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Amorphous GdFeCo and TbFeCo 

cross-section bright field TEM of a GdFeCo film. The inset
shows the corresponding electron diffraction pattern, indicat-
ing the lack of crystallinity.

The thermal conductivities of the amorphous RE-TM
alloy films are measured with TDTR.18 TDTR and appropri-
ate analyses accounting for pulse accumulation when using a
Ti:sapphire oscillator have been detailed by several groups
previously.19–22 We note that TDTR is ideal for measuring
thermal properties of thin films due to its picosecond tempo-
ral resolution and high heating modulation frequency leading
to nanoscale spatial resolution. Numerous papers have
discussed the sensitivities, calibrations, and advantages of
measuring thermal transport properties in both bulk and
nanosystems with TDTR.18–26 Since this work focuses on
the underlying physics contributing to thermal transport of
RE-TM alloys, we limit our discussion of TDTR to only the
specifics discussed below, but refer the reader to the above
referenced papers, and references therein, for more details
concerning TDTR.

In our specific set up at the University of Virginia, we
double the wavelength of the pump path to 400 nm to assist
with optical filtering of the pump light giving us improved
signal to noise of rough surfaces. For this study, we modulate
the pump path at 11.39 MHz and monitor the ratio of the in-
phase to out-of-phase signal of the probe beam from a lock-
in amplifier (!Vin=Vout). Our pump and probe spots are
focused to "22 lm and "13 lm radii, respectively, at the
sample surface. We take a total of five TDTR measurements
on the various films at each temperature from 90 to 375 K.
We control the temperature of the samples in a cryostat with
optical access that is kept under vacuum (pressures less than
1.0 mTorr). The amorphous RE-TM alloy samples are coated
with "90 nm of Al for the TDTR measurements; the exact
thicknesses of the Al film are determined during each
measurement with picosecond ultrasonics.27 For the TDTR
analysis, we assume literature values for the heat capacities
of the Al and Si.28,29 The thermal conductivity of the Al is
approximated from the electrical resistivity measurements,21

although over the time delay during our TDTR mea-
surements, we are relatively insensitive to the thermal

conductivity of the Al. The thermal conductivity of the Si
substrate is assumed as that of bulk,30 although we are insen-
sitive to the substrate thermal properties due to the thickness
of the amorphous RE-TM alloy films and their relatively low
thermal conductivities. For this reason, we are also relatively
insensitive to the thermal boundary conductance between the
amorphous RE-TM alloys and the Si substrate. This leaves
the only thermophysical properties that need to be deter-
mined as the thermal conductivity and heat capacity of the
amorphous RE-TM alloy and the thermal boundary conduct-
ance between the Al and amorphous RE-TM alloy.

In practice, a single TDTR data set can independently
determine both the thermal boundary conductance between
the Al transducer and the amorphous RE-TM alloy film
given the heat capacity of the amorphous RE-TM alloy.
The heat capacity of GdFeCo and TbFeCo have been
reported at room temperature and vary anywhere from 2.3 to
3.1 MJ m!3 K!1 (Refs. 13, 16, 32, and 33). We therefore
specify the room temperature heat capacity of the GdFeCo
and TbFeCo films as 2.7 MJ m3 K!1 and account for the
uncertainty in this value in our thermal conductivity determi-
nations as discussed later. To determine the heat capacity at
the various temperatures, we assume a Debye model for the
phonon system in the amorphous RE-TM alloys and calculate
the heat capacity at the temperatures of interest in this study.
These calculations require the sound speed and the atomic
density the amorphous RE-TM alloys. We measure the speed
of sound with picosecond ultrasonics directly applied to
the sample (i.e., a portion without Al coating);27 we measure
the longitudinal speed of sound as 4200 6 210 m s!1 and
3900 6 190 m s!1 for the GdFeCo and TbFeCo films, respec-
tively. We determine the transverse sound speeds by calculat-
ing the square root of the ratio of the shear modulus to the
bulk modulus of GdFeCo or TbFeCo, and multiplying this
value by the longitudinal sound speed determined from pico-
second ultrasonics. We determine the moduli of the RE-TM
alloys by calculating the weighted reciprocal mean of the
shear moduli of the elements in the alloys.34 From this, we
determine the transverse speeds of sound as 3050 m s!1 and
2820 m s!1 for the GdFeCo and TbFeCo films, respectively.
We adjust the atomic density in the calculations of the heat
capacity until the room temperature value of our calculations
is 2.7 MJ m3 K!1 for both of the alloys. This leads to GdFeCo
and TbFeCo atomic densities of 7.4 and 7:1# 1028 m!3,
respectively. Note that this is in acceptable agreement with
previously reported values for the atomic density of TbFeCo
(6:5# 1028 m!3—Ref. 15) and calculations of atomic density
based on the density of the elemental constituents and a rule
of mixing ("6# 1028 m!3). With our calculated estimates of
the heat capacities, we then fit the TDTR thermal model to
the experimental data with the only free parameters being the
thermal boundary conductance between the Al film and
the amorphous RE-TM alloy and the thermal conductivity of
the amorphous RE-TM alloy. We find in general that the fit is
relatively insensitive to the thermal boundary conductance
between the Al transducer and the amorphous RE-TM alloy
sample due to the relatively low thermal conductivity of the
alloys compared to the relatively high thermal boundary
conductance.

FIG. 1. Cross-section bright field TEM of a GdFeCo film. (Inset) Corre-
sponding electron diffraction pattern, indicating the lack of crystallinity.
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Abstract. Extending the free-electron theory of electronic transport in simple amorphous 
metals, the Eliashberg function r2F(w)  and the electron-phonon coupling constant j. are 
calculated for such materials. A formula relating i. to the temperature coefficient of the 
resistivity at higher temperatures ( T  2 8,/2) is derived. The validity of this formula is 
tested for amorphous Ga.  

1. Introduction 

Comparing experimental results on the effects of the electron-phonon interaction in 
amorphous and crystalline metals, two striking differences are observed. The depen- 
dence on temperature of the electrical resistivity in the normal-conducting state is 
generally reduced in the amorphous phase (Sinha 1970, Korn et al 1973), whereas the 
superconducting transition temperature is often appreciably enhanced over the crys- 
talline value (for a review see Bergmann 1976). For Ga, as an example, the transition 
temperature rises from 1.1 to 8.4 K in the amorphous state. At first sight, these 
changes in the dependence on temperature of the electrical resistivity and of the 
transition temperature seem to contradict each other. In an approximate interpreta- 
tion, the temperature coefficient of the resistivity might be taken as a measure of the 
strength of the electron-phonon interaction, and certainly the value of the transition 
temperature depends most strongly on the electron-phonon coupling constant A. 
Therefore we would expect the temperature coefficient of the resistivity and the 
transition temperature generally to change in the same direction from the crystalline 
to the amorphous phase. This apparent paradox has been partly resolved by the 
explanation of the dependence on temperature of the electrical resistivity based on the 
free-electron model (Frobose and Jackle 1977, Cote and Meisel 1977, Nagel 1977). It 
has been shown that the strong elastic scattering of the conduction electrons by the 
structural disorder contributes a negative temperature coefficient which reduces the 
positive term arising from inelastic electron-phonon scattering. It follows from this 
theoretical result that a reduced (or even negative) temperature coefficient of the 
resistivity of an amorphous metal does not necessarily imply smaller values of the 
electron-phonon coupling constant and superconducting transition temperature than 
for the crystal. However, the theory goes beyond such a compatibility argument and 
provides even a quantitative relation between the temperature coefficient of the 
resistivity and the electron-phonon coupling constant E. of an amorphous metal ; this 
is the main result of the present paper. 
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We experimentally investigate the electron and phonon contributions to the thermal conductivity of
amorphous GdFeCo and TbFeCo thin films. These amorphous rare-earth transition-metal (RE-TM)
alloys exhibit thermal conductivities that increase nearly linearly with temperature from 90 to 375 K.
Electrical resistivity measurements show that this trend is due to an increase in the electron thermal
conductivity over this temperature range and a relatively constant phonon contribution to thermal
conductivity. We find that at low temperatures (!90 K), the phonon systems in these amorphous
RE-TM alloys contribute !70% to thermal conduction with a decreasing contribution as temperature is
increased. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4722231]

I. INTRODUCTION

Amorphous rare-earth transition-metal (RE-TM) alloys
represent an interesting class of materials to study the influ-
ence of non-crystalline order on various physical properties.
In their electronic properties, for example, transition-metal
spin value, exchange interaction, and the band structure are
drastically different compared to their crystalline counter-
part.1 Due to fluctuations in the local structure, the amor-
phous state also exhibits a much lower Curie temperature
resulting in different magnetic responses.2 However, the
thermal properties of amorphous RE-TM alloys are rela-
tively unknown.

In amorphous dielectrics, the thermal conductivity
above !100 K is well described by the minimum thermal
conductivity model originally proposed by Einstein3 and
later modified by others to include heat transport by a
broader spectrum of vibrational modes.4–6 However, this pic-
ture does not fully describe the thermal transport in amor-
phous metals due to the electron contribution to thermal
conductivity and the strong electron-phonon coupling
effects.7 Several previous works have examined the thermal
conductivity of Zr-, Ni-, or Cu-based metallic glasses.8–12 In
general, the thermal conductivity of metallic glasses
increases with temperature and has a much larger contribu-
tion from the phonon system than in typical metals (ranging
from 20% to 50% at room temperature).8,11 The thermal
transport properties of amorphous RE-TM alloys have not
been thoroughly investigated, to the best of our knowledge.
Amorphous RE-TM alloys have received much attention
with respect to their application as magneto-optical record-
ing media with GdFeCo and TbFeCo alloys being the most
promising candidates.1,13–16 These recording systems utilize
the heating effect of a laser beam for storing digital informa-
tion in a multilayer disk, and the storage and operation of
these systems depend immensely on the thermal properties

of the disk layers. However, the data for the thermal conduc-
tivity of GdFeCo and TbFeCo alloys are relatively nonexis-
tent and only estimates are available at room temperature.17

This severely limits not only the progress of magneto-optical
recording technology but also the progress in understanding
the thermophysics of amorphous RE-TM alloys.

In response, we experimentally investigate the electron
and phonon contributions to thermal conductivity of GdFeCo
and TbFeCo amorphous thin films from 90 to 375 K. We use
time domain thermoreflectance (TDTR) to measure the ther-
mal conductivities of these films and we calculate the elec-
tron contribution to thermal conductivity from our electrical
resistivity measurements via the Weidemann-Franz Law.
From this, we infer the phonon contribution to the overall
thermal conductivity of these amorphous RE-TM alloy films.
We find that the phonon contribution to the thermal conduc-
tivity (jp) is relatively constant with temperature; this is sim-
ilar to previously measured pure metallic glasses, yet glasses
with non-metal impurities show an increasing phonon contri-
bution to thermal conductivity with temperature. Further-
more, we find that the electron contribution to the thermal
conductivity (je) of our amorphous RE-TM alloy films
increases with temperature. We find that at low temperatures
(!90 K), the phonon systems in these amorphous RE-TM
alloys contribute !70% to thermal conduction which drops
at room temperature due to the increase in je.

II. EXPERIMENTAL DETAILS

The 260 nm Gd21Fe72Co7 (GdFeCo) and 300 nm
Tb21Fe73Co6 (TbFeCo) films are grown on single crystalline
silicon substrates via RF sputtering. The films are capped
with !5 nm of MgO to prevent oxidation. We measured the
film composition using inductively coupled plasma-mass
spectrometry after chemically dissolving the films, as
confirmed by x-ray fluorescence using peak ratios. We con-
firm that the films are fully amorphous with transmission
electron microscopy (TEM). Figure 1 shows an example of aa)Electronic mail: phopkins@virginia.edu.
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III. RESULTS AND DISCUSSION

Figure 2 shows the measured thermal conductivities of the
amorphous RE-TM alloy films as a function of temperature
determined via TDTR. The error bars in these data represent
the uncertainties due to repeatability in the measurements, the
Al transducer thickness, and the amorphous RE-TM alloy heat
capacity. We determine the Al film thickness to within 3.0 nm
via picosecond ultrasonics. Therefore, the majority of the
uncertainty in j is due to the uncertainty in the assumed heat
capacity, which we take as 15% for all temperatures based on
the previously reported values for heat capacity of GdFeCo
and TbFeCo, as discussed earlier. The thermal conductivities
of both the GdFeCo and TbFeCo films increase nearly linearly
with temperature. This is a similar trend as to what has been
observed in metallic glasses previously.8–12 For comparison,
we show the thermal conductivity of a pure metallic glass
(Zr55Al10Cu30Ni5 (Ref. 12)), metallic glasses with non-metallic

constituents (Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)),
and SiO2 glass (Ref. 31). The metallic glasses all exhibit simi-
lar temperature trends in thermal conductivity, increasing more
linearly as compared to the nonmetallic SiO2 which increases
with temperature trends similar to the phononic heat capacity.

To understand the origin of these temperature trends in
the thermal conductivity of amorphous RE-TM alloys, we
measure the electrical resistivity from 80 to 400 K with a
standard four-point van der Pauw configuration in a Quan-
tum Design cryogen-free vibrating sample magnetometer
(VersaLab). From these measurements, we calculate the
electron contribution to the thermal conductivity via the
Wiedemann-Franz Law. For the GdFeCo and TbFeCo films,
je is plotted in Fig. 3. The electronic thermal conductivities
of both films exhibit nearly linear trends with temperature.
This linear trend in je has also been observed in the metallic
glasses with non-metallic constituents shown in Fig. 2
(Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)).

To quantify this, we calculate the phonon contribution
to thermal conductivity by jp ! j" je, where j is deter-
mined from the TDTR measurements (Fig. 2) and je is deter-
mined from the electrical resistivity measurements (Fig. 3).
We plot jp for the amorphous RE-TM alloy films in Fig. 4.
The phonon thermal conductivity is relatively constant over
the temperature range of interest. The slight increase that is
observed in the mean values is hard to conclusively discern
beyond the relative uncertainties in the calculations, which
propagates from the relative uncertainties in the TDTR and
electrical resistivity data that were previously discussed.
This constant jp has been observed in pure amorphous met-
als previously.12 However, the amorphous metals with boron
or phosphorous (Fe80B20 and Fe32Ni36Cr14P12B6 (Ref. 9))

FIG. 2. Thermal conductivity of the GdFeCo and TbFeCo films
(Gd21Fe72Co7—filled circles and Tb21Fe73Co6—filled squares) measured
with TDTR. The thermal conductivities of these amorphous RE-TM
alloys increase, nearly linearly, with temperature. This same trend is
observed in other metallic glasses, for example, Fe80B20 (Ref. 9—upward
open triangles), Fe32Ni36Cr14P12B6 (Ref. 9—downward open triangles), and
Zr55Al10Cu30Ni5 (Ref. 12—open squares). For comparison, we also plot
SiO2 glass (Ref. 31—solid line) which increases with temperature with
trends similar to the temperature trends in the phononic heat capacity.

FIG. 3. Electron contribution to thermal conductivity of the amorphous RE-
TM alloy films. This thermal conductivity component was determined via
electrical resistivity measurements and the Wiedemann-Franz Law. Both
amorphous samples exhibit a linear je with temperature. We estimate the rel-
ative uncertainties in these electrical resistivity measurements by considering
the effects of contact size and placement along with the sample geometry.35

These uncertainties are represented by the error bars shown at select tempera-
tures in the GdFeCo and TbFeCo data, and correspond to 8.1% and 6.2%,
respectively. We also plot the reported electron contributions to the thermal
conductivities of the metallic glasses with non-metal impurities (Fe80B20

(dashed line) and the Fe32Ni36Cr14P12B6 (solid line)) reported in Ref. 9, which
also show similar temperature trends in electron thermal conductivity.
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III. RESULTS AND DISCUSSION

Figure 2 shows the measured thermal conductivities of the
amorphous RE-TM alloy films as a function of temperature
determined via TDTR. The error bars in these data represent
the uncertainties due to repeatability in the measurements, the
Al transducer thickness, and the amorphous RE-TM alloy heat
capacity. We determine the Al film thickness to within 3.0 nm
via picosecond ultrasonics. Therefore, the majority of the
uncertainty in j is due to the uncertainty in the assumed heat
capacity, which we take as 15% for all temperatures based on
the previously reported values for heat capacity of GdFeCo
and TbFeCo, as discussed earlier. The thermal conductivities
of both the GdFeCo and TbFeCo films increase nearly linearly
with temperature. This is a similar trend as to what has been
observed in metallic glasses previously.8–12 For comparison,
we show the thermal conductivity of a pure metallic glass
(Zr55Al10Cu30Ni5 (Ref. 12)), metallic glasses with non-metallic

constituents (Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)),
and SiO2 glass (Ref. 31). The metallic glasses all exhibit simi-
lar temperature trends in thermal conductivity, increasing more
linearly as compared to the nonmetallic SiO2 which increases
with temperature trends similar to the phononic heat capacity.

To understand the origin of these temperature trends in
the thermal conductivity of amorphous RE-TM alloys, we
measure the electrical resistivity from 80 to 400 K with a
standard four-point van der Pauw configuration in a Quan-
tum Design cryogen-free vibrating sample magnetometer
(VersaLab). From these measurements, we calculate the
electron contribution to the thermal conductivity via the
Wiedemann-Franz Law. For the GdFeCo and TbFeCo films,
je is plotted in Fig. 3. The electronic thermal conductivities
of both films exhibit nearly linear trends with temperature.
This linear trend in je has also been observed in the metallic
glasses with non-metallic constituents shown in Fig. 2
(Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)).

To quantify this, we calculate the phonon contribution
to thermal conductivity by jp ! j" je, where j is deter-
mined from the TDTR measurements (Fig. 2) and je is deter-
mined from the electrical resistivity measurements (Fig. 3).
We plot jp for the amorphous RE-TM alloy films in Fig. 4.
The phonon thermal conductivity is relatively constant over
the temperature range of interest. The slight increase that is
observed in the mean values is hard to conclusively discern
beyond the relative uncertainties in the calculations, which
propagates from the relative uncertainties in the TDTR and
electrical resistivity data that were previously discussed.
This constant jp has been observed in pure amorphous met-
als previously.12 However, the amorphous metals with boron
or phosphorous (Fe80B20 and Fe32Ni36Cr14P12B6 (Ref. 9))

FIG. 2. Thermal conductivity of the GdFeCo and TbFeCo films
(Gd21Fe72Co7—filled circles and Tb21Fe73Co6—filled squares) measured
with TDTR. The thermal conductivities of these amorphous RE-TM
alloys increase, nearly linearly, with temperature. This same trend is
observed in other metallic glasses, for example, Fe80B20 (Ref. 9—upward
open triangles), Fe32Ni36Cr14P12B6 (Ref. 9—downward open triangles), and
Zr55Al10Cu30Ni5 (Ref. 12—open squares). For comparison, we also plot
SiO2 glass (Ref. 31—solid line) which increases with temperature with
trends similar to the temperature trends in the phononic heat capacity.

FIG. 3. Electron contribution to thermal conductivity of the amorphous RE-
TM alloy films. This thermal conductivity component was determined via
electrical resistivity measurements and the Wiedemann-Franz Law. Both
amorphous samples exhibit a linear je with temperature. We estimate the rel-
ative uncertainties in these electrical resistivity measurements by considering
the effects of contact size and placement along with the sample geometry.35

These uncertainties are represented by the error bars shown at select tempera-
tures in the GdFeCo and TbFeCo data, and correspond to 8.1% and 6.2%,
respectively. We also plot the reported electron contributions to the thermal
conductivities of the metallic glasses with non-metal impurities (Fe80B20

(dashed line) and the Fe32Ni36Cr14P12B6 (solid line)) reported in Ref. 9, which
also show similar temperature trends in electron thermal conductivity.

103533-3 Hopkins, Ding, and Poon J. Appl. Phys. 111, 103533 (2012)

Downloaded 30 May 2012 to 137.54.23.40. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

show an increase in jp with temperature, unlike the pure
amorphous metals. The reason for this is currently unclear,
but could be due to a stiffening of the bonds with non-
metallic inclusions that leads to an increase in the Debye
temperature, and thereby an increasing trend in phonon ther-
mal conductivity compared to the pure metallic glasses.

Based on the data in Figs. 3 and 4, the percent phonon
contribution decreases with increasing T where the electron
contribution increases with increasing T. We find that the
percent contribution of the phonon system to thermal con-
ductivity is !70% at 90 K and decreases to a still significant
contribution at room temperature and above. At low temper-
atures, the phonons contribute more to the thermal conduc-
tivity of the amorphous RE-TM alloys than the electrons, a
phenomenon that is not typical in most metals.

IV. CONCLUSIONS

In summary, we have investigated the electron and pho-
non contributions to the thermal conductivity of amorphous
GdFeCo and TbFeCo thin films, a class of amorphous RE-
TM alloys that is extremely important for the continued
development of magneto-optical recording devices. The ther-
mal conductivities exhibit a nearly linear increase with
temperature from 90 to 375 K, which is due to the increase in
electron thermal conductivity and a relatively constant pho-
non contribution to thermal conductivity. We find that at low
temperatures (!90 K), the phonon systems in these amor-
phous RE-TM alloys contribute !70% to thermal conduction
which decreases at higher temperatures due to the increase in
the electronic thermal conductivity.
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previous measurements of pure metallic glasses (Zr55Al10Ni5Cu30 (Ref. 12—
open squares). However, metallic glasses with non-metal constituents exhibit
an increase in jp with temperature (Fe80B20 (upward open triangles—Ref. 9)
and Fe32Ni36Cr14P12B6 (downward open triangles—Ref. 9).
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1 Introduction
The relaxation of a perturbed electron gas into a Fermi distri-

bution directly influences electronic scattering processes that drive
electrical and thermal transport, laser induced chemical reaction
and phase transitions, and optical interactions with solids. Ul-
trashort pulsed laser systems provide a unique measurement capa-
bility to examine the Fermi relaxation dynamics through pump-
probe thermoreflectance as the transient changes in the
thermoreflectance data are related to the Fermi relaxation time
!1–4" and electron-phonon thermalization time !5–11" in a metal.
These times, and corresponding thermal properties such as the
electron-phonon coupling factor !12" G, are determined from the
pump-probe thermoreflectance data by fitting rate-relaxation mod-
els, such as the two-temperature model #TTM$ !13", to the experi-
mental data. However, the key step in this process is relating the
models to the thermoreflectance data. A common and traditional
procedure to relate the models to the data is by assuming that the
thermoreflectance response "R /R is directly related to the elec-
tron and phonon temperature changes through !14"

"R

R
= a"Te + b"TL #1$

where a and b are the coefficients determined by scaling the elec-
tron and lattice temperature changes "Te and "TL, respectively, to
the thermoreflectance data at various pump-probe delay times.
Although this approach is valid for small perturbations in electron
temperature, at high electron temperatures, the thermoreflectance
response of metals can become highly nonlinear !11,15". This

nonlinearity has been shown to lead to errors in measurements of
G if not properly taken into account. However, the Fermi relax-
ation of the electron system after short pulse laser absorption has
not been as rigorously studied using pump-probe thermoreflec-
tance as electron-phonon thermalization. Previous works by Sun
et al. !3,4" used pump-probe thermoreflectance and a similar rela-
tion to Eq. #1$ to show that gold exhibits a Fermi relaxation time
of about 0.500 ps, far greater than the theoretical Fermi relaxation
time in Au #40 fs$ !16". However, electron emission experiments
conducted by Fann et al. !17,18" measured the Fermi relaxation
time of a perturbed electron systems as %1 ps, twice as high as
that determined from pump-probe thermoreflectance.

In this work, we analyze pump-probe thermoreflectance data
from Au films with a modified TTM and an intraband #nonlinear$
thickness dependent thermoreflectance model !15". We determine
the Fermi relaxation time #F in Au from the thermoreflectance
data as %1.1 ps, in good agreement with the measurements from
electron emission by Fann et al. !17,18", and show that not ac-
counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of #F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
literature.

2 Experimental Details
Two 20 nm Au films were evaporated on a single crystalline,

lightly doped Si substrate and a glass microscope cover slide
#Corning 2947$. We measure the transient thermoreflectance re-
sponse of the two Au films with the thermoreflectance setup de-
scribed in detail in Ref. !19". In short, the laser pulses in our
thermoreflectance setup emanate from a Spectra Physics Mai Tai
with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator #EOM$ operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 $m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal #"R /R$ as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise !20" and thermal accumulation from the pump
pulses !21" by monitoring the imaginary component of the ther-
moreflectance response and the pump phase. The temporal ther-
moreflectance responses of the two 20 nm Au thin film samples
#Au/Si and Au/glass$ are monitored after excitation with three
different incident laser fluences, 0.7 J m!2, 2.0 J m!2, and
3.1 J m!2. A representative thermoreflectance data set is shown in
Fig. 1 for the 20 nm Au/glass sample measured with 3.1 J m!2

incident pump fluence. In the graphical representation of the data,
we set the time of maximum thermoreflectance signal equal to t
=0.

3 Data Analysis

3.1 Two-Temperature Model. To quantitatively analyze the
electron thermalization processes observed in the thermoreflec-
tance data, we turn to the TTM. The two-temperature model in the
thin film limit #i.e., film thickness is less than the ballistic pen-
etration depth of the electrons ensuring minimal temperature gra-
dient in the film$ is given by !8"

%Te
!Te

!t
= ! G!Te ! TL" + S#t$ #2$
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bility to examine the Fermi relaxation dynamics through pump-
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els, such as the two-temperature model #TTM$ !13", to the experi-
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procedure to relate the models to the data is by assuming that the
thermoreflectance response "R /R is directly related to the elec-
tron and phonon temperature changes through !14"
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where a and b are the coefficients determined by scaling the elec-
tron and lattice temperature changes "Te and "TL, respectively, to
the thermoreflectance data at various pump-probe delay times.
Although this approach is valid for small perturbations in electron
temperature, at high electron temperatures, the thermoreflectance
response of metals can become highly nonlinear !11,15". This

nonlinearity has been shown to lead to errors in measurements of
G if not properly taken into account. However, the Fermi relax-
ation of the electron system after short pulse laser absorption has
not been as rigorously studied using pump-probe thermoreflec-
tance as electron-phonon thermalization. Previous works by Sun
et al. !3,4" used pump-probe thermoreflectance and a similar rela-
tion to Eq. #1$ to show that gold exhibits a Fermi relaxation time
of about 0.500 ps, far greater than the theoretical Fermi relaxation
time in Au #40 fs$ !16". However, electron emission experiments
conducted by Fann et al. !17,18" measured the Fermi relaxation
time of a perturbed electron systems as %1 ps, twice as high as
that determined from pump-probe thermoreflectance.

In this work, we analyze pump-probe thermoreflectance data
from Au films with a modified TTM and an intraband #nonlinear$
thickness dependent thermoreflectance model !15". We determine
the Fermi relaxation time #F in Au from the thermoreflectance
data as %1.1 ps, in good agreement with the measurements from
electron emission by Fann et al. !17,18", and show that not ac-
counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of #F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
literature.

2 Experimental Details
Two 20 nm Au films were evaporated on a single crystalline,

lightly doped Si substrate and a glass microscope cover slide
#Corning 2947$. We measure the transient thermoreflectance re-
sponse of the two Au films with the thermoreflectance setup de-
scribed in detail in Ref. !19". In short, the laser pulses in our
thermoreflectance setup emanate from a Spectra Physics Mai Tai
with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator #EOM$ operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 $m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal #"R /R$ as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise !20" and thermal accumulation from the pump
pulses !21" by monitoring the imaginary component of the ther-
moreflectance response and the pump phase. The temporal ther-
moreflectance responses of the two 20 nm Au thin film samples
#Au/Si and Au/glass$ are monitored after excitation with three
different incident laser fluences, 0.7 J m!2, 2.0 J m!2, and
3.1 J m!2. A representative thermoreflectance data set is shown in
Fig. 1 for the 20 nm Au/glass sample measured with 3.1 J m!2

incident pump fluence. In the graphical representation of the data,
we set the time of maximum thermoreflectance signal equal to t
=0.

3 Data Analysis

3.1 Two-Temperature Model. To quantitatively analyze the
electron thermalization processes observed in the thermoreflec-
tance data, we turn to the TTM. The two-temperature model in the
thin film limit #i.e., film thickness is less than the ballistic pen-
etration depth of the electrons ensuring minimal temperature gra-
dient in the film$ is given by !8"
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bility to examine the Fermi relaxation dynamics through pump-
probe thermoreflectance as the transient changes in the
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tron and lattice temperature changes "Te and "TL, respectively, to
the thermoreflectance data at various pump-probe delay times.
Although this approach is valid for small perturbations in electron
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response of metals can become highly nonlinear !11,15". This
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data as %1.1 ps, in good agreement with the measurements from
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counting for the highly nonlinear thermoreflectance in Au can
cause a decrease in the prediction of #F and G, lending insight into
the discrepancy in reported Fermi relaxation times for Au in the
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sponse of the two Au films with the thermoreflectance setup de-
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with a repetition rate of 80 MHz, 90 fs pulse width, and a central
wavelength of 785 nm. The pump pulses are further modulated
with an electro-optic modulator #EOM$ operating at 11 MHz and
the probe pulses are time delayed using a mechanical delay stage.
Due to dispersion introduced by the EOM, the pump pulses are
broadened to 185 fs as measured at the sample location. The co-
axial pump and probe pulses are focused onto the sample surface
to a 1 /e2 spot radius of 17 $m. The reflectance data collected
with a photodiode is locked into the pump modulation frequency
to give the thermoreflectance signal #"R /R$ as a function of
pump-probe delay time. The raw data were adjusted to account for
electronic noise !20" and thermal accumulation from the pump
pulses !21" by monitoring the imaginary component of the ther-
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180 (by less than 10%) are necessary to achieve a best fit. This
181 yields acceptable agreement of our model to the data over
182 the entire time span of our measurements from before pulse
183 absorption to several ps after electron-phonon equilibration.
184 This approach is more robust and offers less uncertainty
185 compared to other approaches for determining Geff since
186 only normalization at the time of maximum signal is
187 required to achieve model and data agreement. These TTM
188 fits to our TDTR data are plotted solid lines in Fig. 1. The
189 best fit Geff increases with increasing laser fluence (discussed
190 in more detail later).
191 Figure 2 shows the best fit values of Geff as a function of
192 absorbed fluence for the Au/Si samples. For TTM fits, we
193 assume experimentally observed values for the free electron
194 heat capacity from Ref. 39, lattice heat capacities of Au tabu-
195 lated from Ref. 40, and we take the thermal penetration
196 depth of the electrons as the film thickness (20 nm), consist-
197 ent with the previous observations and analyses accounting
198 for an increased ballistic electron relaxation length in Au.1,26

199 As is clear from Fig. 2, the effective rate of relaxation of the
200 excited electron system increases as the absorbed fluence
201 increases. However, we note that the magnitude of the
202 increase that we observe in this work is much smaller than
203 our previous observations,13,16 which we discuss in detail
204 below.
205 We examine contribution of interfacial imperfections to
206 this increase in Geff by repeating measurements using Si sub-
207 strates of varying roughness. The fabrication procedure of
208 these rough samples is described in our previous work.21 We
209 note that the Au films demonstrated intimate contact to the
210 substrate,21 and therefore the only difference between the
211 various rough samples is the substrate surface roughness.
212 However, it should be noted that we allowed a native oxide
213 to reform on the silicon surface prior to Au evaporation (con-
214 firmed via microscopy), and therefore the Au is only weakly
215 mechanically coupled to the silicon substrates. We find that

216Geff is non-negligibly affected by substrate roughness only at
217increased laser fluence. To show this more clearly, we plot
218Geff as a function of Si RMS roughness (as measured via
219atomic force microscopy) in the inset of Fig. 2. The decrease
220of Geff with roughness only becomes pronounced at higher
221absorbed fluences. This implies that this electron-relaxation
222mechanism (i.e., electron-interface scattering) is impeded by
223interfacial roughness. From this, we infer that increased
224electron-interface scattering decreases Geff in a fully ther-
225malized electron system; note, this is different from our pre-
226vious observations in data on thin film Au using a different
227laser system13,16 which we discuss in detail later.
228To examine the influence of Tp on electronic relaxation
229during laser heating, we measure Geff in 20 nm Au films on
230glass substrates. The average laser power absorbed by the
231Au film leads to a local temperature rise in the film and sub-
232strate (heat sink). We refer to this as the steady state, or DC,
233heating, which is inversely proportional to the thermal
234conductivity of the heat sink.41,42 Using the expression for
235steady state temperature rise,42 the absorbed laser power,
236and the thermal conductivity of the glass substrate (1.12 W
237m!1 K!1 as measured via additional TDTR thermal effusiv-
238ity measurements), we estimate that the Au lattice tempera-
239ture rise in our measurements on the Au/glass samples
240ranges from DTDC " 138! 423 K above room temperature,
241T0 " 298 K. We illustrate the necessity of accounting for
242this steady state heating in Fig. 3(a), where the best-fit values
243of Geff on our Au/glass samples are plotted as a function of
244maximum electron temperature. Not accounting for an
245increased initial temperature in the TTM leads to a best-fit
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FIG. 2. Geff as a function of absorbed laser fluence and interface roughness.
At increased fluences resulting in an increase in peak electron temperature,
the electron system relaxes with the phonons more readily, indicating an
increase in inelastic electron scattering events leading to energy loss from
the electron system. An increase in RMS roughness leads to a decrease in
Geff as the peak electron temperature increases; this is clear in the inset
which shows Geff as a function of Si RMS roughness.

FIG. 3. (a) Geff as a function of maximum electron temperature for the
Au/glass samples and the “smoothest” Au/Si sample. Not accounting for the
steady state lattice temperature rise in the glass samples leads to a measured
Geff that is not consistent with the Au/Si data. However, accounting for
DTDC in TTM fits to the Au/glass data results in similar electron temperature
trends between the determined Geff for Au/glass and Au/Si interfaces. (b)
Geff as a function of maximum electron temperature plus steady state lattice
temperature. The results in (a) imply that the mechanisms driving Geff are
intrinsic to the Au and are independent of the glass or Si substrate. This is
confirmed through the agreement of our data to Eq. (1). However, we
observed a much larger enhancement in Geff in our previous work in which
electron relaxation was occurring when the electrons were not in a thermal
distribution (Ref. 13). Therefore, we postulate electrons in a non-Fermi dis-
tribution lose energy more readily to the substrate than electrons in a Fermi
distribution.
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88 surface is 9 mW while the pump power is varied between 9
89 and 116 mW. Absorption of the pump pulses by the electrons
90 in the Au films yields electron temperatures that are initially
91 higher than the phonon temperature. This temperature differ-
92 ence creates a situation in which electron-phonon relaxation
93 is the primary mechanism driving electronic cooling. We
94 monitor the change in reflectivity of the sample with the
95 probe beam at the frequency that we modulate the pump
96 beam (11.39 MHz). The measured signal can be correlated to
97 electron temperature with an appropriate reflectivity model.
98 We evaporate 20 nm Au films on Si and glass substrates
99 and several of the Si substrates are roughened prior to Au

100 deposition (details of sample preparation and characteriza-
101 tion are given in Ref. 21). Film thicknesses are confirmed via
102 picosecond acoustics.22,23 We calculate the absorbed power
103 in the Au films with thin-film-on-substrate optics calcula-
104 tions24,25 and confirm these calculations with near normal
105 (<5!) reflectivity measurements of the pump and probe
106 beams. Our measurements and calculations agree to within
107 5%.
108 Example TDTR data taken on a 20 nm Au film on a Si
109 substrate using two different incident pump laser powers
110 (corresponding to the listed calculated absorbed laser fluen-
111 ces) are plotted in Fig. 1. We use the procedure that we have
112 outlined previously to determine the rate of electron relaxa-
113 tion.26 Since our probe beam energy is well below the inter-
114 band transition threshold of Au (Ref. 1) and our maximum
115 electron temperatures do not excite d-band electrons,15 we
116 use a Drude-based thermoreflectivity model in our analy-
117 sis.27,28 We do not expect a substantial change in conduction
118 band number density due to interband transitions induced by
119 the pump pulse.29,30

120 In order to properly convert the measured change in
121 reflectivity to the change in temperature, we must have

122accurate knowledge of the electron-electron and electron-
123phonon collisional frequencies. For metals, these frequencies
124are dependent on temperature: !ee " AeeT2

e and !ep " BepTp.
125Typically, the scattering coefficients Aee and Bep are esti-
126mated from low temperature electrical resistivity data.31 This
127is valid for temperatures at which the electron density of
128states is relatively constant in energy space; for Au, this cor-
129responds to Te # 3; 500 K.15 However, this is assumption is
130not valid for metals with highly varying densities of states
131around the Fermi energy. To ensure the generality of our
132work, we establish a procedure to directly measure the scat-
133tering coefficients from TDTR data that can be applied to
134any metallic system. This is described below with our proce-
135dure for measuring Geff in our samples.
136Electron relaxation in our thin films is described by our
137modified variation of the TTM to account for a film with
138thickness less than the ballistic electron relaxation length
139and a delayed electron thermalization time.17,26 Thermal
140coupling between the electron and phonon systems in the Au
141films is governed by Geff ; Geff is distinct from the intrinsic
142rate of electron-phonon coupling in a metal, G, since G
143should not be affected by electron-electron or electron-
144interface scattering.15 However, the measured response in a
145film is a convolution of all of these relaxation mechanisms.
146Before fitting the TTM to our TDTR data to determine
147Geff , we must relate the measured change in reflectivity to
148the change in electron temperature due to the laser pulse. To
149do so, we require knowledge of thermoreflectance model
150parameters Aee and Bep. We replace Geff in the TTM with32

Geff "
p2mev2

s ne

6
Aee Te $ Tp% & $ Bep% &; (1)

151152

153where me is the free electron mass, vs is the Debye speed of
154sound, and ne is the free electron number density. With Aee

155and Bep as free parameters, we fit the TTM to low-fluence
156TDTR data and find Aee " 1:5' 107 K(2 s(1 and Bep

157" 1:3' 1011 K(1 s(1, which are in excellent agreement with
158literature values.2,33 We caution that this approach may not
159necessarily be valid when electron scattering mechanisms
160with different temperature dependencies are prominent.
161As we expect these coefficients to be constant in Au for
162Te # 3; 500 K (the onset of d-band transitions and a change
163in free electron density in gold), we use these best-fit scatter-
164ing coefficients as constants throughout the remainder of our
165analysis. This approach should be valid to determine !ee and
166!ep for any metal given relatively small perturbations of the
167electron temperature (i.e., Te ( Tp # Tp), offering a robust
168method to measure electron scattering frequencies.
169Using our values of Aee and Bep, we fit the TTM to our
170TDTR data by normalizing the peak electron temperature to
171the peak in our data and adjusting Geff . We fit the data before
172the peak by accounting for a delay in thermalization of the
173electron system.26 In agreement with the previous data on
174electron thermalization time in Au,26,34–38 we find thermal-
175ization time of the excited electrons in our experiments is
176between 800 fs to 1.1 ps. This implies that the electron
177system is nearly fully thermalized during electron-phonon
178relaxation, as discussed by Guo et al.14 We find that for all
179fluences and samples, only minor adjustments to Aee and Bep
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FIG. 1. TDTR data on 20 nm Au/Si samples at two different fluences (circles
and squares) and corresponding fits using the thermoreflectance model and
TTM described in the text. At low fluences (blue circles and line) and corre-
spondingly low electron temperatures, the best fit model results in Geff that
is in good agreement with the previous measurements (Refs. 9 and 26). At
high fluences (red squares and line) which results in larger temperature dif-
ferences between the electrons and phonons, the best fit model results in an
increase in Geff . Assuming the TTM parameters are constant with tempera-
ture, the model agreement with the data is poor at high fluences (dashed
line).
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cross-section bright field TEM of a GdFeCo film. The inset
shows the corresponding electron diffraction pattern, indicat-
ing the lack of crystallinity.

The thermal conductivities of the amorphous RE-TM
alloy films are measured with TDTR.18 TDTR and appropri-
ate analyses accounting for pulse accumulation when using a
Ti:sapphire oscillator have been detailed by several groups
previously.19–22 We note that TDTR is ideal for measuring
thermal properties of thin films due to its picosecond tempo-
ral resolution and high heating modulation frequency leading
to nanoscale spatial resolution. Numerous papers have
discussed the sensitivities, calibrations, and advantages of
measuring thermal transport properties in both bulk and
nanosystems with TDTR.18–26 Since this work focuses on
the underlying physics contributing to thermal transport of
RE-TM alloys, we limit our discussion of TDTR to only the
specifics discussed below, but refer the reader to the above
referenced papers, and references therein, for more details
concerning TDTR.

In our specific set up at the University of Virginia, we
double the wavelength of the pump path to 400 nm to assist
with optical filtering of the pump light giving us improved
signal to noise of rough surfaces. For this study, we modulate
the pump path at 11.39 MHz and monitor the ratio of the in-
phase to out-of-phase signal of the probe beam from a lock-
in amplifier (!Vin=Vout). Our pump and probe spots are
focused to "22 lm and "13 lm radii, respectively, at the
sample surface. We take a total of five TDTR measurements
on the various films at each temperature from 90 to 375 K.
We control the temperature of the samples in a cryostat with
optical access that is kept under vacuum (pressures less than
1.0 mTorr). The amorphous RE-TM alloy samples are coated
with "90 nm of Al for the TDTR measurements; the exact
thicknesses of the Al film are determined during each
measurement with picosecond ultrasonics.27 For the TDTR
analysis, we assume literature values for the heat capacities
of the Al and Si.28,29 The thermal conductivity of the Al is
approximated from the electrical resistivity measurements,21

although over the time delay during our TDTR mea-
surements, we are relatively insensitive to the thermal

conductivity of the Al. The thermal conductivity of the Si
substrate is assumed as that of bulk,30 although we are insen-
sitive to the substrate thermal properties due to the thickness
of the amorphous RE-TM alloy films and their relatively low
thermal conductivities. For this reason, we are also relatively
insensitive to the thermal boundary conductance between the
amorphous RE-TM alloys and the Si substrate. This leaves
the only thermophysical properties that need to be deter-
mined as the thermal conductivity and heat capacity of the
amorphous RE-TM alloy and the thermal boundary conduct-
ance between the Al and amorphous RE-TM alloy.

In practice, a single TDTR data set can independently
determine both the thermal boundary conductance between
the Al transducer and the amorphous RE-TM alloy film
given the heat capacity of the amorphous RE-TM alloy.
The heat capacity of GdFeCo and TbFeCo have been
reported at room temperature and vary anywhere from 2.3 to
3.1 MJ m!3 K!1 (Refs. 13, 16, 32, and 33). We therefore
specify the room temperature heat capacity of the GdFeCo
and TbFeCo films as 2.7 MJ m3 K!1 and account for the
uncertainty in this value in our thermal conductivity determi-
nations as discussed later. To determine the heat capacity at
the various temperatures, we assume a Debye model for the
phonon system in the amorphous RE-TM alloys and calculate
the heat capacity at the temperatures of interest in this study.
These calculations require the sound speed and the atomic
density the amorphous RE-TM alloys. We measure the speed
of sound with picosecond ultrasonics directly applied to
the sample (i.e., a portion without Al coating);27 we measure
the longitudinal speed of sound as 4200 6 210 m s!1 and
3900 6 190 m s!1 for the GdFeCo and TbFeCo films, respec-
tively. We determine the transverse sound speeds by calculat-
ing the square root of the ratio of the shear modulus to the
bulk modulus of GdFeCo or TbFeCo, and multiplying this
value by the longitudinal sound speed determined from pico-
second ultrasonics. We determine the moduli of the RE-TM
alloys by calculating the weighted reciprocal mean of the
shear moduli of the elements in the alloys.34 From this, we
determine the transverse speeds of sound as 3050 m s!1 and
2820 m s!1 for the GdFeCo and TbFeCo films, respectively.
We adjust the atomic density in the calculations of the heat
capacity until the room temperature value of our calculations
is 2.7 MJ m3 K!1 for both of the alloys. This leads to GdFeCo
and TbFeCo atomic densities of 7.4 and 7:1# 1028 m!3,
respectively. Note that this is in acceptable agreement with
previously reported values for the atomic density of TbFeCo
(6:5# 1028 m!3—Ref. 15) and calculations of atomic density
based on the density of the elemental constituents and a rule
of mixing ("6# 1028 m!3). With our calculated estimates of
the heat capacities, we then fit the TDTR thermal model to
the experimental data with the only free parameters being the
thermal boundary conductance between the Al film and
the amorphous RE-TM alloy and the thermal conductivity of
the amorphous RE-TM alloy. We find in general that the fit is
relatively insensitive to the thermal boundary conductance
between the Al transducer and the amorphous RE-TM alloy
sample due to the relatively low thermal conductivity of the
alloys compared to the relatively high thermal boundary
conductance.

FIG. 1. Cross-section bright field TEM of a GdFeCo film. (Inset) Corre-
sponding electron diffraction pattern, indicating the lack of crystallinity.
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180 (by less than 10%) are necessary to achieve a best fit. This
181 yields acceptable agreement of our model to the data over
182 the entire time span of our measurements from before pulse
183 absorption to several ps after electron-phonon equilibration.
184 This approach is more robust and offers less uncertainty
185 compared to other approaches for determining Geff since
186 only normalization at the time of maximum signal is
187 required to achieve model and data agreement. These TTM
188 fits to our TDTR data are plotted solid lines in Fig. 1. The
189 best fit Geff increases with increasing laser fluence (discussed
190 in more detail later).
191 Figure 2 shows the best fit values of Geff as a function of
192 absorbed fluence for the Au/Si samples. For TTM fits, we
193 assume experimentally observed values for the free electron
194 heat capacity from Ref. 39, lattice heat capacities of Au tabu-
195 lated from Ref. 40, and we take the thermal penetration
196 depth of the electrons as the film thickness (20 nm), consist-
197 ent with the previous observations and analyses accounting
198 for an increased ballistic electron relaxation length in Au.1,26

199 As is clear from Fig. 2, the effective rate of relaxation of the
200 excited electron system increases as the absorbed fluence
201 increases. However, we note that the magnitude of the
202 increase that we observe in this work is much smaller than
203 our previous observations,13,16 which we discuss in detail
204 below.
205 We examine contribution of interfacial imperfections to
206 this increase in Geff by repeating measurements using Si sub-
207 strates of varying roughness. The fabrication procedure of
208 these rough samples is described in our previous work.21 We
209 note that the Au films demonstrated intimate contact to the
210 substrate,21 and therefore the only difference between the
211 various rough samples is the substrate surface roughness.
212 However, it should be noted that we allowed a native oxide
213 to reform on the silicon surface prior to Au evaporation (con-
214 firmed via microscopy), and therefore the Au is only weakly
215 mechanically coupled to the silicon substrates. We find that

216Geff is non-negligibly affected by substrate roughness only at
217increased laser fluence. To show this more clearly, we plot
218Geff as a function of Si RMS roughness (as measured via
219atomic force microscopy) in the inset of Fig. 2. The decrease
220of Geff with roughness only becomes pronounced at higher
221absorbed fluences. This implies that this electron-relaxation
222mechanism (i.e., electron-interface scattering) is impeded by
223interfacial roughness. From this, we infer that increased
224electron-interface scattering decreases Geff in a fully ther-
225malized electron system; note, this is different from our pre-
226vious observations in data on thin film Au using a different
227laser system13,16 which we discuss in detail later.
228To examine the influence of Tp on electronic relaxation
229during laser heating, we measure Geff in 20 nm Au films on
230glass substrates. The average laser power absorbed by the
231Au film leads to a local temperature rise in the film and sub-
232strate (heat sink). We refer to this as the steady state, or DC,
233heating, which is inversely proportional to the thermal
234conductivity of the heat sink.41,42 Using the expression for
235steady state temperature rise,42 the absorbed laser power,
236and the thermal conductivity of the glass substrate (1.12 W
237m!1 K!1 as measured via additional TDTR thermal effusiv-
238ity measurements), we estimate that the Au lattice tempera-
239ture rise in our measurements on the Au/glass samples
240ranges from DTDC " 138! 423 K above room temperature,
241T0 " 298 K. We illustrate the necessity of accounting for
242this steady state heating in Fig. 3(a), where the best-fit values
243of Geff on our Au/glass samples are plotted as a function of
244maximum electron temperature. Not accounting for an
245increased initial temperature in the TTM leads to a best-fit
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FIG. 2. Geff as a function of absorbed laser fluence and interface roughness.
At increased fluences resulting in an increase in peak electron temperature,
the electron system relaxes with the phonons more readily, indicating an
increase in inelastic electron scattering events leading to energy loss from
the electron system. An increase in RMS roughness leads to a decrease in
Geff as the peak electron temperature increases; this is clear in the inset
which shows Geff as a function of Si RMS roughness.

FIG. 3. (a) Geff as a function of maximum electron temperature for the
Au/glass samples and the “smoothest” Au/Si sample. Not accounting for the
steady state lattice temperature rise in the glass samples leads to a measured
Geff that is not consistent with the Au/Si data. However, accounting for
DTDC in TTM fits to the Au/glass data results in similar electron temperature
trends between the determined Geff for Au/glass and Au/Si interfaces. (b)
Geff as a function of maximum electron temperature plus steady state lattice
temperature. The results in (a) imply that the mechanisms driving Geff are
intrinsic to the Au and are independent of the glass or Si substrate. This is
confirmed through the agreement of our data to Eq. (1). However, we
observed a much larger enhancement in Geff in our previous work in which
electron relaxation was occurring when the electrons were not in a thermal
distribution (Ref. 13). Therefore, we postulate electrons in a non-Fermi dis-
tribution lose energy more readily to the substrate than electrons in a Fermi
distribution.
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Challenges	  –	  can	  we	  engineer	  the	  e-‐p	  coupling	  factor?	  

•  Amorphous metals have high electron-phonon coupling factors 
•  EP scattering is primary resistance, leading to low thermal conductivity 
•  Structure effects on ep scattering are not as well studied as we think 

Contributions of electron and phonon transport to the thermal conductivity
of GdFeCo and TbFeCo amorphous rare-earth transition-metal alloys
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We experimentally investigate the electron and phonon contributions to the thermal conductivity of
amorphous GdFeCo and TbFeCo thin films. These amorphous rare-earth transition-metal (RE-TM)
alloys exhibit thermal conductivities that increase nearly linearly with temperature from 90 to 375 K.
Electrical resistivity measurements show that this trend is due to an increase in the electron thermal
conductivity over this temperature range and a relatively constant phonon contribution to thermal
conductivity. We find that at low temperatures (!90 K), the phonon systems in these amorphous
RE-TM alloys contribute !70% to thermal conduction with a decreasing contribution as temperature is
increased. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4722231]

I. INTRODUCTION

Amorphous rare-earth transition-metal (RE-TM) alloys
represent an interesting class of materials to study the influ-
ence of non-crystalline order on various physical properties.
In their electronic properties, for example, transition-metal
spin value, exchange interaction, and the band structure are
drastically different compared to their crystalline counter-
part.1 Due to fluctuations in the local structure, the amor-
phous state also exhibits a much lower Curie temperature
resulting in different magnetic responses.2 However, the
thermal properties of amorphous RE-TM alloys are rela-
tively unknown.

In amorphous dielectrics, the thermal conductivity
above !100 K is well described by the minimum thermal
conductivity model originally proposed by Einstein3 and
later modified by others to include heat transport by a
broader spectrum of vibrational modes.4–6 However, this pic-
ture does not fully describe the thermal transport in amor-
phous metals due to the electron contribution to thermal
conductivity and the strong electron-phonon coupling
effects.7 Several previous works have examined the thermal
conductivity of Zr-, Ni-, or Cu-based metallic glasses.8–12 In
general, the thermal conductivity of metallic glasses
increases with temperature and has a much larger contribu-
tion from the phonon system than in typical metals (ranging
from 20% to 50% at room temperature).8,11 The thermal
transport properties of amorphous RE-TM alloys have not
been thoroughly investigated, to the best of our knowledge.
Amorphous RE-TM alloys have received much attention
with respect to their application as magneto-optical record-
ing media with GdFeCo and TbFeCo alloys being the most
promising candidates.1,13–16 These recording systems utilize
the heating effect of a laser beam for storing digital informa-
tion in a multilayer disk, and the storage and operation of
these systems depend immensely on the thermal properties

of the disk layers. However, the data for the thermal conduc-
tivity of GdFeCo and TbFeCo alloys are relatively nonexis-
tent and only estimates are available at room temperature.17

This severely limits not only the progress of magneto-optical
recording technology but also the progress in understanding
the thermophysics of amorphous RE-TM alloys.

In response, we experimentally investigate the electron
and phonon contributions to thermal conductivity of GdFeCo
and TbFeCo amorphous thin films from 90 to 375 K. We use
time domain thermoreflectance (TDTR) to measure the ther-
mal conductivities of these films and we calculate the elec-
tron contribution to thermal conductivity from our electrical
resistivity measurements via the Weidemann-Franz Law.
From this, we infer the phonon contribution to the overall
thermal conductivity of these amorphous RE-TM alloy films.
We find that the phonon contribution to the thermal conduc-
tivity (jp) is relatively constant with temperature; this is sim-
ilar to previously measured pure metallic glasses, yet glasses
with non-metal impurities show an increasing phonon contri-
bution to thermal conductivity with temperature. Further-
more, we find that the electron contribution to the thermal
conductivity (je) of our amorphous RE-TM alloy films
increases with temperature. We find that at low temperatures
(!90 K), the phonon systems in these amorphous RE-TM
alloys contribute !70% to thermal conduction which drops
at room temperature due to the increase in je.

II. EXPERIMENTAL DETAILS

The 260 nm Gd21Fe72Co7 (GdFeCo) and 300 nm
Tb21Fe73Co6 (TbFeCo) films are grown on single crystalline
silicon substrates via RF sputtering. The films are capped
with !5 nm of MgO to prevent oxidation. We measured the
film composition using inductively coupled plasma-mass
spectrometry after chemically dissolving the films, as
confirmed by x-ray fluorescence using peak ratios. We con-
firm that the films are fully amorphous with transmission
electron microscopy (TEM). Figure 1 shows an example of aa)Electronic mail: phopkins@virginia.edu.
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cross-section bright field TEM of a GdFeCo film. The inset
shows the corresponding electron diffraction pattern, indicat-
ing the lack of crystallinity.

The thermal conductivities of the amorphous RE-TM
alloy films are measured with TDTR.18 TDTR and appropri-
ate analyses accounting for pulse accumulation when using a
Ti:sapphire oscillator have been detailed by several groups
previously.19–22 We note that TDTR is ideal for measuring
thermal properties of thin films due to its picosecond tempo-
ral resolution and high heating modulation frequency leading
to nanoscale spatial resolution. Numerous papers have
discussed the sensitivities, calibrations, and advantages of
measuring thermal transport properties in both bulk and
nanosystems with TDTR.18–26 Since this work focuses on
the underlying physics contributing to thermal transport of
RE-TM alloys, we limit our discussion of TDTR to only the
specifics discussed below, but refer the reader to the above
referenced papers, and references therein, for more details
concerning TDTR.

In our specific set up at the University of Virginia, we
double the wavelength of the pump path to 400 nm to assist
with optical filtering of the pump light giving us improved
signal to noise of rough surfaces. For this study, we modulate
the pump path at 11.39 MHz and monitor the ratio of the in-
phase to out-of-phase signal of the probe beam from a lock-
in amplifier (!Vin=Vout). Our pump and probe spots are
focused to "22 lm and "13 lm radii, respectively, at the
sample surface. We take a total of five TDTR measurements
on the various films at each temperature from 90 to 375 K.
We control the temperature of the samples in a cryostat with
optical access that is kept under vacuum (pressures less than
1.0 mTorr). The amorphous RE-TM alloy samples are coated
with "90 nm of Al for the TDTR measurements; the exact
thicknesses of the Al film are determined during each
measurement with picosecond ultrasonics.27 For the TDTR
analysis, we assume literature values for the heat capacities
of the Al and Si.28,29 The thermal conductivity of the Al is
approximated from the electrical resistivity measurements,21

although over the time delay during our TDTR mea-
surements, we are relatively insensitive to the thermal

conductivity of the Al. The thermal conductivity of the Si
substrate is assumed as that of bulk,30 although we are insen-
sitive to the substrate thermal properties due to the thickness
of the amorphous RE-TM alloy films and their relatively low
thermal conductivities. For this reason, we are also relatively
insensitive to the thermal boundary conductance between the
amorphous RE-TM alloys and the Si substrate. This leaves
the only thermophysical properties that need to be deter-
mined as the thermal conductivity and heat capacity of the
amorphous RE-TM alloy and the thermal boundary conduct-
ance between the Al and amorphous RE-TM alloy.

In practice, a single TDTR data set can independently
determine both the thermal boundary conductance between
the Al transducer and the amorphous RE-TM alloy film
given the heat capacity of the amorphous RE-TM alloy.
The heat capacity of GdFeCo and TbFeCo have been
reported at room temperature and vary anywhere from 2.3 to
3.1 MJ m!3 K!1 (Refs. 13, 16, 32, and 33). We therefore
specify the room temperature heat capacity of the GdFeCo
and TbFeCo films as 2.7 MJ m3 K!1 and account for the
uncertainty in this value in our thermal conductivity determi-
nations as discussed later. To determine the heat capacity at
the various temperatures, we assume a Debye model for the
phonon system in the amorphous RE-TM alloys and calculate
the heat capacity at the temperatures of interest in this study.
These calculations require the sound speed and the atomic
density the amorphous RE-TM alloys. We measure the speed
of sound with picosecond ultrasonics directly applied to
the sample (i.e., a portion without Al coating);27 we measure
the longitudinal speed of sound as 4200 6 210 m s!1 and
3900 6 190 m s!1 for the GdFeCo and TbFeCo films, respec-
tively. We determine the transverse sound speeds by calculat-
ing the square root of the ratio of the shear modulus to the
bulk modulus of GdFeCo or TbFeCo, and multiplying this
value by the longitudinal sound speed determined from pico-
second ultrasonics. We determine the moduli of the RE-TM
alloys by calculating the weighted reciprocal mean of the
shear moduli of the elements in the alloys.34 From this, we
determine the transverse speeds of sound as 3050 m s!1 and
2820 m s!1 for the GdFeCo and TbFeCo films, respectively.
We adjust the atomic density in the calculations of the heat
capacity until the room temperature value of our calculations
is 2.7 MJ m3 K!1 for both of the alloys. This leads to GdFeCo
and TbFeCo atomic densities of 7.4 and 7:1# 1028 m!3,
respectively. Note that this is in acceptable agreement with
previously reported values for the atomic density of TbFeCo
(6:5# 1028 m!3—Ref. 15) and calculations of atomic density
based on the density of the elemental constituents and a rule
of mixing ("6# 1028 m!3). With our calculated estimates of
the heat capacities, we then fit the TDTR thermal model to
the experimental data with the only free parameters being the
thermal boundary conductance between the Al film and
the amorphous RE-TM alloy and the thermal conductivity of
the amorphous RE-TM alloy. We find in general that the fit is
relatively insensitive to the thermal boundary conductance
between the Al transducer and the amorphous RE-TM alloy
sample due to the relatively low thermal conductivity of the
alloys compared to the relatively high thermal boundary
conductance.

FIG. 1. Cross-section bright field TEM of a GdFeCo film. (Inset) Corre-
sponding electron diffraction pattern, indicating the lack of crystallinity.
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III. RESULTS AND DISCUSSION

Figure 2 shows the measured thermal conductivities of the
amorphous RE-TM alloy films as a function of temperature
determined via TDTR. The error bars in these data represent
the uncertainties due to repeatability in the measurements, the
Al transducer thickness, and the amorphous RE-TM alloy heat
capacity. We determine the Al film thickness to within 3.0 nm
via picosecond ultrasonics. Therefore, the majority of the
uncertainty in j is due to the uncertainty in the assumed heat
capacity, which we take as 15% for all temperatures based on
the previously reported values for heat capacity of GdFeCo
and TbFeCo, as discussed earlier. The thermal conductivities
of both the GdFeCo and TbFeCo films increase nearly linearly
with temperature. This is a similar trend as to what has been
observed in metallic glasses previously.8–12 For comparison,
we show the thermal conductivity of a pure metallic glass
(Zr55Al10Cu30Ni5 (Ref. 12)), metallic glasses with non-metallic

constituents (Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)),
and SiO2 glass (Ref. 31). The metallic glasses all exhibit simi-
lar temperature trends in thermal conductivity, increasing more
linearly as compared to the nonmetallic SiO2 which increases
with temperature trends similar to the phononic heat capacity.

To understand the origin of these temperature trends in
the thermal conductivity of amorphous RE-TM alloys, we
measure the electrical resistivity from 80 to 400 K with a
standard four-point van der Pauw configuration in a Quan-
tum Design cryogen-free vibrating sample magnetometer
(VersaLab). From these measurements, we calculate the
electron contribution to the thermal conductivity via the
Wiedemann-Franz Law. For the GdFeCo and TbFeCo films,
je is plotted in Fig. 3. The electronic thermal conductivities
of both films exhibit nearly linear trends with temperature.
This linear trend in je has also been observed in the metallic
glasses with non-metallic constituents shown in Fig. 2
(Fe80B20 (Ref. 9) and Fe32Ni36Cr14P12B6 (Ref. 9)).

To quantify this, we calculate the phonon contribution
to thermal conductivity by jp ! j" je, where j is deter-
mined from the TDTR measurements (Fig. 2) and je is deter-
mined from the electrical resistivity measurements (Fig. 3).
We plot jp for the amorphous RE-TM alloy films in Fig. 4.
The phonon thermal conductivity is relatively constant over
the temperature range of interest. The slight increase that is
observed in the mean values is hard to conclusively discern
beyond the relative uncertainties in the calculations, which
propagates from the relative uncertainties in the TDTR and
electrical resistivity data that were previously discussed.
This constant jp has been observed in pure amorphous met-
als previously.12 However, the amorphous metals with boron
or phosphorous (Fe80B20 and Fe32Ni36Cr14P12B6 (Ref. 9))

FIG. 2. Thermal conductivity of the GdFeCo and TbFeCo films
(Gd21Fe72Co7—filled circles and Tb21Fe73Co6—filled squares) measured
with TDTR. The thermal conductivities of these amorphous RE-TM
alloys increase, nearly linearly, with temperature. This same trend is
observed in other metallic glasses, for example, Fe80B20 (Ref. 9—upward
open triangles), Fe32Ni36Cr14P12B6 (Ref. 9—downward open triangles), and
Zr55Al10Cu30Ni5 (Ref. 12—open squares). For comparison, we also plot
SiO2 glass (Ref. 31—solid line) which increases with temperature with
trends similar to the temperature trends in the phononic heat capacity.

FIG. 3. Electron contribution to thermal conductivity of the amorphous RE-
TM alloy films. This thermal conductivity component was determined via
electrical resistivity measurements and the Wiedemann-Franz Law. Both
amorphous samples exhibit a linear je with temperature. We estimate the rel-
ative uncertainties in these electrical resistivity measurements by considering
the effects of contact size and placement along with the sample geometry.35

These uncertainties are represented by the error bars shown at select tempera-
tures in the GdFeCo and TbFeCo data, and correspond to 8.1% and 6.2%,
respectively. We also plot the reported electron contributions to the thermal
conductivities of the metallic glasses with non-metal impurities (Fe80B20

(dashed line) and the Fe32Ni36Cr14P12B6 (solid line)) reported in Ref. 9, which
also show similar temperature trends in electron thermal conductivity.

103533-3 Hopkins, Ding, and Poon J. Appl. Phys. 111, 103533 (2012)

Downloaded 30 May 2012 to 137.54.23.40. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissionsshow an increase in jp with temperature, unlike the pure
amorphous metals. The reason for this is currently unclear,
but could be due to a stiffening of the bonds with non-
metallic inclusions that leads to an increase in the Debye
temperature, and thereby an increasing trend in phonon ther-
mal conductivity compared to the pure metallic glasses.

Based on the data in Figs. 3 and 4, the percent phonon
contribution decreases with increasing T where the electron
contribution increases with increasing T. We find that the
percent contribution of the phonon system to thermal con-
ductivity is !70% at 90 K and decreases to a still significant
contribution at room temperature and above. At low temper-
atures, the phonons contribute more to the thermal conduc-
tivity of the amorphous RE-TM alloys than the electrons, a
phenomenon that is not typical in most metals.

IV. CONCLUSIONS

In summary, we have investigated the electron and pho-
non contributions to the thermal conductivity of amorphous
GdFeCo and TbFeCo thin films, a class of amorphous RE-
TM alloys that is extremely important for the continued
development of magneto-optical recording devices. The ther-
mal conductivities exhibit a nearly linear increase with
temperature from 90 to 375 K, which is due to the increase in
electron thermal conductivity and a relatively constant pho-
non contribution to thermal conductivity. We find that at low
temperatures (!90 K), the phonon systems in these amor-
phous RE-TM alloys contribute !70% to thermal conduction
which decreases at higher temperatures due to the increase in
the electronic thermal conductivity.
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We experimentally investigate the electron and phonon contributions to the thermal conductivity of
amorphous GdFeCo and TbFeCo thin films. These amorphous rare-earth transition-metal (RE-TM)
alloys exhibit thermal conductivities that increase nearly linearly with temperature from 90 to 375 K.
Electrical resistivity measurements show that this trend is due to an increase in the electron thermal
conductivity over this temperature range and a relatively constant phonon contribution to thermal
conductivity. We find that at low temperatures (!90 K), the phonon systems in these amorphous
RE-TM alloys contribute !70% to thermal conduction with a decreasing contribution as temperature is
increased. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4722231]

I. INTRODUCTION

Amorphous rare-earth transition-metal (RE-TM) alloys
represent an interesting class of materials to study the influ-
ence of non-crystalline order on various physical properties.
In their electronic properties, for example, transition-metal
spin value, exchange interaction, and the band structure are
drastically different compared to their crystalline counter-
part.1 Due to fluctuations in the local structure, the amor-
phous state also exhibits a much lower Curie temperature
resulting in different magnetic responses.2 However, the
thermal properties of amorphous RE-TM alloys are rela-
tively unknown.

In amorphous dielectrics, the thermal conductivity
above !100 K is well described by the minimum thermal
conductivity model originally proposed by Einstein3 and
later modified by others to include heat transport by a
broader spectrum of vibrational modes.4–6 However, this pic-
ture does not fully describe the thermal transport in amor-
phous metals due to the electron contribution to thermal
conductivity and the strong electron-phonon coupling
effects.7 Several previous works have examined the thermal
conductivity of Zr-, Ni-, or Cu-based metallic glasses.8–12 In
general, the thermal conductivity of metallic glasses
increases with temperature and has a much larger contribu-
tion from the phonon system than in typical metals (ranging
from 20% to 50% at room temperature).8,11 The thermal
transport properties of amorphous RE-TM alloys have not
been thoroughly investigated, to the best of our knowledge.
Amorphous RE-TM alloys have received much attention
with respect to their application as magneto-optical record-
ing media with GdFeCo and TbFeCo alloys being the most
promising candidates.1,13–16 These recording systems utilize
the heating effect of a laser beam for storing digital informa-
tion in a multilayer disk, and the storage and operation of
these systems depend immensely on the thermal properties

of the disk layers. However, the data for the thermal conduc-
tivity of GdFeCo and TbFeCo alloys are relatively nonexis-
tent and only estimates are available at room temperature.17

This severely limits not only the progress of magneto-optical
recording technology but also the progress in understanding
the thermophysics of amorphous RE-TM alloys.

In response, we experimentally investigate the electron
and phonon contributions to thermal conductivity of GdFeCo
and TbFeCo amorphous thin films from 90 to 375 K. We use
time domain thermoreflectance (TDTR) to measure the ther-
mal conductivities of these films and we calculate the elec-
tron contribution to thermal conductivity from our electrical
resistivity measurements via the Weidemann-Franz Law.
From this, we infer the phonon contribution to the overall
thermal conductivity of these amorphous RE-TM alloy films.
We find that the phonon contribution to the thermal conduc-
tivity (jp) is relatively constant with temperature; this is sim-
ilar to previously measured pure metallic glasses, yet glasses
with non-metal impurities show an increasing phonon contri-
bution to thermal conductivity with temperature. Further-
more, we find that the electron contribution to the thermal
conductivity (je) of our amorphous RE-TM alloy films
increases with temperature. We find that at low temperatures
(!90 K), the phonon systems in these amorphous RE-TM
alloys contribute !70% to thermal conduction which drops
at room temperature due to the increase in je.

II. EXPERIMENTAL DETAILS

The 260 nm Gd21Fe72Co7 (GdFeCo) and 300 nm
Tb21Fe73Co6 (TbFeCo) films are grown on single crystalline
silicon substrates via RF sputtering. The films are capped
with !5 nm of MgO to prevent oxidation. We measured the
film composition using inductively coupled plasma-mass
spectrometry after chemically dissolving the films, as
confirmed by x-ray fluorescence using peak ratios. We con-
firm that the films are fully amorphous with transmission
electron microscopy (TEM). Figure 1 shows an example of aa)Electronic mail: phopkins@virginia.edu.
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We study the scattering mechanisms driving electron-phonon relaxation in thin gold films via pump-
probe time-domain thermoreflectance. Electron-electron scattering can enhance the effective rate of
electron-phonon relaxation when the electrons are out of equilibrium with the phonons. In order to
correctly and consistently infer electron-phonon coupling factors in films on different substrates, we
must account for the increase in steady-state lattice temperature due to laser heating. Our data
provide evidence that a thermalized electron population will not directly exchange energy with
the substrate during electron-phonon relaxation, whereas this pathway can exist between a
non-equilibrium distribution of electrons and a non-metallic substrate. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4833415]

A thorough understanding of the relaxation mechanisms
of hot electrons in solids is critical to an array of applica-
tions. For example, laser processing of solids with sub-
picosecond laser pulses relies on rapid absorption of the
pulse energy by electrons, traversal of these hot electrons
away from the surface, and subsequent electron-phonon
interactions that lead to melting, ablation, and spallation.1–6

The rate of electronic relaxation during and after pulse
absorption dictates the electron and phonon temperatures. As
a result, electron-phonon coupling is a critical pathway of
energy conversion due to the non-equilibrium induced by
short pulse laser heating.

Despite this, the fundamental scattering mechanisms
driving hot electron relaxation with a surrounding lattice are
still very much up for debate. In Kaganov’s original deriva-
tion,7 the electron-phonon coupling factor, G, was hypothe-
sized to be constant at temperatures much greater than the
Debye temperature, i.e., T ! HD. This hypothesis was later
derived using superconducting theory8 and confirmed experi-
mentally.9 However, these confirming measurements were
conducted in a regime of negligible electron-phonon
non-equilibrium (i.e., Te " Tp # Tp, where Te and Tp are
the electron and phonon temperatures, respectively). When
Te " Tp is large, additional electronic scattering mechanisms
beyond the electron-phonon interaction can affect the rate at
which the electron system loses energy; these mechanisms
include electron scattering at grain boundaries,10 defects,11

material interfaces,12–14 and d-band holes.5,6,15 Generally
speaking, many of these mechanisms are relatively unstudied
due the lack of experimental evidence demonstrating the
interplay between Te and Tp and their subsequent influence
on electron-phonon relaxation.

In response, we perform a series of measurements
designed to investigate the influence of electron temperature,
interfacial structure, and lattice temperature on electron
relaxation dynamics in Au films after short pulse laser heat-
ing. By measuring the effective electron-phonon coupling
factor, Geff , in Au films on rough Si substrates, we find that
interfacial roughness only affects electron-phonon relaxation
at high Te.

13,16 In addition, we measure Geff in Au films on
glass substrates and find that Geff is independent of substrate
so long as changes in Tp that arise from steady-state laser
heating are accounted for. Furthermore, we present a consist-
ent set of analyses to interpret pump-probe reflectivity data,
correlate these data to thermal responses of the electron and
phonon systems, and describe interactions between them
with a two temperature model (TTM).17 Using this proce-
dure, we are able to show that transient reflectivity data in
the low perturbation limit can be used to calculate the
electron-electron and electron-phonon collisional frequen-
cies (!ee and !ep, respectively). We use these results to eval-
uate the current understanding of electron relaxation and the
influence of Te and Tp, thereby providing a more comprehen-
sive picture of electron dynamics in thin films during and
after short pulse laser heating.

Our experiments are carried out using the time-domain
thermoreflectance (TDTR) technique, which is described in
detail elsewhere.18–20 Several aspects of our apparatus
deserve explicit attention in the context of the present work:
(i) the pump path is frequency doubled from 1.55 to 3.1 eV;
(ii) the pump and probe pulses at the sample surface are
approximately 400 and 200 fs, respectively (pump pulses are
stretched due to extra optics along the pump path, e.g., the
electro-optic modulator); (iii) pump and probe 1=e2 radii are
6:160:7lm and 5:2 6 0:6lm, respectively; and (iv) the aver-
age probe power incident on the sample surface is 9 mWa)Electronic mail: phopkins@virginia.edu
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