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Photoemission linewidths and quasiparticle lifetimes
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Expressions are derived for the relationship between the measured linewidths in angle-resolved
valence-band photoemission spectra and the lifetimes of the photoelectron and photohole. The expres-
sions are different for the energy-distribution curve (EDC), constant initial-state spectrum (CIS), and
constant final-state spectrum modes of data acquisition, and are significantly angle dependent for the
EDC and CIS. The circumstances in which the lifetime widths of the photoelectron and photohole can
be separated from each other are discussed with special reference to a debate on high-temperature super-
conductors. Surface states offer the only case where the photohole lifetime can be rigorously isolated.
The nearly-free-electron approximation is elaborated and used to explain some counterintuitive behavior
in recent data on Ag(100).

I. INTRODUCTION

The relationship between linewidths in valence-band
photoemission spectra and the lifetimes of the photoelec-
tron and photohole has been considered by a number of
workers. ' ' The aim of this paper is to offer a more
comprehensive derivation of this relationship than that
which has appeared in the literature so far. We shall con-
sider the cases of both normal and off-normal emission,
and we shall do it for the three principal modes of photo-
emission data taking [the energy-distribution curve
(EDC), the constant initial-state spectrum (CIS), and the
constant final-state spectrum (CFS)].

This work was stimulated by a recent discussion of
photoemission linewidths on approaching the Fermi edge
in high-temperature superconductors. ' ' It emerged
from the discussion that there was a need for further
study of photoemission linewidths and quasiparticle life-
times in normal materials. ' We shall discuss below the
rather restrictive circumstances in which the lifetime
widths for the photoelectron (I f ) and the photohole (I; )

can be isolated from each other. In general, the expres-
sion for the measured linewidth (I ) is a linear combina-
tion of I f and I; whose coefficients depend on details of
the band structure, are angle dependent, and are different
for the three modes of data taking. The nearly free-
electron approximation will be presented and used to
show how counterintuitive behavior (peaks increasing in
width on approaching the Fermi edge) can occur.

Our approach is at the simplest level. It adopts narrow
Lorentzian line shapes and a first-order expansion within
a one-electron band structure. While we shall be consid-
ering the energy dependences of I, and I f, we shall treat
these parameters as constant within a spectral line. In
more rigorous approaches, ' ' I; and I f are the imagi-
nary parts of the photohole and photoelectron self-
energies and depend upon both energy E and momentum

k. The respective real parts of the self-energy will
(through Kramers-Kronig relations) also be dependent on
E and k. Such refinements are ignored here. Indeed, the
intent of this paper is to show that the extraction of
quasiparticle lifetimes is potentially intricate even in the
simplest of models. While our emphasis is on the intrin-
sic limitations of linewidth analysis, we shall discuss
briefiy the extrinsic (i.e., experimental) limitations, partic-
ularly the problems associated with lack of sample per-
fection.

II. OPTICAL CROSS SECTION

The effects of the surface and the finite lifetimes of the
photoelectron and photohole may be simulated by treat-
ing the perpendicular component of the wave vector as
complex, k~=k~ +ik~. At this level of approximation,
the cross section for an optical transition between an ini-
tial state in band i and a final state in band f has
Lorentzian form:

1

(k;i —k~~) +(k,~+kfi)
This can be derived directly from the one-step formalism
of photoemission or thought of as the k~ convolution of
two Lorentzians. ' The cross section is maximum when
k.g kgb =0 that is to say when the maximum of the k~
envelope of the final state coincides with that of the ini-
tial state. This is the residue of the direct (i.e., vertical)
transition selection rule. The parallel component k~~, on
the other hand, is strictly conserved. The half maximum
intensity occurs when

k;~ kf i =+(k;i +kfi —) .

This condition, which arises from the additivity of
Lorentzian linewidths, is illustrated in Fig. 1 for the three
principal modes of photoemission data acquisition. If I;
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FIG. 1. Geometrical representation of the k, -space convolution in the derivation of optical cross sections and measured linewidths
(I ) for the three principal modes of photoemission data taking (a) EDC (energy-distribution curve), (b) CIS (constant initial-state
spectrum), and (c) CFS (constant final-state spectrum). The half-widths k; and kf are the imaginary parts of the perpendicular wave
vector and are given by I, /2A'Iv;

I
and I f /2A'I vf I, respectively, where I; and I f are the lifetime widths of the photohole and photo-

electron, and v; and Uf are the respective group velocities. From the additivity of Lorentzian linewidths, the intensity at half max-
imum occurs when the half maximum of the final state lies directly above that of the initial state as indicted by the open circles and
vertical dashed lines. (The expressions in the boxes refer to the case of normal emission. )

and I f denote the lifetime widths of the photohole (ini-
tial state) and photoelectron (final state), respectively, we
have

(4)

where u;i and ufo' are group velocities (iriu;i=BE;/Bki,
and so forth).

Some authors draw a physical distinction between the
contributions of the photoelectron and the photohole to
the spectral linewidth, emphasizing momentum broaden-
ing for the former and energy broadening for the
latter. " Here, the photoelectron and photohole are
treated on an equal footing. Each is held to have a well-
defined energy, and the scattering effects are treated in
terms of momentum broadening. A more significant
physical distinction, as far as this paper is concerned, is
the choice of spectrum-measurement mode.

III. LINEWIDTH ANALYSIS

There are three principal modes of photoemission spec-
troscopy. The most common is the EDC mode in which
the photon energy Ace and the polar angle of emission 0
are held constant and the spectrum is acquired by sweep-
ing the kinetic energy E of the photoelectrons. The CIS

and CFS modes exploit the continuum nature of synchro-
tron radiation, ' and will be defined below.

In all three modes, the following three kinematical
conditions must apply. First, energy conservation re-
quires

6E —5E, —6Aco=O .f
Second, conservation of parallel momentum

(kf~~
—k, ~~~=g~~, where g is a reciprocal lattice vector) re-

quires

6kfll 5k
II

Third, the kinetic energy E ( =Ef Ei„where —Ei, i—s the
vacuum level) of the photoelectron in vacuum is given by
A

klI
/2m sin 0, where

~ kllcos0
6Ef = — 50+

msin 0

In all three modes, 0 is held strictly constant (58=0), so
we may write

m sin 06
II

In addition to these kinematical constraints, we have,
by definition of the group velocities for the real bands
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Ef(kf
~~

kf I ) alld E (k'~~ k J)'

6Ef Avf J 5kf J +Auf ([6kf ])

6E, =AU, ~6k, ~+AU, ~~6k,
~~

.

(9)

(10)

In the EDC mode, III' is held constant (5fico=0) so
that 5E; =5Ef=5E. Invoking Eqs. (6) and (8), Eqs. (9)
and (10) become

muff~sin 0

Ak~~

mv;~~sin 0

Ak
ff

Avf~6k~~ = 1—

Xv

Let us introduce kz~ as that perpendicular wave vector
for which the cross section is maximum. The left-hand
side of Eq. (2) becomes

kR kR (kR kR ) (kR kR ) 5kR 5kR

Our procedure is to examine the consequences of Eqs. (9)
and (10) for the different measurement modes. We shall
assume perfect instrumental resolution in both energy
and angle section. That is to say we concentrate on the
intrinsic broadening mechanisms associated with the pho-
toelectron and photohole lifetimes. (A brief discussion of
extrinsic broadening mechanisms is offered below in Sec.
IV D.)

A. EDC mode

I'; /I ~; I+ I f /IUf. l

mu;~~sin 0

Ak/f

muff~sin 02

Ak~~

As in the EDC, k~~ can vary across a spectral line, and
this can compress or expand the measured linewidth.

C. CFS mode

In the CFS mode, Ef is held constant, and the spec-
trum is acquired by sweeping A~. We have 5Ef =6E=0,
and so 5Aco= —5E;. Also 5kfll 5k

II
5kll 0. Equa-

tions (9) and (10) become

Auf~5kf~ —0,
AU, ~5k;~ = —6Aco .

(19)

(20)

and Ace synchronously. We have 6E; =0, and so
5Ef =Mice=5E Equations (9) and (10) become

r

muf ~~s1n 0
~uf $6kf g 1 5E (16)

Ak~~

mv, .~~sin 0
Au,-i5k, i = 0— (17)

ll

Noting that I =2I5E I, we obtain

Thus from Eq. (2), the half maximum intensity condition
1S

Noting that I =2I5A'col, we obtain

I;IU;,I+I f/IUf I I

I (21)
mu Ils1n 0 1 1—

ufo'

muff~sin 0

Ak()

I /IUI +if/ Ufil

mv, ~~sin 0 ] 1—
Akii Ufg

muf ))sin 02

Ak)(

=+(k;I+kfI )

=+(I;/2IIIIU„I + I f /2&l „I) .

Finally, noting that I =2I5E I, we obtain

(15)

In the CFS, E and 0 are constant. There is therefore no
variation of kll across the spectral line, and therefore no
0-dependent terms in I . This strong difference in the 0
dependence of the EDC, CIS, and CFS modes is the prin-
cipal new result of this paper, and could form the basis of
an experimental strategy to test linewidth analysis. (A
similar set of results can be obtained for inverse photo-
emission by a trivial reversal of the definitions of initial
and final states. )

IV. LIMITING CASES

A. Normal emission
This derivation has been presented previously by Thiry.
The sin 0 terms have the following physical interpreta-
tion. Holding 0 constant while sweeping E means that k~~

is varying across the width of the spectral line. Depend-
ing on the magnitudes and signs of v;II and ufll this can
compress or expand the measured linewidth. Equation
(15) has been quoted also by Chiang et al. , but without
derivation. The appearance of 0-dependent terms has
been disputed by Grepstad, Slagsvold, and Bartos but
their treatment explicitly neglects the variation of

klan

across the line.
B. CIS mode

EDC: r 1

Ufg

i + fr, r
(22)

CIS: I 1

Vfg

i + fI; I
(23)

1; IfCFS: I = + (24)

In the case of normal emission (0=0), the measured
linewidths are given by

In the CIS mode, E, is held constant, and the spectrum
is acquired by sweeping the kinetic energy E ( =E& Ev)—These expressions are identical with those in the boxes of

Figs. 1(a), l(b), and 1(c). The normal emission expression
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for the EDC is the expression usually quoted in the litera-
ture. Note, however, that even for normal emission the
expressions for the EDC, CIS, and CFS are significantly
different from each other.

C. Isolation of I;
Another useful limit occurs when

~ v;t~ is much smaller
than the other group velocities, that is to say, when the
energy dispersion of the initial-state band perpendicular
to the surface is very small. The normal emission cases
for both the EDC and CFS give

I =I+ "rf
Ufy

(25)

In the extreme case when v;t vanishes (i.e., a perfectly liat
band perpendicular to the surface), we may identify I

B. Isolation of I f
If the initial states are sufBciently close to the Fermi

level Ef, we have I,~0, and the linewidths are then to-
tally determined by the photoelectron lifetime parameter
rf. A particularly simple case is offered by the CIS. If
I, can be neglected, we may equate I with I f. This
identity has been asserted, without derivation, by East-
man and co-workers, ' and their results are shown in
Fig. 2. In normal emission EDC's from Cu(100), there is
a direct-transition peak which crosses EF in the photon
energy range A'co=9 —12 eV. The open squares in Fig. 2
represent the intensity in the EDC just below the Fermi
edge (E; =E~—0. 13 eV). This is a CIS, albeit taken
point-by-point rather than by a continuous sweep of A~.
The data points fall close to a Lorentzian curve whose
full at half maximum (FWHM) can be equated with I f
(1.2 eV in this particular case). An analogous situation
arises in inverse photoemission with those instruments
which employ parallel detection over A~, as opposed to
the more conventional isochromat mode.

with I;, the imaginary part of the photohole self-energy.
This identity is sometimes tacitly assumed, particularly in
recent discussions on high-temperature superconductors.

An excellent example here is the linewidth analysis
performed by Knapp, Himpsel, and Eastman on normal
emission EDC's within the d band of Cu. The d bands
are rather Oat, and their E(k) dispersion is well known.
The dispersion of the final-state bands is also well estab-
lished. It is therefore possible to make a confident esti-
mate of the magnitude of the second term in Eq. (25); it
turns out to be -0. 1 eV, considerably smaller than the
measured linewidths (0.3—0.6 eV) permitting a reliable
correction to I and the isolation of I, . Very similar
analyses have been presented in Ref. 7.

Layer compounds furnish a class of materials in which
U,.~ is small. The high-temperature superconducting ma-
terials are also good candidates. Bi2SrzCaCuzO& is espe-
cially interesting since it can be cleaved in vacuum and
generates very-high-quality angle-resolved photoemission
spectra. ' Much interest has focused on the finding that
I varies linearly on approaching EF, and this is regard-
ed as possible evidence of non-Fermi-liquid-like
behavior. ' ' Some actual values of U;~ are known from
the band calculations of Mattheiss' and are illustrated in
Fig. 3, which shows the k-space average values ( v, t ) cal-
culated for BizSrzCaCu20s. At EF, (v, t) -0.04X10
cm/sec, and this leads to an estimate of 30—50 meV for
the second term in Eq. (25). This may help to explain the
nonzero intercept at E =EF. ' Moreover, the ( v, t ) curve
has strong structure showing a peak just below EF.
Structure in the nonaveraged U;~ for the specific k direc-
tions investigated experimentally could be even stronger,
and will distort attempts to isolate the energy dependence
of I;. On the other hand, it can be argued that the elec-
tronic structure of these materials is so anomalous that
band theory is of limited applicability. ' ' Specifically,
since this material is essentially insulating in the perpen-
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FIG. 2. CIS intensity (open squares) for a direct transition in
Cu(100) with initial energy held at E; =EF—0. 13 eV. The fico

dependence can be simulated quite well with a Lorentzian.
Since we may take I;=0, the width 1.2 eV can be equated
directly with I f [from Knapp, Himpsel, and Eastman (Ref. 3)j.
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FIG. 3. Averaged perpendicular group velocity (v;~) for
Bi2Sr2CaCu208 as a function of E; as generated in a first-
principles one-electron band calculation by Mattheiss (Ref. 18).
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dicular direction, band calculations such as those in Fig.
3 can be expected to overestimate v;~.

In principle, a rigorous isolation of I; can be achieved
by measuring photoemission from surface states S. uch
states have no dispersion with k~, and so we have v~ =0
and I =I, . An attempt to realize this condition was
made some years ago by Kevan using a well-known sur-
face state at the center of the surface Brillouin zone on
Cu(111). The intent was to demonstrate that 1 de-
creased as E;~EF. The actual measurements showed
that I increased. This surprising result has been attri-
buted to an extrinsic broadening mechanism which will
be discussed immediately below.

mv, ~=hk~ = —(Ag/2)(1 A—rv/E ),
mvf j =A'(g —k~ ) = (A'g /2)(1+Ace/E~ ),

(26)

(27)

1+Ac@/E 1 —Ac@/E
I, + I f,2cos 0 2cos 0

1+Ae) /E 1 —Ac@/Er = ' r+ ' rf,cos20 —Ace /E ' cos20 —Ace /E

1 —fico/Er =r+
1+fzcu/E

'r

(28)

(29)

(30)

where E =A' g /2m. Since mv, l=mvf~~=A'kl, Eqs. (15),
(18), and (21) reduce to

D. Extrinsic broadening mechanisms

Tersoff and Kevan ' have rationalized the anomalous
results on Cu(111) by invoking some sort of in-plane
scattering from surface defects or impurity atoms. The
surface state in question disperses parabolically
(E=fi k~&/2m*, with m*=0.4m) and crosses EF at
kll =0.2 A '. A constant mean free path l would imply a
constant Akll smearing and an increasing AE smearing on
approaching EI;. The actual results imply a value I—
30 A, which is plausibly consistent with surface defects or
impurities at the —1% level.

The importance of inhomogeneous broadening associ-
ated with surface imperfection has recently received
dramatic confirmation in high-resolution angle-resolved
photoemission experiments by Hricovini et al. on
"ideally hydrogen terminated" Si(111) surfaces. The hy-
drogen terminated surfaces yield much sharper spectra
than untreated Si(111) surfaces, and the clear conclusion
is that a high degree of assured surface perfection is re-
quired if narrow intrinsic linewidths are to be observed.

Surface states still remain the best hope for observing
I,—+0, because this is the only case for which v;~ van-
ishes exactly. In support of this statement, we note that
the sharpest structure seen in angle-resolved photoemis-
sion so far is the M Tamm state on Cu(001) reported by
Wincott et al. This feature has FTHM of 28 meV at
T-150 K, a result which is quite remarkable since this
feature originates from almost 2 eV below E„.

Finally, we reemphasize that our analysis has assumed
perfect instrumental energy resolution and angle resolu-
tion. The effect of finite angular resolution on linewidth
determination is treated in detail in Ref. 7. Such correc-
tions must, of course, be considered in any attempt to
monitor 1, as E, ~EF.

for the EDC, CIS, and CFS, respectively. These expres-
sions display once again the strong differences for the
EDC, CIS, and CFS modes and also the strong
differences in their angular dependence.

B. Example: Ag(001) EDC's

12

Electron Energy ( eV )

13

1.6

1.2—
)

1.0—

0.8—

Ag (100)
data

S

0.6

Hwu et al. have recently published a linewidth
analysis of experimental EDC measurements of a bulk
band-structure feature on Ag(001) as E; ~EF. Their re-
sults for 1 (full width at half maximum) are shown as
the open circles in Fig. 4. At first sight, the data look
anomalous since I;—+0 as E, ~Ez, whereas I is actu-
ally increasing as E;~Ef. The resolution of this ap-
parent anomaly lies in the fact that for a bulk transition
such as this, 1 is dominated by I f rather than I;. Put-
ting this more quantitatively, Eq. (28) becomes, for the
conditions of this experiment (A'co= 14 eV, Es =36 eV),

V. NEARLY-FREE-ELECTRON APPROXIMATION 0.4—

A. Linewidth expressions 0.2

It is instructive to examine linewidth expressions for
the simplest of band structures, the free-electron or
nearly-free-electron model. The band energies E, and Ef
are given by fi k /2m and A' (g —k) /2m, respectively.
Let us take the case where the reciprocal lattice vector g
is perpendicular to the surface. It is then easy to show
that

Hole Energy ( eV)
0=EF

FIG. 4. Experimental EDC linewidths from Ref. 24 (open
circles) taken on Ag(100) are compared with I predicted by
the nearly-free-electron model taking 1";=0 and using an empir-
ical I f curve (Ref. 25).
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I -(0.31)I f/cos 8 . (31)

rf is expected to increase over the energy range of the
experimental data. A recent analysis for a number of
similar metals ' suggests I f =0.13(Ef E„—), and this re-
lation is shown in Fig. 4. The derived values for I are
also shown in Fig. 4. There are two main points of agree-
ment with experiment. First, the measured values I
are lower than the empirical I f by about a factor of 3.
This large demagnification is a consequence of the large
group-velocity ratio. Second, the predicted I increases
as E;~Ez. About half of this increase is due to the in-
crease of I f, and the other half is due to the cos 0 term
in the denominator of Eq. (31). The residual quantitative
discrepancy is attributed to the approximations of the
model and to the uncertainties in subtraction of a back-
ground before the line fitting of the experimental spectra.
Extrinsic effects associated with finite instrumental reso-
lution may also contribute.

VI. CONCLUDING REMARKS

This paper offers a strategy for future studies of photo-
emission linewidths in normal materials. The strong
differences in the expressions for the EDC, CIS, and CFS
modes, as well as the anticipated strong angular depen-
dence of the EDC and CIS linewidths could provide a
stringent test of internal consistency. The first step, how-
ever, would be to investigate whether the expressions
presented here are borne out by experiment or whether a
more elaborate analysis is called for. It is clear than any
such investigation must be in close association with
band-structure determinations since the band derivatives
are needed in the separation of I, and I f. The ultimate
goal is to refine the analysis to the point where we can ad-
dress the behavior of the photohole lifetime on approach-
ing close to the Fermi level.

*Present address: European Synchrotron Radiation Facility,
F-38043 Grenoble, France.
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