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A sharp 3d-electron satellite excitation has been found for Cu which exhibits a strorg
resonant enhancement (- x 5) at the Cu 3p-core-level threshold similar to the 6-eV res-
onant satellite observed previously in Ni. This satellite, which has two peaks at 11.8
and 14.6 eV below EF, is identified as a quasiatomic two-electron excitation with bvo
3d holes plus one 4s electron (3d 4s). Present models for the ¹iresonant satellite are
not able to describe our Cu results.

A satellite structure observed at about 6 eV be-
low the Fermi level EF in Ni photoemission spec-
tra' ' has gained interest since a resonance of
the satellite intensity was observed at the 3p-
core-level threshold. ' ' At least three different
explanations have been offered for this satellite:
(a) Guillot et al. ' propose an autoionization proc-
ess which could qualitatively explain the reso-
nance but fails to explain the existence of the sat-
ellite below the Sp threshold; (b) Tibbets and
Egelhoff invoke a configuration interaction (shake-
up) mechanism where a 4p state becomes occu-
pied concurrent with the creation of a 3d hole;
and (c) Penn' proposed a shakeup process which
involves the excitation of two-hole virtual bound
states involving correlated d holes which reso-
nantly interact with the Sp —empty-d-state transi-
tion at threshold. It has been stated that such sat-
ellites are associated with metals such as Fe,
Co, and Ni which have partially filled d bands,
but not with Cu."' In particular, the resonance
enhancement of the Ni satellite has been related
to the Sp-core-level- empty-d-state excitation. "'

Contrary to these conclusions, we have found a
satellite structure for Cu which has a resonance
behavior similar to that of the 6-eV satellite pre-
viously reported for Ni. ' For Cu, two sharp
(- 1.3 eV full width at half maximum) satellite
peaks are observed at 14.6 and 11.8 eV below FF,
i.e. , at 11.0 and 8.2 eV below the center of the M
bands. They exhibit an approximately fivefold
resonant enhancement at the 3p threshold. This
double-peak resonant satellite in Cu cannot be ex-
plained by the previously proposed mechanisms
for Ni, which require empty d states" or give
the wrong satellite peak structures and energy
separations. '

We have determined that the resonant satellite

in Cu can be described by a quasiatomic shakeup
state involving two correlated M holes plus a low-
lying excited nl electron (nl mainly 4s) in the
final state. Off resonance, this two-hole shake-
up state for Cu is excited according to Sp'(M")4s
+hv- Sp'(M'nl)4s+e . At resonance, the excita-
tion and simultaneous Auger decay of the Sp state
creates a two-hole final state with the same con-
figuration:

Sp'Sd' 4s+hv- Sp'M' 4snl —3p'(3d'nl)4s+e

Consequently, a Fano-type resonance between
these two-electron excitations occurs which is
analogous to the usual Fano resonance between
the one-electron excitations (3p hole and 3d hole)
at the Sp threshold The. Sp absorption edges for
Cu and Ni are shown to be markedly affected by
these resonant two-electron excitations.

The experiments were performed with a two-
dimensional display-type spectrometer combined
with a toroidal-grating monochromator using
synchrotron radiation from Tantalus I. Counting
rates were 2'10'/s for the Cu 3d bands with an
overall energy resolution of -0.3 eV and accep-
tance of an emission solid angle of 1.8 sr. The
photon flux was determined by the photoyield of a
clean Au film and published quantum yield data.
Crystals were sputter annealed and characterized
by low-energy electron diffraction, Auger spec-
troscopy, and photoelectron spectroscopy.

Figure 1 shows angle-integrated photoelectron
spectra of Cu(100) normalized to the incident
photon flux. The geometry (s-polarized light
collection in an - 80' cone around the surface nor-
mal) was chosen to minimize emission from the
4s4p bands which are degenerate with the Ni sat-
ellite but not with the Cu satellite. Indeed, we
see only very weak emission in the sp-band re
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multiplet in Antonides, Janse, and Sawatzky' and
references therein). In an analogous way, the Cu

M2 3UU Auger structure is decomposed into two
d' multiplets which are split by the spin-orbit
splitting of the Sp„, and Sp„, holes (2.0 eV) and

weighed according to their multiplicity. For ¹i
we see three resonant satellite structures (-14,
- 6, and - 2-3 eV below EE). The M, ,VV Auger
structure can be decomposed into the satellite
multiplet for Ni as well as for Cu. We note that
the effective Coulomb interaction U (see Fig. 2)
is about the same for the satellite lines as for the
Auger lines in both Cu and Ni.

For the strongest satellite we observe a sepa-
ration of 11.3 eV from the center of the 3d-emis-
sion peak (which is 3.4 eV below EF). This sepa-
ration is close to the energy difference of 10.9
eV between the corresponding 'G(Sd'('G)4s') and

'D(3d') levels' in atomic Cu" (itinerant 4s screen-
ing electrons), but not far from the difference of
about 9 eV between the 3d'4s' and 3d'4s levels in

atomic Cu' (atomic 4s screening electron). If we

apply the atomic model proposed for Ni by Tib-
betts and Egelhoff' to Cu, we obtain an incorrect
multiplet structure, i.e. , a single narrow (& 1 eV
full width) peak for the satellite (M'4p' configura-
tion) and a separation of only - 6 eV from the 3d-
emission peak (Sd'4s' in this model). The Ni sat-
ellite and Auger line shapes cannot be described
by an atomic model unambigously. At least two

different shakeup final states are expected I
M'4s

+h v- (M'4s)4s+e and - M'4s+e for shakeup

into empty 4s and Sd levels, respectively]. Also, cujo—
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it has been shown that the Auger final state has
substantial itinerant character, '"with conse-
quent line broadening as observed.

In Fig. 3 we sketch the ionization processes
which contribute to the spectra of Fig. 1. An au-
toionization interaction between the 3d- e con-
tinuum and the quasidiscrete core-hole excitation
Sp-vl has been used previously" "to explain
the shape of the Ni Sp absorption edge assuming
nl = M. The two-electron resonance that we find
involves excitation of two 3d electrons. The
shakeup continuum and the M, 3UV Auger semi-
continuum interact with a discrete transition
which can be described as the coherent Auger
decay of the Sp-nl excitation at threshold.

In Fig. 4, the partial cross sections for the two-
electron resonant satellite channels as well as
for the Auger channels are shown. The spectra
were decomposed using the line shapes and ener-
gy positions given in Fig. 2. The resonant satel-
lite cross sections contribute significantly to the
Sp absorption edge. In particular, the double
structure in the Ni Sp edge" is mainly due to the
resonant satellite, The shape of the resonance
curve for the satellite cross section (Fig. 4) is
very similar for Cu and Ni, e.g. , considering the
resonant enhancement (x 5) and the width (- 3 eV)
which is much narrower than the total absorption
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FIG. 3. Schematic representation of the photoioniza-
tion processes discussed in the text. 1 denotes 3d ex-
citation, 2 denotes nonresonant shakeup, 3 denotes

~2 &VV Auger, 4 denotes core-hole threshold, 5 de-
notes resonant shakeup or resonant Auger. Discrete
transitions interact with continua (autoionization), e.g. ,
process 1 with process 4 (1-e resonance) and proc-
esses 2 and 3 with process 5 (2-e resonance).

FIG. 4. Partial cross sections for the two-electron
resonance che~~els (total denotes Auger plus satellite)
described in Fig. 3, normalized to the step height of
the absorption coefficient at the @& threshold IIU&»&

=3.6x10' cm ' for Ni (B,ef. 1&) and @~3'~ =1.4x10' cm
for Cu (Ref. 6) using the area under the 3d-emission
peak below the 3P threshold for calibrationl.
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edge. This narrow resonance indicates that a
discrete (3d'4s) final state exists for Cu with the
4s electron localized at the site of the 3d holes.
This calls into question models treating the shake-
up electron (nl in Fig. 3) as itinerant. ' The mag-
nitude of the satellite cross sections is - 7 times
larger in ¹ than in Cu. This indicates the con-
tribution of extra shakeup levels due to empty d
states (nf = 3d), for Ni compared with Cu.

V'e expect that the two-electron resonance ob-
served for Cu and Ni occurs for d levels in other
materials, especially for higher-Z atoms where
atomic effects become important. ' Compared
with Ni, Cu is a simpler test case for studying
many-electron effects at the 3p threshold because
of its sharp atomiclike'" satellite and Auger mul-
tiplets and the simple filled-d-shell ground state.
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Resistivity and magnetoresistance data in the field range 0-180 kG at low tempera-
tures are presented. The temperature dependence (T3), suppression of residual re-
sistance, and large magnetoresistance are understood as resulting from the unusual
Fermi surface. In spite of the large number of defects and the relatively weak inter-
chain coupling (dc/EF -10 ) inferred from the magnetoresistance, the states near EF
are extended over distances greater than 100 pm.

The incommensurate linear chain structure of
Hg, &AsF, leads to unique one-dimensional (1d)
lattice dynamics and highly anisotropic electron-
ic properties. ' 4 Transport studies showed me-
tallic behavior with p.,(300 K) = 10 ' Q-cm and no

sign of residual resistivity, a result of particu-
lar interest since the unusual structure" con-
tains approximately 6/o anion vacancies. ' The
magnetoresistance4 is large in low fields, and

the increment, b,p(T, H) = b p(H), is insensitive
to temperature. These magnetoresistance data
were described in terms of a magnetic-field-in-
duced residual resistivity. 4

We present new data on the resistivity and mag-
netoresistance in the extended field range 0—180
kG at low temperatures. Low-field studies show
that Ap/p(0) approaches quadratic behavior only
for B ~ 1 G. The high-field results show no satu-
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