P P "y AP

7%
university of :/g// 7
groningen 5L

%

University Medical Center Groningen

University of Groningen

Criteria for accurate determination of the magnon relaxation length from the nonlocal spin
Seebeck effect

Shan, Juan; Cornelissen, Ludo Johannes; Liu, Jing; Ben Youssef, J.; Liang, Lei; van Wees,
Bart

Published in:
Physical Review. B: Condensed Matter and Materials Physics

DOI:
10.1103/PhysRevB.96.184427

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Shan, J., Cornelissen, L. J., Liu, J., Ben Youssef, J., Liang, L., & van Wees, B. (2017). Criteria for accurate
determination of the magnon relaxation length from the nonlocal spin Seebeck effect. Physical Review. B:
Condensed Matter and Materials Physics, 96(18), [184427]. DOI: 10.1103/PhysRevB.96.184427

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 18-03-2018


http://dx.doi.org/10.1103/PhysRevB.96.184427
https://www.rug.nl/research/portal/en/publications/criteria-for-accurate-determination-of-the-magnon-relaxation-length-from-the-nonlocal-spin-seebeck-effect(509cc4a7-3bdd-41e8-b9de-d72f395d44ae).html

PHYSICAL REVIEW B 96, 184427 (2017)

Criteria for accurate determination of the magnon relaxation length from the nonlocal
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J. Shan,!** L. J. Cornelissen,' J. Liu,' J. Ben Youssef,? L. Liang,l and B. J. van Wees!
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The nonlocal transport of thermally generated magnons not only unveils the underlying mechanism of the spin
Seebeck effect, but also allows for the extraction of the magnon relaxation length (4,,) in a magnetic material, the
average distance over which thermal magnons can propagate. In this study, we experimentally explore in yttrium
iron garnet (YIG)/platinum systems much further ranges compared with previous investigations. We observe
that the nonlocal SSE signals at long distances (d) clearly deviate from a typical exponential decay. Instead, they
can be dominated by the nonlocal generation of magnon accumulation as a result of the temperature gradient
present away from the heater, and decay geometrically as 1/d>. We emphasize the importance of looking only
into the exponential regime (i.e., the intermediate distance regime) to extract A,,. With this principle, we study
Am as a function of temperature in two YIG films which are 2.7 and 50 pm in thickness, respectively. We find
Am to be around 15 pum at room temperature and it increases to 40 um at 7 = 3.5 K. Finite element modeling
results agree with experimental studies qualitatively, showing also a geometrical decay beyond the exponential
regime. Based on both experimental and modeling results, we put forward a general guideline for extracting A,,

from the nonlocal spin Seebeck effect.

DOI: 10.1103/PhysRevB.96.184427

I. INTRODUCTION

Since its discovery [1,2], the spin Seebeck effect (SSE) has
been a central topic in the burgeoning field of spin caloritronics
[3-5], not only due to its promising application in utilizing
thermal energy on a large scale [6], but also because of its
rich and interesting physics [7-16]. When a heat current flows
through magnetic insulators such as yttrium iron garnet (YIG),
a pure magnonic spin current is excited without any charge
currents flowing. A magnon spin accumulation is thereby built
up at the boundaries of YIG [17-19], which can induce a spin
angular momentum flow into an adjacent platinum (Pt) layer
through interfacial exchange coupling [20-22]. It can then
convert into a measurable electric voltage by the inverse spin
Hall effect (ISHE) [23].

Due to scattering processes such as magnon-phonon inter-
actions, the magnon spin accumulation relaxes at a rate closely
related to the phenomenological Gilbert damping coefficient
«. In the diffusive magnon transport picture, the magnon
relaxation length A, , the average distance over which magnons
can propagate, can be expressed with « [18]. Owing to the
diffusive nature of thermally excited magnons, A, is thus
important for the understanding of the SSE.

So far, X, has been obtained experimentally based on
longitudinal SSE in various approaches, such as the time-
resolved method [24,25], the study of SSE signals as a function
of the YIG thickness tyig [12,13], and the nonlocal method that
employs a lateral nonlocal geometry to study SSE signals at a
distance d away from the heating source and investigate how
they decay as a function of d [15,19,26-30]. Particularly, A,,’s
that are acquired from the latter two methods exhibit roughly
one order of magnitude difference at room temperature, which
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has been ascribed to different energy spectrum of magnons
probed locally and nonlocally [13].

Compared to the local study that requires YIG films in
different thicknesses, the lateral approach is experimentally
more favorable in the sense that it allows the experiments to
be conducted on the same YIG surface, which circumvents
the possible differences among different YIG surfaces and
YIG/Pt interfaces. Nevertheless, the A,,’s reported from the
lateral geometry still seem to differ by one order of magni-
tude in both room and lower temperatures among different
groups [15,27,28,31]. These discrepancies should be clearly
addressed despite the material quality variations.

In the lateral approach, the electrical injection of magnons
through spin voltage bias [18,26,32] takes place only at the
injector, but the thermal generation of magnons is much more
nonlocal. According to the bulk SSE picture [12,17-19,33],
a thermal magnon current is excited wherever a temperature
gradient (VT) is present, which exists not only close to the
heating source, but also much further away. Therefore the
decay of nonlocal SSE signals as a function of d is not solely
due to magnon relaxation, but also related to VT . This behavior
complicates the extraction of A,,. Very recently, an additional
decay on top of the exponential relaxation has been observed
in bulk YIG films of 500 pm in thickness, and a longer decay
length scale was associated with it [34].

Despite that the electrical approach gives well-defined
magnon excitation location, the nonlocal signals obtained
with this approach diminish as the sample temperature is
reduced [31,32], making it very difficult to study A,, at low
temperatures. In contrast, the nonlocal signals from thermal
generation often remain sufficiently large or even increase
substantially at lower temperatures [28,31]. It is hence more
practical to study A, with a Joule heating approach.

In this study, we investigate the nonlocal SSE signals
carefully by exploring the ultra-long heater-detector distance

©2017 American Physical Society
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FIG. 1. (a) Schematic illustration of the device structure. An ac current is sent to the heater (left Pt strip) and the voltage is detected
nonlocally at the detector (right Pt strip), which is separated by a center-to-center distance d from the heater. An in-plane magnetic field B is
applied along the x axis to achieve maximal detection efficiency. (b) One typical field-sweep measurement of V2/ performed for d = 13 um at
T =300 K on a 2.7-um-thick YIG film, normalized to / = 100 A, from which the amplitude of the thermally generated nonlocal signal Vrg
can be extracted. (c) Vg as a function of d at T = 300 K for the same YIG film, plotted in a logarithmic scale. The data points in this plot are
after the sign-reversal and are opposite in sign with the local SSE signal, and are defined as positive throughout the paper. For the data points in
the range of 10 um < d < 30 um, they are fitted exponentially with the equation Vg = C exp(—d/A,,) as shown by the brown dashed line,
where A,, = 14.7 = 0.4 pum. In the range of 45 um < d < 105 um, the data points are fitted with Vg = C’ /d?, shown by the orange dotted
line. C and C’ are coefficients that incorporate the system material properties, such as the bulk spin Seebeck coefficient Sg, the magnon spin

conductivity o,,, and the YIG film thickness.

regime, i.e., around one order larger than the typical A,, we
found in our previous studies [19,26,31]. We can then clearly
distinguish two decay regimes, which are governed by two
different processes: one is dominated by the relaxation of the
magnon chemical potential buildup around the local heating
source, where the signals exhibit an exponential decay on the
length scale of 1,,; the other regime is located at a much longer
distance, dominated by the magnon accumulation generated
nonlocally as a result of the nonzero VT in the vicinity of the
detector, with the signals clearly deviating from an exponential
decay. We found and established that they exhibited a 1/d>
decay manner instead. We demonstrate the complexity to study
Am from a thermal method, and highlight the importance to
only evaluate the proper regime to obtain A,,.

Furthermore, we carry out a systematic study at a wide
range of temperatures, and find that the magnon exponential
regime extends to a further distance as A,, becomes larger
at lower temperatures (7 < 20 K). By exponential fitting only
the magnon exponential regime, we reliably extract A, ranging
from 3.5 to 300 K. Finally, we perform finite element modeling
with various A,,, which yields consistent results that support
our understanding by showing also different decay regimes,
with the same decay manners as observed experimentally. We
conclude with a general rule for extracting 1, in nonlocal SSE
studies.

II. EXPERIMENTAL DETAILS

In the present study, we use YIG (111) films with two dif-
ferent thicknesses, 2.7 and 50 pwm, both grown by liquid phase
epitaxy on single-crystal Gd;GasO>(GGG) (111) substrates.
The 50-pum-thick YIG sample was purchased from Matesy
GmbH, and the 2.7-pum-thick YIG sample was provided by the
Université de Bretagne in Brest, France. Pt strips (6.5 = 0.5nm
in thickness, 100 and 1 pm in length and width, respectively)
aligned in parallel directions with distance d relative to

each other were patterned by electron beam lithography and
sputtered onto a YIG substrate, as schematically shown in
Fig. 1(a). Multiple devices were fabricated with various d on a
single substrate. Contacts consisting of Ti (5 nm)/Au (75 nm)
were subsequently patterned and evaporated to connect the Pt
strips.

Compared to our previous experiments on this YIG sub-
strate [19], the Pt strips were designed to be wider and longer
in this study for two main reasons. First, with wider strips, one
can send larger currents through, which significantly improves
the signal-to-noise ratio, making it possible to probe the small
signals in the long-d regime. Second, longer strips reduce
the effects of magnon currents that leak away in the y-axis
direction, allowing for a 2D analysis in the x-z plane.

The samples were measured by sweeping the magnetic
field along the x axis. A lock-in detection technique is used,
where an ac current /, typically with a frequency of 13 Hz
and an rms value of 100 uA, was sent through one of the
Pt strips (the heater), and the voltage output was monitored
nonlocally at the other Pt strip (the detector). In this study,
we focus on the behavior of the thermally excited magnons,
which results from Joule heating at the heater and is hence
a second-order effect with respect to /. This is captured in
the second harmonic signals V2/ in the lock-in measurement,
as V¥ = \/%Ig R, with a phase shift of —90° provided no
higher even harmonic signals are present. The data plotted in
this paper were all normalized to / = 100 A. The samples
were placed in a superconducting magnet cryostat with a
variable temperature insert to enable temperature-dependent
measurements, ranging from 3.5 to 300 K in this study. The
sample temperature is always checked to be fully stabilized
before performing measurements on all devices at that specific
temperature. Furthermore, the applied charge current [ is
ensured to be in the linear regime, such that the Joule
heating does not increase the average device temperature
significantly.

184427-2
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III. RESULTS AND DISCUSSION
A. Results on 2.7-um-thick YIG

1. Room temperature results

A typical field-sweep measurement curve is shown in
Fig. 1(b). From the ISHE, one gets a maximum signal when
the YIG magnetization is perpendicular to the Pt detector
strip. Reversing the YIG magnetization results in an opposite
polarization of the magnon spin current and consequently a
reverse sign of the signal. As the employed YIG films have very
small coercive fields [35], the signal jump around zero field
allows us to extract the amplitude of the thermally generated
nonlocal signal Vrg. We focus on the low-field regime where
the magnetic-field-induced SSE suppression [9,36] can be
excluded in our analysis.

To study how the signals decay laterally, we further
measured Vpg for all devices and plot them as a function
of d, as shown in Fig. 1(c). Note that the shortest distance
we probed here (d = 10 um) is already further than the
sign-reversal distance d., for the 2.7-pum-thick-YIG, around
5 pum at room temperature [19], so that the sign of Vig in
this study is opposite to the sign of the local spin Seebeck
signal, which is obtained with the heater itself as the detector.
In the beginning, the signals follow an exponential decay,
where 1, = 14.7 & 0.4 um can be extracted by fitting the first
few data points with the exponential decay equation Vrg =
Cexp(—d/X\,). This is the “relaxation regime” described
in Ref. [26]. Here we name it “exponential regime.” The
signals at further distances, however, clearly deviate from this
exponential fit. They exhibit a slower decay, which can be well
fitted with a 1/d? function. Here we name it “1/d? regime.”

According to our previously proposed SSE picture
[15,18,19], the heat flow J, sourced from the heater induces
a thermal magnon flow J, , along with it inside the YIG
layer. When J,, , reaches the YIG/GGG interface, it cannot
enter further into the GGG layer. Because of this abrupt
change in magnon spin conductivity, a magnon accumulation
(corresponding to a positive magnon chemical potential, /)
is formed at the bottom of the YIG layer, as shown in Fig. 2.
Similarly, a magnon depletion (corresponding to a negative
magnon chemical potential, ,,) is formed at around the
heater. As a consequence, the gradient of ., drives a diffusive
magnon flow J,, g to counteract J,, 4, such that the boundary
conditions are satisfied (in this case an open-circuit condition
for spin currents at the bottom interface of YIG, and at the top
of YIG the boundary condition depends on the spin opacity of
the YIG/heater interface [19]).

Because of the radial shape of the temperature profile, i,
is present close to the heater, surrounded by w; that extends
further away. The relative position of the two, or essentially
the zero-crossing line of w,,, is influenced by ty;g and heater
spin opacity among others [19]. After the sign reversal,
first grows to its maximum, and then diffuses in the lateral
direction, relaxing exponentially on the length scale of A,,.
This can be mapped by the ISHE signal produced by the Pt
detector, which reflects the u,, along the YIG surface. A,, can
be extracted by fitting the obtained signals in the exponential
regime by an exponential decay [15,19,26].

The determination of A, from data before the sign-reversal
[19,27,34], i.e., checking the relaxation of the u,, is also

PHYSICAL REVIEW B 96, 184427 (2017)
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FIG. 2. Schematic cross-section view of the device in the
xz plane. A charge current flows through the heater and generates
a radial temperature gradient profile in both YIG and GGG layers,
centered around the heater, as illustrated with the background color. A
thermal magnon flow (represented by black arrows) is induced along
the same direction as the heat flow in the YIG layer, as a result of the
SSE. Unlike the heat flow, the magnon flow cannot enter the GGG
layer, and a magnon accumulation (indicated by grey circles with
“+4” sign) is therefore built up at the YIG/GGG interface. Likewise,
at the YIG/heater interface, a magnon depletion (indicated by white
circles with the “—" sign) is formed. For the magnon accumulation,
the yellow circles indicate the generation below the heater, and the
orange circles indicate the nonlocal generation near the detector.

possible, but only valid when ty;g > A,,. This issue will be
further discussed in Secs. III B-III D.

It should be noted, however, that at very long distances
where 1 from the local region (yellow circles in Fig. 2)
reduces almost to zero due to magnon spin relaxation, there
can still be a small VT present at the YIG/GGG interface
below the detector. Within the same framework of the bulk
SSE picture, this will induce a thermal magnon flow J, 4
proportional to it, building ;! nonlocally (orange circles in
Fig. 2) due to the open-circuit condition. A J,, 4y driven by it
can therefore diffuse into the detector and convert into a signal,
as shown in Fig. 2. Note that we do not assume the Pt detector
to be a heat sink so that there is no heat current flowing into the
Pt detector, but the detected magnon current is diffused from
the YIG/GGG interface beneath it.

The signals at long distances hence decay independent
of A,. To derive how they decay as a function of d, for
simplicity, we first assume that the thermal conductivities of
YIG and GGG, kv and kggg, are similar in value such that
the heat flows radially even when d > ty|g. At a certain d,
the magnitude of the J, that crosses the YIG/GGG interface
is then proportional to 1/7r, with r = vVd> +1215. Ju 4
reaches the bottom of the YIG layer at an angle 6, where
0 = arctan(tyig/d), as shown in Fig. 2. Yet only the part of
Jin ¢ thatis normal to the YIG/GGG interface would encounter
the GGG barrier and generates a |:

yig mg<Kd 1yig
2 2 ~ 2°
m(d? + t}g) nd

ey

2 1 3
I g X — sinf =
' Tr

The resulting u,) would then induce a diffusive magnon flow
proportional to Ji; ., which can enter the detector at d. This
explains the 1/d* dependence of Vrg. Note that the signal at
the detector Vg is not necessarily proportional to tyig, as the
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FIG. 3. (a) Measured Vrg as a function of d for various temperatures on a 2.7-um-thick YIG film. The exponential and quadratic decay
fits are performed in a similar fashion as in Fig. 1. For T < 20 K, due to the increased A,,, the exponential regimes extend to longer d, and
consequently quadratic decay regimes start at further distances. But for the sake of consistency, the 1,,’s are all determined from exponential
fits performed on the data points within 10 um < d < 30 um. (b) 1,,’s extracted from exponential fits at temperatures from 7" = 3.5 to 300 K.

relaxation from the bottom to the top side of YIG needs to be
taken into account, unless tyig is much smaller than A,,.

For the relation in Eq. (1) to hold, «kyig does not have to
be strictly equal to kggg. When kyig # kGag, the temperature
profile is not radial any more, as the heat current J, either
prefers to flow laterally along the YIG layer (kyig > kGoG)
or tends to flow towards the bottom of the GGG layer
(kvig K kgag)- This complicates the math to derive the spatial

dependence of Ji . However, from the numerical model

discussed later we found that the 1/d* dependence is in general
valid as long as kyig < Kggg Of kyig =~ kggg. Conversely,
when kvyig > kgaa, the 1/ d> dependence no longer holds.

2. Results at low temperatures

We further performed the same measurements at various
temperatures on 2.7-um-thick YIG, in order to study A,
carefully as a function of temperature, as well as to confirm
the above picture. The main results are shown in Fig. 3. As
shown in Fig. 3(a), the Vg for all distances is enhanced
when decreasing the temperature, consistent with the general
trend in our previous results on 0.21-pm-thick YIG film [31].
However, in this study, we do not observe reductions of Vg
below 7 K as in Ref. [31], which could be due to the subtle
differences between the employed YIG films in both studies
and still requires further investigation.

For almost all temperatures at which measurements are
carried out, Vyg apparently cannot be fitted by a single expo-
nential decay, similar to the observation at room temperature.
Following the same procedure, we separate the data into two
regimes and fit them into exponential and quadratic decay,
respectively.

The extracted A,’s from the exponential fits across the
whole temperature range are shown in Fig. 3(b). One can see
that downto 7' = 35 K, 1, remains more or less unchanged as
a function of temperature. This is also in line with our previous
study on 0.21-pm-thick YIG film [31]. At T < 20 K, however,
we observe a sharp and monotonic increase of X, when
reducing temperature. Consequently, the transition between
the two decay regimes extend to a longer d, as the diffused
magnon accumulation can be further preserved.

The 1/d? decay can be fitted satisfactorily at long distances
even down to very low temperatures. From literature, both kyig
and kggg of bulk materials vary by more than one order of
magnitude from room temperature to their peak values, which
take place roughly between 20 and 30 K [37-39]. Yet the
general shapes of kyig and xggg as a function of temperature
are very similar. Additionally, for YIG thin films, the thermal
conductivities are found to be smaller than their bulk values
[40]. Therefore we can say that in the measured temperature
range, kyig < Kggg should hold according to literature values.

3. 2D Comsol modeling results

We perform next numerical modeling that solves profiles of
the temperature and w,, in our studied system using a Comsol
model. From the model we can calculate Vg for even further
d than studied experimentally, which allows us to identify and
study the different decay regimes more clearly.

We use a two-dimensional finite element model as already
described in detail in Ref. [19]. Except for a few geometrical
parameters, such as Pt strip widths, Pt and YIG film thick-
nesses, the physics and the rest of the material parameters are
kept to be the same as in Ref. [19] for the sake of consistency.
In particular, the YIG magnon spin conductivity o,, and the
effective spin mixing conductance G, are 0, = 5 x 10° S/m
and G, = 9.6 x 10> S/m?, respectively. The focus of the
numerical study in this section, however, is the modeled signals
in the 1/d” regime, which has not been investigated so far.

We do not aim for quantitative agreement between the
experimental and modeled results, as in the model we only
vary the input A,,, while in reality, the change of temperature
does not only evoke the variation of A,,, but also other crucial
parameters such as kyig and kggg, the magnon spin conduc-
tivity of YIG [31], the effective spin mixing conductance at the
YIG/Pt interface and the spin Seebeck coefficient of YIG [18],
etc. The absolute magnitudes of Vg and the exact starting
and ending distances of the exponential regimes, cannot be
directly compared between the experimental and modeled
results without several assumptions. Nevertheless, the model
works qualitatively, so that the decay manner of Vrg can be
studied and compared with experimental results.
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FIG. 4. Modeling results of the nonlocal SSE signals on a
2.7-pm-thick YIG film in the range of 10 um < d < 250 pum, with
different A,, as modeling input, while all the other parameters are
kept unvaried. The extracted length scales A by exponential fittings
are indicated nearby. All the modeled signals presented here are after
the sign-reversal distance.

Figure 4 shows the modeled Vg as a function of distance
up to d =250 um. We calculated the signals for different
magnon relaxation length input A,, to check the dependence
of the two decay regimes on A,,. The data points at very short
distances before the sign reversal are not plotted here, as they
are not of central interest in this study.
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The modeled results reproduce the shapes of the experi-
mental data quite well. The signals first exhibit an exponential
decay, where the starting and ending distances depend on
Am, and then followed by a 1 /d2 decay. For A, =2 pum,
the exponential regime is too short and takes place before
d = 10 um, and therefore not captured in this plot. Instead,
1/d? decay dominates the full investigated distance range. One
can also obtain the extracted magnon relaxation length A’ by
fitting the exponential regimes. A’ is very close to the input
Am, Which justifies the way we extracted A,, in Fig. 3.

B. Results on 50-um-thick YIG

We now show a set of measurements on a 50-um-thick
YIG film. Similar devices as on 2.7-pum-thick YIG film were
fabricated with d ranging from 10 to 80 wm.

In Ref. [19], we have already investigated d,., of this YIG
film at room temperature, which takes place between d = 60
and 80 pm. In this study, we look at how the nonlocal SSE
signals evolve at lower temperatures.

Figure 5(a) shows the Vg as a function of d before the
sign-reversal for various temperatures on a logarithmic scale.
Except for the data points that are still close to the heater
or close to the sign-reversals, the rest of the data points
decay exponentially. The d,., for each measured temperature
is obtained by either interpolation or extrapolation, as shown
in Fig. 5(b). The general trend of dy is similar as reported in
Ref. [30] down to T = 15 K, where much thinner YIG films

(b)
100 +
¢ Ftt
§ 80} .
g t L E 3N
o o
6014
$
40| 1 1 1 1 1 1
0 50 100 150 200 250 300
temperature (K)
(d)
modeled results ————
[y | §& A Ao - "
E 100 ﬁ’sg:f;::;::“ji‘fm Boak
o 10k Nl el
= ’3\ V. = “~m
= 1L AN ‘9"“\°'~f':12”m
Y ~, -]
8 ;K\ (V\\ N'=8 um
T 01f N Ketumo e °
3 (% A
€ 001f =2’ v
\ .
0001 . i . . .

10 20 30 40 50
d (um)

FIG. 5. Experimental and modeling results on a 50-pum-thick YIG film. (a) — Vg as a function of d for various temperatures. Note that the
sign of all data points plotted here are the same as the local SSE signal, which we define as negative. Only the data points before the sign-reversal
are shown in this plot. Brown dashed lines are exponential fittings similar as described in Fig. 1, with the pre-exponential coefficients C being
opposite in sign. (b) The sign-reversal distances obtained by interpolation (dy, < 80 pwm) and extrapolation (dy, > 80 um) for different
temperatures. (c) The extracted length scales (not necessarily equal to A,,) from exponential fits from 7 = 3.5 to 300 K. (d) The modeled Vg

for different input A,,, with extracted length scales A’ indicated nearby.
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were investigated. However, we observed a clear upturn below
T = 15 K, which seems to correspond to the upturn of the
increased A, as discussed below.

The length scales that are extracted from exponential fittings
are shown in Fig. 5(c). However, the length scales extracted
before the sign-reversal can underestimate the real A,, if dyey
falls in the exponential regime, which can happen when tyg
is comparable to A,,. This can be true for low temperatures
where A, greatly increases.

To see how much we could possibly undervalue %,,, we
perform finite element modeling similar as above in Fig. 4,
and check the results for different 1,,. For the modeling here,
we adjusted two parameters to better fit the sign-reversal:
o,, was increased to 5 x 10° S /m and G, was decreased to
1 x 10'2 S/m?. Note that the adjustment of these parameters
is not related to the material property change between YIG
films of different thicknesses, but is due to the model not
being able to quantitatively fit the experimental data, especially
between data series from different YIG thicknesses [15,19].
This modification does not influence the qualitative behavior
of the nonlocal SSE signals.

We fit the modeled Vrg exponentially and obtain the
corresponding length scales 1’, as indicated in the figure. One
can see that for A,, = 2 um, we could extracta A’, which equals
to A,. As X, is longer, the condition tyig > A, gradually
becomes invalid, and the deviation of A’ from A,, gets larger.

It is therefore reasonable to assume that the extracted length
scales in Fig. 5(b) are only valid at higher temperatures, while
at lower temperatures the real A,’s can be longer than the
extracted ones. Considering the model shows more than a
factor of 2 difference between A,, and A’ when A,, = 40 um,
it is highly possible that, for instance, the real A,, reaches
around 30 to 40 um at T = 3.5 K, which is consistent with the
results obtained from the 2.7-um-thick YIG film as shown in
Fig. 3(b). However, experimentally, it is very difficult to obtain
the real X, for this thickness with the SSE method at very low
temperatures.

C. Modeling results on bulk YIG

For the sake of completeness, we further model the nonlocal
SSE signals for a bulk YIG sample, as employed in a recent
experiment [34]. For such a thick YIG material, the sign
reversal takes place much further than the normal studied
distances, and the extraction of A, becomes again possible
in the exponential regime. We do not expect the 1/d* decay
to play a significant role, as it should only show up after
the sign-reversal. Yet it was shown both in the model and
experiment that a deviation from the exponential decay can be
observed at longer distances, caused by the presence of a VT
close to the detector [34].

In the simulation, when we thermally detach the detector by
setting the thermal conductivity of the detector/YIG interface
to zero, the modeling results show a single exponential decay
based on A, as shown by the black circles. This suggests that
the deviation is indeed caused by the unwanted heat current
flowing into or out of the detector. To show to which extent the
detector signals can be influenced, we intentionally introduce
a Joule heating into the detector which amounts to 107 of
the power in the injection heater, with the detector thermally
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FIG. 6. Modeling results of the nonlocal SSE signals on a bulk
YIG material (450 um in thickness) in the range of 5 um < d <
300 pm. Black circles show a single exponential decay, with the
detector thermally uncoupled from YIG. Green triangles show the
situation when additional Joule heating (one millionth of the amount
of the heating power in the heater) is added to the detector, deviating
the signals significantly in the long-distance regime. All the modeled
signals presented here are before the sign reversal.

coupled with YIG. The results are shown by the green triangles
in Fig. 6, indicating that even very small heat flows would
strong affect the signals at long distances.

These results show that in bulk YIG materials, one should
extract A, by only investigating the exponential regime,
whereas the data points beyond this regime should also be
excluded. However, another length scale is not necessary to be
included to describe the long-d behavior of the signals.

D. Summary

Based on the results from both YIG samples as well as
previous results [19,26] and modeling results, we map out a
general diagram for different regimes in nonlocal SSE signals,
as shown in Fig. 7. We consider three lengths, with d and tyig
being geometrical lengths and A, being the system parameter.

In very short distances (d < A,,), the system is in the
diffusive regime, where the signals drop typically faster than
the exponential decay [19,26]. In the subsequent intermediate
distances, the signals decay exponentially if the sign reversal
is outside this regime. If there is no overlap between the
relaxations of 7 and i, , then one can extract A,, accurately
from the decay of one of them, as indicated by the red zones
in Fig. 7. Lastly, in very long distances (d > A,,), the system
enters the 1/d* regime, where the signal reduction no longer
depends on A,,. But for bulk YIG materials, the long-distance
range deviates from the exponential regime because of the heat
flow into the detector, which is distinct from the 1/d> regime.

One should hence be very careful in extracting A, from
the lateral decay of the nonlocal SSE signal. Here we put
forward a general rule of thumb to determine A,,: one should
only fit the data points in the exponential regime. tyig should
be chosen such that the sign reversal takes place outside the
exponential regime. Hence #yig should be either very thin,
such that diey < A, with the exponential decay reflecting the
relaxation of w [26], or it should be so thick that dye, >
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FIG. 7. Schematic diagram showing different regimes for non-
local SSE signals and the general rule for extracting A,, using the
thermal method. The purple line indicates the sign reversal, with the
location d,., linearly depending on ty;g. Determination of A,, should
be performed only in the exponential regime and far away from the
sign reversal, as indicated by the red-shaded areas. Blue-shaded area
denotes the deviation from exponential regime caused by heat flowing
into the detector.

Am, and the exponential decay reflects the relaxation of
[27,34].

If the data points from the ultrafar distances are mistakenly
evaluated and fitted to an exponential decay, the fitting
procedure will result in an overestimation of 1,. For YIG
films where the 1/d* decay dominates the ultrafar distances,
the overestimated A,, will converge to diong/2, where diong is
the longest distance included in the fit. It is therefore crucial
to look only at the proper regime when determining A,,.
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IV. CONCLUSIONS

We studied the nonlocal SSE signals in a wide distance
and temperature range. We find that for thin YIG films such
as 2.7 um in thickness, the signals exhibit first an exponen-
tial decay after the sign reversal, from which the magnon
relaxation length can be estimated. Then they show a 1/d>
decay, due to the nonlocal generation of magnon accumulation
by temperature gradient at the YIG/GGG interface near the
detector. This observation further confirms the bulk generation
mechanism of the SSE, and highlights the ultra-far-distance
detection of the nonlocal SSE signals assisted by thermal
transport. We emphasize the delicate procedure to accurately
obtain the magnon relaxation length from the thermally
generated nonlocal signals, i.e., only the exponential regime
should be investigated, with the sign reversal being far from it.

Combining our previous results on 0.21-pum-thick YIG
films [26,31] and the study of this paper, we found that at room
temperature, A,,’s are comparable between 0.21-um-thick and
2.7-pm-thick YIG films, being around 9 and 15 um, respec-
tively, and in both cases they almost do not vary as a function
of T above 20 K. However, at very low temperatures (T < 20
K), the A, extracted from the 0.21-pum-thick YIG film does
not exhibit a sharp upturn as the 2.7-um-thick YIG film, which
grows to 40 um at T = 3.5 K. Explanation for this different
behavior on these two samples requires further investigation.
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