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Final-state interactions in photoemission: Energy loss by the exiting electron
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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 substrdgirface plasmons, for exampleia 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.

[. INTRODUCTION to the substrate excitations is so strong the elastic intensity
which remains at large distances is very small, in fact his
It is widely recognized that photoemission spectroscopy isasic equations apply only in the weak-coupling regime. We
a most powerful means of probing the occupied electronisee this from his Eq(5), which through comparison with
states of diverse materials. To interpret the data, it is comearlier discussiondpne sees applies only for weak coupling.
monly assumed that the photoemitted electron is a simplét sufficiently low-electron energy, this statement leads to
free electron, diffracted as it passes through the crystal suthe unphysical resultP,<<O for example. Similarly, in
face, and whose kinetic energy at the detector differs fromdoynt's Eq.(6), in the strong-coupling limit, one must take
that within the crystal by a shift with origin in the inner due account of the depletion of the supply of electrons whose
potential. energy isfhw’ in his notation, as they progress along their
When the kinetic energy of the photoemitted electron isoutgoing trajectory. A consequence of these limitations is
not large, as in ultraviolet photoemission, the simple picturghat quantitative conclusions are open to question, when ex-
just described may require correction from interactions theressions such as these are applied to circumstances when
photoelectron experiences when it is in the final state. Thesthe coupling is not weak.
may range from band-structure effects, to self-energy correc- In the course of developing an appropriate transport equa-
tions of many-body origin. tion that describes the ensemble of electrons that leave the
In a recent paper,Joynt argued there are final-state ef- crystal surface, we were led to inquire into the physical in-
fects as well, when the photoelectron is in the vacuum aboveerpretation of the losses explored by Joynt. The answer is
the crystal, on its way to the detector. It may lose energy orthis.
this portion of its trajectory by creating excitations in the As discussed some years dyim a very closely related
substrate via long-ranged Coulomb interactions. Indeed, weontext, an electron that leaves a crystal surface, to propagate
have known for many years from electron energy-loss speasff to infinity, feels a force that may be viewed to have two
troscopy?(EELS) that electrons in the energy range of inter- contributions. The first is the image force of classical dielec-
est to Joynt can couple quite strongly to excitations in theric theory, modified in form near the crystal surface by the
substratgsurface plasmons, particle-hole pairs, surface optifinite velocity of the electron. This is supplemented by a
cal phonons, etcwhile in the vacuum above the crystal, on contribution with origin in electric fields generated by exci-
the incoming and outgoing leg. tations in the substrate that have been created earlier by the
Joynt argues that in the particular case of poor conductorglectron; this oscillates with a distance from the surface, and
this coupling can be very strong, with the consequence thas we show below, does zero work on the electron, when
the shape of the photoemission spectrum bears little resenmtegrated over its trajectory, in the present case.
blance to that expected in the absence of these losses. He Quite clearly, the image force, which decreases in
suggests that the feature identified as the pseudogap in tls¢rength monotonically as the electron recedes from the sur-
photoemission spectra of the manganites is in fact an artifadace, does work on the electron, with the consequence that
produced as a consequence of the strong coupling of thime electron loses a certain fraction of its kinetic energy be-
photoelectron to substrate excitations on its outgoing trajecfore it strikes the detector. We show below that the energy
tory. We note that in EELS, it is well established that thelosses discussed by Joynt are just those associated with the
particle-hole contribution to the loss spectra is proportionaddeceleration of the electron provided by the image force.
to the dc resistivity of the substrate for small energy los8es  All electrons photoemitted from the surface are retarded
and is thus very intense for poor conductors. by the image force, and thus its effect is simply to produce a
We have been motivated to explore this issue further bydownward shift in kinetic energy of the entire photoelectron
several considerations. First, while Joynt applies his expresnergy spectrum. The effective image force is energy depen-
sions for the loss probability to examples where the couplinglent by virtue of the finite velocity of the electron, as dis-
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cussed earliet,so there will be some distortion in the spec- d
trum as well. However, of interest to Joynt are eIectronSP(f.w)=f ¢(z; ku,w)ek”"”w
whose kinetic energy is in the 20 eV range, and he focuses

his attention on the shape of the spectrum within 500 meV ofVe shall append the superscriptsand < to various quan-
the Fermi cutoff. Over such a modest range of kinetic enertities, to indicate that they apply to the regines0, andz

gies, the distortion in the spectrum produced by the energy< 0, respectively. We then write the solution in the form
variation of the effective image force will be very modest, so

(2.5

there will be very little influence of these losses on the study ¢ (ko) =¢g (zKjw)+A97 (Zkw), (2.6
of a pheno'menon_ such as the pseudogap. __and similarly fore=(z;k ). One finds
We begin by discussing the nature of the electric field in
the vacuum above the substrate itself, in response to a clas- - 2me[ e7kz 2y kHeiw(Z/W
sical electron created at timte=0, which moves off to infin- o (ZKjw)= 7= |- e | (27
ity with velocity v, directed normal to the surface. We then : ! !
obtain the probability the electron suffers energy loss be- ome etki
tweenfw and i(w+dw) by an argument patterned after ey (Zkw)=—— —), (2.7b
Joynt's treatment, to find a result similar to his save for the ki vki—io
numerical prefactor. We then present an argument that denand
onstrates that these losses are simply those associated with
the work done by the effective image force, which attracts Ao™ (2K )= 2me e Ml [ e(w)-1
the electron back to the surface. ¢ (zky,0)= ki vk—io|ew)+1) (2.79

The contributions with subscript zero appended simply
generate the electrostatic potential of the electron in free
Following an earlier discussidhand also Joynt's ap- space:
proach, we shall suppose the photoemitted electron may be
viewed as a classical particle of chargee, created at the ool t)=— ed(t)
crystal surface at timé=0, which moves away from the o [ri+(z—vt)2]¥%
surface with velocitw along thez axis, taken perpendicular ) o ) o
to the surface. The substrate lies in the lower half-plane Our interest thus centers on the electric fields with origin
<0, and is characterized by the isotropic, frequencydn A¢~~(zK;,®). In what follows, we may set the sub-

Il. THE ANALYSIS

(2.8

dependent dielectric constae(iv). scripts > and < aside, to write the electrostatic potential
produced by the disturbance in the substrate in the form
A. The electric field above and below the surface A B f d’k, dw ity o] e kil [e(w)—1
The charge density associated with the electrop(ist) e(r0=772 kK ° vk—iw| e(w)+1)’
=—ed(x)8(y) 6(z—vt) 6(t), where 6(t)=+1 whent=0 (2.9
and Q(t)=0 whent<O0. We Fo_urier transform the charge which may also be written as
density, and other quantities with respect to time:
e e} + oo
do A¢(r,t>=2—f dmf do
p(r,t)=f p(r,w)e"‘"z. 2.1 mJo —
—kl2| _
_.we I Jo(kHr”) E(w) 1
After a short calculation, we have xe 't ko | e(@)t1) (2.10

e Fi(wzly) We pause to make contact with Joynt’s analysis. In his
p(r,0)=——35(x)dy)0(z)e ' (22 Eq. (1), he displays an expression for the Fourier transform
with respect to time of the total electric field in the substrate,

We ignore retardation effects, so the electric field is writ-Which is the sum of that obtained from E@.8), and that
obtained from Eq(2.9). Upon combining Eq(2.7b with Eq.

ten
(2.79 and taking the Fourier transform, far<0 we write
E(r,t)=—Vo(r,t) (2.3  the total electrostatic potential in the form
0 7k| ‘
where we solve Poisson’s equation fofr, »): o<(Fw)=— 2e 1 f dk; Jo(kyr)e "1
' v e(w)+1 Jo kj—i(wl/v)
V20(r,w) dme 8(x)8(y) 6(z)e(@?) (2.4 (240
)= —— . . . .
¢ v y If we introduce the identity
subject to the boundary condition thafr,w) is continuous 1 o : ,
X _ 1 a—[ki—i(w/v)]
at z=0, along withe(w)E(r,w). —k”—i(w/v) —fo dz' e ™! z (2.12

All quantities are Fourier transformed with respectxto
andy, by writing and recall that
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o 1 The integrals in Eq(2.20 are performed readily, and the
JO dz Jo(OlX)e_BX:W (213  result can be arranged to read simply
2 ro _
then we rewrite Eq(2.11) to read _ e f 1
w 5 Odw Im Tre(a)|’ (2.21
2e 1 % ei(w/v)z'
<p<(r,w)=—71+6(w) fo dz[rf+(z’+|z|)2]l/2' We wish to deduce an expression f&(w), where

2.14 P(w)dw is the probability the electron loses energy in the
' interval betweerfiw and% (w+dw). We deduce a form for
This yields an electric field in the substrate virtually identical P(w), again following Joynt, by identifying Eq2.21) with
to that in Joynt's Eq.(1), though he appears to employ a
different Fourier transform convention than found in the W= fwdwﬁwP(w), (2.22
present paper, to judge from the prefactor in his expression. 0

B. An expression for the energy lost by the electron so we have
In a dielectric, the energy/unit time dissipated by time- _ 2 -1
dependent electric fields is written P(w)=—z—Im Tre(o)| (2.23

dw

l (9D . . . . .
_:EJ & E. o (2.158 Joynt arrives at an expression identical in form to Eq.

(2.23, but with a different numerical prefactor. Upon com-
paring the result in Eq2.23 with Joynt's Eq.(4), we find
1 9 - . oP that he has a prefactor he writes @272, where he states
Zgaf d°rE +J drE- —-. (2.150  thatC=2.57. We do not appreciate the origin of this differ-
ence; no details of the derivation have been provided in Ref.
Of interest, following Joynt, is the total-energy loss of thel. We remark that we assume Joynt has obtained his result
electron found by integrating this form over time, froaw by calculating the total energy dissipated utilizing the elec-
to +. The energy lost by the electron as it travels from thetric field generated from the potential in EQ.14. We have
crystal surface to the detector clearly equals the total energgttempted to proceed in this manner, but in the end we find
dissipated in the substrate. Upon integrating over time, théhe prefactor expressed in terms of integrals difficult to
first term in Eq.(2.15h gives zero, and the total energy evaluate, with subtle issues of convergence that must be ad-
dissipated is dressed.
The dielectric response of conducting substrates can often
be described by the Drude model, for which

dt

+ o0 J
W=j dtJ d3r E(r,t)- —P(r,t) (2.16
— oo z<0 o'?t 2

1)
e(w)=€, —E (2.29

or _w(w—i-i/T)'

1 5 [ 5 where €., has its origin in interband transitions; we assume
W= = L<Od rf_x dol €(w)—1]w|E(r,0)[%, €., is frequency independent here. For this model, the inte-
(2.17) grated strength of the loss probability is readily calculated:

where E(r,—w)=E*(r,w). Upon noting e(w)=€;(w) MP doo— m e
+iey(w), where general  considerations  show o (0)do=7 2 (1+e,)
e1(w)[ eo(w)] is an evenlodd function of frequency,

(2.2

It is interesting to compare this result with that appropri-
ate to the dipole losses experienced by an electron in an
EELS experiment. In EELS, the integrated strength of the
Iogs probability is larger than that in E@.25 by a factor of
or 2!

1 (=
W=—2f do wez(w)f d3r|E(r,w)|? (2.18
87 | z<0

1 + o0 0
W= T[ dw wez(w)f de de”
T ) - . . -
* * C. The physical origin of the losses

XE(z;kjo)- E* (z;k o), (2.19 experienced by the photoelectron
. o . In this section, we inquire into the physical origin of the
where one has, upon deriving the electric field in the regiongsses described in Sec. 11B. We do this by examining the

z<0 from Eq.(2.79 and Eq.(2.70, work done on the electron, by the electric field with origin in
5 okiz the polarization induced in the substrate by the photoelec-
e +e dw wey(w) (0 e
W= — 2f 2 f dzf Ak tron.
0% ) |1+ e(w)|* ) -= K+ wlv For this we require the electric field generated by the po-

(2.20 tential whose Fourier transform is in EQ.79. From this we
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branch cut

FIG. 1. The contour employed to obtain the results in RR7).
The figure illustrates the branch cut éw), while the pole indi-
cated is that atv= —ivk; .

calculate thez component of electric field at the site of the
photoelectronz=vt. When this is done, the force on the
photoelectron, when it is distan@eabove the surface, may
be written

eZ - —kz
Fzz_m 0 dk” k”e I

e(w)—1
e(w)+1

+ oo

dw
Xf_w k”—i(w/v)(

an expression closely related to that found eaflfer.
The dielectric functiore(w) in Eq.(2.26), considered as a

e*iw(zlv), (226)

function of complex frequency, is analytic in the upper-half
w plane, as a consequence of causality. From the many-bo
representations of this function, one sees it has a branch ¢

just below the real axis, along the lirze=w—i7, wheren
>0. One has lim_ge(w+in)=¢e(w)+ie w), while
lim, o e(w—in) =€ (w)—ie(w).

It is then possible, for>0, to rearrange the integral an

through use of the contour illustrated in Fig. 1. This allows

us to separat€, into the components

F(a)=FY(2)+F?(2), (2.273
where
F(l)(z):_izfmdx xa 2x(2/v) M
z v Jo e(ix)+1)
(2.270
and
5 2e2 0 . too dwe*i(wlv)z
_ - —kz
Fi(2)= - fo dk ke ™ J_ —w+ika
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Note thate(ix) is real, and is an even function gf

From the discussion in Ref. 6, we see th&t)(z) is sim-
ply the classical image force on the electrorts form is
modified from the elementary expression by the finite veloc-
ity of the electron, in combination with the frequency-
dependent dielectric constant of the substrate. The image
force is modified by the time delay in the response of the
substrate to the instantaneous position of the electron. Notice
that when g/v)>1 a limit applicable to either a slowly
moving electron, or an electron far from the surface, we may
replace [e(ix)—1]/[e(ix)+1] by [e(0)—1]/[e(0)+1]
and remove it from the integral, to give

e2
422<
the form of the image force that emerges from elementary
dielectric theory. The quantitg(0) is the static dielectric
constant, denoted by in Ref. 6.

The contributionF{?)(z) to the force felt by the electron
has its origin in electric fields, oscillatory in time, produced
by excitations in the substrate created by the electron as it
moves on its outgoing trajectory.

Consider, for example, a very good simple metal within
which a long-lived plasmon exists in the bulk. Such a metal
is described by the dielectric function in E(.24), where

o7>1 in the plasmon regime. Then to very good approxi-
mation we have

€(0)—1
e(0)+1

FiM(z)=— . (2.289

)

2

Im

wgp
(1+e) [(w—wsp)—do+wg)],
(2.29

-1 )
1+e(w)

is the surface plasmon frequency.

%herewsf op/(1+e€y) 2

ne finds
w? cos(

wspz) j“ dk, ke 2

v 0 w§p+vzkf

26%w
(2)( ) — sp
F(2) 1+e€

(USPZ) foo dkH eikHZ

2. 212
v gt vkK]

o

. (2.30

—-v sin(

Outside such a surface, the electron excites only surface plas-
mons, and these produce electric fields with the time depen-
dence expriwgt]. When the electron is at positian we
evaluate these dt=2z/v. Hence, when the electron is at po-
sition z, the electron feels a force that is a linear combination
of cosfwsZ/v) and sinfsz/v).

We approach the question of the physical origin of the
losses described by Eq2.21) and(2.23 by calculating the
work done on the electron by the two forces just discussed.
In the Appendix, we show that

W2 = J'O F(Zz)(Z)dZEO- (2.3)

Now
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o e (= e(ix)—1 me’w 1
(1) — (1) - _ sp
w fo F,’(z)dz 0 jo dx(e(ix)+1 . w 2(1+ €)v | wgr)’ (2.39
(2.32
where
Now consider the function
(w)—1 f()= 2 f W—Q—zdx (2.39
6 - - .
G(w)= ———— (2.33 (7 7 Jo (X—=1)+x7

T e(w)+1

as a function of the complex variable Sincee(w) is ana- and f(0)=1. Note that f(») monotonically decreases
lytic everywhere, save for a branch cut just below the veal With 7. Thus, for poor metals, the energy lost is less than
axis, so isG(w), which also has the same branch cut. Thisfor good metals. Whens>1, we can show thaf(7)
analytic structure ensures us that we may write = (4/mn)In(/4).

1 +oo 1 . . I1l. CONCLUDING REMARKS
G(w)= > fﬁx w_—W[G(w-I-I 7)—G(w—in)]dw.
(2.34) As a photoelectron propagates from a crystal surface to a
detector, while it is in the vacuum above the crystal, it cre-
From Eg. (233, we see G(w+in)—G(o—iz) gtes expitations in the substrate via'the long-ranged Coulomb
= 2i IM[G(w-+i7)]=4i IM{—1[ 1+ €(w)]}, where in the last interaction. In the case of a metallic substrate, as we have

statemente(w) is evaluated on the real axis, just above theS€€N, the coupling is to surface plasmons, which may be
branch cut. Since If-1[1+ €(w)]} is an odd function of broad spectral features if the material is a poor conductor. A
frequency, one has consequence is that the electron loses energy through this

mechanism while it is in the vacuum above the crystal. We
have shown here that the change in kinetic energy of the
electron from this source equals the work done on it by the
attractive image force, as it leaves the crystal. This work is
finite, by virtue of the rounding off of the image force near
the crystal surface, a consequence of the finite velocity of the
electron in combination with the frequency dependence of
the dielectric response of the substrate.
-1 )f“ dx All electrons in the photoelectron spectrum suffer this
1+ e(w)] Jo w?+x? same energy shift, whose effect is to simply displace the
entire energy spectrum found at the detector, relative to that
just outside the crystal surface. There is some distortion of
the spectrum as well, since as we see from @1 this
energy shift is inversely proportional to the electron’s veloc-
(2.36 ity at the crystal surface, within the present classical treat-
ment of the problem. This distortion will be quite a small
effect if, following Joynt, our interest centers on a portion of

Our primary conclusion follows upon comparing Eg. the spectrum widtAE, where AE<E, the mean kinetic
(2.36 with Eq. (2.21). We see that the losses calculated byenergy in the portion of the spectrum of interest. We find the
Joynt, when integrated over all frequencies, precisely equatnergy shift roughly equal tezwsp/v. For a 20 eV electron
the work performed by the attractive image force felt by thereceding from the surface of a poor conductor with a surface-
electron as it makes its transit from the crystal surface to th@lasmon energy in the range of 1 eV, the energy shift from
detector. this source is in the range of 1 eV.

In elementary dielectric theory, the work done by the im-  Our conclusion thus differs substantially from that in
age force is infinite, since the image force diverges asd¢  Joynt's paper. In our view, one may set the influence of these
z—x, However, as discussed earlier, and as we see agailgsses aside, unless one’s interest lies in the overall shape of
the finite velocity of the electron, in combination with the the photoemission spectrum, over a wide range of energies.
frequency-dependent response of the substrate, rounds dffthis is the issue, then one should employ a proper quantum
the singularity to leave the work done finite. For example, iftheoretic description of the image force induced shift, rather
we have a good metal whose plasmons are underdamped, W&n the simple classical picture employed here. This re-
may use Eq(2.29 to evaluate the workV. We find mains a challenge for theorists, if one wishes to address real

materials, since standard local density approximation discus-
sions of the electron/surface interaction fail to generate the
- (2.377  image potential.
2(1+ e While the final expressions for the loss probability has
features similar to that found in the description of near
More generally, with the full dielectric function in E(.24) specular dipole losses in EELS, in fact the physical origin of
we have the losses in EELS is very different than in the present case.

e(iX)—l_ll-JOC do |
i)+l mlow2rd™

} (2.39

1+e(w)

Then we have

2e? (=
WhH=—— 1| deowlm

mo Jo

or

2
e o]

w<1>=——f do Im
v Jo

1+ e(w))'

2
TE Wy
w P
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In EELS, the work done by the image force on the incoming One may proceed by arranging E§-279 to read
leg of the electron trajectory precisely cancels that done on

the outgoing leg, since the image force is the same on the 202 (e oo

two legs. One may verify this explicitly by casting the clas-  F{?(z)= —J dk; kHe‘anj dew e~ i)z
sical analysis of near dipole losses in EELS into the language v Jo -

utilized here. This is easily done for the case of normal in-

cidence. One then sees the electron on both its incoming and X 1m —1)
outgoing trajectory experiences precisely the force in Eq. 1+e(w)
(2.27b, so the net work done by this contribution is zero, as do o . '
expected for the image force. We note that an early treatment j ”f g ilelvik ]z
of EELS by Schaicht is most useful to consuilt. i = [o+ivk]
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APPENDIX: EVALUATION OF THE WORK J HJ ———— e elv-iklz
DONE BY F2(2) i e [otivk]

If we calculate the work directly from E@2.279, we are sciml —— 1 ) (A2)
left with an integral on frequency that vanishes, by virtue l+e(w))’
of the fact that Infi—1[1+e(w)]} is an odd function of
frequency. However, for a fixed value ef the integral ork One may now integrate each term in £42) overz, with
the expression contains diverges. One requires a more cohoth terms well behaved. The first term cancels the second
vincing procedure. when this is done, s/(?)=0.
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