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Interfacial thermal transport in spin caloritronic material systems
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Interfaces often govern the thermal performance of nanoscale devices and nanostructured materials. As a
result, accurate knowledge of thermal interface conductance is necessary to model the temperature response of
nanoscale devices or nanostructured materials to heating. Here, we report the thermal boundary conductance
between metals and insulators that are commonly used in spin-caloritronic experiments. We use time-domain
thermoreflectance to measure the interface conductance between metals such as Au, Pt, Ta, Cu, and Al with
garnet and oxide substrates, e.g., NiO, yttrium iron garnet (YIG), thulium iron garnet (TmIG), Cr2O3, and
sapphire. We find that, at room temperature, the interface conductance in these types of material systems range
from 50 to 300 MW m−2 K−1. We also measure the interface conductance between Pt and YIG at temperatures
between 80 and 350 K. At room temperature, the interface conductance of Pt/YIG is 170 MW m−2 K−1 and
the Kapitza length is ∼40 nm. A Kapitza length of 40 nm means that, in the presence of a steady-state heat
current, the temperature drop at the Pt/YIG interface is equal to the temperature drop across a 40-nm-thick layer
of YIG. At 80 K, the interface conductance of Pt/YIG is 60 MW m−2 K−1, corresponding to a Kapitza length of
∼300 nm.
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I. INTRODUCTION

Nanoscale devices and nanostructured materials have in-
troduced challenges around thermal management [1]. Specif-
ically, interfacial thermal transport plays a major role in the
thermal performance of nanoscale devices and materials [2,3].
A fundamental understanding of interfacial thermal transport
is necessary to model and predict nanoscale heat transfer.

An interface between two materials is resistive to heat cur-
rents because of differences in vibrational properties. Thermal
transport properties at an interface are characterized by the
thermal boundary conductance per unit area G [1–4]. Here, G
relates the heat current at an interface to the temperature drop
�T at the interface J = G�T . The inverse of G is the ther-
mal boundary resistance. The thermal boundary conductance
scales with the irradiance of phonons hitting the interface.
The irradiance is proportional to a materials heat capacity and
carrier velocities.

The Kapitza length is a useful tool for evaluating the rela-
tive importance of an interface to a heat transfer problem. The
Kapitza length is the thickness of bulk material that forms
an equivalent thermal resistance to the interface [5]. If the
Kapitza length is small in comparison with distances between
interfaces, the effect of the interface on thermal transport can
be neglected. Typical values for the Kapitza length at inter-
faces between two crystals vary from ∼10 nm for epitaxial
perovskite oxide interfaces [3] to >10 μm in metal/diamond
interfaces [6]. For thin film material systems, the effect of the
interface needs to be included in thermal modeling whenever
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the film thickness is not much greater than the Kapitza length
of the interfaces.

The importance of interfacial transport in nanoscale heat
transfer problems has motivated extensive experimental and
theoretical research [1–7]. Authors of recent studies have clar-
ified the effects different material and interfacial properties
have on G [8]. These effects include bulk and interfacial
anharmonicity [9], strength of atomic bonds between mate-
rials [10], interfacial roughness and structure [11], phonon
mean free paths [7], and sample preparation [1]. Experimental
data are now available for interface conductance values of
many metal/insulator systems [3,5,12,13]. However, experi-
mental data for G between metals and magnetic insulators are
sparse.

A lack of experimental data for G between metals and mag-
netic insulators provides a challenge to the spin caloritronics
research community. Spin caloritronics experiments focus on
understanding how heat currents and spin currents are coupled
in magnetic materials [14]. The geometry of spin caloritronic
experiments often involves bulk or thin film magnetic insula-
tors that are coated with a thin metal film [15]. For example, a
common geometry for longitudinal spin Seebeck effect mea-
surements involves a thin magnetic insulator, e.g., 100 nm
yttrium iron garnet (YIG), sandwiched between a garnet sub-
strate and Pt thin film [16]. A typical thermal conductivity
for a garnet crystal is ∼ 5 W m−1 K−1 [17,18]. Therefore, the
thermal resistance of a thin film in a spin Seebeck experiment
at room temperature is ∼20 m2 K GW−1. A typical interface
conductance for a metal/insulator system is between 50 and
200 MW m−2 K−1 [1], corresponding to a thermal resistance
between 5 and 20 m2 K GW−1. This implies that, in response
to a steady-state heat current, the temperature drop at the
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interface between Pt and the magnetic insulator is comparable
with the temperature drop across the entire thin film.

Interpretation of the experimental signals in spin See-
beck effect measurements requires modeling the temperature
fields that result from heat currents. Such modeling requires
knowledge of interfacial conductance. In the absence of ex-
perimental data for G, theoretical models like the acoustic
mismatch model are sometimes used to estimate G for the
analysis of spin Seebeck experiments [19]. However, the large
number of material and interfacial properties that effect G
limits the predictive accuracy of simple models [5,6,20,21]. In
general, predictions of the acoustic mismatch model and dif-
fuse mismatch model are in poor agreement with experiment
[1,21,22]. As a result, a summary of the thermal boundary
conductance for a variety of material systems will aid the
analysis and interpretation of spin caloritronic experiments by
providing them with accurate values.

Here, we report the thermal boundary conductance for a va-
riety of material systems that are common in spin caloritronic
experiments. We report G between the metals Al, Cu, Pt,
β-phase Ta, and Au with various thin films or single-crystal
substrates. The single crystals we study include (111) YIG,
(100) gadolinium gallium garnet (GGG), (111) neodymium
gallium garnet (NGG), (111) thulium iron garnet (TmIG),
(100) nickel oxide (NiO), (0001) chromium oxide (Cr2O3),
(001) FePS3, (0001) MnPS3, and (0001) sapphire (Al2O3). We
also report theory calculations for the interface conductance of
metal/YIG systems.

At room temperature, we observe interface conductance
values for these systems between 25 MW m−2 K−1 and
330 MW m−2 K−1. We observe the smallest conductance val-
ues for Al and Ta on the trisulfides FePS3 and MnPS3. We
observe the largest conductance between Cu and NiO. The
interface conductance of the Cu/insulator and Ta/insulator
systems are higher than other metal/insulator interfaces. The
conductance of Au/insulator interfaces are lower than in other
materials. Since many spin caloritronic experiments are con-
ducted at low temperatures, we also measured G for Pt/YIG
vs temperature. We find 60 < G < 170 MW m–2 K–1 for 80 <

T < 350 K. At room temperature, the interface conductance
of Pt/YIG is 170 MW m–2 K–1, and the Kapitza length is
∼40 nm. In experiments where the iron garnet layer is compa-
rable with the Kapitza length, the effect of the interface cannot
be neglected in thermal modeling.

II. EXPERIMENTAL METHODS

A. Sample preparation

Metal films were sputter deposited on crystal substrates
with an Orion series AJA magnetron sputtering system. Crys-
tal substrates were purchased from MTI. The base pressure
of the vacuum chamber before deposition of the metal on all
substrates was kept <∼3.5 × 10−7 Torr.

Before depositing the metal film, crystal substrates were
heated under vacuum to ∼600 °C to achieve a clean interface.
The substrates were nearly atomically smooth as received with
or without annealing (see atomic force microscopy imaging
in the Supplemental Material [23]). Rather than altering the
surface microstructure, annealing served to eliminate phys-

iosorbed molecules from the surface before metal deposition.
The substrates were then allowed to cool for ∼4 h. Af-
ter reaching room temperature, the pressure was raised to
3.5 mTorr by introducing high-purity Ar via a mass flow
controller. The power for the metal targets was set according
to their diameter. We sputtered Ta, Cu, and Al from 2-inch
targets at a power of 200 W. We sputtered Pt and Au from a
1-inch target at a power of 10 W.

The TmIG and Cr2O3 crystals were thin films grown via
pulsed laser deposition (PLD). The TmIG films were grown
on NGG substrates. The NGG substrates were cleaned with
acetone/isopropyl alcohol, and then put inside the PLD cham-
ber under high vacuum ∼1 × 10−6 Torr and baked at 250 °C
for at least 5 h. The substrates were then annealed at ∼600 °C
in a 1.5 × 10−6 Torr oxygen (12% wt. ozone) atmosphere for
30 min; under these conditions, a 248 nm KrF excimer laser
pulse was set to strike the TmIG target with a repetition rate of
2 Hz and power (135, 200, and 250 mJ). After the deposition,
the samples were annealed ex situ at ∼800 °C for 300 s under
a constant flow of oxygen using rapid thermal annealing. The
Cr2O3 films were grown on Al2O3 single-crystal substrates.
The sapphire substrate was cleaned and annealed at 1100 °C
for 1 h. Then the substrates were mounted into the PLD
chamber and annealed again at 220 °C under high vacuum
∼2 × 10−6 Torr for 5 h before deposition. The temperature
was increased to 600 °C, and an atmosphere of P = 1.5 mTorr
of ozone/oxygen (12% wt. ozone) was set in the chamber.
After 30 min, a 248 nm KrF excimer laser was set to strike
a Cr2O3 target, using an energy of 156 mJ and a repetition
rate of 2 Hz.

To study G between Au, Pt, and Al and various crystals,
we sputtered single-layer metal films between 60 and 80 nm
thick. With high thermal conductivity and good stability, Au,
Pt, and Al are all good transducers for time-domain thermore-
flectance (TDTR) experiments [24]. Alternatively, β-phase Ta
and Cu are poor transducers for TDTR experiments. Cu is a
bad transducer because it does not form a self-limiting oxide.
To prevent degradation of the Cu film over time, we capped
all 60 nm Cu films with 10 nm of Pt. The 10 nm of Pt prevents
oxidation and therefore allows Cu to be used as a transducer.
Alternatively, β-phase Ta is a bad transducer because it has a
low thermal conductivity of ∼4 W m−1 K−1 and has a small
thermoreflectance [25]. TDTR measurements lose sensitivity
to the thermal conductance of the interface if it is not smaller
than the thermal conductance of the metal film. Therefore,
we kept the β-phase Ta layer thickness <4 nm and capped
it with 60 nm of Pt. The thickness of the Pt layer is much
larger than the 9 nm length scale for nonequilibrium between
electrons and phonons in Pt [26]. Therefore, nonequilibrium
electron-phonon effects, which are sometimes important in
metal bilayers, are not important in our experiments [27].

B. TDTR measurements

We used TDTR experiments to measure the thermal bound-
ary conductance. TDTR is a well-established pump/probe
technique for measuring thermal properties of thin films and
interfaces [28]. TDTR determines thermal properties by mea-
suring the transient evolution of the surface temperature that
results from heating by pump pulses. The time evolution of the
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FIG. 1. In-phase and out-of-phase time-domain thermore-
flectance (TDTR) data for a 90 nm Al/sapphire sample. Acoustic
echoes in the in-phase data at 26.5 and 55 ps provide a measure of
the film thickness.

surface temperature is measured with a time-delayed probe
pulse. The probe pulse detects temperature-induced changes
to the reflectance of the sample. The time required for the
metal film to cool after being heated with the pump pulse
is determined by the interfacial thermal conductance. The
laser spot size in all our experiments was kept constant at
w0 ≈ 6.5 μm. The pump modulation frequency in our ex-
periments was f = 10.7 MHz. The powers of the pump and
probe beams were set to keep the steady-state temperature
rise for each sample <∼30 K. The signals of interest in a
TDTR experiment are the in-phase and out-of-phase voltages
measured by a radio frequency lock in [29]. Figure 1 shows
TDTR in-phase voltage Vin and out-phase voltage Vout data as
a function of delay time. The data in Fig. 1 are for an 80 nm
Al film on (0001) sapphire substrate. Further details regarding
TDTR are available in Refs. [30,31].

We analyzed our experimental data using an analytical so-
lution to the heat diffusion equation in cylindrical coordinates
for a multilayer structure [32]. The thermal model takes the
thermal properties and thickness of each layer of the multi-
layer sample as inputs. The model then outputs a prediction
for the ratio of the in-phase and out-of-phase voltages Vin/Vout.
The ratio is large/small for materials with large/small thermal
effusivity. The ratio decays faster/slower with time delay for
material systems with larger/smaller interface conductance.

The important model inputs are the metal film thickness,
the metal film heat capacity, the metal film thermal con-
ductivity, the interface conductance, the heat capacity of the
substrate, and the thermal conductivity of the substrate. We
set the heat capacity of the transducer and substrates based on
literature values [17,33–35].

We measured the thickness of the thin film transducer of
our samples using one of two methods: picosecond acoustics
or independent TDTR measurement on a dummy sample.
For metals where the reflectivity is sensitive to strain, in
addition to information about the thermal response, our in-

phase signal detects acoustic echoes from the metal/insulator
interface [36], see Fig. 1. The longitudinal sound velocity
in the metal is taken from literature values [37]. The TDTR
data in Fig. 1 for a ∼90-nm-thick Al film on sapphire have
picosecond acoustic echoes at delay times of 26.5 and 55
ps. These echo times correspond to the time of flight for an
acoustic wave in Al to travel twice and four times the film
thickness.

For some metals, e.g., Pt and Au, the picosecond acoustic
echoes were not clearly visible in the TDTR signals. There-
fore, for the Pt, Au, Cu, and Ta samples, we determined
the total thickness of the film with separate TDTR measure-
ments of identical metal films deposited on sapphire (Al2O3)
substrates. For these samples, the thermal conductivity of
sapphire was fixed to the literature value of 35 W m−1 K−1

[38]. Then we fitted the TDTR data with our thermal model
and treated the metal film as the fit parameter instead of the
substrate thermal conductivity. We confirmed the accuracy of
this approach with our Al samples. We deduced the same
thickness from TDTR measurements on the dummy sample
as we did from our picosecond acoustic measurements.

We fixed the thermal conductivity of the metal films
using the Wiedemann-Franz law and four-point probe mea-
surements of the electrical resistivity of the metal. For the
(10 nm Pt)/(60 nm Cu) and (60 nm Pt)/(4 nm Ta) samples,
we assumed the metal/metal thermal interface resistance was
negligible based on measurements of similar metal/metal in-
terfaces in Refs. [39,40].

The only parameters for our samples not fixed with lit-
erature values or independent experiments are the thermal
boundary conductance and the substrate thermal conductivity.
We treat these two properties as fit parameters. We adjusted
the values of the substrate thermal conductivity and interfacial
conductance until model predictions and experimental data
agreed. The measured values for the thermal conductivity of
the substrates agree with literature [17,18,41]. The thermal
conductivity measured for NiO, YIG, NGG, GGG, and TmIG
to 19, 6, 5.6, 5.4, and 1.7 W m−1 K−1, respectively. The un-
certainties in the model inputs such as heat capacity and metal
film thickness cause uncertainties in the derived values for
substrate thermal conductivity and interfacial conductance.
All fit values have the same uncertainty of ∼10%. Example
data with model fits are shown in Fig. 2(a).

To verify that our experimental signals were sensitive to
the thermal boundary conductance, we calculated sensitivity
coefficients of each parameter. The sensitivity coefficient is a
representation of how sensitive our experimental signals are
to various thermal model parameters λ. The sensitivity coeffi-
cient Sλ is defined as the logarithmic derivative of the signal of
interest Vin(t )/Vout (t ) with respect to the parameter λ. A sensi-
tivity of 0.5 to the thermal conductivity of the substrate �sub at
a delay time of 100 ps indicates a 10% change in �sub causes
a 5% change to the ratio (Vin/Vout )t=100 ps. Figure 2(b) shows
the sensitivity coefficients for the most important parameters.
These include the thermal conductivity of the substrate �sub,
the thermal boundary conductance G, the thickness of the
thin film transducer hm, the heat capacity Ct of the trans-
ducer and substrate Csub. At delay times >2 ns, our measured
signals are primarily determined by the interfacial thermal
conductance.
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(a)

(b)

FIG. 2. Results of time-domain thermoreflectance (TDTR) mea-
surements and modeling. (a) Ratio of in-phase and out-phase signals
as a function of delay time for Al/sapphire and Cu/gadolinium gal-
lium garnet (GGG) samples. Black lines are fits to the data with our
thermal model with G ≈ 180 and 80 MW m−2 K−1, respectively. (b)
Sensitivity of our experiment to various parameters. Experimental
signals depend on the substrate thermal conductivity �sub, the inter-
face conductance G, the metal film thickness hm, the heat capacity of
the transducer Cm, and the heat capacity of the substrate Csub.

In addition to the room temperature measurements de-
scribed above, we performed TDTR measurements of the
Pt/YIG sample at temperatures of 80 < T < 300 K. For
low-temperature measurements, the sample was placed in
a vacuum-sealed liquid nitrogen cryostat. The sample was
mounted on the cryostat cold finger with silver paste. The
cryostat was pumped down to a pressure of ∼1 × 10−5 Torr
and then cooled with liquid nitrogen. The temperature of the
cryostat was controlled with a LABVIEW program that inter-
faced with a LakeShore PID temperature controller (model
335). A cold window on the radiation shield prevented ice
formation on the sample during experiments.

III. RESULTS

We report the interfacial conductance results in Fig. 3. We
break our conductance measurements into three groups: (a)
metal/oxide, (b) metal/iron garnets, and (c) metal/trisulfides.
For most insulating materials, we did multiple measurements
with different metals. To gauge how changing the metal
effects the conductance, Fig. 3 shows the experimental con-
ductance vs the product of the heat capacity and Debye
velocity of the metal.

The rationale behind plotting conductance vs vDC is that
interfacial thermal conductance depends on material phonon
dispersion. The phonon dispersion relation determines the
irradiance of the material, i.e., the number of phonons per
unit time that traverse a plane. Materials with large phonon
irradiance can form more thermally conductive interfaces then
materials with low irradiance [1]. The irradiance is propor-
tional to the product of the phonon number density per unit
volume and the phonon speed. Therefore, for simple “Debye-
like” materials, vDC is a good descriptor for irradiance. Prior
studies have observed that G of a metal/insulator interface
often scales linearly with vDC of the metal [3].

A. Oxides

The range of conductance values we observe for the
metal/oxide samples spans a factor of five, from G ≈
66 MW m−2 K−1 for Au/Al2O3 up to G ≈ 330 MW m−2 K−1

for Cu/NiO. We observed the largest values of G for materials
with light elements, e.g., Cu on NiO and Al on sapphire.

Experimental values for G are well correlated with vDC of
the metal. We observe average values of 97, 125, 178, and
263 MW m–2 K–1 for interfaces between oxides and Au, Pt,
Ta, and Cu, respectively. These averages scale roughly linearly
with vDC ≈ 3.6, 5.7, 8.3, and 11.4 GW m–2 K–1 for Au, Pt,
Ta, and Cu, respectively.

Prior studies have emphasized the importance of substrate
cleaning and disorder on the interface conductance [20].
We observe small increases in the interfacial conductance
value when the surface of the insulating crystal is cleaned
before metal film deposition. For example, for Pt/sapphire,
we observed an increase in G from 120 MW m−2 K−1 to
∼130 MW m−2 K−1 when sapphire was at ∼600 °C for 30
min before deposition.

B. Iron garnets

The range of interface conductance values we observe for
the metal/garnet systems is narrower than for the metal/oxide
samples. Conductance values range from 60 MW m–2 K–1

for Au/GGG to 170 MW m–2 K–1 for Ta/YIG. Twelve of
the 14 samples have conductance values within 40% of
110 MW m–2 K–1. For the Au/garnet, Al/garnet, and Pt/Garnet
systems, all observed conductance values fall within 30% of
one another. For Ta/garnet and Cu/garnet systems, the range
of conductance values we observe vary by roughly 60%. Un-
like for the metal/oxide samples, we observe no correlation
between G and vDC of the metal.

We report the temperature dependence of the thermal
boundary conductance for Pt/YIG in Fig. 4. The conduc-
tance decreases from G ≈ 170 MW m−2 K−1 at 300 K to
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FIG. 3. Results for the interface conductance from time-domain thermoreflectance (TDTR) experiments on (a) metal/oxide, (b)
metal/garnet, and (c) metal/trisulfide samples. The x axis is the product of the Debye velocity and heat capacity of the metal vDC. vDC
has units of conductance per unit area. vDC is a good descriptor of G for (a) metal/oxides, but a poor descriptor for G in (b) metal/garnet and
(c) metal/trisulfide samples.

∼60 MW m−2 K−1 at 80 K. The temperature dependence of
G for Pt/YIG is like the temperature dependence of the heat
capacity of YIG. To show that measured values for G track
the temperature dependence of the heat capacity of YIG, we
include in Fig. 4 the heat capacity of YIG multiplied by a
scaling parameter of ∼56 m s−1. The temperature-dependent
thermal properties of YIG were taken from literature values
[42].

FIG. 4. Temperature dependence of the thermal interface con-
ductance for Pt/yttrium iron garnet (YIG). Experimental values
(markers) are compared with the heat capacity of YIG (dashed red
line). Theoretical predictions for Gmax of YIG and Pt are shown as
solid green and pink lines, respectively. G of the Pt/YIG interface
is approximately equal to the product of CYIG(T ) and the constant
〈αv〉 ≈ 56 m s−1. G is also approximately equal to the product of
Gmax and 〈α〉 ≈ 0.4, see the dashed green line. This means that, for
all temperatures we study, the interfacial transmission probability for
YIG phonons is ∼0.4.

C. Trisulfides

We observe small interface conductances for Ta and Al on
the quasi-two-dimensional (2D) materials MnPS3 and FePS3.
The conductances we observe for Ta and Al transducers on
these crystals are nearly identical, despite Ta and Al having
significantly different vibrational properties. The conductance
values of ∼24 MW m−2 K−1 are an order of magnitude lower
than the conductance values we observe for Ta and Al on
garnet and oxide substrates. (The values for Ta on FePS3 and
MnPS3 were originally reported in Ref. [43].)

IV. ANALYSIS AND DISCUSSION

A. Model

Interface conductance depends on a variety of factors, in-
cluding interfacial disorder [9], strength of interfacial bonding
[10], and the vibrational properties of the constituent materi-
als [1,3]. Theoretical methods that consider the full array of
factors affecting G are complex [44] and beyond the scope
of the current experimental study. Instead, we follow Ref. [3]
and use a simple model to quantify the effect of the bulk
vibrational properties on the interfacial thermal conductance.
In our model, we assume the heat current across an interface
between material A and B is

J =
[∑

p

1

2

∫
dωα(ω)Dω,p

∂n(ω, T )

∂T
h̄ωvω,z

]
�T . (1)

Here, α is the probability of transmission from material A to
B, Dω,p is the density of states of material A at frequency ω

and branch p, n is the Bose-Einstein distribution, and vω,z is
the directionally averaged z component of the group velocity
of phonons with frequency ω in material A. We define the
theoretical maximum conductance Gmax as the limit where all
phonons in material A that impinge on the interface transmit,
i.e., α = 1.
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FIG. 5. Comparison of experimental conductance with theoret-
ical values for the maximum possible conductance predicted by
Eq. (1). The theoretical maximum conductance corresponds to the
limit where the probability of phonon transmission at the interface is
unity α(ω) = 1. Green, red, and black dashed lines represent predic-
tions for the conductance when the average transmission probability
〈α〉 = 0.1, 0.25, and 0.5, respectively. Experimental conductance
values vary between 0.15 and 0.4 of the theoretical maximum con-
ductance, indicating average interfacial transmission probabilities
that vary between 0.15 and 0.4.

While Gmax is a property calculated from the phonon
dispersion relation of only one material, the maximum con-
ductance Gmax at an interface is restricted by the vibrationally
softer material. In other words, the conductance at an interface
between two materials will be less than Gmax of both materi-
als. In Fig. 5, we summarize the experimental values for G
vs Gmax of the acoustically soft material. The dashed lines in
Fig. 5 represent the results of Eq. (1) for the conductance with
α(ω) set to constant values of 0.1, 0.2, and 0.5.

B. Oxides

For the metal/oxide samples, the metal is the acoustically
soft material. To evaluate Eq. (1) for the metal/oxide ma-
terials, we approximate the dispersion relationship for the
metals as an isotropic quadratic function, see Fig. S1 in the
Supplemental Material [23]. The Gmax values we calculate for
the metals are 500 MW m−2 K−1 for Au, 780 MW m−2 K−1

for Ta, 900 MW m−2 K−1 for Pt, 1100 MW m−2 K−1 for Cu,
and 1300 MW m−2 K−1 for Al.

Overall, we find Gmax of the metal to be well correlated
with experimental values of G. Most experimental conduc-
tance values fall between 0.15 and 0.4 of their respected
theoretical maximum value. In other words, the average in-
terfacial phonon transmission coefficient ranges between 0.15
for Au/sapphire up to 0.4 for Cu/NiO.

While Gmax is reasonably well correlated with our data, it
is not a perfect descriptor. For example, the results for Ta vs Pt

metals on the oxides are not well explained by our model. The
samples labeled Ta consist of a 4-nm-thick disordered Ta layer
with a 60-nm-thick Pt layer on top. Somewhat surprisingly, we
find that inserting this thin disordered Ta layer between Pt and
the substrate significantly enhances heat transfer between the
metal and substrate. The conductance for the Pt/Ta/sapphire
sample is roughly twice as large as the Pt/sapphire. The
conductance for the Pt/Ta/YIG sample is ∼20% larger than
for the Pt/YIG sample. Separate TDTR experiments on thick
β-Ta films yield a thermal conductivity of only ∼5 W m–1 K–1.
This is ∼20× lower than that of Pt. In addition to having
a lower thermal conductivity, Ta is vibrationally softer than
Pt, as evidenced by a smaller theoretical value for Gmax.
We speculate that the enhanced heat transfer may be due to
chemical reactions between the Ta layer and substrate leading
to stronger interfacial bonding. Measurements by Monachon
et al. [45] and Aller et al. [46] highlight the important role
chemical reactions can play in the thermal boundary conduc-
tance between oxide insulators and metals capable of forming
oxides.

C. Iron garnets

The Debye velocities of the metals in our material systems
range from 1.7 to 4 km s–1. The Debye velocities of the garnets
range from 4.1 to 5.1 km s–1. Therefore, a simple comparison
of the acoustic velocities suggest Al, Cu, Pt, Ta, and Au are
vibrationally softer than garnet insulators. However, the garnet
crystals have many atoms per unit cell. A complex unit cell
means that most of the vibrations of the crystal are optical
phonons with smaller velocities than acoustic phonons. There-
fore, the garnets are much vibrationally softer than a simple
comparison of Debye velocities suggests.

To account for the low group velocity of optical phonons,
we performed density functional theory (DFT) calculations of
the phonon dispersion of YIG with the Vienna Ab initio Sim-
ulation Package (VASP). We provide additional detail on the
DFT calculations in the Supplemental Material [23]. We find
Gmax for YIG of ∼400 MW m−2 K−1. Due to similarities in
crystal structure, we expect GGG and NGG to be vibrationally
like YIG. We assume Gmax for NGG, GGG, and YIG scale
with their Debye velocities. For example, the Debye velocity
of GGG is ∼20% lower than for YIG, so we estimate Gmax for
GGG to be ∼20% lower than for YIG.

The low Gmax prediction of YIG ∼400 MW m−2 K−1

demonstrates the importance of an accurate model for the
phonon dispersion relation. Simple models for the phonon
dispersion will significantly overestimate the conductance in
materials with complex unit cells. For example, the Debye
model predicts that Gmax is equal to vDC/4, where vD is
the material Debye velocity, and C is the heat capacity per
unit volume. The Debye model predicts Gmax for YIG of
∼3500 MW m−2 K−1, a value that is ∼10× too large.

Our predictions for Gmax(T ) are in good agreement with
our data, see Fig. 4. At all temperatures we study, G for
Pt/YIG is ≈0.4Gmax(T ) of YIG. Here, G decreases with
temperature due to the temperature dependence of the phonon
distribution function. At lower temperatures, high-frequency
phonons are not thermally excited and do not carry or store
heat. For comparison, we also show our predictions for
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Gmax(T ) derived using the phonon dispersion of Pt. Here,
Gmax for Pt has a markedly different temperature dependence
than the experimental data. Therefore, we conclude the
conductance of Pt/YIG interfaces is controlled by the bulk
vibrational properties of YIG. We can extend this conclusion
to the other metal/garnet systems since NGG and GGG have
similar vibrational properties and crystal structures to that
of YIG.

D. Trisulfides

FePS3 and MnPS3 are quasi-2D-materials. In quasi-2D
materials, the flux of vibrational energy in the through-plane
direction is small because the anisotropy of these crystals
leads to phonon focusing in the in-plane direction [47]. In
other words, MnPS3 and FePS3 are vibrationally soft in
the through-plane direction, leading to a low conductance.
Furthermore, most phonons in MnPS3 and FePS3 are optical
modes with small group velocities.

Chen et al. [47] describes a model that can account for
the effect of anisotropy and phonon focusing on the interface
conductance in quasi-2D materials. In the model, the first as-
sumption is that a material anisotropic phonon dispersion can
be well approximated by the anisotropic Debye dispersion.
The next key assumption is that the first Brillouin zone of an
anisotropic material can be adequately approximated by an el-
lipsoid. The inputs to the model are six sound velocities (three
polarizations each of va, vb, and vc) extracted directly from the
phonon dispersion curves [48]. To obtain the sound velocities,
a secant method is used, in which case the sound velocity is
for a specified branch, and the direction is set to be equal to the
slope of the secant that connects the point and the endpoint of
that branch at the first Brillouin zone boundary. We use their
anisotropic model to predict Gmax of 212 MW m−2 K−1 and
227 MW m−2 K−1 for MnPS3 and FePS3.

The low values of Gmax for MnPS3 and FePS3 explain why
the metal/trisulfide interface conductances are significantly
lower than the other material systems.

V. CONCLUSIONS

In summary, we report TDTR measurements of the inter-
face conductance between Au, Pt, Ta, Cu, and Al metals with
a variety of insulating substrates including NiO, YIG, TmIG,
Cr2O3, and sapphire. For the metal/garnet and metal/oxide
systems, the interface conductance varies by a factor of five,
from ∼60 MW m–2 K–1 for Au/NGG to ∼300 MW m–2 K–1

for Cu/NiO. The experimental values for G of metal/oxide
interfaces are well correlated with vDC of the metal. Alterna-
tively, the conductances of metal/garnet and metal/trisulfide
interfaces have no correlation with the vibrational proper-
ties of the metal. We explain our data with a model that
assumes the interface conductance is governed by the vibra-
tional properties of the vibrationally soft material. Garnets
are vibrationally soft because the complex unit cell means
most vibrations are optical modes with low group velocity.
Trisulfides are vibrationally soft due to a large unit cell and
phonon focusing effects from anisotropy. We also measured
the temperature dependence of G for the Pt/YIG interface.
The temperature dependence of G is like the temperature
dependence of the heat capacity of YIG, corroborating the
assumption of our model that Pt/YIG interfaces are controlled
by the bulk vibrational properties of YIG. In general, Our
work shows the interface conductance of a spin caloritronic
material system is primarily governed by the heat carrying
properties of the vibrationally soft material. Finally, our re-
sults show that, when modeling interfacial transport, it is
important to use accurate models for the phonon dispersion
in materials with complex unit cells.
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