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Ultrafast measurements of the interfacial spin Seebeck effect
in Au and rare-earth iron-garnet bilayers
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We investigate picosecond spin currents across Au/iron-garnet interfaces in response to ultrafast laser heating
of the electrons in the Au film. In the picoseconds after optical heating, interfacial spin currents occur due
to an interfacial temperature difference between electrons in the metal and magnons in the insulator. We
report measurements of this interfacial longitudinal spin Seebeck effect between Au and rare-earth iron-garnet
insulators, i.e., RE3Fe5O12, where RE is Y, Eu, Tb, Tm. By systematically varying the rare-earth element, we
modify the total magnetic moment of the iron garnet. We use time-domain thermoreflectance measurements to
characterize the thermal response of the bilayer to ultrafast optical heating. We use time-resolved magneto-optic
Kerr effect measurements of the Au layer to measure the time evolution of spin accumulation in the Au film.
Replacing Y with other rare earths enhances the electron-magnon conductance Ge−m at the Au iron-garnet
interface by as much as a factor of 3. The electron-magnon conductance does not follow the trend of either
the total magnetization of the iron garnet or the magnetic moment of the rare earth.
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I. INTRODUCTION

The longitudinal spin Seebeck effect (LSSE) describes
the injection of spin currents into a nonmagnetic metal in
response to a temperature gradient across a nonmagnetic-
metal/magnetic-insulator heterostructure [1–3]. Spin current
across the metal/insulator interface occurs as a result of elec-
trons in the metal flipping spin by emitting or absorbing
magnons in the insulator. A temperature difference across the
interface between electrons and magnons creates an imbal-
ance in the number of emitted vs absorbed magnons. The
resulting heat current is

jQ = Ge−m�Te−m, (1)

where Ge−m is the electron-magnon interfacial thermal con-
ductance and �Te−m is the temperature drop across the
interface between electrons in the metal and magnons in the
insulator. The heat current is accompanied by a spin current
equal to the product of the heat current and the ratio of angular
momentum per unit of thermal energy [4]. The spin current,
in units of A/m2, is

js = jQ
2e

kBT
. (2)

The electron-magnon interfacial thermal conductance
Ge−m is a transport coefficient of central importance for spin
Seebeck phenomena. The magnitude of Ge−m is determined
by the strength of quasiparticle interactions between electrons
in the metal and magnons in the magnetic insulator. Despite its
importance, there are few quantitative measurements of Ge−m.

*These authors contributed equally to this work.

Most experimental studies of the LSSE measure a trans-
verse electrical current generated by the inverse spin Hall
effect and spin injection across the metal/insulator interface
due to temperature gradients [5–11]. In addition to depending
on Ge−m, these inverse spin Hall signals are sensitive to the
energy-transfer coefficient between electrons and phonons in
the metal layer [12], bulk spin currents in the magnetic insu-
lator [11,12], the spin-diffusion length of the metal, and the
inverse spin Hall angle of the metal [13–16]. The complex
interplay of these phenomena makes it difficult to quantify
Ge−m from inverse spin Hall measurements. As a result, there
is currently a lack of experimental data on how Ge−m de-
pends on the magnetic properties of the insulator. Another
challenge to developing a fundamental understanding of Ge−m

is systematic differences in the design of experiments prevent
quantitative comparisons of results from different research
groups [16].

Ultrafast optical pump/probe techniques can provide a
more direct measure of Ge−m than steady-state inverse
spin Hall-effect experiments. Pump/probe experiments mea-
sure the spin Seebeck dynamics on femto- to picosecond
timescales after ultrafast heating of the metal with a laser
pulse [17,18]. On such short timescales, heat has not yet
diffused from the metal into the magnetic insulator, i.e., ∇T
in the insulator is approximately zero. As a result, ultrafast
spin Seebeck effect experiments are not sensitive to magnon
transport in the magnetic insulator [17,18]. The goal of our
study is to examine how ultrafast spin Seebeck signals depend
on the properties of the magnetic insulator.

We characterize the interfacial LSSE in Au/rare-earth iron-
garnet bilayers. The rare earth in our rare-earth iron-garnet
(REIG=RE3Fe5O12) layer is one of the following: Y, Eu, Tb,
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Tm. In the REIGs, the magnetic moment of the rare earth is
antiparallel to the three Fe ions sitting in the tetrahedral sites
and parallel to the two Fe ions situated in the octahedral sites
of the garnet. Consequently, interchanging the rare-earth ion
from Y to Tm to Eu to Tb systematically decreases the total
magnetic moment of the iron-garnet layer at room temperature
[19,20].

To measure Ge−m for these Au/iron-garnet bilayers, we
combine time-resolved magneto optic Kerr effect experiments
(TR-MOKE) [17,21] and time-domain thermoreflectance ex-
periments (TDTR) [22]. Both experiments use time-domain
measurements of optical properties to determine the tempera-
ture and magnetic response of the sample to ultrafast optical
heating of the Au layer. TDTR is a well-established method
for measuring thermal transport properties and characteriz-
ing temperature fields that result from laser heating [22–24].
TR-MOKE measurements allow us to directly measure spin
accumulation in the nonmagnetic layer that results from in-
terfacial spin currents between the Au and iron-garnet layer
[Eqs. (1) and (2)] [17,21].

II. EXPERIMENTAL METHODS

We grew REIG thin films by pulsed-laser deposition (PLD)
from densified ceramic targets. The target preparation meth-
ods are described in Ref. [25]. High-quality, ultraflat YIG,
TbIG, TmIG, and EuIG films, with thickness t ≈ 20 nm were
deposited on (111)-oriented GGG (YIG and TbIG), (111)-
oriented NGG (TmIG), and (001)-oriented GGG (EuIG)
single-crystal substrates. After ultrasonic cleaning in acetone,
followed by rinsing in alcohol, the substrates were baked at
220 °C for 5 h under high vacuum (<10–6 Torr) to reduce
physically adsorbed molecules on the substrate prior to de-
position. Then, the substrates were annealed at 600 °C in a
1.5-mTorr oxygen with 12% (wt. %) ozone atmosphere for
30 min. Under these conditions, a 248-nm KrF excimer laser
pulse was set to strike the REIG target with a power of 135 mJ
and a repetition rate of 1 Hz. After deposition, the samples
were annealed ex situ at 800 °C for 300 s under a constant flow
of oxygen using a rapid thermal annealing (RTA) process; this
process is required to obtain the single-crystal structure in our
iron-garnet films [26]. The samples were then immediately
loaded into a high-vacuum magnetron sputtering chamber
(AJA Orion) and, in an attempt to remove physical absorbed
molecules, annealed at 200 °C for 1 h in in a mixture of
1-mTorr ultrahigh-purity oxygen and 10-mTorr argon. After
the samples cooled to room temperature following the anneal,
an ∼60-nm Au layer was sputtered from a 1-in. target in a
3.5-mTorr Ar atmosphere with a power of 10 W.

In addition to the REIG samples described above that
we prepared for spin Seebeck effect measurements, we pre-
pared other samples for materials characterization. These
additional samples had thicknesses of either ∼20 or 200
nm, and were grown with nominally identical conditions. On
these duplicate samples, we performed reflection high-energy
electron diffraction (RHEED) of the REIG films [Fig. 1(a)]
after rapid thermal annealing to confirm the single-crystal
character of the iron-garnet thin films. We also performed
atomic force microscopy (AFM). The films are atomically
flat with low root-mean-square (rms) roughness (<2-Å rms

for 20-nm films) and with no superficial defects [Fig. 1(b)].
For the 200-nm samples, the AFM measurements showed a
slight increase in the roughness (<3-Å rms). We performed
x-ray diffraction (XRD) on 200-nm samples using a PAN-
alytical Empyrean diffractometer with CuKα radiation and
a Ni filter, at room temperature in 0.002° steps in the 2θ

range of 10°–90° [Fig. 1(c)]. For the EuIG samples, two main
peaks for EuIG and GGG were observed, corresponding to
the (004) and (008) Bragg peaks. For the YIG, TbIG, and
TmIG samples, one main peak for REIG and one for the
substrate (GGG for YIG and TbIG, NGG for TmIG) are
observed, corresponding to the (444) Bragg peak, therefore
confirming epitaxy and the single-crystal structure. We ob-
serve no evidence of secondary phases in the θ–2θ scan.
After RHEED, XRD, and AFM measurements, the 200-nm-
thick samples were coated with Au films for thermal property
measurements.

Magnetic hysteresis curves (M vs H) of the iron-garnet
films were collected with a vibrating sample magnetometer at
room temperature. Measurements were done with the applied
magnetic field both perpendicular and parallel to the plane.
The paramagnetic background from the substrates was sub-
tracted from the raw data [Fig. 1(d)]. For the EuIG, TbIG,
and TmIG samples, a clear easy-axis/hard-axis loop can be
observed for fields perpendicular/parallel to the plane, re-
spectively. Strong perpendicular magnetic anisotropy in EuIG,
TbIG, and TmIG samples is caused by the magnetoelastic
effect and lattice mismatch with the substrate [27]. For YIG,
the easy axis is in the in-plane direction because of a lack of
strain on the GGG substrate. An out-of-plane magnetic field
strength of ∼160 kA/m saturates the moment of the YIG thin
films in the out-of-plane direction.

For the TDTR and TRMOKE measurements, we used a
pump-probe system built around a Ti:sapphire laser with a
repetition rate of 80 MHz and pulse width of 700 fs [28].
An electro-optic modulator modulates the pump laser at a fre-
quency of fmod = 10.7 MHz. A delay stage varies the arrival
time of the pump laser pulses to the sample relative to the
probe pulses. For TDTR measurements, the reflected probe
laser is focused on a single photodiode to monitor pump-
induced changes in reflectance. The photodiode is connected
to an rf lock-in. We analyze the ratio of the in-phase and
out-of-phase signal, Vin/Vout, measured by the rf lock-in with a
thermal model [22]. The in-phase signal describes the temper-
ature evolution on picosecond to nanosecond timescales. The
out-of-phase signal arises from pulse accumulation and de-
scribes the temperature response of the sample on timescales
of 1/ fmod. For TR-MOKE measurements, the probe beam
reflected from the sample is split into orthogonal polarizations
and focused onto one of two photodiodes in a balanced pho-
todetector. Changes in the polarization of reflected light cause
an imbalance of power on the two photodetectors. An rf lock-
in measures the difference in power on the two photodiodes at
10.7 MHz. Further details of our TDTR and TR-MOKE setup
are in Ref. [28].

III. RESULTS

We performed TDTR experiments on the thick REIG films
to characterize their thermal properties. TDTR measurements
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FIG. 1. Structural, morphological, and magnetic characterization of TmIG films. (a) RHEED pattern along the 〈112̄〉 direction for 20-nm
TmIG/NGG(111) thin film after RTA treatment, showing single-crystal structure. (b) AFM image of the 20-nm TmIG/NGG(111) sample; the
measured roughness is 1.53 Å rms. c)XRD θ -2θ scan for the 200-nm TmIG/NGG(111) sample, clearly showing the corresponding peak for the
(444) orientation for both substrate and film. (d) M vs H hysteresis loop for field perpendicular to the film plane for the 20-nm TmIG/NGG(111)
sample, showing a strong perpendicular magnetic anisotropy behavior.

of the Au-coated ∼200-nm-thick iron-garnet films provide
a measure of the REIG thermal conductivity and Au/REIG
interface conductance. In Fig. 2, we show TDTR data along
with thermal model fits for the 60-nm Au/200-nm TmIG/NGG
sample. For this sample, we observed a thermal interface con-
ductance between Au and the REIG of ∼90 MW

m2K and a thermal
conductivity of � ≈ 1.65 W

m K . The thermal conductivity values
of the other thick REIGs we measured were similar; see Ta-
ble I. These values are lower than typical for these materials.
For example, single-crystal YIG has � = 7.4 W

m K [29] (for
comparison, at room temperature the thermal conductivity of
amorphous SiO2 is 1.6 W

m K ). The low thermal conductivity
suggests significant crystalline disorder [30,31], possibly due
to nonstoichiometry. Crystalline defects reduce the thermal
conductivity of insulators by decreasing phonon mean-free
paths [32]. Prior studies have reported nonstoichiometric com-
positions for PLD-grown REIG thin films [33,34].

We now discuss TDTR measurements of the thin-film iron-
garnet samples with thicknesses between 20 and 40 nm. These
are the samples that we also performed TR-MOKE mea-
surements on. Since the REIG thicknesses are small, TDTR
data are not independently sensitive to the film thermal con-
ductivity vs the interface thermal resistance. Instead, TDTR
measures the total thermal resistance between the Au and

the gallium-garnet substrate. This total resistance includes
three thermal resistances that add in series: the Au/iron-garnet

FIG. 2. Thermoreflectance data and model prediction for 60-nm
Au/200 nm TmIG/NGG(111) sample. A TDTR measurement was
performed on the sample; the experimental ratio of the in-phase and
out-of-phase data were fit with a thermal model (red line) in order to
obtain the interfacial thermal conductance (95 MW

m2K
).
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FIG. 3. (a) TR-MOKE of 60-nm Au as a function of iron-garnet spin source. 60-nm Au sputtered onto thulium (black), terbium (red),
europium (green), and yttrium (blue). The amount of spin accumulation after femtosecond laser absorption in the Au layer depends strongly on
the type of iron garnet. The dashed lines correspond to the fitted curves from the spin diffusion and thermal models. (b) Determination of the
spin accumulation sign in the Au layer: a Ni thin-film control sample presents a negative TR-MOKE signal due to temperature demagnetization;
under the same measurement conditions the Au/TbIG sample displays a positive TR-MOKE signal due to the spin injection onto the Au layer.
This proves that the spin accumulation in the Au layer has the same direction as the applied field, which corresponds to the Fe3+ d sites
(tetrahedral).

interface resistance, the thermal resistance of the iron-garnet
film, and the iron-garnet/gallium-garnet interface. We found
a total thermal resistance (in 10−8 m2K

W ) between the Au and
substrate of ∼2.5 (TmIG), 2.3 (TbIG), 3.1 (EuIG), and 2.3
(YIG). From our TDTR experiments on ∼200-nm-thick iron-
garnet films, we know the Au/REIG conductance and REIG
thermal conductivity for TmIG, TbIG, EuIG, and YIG. As-
suming these values are unchanged for 20-nm-thick samples,
we estimate the interface conductance between the TmIG,
TbIG, and YIG films and the substrate to be ≈300 MW

m2K . The
uncertainty for this value is significant, because the thermal
resistance from the iron-garnet/substrate interface is small
compared to the other two thermal resistances.

We report the results of our TR-MOKE measurements of
the interfacial spin Seebeck effect in Fig. 3. Optical heating
of the Au film with ∼700-fs pump pulses causes a transient
magnetic moment in the Au that persists for ∼5 ps. We used
polar MOKE to detect the out-of-plane magnetic moment of
the Au film with a probe beam energy of 1.58 eV. The optical
penetration depth of Au at 1.58 eV is ∼13 nm [35], much less
than the 60-nm Au film thickness, while reported values for
the spin-diffusion length of Au are between 30–100 nm [36].
Therefore, the TR-MOKE measurements are only sensitive to
the magnetic moment of the Au film, and not the iron-garnet
film underneath. We control the orientation of the REIG mo-
ment by applying a 240-kA/m out-of-plane external magnetic
field. Our experiment measures only the out-of-plane mag-
netic moment. However, we expect the magnetic moment of
the Au layer to be zero in other directions. The source of the
spin accumulation in the Au is demagnetization of the iron
garnet, whose moment points in the out-of-plane direction at
all times. The Kerr rotations reported in Fig. 3 are deduced
from the difference in signal measured with positive vs neg-
ative magnetic field [28]. The data in Fig. 3 were collected

with an incident pump with spot size of 7.5 μm and fluence
of 5 J/m2.

IV. ANALYSIS

We observe that the TR-MOKE signal rises within ∼500 fs
of the pump laser excitation of the Au and persists for ∼5 ps.
To understand this behavior, we follow Ref. [17], and use a
two-temperature model to describe the thermal response of
the system to heating and a spin-diffusion equation to de-
scribe spin dynamics in the metal. The heat equations for the
electrons and phonons in the Au layer are

Ce
∂Te

∂t
− �e

∂2Te

∂x2
= ge−ph(Tph − Te) + p(z, t ),

Cph
∂Tph

∂t
− �ph

∂2Tph

∂x2
= ge−ph(Te − Tph ). (3)

Here, Te and Tph describe the temperature rise of electrons
and phonons above ambient, C is volumetric heat capacity, �

is the thermal conductivity, ge−ph the energy transfer coeffi-
cient between electrons and phonons, and p(z, t ) the optical
absorption profile determined by a transfer-matrix optical
model [17]. We use two coupled heat equations similar to
Eq. (3) for the REIG but they describe phonon and magnon
thermal reservoirs instead of phonon and electron thermal
reservoirs. Finally, we assume the thermal response of the
substrate is described by a single heat equation for phonons.
We apply adiabatic boundary conditions on the Au electrons
and phonons at the surface. We assume the electron ther-
mal reservoir is coupled to the spin thermal reservoir by an
electron-magnon conductance; see Eq. (1). We assume the
phonon thermal reservoirs of adjacent layers are coupled by
the interface conductance values derived from the TDTR mea-
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FIG. 4. (a) Temperature rise of Au electrons and TmIG phonons, calculated using the two-temperature model. (b) Time evolution of the
spin accumulation in Au: (i) Au and TmIG layers are in thermal equilibrium, Au shows no magnetic moment; (ii) a laser-induced temperature
gradient generates a spin accumulation due to SSE, causing an increase of magnetic moment in the Au layer; (iii) spin accumulation in Au
layer decays due to spin-flip scattering.

surements described above. We set the thermal conductivity
of the Au electrons to ∼200 W

m K based on four-point probe
measurements of the electrical resistivity and the Wiedemann-
Franz law. Other parameters for Au are taken from Ref. [37].
We set the magnon heat capacity of the iron-garnet layer
to 1.2 × 104 J

m3K [38], and we fix the magnon thermal con-
ductivity to 1 × 10−1 W

m K [12] and magnon-phonon coupling
parameter to 3 × 1014 W

m3K [17]. We assume these parameters
are independent of the rare-earth composition of the sample.
All thermal model parameters in Eq. (3) are fixed except
Ge−m. We treat Ge−m as a fit parameter and it is used to fit
model predictions and TR-MOKE data (discussed in more
detail below). The predictions for the electron and phonon
temperatures in the Au layer following laser irradiation are
shown in Fig. 4(a). During laser excitation, the Au electron
temperature increases by ∼100 K, and then thermalizes with
the lattice via phonon emission [39] with a relaxation time of
1.3 ps.

The large interfacial temperature difference between the
Au electrons and the iron-garnet layer causes spin injection
into the Au layer [Eqs. (1) and (2)]. We describe the resulting
spin accumulation in the Au layer with the spin-diffusion
equation

D
∂2ζS

∂x2
− ∂ζS

∂t
− ζS

τS
= 0. (4)

Here, the spin accumulation ζS is the difference in chem-
ical potential for up and down spins, the diffusivity of the
spin is D= �e/Ce, and τs the spin-relaxation time. The spin
current at position x is js = σ

2e
∂ζS

∂x , where σ is the electrical
conductivity. We apply js = 0 as a boundary condition at the
Au film surface and use Eq. (2) as the boundary condition at
the Au/iron-garnet interface. Together, Eqs. (1)–(4) allow us
to predict the spin accumulation in the Au layer as a function
of time. To compare with the TR-MOKE data, we assume a
Kerr rotation of 24 × 10−9 rad

A/m , as reported in Ref. [17]. We
assume the TR-MOKE experiment measures the spin accu-
mulation at the surface of the Au layer. The parameters τS

and α = 2e
kBT Ge−m are determined by fitting model predictions

to the experimental data in Fig. 3(a). As the magnon thermal
properties have significant uncertainty, to determine if this
uncertainty affects our results, we report a sensitivity analysis
[40] for the magnon thermal conductivity (�m), magnon heat
capacity (Cm), and magnon-phonon coupling (gm−ph). For
these magnon thermal properties, we find changes as large as
2 orders of magnitude have only a small effect on the best-fit
values of Ge−m and τs. The best-fit values for Ge−m and τs are
most sensitive to the thermal properties of the Au electrons,
which are better known than the magnon thermal properties.

V. DISCUSSION

We observe an increase of the magnetic moment into the
Au layer due to spin injection caused by the thermal gradient
[Fig. 3(b)]. Reflected probe light rotates in the clockwise
(negative) direction when the applied external field points in
the positive direction, i.e., when the field points away from
the sample surface. Au has a negative Kerr angle at 783 nm.
Therefore, the spin accumulation in Au is in the same direc-
tion to the applied field, which corresponds to the Fe3+ in d
sites (tetrahedral) of the REIGs, and opposite to the Fe3+ in
the a sites (octahedral) and the RE3+ in the c sites (dodecahe-
dral). This allows us to conclude that the major contributor to
the spin current corresponds to the Fe atoms in the tetrahedral
sites of the iron garnet.

To confirm the relationship between signal sign and ori-
entation of the moment in our experiments, we did several
control measurements. First, we measured the static Kerr
angle of a 130-nm Ni thin film at 783 nm. We observed a
negative Kerr angle for Ni, i.e., clockwise rotation of the
polarization for positive magnetic field, in agreement with
prior studies [41]. We then performed the TR-MOKE mea-
surements of the Ni film with the same conditions that we
used for our Au/REIG samples. Since pump heating decreases
the magnetic moment and decreases Kerr rotation, transient
MOKE signals of ferromagnetic metals have the opposite
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TABLE I. Thermal properties and spin-diffusion fitted parameters for Au/REIG thin films.

�film �intAu/REIG �intREIG/substrate Rsample α Ge−m

Sample (MW m–2 K–1) (MW m–2 K–1) (MW m–2 K–1) (×10–5W–1 m2 K) (×108 A m–2 K–1) τS (ps) (MW m–2 K–1)

YIG 1.45 110 300 2.30 0.70 1.40 0.9
EuIG 1.80 90 100 3.13 1.20 1.50 1.6
TbIG 1.92 85 300 2.31 1.60 1.60 2.1
TmIG 1.65 95 300 2.45 2.40 1.35 3.1

sign as static Kerr measurements. As expected, we observed
positive time-dependent MOKE signals from the Ni thin film.
Finally, to confirm the sign of the Kerr angle of Au is negative,
we performed inverse Faraday effect measurements on a 20-
nm Au film on sapphire [42]. Upon photoexcitation with right
circularly polarized pump light, we observed a positive Kerr
rotation of the probe beam. Right circularly polarized pump
light induces a magnetic moment in the Au in the negative
direction (right-hand rule), so we conclude Au has a negative
Kerr angle.

We qualitatively sketch the spin Seebeck effect dynam-
ics predicted by Eqs. (1)–(4) in Fig. 4. Before the pump
laser strikes the sample, the Au/REIG bilayer is in ther-
mal equilibrium and the Au layer has no magnetic moment
[Fig. 4(b,i)]. Prior to thermalization with the phonons, the
thermal diffusivity of the electrons is large, ∼10 mm2/s [43],
due to the small heat capacity of the electrons. So, heat
diffuses rapidly across the film thickness on a timescale of
Ced2

Au/�e ≈ 0.4 ps. The increase in electron temperature at
the Au/iron-garnet interface increases the rate of interfacial
magnon emission and drives an interfacial spin current. Spin
accumulation causes the magnetic moment of the Au layer
to increase [Fig. 4(b,ii)]. After ∼2 ps, the interfacial spin
current decreases due to a lower electron temperature, and
spin-flip scattering relaxes the spin accumulation in the Au
layer [Fig. 4(b,iii)].

The spin accumulations for the different Au/REIG bilayers
are shown in Fig. 3(a), with the corresponding fitted parame-
ters in Table I. The values we report (in MW

m2K ) are 0.9 (YIG),
1.6 (EuIG), 2.1 (TbIG), and 3.1 (TmIG). The value obtained
for our Au/YIG bilayer is consistent with prior observations
[17].

It is notable and somewhat surprising that Ge−m of the
YIG samples is smallest despite YIG possessing the largest
magnetic moment at room temperature. As mentioned be-
fore, replacing the Y3+ ion in the dodecahedral sites with
a rare-earth element with a significant magnetic moment
decreases the total magnetic moment [19,20]. At room tem-
perature, the accepted values for our REIGs magnetization are
(in kA/m) 141 for YIG, 110 for TmIG, 95 for EuIG, and
19 for TbIG [19,20]. The room-temperature moments are
in part a consequence of the contribution for the rare-earth
elements in 3+ state in our materials: μY = 0 μB, μTm =
7.56 μB, μEu = 3.4 μB, and μTb = 9.72 μB. It is clear that
the obtained electron-magnon interfacial conductance values
do not follow the trend of either the total magnetization or
rare-earth magnetic moment. One possibility is that differ-
ences in Ge−m are due to structural differences at the interface.

However, our thermal transport measurements do not provide
evidence for this hypothesis. The interface conductance is
sensitive to interfacial bonding and interfacial disorder [44],
and the phonon thermal interface conductances we derive
from TDTR experiments are similar in all samples (Table I).
Another possibility is that the differences in Ge−m for the
various REIGs are related to differences in the magnon dis-
persion. Geprägs et al. explain the temperature dependence
of the spin Seebeck effect in gadolinium iron-garnet insula-
tor [7] by considering the details of the magnon spectrum.
They concluded high-energy exchange magnons play a key
role. The frequency of high-energy exchange magnons will
be strongly affected by substituting yttrium with rare-earth el-
ements with different magnetic moments. However, a detailed
analysis of how rare-earth substitution affects the magnon
spectrum is beyond the scope of the current experimental
study.

To put the electron-magnon conductance values we ob-
serve in context, we compare to the electron-phonon energy
transfer coefficient in Au. If we assume a volume of in-
teraction near the interface of ∼1 nm, an electron-magnon
conductance per unit area of 3 MW

m2K is equivalent to a volu-
metric energy transfer coefficient of ∼ 3 × 1015 W

m3K between
Au electrons and REIG magnons. This value is roughly 10
times lower than the energy transfer coefficient between Au
electrons and Au phonons. The electron-phonon energy trans-
fer coefficient in Au is proportional to the rate of spontaneous
phonon emission by a hot electron [45]. Therefore, we esti-
mate the rate of REIG magnon emission by hot electrons in
proximity to the interface is roughly one order of magnitude
lower than the rate of Au phonon emission.

In summary, by performing a series of pump/probe
measurements, we characterized the longitudinal spin See-
beck effect in Au/REIG bilayer systems on subpicosecond
timescales. Typically, the spin Seebeck effect is measured
under steady-state conditions. By using a series of TDTR and
TR-MOKE measurements, we characterize the ultrafast inter-
facial spin Seebeck effect in Au/REIG layers with very similar
interface morphology. We observe a considerable enhance-
ment in the electron-magnon conductance Ge−m of EuIG
(∼1.5×), TbIG (∼2×), and TmIG (∼3×) samples compared
to YIG samples. Our results imply the strength of interfacial
interactions between Au electrons and iron-garnet magnons
is approximately an order of magnitude weaker than inter-
actions between Au electrons and Au phonons. Our findings
are important for ongoing efforts to develop a fundamental
understanding of interfacial electron-magnon interactions in
magnetic heterostructures [46].

074401-6



ULTRAFAST MEASUREMENTS OF THE INTERFACIAL … PHYSICAL REVIEW MATERIALS 5, 074401 (2021)

ACKNOWLEDGMENTS

This work was primarily supported by the U.S. Army
Research Laboratory and the U.S. Army Research Office
under Contract/Grant No. W911NF-18-1-0364. V.H.O., Y.L,

M.A., and J.S. also acknowledge SHINES, an Energy Frontier
Research Center funded by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences under Award No.
SC0012670.

[1] G. E. W. Bauer, E. Saitoh, and B. J. Van Wees, Spin caloritron-
ics, Nat. Mater. 11, 391 (2012).

[2] A. Hoffmann and S. D. Bader, Opportunities at the Frontiers of
Spintronics, Phys. Rev. Appl. 4, 047001 (2015).

[3] K. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa, and
E. Saitoh, Observation of longitudinal spin-seebeck effect in
magnetic insulators, Appl. Phys. Lett. 97, 172505 (2010).

[4] J. Kimling and D. G. Cahill, Spin diffusion induced by pulsed-
laser heating and the role of spin heat accumulation, Phys. Rev.
B 95, 014402 (2017).

[5] K.-i. Uchida, T. Kikkawa, A. Miura, J. Shiomi, and E. Saitoh,
Quantitative Temperature Dependence of Longitudinal Spin
Seebeck Effect at High Temperatures, Phys. Rev. X 4, 041023
(2014).

[6] E. J. Guo, J. Cramer, A. Kehlberger, C. A. Ferguson, D. A.
MacLaren, G. Jakob, and M. Kläui, Influence of Thickness
and Interface on the Low-Temperature Enhancement of the
Spin Seebeck Effect in YIG Films, Phys. Rev. X 6, 031012
(2016).

[7] S. Geprägs, A. Kehlberger, F. Della Coletta, Z. Qiu, E. J. Guo, T.
Schulz, C. Mix, S. Meyer, A. Kamra, M. Althammer, H. Huebl,
G. Jakob, Y. Ohnuma, H. Adachi, J. Barker, S. Maekawa, G.
E. W. Bauer, E. Saitoh, R. Gross, S. T. B. Goennenwein, and
M. Kläui, Origin of the spin seebeck effect in compensated
ferrimagnets, Nat. Commun. 7, 10452 (2016).

[8] H. Jin, S. R. Boona, Z. Yang, R. C. Myers, and J. P. Heremans,
Effect of the magnon dispersion on the longitudinal spin see-
beck effect in yttrium iron garnets, Phys. Rev. B 92, 054436
(2015).

[9] D. Meier, T. Kuschel, L. Shen, A. Gupta, T. Kikkawa, K.
Uchida, E. Saitoh, J.-M. Schmalhorst, and G. Reiss, Thermally
driven spin and charge currents in thin NiFe2O4/Pt Films, Phys.
Rev. B 87, 054421 (2013).

[10] T. Niizeki, T. Kikkawa, K. I. Uchida, M. Oka, K. Z. Suzuki, H.
Yanagihara, E. Kita, and E. Saitoh, Observation of longitudinal
spin-seebeck effect in cobalt-ferrite epitaxial thin films, AIP
Adv. 5, 053603 (2015).

[11] R. Ramos, T. Kikkawa, M. H. Aguirre, I. Lucas, A. Anadón,
T. Oyake, K. Uchida, H. Adachi, J. Shiomi, P. A. Algarabel, L.
Morellón, S. Maekawa, E. Saitoh, and M. R. Ibarra, Unconven-
tional scaling and significant enhancement of the spin seebeck
effect in multilayers, Phys. Rev. B 92, 220407 (2015).

[12] M. Schreier, A. Kamra, M. Weiler, J. Xiao, G. E. W. Bauer,
R. Gross, and S. T. B. Goennenwein, Magnon, phonon, and
electron temperature profiles and the spin seebeck effect in
magnetic insulator/normal metal hybrid structures, Phys. Rev.
B 88, 094410 (2013).

[13] S. M. Rezende, R. L. Rodríguez-Suárez, R. O. Cunha, A. R.
Rodrigues, F. L. A. Machado, G. A. Fonseca Guerra, J. C.
Lopez Ortiz, and A. Azevedo, Magnon spin-current theory for
the longitudinal spin-seebeck effect, Phys. Rev. B 89, 014416
(2014).

[14] K. Uchida, M. Ishida, T. Kikkawa, A. Kirihara, T. Murakami,
and E. Saitoh, Longitudinal spin seebeck effect: From funda-
mentals to applications, J. Phys.: Condens. Matter 26, 343202
(2014).

[15] S. R. Boona, R. C. Myers, and J. P. Heremans, Spin caloritron-
ics, Energy Environ. Sci. 7, 885 (2014).

[16] A. Sola, V. Basso, M. Kuepferling, M. Pasquale, D. C. Ne
Meier, G. Reiss, T. Kuschel, T. Kikkawa, K. I. Uchida, E.
Saitoh, H. Jin, S. J. Watzman, S. Boona, J. Heremans, M. B.
Jungfleisch, W. Zhang, J. E. Pearson, A. Hoffmann, and H.
W. Schumacher, Spincaloritronic measurements: A round robin
comparison of the longitudinal spin seebeck effect, IEEE Trans.
Instrum. Meas. 68, 1765 (2019).

[17] J. Kimling, G. M. Choi, J. T. Brangham, T. Matalla-Wagner,
T. Huebner, T. Kuschel, F. Yang, and D. G. Cahill, Pi-
cosecond Spin Seebeck Effect, Phys. Rev. Lett. 118, 057201
(2017).

[18] T. S. Seifert, S. Jaiswal, J. Barker, S. T. Weber, I. Razdolski,
J. Cramer, O. Gueckstock, S. F. Maehrlein, L. Nadvornik,
S. Watanabe, C. Ciccarelli, A. Melnikov, G. Jakob, M.
Münzenberg, S. T. B. Goennenwein, G. Woltersdorf, B.
Rethfeld, P. W. Brouwer, M. Wolf, M. Kläui, and T. Kampfrath,
Femtosecond formation dynamics of the spin seebeck effect
revealed by terahertz spectroscopy, Nat. Commun. 9, 2899
(2018).

[19] S. Geller, H. J. Williams, R. C. Sherwood, J. P. Remeika, and
G. P. Espinosa, Magnetic study of the lighter rare-earth iron
garnets, Phys. Rev. 131, 1080 (1963).

[20] S. Geller, J. P. Remeika, R. C. Sherwood, H. J. Williams, and
G. P. Espinosa, Magnetic study of the heavier rare-earth iron
garnets, Phys. Rev. 137, A1034 (1965).

[21] G. M. Choi and D. G. Cahill, Kerr rotation in Cu, Ag, and Au
driven by spin accumulation and spin-orbit coupling, Phys. Rev.
B 90, 214432 (2014).

[22] D. G. Cahill, Analysis of heat flow in layered structures for
time-domain thermoreflectance, Rev. Sci. Instrum. 75, 5119
(2004).

[23] P. Jiang, X. Qian, and R. Yang, Tutorial: Time-domain ther-
moreflectance (TDTR) for thermal property characterization of
bulk and thin film materials, J. Appl. Phys. 124, 161103 (2018).

[24] R. B. Wilson and D. G. Cahill, Experimental Validation of the
Interfacial Form of the Wiedemann-Franz Law, Phys. Rev. Lett.
108, 255901 (2012).

[25] P. Sellappan, C. Tang, J. Shi, and J. E. Garay, An integrated
approach to doped thin films with strain tunable magnetic
anisotropy: Powder synthesis, Target Preparation and Pulsed
Laser Deposition of Bi:YIG, Mater. Res. Lett. 5, 41 (2016).

[26] C. Tang, M. Aldosary, Z. Jiang, H. Chang, B. Madon, K. Chan,
M. Wu, J. E. Garay, and J. Shi, Exquisite growth control and
magnetic properties of yttrium iron garnet thin films, Appl.
Phys. Lett. 108, 102403 (2016).

074401-7

https://doi.org/10.1038/nmat3301
https://doi.org/10.1103/PhysRevApplied.4.047001
https://doi.org/10.1063/1.3507386
https://doi.org/10.1103/PhysRevB.95.014402
https://doi.org/10.1103/PhysRevX.4.041023
https://doi.org/10.1103/PhysRevX.6.031012
https://doi.org/10.1038/ncomms10452
https://doi.org/10.1103/PhysRevB.92.054436
https://doi.org/10.1103/PhysRevB.87.054421
https://doi.org/10.1063/1.4916978
https://doi.org/10.1103/PhysRevB.92.220407
https://doi.org/10.1103/PhysRevB.88.094410
https://doi.org/10.1103/PhysRevB.89.014416
https://doi.org/10.1088/0953-8984/26/34/343202
https://doi.org/10.1039/c3ee43299h
https://doi.org/10.1109/TIM.2018.2882930
https://doi.org/10.1103/PhysRevLett.118.057201
https://doi.org/10.1038/s41467-018-05135-2
https://doi.org/10.1103/PhysRev.131.1080
https://doi.org/10.1103/PhysRev.137.A1034
https://doi.org/10.1103/PhysRevB.90.214432
https://doi.org/10.1063/1.1819431
https://doi.org/10.1063/1.5046944
https://doi.org/10.1103/PhysRevLett.108.255901
https://doi.org/10.1080/21663831.2016.1195779
https://doi.org/10.1063/1.4943210


ORTIZ, GOMEZ, LIU, ALDOSARY, SHI, AND WILSON PHYSICAL REVIEW MATERIALS 5, 074401 (2021)

[27] V. H. Ortiz, M. Aldosary, J. Li, Y. Xu, M. I. Lohmann, P.
Sellappan, Y. Kodera, J. E. Garay, and J. Shi, Systematic control
of strain-induced perpendicular magnetic anisotropy in epitax-
ial europium and terbium iron garnet thin films, APL Mater. 6,
121113 (2018).

[28] M. J. Gomez, K. Liu, J. G. Lee, and R. B. Wilson, High sen-
sitivity pump-probe measurements of magnetic, thermal, and
acoustic phenomena with a spectrally tunable oscillator, Rev.
Sci. Instrum. 91, 023905 (2020).

[29] G. A. Slack and D. W. Oliver, Thermal conductivity of garnets
and phonon scattering by rare-earth ions, Phys. Rev. B 4, 592
(1971).

[30] C. M. Brooks, R. B. Wilson, A. Schäfer, J. A. Mundy,
M. E. Holtz, D. A. Muller, J. Schubert, D. G. Cahill, and
D. G. Schlom, Tuning thermal conductivity in homoepitax-
ial SrTiO3 films via defects, Appl. Phys. Lett. 107, 051902
(2015).

[31] E. Breckenfeld, R. Wilson, J. Karthik, A. R. Damodaran,
D. G. Cahill, and L. W. Martin, Effect of growth induced
(non)stoichiometry on the structure, dielectric response, and
thermal conductivity of SrTiO3 thin films, Chem. Mater. 24, 331
(2012).

[32] J. M. Ziman, Electrons and Phonons: The Theory of Trans-
port Phenomena in Solids (Oxford University Press, Oxford,
2001).

[33] E. R. Rosenberg, L. Beran, C. O. Avci, C. Zeledon, B. Song,
C. Gonzalez-Fuentes, J. Mendil, P. Gambardella, M. Veis,
C. Garcia, G. S. D. Beach, and C. A. Ross, Magnetism
and spin transport in rare-earth-rich epitaxial terbium and eu-
ropium iron garnet films, Phys. Rev. Materials 2, 094405
(2018).

[34] Y. Dumont, N. Keller, O. Popova, D. S. Schmool, F. Gendron,
M. Tessier, and M. Guyot, Modified magnetic properties of oxy-
gen off-stoichiometric yttrium iron garnet thin films, J. Magn.
Magn. Mater. 272–276, 2003 (2004).

[35] P. B. Johnson and R. W. Christy, Optical constant of the noble
metals, Phys. Rev. B 6, 4370 (1972).

[36] M. Isasa, E. Villamor, L. E. Hueso, M. Gradhand, and F.
Casanova, Temperature dependence of spin diffusion length
and spin hall angle in Au and Pt, Phys. Rev. B 91, 024402
(2015).

[37] G. M. Choi, R. B. Wilson, and D. G. Cahill, Indirect heating of
Pt by short-pulse laser irradiation of Au in a nanoscale Pt/Au
bilayer, Phys. Rev. B 89, 064307 (2014).

[38] J. Barker and G. E. W. Bauer, Semiquantum thermodynamics
of complex ferrimagnets, Phys. Rev. B 100, 140401 (2019).

[39] G. Tas and H. J. Maris, Electron diffusion in metals studied by
picosecond ultrasonics, Phys. Rev. B 49, 15046 (1994).

[40] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.5.074401 for the sensitivity analy-
sis of the magnon thermal properties.
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