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whose lattices are more anharmonic than the
chlorides, exhibit much smaller discrepancies
than the chlorides.

Finally, it should be emphasized that Eq. (I),
and thereby Eq. (2), are based on the absolute
rate theory. ' Implicit in this theory is the as-
sumption that the diffusive process can be de-
scribed in terms of equilibrium statistical mech-
anics. Although there has been some criticism
of this theory, it nevertheless has been very suc-
cessful in treating diffusion and ionic conduction,
and this success is generally taken as the strong-
est evidence for its validity. '
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We present a mechanism for the resonance near the Bp threshold in the photoemission
associated with the two-hole bound state in metals such as Cu and Zn. It is based upon
the strong interaction between the 4s-4p conduction-band. electrons and the two bound
holes (the M configuration) resulting from the super Coster-Kronig decay of the Bp core
hole. This effect also occurs in Ni but is not dominant.

This Letter reports a new mechanism for reso-
nant photoemission resulting from the super Cos-
ter-Kronig decay' of a 3p core hole (Sp'Sd"- SpsSd'sl). Unlike the model described by Penn, s

this mechanism is operative in metals with filled
3d bands such as Cu and Zn. It is based upon the
strong interaction between the 4s -4p conduction-
band electrons and the two bound holes (the 3d'
configuration) produced in the final state. Our
calculations clearly exhibit a resonance in the
3d satellite at fixed binding energy and the ap-
pearance above resonance of a separate, "Auger"
peak at fixed kinetic energy.

Resonant photoemission in Ni metal was dis-
covered by Guillot et al.' They observed that, for
photon energy hv near the 3p threshold (66 eV),
the emission from the 6-eV satellite associated
with the 3d valence band was greatly enhanced.

Iwan, Himpsel, and Eastman observed a simi-
lar, although weaker, resonance in Cu. They
anticipate that such a resonance is a common
feature of the row Cu, Zn, . . ., because atomic
effects are important in their respective Auger
spectra. ' Since the Penn model gives no reso-
nance when the Sd bands are filled, it fails to
explain the data in Cu. The presence of a satel-
lite in Cu does not invalidate the Penn model for
Ni, however. The mechanism proposed here is
an additional effect which is probably dominant
only in Cu, Zn, etc.

For simplicity, we consider only a single con-
duction band (analogous to the 4s-4p bands) into
which the core electron is excited when a photon
is absorbed. The Hamiltonian for this model has
been described by Nozihres and de Dominicis'
for the x-ray edge problem. In the initial (ground)
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state,
N

+p
k=1

where ak is a creation operator for the kth or-
bital and N is the number of levels in the band.
We assume that the energies &k are ordered. The
ground state is b" I&,&, where b t creates a core
electron at the origin,

!C, &
= g a, tlO&,

and I. is the number of electrons in the band.
The ground-state energy is

I
Eg = +J &a+~c~

k=g

where e, is the core energy. Following absorp-
tion, the Hamiltonian consists of Q plus an in-
teraction term due to the hole in the core level:

H=g„el, a~ a~ —(U/N)g„al, g~ia„i,
where U is a parameter describing the strength
of the interaction. Since (1) is strictly a one-
electron operator, it can easily be diagonalized':

level filled but with two 3d holes bound at the
origin (the 3d' configuration). ' Here we neglect
dispersion of the two-hole state as well as its
multiplet structure. The Hamiltonian for the
conduction-band electrons in the presence of the
two holes is the same form as (1), but with U

replaced by U' which we expect to be much larger
(U corresponds to Z =1 and U' to Z =2). Let us
denote the eigenvalues and eigenvectors by co„'

and Sk„', etc. The final states are denoted by
I g»& where

I ass& = b'I «'~s'& (6)

E =6+E~+E(d ) +Eg

with

E stands for the photoemitted electron with kinetic
energy c, d' signifies the two-hole state, and

L+I,

I~. &=g .,'Io&.
$=$

Here P stands for the set fm„m„. . ., m~+, J and
the energy of I(»& is

H —Q„N„c„cny (2)
m, . ~

(~, —~„)S,„-(U/N) Z, .S,.„=O. (3)

The ~„occur between the ~k, i.e., &„,&(d„«„.
The excited states of the system are

where a„=+„S~„c„andthe nth eigenvalue and ei-
genvector satisfy

The energy for the creation of two bound holes is
E(d')

The matrix element for the decay of the dis-
crete state ly„& into the continuum state I pa~&,
denoted by Vs„(z), is

V, „(z)=Vo(e'
I pa&.

L+1
I~.&

= II c., 'I», (4)
&=1

where a stands for the set {n»n». . .,n~+, }.The
energy is

E~=
5 =3.

These states decay by super Coster-Kronig
transitions into continuum states with the core

Here V, ™(3pell(e'/R)I3d3d), the super —Coster-
Kronig matrix element (we neglect its dependence
on e). The total decay rate of y~ into all con-
tinua is I'0 = ~ I V, l2 (2 I; is the full width at half
maximum).

The photoemission intensity N(hv, e) can be
calculated from the general formalism for the
interaction of discrete states with continuum

!
states. " For the sake of brevity, the derivation
is omitted here. The result is

N(hv, ~) =2~K, !p (~/I;)(~'+Z„')-"(q„ l
Z'l C, & V, „!'6(hv+E,- ~ —~, -Z(d') E,'),

where

z „=m(h v +E~ —E„)/I'o (12)

and (y„I T
I 4,) is the dipole transition amplitude

(it is assumed that the direct excitation of final
states l(8~& can be neglected). The essential
feature of (11) is the adding of' amplitudes for the

I excitation of the Pth final state before squaring.
The rate of absorption is [with use of (10) and
(11)]

W(hv) = fdic N(hv, e)

= »(~/I;)Z. (~'+ z.') 'I&v.lT I c,& I' (»)
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Threshold is at
L+1

kvo =E~o —Eg = —E'~+ Q (d„—Q E~ q

h=l k=1

where E~p is the lowest E„.
Now we let E =hv- e be the binding energy of

the photoelectron F. rom (11), we see that the
possible values of binding energy are

Z, ' =E(d8)+E, '- P~, .
k=1

The lowest binding energy is
L+l L

m=l k=1

which corresponds to the d' satellite (the last two
terms represent the relaxation of the conduction
electrons around the two bound holes). Various
authors " '" have discussed the numerical eval-
uation of finite systems of this type. A typical
spectrum is shown in Fig. 1.

A strong resonance is observed at E =Ep as
hv is swept through threshold hvp. Physically,
this corresponds to the core electron being ex-
cited to states near the Fermi energy &F with the
subsequent super-Coster-Kronig decay (one 3d

-6
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FIG. 1. Photoemission intensity vs binding energy
for various photon energies near threshold. The calcu-
lation was performed for a constant density of states
(band half filled, eF =10) with U' =10 I'p =1

~ and A'=32.
U was chosen to be zero so that the effects exhibited
arise strictly from final-state interactions (U' ~0).
For U ~0, the absorption TV(h v) is peaked at threshold,
making the resonant peak (at fixed binding energy) even
more pronounced than the Auger peak.

electron falls into the core hole while the other
goes to el). Energy is only conserved overall,
not in the intermediate absorption. Hence e
tracks hv. Above resonance, this peak persists
due to the singular nature of the off-diagonal
elements of Va„[see below], and another peak
develops. The latter corresponds to the core
electron being excited to states with energy
= (hv —hv, ) +eF. The subsequent super —Coster-
Kronig decay produces a photoelectron with e
fixed at the Auger energy &A =hvp -E, or, equiv-
alently, a binding energy E =hv -hvp+Ep . These
features, which are characteristic of the exper-
imental data, occur for a wide range of param-
eters-and for various densities of states.

It is clear from these calculations that it makes
sense to distinguish the Auger peak from the
resonant peak only for hv well above resonance.
As kv A vp the two peaks coalesce into one. A
single physical process excites various final
states g» with binding energy E8 as described
above.

An interesting connection exists between the
satellite peak for hv above resonance and the x-
ray edge problem. ' By evaluating the determi-
nants (ya'Icp„) contained in V~„[Eq. (10)] an-
alytically, in a manner similar to that of Ander-
son, "we find that for U=0 and hv»hv, the in-
tensity I, of the final state at E, goes as N
in the limit N- ~. [Specifically, we evaluate the
coefficient of the 5 function in (11) for P =0.]
Here X = ¹/w —(6'/m)', where the phase shift
6' depends upon O'. Following arguments given
by Dow and co-workers, "we find that the inte-
grated intensity over a small interval &E W/N
above threshold is

f+ dz N(hv, hv-z ) =I,.
Using the dependence Ip-N ' and differentiating
with respect to N, we obtainN(hv, hv E)-1/-
(E -E, ) as E -E, . It is this singular be-
havior which causes the peak at Ep to persist
for hv well above resonance.

If U' = U, then Ve„ is diagonal and there is only
a single peak (the Auger peak) unless the absorp-
tion is peaked near threshold. In Ni,"the empty
portion of the 3 d bands gives rise to a strong
absorption over a narrow energy range and this
leads to a strong resonance. For Cu, there may
be a small amount of peaking due to the admix-
ture of 3d character in the conduction bands, but
the consequences of U'& U must also be impor-
tant. In Zn, this effect should be the dominant
one. Although the band structure of the semi-
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conductor Ge is, of course, much different from
that of Cu or Zn, we nevertheless expect it to
show a resonant satellite.
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Ab initio extended muffin-tin orbital calculations are presented for trans-polyacetylene
heavily doped with AsF5, AsF6, SbF6, or PF6. For the hexafluoride dopants, AsF6 and

SbF6, hybridization of metal s states with polymer x states produces a partly filled metal-
lic band. This provides a band model of metallic conductivity within and between chains
consistent with anisotropic electric conductivity. This model should also apply to other
doped conjugated polymers.

It has recently been discovered that doping can
vary the electric conductivity of trans-polyacety-
lene [&-(CH)„] by about twelve orders of magni-
tude. "2 The highest conductivities (2000 0 '
cm ') were observed after doping with 10'%%uo AsF,
(t- [CH(AsF, )o,]„].AsF, and I, dopants have been
most widely used but other halides and metal
ions are also effective. For all these dopants,
an abrupt semiconductor-metal transition takes
place at l-2'%%uo doping, and metallic conductivity
is observed up to 20'%%uo doping. Recent x-ray ab-
sorption experiments' indicate that exposing t-
(CH)„ films to AsF, vapor actually leads to in-
corporation of AsF, as the effective dopant.
ESR measurements " indicate that the charge
carriers in lightly doped p-type semiconducting
samples are not the usual free holes seen in in-
organic semiconductors. Finally, other conju-
gate polymers are reportedly dopable up to metal-
lic levels of conductivity. e '

We present results of first-principles extended
muffin-tin orbital (ENTO)"" calculations on

pure, defect-free t-(CH)» and on doped mater-
ials, denoted t (CHA, )„,-in the high doping re-
gime, y =&. Dopants, A. , studied are AsF» AsF6,
SbF„and PF,. Our results show that heavy dop-
ing by AsF, and SbF, produces partly filled metal
s bands which imply strong metallic conductivity
along chains and weaker metallic conductivity be-
tween chains. Similar doping with AsF, yields a
semiconductor with a completely filled As s val-
ence band 2 eV below an empty C=C m conduction
band. t-[CH(PF, ),~6] „ is different in that its P
s band is empty; charge transfer to F atoms
partly empties a m band and implies metallic
conductivity along, but not between, chains. This
simple one-electron picture (a) explains aniso-
tropic metallic conductivity; (b) substantiates
the conclusion that AsF, is the effective dopant
in highly conducting t-(CH), films; and (c) pre-
dicts qualitatively different properties for sam-
ples doped with PF,.

Crystalline cis-(CH)„ is known to have an or-
thorhombic unit cell containing two chains. " The
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