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though this theory was intended only for the re-
gion 7 & T~, it is reasonable to extend the results
into the region of spontaneous magnetization
where there is still a large BE spin polarizabil-
ity. If one therefore assumes that ErBh484 is a
type-I superconductor at T» it is only necessary
to compare the magnetic induction B=—10 kG as-
suming saturated magnetization with the thermo-
dynamic critical field H, = 1.8 kG calculated from
the heat capacity of LuBh, B4" to conclude that
orbital effects may also be important in the de-
struction of superconductivity in these magnetic
superconductor s.
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Effect of Bound Hale Pairs on the d-Band Photoemission Spectrum of Ni
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It is shown that the spectral density of the Ni d electrons contains a peak due to excita-
tions of bound hole pairs. The spectral density is observed directly in photoemission ex-
periments which show a satellite peak below the bottom of the d bands. The observed
peak exhibits a strong resonance as a function of photon energy and this behavior is also
explained by the present theory.

My purpose is to present a theory for the phys-
ical origin of the satellite that is observed at ap-
proximately 7 eV below the Fermi energy in
photoemission experiments on Ni, and also to ex-
plain the observed resonance in the satellite in-
tensity as a function of photon energy. The satel-
lite has been observed' ' in both x-ray and ultra-
violet photoemission spectroscopy (XPS and UPS),
at a binding energy of rougMy 7 eV.' The ampli-
tude of the satellite has its maximum at a photon

energy of 67 eV (Ref. 4) and is unobservably
small below roughly 25 eV." The d-band peak
observed in both XPS and UPS is narrowed rela-
tive to the calculated d-band peak' and a narrow-
ing is predicted by the present theory. However,
Eastman, Himpsel, and Knapp' have also ob-
served a band narrowing at photon energies be-
low 20 eV where the satellite is not seen.

The simplest explanation for the satellite would
be the excitation of a 5-eV Ni plasmon (the satel-
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lite is located at 6 eV below the main d-band
peak). However, an examination of electron-scat-
tering and optical data shows that this is not the
answer. In this Letter, I show that the satellite
is caused by a shake-up process which involves
the excitation of two-hole virtual bound states
following photoexcitation of d-band electrons.
The states consist of two itinerant d holes that
are correlated in such a way that there is a rel-
atively high probability that they are located on
the same atom. These holes have a higher energy
than two uncorrelated holes because of the intra-
atomic Coulomb interaction and consequently the
satellite peak is at lower kinetic energy than the
main d-band peak. The hole-pair states are de-
rived mainly from the bottom of the d band and
thus reduce its width.

This work supports earlier suggestions by
Mott" and Hufner and Wertheim" that the satel-
lite is caused by photoexcitation of a d electron
followed by the creation of a second hole on the
same atom. However, the two-hole excitations
are in fact resonances rather than mell-defined
modes; the itinerant correlated hole pairs decay
into excitations that belong to the usual bandlike
hole-pair continuum.

The enhancement of the satellite at a photon
energy of 67 eV is related to the photoexeitation
of a 3P core electron to an empty d state. The
empty states in the d band are less than 0.3 eV
in width so that this photoexcitation is only pos-
sible for photon energies near 67 eV. The pho-
toexcitation is followed by an Auger process in
which a d electron fills the core hole while anoth-
er d electron is excited to higher energy. If the
two d holes produced in the Auger event are left
in a virtual bound state the excited electron will
have an energy corresponding to the satellite.
This process can be coherent with the direct d-
band photoemission and consequently the total
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satellite intensity as a function of photon energy
is asymmetric. There is also an asymmetry
due to photoexcitation of a core electron to an

empty s-p state (followed by an Auger event)
which can only occur for photon energies greater
than 67 eV. The importance of the core-level
photoexcitation in producing a resonance in the
satellite was pointed out by Guillot et al.4 using a
model for Ni consisting of essentially noninter-
acting atoms.

The d-band electrons are assumed to obey the
degenerate Hubbard Hamiltonian

FIG. l. (a) Diagram for d-band photoexcitation fol-
lowed by scattering of the d hole. (b)—(e) Diagrams for
photoexcitation which involve the creation and destruc-
tion of a core hole. These processes are important on-
ly near resonance. (f) Schematic representation of U,

G, Z, and t. (g) Diagram giving the meaning of the in-
teraction line between a core hole and d electron that
appears in diagrams (b)-(e).

A,n, & len, &,n

where &„„is the band energy of a Bloch electron composed of a linear combination of atomic states
with z component of angular momentum n, and &~„ is assumed to depend only on k. The second term
is the intra-atomic Coulomb interaction between two electrons located on the lattice site l. The intra-
atomic Coulomb interaction has strength U and the 5 function represents the effect of the Pauli princi-
ple.

The diagram for d-band photoemission is shown in Fig. 1(a). An electron is photoexcited to a state
of kf leaving a hole. The hole is filled by an Auger event in which a second d electron is scattered into
an empty d state, k„,n . This leaves two d holes which multiply scatter. The scattering is described
by the t matrix and a pole in t yields the bound state responsible for the satellite peak. The t-matrix
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approach is valid"'" when the number of unfilled d states is small as in Ni. From Fig. 1(a) the photo-
emission current at energy e is calculated by ordinary time-dependent perturbation theory to be"

I,(&) = — Q I (knaIA'' P
I k& v)I'ImG, „,(e h-&u, )6(e —e„,),

k,n, a,ky

where h~, is the photon energy and the one-hole Green's function G„„,(e) is determined by the ho].e
self- energy

( ) ~ (1 f,-„,,) U(l -b,„,.„,,)a „„,
k,n, ak
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where the two-hole Green's function is

Gp"' ' ' (gyK) —QqfK/2+q&&yfK/~ q„i ai[$ —E /K2+„qa —E/K2 'q„i ai —b~]

(2a)

(2b)

(2c)

and ek„ is the Hartree-Fock band energy.
Equation (la) is the usual expression for the photoemission current. The self-energy is normally

taken to be the small-U limit of Eq. (2b), the Hartree-Fock self-energy. However, the hole-hole in-
teraction is t = U/(1+ UG, ) rather than the Hartree- Fock approximation of U. The denominator of t
represents multiple scattering and results in a strong energy dependence of t and consequently of
Z„„,(e), an effect which is neglected in the Hartree-Fock approximation but which gives rise to the
satellite. Figure l(f) shows schematically U of Eq. (1), the diagrams giving G and Z of Eq. (2b), and t.

The Ni band is almost filled, so that it is reasonable to expect that its two-hole excitation spectrum
is similar to that of Cu. The two-hole spectrum for materials with filled d bands has been discussed
by Sawatsky" and by Cini" in reference to valence-band Auger spectra. In the limit of large U they
show that the two d holes excited in the Auger process are left in a correlated atomiclike state and con-
sequently the Cu Auger spectrum is atomiclike as is observed experimentally. However, in the case
of materials with filled d bands, the two-hole state is not coupled to the single-hole excitation spec-
trum because there are no empty d states to scatter into and thus the Cu photoemission spectrum does
not exhibit a satellite. A d electron could be scattered into an empty s-p state but this has relatively
low probability and in any case would lead to a tailing of the d spectra rather than a satellite because of
the width of the s-p band.

In order to account for the dependence of the satellite intensity on photon energy it is necessary to in-
clude photon or Auger excitation of a 3p core level to an unfilled d state. All the relevant diagrams for
the photoexcitation probabilities are shown in Figs. 1(b)-l(e). The standard t-matrix approximation
that there is at most one electron in an unfilled d state (because of the small number of such states)
has again been made. A solid arrow pointing to the left denotes a renormalized core hole; the self-
energy is given by essentially the same diagrams as those for a d hole except that, when a core hole
interacts with a d electron via t, it is understood that the first scattering event is governed by an Auger
event whereby the core hole is scattered into a d hole. Diagram 1(g) shows the meaning of the interac-
tion line between a core hole and a d electron residing in an initially unoccupied d state. This type of
interaction appears in Figs. 1(b)-1(e).

Diagrams 1(b) and 1(c) are not coherent with the other diagrams for the case n' 0 n" and correspond
to a "normal" Auger process with a photoemission current

f„(e)=(2/h)F(h(u, ) Q b, ,„ 1m', „,(e h(u, )5(e-—e, ) Q (5-a, , )
'

kqn, a~kg n', n"
n'~n~~

x IZ[(mlA' &In")]„n(v, n'&IVIk/O, m&& jUI', (3)

where E(h&u, ) = [(Au&, —7,)'+ Z,'] ', 7, is the 3p to unfilled-d-state excitation energy, and Z, is the
core-hole self-energy. Im) is the core-state wave function with azimuthal quantum number m, In" )
is a d-state atomic wave function on the same atom, and the average over the matrix element of X
indicates there is an additional contribution to (mIX. %In") from diagram 1(c) (which is numerically
small). V is the Coulomb interaction in the Auger process.

Diagrams 1(a), 1(d), and 1(e) and diagrams 1(b) and 1(c) for n'=n" are coherent. The corresponding
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expression for their contribution to the photo-
emission current will be given elsewhere' since
the largest contribution to the satellite is from
the incoherent part of diagram 1(b) near reso-
nance and diagram 1(a) far from resonance. The
coherent terms will produce a resonant behavior
of the main d-band peak and this is currently un-
der study.

In order to evaluate the various contributions
to the photocurrent, the dependence of the cur-
rent on the final-state band structure is neglected
by replacing 5(e —e„) in Eqs. (2a) and (3) by p(&),
the density of final states. Also, G, of Eq. (2c)
is replaced by its average over K and the small
exchange splitting is ignored. In this approxima-
tion G, depends only on the Hartree- Pock d-band
density of states, p, .

The Ni spectrum for d-band photoemission (no
core contribution) is calculated from Eq. (1). p,
is taken from the work of Wang and Callaway. '
Figure 2 shows the experimental spectrum' after
a background subtraction as the solid curve
marked XPS. The XPS spectrum predicted by
band calculation' in the absence of correlation
effects (U=O) is shown by circles; it is deter-
mined by p, which is normalized so that there
is good agreement between theory and experiment
near the Ni Fermi energy. The results of the
present calculation of I.(e ) for U = 2.0 eV are giv-
en by the squares marked XPS. For larger val-
ues of U, the satellite moves to lower energies
and removes more weight from the main d-band
spectrum. For U= 5 eV the satellite peak is pre-
dicted to be roughly 13 eV below ~~.

The magnitude of the diagrams 1(b)-1(e) has
all been estimated and 1(b) is found to dominate
for the satellite (although not for the main peak).
The ratio of the total intensity produced by Fig.
l(b) to that from Fig. 1(a) is approximately"

I(1(b)) Z. (clA P Id) '
N„

I(1(a)) F (h(o, ) (d IA PIk~) 2mp
' (4)

where N„= 0.6 is the number of d holes, and p is
the density of states at energy S~, above the d
bands. Diagrams 1(a) and 1(b) have most of their
intensity in the main peak and in the satellite,
respectively, thus I(1(b))/I(1(a)) is an estimate
of the observed satellite to main peak intensity
I, /I, . In order to estimate I(1(b))/I(1(a)), ~c)
and ~d) are taken to be atomic wave functions,
~k&) is approximated by an orthogonalized plane
wave, and Z, is taken from experiment. Equation
(4) yields I(1(b))/I(1(a))=2 for her, =e, =67 eV

I-
2

ELECTRON BINDlNG ENERGy ( ey. )

FIG. 2. The solid curve marked XPS is the experi-
mental XPS photoemission current. The solid curve
marked UPS is the experimental spectrum at resonance,
Scop

= 67 eV. The relatively small differences in the d-
band portion of the curves have not been shown for the
sake of clarity. The dots represent the spectrum pre-
dicted by band theory. The squares marked XPS are
the results of the present theory for U= 2 eV. The
squares marked UPS are the results of the theory with
U= 2 eV and the Auger matrix elements normalized so
that the experimental and theoretical satellite curves
are the same height.

compared to the observed value" of I,/I, = 1.
In view of the many approximations made, this is
quite reasonable agreement.
I„(e) is calculated from Eq. (3) at resonance,

6~, =67 eV, assuming constant matrix elements.
In Fig. 2, I,(c)+ I, ,(e) for U = 2 eV is shown as
the upper set of squares and is compared to the
experimental results (the solid line marked UPS).
The matrix elements in Eq. (3) have been normal-
ized so that the peak heights of the theoretical
and experimental curves are equal. It can be
seen from Eqs. (3) and (2b) that in the Hartree
Fock approximation the calculated UPS peak
would be located at the bottom of the d bands.
The coherent terms mentioned above are estimat-
ed to contribute roughly 20'%%u& to the satellite in-
tensity at resonance.

With respect to other metals I note the follow-
ing: (a) The satellite cannot be excited in metals
with filled d bands and has not been observed in
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such materials. (b) Fe and Co show evidence of
similar but weaker satellites; this is consistent
with the present theory but requires further study.
(c) A satellite has not been observed in Pd de-
spite a value of U similar to that for Ni; how-
ever, Pd has fewer 3d holes and a calculation
predicts a lifetime tailing of the main d-band
peak but no satellite.
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Powell and Professor L. M. Falicov are grateful-
ly acknowledged.
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Spectrum of the Cosmic Background Radiation
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New measurements of the emission spectrum of the night sky have been made in the

frequency ra&~e from 1.7 to 40 cm ' using a fully calibrated, liquid-helium —cooled, bal-
loon-borne spectrophotometer. The results show that the spectrum of the cosmic back-
ground radiation peaks at 6 cm ' and is approximately that of a 3-K blackbody out to sev-
eral times that frequency. However, the data show deviations from a simple blackbody

curve.

Previous measurements' of the cosmic back-
ground radiation (CBR) have shown that its spec-
trum is approximately that of a 3-K blackbody
over the frequency range from 0.02 to 17 cm '.
These observations have been instrumental in es-
tablishing the big-bang theory of cosmic expan-
sion as the accepted model of the Universe. In
its most elementary version this theory predicts
a blackbody spectrum for the CBR. The experi-
mental results reported to date, however, have
lacked the accuracy required to detect deviations
from a, Planck curve as large as 20Vo. We re-
port in this Letter an observation of the CBR in
the frequency range from 2.5 to 24 cm 'with a
flux accuracy of better than 10% of the peak flux
of a 3-K blackbody at 6 cm '.

The apparatus used for this experiment was an
improved version of the liquid-helium-cooled
balloon-borne Fourier spectrophotometer devel-
oped for our previous measurement of the near-
millimeter CBR, which is described in Woody
et al.' and Mather, Richards, and Woody. ' The
sensitivity was incx eased by one order of magni-
tude over that of our previous system by the use
of a 'He-cooled composite bolometer. Improve-
ments were also made to the antenna by the use
of a Winston concentrator' to define the = 7' field
of view on the sky and by the addition of a large
earthshine shield.

The cryostat containing the antenna and the
spectrometer was mounted in a gondola with the
required telemetry and launched from Palestine,
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