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of the electrons above the transition, or that some
fortuitous cancelation has occurred.

If the additional conductivity in the non-Ohmic
region is due to a depinned sliding charge-density
wave, the carriers involved are in a condensate.
This condensed state of electron-hole pairs re-
sults from a situation in which a finite fraction
of conduction electrons occupy their ground-
state configuration. The condensate has no en-
tropy and can transport no heat and therefore
produces no TEP. The situation is similar to
that which arises in conventional superconductors
where the TEP drops to zero at the transition
temperature, the supercurrent arising from a
condensate with no entropy. Therefore a sliding
charge-density wave by itself will not contribute
to the measured TEP which means that some oth-
er mechanism must exist in order to explain the
observed contribution to the TEP.

The most direct interpretation of the TEP data
is that the applied fieM is freeing the single-par-
ticle carriers which have been frozen at the CDW
transition. This would result in the TEP return-
ing to a value consistent with the pretransition
value (which is observed) and also be consistent
with the observed saturation of the conductivity.
However, this implies that the CDW is being de-
pleted by the electric field which appears incom-
patible with the interpretation of the x-ray data
mentioned earlier.

In conclusion, we have reported the first ob-
servation of a nonlinear or electric-field-depen-
dent thermopower. Our results suggest that slid-
ing charge-density waves alone, Zener tunneling,
or hot-electron effects are not responsible for

the observed thermopower. The simplest inter-
pretation involves the electric-field breakdown
of the charge-density-wave state. In the light of
recent x-ray studies on NbSe, it is clear that
further work is required to resolve this.

We would like to acknowledge useful discussions
with S. Alexander, A. J. Berlinsky, J. W. Brill,
T. Holstein, P. Monceau, R. Orbach, and P. Pin-
cus. This research was supported in part by the
National Science Foundation, Grant No. DMR 76-
83421 and in part by the U. S. Office of Naval Re-
search, under Grant No. N00014-77-C-0473. One
of us (P.M.C.) acknowledges receipt of an A. P,
Sloan Foundation Fellowship.

'P. Monceau, N. P. Ong, A. M. Portis, A. Meer-
sohaut, and J. Rouxel, Phys. Rev. Lett. 97, 602 (1976).

2M. J. Cohen, P. R. Newman, and A. J. Heeger, Phys.
Rev. Lett. 37, 1500 (1976).

3N. P. Org and P. Monceau, Phys. Rev. B 16, 3443
(1977).

4M; J. Rice, S. Strassler, and N. R. Scheider, in One-
Dimensional Conductors, edited by H. Q. Schuster
(Springer, Berlin, 1975), Chap. 19.

'M. B. Fogel, S. E. Trullinger, A. R. Bishop, and
J. A. Krumhansl, Phys. Rev. Lett. 36, 1411 (1976).

J. K. krak, R. L. Greene, P. M. Chaikin, and N. P.
Ong, to be published; T. Takagaki, M. ldo, and T. Sam-
bongi, J. Phys. Soc. Jpn. Lett. 45, 2039 (1978).

~P. Haen, J. M. Mignot, P. Monceau, and M. Nunez
Regueiro, J. Phys. (Paris), Colloq. 2, Suppl. No. 8,
C6-703 (1978).

H. Frohlich, Proc. Roy. Soc. London, Ser. A 223,
296 (1954).

R. M. Fleming, D. E. Moncton, and D. B. Me%ban,
Phys. Rev. 8 18, 5560 (1978).

Negative Shake-Up Energy in Core Ionization
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It is shown that the dynamical screening phenomena, which have recently been found to
affect the shape of adsorbate core-hole spectra, occur also in the core ionization of cer-
tain molecules. For K-shell ionization of paranitroaniline we find shake-up transitions
of negative energy which cause a multipeak structure of the corresponding line in the
ESCA (electron spectroscopy for chemical analysis) spectrum. The present first-princi-
ples results lead to a new interpretation of the origin of the dynamical screening pro-
cesses in adsorbates.

Recently renewed interest has arisen in screen-
ing processes affecting the core-leve1 spectra of
atoms and molecules adsorbed on metal sur-
faces. ' ' Numerical calculations on the self-con-

sistent atom-jellium model by Lang and Williams'
suggested a physical picture which is quite differ-
ent from the surface-plasmon screening model
discussed previously. ' Because of the electro-
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static potential of the core hole, unoccupied va-
lence levels of the adsorbate are pulled below the
metal Fermi level and the screening occurs by
partially filling up these levels.

The dynamical aspects of the screening process
have been discussed by Schonhammer and Gun-

narsson, ' by Hussain and Newns, ~ and by Cad-
zuk and Doniach' with the use of the simple mode]
Hamiltonian

NO NH

Ho = c~n~+ [E' —U~~(1 —n~)]B +Qg&I, nl,

+Pjk(Vakcagck + V~k ckfca)y

where &, denotes the core-level energy, c, the en-
ergy of the unoccupied adsorbate level which
couples to the metal states Ik) via V„. c,f (cj')
is the creation operator for an electron in state
la) (Ik)) and n, =c,gc„etc. U„ is the electro-
static interaction energy between the charge dis-
tributions of orbitals la) and I c).

The dynamics of the ionization process can be
brieQy described as follows. If U„ is sufficient-
ly large, the adsorbate level ~„which lies above
the Fermi level in the unperturbed system (n, = 1),
is pulled below the Fermi level in the core-ion-, -

ized state (n, =0). In the ca,se of weak adsorbate-
metal interaction V,~, charge transfer to the ad-
sorbate is hindered and a single core line appears
at the "unrelaxed" position c,. In the case of
strong adsorbate-metal coupling, on the other
hand, the adsorbate level ta) is quickly filled and
a single core line appears at the "fully relaxed"
position E, + e, —U„. In the intermediate case,
a well-developed double-peak structure results. '
It should be noted that a model equivalent to (1)
has been introduced already some years ago by
Kotani and Toyozawa' to describe the splitting of
core lines in transition-metal compounds.

The multipeak structure of the core-hole spec-
tral function predicted by the model Hamiltonian
(1) for suitable values of the parameters has re-
cently been detected in the ESCA (electron spec-
troscopy for chemical analysis) spectra of chemi-
sorbed molecules, specifically for CO on Cu, N,
on W, and N2 on Ni."The C, 0, or NI&shell
lines, which appear as well-defined lines in the
gas phase ESCA spectra of N, and CO, exhibit a
pronounced multipeak structure in the chemi-
sorbed state. The question arises whether the
dynamical screening phenomena causing the mul-
tipeak structure of the core-hole spectra of ad-
sorbates can occur also in free molecules. Upon
looking through the literature we became aware
of the work of Pignataro and others, ' '" who have
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FIG. 1. N ls energy region of the Al .K& ESCA spec-
trum of paranitroaniline after Tsuchiya and Seno (Ref.
11) (the full line serves as a guide for the eye) together
with the calculated ionization spectrum. The energies
of the corresponding unperturbed states are shown in
the lower panel (see text).

discovered clearly developed multipeak struc-
tures in the nitrogen K-shell ESCA spectra of
nitroaniline and related highly polar aromatic
compounds. In this communication we show that
the mechanism leading to these multipeak struc-
tures is indeed related to the screening mecha-
nism described by the Hamiltonian (1)~ In partic-
ular, we show that the multipeak structure in
nitroaniline is the consequence of a negative
shake-up energy in this molecule. This negative
shake-up energy is the molecular counterpart to
the pulling down and filling up of the virtual ad-
sorbate level described above. Since in the free
molecule the dynamical screening effects can be
treated starting from first principles, this offers
the possibility to arrive at a more detailed under-
standing of the complex screening processes on
surfaces and to elucidate the meaning of the mod-
els used for their description.

The N 1s energy region of the Al KG ESCA spec-
trum of paranitroaniline (PNA), NO, C,H,NH» as
recorded by Tsuchiya and Sen6, "is shown in Fig.

The N 1s lines resulting from the nitrogen
atoms in the NH, and NO, groups, respectively,
are clearly separated because of the large chemi-
cal shift in this highly polar molecule. The N &s

(NO, ) line shows a double-peak structure which
is reminiscent of the double-peak structure of
the N &s line of N, on W, for example. ' The N &s

(NH, ) line, on the other hand, appears as a single
line.

1238



VOLUME 42, NUMBER 18 PHYSICAL REVIEW LETTERS 30 APRiL 1979

z„.,"'~(c)=~,.—~, + F...""(c),
where

(3)

o. ' =2 and o. =-,'; c denotes the core orbital
from which ionization takes place. The differ-
ence between Z..."~(c) and E,.P~(c) is due to the
two possibilities to couple the spins of three elec-
trons.

For PNA we find ~,.—~ =11.79 eV and V, .„...
= —5.70 eV. Thus the triplet excitation energy is
E,.„=6.09 eV. On the other hand, we find that,
for c =N 1s (NO, ), F,*,~'~(c) = —13.54 eV and

F...~'~(c) = —14.56 eV, yielding the shake-up ener-
gies Z„.,"~(c)= —1.75 eV and Z„.P~(c) = —2.78 eV.
The m —m* excitation energy in the presence of
the N ls (NO, ) core hole is thus negative. The
origin of this puzzling phenomenon is that V„.-.„.
in Eq. (4) is very large, namely 12.44 eV, while

V„„,which enters with positive sign, is rela-
tively small, namely 5.11 eV. Note that V„«,„.
corresponds to the electrostatic interaction ener-
gy U„ in the Hamiltonian (1), which is respon-
sible for the pulling down of the virtual adsorbate
level below the Fermi level. The exchange inte-
grals in Eq. (4) are small compared to the direct
Coulomb integrals and cause the energy differ-

As a starting point we have performed a stan-
dard ab initio Hartree-Fock (HF) calculation'2
on PNA in its experimental geometry using the
STO-3G basis set." This calculation yields the
HF orbital energies c; and the complete list of
Coulomb and exchange matrix elements V;,». In
what follows we show that these data are already
sufficient to understand the multipeak phenomenon
in PNA. To describe shake-up lines we have to
consider two-hole, one-particle (2h-1p) configu-
rations, i.e., configurations involving a core
hole and a valence-electron excitation from an
occupied to an unoccupied orbital. Since we are
interested in the lowest satellite lines, it suffices
to consider the excitation from the highest occu-
pied orbital (w) to the lowest unoccupied orbital
(w*). To first order in the electron-electron in-
teraction, the lowest (triplet) w-w* excitation en-
ergy of the neutral molecule is given by

(2)

To the same order the m-m~ shake-up energy,
i.e., the excitation energy in the Presence of the
core hole, is given by the expressions

ence between g, :.,~'~(c) and E,;,@~(c). Consider-
ing the same m-w* excitation for ionization out
of the N ls (NH, ) orbital, we find that F...~'~(c)

= 1~ 51 eV and F...@~(c)=0.23 eV, leading to shake-
up energies F...~" (c) =13~ 30 eV and E,.P'(c)
=12.01 eV. For N 1s (NK) ionization the w-m*
shake-up energies are thus larger than the cor-
responding triplet excitation energy of the neutral
molecule. The reason is that now V,„.,„.is rel-
atively small, namely 4.16 eV, while V„„is
large, namely 11.61 eV.

To obtain the core ionization spectrum a more
sophisticated calculation has been performed.
The spectrum is given by the imaginary part of
the core-hole one-body Green's function. " The
Green's function has been computed using an ap-
proximation scheme described in detail else-
where. " In this scheme the self-energy" &(&) is
constructed by diagonalizing the Hamiltonian in
the space of the 2h-1p and 2p-1h configurations.
All configurations which can be constructed con-
sidering the two N 1s core orbitals, the eleven
occupied orbitals highest in energy and the seven
unoccupied orbitals lowest in energy, have been
included. The Green's function is then obtained
by solving the Dyson equation. "

The calculated spectrum is shown in Fig. 1,
together with the experimental spectrum. In the
lower part of the figure the energies of the unper-
turbed states are shown. The solid lines repre-
sent the N ls (NO, ) and N 1s (NH2) single-hole
states. The dashed lines represent the poles of
the self-energy part which interact with either
the N ls (NO, ) or N 1s (NH, ) single-hole state to
give the ionization spectrum shown in the upper
part of the figure. It is seen that the splitting of
the N 1s (NO, ) line observed in the ESCA spec-
trum is qualitatively reproduced by the calcula-
tion. The two satellite lines appearing on the low-
energy side of the N 1s (NO~) "main" line origi-
nate from the m-m* transition with negative exci-
tation energy discussed above. The appearance
of two negative-energy satellite lines instead of
one is due to a nonnegligible intravalence ex-
change element 1,. „.. This type of interaction
is not contained in the model Hamiltonian (1).
For ionization out of the N ls (NK) orbital a
quite different behavior is found: 85%%uo of the in-
tensity associated with the N ls (NH, ) orbital ap-
pear in the main line at lowest binding energy.
The satellite lines are weak and situated at con-
siderable higher energy. The qualitative features
of the spectrum are easily understood from the
foregoing discussion, which has shown that the
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w-w* excitation energy is pushed upwards upon
N ls (NH2) ionization, but strongly pulled down-
wards upon N ls (NO, ) ionization.

The specific properties of PNA which are re-
sponsible for the negative shake-up energy for
N 1s (NO, ) ionization are easily rationalized con-
sidering the charge distribution of the molecular
orbitals. The valence charge of the aromatic
ring in PNA is highly flexible and resembles in
this respect the conduction electrons in a metal.
Most of the charge associated with the highest oc-
cupied molecular orbital (w) resides on the NH,
part of the molecule. The charge associated with
the m* orbital, on the other hand, is mainly con-
centrated on the NO, part of the molecule. It is
now clear that the presence of a core hole on the
N atom of the NO, group lowers the m-~* excita-
tion energy, since the core hole is effectively
screened by the valence charge flowing towards
this atom in the m-m* excitation. A core hole on
the N atom of the NH, group, on the other hand,
must increase the m -m* excitation energy, since
valence charge is pulled away from the core hole
in the w-m* excitation. As quantitatively shown
above, the energy gain through the screening of
the N ls (NO, ) core hole is large enough to make
the w-w* excitation energy negative.

From the present first-principles results we
can learn about the interpretation of the model
Hamiltonian used for the description of screening
processes in adsorbates. The essential features
of the present calculation can be understood with-
in the framework of a simple model Hamiltonian.
In neglecting spin and exchange, it reads

a=a, n, +e,n, +e~n~+ (1-n,)(1-n,)V„„
—(1-n,),.V,~,„-(1-n,)n.-. V~,„
—(1-n,)(c„fc,»+ c„.gc,)V„„.. (5)

The last term of the Hamiltonian (5) represents
the interaction between the unperturbed states
and causes the multipeak structure of the N 1s
(NO, ) line in PNA. The Hamiltonian (5) is formu-
lated in the basis of the ground-state HF orbitals
of the system. In the adsorbate-metal case it is
customary to write the Hamiltonian in the basis
of the one-particle states of the separated ad-
sorbate and metal. By transforming Eg. (5) to
such a basis and adopting the notation of Eq. (1),
the Hamiltonian takes the form

H =Ho+ (l-n, ) QW„~.c~tc„

+ (l-n, )P(W,„c,fc + W, *c gc,),
k

with Ho given by Eq. (1). For convenience only a
single unoccupied adsorbate orbital I a) is con-
sidered as in Eq. (1). Two interaction terms are
seen to arise in addition to the usually adopted
Hamiltonian IID.' ' The first represents the scat-
tering of metal electrons by the suddenly appear-
ing core hole in the adsorbate. It is the analog
to the well-known scattering of conduction elec-
trons by deep core holes in metals, which causes
the x-ray threshold singularities and the skew-
ness of the core-level x-ray photoemission lines. "
The second term describes the mixing of the ad-
sorbate and metal one-particle states due to the
appearance of the core hole. The interaction
matrix element W„arises from the Coulomb in-
teraction between core and valence electrons and
is independent of the magnitude of the adsorbate-
metal coupling V„ included in H,. From the fore-
going discussion of PNA we conclude that it is
this coze-kole-induced mixing of adsorbate and
metal states which is responsible for the multi-
peak core-level line shapes. The effect of the
last term in Eg. (6) might be partly included by
redefining the hopping matrix element V„ in Eq.
(1), but this obscures the physics of the process.
Clearly the adsorbate-metal coupling strength de-
termined in this way from the analysis of experi-
mental core-level line shapes does not bear any
relationship to the strength of the chemical bond
between adsorbate and metal.
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The Knight shift of negative muon (p Pd) in Pd metal has been determined to be —(9.0
+0.7)VO at7' =ll K, revealing an unusually large hyperfine anomaly between p Pd and its
equivalent isotope RhPd; Hgg(p Pd)/Hht(RhPd) =0.64 +0.05, or e&- e„=-(36 ~5) Vo. its im-
phcation is discussed in terms of the spatial distribution of the electron spin density in
transition meta1s.

The hyperfine anomaly, the change of the hy-
yerfine field between different nuclear states of
the same isotope, reflects spatial distributions
of both nuclear magnetization and electron spin
density. This problem was first studied theoret-
ically by Bohr and %eisskopf, ' and then, rigor-
ously by Stroke, Blin-Stoyle, and Jaccarino. '
They considered the radial decrease of s-elec-
tron density that is probed by nuclei of finite
size. Another possible cause of hyperfine anom-
aly is the change of I $,(0) is due to the change of
the charge distribution of the probe nucleus (so-
called Rosenthal-Breit-Crawford-Schawlow cor-
rection, ' as discussed in Ref. 2). A large amount
of experimental data have been explained by tak-
ing into account the nuclear magnetization dis-
tributions consistent with the nuclear wave func-
tions, but neither the nuclear structure nor the
mechanism of the hyperfine field become clear
from these studies simply because the nucleus is
too small to produce a large effect sensitive
enough to discriminate between models. It would
be dramatic, if we could find a much more ex-
tended magnetic probe to detect the electron spin

density.
In this context, we paid special attention to the

hyperfine field probed by bound muons. 4 Polar-
ized negative muons that have stopped in a ma-
terial immediately reach the ground state (ls,I,)
of the muonic atom and stay for a certain length
of time r„(~„varies from 2.2 lisec in the lightest
atoms to 80 nsec in heavy atoms). The average
polarization is decreased to about —,

' due to the
spin-orbit coupling, but is still large enough to
observe spin precession (negative-muon spin ro-
tation). The density of the bound p.

" is given by
lg„"(r)l'. The muon wave function g„"(r) is, for
a point nucleus, exp(- Zr/a „)with a „=Ssjnt „es
=260 fm, but, for heavy nuclei, where a„be-
comes close to the nuclear radius, it is modified
due to the finite extension of nuclear charge. In
either case, the bound muon is distributed largely
outside the nucleus. However, when viewed from
atomic electrons, the bound muon is still con-
centrated around the nucleus so that it should be-
have like an impurity nucleus of apparent charge
(Z —l)e. Compared to its etluivalent nucleus of
true nuclear charge (Z —l)e, the bound muon has

1979 The American Physical Society 1241


