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This work considers the effects of intra- and direct interband transitions on electron heat

capacity and the electron-phonon coupling factor in metals. In the event of an interband

transition, the population of the electron bands around the Fermi level will change, affecting

the electron density of states and subsequently the thermophysical properties. In the event of

photon-induced interband transitions, this repopulation can occur even at relatively low

temperatures. This introduces a photon energy-dependent population term into density of

states calculations when examining the effects of direct interband transitions on electron heat

capacity and the electron-phonon coupling factor in temperature regimes where traditionally

only intraband transitions are considered. Example calculations are shown for copper and the

two-temperature model is solved using the interband-dependent values of electron heat

capacity and electron-phonon coupling factor to examine the effect of these transitions on

the transient electron temperature after short-pulsed laser heating.
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INTRODUCTION

Electron-phonon energy transfer after short-pulsed laser heating is becoming a
critical factor in many nanoscae applications. As characteristic length and timescales
continue to decrease, the thermal resistances associated with electron-phonon energy
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processes are becoming comparable to typical thermal resistances associated with
thermal transport in [1] or across the solid interfaces [2, 3] of devices. With the
increasing importance of short-pulsed heating and subsequent electron-phonon
processes in fundamental research and engineering applications [4–9], the need to
accurately predict the thermophysics associated with these processes is rapidly
increasing.

Immediately after partial absorption of an incident laser pulse by the electrons in
a solid, the energy of the absorbed photon, h�, where h is Planck’s constant and � is the
photon frequency, causes the electron to excite to a higher energy state. If the excited
state is within the same energy band, this excitation is called an intraband transition. If
the energy of the absorbed photon is greater than the energy of an allowable excitation
between bands, then the excited electron will undergo an interband transition. Since
Fermi smearing affects the available energy states within approximately 3kBTe of the
Fermi energy, "F, where kB is Boltzmann’s constant and Te is the electron system
temperature [10], the various intra- and interband transitions will relocate electrons to
states as low as 1.5 kBT below the Fermi energy to energies as high as the vacuum level,
depending on h�.

The minimum photon energy required to excite an electron to undergo an
interband transition to an empty state near the Fermi energy is called the interband
transition threshold (ITT) [5]. The ITT is dependent on the band structures and relative
energies of the outermost filled and innermost partially filled or empty electron bands
(relative to the nucleus). Therefore, the ITT is unique for any given material. For
semiconductors and insulators, the ITT is the bandgap, and it represents the energy
difference between the valence (outermost filled) and conduction (innermost empty)
bands. Metals, however, are more complex since electron energy bands can overlap

NOMENCLATURE

A Absorbed laser fluence, J m-2

C Heat capacity, J m-3 K-1

D Density of states per unit energy
per unit volume, eV-1 m-3

d Film thickness, m
G Electron-phonon coupling factor,

W m-3 K-1

G0 Electron-phonon coupling
constant, W m-3 K-1

g Gibbs free energy, eV m-3

k Wavevector, m-1

kB Boltzmann’s constant, eV K-1

h Planck’s constant, eV s
�h Planck’s constant divided by 2�,

eV s
ITT Interband transition threshold
N Atomic number density, m-3

n Electron number density, m-3

T Temperature, K
t time, s

tp pulse width, s

Greek Symbols

� Sommerfeld coefficient, J m-3 K-2

" Energy, eV
"F Fermi energy, eV
�D Debye temperature, K
� Electron phonon mass

enhancement parameter
� Chemical potential, eV
� Photon frequency, Hz
� Mass density, kg m-3

!2
� �

Second moment of the phonon
spectrum, s-2

Subscripts

d d-Band
e Electron
L Lattice
s s/p-Band
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around the Fermi energy, allowing these bands to be partially filled. This, in fact, is
what makes metals better electrical conductors than semiconductors and, conse-
quently, why electron-phonon scattering is such a dominant form of electrical and
thermal resistance in metals. In a transition metal, for example, the s-band/d-band
crossing is at an energy equal to or greater than the Fermi energy. This produces
several allowable low-energy d-band (valence d-band) to s-band interband transitions
along with intraband transitions in both the d1-band and s-band. For example, Cr has
interband Fermi transitions at 0.8 (ITT), 1.0, 1.4, and 1.6 eV [11]; W has transitions at
0.85 (ITT), 1.6, and 1.75 eV [11]; and Ni has transitions at 0.25 (ITT), 0.4, and 1.3 eV
[12]. This poses experimental difficulty in isolating the effects of interband transitions
on electron-phonon coupling [13]. However, noble metals have a very distinct, high-
energy ITT since the s-band/d-band crossing is significantly lower than the Fermi level,
and therefore only the s-band is partially filled. Therefore, the lowest energy d-band to
available s-band transition is very large for Cu (2.15 eV), Au (2.4 eV), and Ag (4 eV)
[14], making these metals ideal candidates to examine the effects of interband transi-
tions on the thermophysics governing electron-phonon scattering. Figure 1 shows
various transitions in a generic noble metal. The energy of the bands is shown as a
function of wavevector, �k. This schematic represents a noble metal, as there is a large
separation of the d-band from the Fermi energy. An intraband transition is depicted as
an electron being excited from a state near the Fermi energy in the s/p-band (empty
circle) to a higher energy in the same band (filled circle in Figure 1. Note, in intraband
transitions, conservation of momentum in �k space is upheld through scattering with a
phonon [elastically—this process occurs during electron relaxation into the Fermi
distribution and the effects on the thermophysical process of electron-phonon cou-
pling analyzed in this article is negligible during the time scale of interest]). The

Figure 1. Schematic depicting intraband transition and various interband transitions in a noble metal.

Whereas an intraband transition creates an electron/hole pair in the same band, an interband transition

creates an electron/hole pair in different bands. The ITT is the minimum separation of the d-band from the

Fermi energy at T = 0. As temperature is increased, photons with energies less than the ITT can excite an

interband transition due to Fermi smearing which creates empty states in the s/p-band below the Fermi

energy.
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interband transitions are depicted by the processes in which an electron is excited from
the d-band to the s/p-band. These transitions are shown for various temperatures—T
=0, T1, and T2 where T1 , T2—to illustrate the effects of Fermi smearing on the ITT.
This will be discussed more quantitatively in the next section.

In this article, the effects of interband transitions, and subsequent repopulation
of the s-and d-bands near the Fermi energy, on the temperature dependencies of the
electron heat capacity [15], Ce, and electron-phonon coupling factor [16], G, are
examined. The following section presents the theory and equations governingCe and
G calculations including thermal and photonic d-band to s-band excitations near the
Fermi surface. The section on incidence of thermal and photonic excitations presents
calculations of the temperature dependencies of Ce and G for Cu from 300 to 10,000
K. Copper was chosen since its band structure can be approximated with simple
functions [17, 18], and the thermal excitations of d-band electrons due to Fermi
smearing have been studied with approximate [19] and exact [20] band structure
calculations (in addition to the reasons discussed above). The section on transient
change in electron temperature uses the temperature-dependent calculations from
the preceding section to examine the temporal electron temperature decay after pulse
absorption as a function of absorbed photon energy using a two-temperature model
(TTM) [21].

THEORY

It is well known from free electron theory that the outermost filled s/p-band in
metals can be estimated by a parabolic dispersion in "(�k) space, where "(�k) is the
energy as a function of wavevector, �k [22]. From this, the density of states per unit
energy per unit volume in the parabolic valence band can be estimated by [22]:

Ds "ð Þ ¼
3ns
2

"

"F

� �1=2
1

"F
ð1Þ

where ns is the number of electrons per unit volume in the s/p-band. With Eq. (1), the
electronic heat capacity as a function of temperature is calculated by [15]:

Ce;s Teð Þ ¼
Z1

0

"� � Teð Þð ÞDs "ð Þ
@f

@Te
d" ð2Þ

where f is the Fermi-Dirac distribution function given by:

f ¼ 1

1þ exp "�� Teð Þ
kBTe

h i ð3Þ

where � Teð Þ is the chemical potential. In the low-temperature limit where the chemical
potential is approximately constant at the Fermi energy and the temperature deriva-
tive of Eq. (3) is only non-zero near the Fermi energy [17], Eq. (2) simplifies to the
familiar expression for specific heat that is linear with temperature and given by:
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Ce;s Teð Þ ¼ �Te ð4Þ

where the linear coefficient � is the Sommerfeld coefficient [23] and calculations of �
agree well with experiments in the noble metals [15] assuming a density of states as
given by Eq. (1). Continuing with these density of states and temperature assumptions,
the electron-phonon coupling constant can be estimated by [24, 25]:

G0 ¼
3�h� !2

� �
�

�kB
ð5Þ

where � is the dimensionless electron phononmass enhancement parameter [26], !2
� �

is
the second moment of the phonon spectrum [27], and �h ¼ h=2�. Often, the units of !2

� �
are reported in terms of meV2, in which case there is an implied factor of �h2 since the
units of !2

� �
in Eq. (5) are s-2. Therefore, given !2

� �
in units of meV2, Eq. (5) is recast as

G0 ¼
3� !2
� �

�

��hkB
: ð6Þ

Considering relatively small electronic excitations that induce only s/p-band intraband
transitions around the Fermi level, Eqs. (4) and (5) or (6) hold for evaluating the electron
heat capacity and electron-phonon coupling constant using Eq. (1) for the density of
states of the s/p-band. The key to evaluating Eqs. (5) and (6) is determining � Teð Þ in Eq.
(3), which is accomplished by evaluating

ns ¼
Z1

0

Ds "ð Þfd" ð7Þ

and iterating � Teð Þ at variousTe until ns becomes the constant value for the free electron
number density for the metal of interest [22].

In the case of large thermal excitations where Fermi smearing excites electrons in
the d-bands to higher energies in the s/p band, Eqs. (5) and (6) must be reevaluated to
take into account the d-band’s density of states [7, 8, 19, 20]. In this case, Eq. (1) must be
recast as

D "ð Þ ¼ 3ns
2

"

"F

� �1=2
1

"F
þDd "ð Þ ð8Þ

where Dd(") is the density of states per unit energy per unit volume of the d-bands. The
electronic heat capacity as a function of temperature is then calculated by:

Ce Teð Þ ¼
Z1

0

"� � Teð Þð Þ Ds "ð Þ þDd "ð Þð Þ @f
@Te

d": ð9Þ

The electron-phonon coupling factor as a function of temperature is evaluated by [28]:
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G Teð Þ ¼
��hkB� !2

� �
Ds "Fð Þ þDd "Fð Þ

Z1

0

Ds "ð Þ þDd "ð Þð Þ2 � @f
@"

� �
d" ð10Þ

or, if !2
� �

is given in units of meV2,

G Teð Þ ¼
�kB� !2

� �
�h Ds "Fð Þ þDd "Fð Þð Þ

Z1

0

Ds "ð Þ þDd "ð Þð Þ2 � @f
@"

� �
d": ð11Þ

Note that in the case of the noble metals, Dd "Fð Þ � 0 and at low temperatures (i.e., no

thermal d-band excitations) �@f=@" reduces to a delta function centered on the Fermi

energy. Therefore, since by free electron theory �
k2
B
�2
¼ ns

2"F
, at low temperatures Eqs. (10)

and (11) reduce to Eqs. (5) and (6), respectively [20]. As before, the key to calculations of
Ce Teð Þ and G Teð Þ is determination of � Teð Þ, which, when considering d-band excita-
tions, is accomplished by evaluating

ns þ nd ¼
Z1

0

Ds "ð Þ þDd "ð Þð Þfd" ð12Þ

in a similar manner as Eq. (7).
The analysis of Eqs. (8)–(12) takes into account thermal excitations from d-

bands to energy states around the Fermi level (those influenced by Fermi smearing).
If the electron system is excited with an absorbed energy greater than the ITT (hv� ITT),
electrons in the d-bands will be excited to empty states in the s/p-band near the Fermi
level through direct interband transitions (for example, excitations thatmay occur during
ultrashort pulse laser irradiation). This will cause a depopulation of the d-band and an
increase in the electron number density in the s/p-band near the Fermi energy. This will
affect calculations of � Teð Þ, Ce Teð Þ, and G Teð Þ since now there are two competing
processes that influence the populations in the s/p-band and the d-bands: (1) thermal
excitations resulting in Fermi smearing and promoting electrons in the d-bands up to
excited states in the s/p band; and (2) photonic excitations resulting in direct inter-
band transitions also causing a change in the electronic population of the two bands.
As the temperature of the electron system increases, empty states will become
available below the Fermi level due to Fermi smearing. So at finite temperatures,
photonically induced direct interband transitions will occur when hv� ITT–1.5kBTe.
Assuming that enough photons are absorbed by the electrons to fill all of the Fermi
smearing–induced empty states below the Fermi level, then when the incident photon
energy is greater than ITT–1.5kBTe, the number of filled states in the valence
s/p-band that are populated by electrons from the d-bands below the Fermi level
can be approximated by:
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nexcited h�ð Þ ¼
Z1

0

Ds "ð Þ 1� fð Þ 1�H "� � Teð Þ � ITT� h�ð Þ½ �ð Þ

fd"; h� � ITT� 1:5kBTe

nexcited ¼ 0; h�<ITT� 1:5kBTe

ð13Þ

where H is the Heaviside function. Therefore, in the event of these interband transi-
tions, the population of the s/p-bands will increase by nexcited and the population of
the d-bands will decrease by nexcited. This will affect the density of states in the bands
and will alter subsequent calculations of � Teð Þ, Ce Teð Þ, and G Teð Þ. As seen in Eq.
(13), in this analysis it is assumed that when hv , ITT–1.5kBTe, no interband
excitations will occur [10]; that is, when hv , ITT–1.5kBTe, nexcited = 0.

INFLUENCE OF THERMAL AND PHOTONIC EXCITATIONS ON � Teð Þ, Ce Teð Þ,
AND G Teð Þ IN Cu

In this section, the theory developed above is used to calculate � Teð Þ, Ce Teð Þ, and
G Teð Þ. Approximate [19] and exact band [20] structure calculations for Cu give previous
results for comparison against the photonic excitation theory developed in this work.
Copper has a Fermi energy of "F=7.00 eV [15] and an ITT of 2.15 eV [14]. The electron
configuration in the two outermost bands is 3d104s1. The mass density, �, of FCC Cu is
8960 kg m-3 [22] from which the atomic density, N, is calculated as 8.5 · 1028 m-3.
Therefore, the electron densities in the 4s and 3d-bands are ns=8.5 · 1028m-3 and nd=
8.5 · 1029 m-3, respectively. The density of states of the 4s-band is given by:

Ds "; h�ð Þ ¼
3 8:5 · 1028 þ nexcited
� �

14

"

7

� 	1=2
ð14Þ

where nexcited is given by Eq. (13). The density of states of the 3d band can be approxi-
mated by aGaussian distribution in energy space [18] centered at 3.1 eV below the Fermi
energy with a full-width-half-max (FWHM) of 3 eV [18, 19]. The magnitude of the 3d
density of states per unit volume is simply nd and, therefore, the density of states of the 3d
band of copper is approximated by:

Dd "; h�ð Þ ¼ 0:94

3
8:5 · 1019 � nexcited
� �

exp �2:77 "� 3:9

3

� �
 �2
: ð15Þ

Figure 2 shows the density of states approximations for the 3d10 and 4s1 bands as a
function of energy used in these calculations. Also shown in this figure are the tempera-
ture trends of the Fermi-Dirac distribution as a function of energy for various tempera-
tures, assuming � Teð Þ ¼ "F (note that this is not assumed in the actual calculations of
Ce Teð Þ and G Teð Þ).

With Eqs. (14) and (15), the chemical potential of Cu is calculated using Eq.
(12) and the method described in the previous section. The changes in chemical
potential in Cu as a function of temperature are shown in Figure 3 for the cases of:
(1) only thermal excitations in the 3d and 4s bands (solid line: d-band thermal
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excitations only); (2) sub-ITT photonic excitations causing interband transitions
from the 3d band to available states in the 4s band in addition to thermal excitations
in the 3d and 4s bands (dashed lines: h�= 1.55 eV, h�= 1.75 eV, and h�= 1.95 eV);
and (3) ITT photonic excitations with thermal excitations (dotted line: h� = 2.15 eV).
When there is no photonic excitation, � Teð Þ increases with temperature due to the

Figure 3. Changes in chemical potential in Cu as a function of temperature for the cases of only thermal

excitations in the 3d and 4s bands (solid line: d-band thermal excitations only); sub-ITT photonic excitations

causing interband transitions from the 3d band to available states in the 4s band in addition to thermal

excitations in the 3d and 4s bands (dashed lines: h� = 1.55 eV, h� = 1.75 eV, and h� = 1.95 eV); and ITT

photonic excitations with thermal excitations (dotted line: h� = 2.15 eV).

ε

Figure 2. Approximations for the density of states of the 3d10 and 4s1 bands in Cu used in this work. The

vertical dashed line represents the Fermi energy (7.00 eV). The dashed lines represent calculations of the

Fermi-Dirac distribution function (Eq. (3)) to show the electron occupancy probability as a function of

energy at different temperatures. Note that the Fermi-Dirac distribution calculations are simply added as a

visual aid to show trends in how empty states below the Fermi energy become available with temperature and

assume� Teð Þ ¼ "F. Note that the exact calculations of Eq. (3) used in this workwill differ from that shown in

this figure due to the different temperature dependencies of � Teð Þ based on the specific excitation event.
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number of empty states increasing in the 3d band, in agreement with Lin et al. [20], as
opposed to the decrease in � Teð Þ when considering only the 4s band as predicted from
the Sommerfeld expansion [22].With photonic excitations below the ITT, � Teð Þ sharply
increases at Te ¼ ITT�h�

1:5kB
from � Teð Þ predicted by the d-band thermal excitations only

calculations. Note that for the three sub-ITT excitations, atTe, � Teð Þ is exactly the same
as predicted by the d-band thermal excitations only calculations (i.e., the graphs are
overlapping in Figure 3). When the photonic excitation is the ITT, � Teð Þ first slightly
decreases then continues in a trend exactly parallel to that of the sub-ITT excitations.

In the case of d-band thermal excitations only, the increased electron tempera-
ture promotes electrons from the high density of states d-band to the low density of
states s-band. This causes the increase in chemical potential as opposed to the decrease
predicted when only considering the s-band. Thermodynamically, this is intuitive,
since the chemical potential is related to the Gibbs free energy, g, through

� ¼ g

ns þ nd
: ð16Þ

Since our overall electron number density in the 3d and 4s bands is not changing
during these processes, an increase in chemical potential relates to an increase in Gibbs
free energy, which conceptually is a measure of how easily a system can ‘‘do work’’ or
‘‘move.’’ When exciting electrons from the d-band to the s-band, the effective masses of
the excited electrons are significantly decreased (flat d-band corresponding to large
density of states excited to parabolic/curved s-band corresponding to small density of
states) and therefore their mobility, or ability to move, is increased. This increase in �
occurs gradually in the d-band thermal excitations only case since the d-band to s-band
promotion is only governed by Eq. (3). However, it appears more abruptly for the sub-
ITT photonic excitation cases due to the implied condition of no photonically induced
interband transitions when hv , ITT–1.5kBTe. In a more computationally rigorous
simulation with more realistic density of states calculations, this discontinuity would be
smoother; however, the physical effects of these transitions are still apparent. In the case
of h�= 2.15 eV, d-band electrons are always photonically excited up to the s-band at all
temperatures, and therefore at low temperatures, the change in the population of the s-
band mirrors that of free electron theory since the photonic excitations outweigh the
thermal excitations. As temperature increases, the relative contribution of thermal exci-
tations increases, creating the increase and inflection point for reasons discussed above.

With the determination of the chemical potential for these various cases, Ce Teð Þ
and G Teð Þ are calculated with Eqs. (9) and (11), respectively. Figure 4 shows calcula-
tions of electron heat capacity as a function of temperature for the five excitations
shown in the chemical potential calculations in Figure 3. Also included in this graph is
the prediction for electron heat capacity based on free electron theory given in Eq. (4)
and assuming � = 96.8 J m-3 K-2 [15]. The case of d-band thermal excitations only
agrees very well with the calculations by Lin et al. [20]. Figure 4 shows that photo-
nically induced interband transitions will increase the electron heat capacity. The
values of Ce Teð Þ for the sub-ITT interband transitions are exactly the same as the d-
band thermal excitations only case until the threshold of the interband transition, at
which point the sub-ITT calculations follow the trends with very similar values to the
ITT calculations.
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Figure 5 shows calculations of the electron-phonon coupling factor as a function
of temperature using Eq. (11) for the five excitation conditions discussed in Figure 3.
For these calculations, the experimentally determined value of � !2

� �
¼ 29meV2 is

used [25]. Using Eq. (6), this yields G0 = 4.7 · 1016 W m-3 K-1. Again, the sub-ITT
photonically excitedG Teð Þ calculations follow those of the d-band thermal excitations
only calculations until Te ¼ ITT�h�

1:5kB
(when an interband transition becomes ‘‘avail-

able’’), at which point the G Teð Þ calculations follow that of the ITT photonically
excited G Teð Þ. Note that the values of the low-temperature constant G Teð Þ predicted
by the non-ITT excited calculations are slightly higher than G0, which can be ascribed
to the density of states assumptions of the s- and d-bands and the numerical solution to

ν

ν

ν

Figure 5. Electron-phonon coupling factor as a function of temperature in Cu for the cases of only thermal

excitations in the 3d and 4s bands (solid line); sub-ITT photonic excitations causing interband transitions

from the 3d band to available states in the 4s band with thermal excitations (dashed lines); ITT photonic

excitations with thermal excitations (dotted line). Repopulating the 3d- and 4s-bands in Cu causes a major

difference in the values and temperature dependent trends in the electron-phonon coupling factor of Cu.

ν

ν

ν

γ

ν

Figure 4. Electron heat capacity as a function of temperature in Cu for the cases of only thermal excitations

in the 3d and 4s bands (solid line); sub-ITT photonic excitations causing interband transitions from the 3d

band to available states in the 4s band with thermal excitations (dashed lines); ITT photonic excitations with

thermal excitations (dotted line); and free electron theory using Eq. (4) (solid line: �Te = 96.8Te).
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the integral in Eq. (11). In addition, the low-temperature values of G Teð Þ in the ITT-
excited calculations are higher than the other calculations, which is due to the change
in population of the s- band and d-bands due to interband transitions even at low
temperatures. The calculations taking into account d-band thermal excitations follow
the same trends as Lin et al. [20], but the values deviate as the d-band becomes
thermally excited. This is ascribed to the differences between the exact band structure
used by Lin et al. and the approximate band structure calculations used in this work.
Therefore, using this band structure approximation, the computed trends in G Teð Þ are
correct, but the values for each case should be considered an underestimate to the
actual value of G Teð Þ.

TRANSIENT CHANGE IN ELECTRON TEMPERATURE
AND THE TWO-TEMPERATURE MODEL

In the event that the photonic excitation is in the form of a short laser pulse, the
power of the laser pulse will be rapidly absorbed by the electrons in the metal creating a
temperature difference between the electron and phonon systems (this, of course,
assumes that the laser pulses are shorter than the electron-phonon equilibration
time). In this case, the changes in the electron and phonon temperatures can be
predicted with the two-temperature model, TTM [21]. When the metal film of interest
is homogeneously heated (i.e., ballistic transport of electrons stretch out the thermal
energy throughout the depth of the film creating minimal temperature gradient in the
film after pulse absorption [5]), the TTM can be expressed as

Ce Teð Þ
@Te

@t
¼ �G Teð Þ Te � TL½ � þ 0:94A

tpd
exp �2:77 t� 2tp

tp

� �
 �
ð17Þ

CL
@TL

@t
¼ G Teð Þ Te � TL½ � ð18Þ

where t is the time, A is the absorbed laser fluence, tp is the pulse width, d is the film
thickness, and the subscript L refers to the lattice, or phonon system. To properly
consider the transient change in electron temperature after short pulse laser heating,
the impact of photon energy h� and subsequent transitions induced on the values
Ce Teð Þ and G Teð Þ used in the evaluation of Eqs. (17) and (18) must be considered. In
addition, the change in absorbed fluence will also depend on wavelength, but in these
calculations, the value of A is used as an input. Figure 6 shows the transient change in
electron temperature for a 20-nm Cu film at room temperature (300 K) after short
pulse heating with a 150-fs pulse assuming a bulk value for the lattice specific heat, CL

= 3.46 · 106 J m-3 K-1 [29]. Three cases of absorbed fluence are considered, A = 1
(Figures 6a and 6b), 10 (Figures 6c and 6d), and 50 (Figures 6e and 6f) J m-2. Figures
6a, 6c, and 6e show Te(t) as computed assuming d-band thermal excitations only when
computing Ce Teð Þ and G Teð Þ compared to the predictions using the traditional
assumptions used in the TTM of Ce Teð Þ ¼ �Te and G = G0. For direct comparison
of the data sets, in calculations in Figure 6, G0 is assumed as G0 = 5.56 · 1016 W m-3

K-1, which is the low-temperature value from the numerical simulations in Figure 5,
rather than G0 from Eq. (6) discussed in the previous section. Figures 6b, 6d, and 6f
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show Te(t) computed assuming the photonically induced interband transitions dis-
cussed in this work (with various values of hv) again compared to the predictions using
the traditional assumptions used in the TTM of Ce Teð Þ ¼ �Te and G = G0. Upon
inducing interband transitions, the electron temperatures change, as expected from the
changes in Ce Teð Þ and G Teð Þ from d- to s-band photonically excited interband
transitions.

The changes in the maximum electron temperature are immensely important in
determining electron-phonon scattering processes with ultrashort pulsed laser experi-
ments. The wavelength of the incident laser pulse, which ultimately relates the reflected
signal to the electron temperature, must be chosen appropriately in these experiments
to determine the thermophysical properties. Large increases or changes in the mea-
sured signals could not only be from reflectivity changes around interband transitions
but also from spikes in the electron temperature and changes in electron-phonon
coupling rates due to electron relaxation. These processes must be considered when
analyzing electron-phonon scattering with short pulsed lasers, especially at high
absorbed fluences and large photonic energies.
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Figure 6. Transient changes in electron temperature for a 20-nm Cu film at room temperature (300 K) after

short pulse heatingwith a 150-fs pulse. Three cases of absorbed fluence are considered,A=1 (a) and (b); 10 (c)

and (d); and 50 (e) and (f) J m-2. (a), (c), and (e) show Te(t) as computed assuming d-band thermal excitations

onlywhen computingCe Teð Þ andG Teð Þ compared to the predictions using the traditional assumptions used in

the TTM of Ce Teð Þ ¼ �Te and G = G0. (b), (d), and (f) show Te(t) computed assuming the photonically

induced interband transitions discussed in this work (with various values of h�) again compared to the

predictions using the traditional assumptions used in the TTM of Ce Teð Þ ¼ �Te and G= G0.
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CONCLUSIONS

This work examined the effects of thermally (Fermi smearing) and photonically
(absorbed photon energy) induced d-band to Fermi level direct interband transitions
on electron heat capacity and electron-phonon coupling factor calculations. The
theory developed in the Theory section can be applied to all metals. The following
section applies this theory to Cu to calculate the change in electron heat capacity and
electron-phonon coupling factor as a function of temperature for various incident
photon energies at and below the interband transition threshold. The final section
presents calculations of the change in electron temperature as a function of time after
short pulse absorption by a Cu film for various absorbed photon energies with the two
temperature model. The results from this work give new insights into electron phonon
scattering measurements with short pulsed lasers with photon energies that induce d-
band to Fermi surface direct interband transitions.

This work focused on copper due to the relatively large d-band separation from
the Fermi energy (typical of all noble metals). This same analysis can be applied to other
metals, but the distinction of the onset of interband transitions will not be as clear in
metals with a less distinct and smaller ITT, as mentioned in the Introduciton. In fact, the
d-bands in some metals overlap and have electron energies that are higher than the
Fermi energy, as is apparent in the ab initio calculations of electron band structure by
Lin et al. [20]. The overlapping of these d-bandswith the Fermi energy yields an opposite
effect on electron heat capacity and electron-phonon coupling factor from that observed
in this work for noble metals. Therefore, it is expected that photonic excitations causing
interband transitions in metals with d-band/Fermi energy overlap would also have an
opposite effect on thermophysical properties from those trends observed in this work.
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