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Non-linearity of the counting in modern ARPES 
multichannel (camera-based) analyzers.

Most modern ARPES experiments are taken with CCD cameras/analog 
counting, which have an inverse saturation problem.

This nonlinearity distorts the spectral peaks, in general making them 
sharper and more beautiful. 
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Previous trARPES studies on cuprates –
rich behavior, inconsistent interpretations.

Perfetti et al., Phys. Rev. Lett. 99, 197001, 2007 Smallwood, Lanzara,  et al. Science 336, 1137 (2012) 

Cortes, Bovensiepen, et al. PRL 107, 097002 (2011) R. A. Kaindl et al. , Science 287, 470 (2000)



k-space dependence of superconducting 
energy gap D

àSymmetry of Cooper pair wavefunction 
is d-wave (l=2)

Standard (old) ARPES Laser ARPES
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S. Parham, D.S.D. et al., PHYS. REV. X 7, 041013 (2017)

SW = Spectral Weight = an integration of
the spectra in k along the red cut. These
can be well-fit to a Fermi function.

OP Bi-2212 (Tc=91K)
Nodal. T = 20K

Direct measurement of electronic 
pseudotemperature (nodal states)



Nodal spectrum at EF plotted in log scale.  

Large dynamic range allows accurate determination of deviations from a Fermi function, 
which would show up as a change in linearity  

Roughly follows an exponential decay

(weak pumping, Tmax < Tc)



Off-Nodal Dynamics, with SC gaps

Optimally Doped BSCCO-2212
(Tc = 90K)  T = 20K S. Parham, D.S.D. et al., PHYS. REV. X 7, 041013 (2017)



Approximate by single exponential decayThree regions in E have different decay rates

k-integrated Spectral Weights (along one cut) Difference in SW from starting time

Off-Nodal Dynamics, with SC gaps



Off-Nodal Dynamics with SC gaps, for different k-cuts



Off-Nodal Dynamics with SC gaps, for different k-cuts



Summary of SC state decay rate trends vs. k

The observed behavior is very rich in k, T, etc.  

Our model (lines) captures all aspects very well.

Our model is extremely simple – essentially zero parameters!



Thermalized Electrons

• Electron population thermalized within ttherm ~ 150fs

Perfetti et al., Phys. Rev. Lett. 99, 197001, 2007

• Appeal to equilibrium measurements vs. temperature to 
understand dynamics after this time period.  Remember, we 
directly measure the electronic pseudotemperature vs. time 
from our nodal studies.



Fitting to Dynes’s Formula (1978)

The TDoS are well fit by the 
Dynes formula over the full 
range of accessible angles and 
temperatures. 

Each fit gives: pairing strength 
Δ, and pair-breaking rate Γ.  

Similar fits of actual tunneling in 
cuprates are not nearly as 
successful because of the d-
wave nature of D, the van-Hove 
in the DOS, etc.

ITDoS ω( ) = ρDynes ω( ) = Re ω + iΓ
ω + iΓ( )2 −Δ2

Represents a broadened BCS DOS.
Originally empirical, later derived 

from Eliashberg theory.



Equilibrium measurements off-node

With increasing T, the key effect is a gap filling (due to self-energy term
G), which dominates over the gap term D.

T. J. Reber, D.S.D. et al. Nature Physics 8, 606–610 (2012); 
Phys. Rev. B 87, 060506(R), (2013)
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Closing/Filling of the gaps with temperature

The filling of the gap in cuprates is due to the rapidly rising G (scattering rate) with 
temperature.  This is a phenomenology observed in essentially all spectroscopies on 
cuprates, but has been difficult to quantify.

T. J. Reber, D.S.D. et al. Nature Physics 8, 606–610 (2012); 
Phys. Rev. B 87, 060506(R), (2013)



“Fermi Arcs” growing with T from competition 
between D and G.

Reber, Dessau, et al., Nature Physics (2012)



Ultrafast Simulation

3.7

Nodal Temperature



S. Parham, D.S.D. et al., PHYS. REV. X 7, 041013 (2017)

Experiment vs. static-inspired model
Experiment Model Input from Equilibrium



Gap size dependence in the model 
( àk-dependence in the experiment) 



Implications for ultrafast decay dynamics of a purely electronic 
system for t> ttherm

3.7

Nodal Temperature

a) Electronic pseudotemperature vs. time. 
- ARPES on cuprates – directly measurable from 

the Fermi edge along the nodal direction.
- Dominated by diffusion of heat away from the 

pump spot. 

Need:

b) Key electronic parameters vs. equilibrium 
temperature

Cuprates – D(k,T) and G(k,T) from equilibrium ARPES

c) Replace equilibrium temperature with 
electronic pseudo temperature à All 
key parameters understood vs. time. 

No direct information on phase stiffness.
Delay (psec)



Implications
Decay dynamics of an electronic system for t> ttherm

- We expect the power of this concept to extend to many other materials and 
ultrafast measurements, even if the electronic pseudotemperature can not be 
directly accessed, as it can in the present case.  

- Situation is different (richer) when system can be periodically/resonantly driven.

Replace equilibrium temperature with electronic 
pseudo temperature à key parameters 
understood vs. time. 



Nambu-Gorkov and Self-energies

They treat the two G’s fully independently, 
allowing them to vary separately with T, w, etc.

G =
ω + iΓ+εk Δ

Δ* ω + iΓ−εk
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ARPES as a self-energy spectroscopy. 

Using the “proper” or conventional Nambu-Gorkov Greens function.
Non-conventional properties – contained in the novel behavior of S.

Fully 2-dimensional analysis (beyond 1D EDCs and MDCs)
ARPES and self-energies in the presence of SC gaps, band curvature, etc.  

(ARPES throughout the zone).



T. Cuk, Z-X. Shen et al. PRL 93,117003 (2004)

Serious trouble for system with large broadening (large self energies) and band 
curvature.

No problem if spectral peaks are very sharp (self energy small).

EDCs (Energy Distribution Curves) and MDCs (Momentum Distribution 
Curves).

MDC 
dispersion

EDC 
dispersion

EDC

MDC



- Bare-band dispersion e(k)
- Gaps D(k, T) 
- Fully causal self energy S(k,w,T)=S’(k, w,T)+iS”(k, w,T)

All the details of the 1-particle electronic interactions.

Orders of magnitude fewer free parameters.
New level of accuracy à new physics.

A new step:  
True 2D fitting (EDCs and MDCs fit simultaneously).

Obtain:

Haoxiang Li, D.S.D et al., Nature Comm. 9, 26 (2018) 



Nambu-Gorkov’s Green’s function

E-
EF
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V)

k(1/Å)

ARPES Data Fit

k(1/Å)

T=50K (UD85K)

Mid-zone cut, lightly underoped Tc=85K Pb-
BSCCO sample.

Development of a 2D fitting method (EDCs and MDCs together).

Note:



Haoxiang Li, D.S.D et al., Nature Communications 9, 26 (2018) 

Development of a 2D fitting method (EDCs and MDCs together).

“ARPES as a self-energy spectroscopy.”

Fully causal treatment within Nambu-Gor'kov: 

Simultaneous extraction of:

• SC gaps, D(k,T) 
• S'(k,w,T) and S''(k,w,T)
• Renormalization Z(k,w,T)
• Unrenormalized “bare” bands, vF(k,T), etc.

Orders of mag. fewer free parameters compared to 
EDC or MDC fitting.

Superstructure-free Pb-Bi2212 
Tc=85K underdoped



2D fit result shown as 1D cuts
(All fits are done simultaneously)

k(1/Å)

E-EF (eV)

T = 200 K 
(Tpair<T)

E-EF (eV)

k(1/Å)

T = 90 K (Tc<T<Tpair)

E-EF (eV)

k(1/Å)

T= 50 K (T<Tc)

kF

EF

EDCs

MDCs
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lines.

Band curvature makes MDCs 
asymmetric – can not captured in 

MDC fitting.

Orders of magnitude fewer free 
parameters than from 1D fits.

Haoxiang Li, D.S.D et al., Nature Communications 9, 26 (2018) 



H. Li, D.S.D et al., Nature Communications 9, 26 (2018) 
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H. Li, D.S.D et al., Nature Communications 9, 26 (2018) 

Coherent organization (conversion) of electronic correlations 
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Increased k-range for pairing due to the correlations

H. Li, D.S.D et al., Nature Communications 9, 26 (2018) 
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Gapping of scattering 
rates and partial 
weight transfer

Large low energy 
incoherent scattering

High T normal state Low T SC state

Non-existent kink 
effects
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H. Li, D.S.D et al., Nature Communications 9, 26 (2018) 

Coherent organization 
(conversion) of electronic 

correlations 

Mid-zone cut shown as an example.

Stronger S” in N-state gives a 
stronger S’ effect in the SC state

(strongest at antinode).



Positive feedback loop due to increasing # of states for pairing. 

H. Li, D.S.D et al., Nature Communications 9, 26 (2018) 

- Should strengthen any mechanism for pairing (e.g. electron-phonon).
- May support a fully-electronic mechanism, starting from fluctuations.



Strange metal “normal state” of cuprates.

Linear-in-T resistivity (non-Fermi Liquid/non-quasiparticle).  
“Planckian” scattering.  Much more....

Nodal electrons are most relevant for this.



Σ”
(e

V)

D
k M

DC
(1

/Å
)

k(
1/

Å)

Energy (eV)

0.10

0.08

0.06

0.04

0.02

0.00
-0.08 -0.04 0.00

Γ0

 225 K

 100 K

 UD52K

-0.08 -0.04 0.00

Γ0

  UD63K

 75 K

 200 K

-0.08 -0.04 0.00

 UD80K

 100 K

 250 K

Γ0

-0.08 -0.04 0.00

  OPT91K

 100 K

 250 K

Γ0

-0.08 -0.04 0.00

Γ0

 OD75K

 250 K

 100 K

Normal-state nodal ARPES scattering rates (S”) 
as a function of w,T, doping (Bi2212). 

All data looks quadratic at low w (FL-like), linear at high w (MFL-like).
All data for one sample (many T and E) fit simultaneously to a more general form of 
S(w,T).

T.J. Reber, D.S.D. et al. 
(Nature Comm 2019)



Ansatz for normal state S”  - the Power Law Liquid (PLL)
All data on one sample fit simultaneously. 

Energy (eV)
S”

(e
V)

Σ"!"! = Γ! + !
ℏ! ! + !!!! ! !

ℏ!! !!!! !

a b,l

Doping level

wN (unit normalization) fixed at 0.5 eV (~ band bottom)
G0=impurities+disorder (discussed later)
b~ p . Expected from Matsubara and Fermi Liquid (not previously proven).
l = coupling strength ~ constant=0.5. 
a= 0.5 : w,T linear (Marginal Fermi Liquid). 
a=1 : w,T quadratic (True Fermi Liquid)

Entire evolution essentially 
controlled by the one parameter a.
T.J. Reber, D.S.D. et al. (Nature Comm 2019)
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Different slopes  à different power law exponents a.
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Power Law Liquid as a quantum critical phase
(not quantum critical point).

Luttinger liquid physics in 1D.  PLL spectra (and ARPES data) don’t have the 
power law spectral weight that the LL physics has. 

SYK (Sachdev/Ye/Kitaev) exactly solvable models.

Quantum gravity-based ideas (ADS/CFT)?   

Doped Hubbard model?   Si, Kotliar 1993.

The superconductivity is born out of these states. How is all
this connected?



Dmitry Reznik



Colorado Laser ARPES lab
dE < 2 meV static, ~ 6 meV ultrafast Reznik Raman spectrometer



Electronic Temperature of graphite as a function of 
time from tr-ARPES (pumped hard).

Good fit combining fast and slow time constants: 0.35ps and 3.5ps.Figure 3. Electronic temperature extracted from trARPES data and the fit of a bi-exponential decay. The inset shows
momentum-integrated ARPES spectra (spectral weight on log scale) at various delay times. The dashed black lines are fits for
the selected high energy tails, which were used to extract the electronic temperature of the main panel.
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Figure 4. Phonon dispersions copied from Ref.42 and possible anharmonic decays for K-phonons by 4-phonon scattering
(blue arrows). The inset shows the schematic of the first Brillouin zone. Due to energy and momentum conservation, two K
phonons can decay into two phonons at G points or decay into one phonon at G points plus one phonon at K points.

at high temperature has been reported39, 40 with the inferred lifetimes for the decay of K-phonons into G-phonons of about
132 fs (latter based on the G-phonon linewidth of over 40 cm�1 at T > 2500 K40). Thus the overall timescale for this indirect
process, 300 fs, is consistent with the observed phonon buildup (⇠220 fs). The fact that 2D peak is more intense than 2D0 peak
(double resonance for G phonons) also suggests a stronger e-ph coupling for K-phonons28, 30, 41.

In order to understand how K-phonons may be responsible for the late appearance of G-phonons, we simulate the optical
phonon temperature based on the above scenario where strong anharmonic hot phonons are involved33. The AHP model
assumes that carriers thermalize rapidly into a Fermi-Dirac distribution with a well-defined temperature. The electronic
system, G-phonons, and K-phonons are characterized by their temperatures Tel , TG, and TK and are linked by e-ph coupling,
Ge�ph(Tel ,TG/K), and ph-ph coupling between G and K-phonons, Gph�ph(TG,TK). This leads to three coupled differential

4/7



Looking at ratio of Stokes to anti-Stokes to track phonon 
mode occupation

Stokes: Energy 
loss side (positive 
energy)

Anti-Stokes: Energy 
gain side (negative 
energy)

Principle of detailed balance: 

S(−ω) = S(ω)e−!ω /kbT n = e!ω /kbT −1( )
−1

Phonon occupation number:

YBCO

Phonon occupation number can be extracted from the ratio of 
intensities on the Stokes and anti-Stokes sides.



Electronic and phonon temperatures of graphite as a 
function of time – combined trARPES & tr-Raman.
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Figure 1. (a) G-phonon temperature (blue dots) inferred from the Stokes/anti-Stokes ratio and the fits from the 2T model
(green line) and the anharmonic hot phonon (AHP) model (red line). (b) Sketch of energy transfer during the hot carrier
relaxation. Thicker arrows represent faster processes.

quickly (few hundred fs) via strong e-ph coupling. Other e-ph and ph-ph interactions are assumed to be much weaker resulting
in the whole system reaching thermal equilibrium at much longer picosecond timescales.

Due to superior time-resolution (⇠ 90 fs) we were able to observe G-phonon population (data points in Fig. 1(a) ) as a
function of time in the sub-picosecond region by Raman scattering. The unexpected result is that hot G-phonons are generated
about 80 fs later than predicted by the 2T model (red line in Fig. 1(a) ). Furthermore, the ARPES measurements show that the
e-h pairs decay faster than expected from e-ph coupling to the G-phonon. This suggests that hot carriers couple to G-phonons
not directly but via an intermediate excitation that is not Raman active (red line in Fig. 1(a) ). We argue that K-phonons play
this role (Fig. 1(b) ). Our results agree with LDA calculation that predicts that e-h pairs predominantly decay into K-phonons28.

Results
The Raman spectrum of graphite has two main features: the G peak at ⇠1580 cm�1 and the 2D peak at ⇠2700 cm�1 (Fig. 2(b)).
The G peak originates from the zone center E2g phonon. The 2D peak is due to the two-phonon scattering at K points called
double resonance29–31. These peaks measured by the 395 nm ultrafast probe pulse sit on a luminescence background and have
larger linewidths due to the finite bandwidth of the pulse. The absence of the defect-induced D peak (⇠1350 cm�1) indicates
good quality of our sample. Fig. 2(c) displays the anti-Stokes spectra at various delay times. We fit the phonon spectrum at
each time delay with a Gaussian (Fig. 2(d)) and then extracted the integrated intensity (Fig. 2(e) blue dots and inset).

The temporal evolution of the G-phonon can be fit with two exponential functions convolved with the instrument response.
The time constant tgrowth is 220 ± 20 fs for the quick buildup of G-phonons and tdecay is 2400 ± 83 fs for the slow decay
(Fig. 2(e) inset). The G-phonon temperature is determined from the G peak intensity ratio on the Stokes and anti-Stokes sides
IS/IAS = exp(h̄W/kBTG), where h̄W is the G-phonon energy, kB is the Boltzmann’s constant and TG is phonon temperature (Fig.
1(a) ). The G-phonon temperature is over 3000 K around t = 400 fs and decreases to room temperature with the time constant of
2.4 ps, which is in good agreement with previous results19, 25. The slow decay has been attributed to the energy transfer from
G-phonons to other phonon modes via anharmonic coupling21, 32.

We now briefly discuss the electronic background, which has been assigned to hot carrier luminescence33. Fig. 2(d) inset
shows that the background starts to increase at t = -200 fs and reaches its maximum at t ⇠ 0 fs, when the G-phonons begin to
appear. The background then decreases to the initial level at t = 300 fs, while the phonon intensity keeps increasing from t = 0
fs to t= 300 fs. This behavior reflects changes in electronic temperature and is consistent with previous reports33–36. However,
it is not possible to read out instantaneous electronic temperatures from the observed intensities.

We directly probed electronic dynamics by trARPES (Fig. 3). Electronic temperature Tel was determined by fitting the slope
of the high energy tail in the momentum-integrated ARPES spectra (Fig. 3 inset). Tel increases rapidly after an optical excitation
and reaches 3400 K at t = 100 fs. Tel fits well to a bi-exponential decay with decay times of t f ast = 0.35 ps and tslow = 3.5 ps.
The decay of Tel has a similar timescale to the one observed by previous photoemission experiments1, 2, 5. The 2D Raman peak
also reflects electronic temperature, though it is less precise than trARPES due to self-pumping (see supplementary).
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2 temperature (2T) model Anharmonic phonon (AHP) model



Figure 3. Electronic temperature extracted from trARPES data and the fit of a bi-exponential decay. The inset shows
momentum-integrated ARPES spectra (spectral weight on log scale) at various delay times. The dashed black lines are fits for
the selected high energy tails, which were used to extract the electronic temperature of the main panel.
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Figure 4. Phonon dispersions copied from Ref.42 and possible anharmonic decays for K-phonons by 4-phonon scattering
(blue arrows). The inset shows the schematic of the first Brillouin zone. Due to energy and momentum conservation, two K
phonons can decay into two phonons at G points or decay into one phonon at G points plus one phonon at K points.

at high temperature has been reported39, 40 with the inferred lifetimes for the decay of K-phonons into G-phonons of about
132 fs (latter based on the G-phonon linewidth of over 40 cm�1 at T > 2500 K40). Thus the overall timescale for this indirect
process, 300 fs, is consistent with the observed phonon buildup (⇠220 fs). The fact that 2D peak is more intense than 2D0 peak
(double resonance for G phonons) also suggests a stronger e-ph coupling for K-phonons28, 30, 41.

In order to understand how K-phonons may be responsible for the late appearance of G-phonons, we simulate the optical
phonon temperature based on the above scenario where strong anharmonic hot phonons are involved33. The AHP model
assumes that carriers thermalize rapidly into a Fermi-Dirac distribution with a well-defined temperature. The electronic
system, G-phonons, and K-phonons are characterized by their temperatures Tel , TG, and TK and are linked by e-ph coupling,
Ge�ph(Tel ,TG/K), and ph-ph coupling between G and K-phonons, Gph�ph(TG,TK). This leads to three coupled differential
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into each other on very fast timescales. The resulting time-scale 
is consistent with ab-initio calculations and the observed time-
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Figure 1. (a) G-phonon temperature (blue dots) inferred from the Stokes/anti-Stokes ratio and the fits from the 2T model
(green line) and the anharmonic hot phonon (AHP) model (red line). (b) Sketch of energy transfer during the hot carrier
relaxation. Thicker arrows represent faster processes.

quickly (few hundred fs) via strong e-ph coupling. Other e-ph and ph-ph interactions are assumed to be much weaker resulting
in the whole system reaching thermal equilibrium at much longer picosecond timescales.

Due to superior time-resolution (⇠ 90 fs) we were able to observe G-phonon population (data points in Fig. 1(a) ) as a
function of time in the sub-picosecond region by Raman scattering. The unexpected result is that hot G-phonons are generated
about 80 fs later than predicted by the 2T model (red line in Fig. 1(a) ). Furthermore, the ARPES measurements show that the
e-h pairs decay faster than expected from e-ph coupling to the G-phonon. This suggests that hot carriers couple to G-phonons
not directly but via an intermediate excitation that is not Raman active (red line in Fig. 1(a) ). We argue that K-phonons play
this role (Fig. 1(b) ). Our results agree with LDA calculation that predicts that e-h pairs predominantly decay into K-phonons28.

Results
The Raman spectrum of graphite has two main features: the G peak at ⇠1580 cm�1 and the 2D peak at ⇠2700 cm�1 (Fig. 2(b)).
The G peak originates from the zone center E2g phonon. The 2D peak is due to the two-phonon scattering at K points called
double resonance29–31. These peaks measured by the 395 nm ultrafast probe pulse sit on a luminescence background and have
larger linewidths due to the finite bandwidth of the pulse. The absence of the defect-induced D peak (⇠1350 cm�1) indicates
good quality of our sample. Fig. 2(c) displays the anti-Stokes spectra at various delay times. We fit the phonon spectrum at
each time delay with a Gaussian (Fig. 2(d)) and then extracted the integrated intensity (Fig. 2(e) blue dots and inset).

The temporal evolution of the G-phonon can be fit with two exponential functions convolved with the instrument response.
The time constant tgrowth is 220 ± 20 fs for the quick buildup of G-phonons and tdecay is 2400 ± 83 fs for the slow decay
(Fig. 2(e) inset). The G-phonon temperature is determined from the G peak intensity ratio on the Stokes and anti-Stokes sides
IS/IAS = exp(h̄W/kBTG), where h̄W is the G-phonon energy, kB is the Boltzmann’s constant and TG is phonon temperature (Fig.
1(a) ). The G-phonon temperature is over 3000 K around t = 400 fs and decreases to room temperature with the time constant of
2.4 ps, which is in good agreement with previous results19, 25. The slow decay has been attributed to the energy transfer from
G-phonons to other phonon modes via anharmonic coupling21, 32.

We now briefly discuss the electronic background, which has been assigned to hot carrier luminescence33. Fig. 2(d) inset
shows that the background starts to increase at t = -200 fs and reaches its maximum at t ⇠ 0 fs, when the G-phonons begin to
appear. The background then decreases to the initial level at t = 300 fs, while the phonon intensity keeps increasing from t = 0
fs to t= 300 fs. This behavior reflects changes in electronic temperature and is consistent with previous reports33–36. However,
it is not possible to read out instantaneous electronic temperatures from the observed intensities.

We directly probed electronic dynamics by trARPES (Fig. 3). Electronic temperature Tel was determined by fitting the slope
of the high energy tail in the momentum-integrated ARPES spectra (Fig. 3 inset). Tel increases rapidly after an optical excitation
and reaches 3400 K at t = 100 fs. Tel fits well to a bi-exponential decay with decay times of t f ast = 0.35 ps and tslow = 3.5 ps.
The decay of Tel has a similar timescale to the one observed by previous photoemission experiments1, 2, 5. The 2D Raman peak
also reflects electronic temperature, though it is less precise than trARPES due to self-pumping (see supplementary).
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interactions are assumed to be much weaker resulting in the whole system reaching the final thermal equilib-
rium at much longer picosecond timescales.

Our investigation focused on graphite as a model electron-phonon system. TRR as well as trARPES has been 
previously applied to graphene, graphite, and carbon nanotubes1–3,20,25,21,26–28, but they have never been applied 
to one compound simultaneously as we have done in this paper. G-phonons in graphite and related materials are 
believed to play the role of “hot” phonons in the 2T description due to strong coupling to electrons. We observed 
G-phonon population (data points in Fig. 1(a)) as a function of time in the sub-picosecond region by Raman scat-
tering and electron-hole population (black points in Fig. 1(b)) by ARPES with nearly the same time-resolution 
and pump fluence. The unexpected result is that G-phonon generation is delayed by about 65 fs from the pre-
diction of the 2T model (green dashed line in Fig. 1(a)). Furthermore, the ARPES measurements show that 
the e-h pairs decay faster than expected from direct coupling to the G-phonon, and the G-phonon generation 
time constant is reduced with a higher pump power in contradiction with the 2T model. This suggests that hot 
carriers couple to G-phonons not directly but via an intermediate excitation that is not Raman active (red lines 
in Fig. 1(a,b)). We argue that K-phonons play this role (Fig. 1(c)). Our results agree with LDA calculation that 
predicts that e-h pairs predominantly decay into K-phonons29.

Experimental Results
The Raman spectrum of graphite measured with TRR setup shown in Fig. 2(a) has two main features: the G 
peak at ~1580 cm−1 and the 2D peak at ~2700 cm−1 (Fig. 2(b)). The G peak is the zone center E2g phonon. The 
2D peak is due to the two-phonon scattering at K points called double resonance30–32. These peaks measured by 
the 395 nm ultrafast probe pulse sit on a luminescence background and have large linewidths due to the finite 
bandwidth of the pulse. The absence of the defect-induced D peak (~1350 cm−1) indicates good quality of our 
sample. Figure 2(c) displays the anti-Stokes spectra at various delay times. We fit the phonon spectrum at each 
time delay with a Gaussian (Fig. 2(d)) and then extracted the integrated intensity as a function of time (Fig. 2(e) 
blue dots and inset).

The time evolution of the G-phonon can be fit with two exponential functions − exp[− (t −  t0)/τgrowth] +  exp 
[− (t −  t0)/τdecay] convolved with the instrument response. The time constant τgrowth is 220 ±  20 fs for the 

Figure 1. (a) G-phonon temperature (blue dots) inferred from the Raman Stokes/anti-Stokes ratio plotted 
with the fits from the 2T model (green dashed line) and the anharmonic hot phonon (AHP) model (red solid 
line). The time shift between the green and red curves is about 65 fs. (b) Electronic temperature measured by 
ARPES (black) and G-phonon temperature measured by Raman scattering (blue, same data points as in (a)). 
The red curves are the fits from the AHP model. The pump fluences for Raman and ARPES are 0.15 mJ/cm2 
and 0.13 mJ/cm2 respectively. (c) Sketch of energy transfer during the hot carrier relaxation. Thicker arrows 
represent faster processes.

Electron-hole pair decay into K-
phonon: (LDA) 176 fs
4-phonon decay involving K and 
G-phonons:  (2400K) 132 fs
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the excitations within the first 35 fs, which suggests that G-phonons are emitted more than 35 fs after a pump 
pulse, not about 10 fs as expected from direct decay of e-h pairs into this phonon.

Another experimental result contradicting the scenario of direct e-h recombination is the slower G-phonon 
buildup with lower pump fluence. The opposite is expected, because e-ph coupling was previously reported to 
increase with decreasing electronic temperature33,40.

Slow thermalization of carriers cannot explain these results. If hot carriers couple to G-phonons directly, 
G-phonons can be emitted regardless of whether carriers are thermalized or not as long as hot carriers occupy 
the states near EF. The inverse Auger process that dominates e-e scattering leads to a rapid accumulation of hot 
carriers near EF within 30 fs4.

The presence of the time delay and the unusual fluence dependence lead us to propose an alternative relaxation 
pathway where e-h pairs decay primarily into K-point optical phonons. These in turn decay into the G-phonon 
via strong ph-ph coupling (Fig. 1(c)). Consistent with this scenario, lifetimes calculated from e-ph coupling for 
K-phonons are 176 fs, 3 times faster than G-phonons41,42. Furthermore, strong 4-phonon scattering at high tem-
perature has been reported43,44 with the inferred lifetimes for the decay of K-phonons into G-phonons of about 
132 fs (latter based on the G-phonon linewidth of over 40 cm−1 at T >  2500 K44. The inverse process where K pho-
nons decay to G phonons has the same time constant.). Thus the overall timescale for this indirect process, 300 fs, 
is consistent with the observed phonon buildup (~220 fs). The fact that 2D peak is more intense than 2D′  peak 
(double resonance for Γ  phonons) also suggests a stronger e-ph coupling for K-phonons31,29,45.

In order to understand how K-phonons may be responsible for the late appearance of G-phonons, we simulate 
the optical phonon temperature based on the above scenario where anharmonic hot phonons are involved. Our 
model assumes that carriers thermalize rapidly into a Fermi-Dirac distribution with a well-defined tempera-
ture and that G phonons and K phonons thermalize among themselves. The electronic system, G-phonons, and 
K-phonons are characterized by their temperatures Tel, TG, and TK and are linked by e-ph coupling, Γ e−ph(Tel, TG/K),  
and ph-ph coupling between G and K-phonons, Γ ph−ph(TG, TK). This leads to three coupled differential equations:
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where I(t) is the laser irradiance, Cel and CG/K are the heat capacity of electrons and G/K-phonons respectively, 
T0 is room temperature, and τ =  2.4 ps is the measured decay rate of optical phonons into low-energy phonons 
through anharmonicity. I(t), Γ e−ph(Tel, TG/K), and Γ ph−ph(TG, TK) contain adjustable parameters to fit experimental 
results (see supplementary for details). Combining ARPES and Raman results constrains the fits so that the same 
adjustable parameters have to describe the ARPES and the Raman data. Specifically, having to obtain the ARPES 
simulation close to the experiment constrains Cel.

The simulation without coupling between G and K phonons (Γ ph−ph =  0) is equivalent to the 2T model. It 
always gives a curve that is shifted from the Raman data to earlier times (Fig. 1(a)) because the 2T model predicts 
that the G-phonons are generated starting at t ~ − 35 fs due to the finite width of the pulse. Note that the coupling 
constant λG in Γ e−ph only determines the time constant of the G-phonon generation, but it has no influence on 
when TG starts to rise. As a result, the phonon dynamics in the early stage of relaxation is clearly not consistent 
with the 2T model.

We call the simulation with nonzero Γ ph−ph the anharmonic hot phonon model (AHP model), because it 
includes anharmonic couling between the G and K phonons. Due to energy and momentum conservation, the 
two K-phonons can decay into one G-phonon and one Γ  phonon in the branch of lower energy, or decay into 
one G-phonon and one K-phonon in the branch of lower energy (Fig. 5). It agrees much better (Fig. 1(a,b)) with 
the data. Within this picture, pump of lower power (0.15 mJ/cm2) gives a slower G-phonon buildup (see Fig. 4) 
consistent with decreased anharmonicity at lower phonon temperature. So the inclusion of ph-ph scattering is 
essential for explaining the observed time delay.

Some previous experiments and calculations in the literature agree with out result. They are not consistent 
with the dominance of e-h channel in the G-phonon population buildup. For example, phonons are still emitted 
efficiently in the early stage even when doping puts EF well below or above half of G-phonon energy28. As the 
interband transition that contributes to G-phonon emission is suppressed with doping, the G-phonons would not 
be generated as fast as in the undoped samples by direct e-h recombinations, which suggests that G-phonons are 
emitted by other processes. However, all these results are consistent with our scenario.

To conclude, we applied TRR and trARPES to investigate e-ph relaxation in graphite within a few hundred 
femtoseconds. Our simulations combined with experimental results show that instead of electrons coupling to 
G-phonons directly, K-phonons are emitted via strong e-ph scattering and then transfer energy to G-phonons via 
ph-ph scattering. This relaxation pathway is also consistent with previously published experiments and calcula-
tions28,29,44,41, though the mechanism was not explicitly discussed.

Our findings have a broader implication for understanding of e–h relaxation processes in other materials 
such as light absorbers where maximizing photoexcited carrier lifetime is an important engineering challenge. 
For example in graphite and graphene, carrier recombination could be slowed down significantly by reducing 
the coupling between the K-point phonons and G-phonons. Thus it is essential to understand and control ph-ph 
interactions in addition to e-ph ones in order to design better optical absorbers and optoelectronic devices.

S. Piscanec et al. Phys. Rev. Lett. 93, 185503 (2004) S. Berciaud et al. PRL 104, 227401 (2010)
M. Lazzeri et al. Phys. Rev. B 73, 155426 (2006) G. Montagnac et al. Carbon 54, 68–75 (2013).
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Figure 1. (a) G-phonon temperature (blue dots) inferred from the Stokes/anti-Stokes ratio and the fits from the 2T model
(green line) and the anharmonic hot phonon (AHP) model (red line). (b) Sketch of energy transfer during the hot carrier
relaxation. Thicker arrows represent faster processes.

quickly (few hundred fs) via strong e-ph coupling. Other e-ph and ph-ph interactions are assumed to be much weaker resulting
in the whole system reaching thermal equilibrium at much longer picosecond timescales.

Due to superior time-resolution (⇠ 90 fs) we were able to observe G-phonon population (data points in Fig. 1(a) ) as a
function of time in the sub-picosecond region by Raman scattering. The unexpected result is that hot G-phonons are generated
about 80 fs later than predicted by the 2T model (red line in Fig. 1(a) ). Furthermore, the ARPES measurements show that the
e-h pairs decay faster than expected from e-ph coupling to the G-phonon. This suggests that hot carriers couple to G-phonons
not directly but via an intermediate excitation that is not Raman active (red line in Fig. 1(a) ). We argue that K-phonons play
this role (Fig. 1(b) ). Our results agree with LDA calculation that predicts that e-h pairs predominantly decay into K-phonons28.

Results
The Raman spectrum of graphite has two main features: the G peak at ⇠1580 cm�1 and the 2D peak at ⇠2700 cm�1 (Fig. 2(b)).
The G peak originates from the zone center E2g phonon. The 2D peak is due to the two-phonon scattering at K points called
double resonance29–31. These peaks measured by the 395 nm ultrafast probe pulse sit on a luminescence background and have
larger linewidths due to the finite bandwidth of the pulse. The absence of the defect-induced D peak (⇠1350 cm�1) indicates
good quality of our sample. Fig. 2(c) displays the anti-Stokes spectra at various delay times. We fit the phonon spectrum at
each time delay with a Gaussian (Fig. 2(d)) and then extracted the integrated intensity (Fig. 2(e) blue dots and inset).

The temporal evolution of the G-phonon can be fit with two exponential functions convolved with the instrument response.
The time constant tgrowth is 220 ± 20 fs for the quick buildup of G-phonons and tdecay is 2400 ± 83 fs for the slow decay
(Fig. 2(e) inset). The G-phonon temperature is determined from the G peak intensity ratio on the Stokes and anti-Stokes sides
IS/IAS = exp(h̄W/kBTG), where h̄W is the G-phonon energy, kB is the Boltzmann’s constant and TG is phonon temperature (Fig.
1(a) ). The G-phonon temperature is over 3000 K around t = 400 fs and decreases to room temperature with the time constant of
2.4 ps, which is in good agreement with previous results19, 25. The slow decay has been attributed to the energy transfer from
G-phonons to other phonon modes via anharmonic coupling21, 32.

We now briefly discuss the electronic background, which has been assigned to hot carrier luminescence33. Fig. 2(d) inset
shows that the background starts to increase at t = -200 fs and reaches its maximum at t ⇠ 0 fs, when the G-phonons begin to
appear. The background then decreases to the initial level at t = 300 fs, while the phonon intensity keeps increasing from t = 0
fs to t= 300 fs. This behavior reflects changes in electronic temperature and is consistent with previous reports33–36. However,
it is not possible to read out instantaneous electronic temperatures from the observed intensities.

We directly probed electronic dynamics by trARPES (Fig. 3). Electronic temperature Tel was determined by fitting the slope
of the high energy tail in the momentum-integrated ARPES spectra (Fig. 3 inset). Tel increases rapidly after an optical excitation
and reaches 3400 K at t = 100 fs. Tel fits well to a bi-exponential decay with decay times of t f ast = 0.35 ps and tslow = 3.5 ps.
The decay of Tel has a similar timescale to the one observed by previous photoemission experiments1, 2, 5. The 2D Raman peak
also reflects electronic temperature, though it is less precise than trARPES due to self-pumping (see supplementary).
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