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ABSTRACT

To increase the storage capacity of hard disk drives, Heat-Assisted Magnetic Recording (HAMR) takes advantage of laser heating to temporarily
reduce the coercivity of recording media, enabling the writing of very small data bits on materials with high thermal stability. One key challenge in
implementing HAMR is effective thermal management, which requires reliable determination of the thermal properties of HAMR materials over
their range of operating temperature. This work reports the thermal properties of dielectric (amorphous silica, amorphous alumina, and AlN),
metallic (gold and copper), and magnetic alloy (NiFe and CoFe) thin films used in HAMR heads from room temperature to 500K measured with
time-domain thermoreflectance. Our results show that the thermal conductivities of amorphous silica and alumina films increase with temperature,
following the typical trends for amorphous materials. The polycrystalline AlN film exhibits weak thermal anisotropy, and its in-plane and through-
plane thermal conductivities decrease with temperature. The measured thermal conductivities of AlN are significantly lower than that which would
be present in single-crystal bulk material, and this is attributed to enhanced phonon-boundary scattering and phonon-defect scattering. The gold,
copper, NiFe, and CoFe films show little temperature dependence in their thermal conductivities over the same temperature range. The measured
thermal conductivities of gold and copper films are explained by the diffuse electron-boundary scattering using an empirical model.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0258288

I. INTRODUCTION

Heat-Assisted Magnetic Recording (HAMR) is an advanced
data-storage technology used in hard drives to significantly increase
storage capacity by boosting the areal density of data. Widely
studied in recent years, HAMR has recorded data at densities
beyond the limits of conventional perpendicular magnetic record-
ing (PMR).1,2 A schematic of the HAMR writing process is shown
in Fig. 1.3 The recording medium consists of a granular magnetic
material, and the grains’ magnetization states will be periodically
altered by the magnetic field from the writing pole. The magnetiza-
tion directions (up and down) represent the binary data (0 or 1).4

A key distinction between HAMR and the conventional PMR is the
addition of a laser employed for local and temporal heating. The

writing process in HAMR involves locally heating the magnetic
medium close to or above the Curie temperature Tc, typically in the
range of 400–500 °C, to reduce the material’s coercivity. As the
medium cools below the Curie temperature, the applied head field
writes data. The subsequent cooling process further increases coer-
civity, ensuring the stability of the written data.1 Specifically, a
near-field transducer (NFT) is used to heat the medium, with the
laser spot size confined to tens of nanometers, well below the dif-
fraction limit. This heating, writing, and cooling operation proceeds
bit-by-bit down a data track as the disk spins under the HAMR
hard drive’s recording head.

The signal-to-noise ratio (SNR) sensed during the readback of
a magnetic data track depends on the number of grains per bit, and
smaller data bits require smaller magnetic grains to maintain an
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acceptable SNR. In addition, a smaller bit size is also favored to
reach a competitive data-storage density. The size of each magnetic
data bit is ultimately controlled by the size of the hot spot on the
HAMR recording medium. Only the region heated by the NFT
changes its direction of magnetization as the magnetic writer
switches the external field. The temperature gradients present at
this spot ultimately define the minimum size of the data bit.

This complex system introduces new thermal and magnetic
challenges in hard-drive engineering. The laser irradiation of a
plasmonic material (e.g., gold) will cause excessive heating, poten-
tially leading to thermally driven deformation or failure. This
results in an obvious need for thermal management in a recording
head, where local heat fluxes are extremely high. The recording
medium also needs to have a heat-sinking design that enables rapid
heating and cooling within the nanosecond time scale. Thus, a
comprehensive understanding of the thermal properties of HAMR
materials over the operating temperature range is essential to guide
the design and optimization of HAMR.

In this work, we perform a systematic study of the
temperature-dependent (T-dependent) thermal properties of key
HAMR materials produced by Seagate, including dielectric films of
silica, alumina, and aluminum nitride, metallic films of gold and
copper, and magnetic alloys of CoFe and NiFe thin films. Using
time-domain thermoreflectance (TDTR) measurements, the
T-dependent through-plane (Λz) and in-plane (Λr) thermal con-
ductivities of the samples are measured from room temperature
(RT) to 500 K. The extracted material properties will improve the
understanding of thermal transport in these thin-film HAMR
materials and provide valuable insights for further improving
HAMR design and performance.

II. SAMPLE FABRICATION AND CHARACTERIZATION

The thin-film samples in this study were produced by Seagate, a
manufacturer of HAMR recording heads, media, and drives. For

instance, amorphous dielectric silica and alumina are commonly
used as optical materials in HAMR. Amorphous alumina also serves
as an electrically insulating encasing material due to its mechanical
properties. Copper is a common choice for electromagnet coils in
both HAMR and PMR heads, and it is also an excellent heat conduc-
tor. Gold is the most studied plasmonic material for HAMR, and
similar to copper, it also can provide excellent heat dissipation.
Aluminum nitride (AlN), known for its relatively high bulk thermal
conductivity (∼330Wm−1K−1),5–10 is widely used for heat dissipa-
tion in locations where electrical isolation is required. Magnetic
alloys CoFe and NiFe are commonly used as write-pole materials for
HAMR heads. Co0.35Fe0.65 possesses a high saturation magnetization
(reaching 2.45 T), making it favored for write-pole tips. Ni80Fe20, also
known as Permalloy or “80–20,” can serve as a material for return
poles, shields, and other magnetic features in the head.

All samples were prepared by Seagate using microfabrication
processes such as sputtering, reactive deposition, plasma-enhanced
chemical vapor deposition (PECVD), and electroplating.
Co0.33Fe0.67 films were produced by depositing a Cr adhesion layer
and a Cu plating seed onto a thermally oxidized Si wafer, covering
these films with a 30 nm Co0.30Fe0.70 seed layer, and then electro-
plating 300 nm of Co0.33Fe0.67 alloy onto the seed layer. Thin Cr
films were used as adhesion layers for the sputtered Cu and Au
films, produced on thermally oxidized Si wafers. All other films
were produced on Si substrates using vacuum deposition tech-
niques. Bare Si and thermally oxidized SiO2/Si wafers were also
provided by Seagate as reference samples, permitting isolation of
the substrate effects on the measured sample properties. The com-
position of amorphous silica was close to that of SiO2 but not
exactly stoichiometric. Likewise, the composition of amorphous
alumina was close to that of Al2O3. The thicknesses of all thin-film
samples were characterized using scanning electron microscopy
(SEM). High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and x-ray diffraction (XRD)
were also used to understand the microstructures of polycrystalline

FIG. 1. (a) Working principles of heat-assisted magnetic recording. Adapted from Ref. 3 with permission of AIP Publishing LLC.3 (b) HAMR schematic.
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films. Table I summarizes the sample information, fabrication pro-
cesses, structural features, and related HAMR applications.

III. THERMAL MEASUREMENTS AND DATA
REDUCTION

Because the HAMR recording head must withstand and operate
at elevated temperatures, it is essential to understand the thermal
properties of these materials under such conditions. We used the
state-of-the-art ultrafast pump-probe technique, TDTR, to measure
the thermal conductivities (Λ) of thin-film samples from RT to 500 K.
For samples exhibiting thermal anisotropy, both the through-plane Λz

and in-plane Λr were examined. Before thermal measurements, a thin
metallic layer (e.g., Al or Pt) was sputtered onto the sample (e.g.,
alumina, silica, AlN, or CoFe) as a transducer. This procedure was
also performed with the 300 nm SiO2/Si control samples. For the Au,

Cu, and NiFe thin films, the material to be tested served as the trans-
ducer layer. In TDTR (Fig. 2), a pump laser beam heats the sample
stack, causing a temperature rise at the transducer surface, followed by
a cooling process. A probe beam illuminates the sample stack at a
varying time delay. The reflectivity of the probe beam varies with the
temperature of the transducer surface due to the thermoreflectance
effect.11,12 For a small temperature rise, the variation in the probe
reflectivity is linearly proportional to the temperature excursion
between pump heating and probe sensing and, thus, provides thermal
information about the sample stack.11,13,14 More details of the TDTR
metrology can be found in other publications.11,13–23 The experimental
data were compared to a 3D heat transfer model to extract the
thermal properties of interest.24

For through-plane thermal measurements, the thermal wave
propagation in the sample stack due to the modulated pump

TABLE I. Sample stack structures and related HAMR applications.

Category
Sample stack information (thickness in

nm)
Fabrication
processes

Structural
features HAMR applications

Alumina Alumina (1000)/Si Sputtering Amorphous Cladding materials for plasmonics
and optics; interlayersSilica Silica (192)/Si PECVD Amorphous

Aluminum nitride
(AlN)

AlN (364)/Si Reactive
deposition

Polycrystalline Electrical isolation; heat sink

Gold (Au) Au (46)/Cr (5)/SiO2 (288)/Si Sputtering Polycrystalline Plasmonic NFT; heat sink; head
coilsCopper (Cu) Cu (101)/Cr (5)/SiO2 (192)/Si Sputtering Polycrystalline

Nickel-iron (NiFe) Ni80Fe20 (104)/SiO2 (294)/Si Sputtering Polycrystalline
Write poles of heads; magnetic

shields
Cobalt-iron
(CoFe)

Co0.33Fe0.67 (300)/Co0.30Fe0.70 (30)/Cu
(198)/Cr (29)/SiO2 (313)/Si

Electroplating Polycrystalline

FIG. 2. The 2D schematics of the
sample stack under the thermally
opaque (a) and thermally thin (b)
regimes, as determined by the film
thickness (d) and thermal penetration
depth (δ). (c) Schematic of the
beam-offset approach. Λx, Λy, and Λz

represent the thermal conductivity
along the x, y, and z directions.
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excitation has a penetration depth of δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λz/πfC

p
, where Λz is

the thermal conductivity, f is the modulation frequency, and C is
the volumetric heat capacity of the sample, respectively. The
thin-film sample is considered thermally opaque [Fig. 2(a)] when
δ is less than the film thickness d, or thermally thin otherwise
[Fig. 2(b)].19 For the latter case, the measurement probes the
second thermal interface (G2), and the dual-frequency approach
can be applied to improve the data reduction reliability.15,19,25 For
all measurements of Λz, a 5× objective lens was used to focus the
pump and probe beams onto the samples’ surface with a beam spot
size of w0≈ 12 μm (1/e2 radius). The pump beam was modulated at
1.5, 9, or 18 MHz to optimize the measurement conditions based
on our sensitivity analysis.

To probe in-plane thermal transport, we integrated the
beam-offset approach with TDTR, where we varied the pump
spot along the sample surface while keeping the probe spot fixed
[Fig. 2(c)].20–24,26,27 The out-of-phase signal (Vout) was measured at
−50 ps as a function of the offset distance between the pump and
probe beam spots. Λr was extracted by comparing the full width at
half maximum (FWHM) of Vout to that of the model prediction.
To measure Λr, the beam-offset approach was adopted in addition
to routine TDTR, both of which were performed with a 20× objec-
tive lens (w0≈ 3 μm) and at 1.5 MHz to ensure sufficient measure-
ment sensitivity. Table II summarizes the detailed conditions for all
through-plane and in-plane measurements.

For temperature-dependent thermal measurements, all
samples were mounted using silver paint onto a temperature-
controlled stage in an environmental chamber. The actual tempera-
ture of the samples was composed of three parts: the setting tem-
perature (Tset), the steady-state temperature rise (ΔTss), and the
per-pulse temperature rise (ΔTpp).

15,19 The temperature correction
procedures are detailed in our previous publications.15,19

IV. RESULTS AND DISCUSSION

A. Thermal properties of silica, alumina, and AlN as
cladding materials/heat sink in HAMR

The out-of-plane thermal conductivities, Λz, of amorphous
silica and amorphous alumina were measured at 1.5, 9, and
18MHz from RT to 500 K. Extracting Λz over this temperature

range requires the knowledge of several input parameters. The RT
thermal conductivity of Al (ΛAl) was converted from the electrical
resistivity measured with the four-point probe method and the
Wiedemann–Franz law. The T-dependent ΛAl was determined
based on the linear dependence of its electrical resistivity.28 The
volumetric heat capacity of each layer was taken from the
literature.29–32 The thicknesses of Al and silica (dAl = 64 nm
and dSiO2 = 192 nm) were determined from picosecond acoustics
[Fig. 3(a)].16–23,33 The thermal conductivity of Si was taken from
the literature.34 The measurements were insensitive to the interfa-
cial thermal conductance of the Al/sample interface (G1) due to the
low thermal conductivity of the silica or alumina sample.

Figure 3(b) shows the representative TDTR ratio signals of the
silica sample measured at RT, along with the best fits calculated
using our 3D heat transfer model.11,13–23 The 192 nm amorphous
silica thin film has an RT thermal conductivity of
1.2 ± 0.08Wm−1 K−1. Figure 3(c) compares the extracted
T-dependent thermal conductivity of silica with some of the experi-
mental data reported in the literature.35–38 The extracted Λz of
amorphous silica increases with temperature, a typical T depen-
dence of Λ for amorphous solids. Over the studied temperature
range, the extracted Λz of silica is slightly lower than that of the
bulk,35 but strongly consistent with the reported values of amor-
phous SiO2 thin films of varying thicknesses, with an estimated
uncertainty of 7%.36–38 As reported by multiple experimental and
computational studies, this consistency of Λz is expected due to its
lack of thickness dependence in this thickness range.39–46 In amor-
phous solids, the vibrational modes contributing to thermal trans-
port are categorized as propagons (propagating, phonon-like),
diffusons (non-propagating, delocalized), and locons (non-
propagating, localized).47–49 It is believed that thermal transport in
SiO2 is dominated by thickness-independent diffuson contribu-
tions, with minimal impact from the thickness-dependent propa-
gon contributions.39–46

The RT Λz of the 1 μm alumina was measured to be
1.53 ± 0.19Wm−1 K−1, and the corresponding T-dependent results
from RT to 500 K are shown in Fig. 3(d), along with a comparison
to the literature data.50–54 Similar to the case of silica, Λz of
alumina slightly increases with temperature due to its amorphous
nature. With an estimated uncertainty of ∼13%, the measured Λz

of the 1 μm alumina film agrees well with the literature-reported
thermal conductivities within this temperature range.50–54 It is
noteworthy that the thermal conductivity of amorphous alumina
can be significantly influenced by the material synthesis methods
and the resulting atomic density.53–56 For example, Lee et al.
reported a 35% higher thermal conductivity for DC-sputtered
amorphous alumina films compared to RF-sputtered films, despite
only a ∼3% difference in density.53 For films grown by atomic layer
deposition (ALD), a 13% difference in atomic density can result in
a 35% change in thermal conductivity.55 In addition, no thickness
dependence of amorphous alumina thermal conductivity has been
observed in the range of 50 nm–5 μm.51,55

Λz and Λr of the polycrystalline AlN thin film were measured
from RT to 500 K. As a non-metallic solid, thermal transport in
AlN is dominated by phonons, with negligible contributions from
electrons. Therefore, the microstructure and film thickness largely
influence the thermal conductivity of AlN thin films due to

TABLE II. Summary of the transducers, measurement approaches, and correspond-
ing conditions. The beam spot size was ∼12 μm for all through-plane measure-
ments of Λz and ∼3 μm for all in-plane measurements of Λr.

Materials Transducer
Λz

measurements
Λr

measurements

Alumina Al 1.5, 9, and
18MHz

N/A
Silica Al
AlN Pt 9 and 18MHz Beam-offset, 1.5 MHz

Au The thin
film of
interest

N/A
Routine TDTR, 1.5 MHz

Cu Beam-offset, 1.5 MHz
Ni80Fe20 9 and 18MHz Beam-offset,1.5 MHz

Co0.33Fe0.67 Al 9 and 18MHz N/A
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phonon-boundary scattering.9,57 The microstructural features of the
AlN film were characterized using HAADF-STEM imaging. The
film thickness (dAlN) was measured to be 364 nm from the low-
magnification cross-sectional HAADF-STEM image, as shown in
Fig. 4(a). Grain boundaries in the AlN film appear as bright lines
due to contrast differences, and these boundaries are identified as
sharp peaks in the corresponding HAADF intensity linescan.
Statistical analysis of the intensity linescan indicates an average
grain size of 30 nm, ranging from 17 to 45 nm. High-resolution
HAADF-STEM imaging resolves individual grains, as shown in
Fig. 4(b). An atomic-resolution HAADF-STEM image further
reveals the uniform crystal structure of the grains.

For through-plane Λz measurements, two modulation fre-
quencies of 9 and 18MHz, and the 5× objective lens (w0≈ 12 μm),

were used. For in-plane Λr measurements, the beam-offset
approach with a 20× objective lens (w0≈ 3 μm) at 1.5 MHz was
used (Table II).20–24,26 For data reduction, the thermal conductivity
of the Pt transducer (ΛPt) was obtained using the same approach
for the Al transducer,58,59 and the thermal conductivity of Si was
taken from the literature.34 The volumetric heat capacity of each
layer was taken from the literature.30,60,61 The thickness of the Pt
transducer (dPt = 77 nm) was measured using picosecond acoustics
for a Pt/SiO2 (300)/Si control sample in the same batch. The Λz

measurements from RT to 500 K are in the “thermally thin”
regime, given the high thermal conductivity of the polycrystalline
AlN films compared to amorphous silica or alumina. In this case,
G2 is sensitive, and dual-frequency TDTR was applied to reliably
determine G2, and thereby improving the measurement accuracy of

FIG. 3. (a) Representative picosecond acoustic signals in Vin, where the upward echo represents a round trip of the longitudinal acoustic wave traveling through the Al
transducer and the silica film. (b) Representative TDTR ratio signals of silica measurements at 1.51 and 9 MHz at RT. The solid lines denote the best fits determined from
simultaneous two-frequency fitting. (c) T-dependent Λz of the 192 nm silica (PECVD, black squares). For comparison, literature data are also presented for bulk fused
silica (red circles)35 and 190 nm silica (PECVD, blue triangles).37 (d) T-dependent Λz of the 1 μm alumina (black squares), compared with literature-reported thermal con-
ductivity of amorphous alumina with varying thicknesses: 140 nm (olive inverted triangles),50 1.4–5 μm (blue triangles),51 150–400 nm (pink diamonds),52 0.5–2 μm (red
circles),53 and 119 nm (orange pentagons).54 Plots in (c) and (d) from Refs. 35, 37, and 54 are reproduced with permission from D. G. Cahill, Rev. Sci. Instrum. 61(2), 802
(1990). Copyright 1990 AIP Publishing LLC; Lee et al., J. Appl. Phys. 81(6), 2590 (1997). Copyright 1997 AIP Publishing LLC; and Paterson et al., J. Appl. Phys. 127(24),
245105 (2020). Copyright 2020 AIP Publishing LLC. Plots in (c) and (d) from Refs. 50, 51, 52, and 53 are reproduced with permission from Stark et al., Thin Solid Films
226(1), 185 (1993). Copyright 1993 Elsevier; Cai et al., J. Chem. Eng. Data. 55(11), 4840 (2010). Copyright 2010 American Chemical Society; Cappella et al., Adv. Eng.
Mater. 15(11), 1046 (2013). Copyright 2013 Wiley; and Lee et al., Phys. Rev. B 52(1), 253 (1995). Copyright 1995 American Physical Society.
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Λz.
15,19,25 At each temperature, Λz and G1 were determined from

through-plane measurements and then served as input parameters
to extract Λr via the beam-offset approach. The assumption of
frequency-independent thermal conductivity is required when
applying dual-frequency TDTR,62 and no apparent frequency
dependence of the AlN thermal conductivity was observed in this
work.

The representative TDTR ratio signals from the through-plane
measurements and the out-of-phase (Vout) signals from the
in-plane beam-offset measurements are shown in Figs. 4(c) and 4
(d), with Λz and Λr being 42 ± 6.1 and 58 ± 14.7W m−1K−1 at RT,
respectively. Compared to a bulk single crystal with an isotropic
thermal conductivity of ∼330Wm−1K−1, the AlN thin film exhib-
its significantly lower thermal conductivities.5–10 The comparison
of the extracted Λz and Λr of polycrystalline AlN with the previous
measurements of sputtered AlN films is illustrated in Fig. 4(e).9,57

The reduced Λz of AlN thin films can be attributed to phonon-
boundary scattering and phonon-point defect scattering,57 which is
known to have homogeneous impacts on both Λz and Λr.

63–65 In
addition, Λr is primarily influenced by the film microstructure.9

The polycrystalline AlN film is composed of columnar grains
aligned perpendicular to the substrate. The extracted Λr corresponds
to an averaged lateral (in-plane) grain size of 35 nm [Fig. 4(e)],9 con-
sistent with the estimate obtained through the HAADF intensity
linescan [Fig. 4(a)]. The films from prior studies with lower Λr

values had an averaged lateral grain size of ∼20 nm,9 further suggest-
ing that in-plane thermal transport in polycrystalline AlN films with
columnar textures is limited by phonon-grain boundary scattering.
The high-T performance of polycrystalline AlN from RT to 500 K is
examined by plotting the T-dependent Λz and Λr in Fig. 4(f). The
uncertainties, averaged over the measurement temperature range, are
∼15% for Λz and ∼30% for Λr. Λz and Λr decrease with temperature,
reducing to 20–30Wm−1K−1 at 500 K.

B. Thermal properties of Au and Cu films for heat sinks
and electromagnet coils in HAMR

The in-plane thermal conductivities of a 50 nm Au and a
100 nm Cu film were measured using TDTR from RT to 500 K.
Thermal transport in both metals is primarily driven by free elec-
trons. Λr of the 46 nm Au film was measured using routine TDTR
with the 20× objective lens (w0≈ 3 μm) at 1.51MHz by treating the
Au film as the transducer on a reference SiO2/Si sample. For data
reduction, the volumetric heat capacities of Au, Cr, SiO2, and Si
and the thermal conductivity of Si are taken from the litera-
ture.30,31,34 The thicknesses of the Au film (dAu = 46.1 nm) and
SiO2 (dSiO2 = 287.8 nm) were determined from SEM. The thermal
interfaces of Au/Cr, Cr/SiO2, and the 5 nm film of Cr were lumped
as an effective interfacial thermal conductance “G1” [see Fig. 5(a)],
the only fitting parameter in addition to Λr.

The representative TDTR ratio signal and its best fit for the
Au film at RT are plotted in Fig. 5(b). The extracted Λr is
216Wm−1K−1 with an estimated uncertainty of 24%, reasonably
matching the result from the four-point probe measurement at RT
(234Wm−1K−1). This measured Λr is ∼32% lower than the bulk
thermal conductivity of Au reported in the literature
(317Wm−1K−1).66 Extensive theoretical and experimental studies

indicate that, unlike bulk materials, thermal transport in metallic
thin films is affected by grain boundary and surface boundary
scattering.66–77 For the 46 nm Au film, diffuse electron-boundary
scattering plays a substantial role in thermal transport as the char-
acteristic dimension of the film (e.g., film thickness or grain size)
becomes comparable to the electron MFPs, leading to a reduced
thermal conductivity.66–76 To better quantify this impact, a model
proposed by Qiu and Tien based on Mayadas’s theory is
applied,67,71

Λf

Λb
¼ 1þ 3

8δ
(1� P)þ 7

5
α

� ��1

, (1)

where

α ¼ MFP
D

R
1� R

: (2)

In this model, Λb and Λf are the bulk and thin-film thermal
conductivities, respectively. δ is the ratio of the film thickness d to
the electron MFP. P and R are the specular reflection coefficients of
electrons at film surfaces and the grain-boundary reflection coeffi-
cients of electrons, respectively. D stands for the averaged lateral
grain size of the film.

Using this model, the RT thermal conductivity ratio of Λf/Λb

is calculated as a function of δ and compared to the experimental
results in Fig. 5(c).72 As input parameters, an electron MFP of
42 nm and P of 0.5 for Au are taken from the literature.66–69,78 The
averaged lateral grain size D is taken as the film thickness
(46.1 nm) as a first approximation.66,70–73 Four cases are calculated
with R varied from 0 to 0.3 and compared to the experimental
results, as shown in Fig. 5(c), where Λf monotonically decreases
with R, reflecting the effect of electron-grain boundary scattering.
The comparison suggests that the 46.1 nm Au film in this study
has an R value of ∼0.2, falling within the literature range of 0.17–
0.35.72–75 Figure 5(d) depicts Λr measured from RT to 500 K for the
Au film, with an average uncertainty of ∼25%. There is no observ-
able T dependence of Λr in this temperature range, consistent with
the theoretical and experimental studies in the literature.79

Λr of the 100 nm Cu film was measured with the beam-offset
approach using the 20× objective lens and at 1.51MHz by using
the copper thin film as the transducer.20–24,26 As with the Au film
sample, the volumetric heat capacities of individual layers in the
Cu film sample were taken from the literature,30,31,34 and the thick-
nesses of Cu (dCu = 101.3 nm) and SiO2 (dSiO2 = 357.5 nm) were
determined from SEM. The effective interfacial thermal conduc-
tance of G1 combines the thermal interfaces of Cu/Cr, Cr/SiO2, and
the 5 nm Cr film. With the beam-offset approach, thermal mea-
surements are not sensitive to G1.

Figure 6(a) displays the out-of-phase (Vout) signals from the
beam-offset measurements at RT. The Vout FWHM of 9.80 μm cor-
responds to a Λr of 276Wm−1K−1 with an uncertainty of 7%, align-
ing well with the RT result from four-point probe measurements
(279Wm−1K−1). Similar to the Au film in this work, Λr of the Cu
film is ∼30% lower than the bulk value (400Wm−1K−1).66 Using
the same model proposed by Qiu and Tien, the averaged lateral
grain size in the Cu film is 43 nm, as shown in Fig. 6(b).66,70,71,76

Measurements of the Cu film from RT to 500 K also suggest no
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observable T dependence for Λr [Fig. 6(c)], similar to the case of the
Au film.

C. Thermal properties of CoFe and NiFe for write poles
and magnetic shields in HAMR

The through-plane Λz of the 300 nm Co0.33Fe0.67 film was
measured using TDTR with the 5× objective lens (w0≈ 12 μm) at 9
and 18MHz from RT to 500 K. Similar to the measurements of
dielectric materials, Al was used as the transducer, and its thermal
conductivity was determined from the electrical measurements of
an Al/SiO2/Si reference sample. The thermal conductivity of the Cu
layer and Si were taken from the literature.34,70 The volumetric heat
capacity of the CoFe film was estimated from the heat capacities of
Co and Fe based on stoichiometry.30 The volumetric heat capacities
of other layers were taken from the literature.29–31 The thickness of
Al (dAl = 64 nm) was determined from picosecond acoustics, and
the thicknesses of other individual layers were determined from
SEM measurements (Table I).16–23,33 Due to the challenge in sepa-
rating the 300 nm electroplated CoFe film and the 30 nm sputtered

CoFe film in TDTR analysis, Λz of CoFe was taken as the effective
thermal conductivity of the two combined CoFe layers [Fig. 7(a)].
The G values of the CoFe/Cu and Cu/Cr interfaces were set to
3.7 GW m−2 K−1, a typical value for metal–metal interfaces found
in the literature.80 The electronic contribution to Λz of CoFe at RT
was estimated from the four-point probe measurements using a
parallel-resistance model incorporating the lumped resistances of
the CoFe, Cu, and Cr films, with literature values used for Cu and
Cr resistivities.70,81

Figure 7(b) shows the representative ratio signals at 9 and
18MHz collected at RT and the corresponding best fits, resulting
in a value of 31.9 ± 12.2Wm−1K−1 for Λz of CoFe. Using the
parallel-resistance model, the estimated electronic thermal conduc-
tivity is 23.6Wm−1K−1, suggesting a ratio of ∼3:1 for the elec-
tronic vs phononic contributions to thermal transport in CoFe. The
T-dependent thermal conductivity of CoFe is plotted in Fig. 7(c),
along with the experimental data reported in the literature.82 For
60–80 nm thick CoFe films, the thermal conductivity gradually
increases with T below ∼200 K before plateauing.82 For temperatures
above 200 K, Λ of CoFe appears temperature independent, consistent

FIG. 4. (a) A low-magnification HAADF-STEM image of the polycrystalline AlN film grown on the [001] Si substrate. Here, grain boundaries appear as bright lines. The
HAADF intensity linescan below the image shows the grain boundaries as sharp peaks. (b) The high-resolution HAADF-STEM image shows a few such grains, each
about 30 nm in size (left). The atomic-resolution HAADF-STEM image (from the box in the left panel) shows the crystalline structure of a single AlN grain (right).
(c) Representative TDTR ratio signal at 9 (black) and 18 (red) MHz at RT. The solid lines denote the best fits determined from simultaneous two-frequency fitting.
(d) Representative Vout signals from the beam-offset approach at RT. (e) The comparison of the extracted Λz and Λr (open squares) with literature-reported values of sput-
tered AlN films (blue circles) as a function of film thickness.9 Compared to the model prediction (blue line),57 the Λr values in this work (red square) and the previous
study (red circles) correspond to a lateral grain size of 35 and 20 nm, respectively. (f ) T-dependent Λz (black squares) and Λr (red squares) from RT to 500 K. The uncer-
tainties are ∼15% and 30% for Λz and Λr, respectively, as averaged over the measurement temperature range. The T-dependent thermal conductivity of a 22 μm thick
AlN single crystal from the literature is plotted for comparison (blue circles).10 Plots in (e) from Refs. 9 and 57 are reproduced with permission from Song et al., J. Appl.
Phys. 132(17), 175108 (2022). Copyright 2022 AIP Publishing LLC; and Xu et al., J. Appl. Phys. 126(18), 185105 (2019). Copyright 2019 AIP Publishing LLC. Plots in
(f ) from Ref. 10 are reproduced with permission from Koh et al., ACS Appl. Mater. Interfaces 12(26), 29443 (2020). Copyright 2020 American Chemical Society.
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FIG. 5. (a) The sample schematic. G1 is the effective interfacial thermal conductance combining the thermal interfaces of Au (or Cu)/Cr (G1,1), Cr/SiO2 (G1,2), and the
5 nm Cr film. (b) Representative TDTR ratio signal at 1.51 MHz at RT. The solid line denotes the best fit. (c) The calculated ratio of Λf/Λb vs δ at RT using the model pro-
posed by Qiu and Tien in comparison with the experimental results of this work (black square) and from the literature (blue triangles).72 The value of R is set as 0 (red
solid line), 0.1 (red dashed line), 0.2 (red dotted line), and 0.3 (red dashed-dotted line) to illustrate the impact of grain boundary scattering on thermal conductivity. (d) Λr

of the Au film from RT to 500 K. The blue dashed line denotes the electronic thermal conductivity converted from the four-point probe measurements at RT. Plots in
(c) from Ref. 72 are reproduced with permission from Zhang et al., Phys. Rev. B 74(13), 134109 (2006). Copyright 2006 American Physical Society.

FIG. 6. (a) Representative Vout signals from the beam-offset measurements at RT. (b) The calculated ratio of Λf/Λb of Cu (red solid line) vs δ at RT using the model pro-
posed by Qiu and Tien in comparison with the experimental results of this work (black square) and from the literature (blue triangles).70 (c) Λr of the Cu film from RT to
500 K. The blue dashed line denotes the electronic thermal conductivity converted from four-point probe measurements at RT. Plots in (b) from Ref. 70 are reproduced
with permission from Nath et al., Thin Solid Films 20(1), 53 (1974). Copyright 1974 Elsevier.
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with the results of this work for 300 K < T < 500 K.82 The flat Λ
observed at higher temperatures is expected for an alloy with elec-
trons as dominant heat carriers. A literature study indicated that
Co0.36Fe0.64 films possess a mixed body-centered cubic (bcc) and a
face-centered cubic (fcc) phase, while films with lower Co content
tend to adopt a single bcc phase.82 In such disordered polycrystalline
systems, electron MFPs are expected to be on the atomic scale, sig-
nificantly suppressing size effects on the electronic contribution to
thermal transport.82 Hence, there is little difference in the thermal
conductivity of the 60–80 nm CoFe films in literature and 330 nm
CoFe film in this work.

The through-plane Λz and in-plane Λr of the 100 nm Ni80Fe20
film were measured from RT to 500 K using routine TDTR
(w0≈ 12 μm, 9 and 18MHz) and the beam-offset approach

(w0≈ 3 μm, 1.51MHz), respectively. In both routine TDTR and
beam-offset measurements, the Ni80Fe20 thin film served as the
transducer. Four-point probe measurements were also conducted
to cross-check the in-plane Λr at RT. The data reduction for NiFe
was similar to that for the Au and Cu films. The interfacial thermal
conductance of the NiFe/SiO2 interface (G1) and Λz of NiFe were
the two fitting parameters used in our routine TDTR measure-
ments. The modulation frequency of 18 MHz, which offers a
higher sensitivity to G1, was used to extract G1, and Λz was deter-
mined exclusively at 9MHz before it served as an input parameter
to extract Λr from the beam-offset measurements at 1.51MHz.

The representative ratio signals from routine TDTR measure-
ments of Λz and the Vout signals from beam-offset measurements
are plotted in Figs. 8(a) and 8(b). The extracted Λz and Λr at RT

FIG. 8. (a) Representative signals from the routine TDTR measurements of the NiFe sample at 9 MHz and the corresponding best fit. (b) Representative Vout signals from
the in-plane beam-offset measurements at RT. The NiFe film is treated as the transducer in both measurements. (c) T-dependent Λz (black squares) and Λr (red squares)
of the NiFe film in comparison with the experimental data reported in previous studies for bulk Ni75Fe25 (blue diamonds) and a 403 nm Ni80Fe20 film (green triangle).25,85

Plots in (c) from Refs. 25 and 85 are reproduced with permission from Jiang et al., Rev. Sci. Instrum. 87(7), 075101 (2016). Copyright 2016 AIP Publishing LLC; and
Moore et al., J. Appl. Phys. 42(8), 3114 (1971). Copyright 1971 AIP Publishing LLC.

FIG. 7. (a) The sample schematic for measuring Λz taken as the effective thermal conductivity of the combined CoFe layers. (b) Representative TDTR signals from RT
measurements of the CoFe sample at 9 (black) and 18 (red) MHz. The solid lines denote the best fit from the two-frequency fitting. (c) T-dependent through-plane thermal
conductivity of the CoFe film (black squares). Literature data of 60–80 nm Co0.36Fe0.64 films (red circles) are also plotted for comparison.82 Plots in (c) from Ref. 82 are
reproduced with permission from Srichandan et al., Phys. Rev. B 98(2), 020406 (2018). Copyright 2018 American Physical Society.
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were 42 ± 2 and 39 ± 5.3Wm−1K−1, respectively, indicating that
thermal transport in the NiFe alloy film exhibits little anisotropy
and is unlikely to be influenced by electron-boundary scattering
due to the shorter electron MFPs (∼10 nm)25 compared with the
film thickness (∼100 nm). Using a Lorenz number of
2.38 × 10−8 WΩK−2 from the literature,83,84 the electronic thermal
conductivity converted from four-point probe measurements was
34.2Wm−1K−1. The difference between the total and electronic
thermal conductivities of NiFe is attributed to phonon contribu-
tions, which, while minor compared to electronic contributions,
can account for 2–5Wm−1K−1 to the thermal conductivity of
metallic alloys, as reported in previous studies.25,85,86

The T-dependent Λz and Λr are shown in Fig. 8(c) in comparison
with the experimental data from the literature. Moore reported similar
values of thermal conductivity for bulk Ni75Fe25 from RT to 400K,
similar to our results for the 100 nm Ni80Fe20 film, whereas Jiang mea-
sured a much lower thermal conductivity of 22 ± 2Wm−1K−1 for a
403 nm Ni80Fe20 thin film at RT.25,85 The discrepancy can be attributed
to the differences in the electrical resistivity.25,85 Moore measured an
electrical resistivity of 15.98 μΩ cm for bulk Ni75Fe25, while Jiang
reported a resistivity of 32.3 μΩ cm for the Ni80Fe20 film at RT, leading
to a difference in thermal conductivities.25,85

V. CONCLUSIONS

This work investigates the thermal properties of dielectric,
metallic, and alloy materials used in HAMR applications over a tem-
perature range from RT to 500 K. The thermal conductivities of the
amorphous silica and alumina films align well with the literature
values, exhibiting a gradual increase with temperature. The weak
thickness dependence of thermal conductivity is attributed to the
dominant diffuson contribution to thermal transport. Compared to
bulk single crystals, the polycrystalline AlN thin film has significantly
lower thermal conductivity in both through-plane and in-plane
directions, partially due to phonon-boundary and phonon-point
defect scattering. Both in-plane and through-plane thermal conduc-
tivities of AlN decrease from 40–60Wm−1K−1 at RT to 20–
30Wm−1K−1 at 500 K. The 50 nm Au film and the 100 nm Cu film
also show reduced thermal conductivities compared to their bulk
counterparts, primarily due to diffuse electron-boundary scattering.
Using an empirical model, the grain sizes of both films are estimated
as 45 nm, comparable to the electron MFPs at RT. The thermal con-
ductivities of both metallic films are independent of temperature
from RT to 500 K, a trend similar to that observed for the CoFe and
NiFe alloy films. Electrons dominate thermal transport in both CoFe
and NiFe alloy films, while phonons can also make a substantial
contribution to the thermal conductivity of the alloys. This work
provides valuable experimental data on the thermal properties of
HAMR materials over a typical operating temperature range. The
results will not only enhance the understanding of thermal transport
mechanisms in these technologically important materials but also
directly support the design and optimization of HAMR devices in
the data-storage industry.
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