-
lated the main features, namely peaks d and a,
to transitions from high-density-of-states regions
at the X point of the Brillouin zone.

Our qualitative interpretation was then support-
ed by calculations of the one-dimensional density
of optical states (DOS) along the FKX direction
and of angle-resolved EDC's assuming a direct-
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FIG. 1
lated

G. 1. Comparison among measured EDC' ls, ca cu-
a ed one-dimensional DOS, and calculated EDC's of

Cu(110) (Ref. 10). The calculations are based on the
band structure of Ref. 11.
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FIG. 3. Comparison among measured EDC s, calcu-
lated one-dine-dimensional DOS, and calculated EDC s of
Au(110) (Ref. 10). The theoretical curves, which are

ased on the band structure of Ref. 18, are shifted to
lower energies by 0.4 eV.
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FIG. 2. C. 2. Comparison among measured EDC s, calcu-
a e one-dimensional DOS, and calculated EDC's of

Ag(110) (Ref. 10). The theoretical curves, which are
ased on the band structure of Ref. 12, are shifted to

lower energies by 0.2 eV.

transition model. The results are shown in the
middle and lower parts of Fig. 1. Our calcula-

i ying assump-tions were performed under sim lif
tions by using Burdick's band structure" of Cu
taking into account the finite angular acceptance
of the spectrometer, but neglecting matrix ele-
ment effects. Nevertheless, we expected the the-
oretical curves to reveal the general trends of
our observations. In fact the one-d
d

one- imensional
ensity of states shows surprisingly good corre-

spondence to the experimental EDC's; only the in-
tensity ratio of high- to low-energy structur
somewhat different. It has to be mentioned that
the theoretical curves are shifted by 0.3 eV to
lower energies, so that the main peaks of DOS

and the experimental EDC's approximately coin-
ci e." On the other hand, the calculated EDC's
show characteristic shifts of peak hs upon c anging
the photon energies (1-1', 2-2' 3-3' and 4 4' .
Such shifts are certainly absent in our measured
spectra. It is interesting to note that the calcu-
lated EDC for 16.85-eV photon energy is also
similar to the corresponding experimental spec-
trum. This fact can be understood, since the
possible direct transitions accident lln a y originate
at the same locations in k space, where the den-
sity of initial states is high. "
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For the (110) face of Ag the general agreement
between the measured EDC's and DOS is even
better (Fig. 2) than for Cu, although some minor
contributions due to direct transitions might be
present. Structures b and c are slightly different
in the EDC's obtained at 21.22 and 16.85 eV; this
fact could be understood in principle by consider-
ing the corresponding structures in the calculated
EDC's.

Our results obtained for Au(110) (Fig. 3) also
show contributions which cannot be explained by
k-conserving processes, especially at the high-
energy part of the d-band region and below the
Fermi level, where pronounced emission from
the sP band is observed. It has to be remarked
that emission from the sP bands is also clearly
visible for Ag and may still be seen for Cu. This
observation cannot be accounted for by the calcu-
lated EDC's but is to be expected according to the
one-dimensional density of states. Direct transi-
tions may eventually be recognized in the 21.22-
eV EDC of Au(110), for example, b and c; how-
ever, these structures have counterparts in both
the theoretical DOS and the calculated EDC's.
More experimental work with intermediate photon
energies is needed to clarify the origin of these
structures.

We now summarize our knowledge on mecha-
nisms which might be responsible or which have
to be excluded, respectively, for the interpreta-
tion of our observations. (i) Because of self-en-
ergy effects, the participating high-lying conduc-
tion bands might become so broadened that the
corresponding EDC's should reflect rather close-
ly the density of initial states alone. " We rule
out this effect, since our results of other faces
of the noble metals do show pronounced direct
transitions and self-energy effects are not ex-
pected to behave so differently for the individual
crystal faces. (ii) Our observations can formally
be described by the "nondirect" photoemission
model previously proposed by Berglund and Spi-
cer." However, we did not find experimental
evidence for such contributions to EDC's of other
single-crystal faces and vice versa. We there-
fore conclude that "nondirect" transitions cannot
be responsible for the observed effect. (iii) With
use of photon energy of 11.83 eV, where the prob-
ing depth is appreciably increased, the (110) faces
also reveal direct transitions. ' We therefore as-
sume that the measured EDC's at higher photon
energies are mainly determined by surface Photo
emission from bulk initial states, which extend
directly into the surface region, to free-electron-

like states outside the crystal. Because of the
matching conditions of the wave functions, these
states have to be described as surface states
within the crystal, which are degenerate with
bulk Bloch-like states. This interpretation is
further supported by our special geometry of in-
cidence of the light, where the vector potential of
the photon field has strong components normal to
the surface and therefore favors surface emis-
sion. "

The fact that striking similarities between one-
dimensional density of states and EDC's are seen
so strongly on the (110) faces and not the (100)
and (111)faces might be related to the participa-
tion of reciprocal lattice vectors in direct transi-
tions. According to Ref. 18 direct transitions are
expected to appear with maximum intensity when
the vector potential of the light lies parallel to
that reciprocal lattice vector which is assisting
the direct transition in question in the extended
zone scheme. Actually this seems to be the case
for the (100) and (111)faces but not for the (110)
fa.ces, where the appropriate C(220) reciprocal
lattice vector is not invoked in energetically pos-
sible direct transitions. It has to be mentioned,
however, that such behavior was derived for near-
ly free-electron-like materials and might not be
adequate for the noble metals. We therefore be-
lieve that a satisfactory explanation of the ob-
served effect can only be obtained by a detailed
calculation of momentum matrix elements taking
into account the properties of the incident photon
field.

Thanks are due to Professor J. Peisl for facili-
ties of the Institute.
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Exactly Soluble Spin-Glass Model
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An exactly soluble model for a spin-glass phase transition is presented. It is essen-
tially a mean-field theory; but instead of "bond" randomness of the exchange interaction
(as used by other authors), a "site" randomness is assumed. This enables one to calcu-
late the "quenched" free energy without any uncertain mathematical procedures. Typical
results are given for a variety of interesting cases.

There is considerable experimental evidence'
that in certain magnetically dilute solid solutions
("spin-glasses" ) a new kind of phase transition
takes place. In this spin-glass phase, the mo-
ments are frozen into a disordered arrangement
with no or little long-range order present. There
is now a reasonable model for these transitions'
due to Edwards and Anderson. The Edwards-An-
derson model is essentially a mean-field approxi-
mation in which the exchange interaction between
different pairs of spins is treated as a random
variable. The model, in spite of its clear phys-
ical basis, suffers from the fact that in order to
solve it, one is reduced to rather complicated
and questionable mathematical procedures (the
"replication" methods).

In this note another mean-field type of model is
proposed which, I believe, is as reasonable phys-
ically as the Edwards-Anderson model, but still
exactly soluble. The model shows all the essen-
tial features of the experiment. As usual, we be-

gin with the following Hamiltonian'.

3C = —pQ J; sg s —jloH+s(,
t', j

whel e s =+ 1 gives the sp1n orientation of the ith
spin, J;, is the exchange interaction between the
ith and jth spins, 8 is the external magnetic field,
and p. o is the magnetic moment of each spin. (For
simplicity we are assuming an Ising model for the
spins, although this is not at all necessary. ) The
4&,- are random variables to be specified later.
The partition function &[4] will depend on all the
J&, 's and is given by

The corresponding free energy F[8] is

F[~1=-u 'I~[~].
For this problem, good physical arguments'

suggest that it is the "quenched" free energy


