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Mode-selective electron-phonon coupling in laser photoemission on Cu(110)
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By combining density functional perturbation theory (DFPT) calculations and laser photoemission spec-
troscopy (LPES) experiments, we have clarified the selective coupling between low-energy photoelectrons and
subsurface phonon modes. A step structure resulting from the inelastic scattering of photoelectrons appeared at
14.7 meV below the Fermi level in the LPES of Cu(110). We found that the inelastic step originates from an
indirect excitation in which the electron is excited by the low-energy photon near the Ȳ point and then scattered
to the �̄ point by phonon modes that are predominantly present in the subsurface region.
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With improvements in energy resolution1 of photoemission
spectroscopy, which is one of the most reliable tools for
determining electronic band structures,2 several signals origi-
nating from the electron-phonon interactions have appeared in
the spectrum apart from the vibrational progression structure
in gas-phase experiments.3 Two well-known examples are
the “kink” structure around the Fermi wave number in the
electronic band dispersion of metallic and superconduct-
ing systems determined with angle resolved photoemission
experiments4–6 and the linewidth broadening of the noble metal
surface states as a function of temperature.7,8 Both of them
have been described by the electron self-energy attributable
to the electron-phonon coupling around the Fermi level
(EF).9–11

Recently, a completely different manifestation of electron-
phonon coupling, inelastically scattered photoelectron by
phonons, was observed in low-energy photoemission spec-
tra. One of us (R.A.) reported on a spectral component
resulting from the inelastic scattering of the photoelectron
with surface adsorbate vibrations12 as well as phonons of
solids.13 Figure 1(a) shows laser photoemission spectroscopy
(LPES) results of Cu(110),14 which are discussed in this paper
in detail. In addition to the Fermi-Dirac distribution curve
originating from the elastic process, a single step structure
appeared at 14.7 meV below EF, which implies that the
detected photoelectrons lose their energy through coupling
with particular phonon modes. To highlight this step structure,
the first derivative spectrum excited by 4.571 eV photon is
shown in the bottom panel of Fig. 1(a). This step structure is
a replica of the elastic component, which is downshifted by
the energy of the phonon interacting with the photoelectron.
Similar inelastic-scattering-induced structures were observed
in the low-energy photoemission spectra of diamond.15,16

In the previous report,13 we concluded that the photoelec-
tron emitted from Cu(110) by the laser light did not interact
with surface phonon, and we conjectured the mechanism of
the inelastic interaction between the photoelectron and the
phonon based on the bulk electron and phonon dispersion.
This presumption explained the experimental observations to
some extent; however, several points, in particular, why only
the particular phonon modes couple with the photoelectron,
were left unsolved. In order to explore the further possibility

of detecting phonons by using LPES, more detailed and
complete theoretical analysis has been seriously required.
In our experiment, the photoelectrons were emitted from
the �̄ point in the surface Brillouin zone (SBZ), because
photoemission spectra were measured in the normal-emission
geometry. Therefore, the inelastic photoemission process is
expected to be an indirect excitation process in which electrons
of wave vector q couple with phonons of the same wave
vector and scatter to the �̄ point, as shown schematically in
Fig. 1(c). In this paper, we investigate this indirect excitation
process using ab initio calculations which includes electron-
phonon coupling calculations based on the density functional
perturbation theory17 (DFPT).

Figure 1(b) shows the calculated electronic band dispersion
of the 13-layer Cu(110) slab.18 The surface states with the char-
acteristic parabolic dispersion appear at the Ȳ point in the SBZ.
The position of the occupied surface states (approximately
−0.5 eV from EF) agrees with the results of previous DFT
calculations19 and angle-resolved photoemission spectroscopy
experiments.20 These results justify the selection of a 13-layer
slab is an appropriate model system. The work function
evaluated from the macroscopic average of the electrostatic
potential21 is 4.22 eV, which is lower than the experimental
value (4.52 eV).22 Generally, underestimation of the work
function in slab models can be compensated for by referring
to the potential and the Fermi energy of the bulk.23 However,
a recent investigation showed that using the bulk reference
method for relaxed slabs can sometimes lead to poorer
results.24 Thus, we applied the value obtained directly from the
slab calculation results. Figure 1(d) shows the phonon energy
dispersion obtained using the same setup. The overall spectral
shape reproduces both the characteristic surface and bulk
phonon modes which are consistent with the DFT calculations
and experimental results reported in the literature.25,26 As
shown in Fig. 1(d), there are no distinctive modes around
14.7 meV, which implies that inspecting the band structures
alone is not sufficient for identifying phonon excitation at
14.7 meV and that calculating the electron-phonon coupling
for the whole of modes is necessary.

Within the framework of perturbation theory, the lowest
order process of the indirect excitation in LPES is that the
electron in the initial state, wave vector k = q and band
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FIG. 1. (Color online) (a) (Top) LPES of the clean Cu(110) surface excited by the laser photon from 4.571 to 5.021 eV. The sample
temperature is 16 K. The inelastic component is evaluated by deconvoluting the spectrum into two individual Fermi-Dirac distribution
functions. The center of the Fermi-Dirac distribution function of the inelastic component is 14.7 meV below EF, and the intensity of the
inelastic component depends on the laser energy. (Bottom) First derivative spectrum excited by 4.571 eV photon. The curve has been smoothed
to decrease the noise level in the derivative spectrum. (b) Calculated electronic band structure of Cu(110). A Shockley-type surface state
appears around the Ȳ point near EF. Insets are the top view of the slab model and surface Brillouin zone of Cu(110), respectively. (c) Schematic
diagram of the indirect excitation in LPES. (d) Calculated phonon band structure of Cu (110).

index v, is scattered to the final state, k = 0 and band
index c, through the absorption of the single laser photon and

emission of the single phonon. Under the dipole approxima-
tion, the perturbation from the external electromagnetic field
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FIG. 2. (Color online) (a) Calculated electron-phonon coupling matrix element 〈ψ0c|Vp(q,i,r)|ψqα〉 with a phonon energy of 14.7 meV,
which induces photoelectron scattering from the k point with wave vector q to the �̄ point. To reproduce the low-energy photoelectron, we use
the energy of EV as the energy of photoelectron. The k point is sampled at 16 irreducible points in a 6 × 6 × 1 mesh of the first Brillouin zone.
In order to extract the contribution from the electronic state near EV, we multiply δ(Eα − Ev) which is approximated by the Gaussian function
of

√
2 ln(2) × 50 meV half width at half maximum (HWHM). Original discrete matrix elements are smeared by using the Gaussian function

of
√

2 ln(2) meV HWHM to treat electron-phonon coupling as a function of phonon energy. (b) Electron-phonon coupling spectrum at the Ȳ
point as a function of the phonon energy. The spectrum shows a main peak around 15 meV phonon energy, which describes well the single
inelastic step structure in the LPES on Cu(110). (c) Calculated electron-phonon coupling at EV as a function of the phonon energy that scatters
the photoelectron from each k point to the �̄ point. The calculation results include the contribution from the whole modes that exist at each
k point. The k point is sampled at 16 irreducible points (labeled q1–q16) in a 6 × 6 × 1 mesh of the first Brillouin zone. The inset shows the
coordination of irreducible points in the surface Brillouin zone.
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of frequency ω can be written as

Hem(r,t) = eA0

mc
�e · �pe−iωt + H.c. (1)

Here, �e is the polarization vector of the incident photon.
The perturbation from the electron-phonon interaction can be
written as

Hep(r,t) = 1√
N

B.Z.∑
q,i

Vp(q,i,r)e−iωqi t aqi + H.c. (2)

Here, aqi is the annihilation operator of the phonon with the
wave vector q, mode index i and frequency ωqi .

∑B.Z.
q,i denotes

the summation over all wave vectors and mode indexes in
the first Brillouin zone. Vp(q,i,r) is the perturbation of the
electron-core potential that results from the displacement of the
ion position by the phonon mode. The second order transition
amplitude from these terms is given by27

T0c←qv = eA0

mc

√
nq + 1

1√
N

×
{∑

α,i

〈ψ0c|Vp(q,i,r)|ψqα〉〈ψqα|�e · �p|ψqv〉
Ev(q) − Eα(q) + h̄ω

+
∑
β,i

〈ψ0c|�e · �p|ψ0β〉〈ψ0β |Vp(q,i,r)|ψqv〉
Ev(q) − Eβ(0) + h̄ωqi

}
. (3)

Here, nq is the occupation number of the phonon of wave
vector q. Eν(q) and Eα(q) [Eβ(0)] are the energies of the initial
and intermediate states, respectively. The first term represents
an indirect excitation in which an electron is excited through
the absorption of a single photon, and then scattered to the
�̄ point by a phonon emission. The second term represents
the process that proceeds in the opposite order. As shown
in Fig. 1(a), the height of the inelastic component depends
on the excitation photon energy, whereas the height of the
elastic component is essentially independent. The first term
obviously describes the inelastic process that depends on the
photon energy. The second term also involves the photon
energy dependence essentially, because the transition matrix
element 〈ψ0c|�e · �p|ψ0β〉 which represents the photoexcitation
at the �̄ point is contained. However, the extremely weak
dependence of the elastic component on the photon energy
implies that the second term does not strongly depend on the
photon energies within the measured range. Thus, we ascribe
the main contribution of the indirect excitation to the first term
in Eq. (3), which we focus on in the following discussion.

One of the governing parameters in the second
term is the electron-phonon coupling matrix element,
〈ψ0c|Vp(q,i,r)|ψqα〉. Figure 2(a) shows the electron-phonon
coupling at the vacuum level (EV) with 14.7 meV phonon
energy on 16 irreducible points of a 6 × 6 × 1 grid in the
SBZ. One would see that the electron-phonon coupling has
minor value at every k point except for the Ȳ point. The
electron-phonon coupling spectrum as a function of the phonon
energy should have a main peak around 14.7 meV because the
step appears at this energy in the LPES result. As shown in
Fig. 2(b), the spectrum at the Ȳ point contains a peak around
14.7 meV. Thus, we have judged that the inelastic signal in the
LPES result of Cu(110) originates from the indirect excitation

process from the Ȳ to the �̄ point. Parenthetically, we note
that the electronic states around EF at the Ȳ point on the real
Cu(110) surface are available due to the spectral tail of the
Shockley state, though the energy gap opens around EF in
the calculated band structure [Fig. 1(c)]. In other words, the
step structure shown in Fig. 1(a) originates from the indirect
transition from EF level at the Ȳ point where the electron is
available due to the spectral tail of the Shockley states. It is
reported that on the �̄ Shockley state of the Cu(111) surface,
the peak of which is located at around 420 meV below EF, the
spectral tail extends to EF.28,29 We believe that this is attributed
to the presence of electrons around EF at the Ȳ point.

Figure 2(c) shows that, in addition to the Ȳ point, several
other k points also display strong electron-phonon coupling.
However, on these k points, the electron-phonon coupling is
weak around 14.7 meV, which indicates that the contribution
of these k points for the inelastic process is minor. Let us
investigate why the contribution from the Ȳ point appears
selectively in the spectra. One plausible explanation for this
is the k-point dependency of the electronic dipole transition
matrix element in Eq. (3), 〈ψqα|�e · �p|ψqv〉. In the elastic
process, the final state of the dipole transition can be the free
electron state in vacuum. Conversely, in the inelastic phonon-
mediated process, the final state of the dipole transition in
the inelastic phonon-mediated process should be an electronic
state associated with Cu(110). The probability of the inelastic
process is given by the product of the electron-phonon coupling
and electronic dipole transition matrix element. As shown in
Fig. 2(c), the electron-phonon coupling becomes large around
the X̄ (q4, q7), Ȳ (q13), and �̄ (q1, q5) points. Around
the X̄ point, the electronic dipole transition matrix element
becomes small owing to the existence of the projected band gap
[Fig. 1(b)]. Consequently, the inelastic transition process from
the X̄ point to the �̄ point is prohibited. Although electronic
states are available around EV at the �̄ point, the significant
difference between the spatial distribution of charge at EV and
EF [Fig. 3(a)] suppresses the inelastic process. (To highlight the
difference, the product between the charge distribution around
EF and EV at the �̄ and Ȳ point is also shown in Fig. 3.) The un-
occupied electronic states around EV at the �̄ point are assigned
to the image resonances.30 Thus, the electronic states around
EV at the �̄ point mainly distribute in the exterior of Cu. The
electronic dipole transition matrix element is expected to be
proportional to the overlap in the distribution of initial and final
states. Therefore, the dipole excitation from EF to the intrinsic
electronic states of Cu(110), which is prerequisite to excite the
phonon modes, is suppressed, and only the direct transition to
the free electron band in vacuum is observed at the �̄ point.
In contrast, the charge distributions of the initial state (the
Shockley surface state) and final state overlap in the interior
of Cu at the Ȳ point [Fig. 3(b)]. As a result, only the transition
process from the Ȳ point to the �̄ point becomes dominant.

Now, we discuss the depth distribution of the phonon modes
that appear in the inelastic LPES on Cu(110). An inspection
of the phonon modes around 15 meV at the Ȳ point (Fig. S1,
Ref. 29) shows that the phonon modes polarized along the
[1̄10] direction exhibit high density of states in the second and
deeper layers, in spite of the low density of states in the topmost
layer. Among them, we observe that four modes polarized
along the [1̄10] direction with phonon energies of 13.45,
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FIG. 3. (Color online) The charge distribution of electronic states
around EF and EV at (a) the �̄ and (b) the Ȳ point, respectively. The
product between the charge distribution around EF and EV is also
shown. The color shows the summation of charge density projected
onto the (001) surface. Red and blue indicate higher and lower values
of the charge density, respectively. The dotted circle in each plot
indicates the position of the Cu atoms. At the Ȳ point, the electronic
state closest to EF is the Shockley surface state. Note that the “surface”
state penetrates into the subsurface layer. The charge distribution of
the Shockley surface state and bulk state at EV overlap in the interior
of Cu. In contrast, at the �̄ point, the charge distribution of the
electronic state near EF and EV exhibits minor overlap. These figures
are rendered with VESTA.34

13.67, 14.63, and 14.83 meV have large electron-phonon
matrix elements and are the source of the main peak at the
Ȳ point in Fig. 2(b). As summarized in Fig. 4, these four
modes are subsurface phonons. Incidentally, similar features
are observed for the phonons polarized along the [100] and
[001] directions. However, the electron-phonon couplings of
these phonon modes that scatter the photoelectron from the Ȳ
to �̄ point are smaller than those polarized along the [1̄10] (not
shown here); we do not discuss these modes further.

Subsurface phonons have recently been detected through
helium atom scattering (HAS) experiments. We note here that
the mechanism of the subsurface phonon excitation in HAS
differs from that in LPES experiments, which is elucidated
in the following. Subsurface phonon excitation in HAS is

FIG. 4. (Color online) The distribution of atomic displacement
from four phonon modes polarized along the [1̄10] direction which
couple with the photoelectron strongly at EV at the Ȳ point. ω is the
phonon energy. The displacement in this figure is the absolute value of
the projection onto the [1̄10] direction. In all four modes, the atomic
displacement is large in the subsurface region, which indicates that
these modes are subsurface phonon modes.

due to the strong charge oscillation at surfaces caused by the
subsurface phonon mode,31 which is totally different from the
LPES experiments. In fact, the shear horizontal phonon modes
that correspond to that polarized along the [1̄10] direction in
this study do not contribute significantly in HAS,32 although
they appeared in the LPES results. High resolution electron
energy loss spectroscopy (HREELS)33 experiments could be
used to probe the subsurface phonon, because the electron
in the inelastic impact regime may be scattered by the atom
core oscillation in the first few layers. However, the 14.7 meV
loss has not been observed in the HREELS spectra.25 These
results can be attributed to different underlying mechanisms.
As we have demonstrated, the availability of the unoccupied
states around EV, which is not a prerequisite for HREELS,
is of prime importance for the inelastic scattering of the
photoelectron. It would be extremely interesting to extract the
essences of the theory that predicts the inelastic photoemission
by taking the difference between HREELS and LPES into
consideration. Although the exact origin of the difference
between HREELS and LPES is not completely clear, we have
succeeded in demonstrating that the laser photoelectron excites
the subsurface phonon; the current results also indicate that the
LPES experiments provide a means for the characterization of
subsurface phonons.

Before closing the discussion, let us compare the results
in our previous13 and current work. In the previous work,
providing no theoretical calculations, we speculated the
following inelastic process: The photoelectron is scattered to
the �̄ point by the interaction with the phonon which has the
same wave number with photoelectron. Then, considering the
electronic and phononic dispersion of bulk Cu, we concluded
that the step structure arises from the coupling between the bulk
T1 phonon and photoelectron excited from the bulk electronic
state at kF. The current work supports the general mechanism
of the inelastic photoemission process shown in the previous
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work, however, our calculation results reveal that the origin
of the inelastic step is the interaction between subsurface
phonon and photoelectron excited from the surface Shockley
state at Ȳ point. On the other hand, the calculations show that
the interaction between the bulk phonon and photoelectron
is too weak to account for the inelastic component. We also
point out that the selectivity of phonon modes in the inelastic
process arises from the wave-number dependence of the
electron-phonon coupling and the wave-function distribution.
Such elucidations become first available by the detailed ab
initio electron-phonon coupling calculation on the surface
system, which is beyond the simple speculation based on
the bulk properties. Thus, our understanding regarding the
inelastic photoemission excited by the laser photon has been
improved through the current work.

In summary, we have investigated the mechanism of
inelastic processes in LPES on Cu(110) by conducting
DFPT calculations and LPES experiments. We have suc-
ceeded in substantiating that the scattering of the low-energy

photoelectron from the Ȳ point to the �̄ point mediated selec-
tively by subsurface phonon modes during the photoemission
process gives rise to the characteristic inelastic step structure
in the spectra. The mechanism of subsurface detection in the
LPES experiment differs from that in HAS and HREELS
experiments, and this mechanism is expected to enable us
to access subsurface phonons that have not been detected
previously.
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