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Final-state interactions in photoemission: Energy loss by the exiting electron

D. L. Mills
Department of Physics and Astronomy, University of California, Irvine, California 92697

~Received 23 May 2000!

In photoemission, the excited electron may lose energy when it is in the vacuum, on its outgoing trajectory.
It may couple to excitations in the substrate~surface plasmons, for example! via the long-ranged Coulomb
interaction, as is well known from electron energy-loss spectroscopy. Joynt has argued that such losses can be
severe for poor conductors, with the consequence that their inclusion is essential for the interpretation of their
photoemission spectra. We show that the losses considered by Joynt have their origin simply in the work done
by the image force experienced by the outgoing electron. This then just shifts the kinetic energy of all
photoemitted electrons downward by roughly the same amount, save for a correction with origin in the velocity
dependence of the effective image force.
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I. INTRODUCTION

It is widely recognized that photoemission spectroscop
a most powerful means of probing the occupied electro
states of diverse materials. To interpret the data, it is co
monly assumed that the photoemitted electron is a sim
free electron, diffracted as it passes through the crystal
face, and whose kinetic energy at the detector differs fr
that within the crystal by a shift with origin in the inne
potential.

When the kinetic energy of the photoemitted electron
not large, as in ultraviolet photoemission, the simple pict
just described may require correction from interactions
photoelectron experiences when it is in the final state. Th
may range from band-structure effects, to self-energy cor
tions of many-body origin.

In a recent paper,1 Joynt argued there are final-state e
fects as well, when the photoelectron is in the vacuum ab
the crystal, on its way to the detector. It may lose energy
this portion of its trajectory by creating excitations in th
substrate via long-ranged Coulomb interactions. Indeed,
have known for many years from electron energy-loss sp
troscopy2~EELS! that electrons in the energy range of inte
est to Joynt can couple quite strongly to excitations in
substrate~surface plasmons, particle-hole pairs, surface o
cal phonons, etc.! while in the vacuum above the crystal, o
the incoming and outgoing leg.

Joynt argues that in the particular case of poor conduct
this coupling can be very strong, with the consequence
the shape of the photoemission spectrum bears little res
blance to that expected in the absence of these losses
suggests that the feature identified as the pseudogap in
photoemission spectra of the manganites is in fact an art
produced as a consequence of the strong coupling of
photoelectron to substrate excitations on its outgoing tra
tory. We note that in EELS, it is well established that t
particle-hole contribution to the loss spectra is proportio
to the dc resistivity of the substrate for small energy losse3,4

and is thus very intense for poor conductors.
We have been motivated to explore this issue further

several considerations. First, while Joynt applies his exp
sions for the loss probability to examples where the coup
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to the substrate excitations is so strong the elastic inten
which remains at large distances is very small, in fact
basic equations apply only in the weak-coupling regime. W
see this from his Eq.~5!, which through comparison with
earlier discussions,5 one sees applies only for weak couplin
At sufficiently low-electron energy, this statement leads
the unphysical resultP0,0 for example. Similarly, in
Joynt’s Eq.~6!, in the strong-coupling limit, one must tak
due account of the depletion of the supply of electrons wh
energy is\v8 in his notation, as they progress along the
outgoing trajectory. A consequence of these limitations
that quantitative conclusions are open to question, when
pressions such as these are applied to circumstances
the coupling is not weak.

In the course of developing an appropriate transport eq
tion that describes the ensemble of electrons that leave
crystal surface, we were led to inquire into the physical
terpretation of the losses explored by Joynt. The answe
this.

As discussed some years ago,6 in a very closely related
context, an electron that leaves a crystal surface, to propa
off to infinity, feels a force that may be viewed to have tw
contributions. The first is the image force of classical diele
tric theory, modified in form near the crystal surface by t
finite velocity of the electron. This is supplemented by
contribution with origin in electric fields generated by exc
tations in the substrate that have been created earlier by
electron; this oscillates with a distance from the surface,
as we show below, does zero work on the electron, w
integrated over its trajectory, in the present case.

Quite clearly, the image force, which decreases
strength monotonically as the electron recedes from the
face, does work on the electron, with the consequence
the electron loses a certain fraction of its kinetic energy
fore it strikes the detector. We show below that the ene
losses discussed by Joynt are just those associated with
deceleration of the electron provided by the image force.

All electrons photoemitted from the surface are retard
by the image force, and thus its effect is simply to produc
downward shift in kinetic energy of the entire photoelectr
energy spectrum. The effective image force is energy dep
dent by virtue of the finite velocity of the electron, as di
11 197 ©2000 The American Physical Society
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11 198 PRB 62D. L. MILLS
cussed earlier,6 so there will be some distortion in the spe
trum as well. However, of interest to Joynt are electro
whose kinetic energy is in the 20 eV range, and he focu
his attention on the shape of the spectrum within 500 meV
the Fermi cutoff. Over such a modest range of kinetic en
gies, the distortion in the spectrum produced by the ene
variation of the effective image force will be very modest,
there will be very little influence of these losses on the stu
of a phenomenon such as the pseudogap.

We begin by discussing the nature of the electric field
the vacuum above the substrate itself, in response to a
sical electron created at timet50, which moves off to infin-
ity with velocity v, directed normal to the surface. We the
obtain the probability the electron suffers energy loss
tween \v and \(v1dv) by an argument patterned afte
Joynt’s treatment, to find a result similar to his save for
numerical prefactor. We then present an argument that d
onstrates that these losses are simply those associated
the work done by the effective image force, which attra
the electron back to the surface.

II. THE ANALYSIS

Following an earlier discussion,6 and also Joynt’s ap
proach, we shall suppose the photoemitted electron ma
viewed as a classical particle of charge2e, created at the
crystal surface at timet50, which moves away from the
surface with velocityv along thez axis, taken perpendicula
to the surface. The substrate lies in the lower half-planz
,0, and is characterized by the isotropic, frequen
dependent dielectric constante~v!.

A. The electric field above and below the surface

The charge density associated with the electron isr(r ,t)
52ed(x)d(y)d(z2vt)u(t), where u(t)511 when t>0
and u(t)50 when t,0. We Fourier transform the charg
density, and other quantities with respect to time:

r~r ,t !5E r~r ,v!eivt
dv

2p
. ~2.1!

After a short calculation, we have

r~r ,v!52
e

v
d~x!d~y!u~z!e1 i ~vz/v !. ~2.2!

We ignore retardation effects, so the electric field is w
ten

E~r ,t !52“w~r ,t !, ~2.3!

where we solve Poisson’s equation forw(r ,v):

¹2w~r ,v!5
4pe

v
d~x!d~y!u~z!ei ~vz/v ! ~2.4!

subject to the boundary condition thatw(r ,v) is continuous
at z50, along withe(v)Ez(r ,v).

All quantities are Fourier transformed with respect tox
andy, by writing
s
es
f
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w~r ,v!5E w~z;ki ,v!eki•r i
d2ki

~2p!2 . ~2.5!

We shall append the superscripts. and, to various quan-
tities, to indicate that they apply to the regimesz.0, andz
,0, respectively. We then write the solution in the form

w.~z;kiv!5w0
.~z;kiv!1Dw.~z;kiv!, ~2.6!

and similarly forw,(z;kiv). One finds

w0
.~z;kiv!5

2pe

ki
F e2kiz

vki1 iv
2

2vkieiv~z/v !

v2ki
21v2 G , ~2.7a!

w0
,~z;kiv!52

2pe

ki

e1kiz

vki2 iv
, ~2.7b!

and

Dw.,,~z;ki ,v!5
2pe

ki

e2kiuzu

vki2 iv S e~v!21

e~v!11D . ~2.7c!

The contributions with subscript zero appended sim
generate the electrostatic potential of the electron in f
space:

w0~r ,t !52
eu~ t !

@r i
21~z2vt !2#1/2. ~2.8!

Our interest thus centers on the electric fields with orig
in Dw.,,(z;ki ,v). In what follows, we may set the sub
scripts . and , aside, to write the electrostatic potenti
produced by the disturbance in the substrate in the form

Dw~r ,t !5
e

4p2 E d2ki dv

ki
ei @ki•r i2vt#

e2kiuzu

vki2 iv S e~v!21

e~v!11D ,

~2.9!
which may also be written as

Dw~r ,t !5
e

2p E
0

`

dki E
2`

1`

dv

3e2 ivt
e2kiuzuJ0~kir i!

vki2 iv S e~v!21

e~v!11D . ~2.10!

We pause to make contact with Joynt’s analysis. In
Eq. ~1!, he displays an expression for the Fourier transfo
with respect to time of the total electric field in the substra
which is the sum of that obtained from Eq.~2.8!, and that
obtained from Eq.~2.9!. Upon combining Eq.~2.7b! with Eq.
~2.7c! and taking the Fourier transform, forz,0 we write
the total electrostatic potential in the form

w,~r ,v!52
2e

v
1

e~v!11 E0

` dki J0~kir i!e2kiuzu

ki2 i ~v/v !
.

~2.11!

If we introduce the identity

1

ki2 i ~v/v !
5E

0

`

dz8 e2@ki2 i ~v/v !#z8 ~2.12!

and recall that
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E
0

`

dz J0~ax!e2bx5
1

~a21b2!1/2 ~2.13!

then we rewrite Eq.~2.11! to read

w,~r ,v!52
2e

v
1

11e~v!
E

0

`

dz
ei ~v/v !z8

@r i
21~z81uzu!2#1/2.

~2.14!

This yields an electric field in the substrate virtually identic
to that in Joynt’s Eq.~1!, though he appears to employ
different Fourier transform convention than found in t
present paper, to judge from the prefactor in his express

B. An expression for the energy lost by the electron

In a dielectric, the energy/unit time dissipated by tim
dependent electric fields is written7

dW

dt
5

1

4p E d3r E•
]D

]t
~2.15a!

5
1

8p

]

]t E d3r E21E d3r E•

]P

]t
. ~2.15b!

Of interest, following Joynt, is the total-energy loss of t
electron found by integrating this form over time, from2`
to 1`. The energy lost by the electron as it travels from t
crystal surface to the detector clearly equals the total ene
dissipated in the substrate. Upon integrating over time,
first term in Eq. ~2.15b! gives zero, and the total energ
dissipated is

W5E
2`

1`

dtE
z,0

d3r E~r ,t !•
]

]t
P~r ,t ! ~2.16!

or

W5
1

8p2i Ez,0
d3r E

2`

1`

dv@e~v!21#vuE~r ,v!u2,

~2.17!

where E(r ,2v)5E* (r ,v). Upon noting e(v)5e1(v)
1 i e2(v), where general considerations sho
e1(v)@e2(v)# is an even~odd! function of frequency,

W5
1

8p2 E
2`

1`

dv ve2~v!E
z,0

d3r uE~r ,v!u2 ~2.18!

or

W5
1

32p4 E
2`

1`

dv ve2~v!E
2`

0

dzE d2ki

3E~z;kiv!•E* ~z;kiv!, ~2.19!

where one has, upon deriving the electric field in the reg
z,0 from Eq.~2.7b! and Eq.~2.7c!,

W5
e2

p2v2 E
2`

1` dv ve2~v!

u11e~v!u2 E2`

0

dzE d2ki

e2kiz

ki
21v2/v2 .

~2.20!
l

n.

-

e
gy
e

n

The integrals in Eq.~2.20! are performed readily, and th
result can be arranged to read simply

W5
e2

v E
0

`

dv ImH 21

11e~v!J . ~2.21!

We wish to deduce an expression forP(v), where
P(v)dv is the probability the electron loses energy in t
interval between\v and\(v1dv). We deduce a form for
P(v), again following Joynt, by identifying Eq.~2.21! with

W5E
0

`

dv \vP~v!, ~2.22!

so we have

P~v!5
e2

v
1

\v
ImH 21

11e~v!J . ~2.23!

Joynt arrives at an expression identical in form to E
~2.23!, but with a different numerical prefactor. Upon com
paring the result in Eq.~2.23! with Joynt’s Eq.~4!, we find
that he has a prefactor he writes asC/2p2, where he states
that C>2.57. We do not appreciate the origin of this diffe
ence; no details of the derivation have been provided in R
1. We remark that we assume Joynt has obtained his re
by calculating the total energy dissipated utilizing the ele
tric field generated from the potential in Eq.~2.14!. We have
attempted to proceed in this manner, but in the end we
the prefactor expressed in terms of integrals difficult
evaluate, with subtle issues of convergence that must be
dressed.

The dielectric response of conducting substrates can o
be described by the Drude model, for which

e~v!5e`2
vp

2

v~v1 i /t!
, ~2.24!

wheree` has its origin in interband transitions; we assum
e` is frequency independent here. For this model, the in
grated strength of the loss probability is readily calculate

E
0

`

P~v!dv5
p

2

e2

\v
1

~11e`!
. ~2.25!

It is interesting to compare this result with that approp
ate to the dipole losses experienced by an electron in
EELS experiment. In EELS, the integrated strength of
loss probability is larger than that in Eq.~2.25! by a factor of
2.8

C. The physical origin of the losses
experienced by the photoelectron

In this section, we inquire into the physical origin of th
losses described in Sec. II B. We do this by examining
work done on the electron, by the electric field with origin
the polarization induced in the substrate by the photoe
tron.

For this we require the electric field generated by the
tential whose Fourier transform is in Eq.~2.7c!. From this we
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11 200 PRB 62D. L. MILLS
calculate thez component of electric field at the site of th
photoelectronz5vt. When this is done, the force on th
photoelectron, when it is distancez above the surface, ma
be written

Fz52
e2

2pv E0

`

dki kie2kiz

3E
2`

1` dv

ki2 i ~v/v ! S e~v!21

e~v!11De2 iv~z/v !, ~2.26!

an expression closely related to that found earlier.6,9

The dielectric functione(v) in Eq. ~2.26!, considered as a
function of complex frequency, is analytic in the upper-h
v plane, as a consequence of causality. From the many-b
representations of this function, one sees it has a branch
just below the real axis, along the linez5v2 ih, whereh
.0. One has limh→0 e(v1 ih)5e1(v)1 i e2(v), while
limh→0 e(v2 ih)5e1(v)2 i e2(v).

It is then possible, forz.0, to rearrange the integral onv
through use of the contour illustrated in Fig. 1. This allo
us to separateFz into the components

Fz~a!5Fz
~1!~z!1Fz

~2!~z!, ~2.27a!

where

Fz
~1!~z!52

e2

v2 E
0

`

dx xe22x~z/v !S e~ ix !21)

e~ ix !11)D
~2.27b!

and

Fz
2~z!5

2e2

p E
0

`

dki kie2kizE
2`

1` dv e2 i ~v/v !z

v1 ivki

3ImS 21

11e~v! D . ~2.27c!

FIG. 1. The contour employed to obtain the results in Eq.~2.27!.
The figure illustrates the branch cut ine(v), while the pole indi-
cated is that atv52 ivki .
f
dy
ut

Note thate( ix) is real, and is an even function ofx.
From the discussion in Ref. 6, we see thatFz

(1)(z) is sim-
ply the classical image force on the electron.10 Its form is
modified from the elementary expression by the finite vel
ity of the electron, in combination with the frequenc
dependent dielectric constant of the substrate. The im
force is modified by the time delay in the response of
substrate to the instantaneous position of the electron. No
that when (z/v)@1 a limit applicable to either a slowly
moving electron, or an electron far from the surface, we m
replace @e( ix)21#/@e( ix)11# by @e(0)21#/@e(0)11#
and remove it from the integral, to give

Fz
~1!~z!.2

e2

4z2 S e~0!21

e~0!11D , ~2.28!

the form of the image force that emerges from element
dielectric theory. The quantitye(0) is the static dielectric
constant, denoted byes in Ref. 6.

The contributionFz
(2)(z) to the force felt by the electron

has its origin in electric fields, oscillatory in time, produce
by excitations in the substrate created by the electron a
moves on its outgoing trajectory.

Consider, for example, a very good simple metal with
which a long-lived plasmon exists in the bulk. Such a me
is described by the dielectric function in Eq.~2.24!, where
vt@1 in the plasmon regime. Then to very good appro
mation we have

ImS 21

11e~v! D5
p

2

vsp

~11e`!
@d~v2vsp!2d~v1vsp!#,

~2.29!

wherevsp5vp /(11e`)1/2 is the surface plasmon frequenc
One finds

Fz
~2!~z!5

2e2vsp

11e`
Fvp

2 cosS vspz

v D E
0

` dki e2kiz

vsp
2 1v2ki

2

2v sinS vspz

v D E
0

` dki kie2kiz

vsp
2 1v2ki

2 G . ~2.30!

Outside such a surface, the electron excites only surface p
mons, and these produce electric fields with the time dep
dence exp@6ivspt#. When the electron is at positionz, we
evaluate these att5z/v. Hence, when the electron is at po
sition z, the electron feels a force that is a linear combinat
of cos(vspz/v) and sin(vspz/v).

We approach the question of the physical origin of t
losses described by Eqs.~2.21! and~2.23! by calculating the
work done on the electron by the two forces just discuss
In the Appendix, we show that

W~2!5E
0

`

Fz
~2!~z!dz[0. ~2.31!

Now



l
his

he

q.
by
u
he
th

m

a
e

s
, i
,

s
an

to a
re-
mb

ave
be

r. A
this
e

the
the

is
ar
the
of

is
the
that

of

c-
at-
ll
of

the

ce-
om

in
ese
e of
ies.

tum
her
re-
real
us-
the

as
ar
of
se.

PRB 62 11 201FINAL-STATE INTERACTIONS IN PHOTOEMISSION: . . .
W~1!5E
0

`

Fz
~1!~z!dz52

e2

2v E0

`

dxS e~ ix !21

e~ ix !11D .

~2.32!

Now consider the function

G~w!5
e~w!21

e~w!11
~2.33!

as a function of the complex variablew. Sincee(w) is ana-
lytic everywhere, save for a branch cut just below the reaw
axis, so isG(w), which also has the same branch cut. T
analytic structure ensures us that we may write

G~w!5
1

2p i E2`

1` 1

v2w
@G~v1 ih!2G~v2 ih!#dv.

~2.34!

From Eq. ~2.33!, we see G(v1 ih)2G(v2 ih)
52i Im@G(v1ih)#54i Im$21/@11e(v)#%, where in the last
statement,e(v) is evaluated on the real axis, just above t
branch cut. Since Im$21/@11e(v)#% is an odd function of
frequency, one has

e~ ix !21

e~ ix !11
5

4

p E
0

` dv v

v21x2 ImF 21

11e~v!G . ~2.35!

Then we have

W~1!52
2e2

pv E
0

`

dv v ImS 21

11e~v! D E0

` dx

v21x2

or

W~1!52
e2

v E
0

`

dv ImS 21

11e~v! D . ~2.36!

Our primary conclusion follows upon comparing E
~2.36! with Eq. ~2.21!. We see that the losses calculated
Joynt, when integrated over all frequencies, precisely eq
the work performed by the attractive image force felt by t
electron as it makes its transit from the crystal surface to
detector.

In elementary dielectric theory, the work done by the i
age force is infinite, since the image force diverges as 1/z2 as
z→`. However, as discussed earlier, and as we see ag
the finite velocity of the electron, in combination with th
frequency-dependent response of the substrate, round
the singularity to leave the work done finite. For example
we have a good metal whose plasmons are underdamped
may use Eq.~2.29! to evaluate the workW. We find

W5
pe2vsp

2~11e`!v
. ~2.37!

More generally, with the full dielectric function in Eq.~2.24!
we have
al

e

-

in,

off
f
we

W5
pe2vsp

2~11e`!v
f S 1

vspt
D , ~2.38!

where

f ~h!5
h

p E
0

` dx

~x21!21xh2 ~2.39!

and f (0)51. Note that f (h) monotonically decrease
with h. Thus, for poor metals, the energy lost is less th
for good metals. Whenh@1, we can show thatf (h)
>(4/ph)ln(h/4).

III. CONCLUDING REMARKS

As a photoelectron propagates from a crystal surface
detector, while it is in the vacuum above the crystal, it c
ates excitations in the substrate via the long-ranged Coulo
interaction. In the case of a metallic substrate, as we h
seen, the coupling is to surface plasmons, which may
broad spectral features if the material is a poor conducto
consequence is that the electron loses energy through
mechanism while it is in the vacuum above the crystal. W
have shown here that the change in kinetic energy of
electron from this source equals the work done on it by
attractive image force, as it leaves the crystal. This work
finite, by virtue of the rounding off of the image force ne
the crystal surface, a consequence of the finite velocity of
electron in combination with the frequency dependence
the dielectric response of the substrate.

All electrons in the photoelectron spectrum suffer th
same energy shift, whose effect is to simply displace
entire energy spectrum found at the detector, relative to
just outside the crystal surface. There is some distortion
the spectrum as well, since as we see from Eq.~2.21! this
energy shift is inversely proportional to the electron’s velo
ity at the crystal surface, within the present classical tre
ment of the problem. This distortion will be quite a sma
effect if, following Joynt, our interest centers on a portion
the spectrum widthDE, where DE!E, the mean kinetic
energy in the portion of the spectrum of interest. We find
energy shift roughly equal toe2vsp/v. For a 20 eV electron
receding from the surface of a poor conductor with a surfa
plasmon energy in the range of 1 eV, the energy shift fr
this source is in the range of 1 eV.

Our conclusion thus differs substantially from that
Joynt’s paper. In our view, one may set the influence of th
losses aside, unless one’s interest lies in the overall shap
the photoemission spectrum, over a wide range of energ
If this is the issue, then one should employ a proper quan
theoretic description of the image force induced shift, rat
than the simple classical picture employed here. This
mains a challenge for theorists, if one wishes to address
materials, since standard local density approximation disc
sions of the electron/surface interaction fail to generate
image potential.

While the final expressions for the loss probability h
features similar to that found in the description of ne
specular dipole losses in EELS, in fact the physical origin
the losses in EELS is very different than in the present ca
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11 202 PRB 62D. L. MILLS
In EELS, the work done by the image force on the incom
leg of the electron trajectory precisely cancels that done
the outgoing leg, since the image force is the same on
two legs. One may verify this explicitly by casting the cla
sical analysis of near dipole losses in EELS into the langu
utilized here. This is easily done for the case of normal
cidence. One then sees the electron on both its incoming
outgoing trajectory experiences precisely the force in
~2.27b!, so the net work done by this contribution is zero,
expected for the image force. We note that an early treatm
of EELS by Schaich11 is most useful to consult.
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APPENDIX: EVALUATION OF THE WORK
DONE BY F z

„2…
„z…

If we calculate the work directly from Eq.~2.27c!, we are
left with an integral on frequencyv that vanishes, by virtue
of the fact that Im$21/@11e(v)#% is an odd function of
frequency. However, for a fixed value ofv, the integral onki

the expression contains diverges. One requires a more
vincing procedure.
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One may proceed by arranging Eq.~2.27c! to read

Fz
~2!~z!5

2e2

ipv E0

`

dki kie2kizE
2`

1`

dv e2 i ~v/v !z

3ImS 21

11e~v! D
2

2e2

ipv E0

`

dki E
2`

1` dv v

@v1 ivki#
e2 i @v/v2 ik i#z

3ImS 21

11e~v! D ~A1!

or

Fz
~2!~z!52

2e2

pv E
2`

1` dv sin@~v/v !z#

z
ImS 21

11e~v! D
2

2e2

ipv E0

`

dki E
2`

1` dv v

@v1 ivki#
e2 i @v/v2 ik i#z

3ImS 21

11e~v! D . ~A2!

One may now integrate each term in Eq.~A2! overz, with
both terms well behaved. The first term cancels the sec
when this is done, soW(2)50.
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