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We report on the study of electron kinetics induced by intense, fs-laser excitation of electrons in
the 5d band of Au. Changes in the electron system are observed from the temporal evolution of ac
conductivity and conduction electron density. The results reveal an increase of electron thermaliza-
tion time with excitation energy density, in contrary to the Fermi-liquid behavior of the decrease of
thermalization time associated with the heating of conduction electrons. This is attributed to the
severe mitigation of photo-excitation by Auger decay. The study also uncovers the shortening of
5d hole lifetime with the increase of photo-excitation rates. These unique findings provide valuable
insights for understanding electron kinetics under extreme non-equilibrium conditions.

PACS numbers: 52.50.Jm, 52.27.Gr, 71.15.-m, 72.80.-r10

In non-equilibrium Warm Dense Matter research, ex-11

periments have long been focused on states with un-12

equal electron and ion temperatures. These include13

studies of electrical conductivity and dielectric function14

[1–4], electron-ion coupling [5–14] and lattice stability15

[7, 8, 14, 15]. However, little is known about the states16

with non-Fermi-Dirac electron energy distribution and in17

particular the effects of electron kinetics under such non-18

equilibrium conditions. The missing information is not19

only of fundamental interest, it is also becoming a vital20

focus in the rapidly expanding investigations of Warm21

Dense Matter produced by ultrafast heating of solids us-22

ing high-intensity lasers, FELs and laser-generated par-23

ticle beams. Common among these states are their24

strongly out-of-equilibrium electron systems. As yet, in-25

vestigations have been concerned with photo-excitation26

of conduction electrons at very low laser fluences. A sem-27

inal study is the photoemission spectroscopy measure-28

ment of the temporal evolution of electron energy distri-29

bution in Au heated by 1.84eV, 180fs laser pulses [16].30

The results show that thermalization time is reduced31

from 1300fs to 670fs when the absorbed laser fluence is32

increased from 120µJ/cm2 to 300µJ/cm2. The behav-33

ior is modeled with some success using Boltzmann equa-34

tion calculations in the relaxation time approximation35

while treating energy transfer from electron to ions with36

an electron-ion coupling constant of 4×1016W/m3K. The37

experimental data are in much better agreement with nu-38

merical solutions of the Boltzmann equation for the one-39

particle matrix [17], albeit for an electron-ion coupling40

constant of 2.7×1017W/m3K. On the other hand, later41

measurements of transient reflectivity and transmissiv-42

ity in 1.06µm-800nm, 140fs laser heated Au suggest that43

electron thermalization occurs in ∼500fs, independent of44

incident laser fluence between 2.5-200µJ/cm2 [18]. How-45

ever, this finding also contradicts the results of Boltz-46

mann calculations incorporating the density of states of47

5d and 6s, p electrons that show the decrease in electron48

thermalization time with absorbed laser fluence between49

10 to 650µJ/cm2 [19]. On the other hand, the new and50

pressing question is how electron kinetics behaves in the51

far broader regime of strongly out-of-equilibrium Warm52

Dense Matter where (a) the excitation energy density53

readily exceeds 1 eV/atom and (b) the density of pho-54

toelectrons readily exceeds 1 electron/atom. It may also55

be noted that this is a distinctly different regime than56

photoexcitation of semiconductors where significant ad-57

vances have been made [20–22].58

Here, we report on the study of the effects of elec-59

tron kinetics during electron thermalizaton in photo-60

excitation of 5d electrons in non-equilibrium warm dense61

Au. In the experiment a 400nm, 48fs (FWHM) laser62

pulse is focused at normal incidence to a 100µm-FWHM63

Gaussian spot on a 30nm-thick, freestanding Au foil in64

vacuum. The pre-pulse contrast of the 800nm laser beam65

is 10−4 at 0.5ps prior to the peak of the pulse [23]. The66

corresponding contrast of the 400nm laser beam is es-67

timated to be ∼10−8. Laser absorption in the foil is68

determined directly from simultaneous measurements of69

the incident, transmitted and reflected laser beams with70

a spatial resolution of 5µm. This shows that the process71

remains linear for incident fluences up to 0.55J/cm2. The72

measured absorption of 47±4% is in good agreement with73

the value calculated from the known dielectric function74

of Au at normal conditions for photon energy of 3.1eV75

(400nm) where the 5d-6sp interband contributions dom-76

inate [24]. In this study, we have thus limited the maxi-77

mum incident fluence to 0.53J/cm2 (with corresponding78

absorbed energy density of 4.3MJ/kg) where laser ab-79

sorption leads to single-photon excitation of 5d electrons.80
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FIG. 1. The temporal evolution of σr and σi at 800nm. Time
zero corresponds to the time of peak pump laser intensity.
The data points at time zero and -45fs are denoted by open
circles as a reminder that at these early times, energy de-
position in the foil may not be uniform. The red line is a
cumulative Gaussian function best fitted to data. The red
dotted line (in arbitrary unit) shows the underlying Gaussian
function. The vertical red dashed line marks the electron
thermalization time.

For incident fluences above 0.55J/cm2, the reduction in81

laser absorption has been attributed to the effect of in-82

hibited ballistic electron transport [25].83

To monitor the effect of electron kinetics, we follow the84

temporal evolution of the optical properties of the heated85

foil. An 800nm, 51fs (FWHM) probe laser pulse is used86

to illuminate at 45o incidence an ∼1mm-diameter spot87

that is concentric with the pump laser focal spot. The88

reflectivity R and transmissivity T of the probe are mea-89

sured from a central 30µm-diameter region of the pump90

laser spot while an unheated region of the foil is used to91

provide in-situ calibration. Across this 30µm-diameter92

region, the pump laser fluence varies by ±7% from its93

mean value. Here, the absorbed fluence Φabs and the94

corresponding excitation energy density ∆ε (∆ε=Φabs/L95

and L is foil thickness of 30nm) refer to their mean values.96

The original R, T data are presented in the Supplemental97

Materials. As R and T are determined by both the op-98

tical properties and the thickness of the heated sample,99

it is more definitive to examine instead ac conductivity100

that is an intrinsic physical property of the state. This is101

obtained from the solution of the Helmholtz equations for102

the propagation of an electromagnetic wave in a uniform103

dielectric slab (the heated foil), using R and T as the in-104

put parameters [1, 2, 26]. The temporal evolution of the105

real and imaginary parts of ac conductivity (σr and σi) is106

presented in Fig. 1. Laser excitation causes σr to increase107

until it reaches quasi-steady-state maximum. The onset108

of the quasi-steady-state is delayed more and more with109

increasing ∆ε. In contrast, σi is found to increase to a110

local maximum, followed by a slow decrease. The time it111

takes to reach this local maximum appears independent112

of ∆ε. These different temporal behaviors can be at-113

tributed to the origin of the two quantities. As described114

by the Kubo-Greenwood formula, σr sums the contri-115

butions from all allowed transitions at a specific probe116

photon frequency. With the 1.55eV (800nm) probe, σr is117

effectively sampling the DOS in the conduction band and118

hence uniquely sensitive to the free electron density. On119

the other hand, σi includes contributions from σr at all120

frequencies as defined by the Kramers-Kronig relation.121

It is thus sensitive to the entire electron distribution in122

the DOS.123

With its direct link to the DOS of the 6sp band, σr is of124

particular interest. In the absence of theoretical predic-125

tions, σr(t) is fitted with a cumulative Gaussian function126

F (t) =
∫ t

−∞ f(t)dt, where f(t) is the underlying Gaus-127

sian function given by f(t)=exp(−t2/τ2) and τ is its 1/e128

time constant, as illustrated in Fig. 1. In this represen-129

tation, f(t) corresponds to the temporal rate of change130

of σr resulting from the competing electron kinetics pro-131

cesses that drive σr towards a quasi-steady-state value.132

For practical reasons, the onset of the quasi-steady-state133

is taken to occur at t = 2τ where F (t) reaches 99.7% of it134

maximum value, as indicated by the vertical red dashed135

lines in Fig. 1. To understand the physical meaning of136

the quasi-steady-state, Fig. 2(a) shows the comparison137

of the quasi-steady-state value of σr with that measured138

at the time when the electron subsystem is thermalized139

[2]. The good agreement indicates that electron ther-140

malization is achieved in the quasi-steady-state. Accord-141

ingly, the time to reach the quasi-steady-state of σr is142

also the electron thermalization time τth. This finding is143

presented in Fig. 2(b). It reveals the increase of τth with144

excitation energy density above 2.7MJ/kg. This contra-145

dicts the familiar Fermi-liquid behavior of the decrease146

of τth with energy density seen in the heating of conduc-147

tion electrons [16–19]. The new phenomenon is evidently148

linked to the excitation of 5d electrons in Au. It may be149

noted that the apparently constant τth below 2.7MJ/kg150

reflects the temporal resolution limit of our measurement.151
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FIG. 2. (a) σr as a function of excitation energy density
∆ε. The red squares are the new data and the black circles
are data taken from [2]. (b) τth as a function ∆ε. The red
and blue circles are results derived from σr(t) and ne(t) re-
spectively. The error bars for τth correspond to uncertainties
resulting from the discrete time steps.

To shed light on the effect of electron kinetics prior to152

thermalization, we turn our attention to the conduction153

electron density ne that can be compared directly with154

results of electron kinetics calculations. To determine ne,155

we note that Drude behavior of the imaginary part of the156

dielectric function εi for photon energies below 1.9eV has157

been observed in fs-laser heated Au in both the ther-158

malized states with energy density up to 4.7MJ/kg and159

the states prior to thermalization with energy density of160

2.9MJ/kg [4]. This indicates that the dielectric function161

is dominated by intraband contributions of 6sp electrons,162

while the 5d intraband contributions and 5d-6sp inter-163

band contributions play a minor role. The finding leads164

to the derivation of ne using a Drude-model interpreta-165

tion of the dielectric function obtained from the measured166

ac conductivity [27]. Following the same approach, we167

have deduced the temporal evolution of ne as presented168

in Fig. 3. The similar temporal characteristics of ne(t)169

and σr(t) is the result of the Drude behavior. Hence, a170

cumulative Gaussian distribution function is also fitted171

to ne(t). This yields electron thermalization times sim-172

ilar to those derived from σr(t) within the uncertainties173

introduced by the discrete time steps, as shown in Fig.174

2(b).175

Here, of even greater significance is the increase in elec-176

tron density ∆ne* at the end of laser excitation at t=45fs177

(as identified in Fig. 3d), where ∆ne*=(ne* - ne0), ne*178

is the electron density at t=45fs and ne0=5.9×1022 cm−3179

is the initial electron density. The first important finding180

is ∆ne*� npe*, the total density of the photoelectrons181

produced during the pump laser pulse, as shown in Fig.182

4(a). For single-photon absorption, npe*=∆ε/(e · hν)183

cm−3 where e=electron charge and hν=3.1eV. This re-184

veals that during the pump laser pulse, photo-excitation185

of the 5d electrons is severely mitigated by Auger de-186

cay of the 5d holes. The impact of this behavior is far187

reaching. As shown in Fig. 4(b), Auger decay also ren-188
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FIG. 3. Temporal evolutions of ne. Time zero corresponds
to the time of peak pump laser intensity. The data points at
time zero and -45fs are denoted by open circles as a reminder
that at these early times, energy deposition in the foil may not
be uniform. The blue line is a cumulative Gaussian function
best fitted to data. The blue dotted line (in arbitrary unit)
shows the underlying Gaussian function. The vertical blue
dashed line marks the electron thermalization time.

ders ∆ne* less than ∆nthe , the increase in electron den-189

sity at thermalization defined by the difference between190

the quasi-steady-state and the initial electron densities191

(as marked in Fig. 3d). This means that at the end of192

photo-excitation, Auger decay causes the density of 6sp193

electrons to fall below that of a thermalized electron sys-194

tem, creating a strongly out-of-equilibrium system. A195

further discovery is that ∆ne* lags increasingly behind196

∆nthe for ∆ε above 2.7MJ/kg. This indicates that more197

intense photo-excitation leads to escalating deviations of198

the occupation of the 5d and 6sp bands from equilib-199

rium. The phenomenon is crucial for understanding the200

subsequent thermalization process.201

To quantify the effect of Auger decay, we consider the202

change in atomic configurations via (i) photo-excitation203

of 5d106s+hν → 5d96s6p and (ii) Auger decay of 5d96s6p204

→ 5d10+eAuger. The density n2 of the photo-excited205

state 5d96s6p can be described by the rate equation:206
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dn2(t)

dt
= ΓPE(t)− γ2n2(t) (1)

where ΓPE(t)=Iabs(t)/(d.e.hν)cm−3 · s−1 is the rate207

of increase of n2 due to single-photon excitation, Iabs is208

the absorbed pump laser intensity in units of W/cm2,209

d=sample thickness=3 × 10−6cm, and the Auger decay210

rate γ2 is given by 1/τh assuming a constant lifetime τh211

of 5d holes. Fig. 5 shows ΓPE(t) for ∆ε of 4MJ/kg and212

the corresponding n2(t) for different values of τh. Here,213

n2(t) has been convoluted with a 51fs(FWHM) Gaussian214

instrumental function to facilitate comparison with ob-215

servations. Since the 5d96s6p configuration corresponds216

to the addition of a photoelectron in the 6sp band, ∆ne*217

is the same as n2(t=45fs). From Fig. 5, it is evident218

that n2(t=45fs) is strongly dependent on τh. We can219

thus use the values of ∆ne* from Fig. 3 to deduce the220

corresponding values of τh at different excitation energy221

densities. This yields the first assessment of 5d hole life-222

time in strongly out-of-equilibrium Warm Dense Matter.223

Equally significant, the results uncover the shortening224

of τh with the increase of excitation energy density ∆ε,225

as shown in Fig. 6. Here, it is important to recognize226

that ∆ε is time-integrated over the total duration (∼90fs)227

of the pump laser pulse. With τh of 10-22fs, it seems228

more pertinent to quantify the role of laser excitation229

by the photo-excitation rate and in particular the photo-230

excitation rate ΓPE(t=0) at the time of peak pump laser231

intensity (Fig. 5). Accordingly, we have correlated the232

shortening of τh directly with the increase of ΓPE(t=0)233

as presented in Fig. 6. Furthermore, we may note that234

although our deduced τh is consistent with the predicted235

lifetimes in the range of 10fs-22fs for 5d holes with energy236

of 3.1ev to 2eV below the Fermi energy in Au at normal237

conditions [28], our values should be considered as upper238

bounds since the secondary process of collisional excita-239

tion of 5d electrons has not been included in our rate240

equation.241

With the above findings, we can also construct a physi-242

cal picture to describe electron kinetics induced by ultra-243

fast photo-excitation of 5d electrons in Au. During the244

pump laser pulse, single-photon absorption via 5d-6sp245
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transitions leads to photoelectrons with energies <1.1eV246

above EF and 5d holes at 2 to 3eV below EF . As ra-247

diative decay of 5d holes is expected to be insignificant,248

photo-excitation and Auger decay constitute the primary249

processes in this early stage. With Auger decay play-250

ing a dominant role, what emerges at the end of photo-251

excitation is a strongly out-of-equilibrium system charac-252

terized by a non-Fermi-Dirac electron energy distribution253

with an excess of 5d electrons and a deficit of 6sp elec-254

trons, accompanied by the presence of energetic photo-255

electrons and Auger electrons in the 6sp band. To reach256

thermalization, the population of the 5d and 6sp bands257

will be regulated by collisional excitation and Auger de-258

cay while the 5d and 6sp electrons relax toward a Fermi-259

Dirac distribution via electron-electron scattering. As260

the excitation energy density increases, the lifetime of261

5d holes appears to be shortened, causing the system262

to deviates further from equilibrium. More time is then263

needed for the relaxation of the system. This leads to264

the increase of electron thermalization time when the ex-265

citation energy density is increased, as observed in the266

experiment.267
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In conclusion, we have obtained the temporal evolu-268

tion of ac conductivity and conduction electron density269

resulting from fs-laser heated Au as the first study of270

ultrafast photo-excitation of 5d electrons at energy den-271

sities up to 4.3MJ/kg. The results reveal that (i) photo-272

excitation is severely mitigated by Auger decay giving273

rise to a strongly out-of-equilibrium system at the end274

of the pump laser pulse, (ii) during photo-excitation, the275

lifetime of 5d holes has an upper bound of 10-20fs and276

decreases with increasing excitation energy density, and277

(iii) the time for the non-equilibrium electron system to278

reach thermalization increases from 100fs to 300fs when279

the excitation energy density is raised from 1.3MJ/kg to280

4.3MJ/kg. These findings are unique characteristics for281

testing non-equilibrium electron kinetics model. They282

have also been used to construct a physical picture de-283

scribing the roles of the underlying processes, as guidance284

for the development of theoretical models.285
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