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ABSTRACT

In this work, we present a method to enhance the longitudinal spin Seebeck effect at platinum/yttrium iron garnet (Pt/YIG) interfaces. The
introduction of a partial interlayer of bismuth selenide (Bi2Se3, 2.5% surface coverage) interfaces significantly increases (by �380%–690%)
the spin Seebeck coefficient over equivalent Pt/YIG control devices. Optimal devices are prepared by transferring Bi2Se3 nanoribbons,
prepared under anaerobic conditions, onto the YIG (111) chips followed by rapid over-coating with Pt. The deposited Pt/Bi2Se3 nanoribbon/
YIG assembly is characterized by scanning electron microscope. The expected elemental compositions of Bi2Se3 and YIG are confirmed by
energy dispersive x-ray analysis. A spin Seebeck coefficient of 0.34–0.62 lV/K for Pt/Bi2Se3/YIG is attained for our devices, compared to just
0.09 lV/K for Pt/YIG controls at a 12K thermal gradient and a magnetic field swept from �50 to þ50mT. Superconducting quantum inter-
ference device magnetometer studies indicate that the magnetic moment of Pt/Bi2Se3/YIG treated chips is increased by �4% vs control Pt/
YIG chips (i.e., a significant increase vs the 60.06% chip mass reproducibility). Increased surface magnetization is also detected in magnetic
force microscope studies of Pt/Bi2Se3/YIG, suggesting that the enhancement of spin injection is associated with the presence of Bi2Se3
nanoribbons.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157778

Spin Seebeck effects (SSE) arise from spin current (magnon)
generation from within ferri-, ferro-, or anti-ferromagnetic materi-
als driven by an applied temperature gradient.1 Longitudinal spin
Seebeck effect (LSSE) investigations, where the spin current and
temperature gradient evolve along a common z axis, while the
magnetic field is applied in the y axis and the voltage contacts are
spaced along the x axis [Fig. 1(a)], have become the most popular
spin Seebeck device architecture.2,3 While this configuration mini-
mizes any anomalous or planar Nernst voltage effects from the
magnetic layer,4,5 it also requires the use of an insulating magnetic
material. Typically, therefore, this role is fulfilled by crystalline

yttrium iron garnet (Y3Fe5O12, YIG) grown on the (111) plane of a
gadolinium gallium garnet (GGG) substrate. Direct detection of
YIG-derived spin currents is presently challenging, so a metallic
layer with a large spin–orbit coupling (typically platinum) is placed
on top of the YIG to convert the spin current into a voltage (VLSSE)
via the inverse spin Hall effect (ISHE).6,7 The spin mixing conduc-
tance characterizes the transport efficiency of spin current through
the interface (e.g., Pt/YIG)8 and should be maximized for these
applications. Silver/YIG has also been proposed as an alternative to
Pt/YIG and investigated theoretically, showing a high spin mixing
conductance.9 Theoretically, the SSE could form the basis of future
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spin-caloritronic sustainable heat energy recovery technologies.10

Presently, however, significant practical difficulties need to be
overcome before delivering such outcomes. One important issue is
that in most published SSE investigations, using devices of dimen-
sions typically of the order of 1 cm2, reported values of VLSSE lie
only in the range up to a few microvolts (lV).2,3 While only thin
layers of YIG (ca. 0.1–500 lm) and Pt (ca. 5 nm) are required for
SSE generation, the fabrication of large area bi-layer Pt/YIG devi-
ces can become non-viable, even if such architectures are stacked.
One potential solution would be to place an additional spintronic
material at the YIG-Pt interface that is able to improve the ISHE
dramatically, generating higher VLSSE values and ultimately more
power. Chemical treatments of the top of the YIG interface itself
might also be used to attain this enhanced ISHE. Comprehensive
theoretical models linking the structure of the YIG surface with
spin current recombination are largely lacking, and, thus, the
understanding of how such additional layers and treatment effects
can promote enhanced ISHE is still in its infancy and mainly
driven by experiment. A wide range of interlayers have been

studied,1,11–15 and their presence has been observed to produce a
wide variety of effects, including (a) no effect on the VLSSE, as in
the use of gold interlayers and piranha treated YIG,16 (b) negative
effects, such as those of magnetic insulators (e.g., SrTiO3), where
the VLSSE is reduced by a factor of >100,17 and (c) enhancement of
the SSE. A few significant examples of SSE enhancements are as
follows: (i) the use of a C60 interlayer (VLSSE¼ 95 nV/K with 5 nm
C60, 5 nm Pt at 300 K; control VLSSE¼ 55 nV/K in the absence of
C60);

18 (ii) the use of WSe2 flakes (VLSSE¼ 7.1 lV/K with 0.9 nm
WSe2 at unspecified coverage, 5 nm Pt at 300 K; control
VLSSE¼ 2.2 lV/K in the absence of WSe2);

19,20 (iii) the use of MoS2
layers (VLSSE¼ 1.5 lV/K with �15 nm MoS2 at 40% coverage,
5 nm Pt at 300 K; control VLSSE¼ 0.3 lV/K in the absence of
MoS2);

21 (iv) the use of NiO layers (relative increases of �3.5 vs
control samples at 300 K22 as well as decreases23 have been
reported); and (v) the employment of metal alloys [Pt/Fe70Cu30
(0.3 nm)/Bi-YIG relative increase in 1.7 times vs control sample].24

Herein, we discuss the discovery of a significant enhancement in
the longitudinal spin Seebeck (VLSSE increased by �380%–690%)

FIG. 1. (a) Graphical illustration of the LSSE device under a magnetic field H and thermal gradient DT. The device consists of Pt coated on YIG, with two areas of 0.5� 2mm2

silver paste as the contacts to the probes. (b) Example LSSE measurements with thermal gradient at 12 K and magnetic field sweep from �50 to þ50mT: Pt on un-oxidized
Bi2Se3 flakes on YIG (BSYIG1-a, pink), Pt on aerobically oxidized Bi2Se3 flakes on YIG (BSYIG2-a, blue) and a control sample (Control-a Pt on YIG, green). (c) LSSE mea-
surements in the region of interest around the voltage change (�2 to þ10mT). Inset: illustration of the extraction of DV (VLSSE) from the V vs B data. (d) DV (VLSSE) vs DT
with thermal gradient at �5, 8, and 12 K for BSYIG1-a, BSYIG1-b, BSYIG1-c, BSYIG2 (mean), and Control (mean) including linear fits to the data extrapolated to DT,
DV¼ 0.
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using Bi2Se3 nanoribbons. We additionally report on how generic
sample preparation methods can affect spin Seebeck measurements
when seeking to evaluate the performance of interface materials.

In screening for interlayer improvement materials, the thickness
of the upper Pt electrode needs consideration. Due to the short spin
diffusion length in platinum (k�1.9nm),25 thin Pt layers are preferred
for SSE studies. However, attaining high sample-to-sample reproduc-
ibility in the Pt layer thickness is vital in eliminating false positives
when screening the effectiveness of spin Seebeck interface additives.
The highest chip-to-chip reproducibility using our sputter coating
setup was obtained for 186 2 nm platinum coatings, and this was cho-
sen as the coating thickness for all samples. Under such experimental
conditions, only high-performing additives are detected in screening
studies. Using this approach, we have identified Bi2Se3 nanoribbons as
a high-performing YIG/Pt interface material. Similarly, we found that
over-aggressive cleaning of our YIG chips could also induce slight var-
iations in nominally identical chips. We, therefore, always used the
reproducible procedure outlined in the supplementary material SI2.

Nanoribbons of Bi2Se3 were prepared as previously described26

and transferred to rigorously clean, flat, and precision-cut YIG chips
(5.1lm YIG on GGG, Matesby GmBH, 5.00� 5.00mm2, weight vari-
ation �0.06%; for more information on the samples and preparation,
see the supplementary material) under an inert atmosphere, and the
Bi2Se3 ribbons temporarily protected from air by a polymeric PMMA
layer (sample type BSYIG1; three samples: BSYIG1-a, BSYIG1-b, and
BSYIG1-c, where samples b and c were prepared under identical con-
ditions to sample a investigate reproducibility). Nanoribbon Bi2Se3 is
known to be susceptible to aerobic oxidation, so as a check, equivalent
samples were allowed to reach the thermodynamic surface oxidized
state by exposure to air for >5 days (sample type BSYIG2; 2 samples:
BSYIG2-a and BSYIG2-b, both prepared under identical conditions).
Their Bi2Se3 ribbon coverage (2.5%) was comparable to those samples
not exposed to air. Finally, Pt/YIG chips (sample type Control; 2 sam-
ples, Control-a and Control-b, both prepared under identical condi-
tions) were prepared by simple platinum coating of the same YIG chip
batch (at a Pt thickness of 186 2 nm). To compare surface oxidation
effects for BSYIG1 samples, the PMMA protective layers were always
removed under argon immediately prior to Pt-coating. The Bi2Se3 sur-
face coverage of YIG samples BSYIG1-a/b/c and BSYIG2-a/b was
directly comparable (2.5%).

All Bi2Se3 nanoribbon tri-layer coated chips (sets BSYIG1 and
BSYIG2) showed enhanced spin Seebeck effects compared to the sim-
ple bi-layer Pt/YIG (Control set) with a temperature differential DT
up to �12K (mid-point 293K). Figure 1(b) shows an overview of the
LSSE measurements for samples BSYIG1-a, BSYIG2-a, and Control-
a across a magnetic field sweep from �50 to þ50mT, while Fig. 1(c)
provides better visibility of the region around the voltage switching, in
the range �2 to þ10mT (with switching in our samples typically
occurring aroundþ4mT). The inset of Fig. 1(c) shows how the change
in voltage DV¼VLSSE was derived from the sweeps of V vs B. A full
review of our spin Seebeck measurement and data reduction scheme
can be found in the supplementary material. The SSE enhancement is
most significant for un-oxidized samples (BSYIG1-a/b/c) at magnetic
fields of 650mT. Repeating SSE measurements at target values of
DT¼ 5, 8, and 12K [same mid-point, Fig. 1(d)] confirmed SSE coeffi-
cients of 0.626 0.03, 0.346 0.02, and 0.386 0.03lV/K for BSYIG1-
a, BSYIG1-b, and BSYIG1-c, respectively. Samples BSYIG2-a and

BSYIG2-b yielded SSE coefficients of 0.166 0.02 and 0.176 0.02lV/K,
respectively, while Control-a and Control-b yielded 0.086 0.01 and
0.106 0.01 lV/K, respectively. Since two samples each were mea-
sured for both BSYIG2 and Control, for visual clarity, the mean and
standard error of these measurements is shown in Fig. 1(d), with the
full graph and table of values and uncertainties included in the sup-
plementary material.

In Fig. 1(d), linear fits to the data points are provided and extrap-
olated to DT¼ 0, assuming that VLSSE¼ 0 at DT¼ 0, and these lines
serve to guide the eye. These lines illustrate that the spin Seebeck
response is necessarily linear in all cases. Thus, anaerobically prepared
Bi2Se3 interlayers (BSYIG1) lead to increases in spin Seebeck coeffi-
cient within the range 3806 20 to 6906 30% over the mean of the
Control samples under identical conditions. To ensure that the
observed enhancement is solely spintronic in origin, without contribu-
tions from traditional (thermal) Seebeck effects, we studied the device
resistance for chips BSYIG1-a, BSYIG2-a, and the Control-a (see the
supplementary material). Each of the three samples showed no varia-
tion in their intrinsic resistance (60.1%) when subjected to the same
DT¼ 5, 8, and 12K temperature differentials, consistent with the
absence of a conventional Seebeck effect. The difference in resistance
between BSYIG2-a and the other samples (BSYIG1-a and Control-a) is
attributed to the oxidization of YIG during the process of air exposure.
Such resistance differences would require further consideration in the
development of these materials as thermoelectric generators. However,
since BSYIG1-a has a similar resistance to the Control-a Pt/YIG
sample, this suggests the anaerobic insertion of Bi2Se3 has not had a
detrimental effect.

Stochastic sampling of representative surface areas of the
BSYIG1-a sample by scanning electron microscope (SEM) revealed
the uniform presence of Bi2Se3 nanoribbons in SEM images (Fig. 2).
The Bi2Se3 ribbons range (randomly) in lateral size from ca. 0.8lm
plates to extended ribbons up to 11lm wide by 25lm long. Image
averaging (using ImageJ)27 provides a coverage of 2.56 1.3% for the
5.00� 5.00mm2 chips. The average composition of representative
nanoribbon flakes, and of the surface as a whole, was quantified with
energy dispersive x-ray (EDX) (Fig. 2). The majority of the YIG surface
exhibits a composition identical to native YIG (sample Control), while
bismuth and selenium were solely detected in the nanoribbons. The
appearance of the BSYIG2-a (aerobically oxidized) sample under SEM
was not distinguishable from that of BSYIG1-a. Equivalent EDX data
were obtained for Bi2Se3 flake composition between the oxidized and
un-oxidized samples. The absence of a discernible oxygen signal for
BSYIG2-a Bi2Se3 flakes is consistent with findings of Kunakova et al.,
who found that aerobic oxidation only produces surface oxide layers of
Bi2O3 and SeO2.

26 While this substantially reduced the charge carrier
density of the Bi2Se3 nanoribbons, the bulk of the Bi2Se3 material is
not oxidized.28 We propose that similar effects may account for the
lower VLSSE observed for BSYIG2-a, while its EDX spectrum remains
identical to sample BSYIG1-a.

Given that a very significant SSE improvement was observed in
the presence of only a small amount of Bi2Se3 in BSYIG1-a, we were
interested to see if this was reflected in the magnetic properties of such
chips. Bulk magnetization hysteresis loop (M–H) measurements on
individual sample chips were carried out using a superconducting
quantum interference device (SQUID) magnetometer (MPMS-XL,
Quantum Design) at room temperature (300K) to explore the in-
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plane magnetization of Bi2Se3 on YIG/GGG. The measurement was
initiated by stabilizing the temperature at 300K and then sweeping the
applied field from to �50 to þ50mT (see the supplementary material
SI8). The behavior of BSYIG1-a was nearly identical to the Control-a
Pt/YIG sample except that they showed an increased magnetization of
j0.0248j emu at both �50 and þ50mT (500Oe), over Control-a
(j0.0236j emu), with a maximum error bar of �1.9� 10�5emu.
Magnetization is a mass-related property, but control experiments
confirmed a consistent mass for our precision-cut YIG chips (weighed
to 0.000 05mg accuracy), which was reproducible to within 60.06%
(across a set of samples including as-supplied un-coated wafers and
BSYIG1-a/b/c). The magnetism observed for the BSYIG1-a was sig-
nificantly higher (�4.0%) than Control-a, suggesting that the
increased magnetism is likely due to the properties of the coating
rather than through any variation in chip mass. The inverse spin Hall
effect (EISHE) is a key factor for electric current generation in LSSE
devices, where the in-plane surface magnetization (Mk

sur) is directly
proportional to inverse spin Hall effect (EISHE / rT �Mk

sur). None
of our samples exhibited magnetic hysteresis, indicating that
these YIG/GGG chips had only weak magnetic coercivity at low
fields (�0.5mT). As the applied magnetic field was further

increased, the induced sample magnetization increased very slowly
due to paramagnetism.

To understand the surface magnetization effects in sample
BSYIG1-a further, magnetic force microscope (MFM) measurements
were undertaken (Park SYSTEMS NX7 instrument using a Nanoworld
MFMR probe). MFM differs from traditional atomic force microscopy
in that the probe, in addition to providing a surface height profile, is
also able to detect the magnetic field gradient above the sample. MFM
surface profiling of BSYIG1-a revealed that a typical ribbon is com-
prised of multilayers of Bi2Se3, providing thicker sections ca. 250nm
thick [e.g., the profile along vector 1 in Figs. 3(a) and 3(b)] and addi-
tional thinner sections ca. 100 nm thick [e.g., the profile along vector 2
in Figs. 3(a) and 3(b)]. Re-running ribbon profiles 1 and 2 with the
magnetic probe at a height of 100nm above the topological surface
provided data on the magnetic field gradient variation along the same
line profiles. The MFM amplitude [Figs. 3(c) and 3(d)] increases over
the Bi2Se3 flake, and furthermore, the magnetic enhancement corre-
lates with the thickness of the Bi2Se3, being larger for the thicker part
of the sample. This amplitude enhancement suggests that the observed
effect is magnetic rather than due to long-range electrostatics, support-
ing the inference that the surface magnetization is improved by the

FIG. 2. SEM images (�1000 magnification) and EDX mapping of collections of Bi2Se3 nanostructures on YIG (BSYIG1-a) with EDX mapping showing the elemental composi-
tion of majority the YIG substrate. The bottom row shows maps for iron (red), yttrium (green), and oxygen (blue). Bismuth and selenium analyses of a representative single
Bi2Se3 flake are shown to the right of the main (grey) image.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 223902 (2023); doi: 10.1063/5.0157778 123, 223902-4

VC Author(s) 2023

 20 February 2024 08:49:06

pubs.aip.org/aip/apl


presence of Bi2Se3 flakes at the interlayer of a Pt/YIG device. However,
it was not possible to extract quantitative information about surface
magnetization from this study, but we are hopeful that future experi-
mental and theoretical work can provide further explanation.

In conclusion, Bi2Se3 nanoribbons provide a significant improve-
ment in Pt/YIG spin Seebeck voltages at low surface coverages (2.5%).
Spin Seebeck coefficients in the range of 0.34–0.62lV/K for Pt/Bi2Se3/
YIG are attained for our measured devices, compared to just 0.09lV/K
for Pt/YIG controls alone, for a 12K thermal gradient and a magnetic
field swept from �50 to þ50mT. SQUID and MFM measurements
provide evidence that surface magnetism concentration by the Bi2Se3
nanoribbons is an important feature associated with SSE enhancement.
These results provide interesting avenues for further experimentation
and will hopefully stimulate theoretical debate and development in the
longitudinal spin Seebeck field.

See the supplementary material for further details of instrumenta-
tion, sample preparation, the spin Seebeck measurement setup, SEM,
EDX, SQUID, the effects of YIG cleaning procedures, and further details
of data reduction, reproducibility, and errors across all samples measured.
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