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PHOTOEMISSION FROM Cu, Ag, AND Au IN THE 10- TO 27-eV ENERGY RANGE
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Measurements of high-resolution photoemission-energy distributions have been extend-
ed beyond 11.6 eV (LiF-window cutoff) for Cu, Ag, and Au. Surprisingly sharp structure
(&E -0.3 eV, i.e., resonance Q =El&E= 50) is resolved at these high energies. These
new results show d-band widths of 3.0, 3.5, and 5.7 eV for Cu, Ag, and Au, respective-
ly, and show dramatic evidence (nonstationary structure and amplitude effects) for di-
rect transitions.

New windowless high- resolution ultraviolet-
photoemission-spectroscopy (UPS) measurements
at 16.8, 21.2, and 26.9 eV are reported which
show much sharper structure than obtained in
earlier attempts. ' ' In fact, observed structure
is as sharp as that observed below 11.6 eV. In-
creasing the range of excitation energies beyond
11.6 eV gives new information on optical selec-
tion rules and electronic structure; energy dis-
tribution curves (EDC) for Cu, Ag, and Au show
much structure indicative of direct interband
transitions.

These high-energy UPS measurements circum-
vent the usual limitation of UPS (for many mate-
rials with hv(11.6 eV) of being able to probe the
entire valence-band width. Total d-band widths
of 3.0, 3.5, and 5. 7 eV (+0.3 eV) are observed
for Cu, Ag, and Au, respectively. These widths
are in good agreement with augmented plane-
wave (APW) band calculations which give the ob-
served d-band to Fermi-level (EF ) separations;
calculated widths are 3.2 eV for Cu, ' 3.2 eV for
Ag, ' and 5.8 eV for Au. ' Furthermore, as with
x-ray photoemission spectroscopy (XPS), ' the
effects of the surface-escape probability and of
secondary electron emission become less impor-
tant for UPS at higher photon energies (e.g. , pri-
mary and secondary emission become more sep-
arated with increasing photon energy).

Photoemission measurements for Cu, Ag, and
Au a.bove 11.6 eV were made using a windowless
system with a 90' cylindrical electrostatic ener-
gy analyzer having a 10-cm radius. ' The spec-
trometer resolution was determined to vary near-
ly linearly from 0.05 to 0.2 eV in the 0- to 20-eV
kinetic-energy range. This resolution was deter-
mined by measuring the linewidth (full width at
half-maximum) of the sharp 'P, i, line of photo-
ionized Xe gas. Measured EDC's were corrected
for the electron transmission of the spectrome-
ter, which increases nearly linearly with in-
creasing kinetic energy for energies &7 eV. For
energies (7 eV, extra secondary emission due to

the spectrometer is observed. '
Current measurements were made using con-

ventional counting techniques with a Bendix Chan-
neltron electron multiplier and Hamner single-
channel analyzer. The resulting spectrometer
dark current was -5 & 10 ' A (-3 electrons/sec).
Signal currents were typically -10 "A and com-
plete EDC's were swept in (5 min with signal-to-
noise ratios &50:l.

Radiation at 21.2 eV and at 16.8 and 26.9 eV,
respectively, was provided by the line spectra of
cold-cathode He and Ne resonance lamps which
were operated at low pressure (5 to 30 mTorr). '
The discharge (-40 mA at 1500 V) occurs in a I—
mm-diam capillary -12 cm long which is optical-
ly open to the sample chamber via a 0.5-mm-
diam capillary -20 cm long. Two stages of dif-
ferential pumping (with 4-in. glass Hg diffusion
pumps) between the lamp discharge and the sam-
ple chamber are used to minimize gas through-
put from the lamp. The sample chamber and
electron spectrometer are pumped with an Ed-
wards 9-in. -diam Hg diffusion pump with two
chevron baffles between the pump and the sample
chamber (effective speed -800 liters/sec). Pres-
sures of -3 x10 ' to 1 &10 ' Torr were maintain-
ed in the sample chamber with the lamp on during
all phases of the measurements; these vacuum
conditions were found to yield reproducible re-
sults for Cu, Ag, and Au. Films of Cu, Ag, and
Au were prepared by evaporation onto smooth Mo
substrates using Mo filament evaporators.

Several EDC's for Au are shown in Fig. 1. The
two EDC's for &v&11.6 eV do not probe the full
range of the d bands, a common limitation of UPS
with I.iF windows. Much observed structure is
suggestive of direct transitions. The two highest
energy d-band peaks (at —-2.5 eV) are seen as a
0.3-eV doublet at hv=10. 2 eV, which are split by
-0.6 eV at 11.6 eV." More dramatic shifts are
seen at higher energies; e.g. , the two highest-
energy d-band peaks (at —2.6 and —3.7 eV) are
split by -1.1 eV at A, v=16.8 eV, by -1.8 eV at kv
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Krolikowski and Spicer" (I -22 A at E = 8.6 eV).
The net primary emission from Cu (after sub-
traction of the calculated secondary emission) is
shown in Fig. 3, where it is compared with the
band density of states calculated by Mueller'
(who fit Burdick's APW band calculation' ). In ad-
dition to strong emission from d bands between
-2 and -5 eV, the data show emission from ener-
gy states between -5 and -8 eV which is consis-
tent (both in energy and intensity) with emission
from the s-P band below the bottom of the d
bands. The overall shape of the d-band emis-
sion in Fig. 3 agrees surprisingly well with the
density-of-states curve, and peaks at —-2 and
-3.5 eV correlate very well. However, the ob-
served peak at -3.0 eV occurs at a minimum in
the density-of-states curve. ~ '

Cu was found to be more sensitive to vacuum
conditions than Ag or Au. It was possible to con-
tinuously evaporate Cu during measurement of
the EDC's; these results were essentially identi-
cal to those obtained within a few minutes after
completion of the evaporation. Subsequent expo-
sure to -10 ' Torr resulted in the growth of a
broad emission peak due to contamination (-2-3
eV wide at —-6 eV below EF) which has been
previously observed" and was thought to be in-
trinsic to Cu."

EDC's for Ag are shown in Fig. 2. The 3.5-eV-
wide d bands are observed to extend from -3.9
to -7.4 eV." The EDC for hv=11.2 eV shows
structure at -4.3, -4.9, -5.7 and -6.3 eV. The
EDC for h v = 16.8 eV exhibits a different shape,
with a dominant peak at —4.2 eV and shoulder at
-4.6 eV, and weaker structure at -5.6 and -6.6
eV. For &v=21.2 eV, the shape of the EDC is
again different, with structure in the lower half
of the d-band region (at —5.6 and -6.8 eV) being
more resolved than the weak structure at —4.3,
-4.7, and -5.2 eV.

In summary, UPS studies of Cu, Ag, and Au
from 10 to 27 eV show structure as sharp as that
observed below 11.6 eV, and measured d-band
widths of 3.0, 3.5, and 5.7 eV, respectively. We
observe much variation in peak locations, shapes,
and amplitudes in the EDC's; such variation is
inconsistent with the nondirect-transition model
and a single optical density of states, " let alone
any unambiguous relation of the latter to the band
density of states. If these data can be described
by the direct-transition model (as suggested by
recent developments""), they contain a wealth
of information concerning the one-electron mod-
el, e.g. , one-electron energies F. (k), matrix
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FIG. 3. The EDC for Cu at he=21.2 eV (with secon-
dary emission subtracted) and the density of states
calculated by Mueller (Ref. 16) who fit to Burdicks's
(R f. 4) bands.

elements, and many-electron effects.
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We show that the appearance of a localized moment on Ni atoms in the critical range of
concentration is accurately described by a simple environment-dependent model of the
Jaccarino-Walker type, and that this model implies a "clustering" of magnetic moments. ,
even on the basis of a random distribution of atoms. The fit with experimental data is
promising in view of the approximations made.

Copper-nickel alloys have been extensively
studied, particularly in the "critical range" of
concentrations between 30 and 60 at.9o Ni. High-
temperature susceptibility measurements' show
a strong increase of the susceptibility with con-
centration, which leads to the supposition of the
existence of superparamagnetism. In saturation-
moment measurements, '' the plot of the magne-
tization versus the concentration x of the Ni

atoms, linear for x & 0.6, exhibits h curvature
for x &0.6. This peculiarity has not yet been ex-
plained in a satisfactory manner, in spite of
several attempts. ' ' Moreover, the experimental
values of 0, deduced in different ways for the
same sample do not agree with one another. '
Low-temperature specific-heat measurements' '
show two anomalies from the usual c = yT+ PT
law. The behavior of the specific heat versus
temperature is well fitted by the law c =A+ yT
+ PT', A and y being concentration dependent.
Moreover, neutron diffraction patterns have
shown the existence of giant moments in Ni-Cu
alloys, even in the ferromagnetic range. '

All these results have been qualitatively ex-
plained by the cluster hypothesis: The nickel
atoms tend to cluster into Ni-rich regions in
which they can be magnetically coupled; these re-
gions behave like giant moments and give rise to
superparamagnetism and anomalies in the specif-

ic heat. ' Although this interpretation has recent-
ly been contested, it can be said that no avail-
able facts invalidate the model. '

Consistent with the cluster hypothesis are the
measurements of the effects of heat treatment,
plastic deformation, and neutron irradiation on
Cu-Ni alloys. ' ' '

The short-range order parameters defining the
rate of clustering have been correlated with the
values of the susceptibilities. " There is no
doubt now that an alloy slowly cooled from high
annealing temperature is not randomly distri-
buted, as shown recently, " It could be expected
that a perfectly random state never occurred,
and that short-range order parameters" were
necessary. to describe the statistical properties
of the alloy. ' However, experiments by one of
us' tend to show that no short-range order exists
at room temperature if the samples are annealed
long enough at a temperature higher than 400 C
and are very rapidly quenched. It was shown
with magnetic measurements that the metastable
state obtained from annealing temperatures be-
tween 400 and 1000 C seemed to be the same.
If there were any short-range order, such a
thing could not occur since this phenomenon de-
pends on temperature. Our purpose is, then, to
explain the main physical properties of Cu-Ni
alloys in the critical range on the basis of a pure-


