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Direct determination of mode-projected
electron-phonon coupling in the time domain
M. X. Na1,2*, A. K. Mills1,2*, F. Boschini1,2, M. Michiardi1,2,3, B. Nosarzewski4, R. P. Day1,2, E. Razzoli1,2,

A. Sheyerman1,2, M. Schneider1,2, G. Levy1,2, S. Zhdanovich1,2, T. P. Devereaux4, A. F. Kemper5,

D. J. Jones1,2†, A. Damascelli1,2†

Ultrafast spectroscopies have become an important tool for elucidating the microscopic description

and dynamical properties of quantum materials. In particular, by tracking the dynamics of

nonthermal electrons, a material’s dominant scattering processes can be revealed. Here, we present

a method for extracting the electron-phonon coupling strength in the time domain, using time-

and angle-resolved photoemission spectroscopy (TR-ARPES). This method is demonstrated in

graphite, where we investigate the dynamics of photoinjected electrons at the K point, detecting

quantized energy-loss processes that correspond to the emission of strongly coupled optical

phonons. We show that the observed characteristic time scale for spectral weight transfer mediated

by phonon-scattering processes allows for the direct quantitative extraction of electron-phonon

matrix elements for specific modes.

T
he concept of the electronic quasiparticle

as proposed by Landau (1) is essential to

themodern understanding of condensed

matter physics. Among the plethora of

interactions relevant to solid-state sys-

tems, electron-phonon coupling (EPC)—which

is related to phenomena ranging from resistiv-

ity in normal metals to conventional [Bardeen-

Cooper-Schrieffer (BCS)] superconductivity

and charge-ordered phases (2, 3)—has been

a persistent subject of interest. Although

strong EPC is desirable in systems such as

BCS superconductors (4, 5), it is deleterious for

conductivity in normal metals, curtailing the

application of many compounds as room-

temperature electronic devices (6).

Given the important role of the electron-

phonon interaction in relation to both con-

ventional and quantum materials, extensive

theoretical and experimental efforts have

been devoted to determining the strength

and anisotropy of EPC. Although ab initio

calculations are powerful, they rely on com-

plex approximations that require precise ex-

perimental data to benchmark their validity

(7). Inelastic scattering experiments—such as

Raman spectroscopy (8), electron energy loss

spectroscopy (9), inelastic x-ray (10), and

neutron scattering (11)—are able to access

EPC for specific phonon modes yet are in-

tegrated over all electronic states. Angle-

resolved photoemission spectroscopy (ARPES),

in contrast, can access the strength of EPC via

phonon-mediated renormalization effects for

specific momentum-resolved electronic states,

as revealed by kinks in the electronic band

dispersion (12–16). However, extraction of EPC

strength from these kinks requires accurate

modeling of the bare band dispersion and of

the electronic self-energy, which can prove

to be a formidable challenge either because

of insufficient sensitivity and experimental

resolution (17), or because of too-strong and/or

compounded many-body interactions (18, 19).

In addition, the interpretation of spectroscopic

features is often complicated by the fact that

they may be attributed to several different

many-body interactions (20–22).

Alternative and possibly more powerful ap-

proaches might come from the extension of

ARPES into the time domain [time-resolved

ARPES (TR-ARPES)], which has already pro-

vided deep insights into the relaxation chan-

nels of hot electronic distributions, in which

EPC plays a major role (23–28). TR-ARPES

performed with 6-eV sources has enabled

detailed study of low-energy many-body
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Fig. 1. Toy model of optical injection and scattering processes on the

Dirac cone. (A) Sketch of the Dirac cone and electron dynamics. Black (gray)
indicates occupied (unoccupied) states. During optical excitation, electrons
from the lower cone are promoted to the upper cone through a vertical
transition (red arrow), creating a direct-transition peak (DTP). Electrons
subsequently relax and scatter through electron-electron (e-e) and electron-
phonon (e-ph) processes on time scales of 10 and 100 fs, respectively. The

former (e-e) broadens the DTP, whereas the latter creates a phonon-induced
replica (PIR) by the emission of a phonon. (B) Simulation of the transient
TR-ARPES intensity for a Dirac cone pumped with 1.2 eV, including a retarded
e-ph interaction with a phonon of energy ℏWE (39). At time t = 0, the DTP
feature is observed at EWE

¼ 0:6 eV; at t = tWE
, the PIR is observed at

EDTP � ℏWE. The intensity of DTP and PIR features is enhanced (×8) for
visualization purposes.
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phenomena; although this has provided a

fresh perspective on superconducting gap

dynamics of cuprate superconductors (29–31),

electron-phonon interaction in bulk FeSe (32),

and surface-state dynamics in topological ma-

terials (26, 33), low photon energies have

limited these studies to a small region of the

Brillouin zone (BZ). ARPES systems using

high-harmonic sources have extended the

accessible momenta beyond the first BZ,

but heretofore they have focused on the high-

energy–scale electron dynamics on the order

of 10 fs (25, 27, 34, 35), as energy resolutions

have yet to reach the standards achieved by

6-eV systems.

Here, we explore a paradigm for the TR-

ARPES study of transient spectral features

at large momenta, made possible by a fem-

tosecond high-harmonic source designed with

specific emphasis on energy resolution (36).

The experimental strategy is as follows: We

begin by injecting electrons into specific un-

occupied states by optical excitation. As the

hot electrons relax, we track specifically the

transfer of spectral weight from these photo-

excited states to lower-energy states via emis-

sion of a phonon with energy ℏWq;n, where

q and n denote the phonon momentum and

branch, respectively. The time constant ex-

tracted for this transfer of spectral weight ðtq;nÞ
can then be directly related to the electron-

phonon contribution to the self-energy for

the phonon involved as

1

tq;n
¼

2p

ℏ
hg2

q;n
iDðE � ℏWq;nÞ ð1Þ

whereℏ is the reduced Planck constant, E is

the energy of the direct optical transition,

hg2q;ni is the square of the mode-projected

electron-phonon matrix element averaged

over the states populated by optical exci-

tation, and D(E) is the electronic density of

states (DOS) (7, 37, 38) [for derivation, see

(39)]. Below, we show that this allows us to

measure hg2q;ni, gaining insight on the strength

of the scattering process as well as the energy

and momenta involved.

To track the transfer of spectral weight, the

initial (photoinjected) states and final states

must be unambiguously defined and located.

This is easiest on a small Fermi surface, such

as that of graphene, where phase-space scat-

tering restrictions limit the number of initial

and final states. To visualize the aforemen-

tioned electron-phonon scattering process, we

simulate the pump-probe experiment using a

Dirac dispersion as a toy model and calculate

the transient ARPES spectra in response to

optical excitation for the case of a single

strongly coupled Einstein phonon mode of

energy ℏWq;n ¼ ℏWE . This model (Fig. 1B)

uses a two-time Green’s function formalism

on the Keldysh contour for a multiorbital

system. At t = 0, the system is excited with

a 1.2-eV pulse, which promotes electrons via

direct optical excitation to 0.6 eV, observed

experimentally as the direct-transition peak

(DTP). Then, on the characteristic time scale

of tq;n ¼ tWE
, the electron-phonon interaction

leads to relaxation of the photoinjected elec-

tron population via the emission of phonons,

resulting in the creation of a phonon-induced

replica (PIR) at an energy EPIR ¼ 0:6 eV�
ℏWE. In contrast to the toy model, other scat-

tering processes (such as electron-electron

scattering) compete with this electron-phonon

scattering process in the actual experiment,

resulting in a smaller PIR and a larger back-

ground. In comparing Fig. 1B and Fig. 2B, we

do not see the predicted DTP and PIR fea-

tures in the intensity map. However, we show

that these features are plainly visible in the

momentum-integrated energy distribution

curves (Fig. 3).

In this study, we perform the experiment

on graphite, which has the same ideal phase-

space restrictions as its monolayer counter-

part but does not require consideration of

substrate coupling, which in graphene is

known to affect both electronic and phononic

structure, as well as EPC (40–42). The low-

energy electronic structure of single-crystal

graphite consists of two gapless, nearly two-

dimensional (2D) Dirac-like bands at the BZ

corners (similar to graphene) as well as a sec-

ond set of bands that disperse along the c axis

(k⊥ in our experimental geometry, see Fig. 4A)

(43–45). In addition, graphite electrons are

well known to couple to optical phonons at

G andK (10, 46–50) and have been extensively

studied both theoretically and experimentally

(8, 24, 28), making graphite an ideal bench-

mark system for the application of this time-

resolved technique.

Previous time-resolved experiments have

shown that the time (energy) scale of the

electron-phonon scattering process is on

the order of 100 fs (100 meV). Therefore,

observation of this transient spectral sig-

nature in TR-ARPES demands a balance of

time and energy resolution. Achieving the

system resolution requirements at photon

energies needed to reach the K point (>20 eV,

assuming a maximum detection angle of

60°; see Fig. 2A for the BZ range covered

by photons of different energy) was made
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Fig. 2. Electron dynamics measured by TR-ARPES in graphite. (A) The
experimental setup, along with the 2D-projected Brillouin zone of graphite. Blue
(purple) circle indicates the range of momenta accessible to 6-eV (25-eV)

photons. We measure along theG � K direction, cut shown in red. (B) TR-ARPES
measurements acquired with a 25-eV probe and 1.19-eV pump. Sample

temperature is 50 K before pump arrival. The unpumped dispersion (t < 0)
is shown in the left panel. The pumped ARPES map at zero delay and the
differential map are shown in the middle and right panels, respectively. Owing
to fast thermalization processes, the signal of DTP and PIR cannot be observed
by simple visual inspection on a linear colormap.
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viable by the development of a new cavity-

based high-harmonic source (36). We select

the 21st harmonic (25 eV) from the high-

harmonic spectrum for photoemission, with

an overall time (energy) resolution of 190 fs

(22 meV) and a repetition rate of 60 MHz.

The unpumped ARPES map of the Dirac-like

dispersion along G�K is shown in the left

panel of Fig. 2B, where only one branch of

the cone is observed as a consequence of

photoemission matrix elements (51, 52). In

the middle and right panels of Fig. 2B, we

show, respectively, the pumped ARPES spectra

at zero delay and the differential map (ob-

tained by subtracting the equilibrium map

from the map at zero pump-probe delay). The

data were measured under perturbative exci-

tation by a 1.19-eV pump pulse with an inci-

dent fluence of 18 mJ/cm
2
, where red (blue)

color indicates a transient increase (decrease)

of photoemission intensity. The time scales

of the anticipated primary scattering pro-

cesses after optical excitation are sketched

in Fig. 1A. After the creation of the DTP above

the Fermi level (EF), electrons decay into a

thermal distribution, mainly via electron-

electron (e-e) and electron-phonon (e-ph)

scattering events. Because the e-e scattering

processes are about an order of magnitude

faster than e-ph scattering (53), we should

observe a rapid buildup of photoemission

intensity at the Fermi energy. This can render

the observation of the DTP and PIR nontrivial,

requiring a careful analysis of features above

the hot-electron background.

In Fig. 3A, we display the momentum-

integrated energy distribution curve (∫EDC dk)

along the G�K direction (open circles). We

stress that the ∫EDC dk is proportional to

the occupied DOS along the selected mo-

mentum cut shown in Fig. 2A (39). Filled

circles in Fig. 3A represent the ∫EDC dk after

removal of a biexponential background given

by the thermal electronic distribution (near

EF) and nonthermal e-e scattering processes

(near 0.6 eV) (39). Once this background is

removed, the ∫EDC dk directly exposes the

transient peaks, which can be fitted with five

Lorentzians of the same width (Fig. 3A). We

can immediately identify the prominent peak

at 0.6 eV as DTP1, which was anticipated in

the toy model (Fig. 1B) and is associated with

the optical transition from the p2-to-p3 band

in Fig. 4A. The other peaks—as we show in

more detail below—are a combination of

PIRs and other DTPs, which arise from the

second set of electronic bands (p1, p4) that

disperse ink⊥. We confirm these transitions

in Fig. 4A with a calculation of the optical

joint DOS for graphite (54), adapted from a

tight-binding model in (45), for a pump

photon energy of 1.19 eV. The possible tran-

sitions along the G�K cut are shown in Fig.

4A. Whereas the p2-to-p4 transition is outside

the range of our data, the three lower DTPs

fall exactly in the energy range we expect.

The resulting momentum-integrated optical

joint DOS is shown in Fig. 4B, along with the

energy position of the five fitted peaks from

Fig. 3A.

To illustrate the DTP-to-PIR scattering pro-

cess, we focus on the time evolution of the

threemost prominent peaks, shown in Fig. 3B;

for a discussion of the DTP2-PIR2 pair, see (39).

The combined time and energy resolution of

our source allows for a detailed study of the

transient evolution of the DTP and the PIR,

given by the amplitude of the Lorentzians in

Fig. 3C. Despite being only 50 meV apart, the

dynamics of the light-blue and red peaks are

markedly different. The population of the

light-blue peak is only slightly delayed with

respect to the dark-blue DTP1 and is identi-

fied with a direct optical excitation (p1-to-p4
band in Fig. 4A, labeled DTP2), with the tem-

poral delay being a consequence of energy-

dependent electron lifetime (55, 56). In contrast,

the population of the red peak is delayed by

Dt = 47 ± 9 fs, too large to be compatible with

optical excitation. This population instead

corresponds to the simulated PIR in Fig. 1B,

where the energy of the phonon involved is

ℏWq;n ¼ EDTP � EPIR ¼ 0:165 T 0:011 eV.
The solid curves in Fig. 3C are the result

of a phenomenological rate-equation model

describing the transfer of spectral weight

between the DTP and the PIR pairs (39). The

population of electrons in the (dark and light)

blue DTP are governed by rate equations

involving three terms: population by a 120-fs

pump pulse, energy-dependent thermaliza-

tion of the excited state population to the hot-

electron bath (tth), and energy-dependent

phonon-mediated decay of the excited state
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Fig. 3. Time dependence of photoinduced excitations in graphite. Sample temperature is 50 K before
pump arrival. (A) Open circles display the momentum-integrated energy distribution curve ∫EDC dk, where
signal is integrated in momentum along theG � K direction. The subtraction of the biexponential hot-electron
background (BG) highlights a series of peaks (filled circles), which are a combination of DTPs and PIRs.
Solid (dashed) lines indicate the fitted position of DTP (PIR) peaks. The phonon energies extracted between
the DTP1-PIR1 and DTP2-PIR2 pairs are 0.165 eV and 0.170 eV, respectively, as indicated by the green
arrows. (B) Evolution of the most prominent peaks. Dark (light) blue corresponds to DTP1 (DTP2), red
corresponds to PIR1. The amplitudes are indicative of the population of electrons in each state. (C) The
Lorentzian amplitude for each peak shown in (B) is plotted as a function of time. Dashed lines indicate the
peak delay: DTP2 (PIR1) is delayed 9 fs (47 fs) with respect to DTP1. Solid curves indicate the electronic
occupation for the specified states derived from the rate-equation model fit. The transfer of spectral weight
from DTP1 to PIR1 is associated to an e-ph scattering time constant tq;n ¼ 174 T 35 fs.
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population (tq,n). This latter term transfers

spectral weight from the DTPi to the PIRi,

which lose electrons to the same thermal-

ization and phonon-mediated decay terms.

The resultant temporal evolution is then

convolved with a Gaussian with a full width

at half maximum of 150 fs to account for the

pulse duration of the photoemission probe.

With this simple model, we find that a ther-

malization constant of tth = 56 ± 16 fs and an

e-ph decay constant of tq,n = 174 ± 35 fs

reproduce well the delay and relative popu-

lation of the nonthermal signatures. In ad-

dition, the extracted tq,n is consistent with

ab initio calculations and estimates for e-ph

scattering time in previous time-resolved

studies (25, 27, 28, 53, 57). Because we are

coupling to a single-phonon mode of energy

ℏWq;n ¼ 0:165 T 0:011 eV,we candirectly relate
this time constant to the mode-projected e-ph

matrix element via Eq. 1, using an electronic

DOS ½DðE � ℏWq;nÞ ¼ 0:0241 eV�1� calculated
from the tight-binding model in Fig. 4A.

From this, we obtain a value of hg2q;ni ¼
0:050 T 0:011 eV2.

We now assign the observed PIR to scat-

tering by a specific phonon mode by compar-

ing the extracted ℏWq;n against the phonon

dispersion of graphite calculated by density

functional theory (DFT) in Fig. 4C. The colors

represent the EPC integrated over all elec-

tronicmomenta and indicate strong coupling

for the E2g mode at G and the A′1 mode at K.

The latter is the phonon mode associated

with the DTP-PIR pair we observe, as its

energymatches the 0.165 eV we extract (green

dashed line). Given that it has momentum K,

this mode is associated with the intervalley

scattering of electrons between states at K

and K′. We consider this scattering process

explicitly for a single electron in Fig. 4D

(green arrow). Starting from an initial state i

on the constant energy contour EDTP1, we cal-

culate the matrix element g2k;q for scattering

events leading to the final state f on the

constant energy contour EDTP1 � ℏWA′
1
, such

that kf – ki = q is fulfilled. Thismode-projected

calculation gives a value of hg2
A′

1
i ¼ 0:040 eV2,

in agreement with the experimental value of

hg2q;ni ¼ hg2
A′

1
i ¼ 0:050 T 0:011 eV2 thatwepre-

viously extracted from the rate-equation fits

to the experimental data. In addition to the

A′1 mode, Fig. 4C suggests that the G – E2g

modes [longitudinal (LO) and transverse (TO)

modes] are also expected to be strongly

coupled; however, considering the scatter-

ing process as before, we extract for the

degenerate LO and TO modes a total cou-

pling hg2E2g
i ¼ 0:023 eV2 , which corresponds

to a time constant of >300 fs. This coupling is

~50% that of the A′1 mode, which is consistent

with previous theoretical considerations (58).

Thus, the PIR associated with emission of the
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Fig. 4. Calculation of the optical joint DOS and e-ph coupling. (A) Momentum-
resolved optical joint DOS, extracted using a modified tight-binding model
from (39, 45, 54), showing the available optical transitions between the bands of

graphite for a pump photon energy of 1.19 eV, integrated around k⊥ ¼ 2:61Å
�1
.

This value is fitted using an inner potential of V0 = 16.4 ± 0.1 eV (44).

(B) Integrated optical joint DOS (OJDOS) along the G � K direction. The peaks
extracted from Fig. 3A are also shown, with the location of the fitted DTP
overlaid in solid lines, displaying good agreement with the optical joint DOS.
(C) The phonon-dispersion of graphite as calculated from DFT (38). Colors
represent the strength of the total EPC (i.e., integrated over all electronic

momenta) (39). The dominant mode A′1 (E2g) is highlighted in green (blue) (46).
(D) Calculation of the hg2k;qi (39). Case one: electron scattering with an A′1 mode
(green) with momentum ~K from a specific state (indicated by the blue sphere)
in the 0.61-eV energy contour at K to states in the 0.45-eV contour at K′. Case two:
electron scattering with an E2g (blue) mode with momentum ~0 from a specific
state in the 0.61-eV energy contour at K to states in the 0.41-eV contour at K.

hg2
A′ 1
i and hg2E2g i are obtained by integrating over both the constant energy contour

at EPIR and the electron position along the contour at EDTP. Colors indicate that
the value of hg2

A′ 1
i is twice that of the LO and TO combined hg2E2g i (see text for

precise values). The scattering process from K′ to K (not shown) is identical.
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G –E2g phononswould not be visible above the

hot-electron background in our experiment.

In this work, we have shown a proof-of-

principle extraction of the mode-projected

e-ph matrix element hg2
A′

1
i in graphite. We

remark that hg2i is a fundamental quantity,

defined as the momentum average of the

change in the electronic Hamiltonian in

response to the ionic displacements of a

phonon (eq. S13). In particular, hg2i is in-
dependent of doping and specified for a

well-defined set of initial and final electronic

states and a well-defined bosonic mode (in

this case, the A′1 optical phonon with mo-

mentum K in graphite). Nonetheless, it is

instructive to estimate the EPC constant

l ¼ 2hg2iDðEFÞ=ðℏWÞ for comparison with

other approaches (7). Commonly seen in re-

lation to the critical temperature in supercon-

ductivity, the quantity l is doping-dependent

and integrated over all bosonic and electronic

degrees of freedom. Therefore, caution must

be applied in comparing the two quantities.

In pristine and low-doping graphene or

graphite systems, the vanishing DOS at the

Dirac point of graphene (crossing point of

graphite) makes extraction of l very diffi-

cult, with reported values ranging from 4 ×

10
−4

to 1.1 (20, 47, 59–63), while DFT predicts

l < 0.05 (17). Even forgoing doping depen-

dence, the large range of reported l values

clearly illustrates the difficulty ARPES has in

extracting the EPC of this particular system.

In this work, we extract hg2
A′

1
i for the DTP state

at 0.6 eV, corresponding to a value of the

mode-projected EPC lA′
1
¼ 0:0182 T 0:004.

This value characterizes a system where the

Fermi level is doped up to 0.6 eV above the

crossing point (the value at zero doping would

belA′
1
¼ 0:006 T 0:001).Wewould ideally com-

pare this value with that extracted by kink

analysis in graphite, but the strong curvature

of the bare-band dispersion (61) and the lack

of studies at comparable doping make this

particularly challenging. Thus, we instead com-

pare this value to what is reported in (20), a

doping-dependent study of l in graphene that

is additionally supported by DFT calculations

(17). When the system is doped such that the

Dirac point is 0.6 eV below EF (corresponding

to a carrier density of n ≈ 4 × 10
13
cm

−2
), then

l ≈ 0.035 is extracted. From this, we see that

lA′
1
≈ l=2, which is consistentwith the fact that

lA′
1
captures only one of two strongly coupled

modes in the system (the other being E2g),

whereas l as extracted from kink analysis is

integrated over all modes. Together, these re-

sults suggest that time-domain measurements

have the ability to access the EPC in a precise,

sensitive, and mode-projected way.

In principle, this technique is applicable to

materials in which electrons are sufficiently

strongly coupled to oneor a fewbosonicmodes,

such that distinct boson-induced replicas can

be observed. Beyond graphite and graphene,

quasi-2D materials such as transition-metal

dichalcogenides feature gapped bands at the

K and K′ points, with further restrictions of

the phase space for scattering stemming from

valley degrees of freedom, and would be ideal

candidates for similar TR-ARPES studies. In

addition, conventional and unconventional

superconductors, such asMgB2 or cuprate- or

Fe-based superconductors, respectively, fa-

mously feature strong coupling to bosonic

modes, which may drive electronic renorm-

alizations (kinks). By monitoring quantized

decay processes across the full BZ, this non-

equilibrium technique will offer a distinct

approach for studying the microscopic origin

andmomentumdependence of electron-boson

coupling and its role in the emergence of

superconductivity.

These results also prove that a fresh an-

alytical perspective can be achieved in TR-

ARPES by taking advantage of femtosecond

sources that combine high photon energy (to

access large electronic momenta) with high-

energy resolution (to resolve the low-energy

quasiparticle dynamics). With the develop-

ment of tunable pumps, polarization control

for pump and probe, and bandwidth control

to balance the trade-off between energy and

time resolution, a growing versatility will be

available for TR-ARPES experiments. By mon-

itoring the population of electrons injected into

momentum- and energy-selected states by di-

rect optical excitation, it would be possible to

formulate a series of studies on empty state

dispersion, lifetime, decoherence, and electron-

boson interactions in a wide range of quantum

materials.
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