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The transient screening response in real space and time of the electron gas to a suddenly created
point charge is calculated in the linear approximation, in a way which allows the decomposition of
the response into a part due to plasmons and a part due to electron-hole pairs. The results are ex-
pected to be qualitatively correct as a description of core-hole creation in simple metals in the limit
of large photoelectron energies. %'e obtain a clear picture of an electronic "shock wave" which

propagates outward from the core hole with some dispersion; the group velocities are centered at
the Fermi velocity. Behind the shock wave is the static distribution plus a small ringing due to
small-q plasmons. The results are examined in the light of experimental evidence for transient
e8'ects on core-hole decay.

I. INTRODUCTION

The screening response of conduction electrons plays
an important role in nearly all physical behavior in met-
als. Hence the characterization of metallic screening has
received considerable attention and effort. The point im-
purity is a commonly treated perturbation, due both to
its tractability and to its suitability for a variety of physi-
cal problems, including hydrogen in metals, ' positron
annihilation, ' moving charged ions, NMR spectra,
and soft-x-ray-absorption (SXA) and -emission (SXE)
spectra.

The majority of the work on the point impurity applies
to the static limit. Static screening calculations include
those restricted to the linear approximation, ' ' '" and
those going beyond it, ' ' which commonly employ
density-functional theory' or a variant. Dynamic calcu-
lations, on the other hand, tend to be restricted to the
linear approximation '; a suitable nonlinear theory
remains to be developed, although some steps have been
taken in this direction. ' '

The problem of metallic x-ray spectra is a particularly
interesting transient screening problem. %hen an x ray is
absorbed by an ionic core in a metal, a variety of process-
es occur at various time scales; included in these are the
reaction of the sea of conduction electrons, i.e., the
screening. Part of the x-ray energy is imparted to a pho-
toelectron which is ejected from the core; it leaves the vi-
cinity of the remaining core hole in a time ~, which de-
pends on its energy. The remaining core electrons relax
in the presence of the hole in a time r„; the conduction
electrons screen both the core hole and the photoelectron
with some characteristic time ~„. We will assume, based
on the large discrepancy in energy scales, that ~„&&~ .

The electron departure time ~, can vary widely, de-
pending on the energy of the incoming photon. For a
highly energetic photon, the photoelectron velocity is
very large, and ~, ~0; while, as the photon energy ap-
proaches the threshold for core ionization, ~,~~. The

theory of x-ray spectra at threshold, due to Mahan' and
Nozieres and DeDomenicis' (MND), thus takes
r /~, =0, i.e., it assumes instant screening of the core
hole. Farther from threshold one uses the "final-state
rule, "a one-particle formalism, to calculate spectra'
this theory also neglects the dynamics of screening. Gad-
zuk and Sunjic have developed a theory ' for photoelec-
tron spectra [x-ray photoelectron spectroscopy (XPS)]
which spans the range 0&~, & 00, but which again is
based on ~ =0.

In contrast to the above work, there have been a num-
ber of attempts to calculate the efFects of screening tran-
sients on x-ray spectra. Persistent transients in the elec-
tron gas should be detectable in the spectra generated by
the subsequent decay of the core hole, either by Auger-
electron emission (at a time rz ) or by x-ray emission (ra-
diative decay, r„). Coupling of the emission process to
screening transients should produce structure in the re-
sulting spectrum above the threshold energy, as well as
possibly detectable effects on the spectrum below thresh-
old. Yue and Doniach have demonstrated the effect of
screening transients in the high-energy tail of SXE spec-
tra, while several authors have examined the more
prominent "plasmon-gain" structure seen in Auger-
electron spectra (AES). At the other end of the spec-
trum, Minnhagen and Shung and Langreth have
shown that the threshold theory for XPS spectra may be
applied within a plasmon energy from threshold, if dy-
namic screening is properly incorporated.

Finally, we mention the theoretical work of Noguera,
Spanjaard, and Friedel. ' They gave the photoelectron a
classical (constant) velocity v and then used linear-
response theory, in the plasmon-pole approximation, to
find the response of the electron gas to the two perturbing
point charges,

p,„,(r, t ) =ee(t }[5(r)—5(r —vt )],
where the first term is the core hole and e(t ) is the step
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p,„ (rt, t ) =e5(r)e(t ) . (2)

It is in this (sudden) limit that the photoelectron is
completely decoupled from subsequent transients. Corn-
putationally, this means we treat a monopole rather than
a dipole. Physically, one expects the appearance of only
those transients whose rate (energy) is stnaller than that
of the photoelectron (r, '); thus we sample the full spec-
trum in the r, =0 limit. It is just this limit (of a highly
energetic photoelectron) in which one expects to see
effects of persistent transients appearing in subsequent
emission spectra. Hence we may expect to gain
some insight into these effects from examining these tran-
sients in the sudden limit.

II. THEORY

In linear-response theory

function. This semiclassical model thus incorporates
both dynamic screening and a wide range of r, (by vary-
ing

~

v
~

), although clearly the classical picture of the
electron velocities v fails as v~O. They have applied the
model to the high-energy range of x-ray absorption, i.e.,
to EXAFS (extended x-ray-absorption fine structure).

The present work is an attempt to accurately charac-
terize the screening transients associated with the
creation of a core hole in a metal. In keeping with the
current state of the theory we restrict ourselves to the
linear-screening approximation. We also make two com-

mon approximations: that there is no spatial or temporal
structure to the core hole, and that the metal may be
modeled as jellium. We choose a compromise somewhat
different from that of Noguera, Spanjaard, and Friedel;
however, we take the ~, ~0 limit, while employing the
full (linear) dielectric function. Thus we treat, in linear
response, the space and time dependence of the
screening-charge response to the perturbing charge,

1 oo

p, (r, t)=
3

e(t) dq q sinqr
7T r 0

X
oo de 1

Im
0 tv e(q, tv)

"2 do ™
&(Q, Q)

X [I—cos(a'QT)],

e(T) Q,
'

1 —cos(a'Q&T) '

p, =
2 QdQsinQR~'R &g I &t

I o
Q

Here we have changed to dimensionless quantities:

Q =q/kF, R =kFr, T=tv, t, Q, =tv/EF,

(6)

(7)

where kF is the Fermi wave vector, co is the long-
wavelength plasma frequency, and EF is the Fermi ener-
gy. The charge densities are scaled to kF. Now we take

v P(q, tv)
e(q, rv}=1—

1+v&6(q )P(q, to)
(8)

where vq is the Fourier transform of the Coulomb poten-
tial, P(q, to) is the Lindhard function, and G(q) is the
(static) local-field correction to the random-phase approx-
imation (RPA). ' Using (8), we can numerically integrate
(6) and (7) to find the two charge densities.

X(1—costvt) .

The spectral function Im(1/e) consists of a continuum
part, representing e-h —pair excitations, and a plasmon
peak for certain values coq. Hence we can find the
separate contributions to p, from each type of excitation
(See Appendix}:

p,
' "=

3 I Q dQ sinQR

p, (q, tv) =p,„t(q,tv)+p, (q, co) =
e(q, co)

or

p, (q, co) =p,„t(q, tv)
1

e q, co)
(3)

where p is a charge density, e(q, tv) is the dynamic dielec-
tric function, and the subscripts t, ext, and s refer to "to-
tal, " "external, "and "screening, " respectively.

The Fourier transform of (2}gives

pext(q ~}=
CO+ l 6

(4)

where 5 is a positive infinitesimal and we have let e (the
electronic charge) = l.

Substituting (4) into (3) and taking the inverse trans-
form, we get, after some manipulation (see Appendix),

III. RESULTS

For the function G(q) in Eq. (8) we have used two
choices: G =0 (RPA} and a parametrized version due to
Vashishta and Singwi, G =Gvs(q ). Other parametrized
versions for G(q ) are available; however, since the re-
sults for 6 =0 and for 6 =6vs differ only slightly, these
other choices were not explored.

The electron density is reflected in the parameter r„
which is small for high densities. We chose a typical me-
tallic density, r, =3 (close to Li at r, =3.24). A limited
examination was also carried out for a low-density case,
r, =6.'4

As a check we have calculated the static charge distri-
bution by omitting the cosine term in Eqs. (6) and (7).
The results, when summed, were identical to those ob-
tained previously' ' for the same 6 and r, ; however, the
decomposition has not previously been obtained. The re-
sults for the RPA and r, =3 are shown in Fig. 1; each
component is multiplied by 4~R . Figure 1 reveals the
standard Friedel oscillations at large R, but only in the
net density. What we find is that the partitioning of the
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FIG. 1. The static screening density for a p
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d -h ) had to be calculated quite accurately at argean e- a
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"+~ in the ~PA forthree densities p', p, and p =p +~
r, =3. In each case the density (scaled to kF) is again
multiplied by 4~R so as to clarify the large-R behavior.
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response in o pa

'
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contrast to the plasmon part, loses phase cocoherence at
W 1 tice that the small-R density is

co~t = 1 —2) to its static value; the plasmon part merely
adds a small, lightly damped ringing to this peak.

The unphysical aspect is revealed by the large ampli-
tudes in Figs. 2 and 3 at large R and sma11 T, which are
totally absent in ig.F' 4 the physical density. Distur-
bances in the gas propagate at a group velocity vg =vF,

= 1 in the units of Fig.
We can, in fact, estimate the dispersion in the "s oc

be seen in the"which is revealed in Fig. 4. As may bewave w ic is
ve ro a ates atfigure, the leading component of the wave pr p g

U =(2—3)UF. We also find (which is obscured in Fig. 4vg] vp e a
that a trailing edge may be defined, suc a,such that, behind the
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'
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FIG. 3. Time dependence of the plasmon part; units as in
Fig. 2. The plasmons propagate coherentlyntl but are not large at
small R.

the wave has significant dispersion, a-
though the bulk of the energy propagation is centere

Finally, we must point out that the small-T segment of
1 1 tion necessarily fails to be totally realistic in

neglecting the photoelectron, whose veloci y
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(9b)

IV. DISCUSSION

p y problem under consideration:We recall the h sical r
t e creation of a core holee, and its subsequent decay.

ear y, the above results give a description of the envi-

ronment the core hole sees at the
per aps some insight into the physics involved.

First, we consider Au er deger ecay. A typical time for
uger ecay is r„=20 (t„=20co '}. At T=20

e essentially static screening t t R
we
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That is, all the net scr
plasmon art whic
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'
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the s "t"1d t hensi y, w ich is entirel ac
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'
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the infinite size of the solid. An da
plasmons du

so i . ny damping of these
ns ue to band-structure effects w'll

cosT =co
s wi rive the

, giving t e proper= oscar t term to zero in Eq. (9b)
' '

h

c arge Z, (oo, oo)=1, which was obtained in

calculation.
o aine in our static
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Again, "essentially" implies that any persistent ringing
is & 1%. Hence the emitting core hole at time ~~ is sur-
rounded by a weakly ringing but nonpropagating screen-
ing cloud, beyond which is a propagating shell of tran-
sients in a dispersive spherical wave. Effects of screening
transients on the emitted Auger electron may thus arise
from either the weak local ringing, or from the distur-
bance propagating in the bulk. The former origin ap-
pears more probable in the light of the extent of the prop-
agating shell, but the picture is more complex in real
solids, due to the presence of (a) a surface which cannot
be far from the emitting core hole, and (b) propagating
disturbances from other core holes in the solid.

For radiative emission we have that v„&&~„. Howev-
er, those photons which are emitted and detected have
competed successfully with Auger processes, so we take
z, =zz. Thus the environment most probably present at
the time of radiative emission is that described above.
Experimentally, we find in this case some evidence for a
small e-h enhancement of the emission edge due to per-
sistent transients, but no plasmon-gain peak. Clearly,
the real-space picture of screening obtained here, while
complementing the numerous studies in q and co space, is
insufficient to address the observed difference between
Auger and SXE plasmon-gain structures; this question
has been treated by Langreth. Our R- and T-space pic-
ture may be useful in explaining measurements made in
real space and time; at this time we are aware of none
connected with core-hole creation in metals.

Finally, we mention a recent experiment which has
apparently indirectly measured the kind of electronic
shock wave which we have described above. Brorson et
al. applied pulsed-laser excitation to one face of a thin
metallic film and found that the resulting disturbance
propagated through the film with vg =Uz', they also noted
some dispersion in the propagation. Neither of these

I

features is surprising in the light of our results.
In conclusion, we have calculated the transient-

screening response to a suddenly created point charge in
jellium. Our method allows the decomposition of the
response into a part due to plasmons and a part due to
quasiparticle-pair excitations. We have found that a
spherical electronic shock wave propagates outward from
the impurity in. a dispersive fashion, with a range of ve-
locities centered at the Fermi velocity U+. Behind this
wave remains a charge distribution composed of the stat-
ic screening charge plus a weak ringing due to plasmons.
At typical Auger- or x-ray-emission times, the bulk of the
transients have propagated away from the core hole, as
expected from simple estimates. ' We note evidence
that a similar shock wave has been detected experimental-
ly
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AppENDIx

This appendix contains details of the derivations in
Sec. II. We drop the vector notation in e(q, co) as there is
no angular dependence; then, inserting (4) into (3) and
double transforming gives

—I Q)f
p, (r, t)= f dq q sinqr f defoe '"' —1

4m r —00 e q, to

l

co+ l 5
(A 1)

Next we note that

B(q, to) =B,(q, to)+iB2(q, to)= 1 —1
e(q, co)

has the required properties for the Kramers-Kronig relations. So we have that

B2(q, co')
B(q,co) = ——f dao'

7T —oo CO —CO +l5
which combined with (Al) gives

p, (r, t)= 3 f dq q sinqr f de'B2(q, to') f" de
4m r —oo (co+i 5 )(co cu'+i 5)—

Contour integration gives the quantity in large parentheses as

—ltd t

2

so that
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p, (r, t)= 3
e(t)f dq q sinqr f B2(q, co)(1 —e ' ') .

2' r 0 N
(A2)

Equation (5) results from (A2) and the fact that Bz(q, co)

is an odd function of co.
In Eqs. (6) and (7), co is defined by

e((q, coq )=0 and e2(q, ~~ )=0,

lim B,= m—5(e, ) =
@2~0 de, (Q, Q)

dQ

A

( 12r )I/2 '
9n
4

and r, is a dimensionless quantity defined by

', n.(r, ao) =-3=
Pl 0

where n0 is the uniform unperturbed density of the elec-
tron gas, and a0 is the Bohr radius,

0& ——max(0, Q —2Q ),
n, =Q'+2Q,

de, (Q, Q)
IeI ln =

Q=Og

The limits on the 0 integral in (6) are the upper and
lower bounds for the e-h continuum. To get (7), we note
that

= llmQ)
0

(i.e., the long-wavelength plasma frequency), 0& is
defined analogously to co,

1/3

The upper limit (Q, ) in (7) is the point at which the
plasmon curve meets the e-h continuum, i.e.,

Q, +2Q, =Qg

Finally, we can recover the steady-state result for p, from
(5) as follows. For t ~ ao, the term cos(cot ) will integrate
to zero. Hence,

1 ~ . ~ dc@
p, (r, ~)=

3 dqqsinqr B,(q, ~)2' r CO

[cf. Eq. (A2)]. Since the residue of B2 is zero at co=0, the
co integral is equal to its principal part. Then a
Kramers-Kronig transformation gives

l oo

p, (r, oo )= dq q sinqrB&(q, O)
2a r

oo 1f dq q sinqr —1 . (A3)
2 r Eq,0'

The standard result" is Eq. (A3) multiplied by —1 to
convert negative (electronic) charge densities to positive
particle densities. We have done the same.
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