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Phonon contribution to quasiparticle lifetimes in Cu measured by angle-resolved photoemission
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The line shape of the photoelectron spectrum emitted from the sp-derived surface state at I' on Cu(111) is
investigated. The line shape is Lorentzian, and the temperature dependence of the width is linear, varying from
30 meV at 30 K to 75 meV at 625 K. Less than 5-meV variation with binding energy is observed. The
temperature dependence is explained as the phonon contribution to the inverse hole lifetime, predicted to be
2m\k,T allowing the determination that the electron-phonon mass enhancement parameter A =0.14+0.02 for
this surface state at I". This is compared to A =0.15 reported as an average over the bulk Fermi surface.

In the standard picture of angle-resolved photoemission
spectroscopy, the peak width observed from a perfect crystal
with negligible dispersion of the hole state perpendicular to
the surface is equal to the inverse hole lifetime #/7.1% A
measurement of linewidth as a function of binding energy,
temperature, and impurity concentration determines the de-
pendence of the hole lifetime on these variables. If the mea-
surements are done at hole energies relatively close to the
Fermi energy E then one can compare to determinations
based on low-energy techniques, such as Fermi surface
probes, conductivity, and specific-heat measurements. The
photoemission measurement is in many ways superior to
these other techniques. It is more direct, involves no Fermi
surface averaging, and does not depend on assumptions
about one-electron theory. Photoemission also has the unique
advantage that the energy dependence of the lifetime is di-
rectly observable. Its well-known surface sensitivity of a few
atomic layers is both an advantage and a disadvantage. On
the one hand, surfaces can be studied, while, on the other
hand, comparison with bulk sensitive techniques is compli-
cated. Photoemission is also a complex many-body process,
allowing some uncertainty about the degree to which the
standard picture of identifying widths with inverse hole life-
times is correct.>~7 To date, there has been very little suc-
cessful comparison of valence photoemission linewidths and
inverse hole lifetimes, some notable failures of this identity,
and some controversy.>> % We report here quantitative un-
derstanding of the temperature dependence of the linewidth
of a Cu(111) surface state based on the phonon contribution
to the hole lifetime. In addition, we describe a surface sen-
sitive method of determining one of the most ubiquitous pa-
rameters of solid-state physics, N, the electron-phonon mass
enhancement parameter.

There are three processes that contribute to valence hole
decay at zero temperature in metals. One is Auger decay,
where one hole decays into two less tightly bound holes and
an electron via the electron-electron interaction (electron-
hole pair creation). The second is phonon scattering, where
one hole decays into a less tightly bound hole plus a phonon
via the electron-phonon interaction (phonon creation). The
third is scattering by an impurity or defect from one momen-
tum to another at fixed energy. At finite temperature, ther-
mally generated excitations (phonons, electrons, and holes)
participate in similar events. All three processes are thought
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to be well understood for bulk wide band metals, and quan-
titative calculations of the effect of each date from the
1960s.'0-12

The results of the calculations are usually presented in
terms of the electron self-energy. As long as the self-energy
is only weakly dependent on energy and its imaginary com-
ponent is small compared to the binding energy,'® then the
imaginary component of the self-energy 3,,=#/27, the line
shape is Lorentzian with full width at half maximum
(FWHM) W=#/7, and all contributions add linearly.2 Exist-
ing calculations are for three-dimensional systems. Although
metallic surface states are two dimensional in a one-electron
sense, they are fully three dimensional as far as allowed de-
cay modes are concerned. A surface state hole at parallel
momentum k| is degenerate with bulk two-hole, one-electron
states with total momentum k| as required for Auger decay,
bulk one-hole—one-phonon states at k| for phonon scattering,
and bulk one-hole states for impurity scattering. Some nu-
merical adjustment of the parameters used to characterize the
decay processes in the bulk is expected in order to account
for the different phonon and one-electron densities in the
vicinity of the surface.

The Cu(111) sp-derived surface state has been exten-
sively studied. It was first observed, to our knowledge, by
Gartland and Slagsvold14 in 1975, and has served as a pro-
totype for the observation of several phenomena.s’ls‘l7 Ac-
cording to the present work, it has a maximum binding en-
ergy (at room temperature) of E£q=390 meV at I', and

disperses towards the Fermi level as Eq—E =9380kﬁ , with
E the binding or hole energy with respect to E r in meV, and
k) in A1, This is very similar to the behavior reported by
Kevan.® The Fermi momentum is 0.20 A~! at room tempera-
ture. This is a small fraction of a surface reciprocal lattice
vector (1.4—1.6 A™1), and no significant differences in dis-
persion are seen for the occupied states as the direction of
ky is varied.’ The T binding energy is a linear function of
temperature, with dE,/dT=—0.20 meV/K, leading to a
bandwidth of 440 meV at 30 K. Knapp ez al.'> observed a
value for dE/dT of —0.27 meV/K; they explain the shift as
an effect of thermal expansion on the one-electron band
structure. We believe that this is the correct explanation, and
that our somewhat different numerical value is due to better
experimental conditions. The surface state is closely related
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to bulk states nearby in energy at the same £ .16 The surface
state at I' is most closely related to the bulk L point, while
the surface state at E ¢ is closely related to the bulk states just
inside the Fermi surface neck perpendicular to (111). The
entire surface-state band has a small energy on the scale of
the bulk bandwidth (<6%), and can be considered near in
energy to Ep.

For bulk holes near Ex in copper, the following is pre-
dicted. Auger decay contributes a term to the width of
W,..=2B[(7k,T)?+ E?].1° Although B is important for un-
derstanding effects such as the electronic contribution to the
resistivity, it is small enough that it has not been measured
for copper. Theoretical estimates are near 0.015 eV ™!, lead-
ing to W,_,=5 meV at the bottom of the surface-state band,
and temperature contributions below 1 meV for achievable
tempe:raturf:s.18 Phonon scattering contributes W,_,
=2m\k,T."? This equation is formally valid independent of
the form of the phonon spectrum at high temperatures for
holes at Er. It is expected to be reasonably valid to rela-
tively low temperatures,' as can be seen in Fig. 1. The de-
pendence of the phonon contribution on energy is more com-
plex, and its determination requires some assumptions about
the form of the phonon spectrum. The inverse lifetime can be
calculated from the following formula:

h/T(w,T)=27rﬁjowmxdw’azF(w’)[l—f(w—w’)

+2n(w")+ flo+w')],

where a@?F(w) is the Eliashberg coupling function and
f(wo) and n(w) are the Fermi and Bose-Einstein
distributions.'? In the Debye model, a?F(w)=\(w/wp)? for
w<wp, and zero elsewhere. Some representative results of
integrating this formula in the Debye model are shown in
Fig. 1. There is very little energy dependence of the phonon
contribution to the width, until hole energies within the pho-
non band are reached. The temperature dependence is linear
over most energies and most temperatures. A Debye energy
of 27 meV, and a N of 0.15 was used.'>?° Since the phonon
spectrum only appears in an integrated form, these curves are
reasonably valid for more realistic phonon spectra as well, as
has been verified by numerical calculations. The impurity
scattering contribution is proportional to the impurity con-
centration, but independent of temperature and binding
energy; for the bulk, the magnitude of the effect is about
10 meV/%.'%"

The relevant results of all of this are simply stated. The
Auger contribution is small, and its temperature dependence
even smaller. The impurity and defect contribution is inde-
pendent of temperature and binding energy, and expected to
be important for typical degrees of surface cleanliness. The
phonon contribution should be dominant at room tempera-
ture, and contribute nearly all of the temperature depen-
dence. This dependence is linear for most achievable
temperatures, with slope 27\k; . A measurement of the ob-
served width versus temperature should yield an experimen-
tal determination of X. Although expected to be dominant for
modest binding energies, even at low temperatures, the pho-
non contribution has been virtually ignored in previous at-
tempts to identify hole lifetimes with photoemission
linewidths.>%°
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FIG. 1. Predicted phonon contributions to the full width of the
peak (formally, twice the phonon contribution to the imaginary part
of the electron self-energy) in the Debye model for A=0.15 and
wp=27 meV. In the upper panel the width is plotted vs binding or
hole energy at zero temperature and at room temperature. In the
lower panel the width is plotted vs temperature at zero binding
energy (E ) and at the bottom of the band ('), which occurs at 390
meV at room temperature and 440 meV at zero temperature.

There has been one published attempt to determine shal-
low hole lifetimes with adequate experimental resolution in
energy and momentum.’ The system chosen was the same
Cu(111) sp surface state that is the subject of this investiga-
tion. The width of the state as a function of binding energy at
room temperature was measured. An increase from 55 meV
FWHM at normal emission (maximum binding energy) to
about 150 meV FWHM at E . was reported, after accounting
for experimental resolution contributions. Negligible tem-
perature dependence for temperatures below room tempera-
ture was reported. It is important to emphasize that these
results cannot be explained by adjusting parameters in the
theory described above; none of the three factors considered
allow a decrease in hole lifetime as binding energy is de-
creased. These results were semiquantitatively explained as a
nonlifetime consequence of impurity scattering from small
amounts of surface defects and impurities. The imperfections
permit nonconservation of & in the photoemission process,
and broaden the peak proportional to its dispersion
dE/dk) . This process contributes negligible width at the bot-
tom of the band, but substantial width at the Fermi level,
where the peak has large dispersion. It was argued that con-
centrations of imperfections in the unit atomic percentage
range could account for the observed broadening.’ We saw
this effect in the preliminary stages of the work; it was elimi-
nated by subsequent sample cleaning/annealing. Note that
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this effect is quite distinct from the conventional impurity
contribution to inverse lifetime discussed above.

The temperature dependence of valence linewidths has
been studied by several authors.?! 2> A linear dependence of
width on temperature for one metallic surface state has been
reported, although not explained.22 Studies on semiconduc-
tors have reported and explained linear temperature depen-
dences of width on temperature in terms of phonon effects on
hole lifetimes.*!"?

The electron analyzer is a 50-mm mean radius hemi-
spherical analyzer with 0.5X5 mm? entrance and exit slits,
and 2 X 20 mrad® angle determining apertures. The nominal
energy resolution is 10-15 meV. The experimental energy
and angular resolution contribution to the observed widths is
at most 5 meV. All reported widths are as observed, uncor-
rected for instrumental contributions. The Arl radiation, a
doublet at 11.83 and 11.62 eV, is refocused by a SiC mirror
to a spot on the sample of about 150 um. Typical count rates
are near 10 Hz. The Cu(111) sample is clamped in a strain-
free manner onto a cartridge heater. The heater is mounted
on a closed-cycle He refrigerator. The sample temperature
can be varied between 30 and 900 K. The sample was
cleaned by standard sputter-anneal cycles. Observed spectra
are stable for hours at room temperature, while the width
increases substantially in shorter times at low temperature
due to the well-known increase in sticking coefficient at low
temperatures. There is also substantial (=10 meV) variation
of width as a function of position on the sample. It is neces-
sary at the beginning of the day to search for the spot on the
sample that has the smallest width.

Figure 2 shows some representative data collected at nor-
mal emission. The two-peak structure is from the Arl dou-
blet. Also shown are fit results. The fit function consists of
two Lorentzian peaks plus a linear background. The back-
ground is always a small fraction of the peak height, and its
variation across the spectrum is only marginally statistically
significant. There are two important points to make about
these data: the line shapes are Lorentzian within statistics,
and the width increases with temperature. The Lorentzian
shape encourages an interpretation based on hole lifetime.
Off normal spectra (not shown) were slightly wider (<5
meV), with essentially the same temperature dependence as
the normal emission spectra. The room-temperature spec-
trum is very similar in position and width to that reported by
Kevan,? and substantially lower in width than that reported
by Matzdorf et al.*> The low-temperature and off-normal
spectra have substantially smaller widths than those reported
by either author.

Figure 3 shows peak widths from fits like those in Fig. 2
plotted versus temperature. The uncertainties indicated are
statistical uncertainties from the fits. The straight line fit to
the data has slope 0.074 meV/K, leading to A =0.14%0.02.
Measurements off normal (nearer E ) show very similar be-
havior. This value for A can be compared with values in the
literature derived from theoretical calculations, and from
heat-capacity, electrical resistivity, and cyclotron resonance
measurements for the bulk. Grimvall reports an average over
the Fermi surface of A=0.15,'> which seems to be quite
good agreement.

Closer analysis makes this apparent agreement a little less
clear. N in the bulk shows substantial variation with position
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FIG. 2. Normal-emission (I") spectra at three different tempera-
tures. The 200-meV higher binding-energy satellite is from the Ar
doublet. Data are open circles, while the solid line is a fit to (two)
Lorentzian peaks with a linear background.

on the Fermi surface.’*? According to the analysis of ex-
perimental cyclotron masses by Lee,” \ varies from 0.085
for the belly orbit perpendicular to the (111) direction to 0.23
for the neck orbit perpendicular to (111). Variation from 0.08
(belly) to 0.16 (neck) are reported by Khan et al.®* from pure
theory. As discussed earlier, the bulk Fermi surface states
most like this surface state are those at the neck. If one
compares the photoemission A (0.14) to the cyclotron neck
N (0.22), there is substantial disagreement, while there is
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FIG. 3. Normal-emission peak widths from fits like those in Fig.
2, plotted vs temperature. Indicated error bars are statistical uncer-
tainties from the fit. The solid line is a linear fit, with slope 0.074
meV/K, corresponding to A =0.14+0.02.
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good agreement with the pure theory neck A of 0.16. We
believe that the photoemission and pure theory results are
more likely to be correct. A difficulty with the cyclotron
measurements is that N =m,,/my— 1, where m is the ob-
served mass and m, is the calculated bare mass. Because of
the relatively small value of N, uncertainties of 10% in either
the cyclotron measurement or the bare mass calculation can
be magnified to near 100% in the determination of \. The
photoemission measurement is much more direct and sensi-
tive.

In spite of what seems to be a successful understanding of
the temperature dependence of the photoemission linewidth,
the net linewidth is not yet fully understood. Once \ is
known, theory includes only two remaining semiadjustable
parameters for calculation of the normal emission widths:
B, which characterizes the magnitude of Auger contribu-
tions, and the impurity lifetime contribution. The impurity
momentum smearing, as described by Kevan, makes no con-
tribution at I".> From the lack of any observed decrease in
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width as the binding energy is decreased, it is known that
B is near to or smaller than the theoretical estimates, and that
Auger decay plays little role in the observed width. The dif-
ference between the predicted normal emission width of
about 30 meV at room temperature for a perfect crystal, and
the observed width of 55 meV must be due to trace impuri-
ties and/or defects. A few percent impurity/defect concentra-
tion is required.

In conclusion, we have experimentally demonstrated that
valence photoemission linewidths can be quantitatively un-
derstood as inverse hole lifetimes using known bulk param-
eters, that the dominant contribution to the hole lifetime typi-
cally comes from phonons, and that a surface value for the
electron-phonon mass enhancement parameter \ is easily de-

rived from the temperature dependence of the observed line-
width.
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