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Strongly extended diffusion length for the nonequilibrium magnons in Y3Fe5O12 by photoexcitation
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Y3Fe5O12 (YIG) is known for its long magnon diffusion length. Although it has the known lowest damping
rate, an even longer diffusion distance is still highly desired since it may lead to a much more efficient information
transmission and processing. While most of previous works focused on the generation and detection of magnons
in YIG, here we demonstrate how to depress the damping rate during the diffusion of magnon. By selectively
exciting the spin state transition of the Fe ions in YIG, we successfully increase magnon diffusion length by
one order of magnitude, i.e., from the previous reported ∼10 μm up to ∼156 μm (for the sample prepared by
liquid phase epitaxy) and ∼180 μm (for the sample prepared by pulsed laser deposition) at room temperature.
The diffusion length, determined by nonlocal geometry, is ∼30 μm for the magnons induced by visible light
and above 150 μm for the laser of 980 nm. In addition to thermal gradient, light excitation affects the electron
configuration of the Fe3+ ion in YIG. Long-wavelength laser is more effective since it causes a transition of the
Fe3+ ions in FeO6 octahedron from a high spin to a low spin state and thus causes a magnon softening which
favors a long-distance diffusion. The present work paves the way toward an efficient tuning of magnon transport
which is crucially important for magnon spintronics.

DOI: 10.1103/PhysRevMaterials.2.051401

Magnons describe the deviation of a magnetic system
from the fully magnetic order. The effective tuning of the
transport process of nonequilibrium magnons may lead to a
low energy-consumption technology for information storage,
transmission, and processing. It therefore has attracted increas-
ing attention in recent years. Nonequilibrium magnons can
be generated by a thermal gradient across a magnet based
on the spin Seebeck effect (SSE) which has been observed
in a wide range of materials including ferrimagnetic [1–5],
antiferromagnetic [6], and even some paramagnetic materials
[7]. The diffusion of these magnons forms magnon current or
spin current. By injecting the spin current into a heavy metal
[1,8–10] or a topological insulator [11], which has a strong
spin-orbit coupling and thus a strong inverse spin Hall effect
(ISHE), the spin current will be converted into charge current
which can be feasibly detected.

Magnon diffusion length is an important parameter char-
acterizing the performance of the spintronic material. In fact,
great efforts have been devoted to the determination of the
magnon diffusion distance in Y3Fe5O12 (YIG). A recent report
showed that the SSE first increased and then saturated as the
YIG film thickness increased [12,13]. At room temperature,
the typical thickness for the saturation is ∼0.1 μm for the
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pulsed laser deposited (PLD) YIG film and ∼1 μm for the
liquid-phase epitaxy (LPE) YIG film. Using laser illumination
to locally break the thermal equilibrium between magnons and
phonons, which can be directly probed by micro-Brillouin light
scattering, An et al. [14] found that the magnon diffusion length
in the bulk crystal YIG is about 3.1 μm at 372 K. Recently,
nonlocal spin Seebeck geometry [15–20] was widely adopted
to investigate spin transport behavior; the spatially separated
structure makes the measurements immune to parasitic thermo-
electric effect [21,22]. Through a spin accumulation in Pt in a
nonlocal structure, the magnons can be generated and detected
in a separated structure. Utilizing this structure, Cornelissen
et al. [15] found that the magnon diffusion length is ∼9.4 μm at
room temperature for the YIG film prepared by LPE. Focusing
a laser spot on a Pt absorption pad to generate thermal magnons
and detecting the ISHE signals from a Pt bar separated from
the laser spot [16,18], Giles et al. observed two characteristic
decay lengths for magnon spin currents in crystal bulk YIG:
The rapid decay process is attributed to the gradient in the
magnon chemical potential which is 20 μm and independent
on temperature, and the slow decay process results from the
gradient in magnon temperature which is 80 μm at 10 K.

There are dozens of articles which deal with the samples
grown by different techniques, including LPE [15], PLD [12],
and chemical solution method [23]. The samples quality could
be different, resulting in the dispersion of the experimental
data. For example, the reported magnon diffusion distance
varies from 0.1 to 20 μm [12,18]. This calls for not only a
further study on magnon diffusion in high-quality YIG but
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FIG. 1. A schematic diagram of the experimental setup.

also an exploration for key factors affecting magnon diffusion.
As documented above, most of the previous works focused
on the determination of the diffusion length. However, to
find an effective approach that depresses the damping rate of
the nonequilibrium magnon is more important and yet more
challenging. Here we demonstrate how to extend the diffusion
distance of the magnons in YIG. By selectively exciting the
spin state of the Fe ions in YIG, we are successful in increasing
the magnon diffusion length by one order of magnitude, i.e.,
from the original value of about 10 μm up to ∼156 μm (for
the LPE sample) and 180 μm (for the PLD sample) at room
temperature. We also present evidence that the photoexcitation
has caused a transition in electron configuration of the Fe3+

ions at special crystal sites of YIG, consistent with the earlier
observation of variation of the Fe3+ ion electron configuration
in light [24,25]. This in turn strongly modifies the dispersion
relation of the magnon and thus the diffusion behavior of the
magnon. Here we report the tuning of the transport process of
thermal magnons, which opens an avenue for the manipulation
of magnons in YIG.

YIG films were grown on (111)-oriented Gd3Ga5O12 sub-
strates (5 × 3 × 0.5 mm3) by the techniques of pulsed laser
deposition and liquid phase epitaxy, respectively, with the
corresponding film thicknesses of 40 nm and 20 μm. Then a
Pt layer with a thickness of 5 nm was deposited by magnetron
sputtering on the middle of YIG through a bar-shaped mask.
The size of the Pt strip was 4.8 × 0.5 mm2. Further details on
the sample characterizations and experimental setup can be
found in the Supplemental Material [26].

Figure 1 is a sketch of the experiment setup. The laser
and the convex mirror are mounted on a lead rail along the
x axis, which allows a position tuning in micrometers. When
the top surface of the sample is illuminated by a laser beam,
the YIG film will absorb a part of the energy. In general, the
absorbed energy will establish an out-of-plane thermal gradi-
ent, generating thermal magnons due to the SSE. The thermal
magnons will then diffuse laterally toward the Pt bar, yielding
an electrical voltage (VISHE) due to the ISHE. The ISHE voltage
is calculated by VISHE = [VISHE(+H ) − VISHE(−H )]/2, where
VISHE(+H ) and VISHE(−H ) are the saturation voltages in two

oppositely directed magnetic fields. Although an in-plane
thermal gradient could also be produced by the absorbed
energy, it will mainly locate at the region of the laser spot
and decays rapidly in the lateral direction. As proven by the
results of the finite-element model (FEM) simulation (see the
Supplemental Material for FEM simulation in Fig. S3 [26]),
the temperature of the YIG surface will return to ambient
temperature within 15 μm [14,16]. Therefore, the lateral heat
flow should have no detectable effect on the measurement of
diffusion length.

Figure 2(a) shows the VISHE as a function of the absorbed
laser power for the YIG film prepared by LPE. The absorbed
power is the difference of the incident power from the reflected
and transmitted power, measured by optical power meters.
When the laser beam is focused on the middle of the Pt bar,
VISHE linearly increases with laser power as expected. For
clarity, the VISHE induced by the laser with the wavelength
of λ nm is denoted as V λ

ISHE. When covering the whole YIG
with a Pt layer (5 nm in thickness), we observe that VISHE

remains constant, regardless of the location and size of the
laser spot (see Fig. S4 in the Supplemental Material for detailed
measurements) [26]. V 808

ISHE and V 980
ISHE are larger than the VISHE

induced by visible light. This is ascribed to the increased
number of long-wavelength magnons induced by infrared light
which will be discussed below.

Figure 2(b) presents the dependence of the normalized
VISHE on the position of the laser spot. Setting the middle of
the Pt electrode to x = 0, and collecting VISHE as the laser
spot sweeps along the x axis, we found that the VISHE kept
nearly constant when the laser spot scans across the Pt strip
(−0.25 mm < x < 0.25 mm), and exponentially decreased
with the distance away from the Pt bar. Fascinatingly, the decay
rate strongly depends on wavelength. Illuminated by visible
light (405, 532, and 605 nm), VISHE drops to zero immediately
when the light spot moves out of the region of the Pt bar. In
contrast, it decays slowly with the distance from Pt for the light
of 808 and 980 nm, remaining sizable when the laser spot is 0.5
mm away from the Pt edge. A further analysis indicates that
the V λ

ISHE-x relation can be well described by [solid curves in
Fig. 2(b)]

V λ
ISHE = V λ

0 exp

(
− x

ξλ

)
, (1)

where V λ
0 is the normalized coefficient and ξλ is the diffusion

length of magnons induced by the laser of λ nm. The inset plot
in Fig. 2(c) depicts the magnon diffusion distance as a function
of laser wavelength. The thermal magnons generated by long-
wavelength lasers transport much longer distances than that
induced by short-wavelength lights. The diffusion lengths ξ 405,
ξ 532, and ξ 650 are all around 30 μm while ξ 808 is ∼137 μm
and ξ 980 is 156 μm, and the diffusion length is not sensitive to
laser power as shown in [26] (see Supplemental Material for
detailed measurements in Fig. S6 [26]). Increasing laser power
causes a slight increase in ξ (see Fig. S6 in the Supplemental
Material for detailed measurements [26]). The changes of ξ 405

and ξ 808 are only about 9 and 20 nm as the absorbed laser power
increases, respectively. Therefore, the changes of ξ 808 and ξ 405

caused by thermal effect account for at most 15% of (ξ 808 −
ξ 405). This is a surprising result. It means that photoexcitation
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FIG. 2. (a) VISHE as a function of the absorbed laser power, measured with the lasers of different wavelengths. Laser spot was positioned
at the middle of the Pt bar (x = 0). (b) Normalized VISHE as a function of spot position. The absorbed laser power is set to 30 mW. Symbols
represent the experimental data and solid lines are the results of curve fitting based on Eq. (1). Only the data for the YIG prepared by LPE
are shown here. (c) shows the diffusion length ξ as a function of laser wavelength, deduced from data fitting. Dashed red line is the previous
reported longest diffusion length. All measurements were conducted at room temperature. The solid lines in (a) and (c) are guides to the eyes.

has increased the diffusion length of magnons in YIG by one
order of magnitude at the ambient temperature, compared to
the previous reported diffusion length [dashed line in Fig 2(c)]
of 10–20 μm [15,18,19].

We also perform the same investigations for the thinner
YIG film prepared by the PLD technique (40 nm), and observe
similar phenomena (see Supplemental Material for detailed
measurements in Fig. S5 [26]). It indicates that the strong
tuning of magnon diffusion by photoexcitation is a general
feature for the YIG. Meanwhile, it reveals that the film
thickness independence of the magnon diffusion along the film
plane is consistent with the previous report [17]. A careful
inspection indicates that the diffusion length in PLD-prepared
YIG is a slightly larger than that in LPE-prepared YIG. For
example, ξ 980 reaches a value as large as 180 μm. This is due
to the fact that the sample prepared by PLD has a smoother
surface (see Supplemental Material [26]) which will depress
the magnon scattering during the lateral transportation. In the
visible limit and the infrared light limit the two ξ -λ curves
for the PLD-prepared YIG and LPE-prepared YIG coincide
well with each other. This implies that the photoexcitation-
enhanced magnon diffusion should be an intrinsic property
of the YIG. We also noticed the difference of ξ at λ =
650 nm for these two samples. Since 650 nm is a wavelength
intermediating the dramatic transition from visible to infrared
lights, its effect could be sensitive to sample quality. Obviously,
the PLD-prepared YIG and the LPE-prepared YIG could not
be exactly the same in quality.

To further verify that the long-range magnon diffusion
length comes reliably from photoexcitation, we repeated the
measurements after partially covering the sample by a reflected
layer or an absorbed layer. This layer shields the YIG film
from photoexcitation but the heating effect remains (see the
Supplemental Material for an experiment for the argument

of the longer magnon diffusion length induced by infrared
light in Fig. S7 [26]). All the experimental results show that
the diffusion length of the thermal magnon generated by
photoexcitation is greater than that by the simple heating effect.
Moreover, the infrared light is more effective in extending the
diffusion distance than visible lights.

The amplification of magnon diffusion length is also ob-
served at low temperatures. Figure 3 shows the temperature
dependence of the diffusion length of magnons. According to
the Bose-Einstein distribution, the amount of thermal magnons
and phonons will decrease with decreasing temperature. This
means that the scattering between magnons and phonons will
be weakened, and the diffusion distance will be increased.

FIG. 3. Temperature dependence of thermal magnon diffusion
length. The absorbed laser power is fixed at 30 mW. The solid lines
are guides to the eyes.

051401-3



S. H. WANG et al. PHYSICAL REVIEW MATERIALS 2, 051401(R) (2018)

Guo et al. [13] found that ξ ∝ T −1, i.e., diffusion length is
closely related to the number of phonons and magnons. On
the contrary, a previous study [20] with nonlocal geometry
found a slight reduction of ξ with decreasing temperature,
and ascribed this phenomenon to a compensation effect of
increased relaxation time by reduced thermal velocity of the
magnon. However, Fig. 3 shows that both ξ 405 and ξ 808 are
only slightly increased upon cooling, rather than proportional
to T −1 or slightly decreasing. The different ξ -T dependence in
Fig. 3 implies that the diffusion behavior of the nonequilibrium
magnon induced by light irradiation is unique.

Our observation cannot be ascribed to the so-called photo-
spin-voltaic effect. A recent study showed that when the
Pt/YIG hybrid structure is exposed to light, especially infrared
light, a photon-driven spin-dependent electron excitation will
occur near the Pt-YIG interface, producing a photo-spin-
voltaic effect [27]. Since this effect is independent of the
direction of temperature gradient, reversing the direction of
thermal gradient will not change its sign. We reverse the
incident direction of the light (λ = 808 nm) and find a sign
change of VISHE (see the Supplemental Material for experiment
for exclusion of the photo-spin-voltaic effect in Fig. S8 [26]).
Moreover, illuminating the back side of the sample produces
the same magnon diffusion length as illuminating the front
side [26]. All these show that the VISHE detected here is
unambiguously generated by nonequilibrium magnons instead
of the photo-spin-voltaic effect.

The extended diffusion length and its strong-wavelength
dependence observed here indicate that the light not only
acts as a heating source to generate thermal gradient but
also affects, in some way, the characteristics of the thermal
magnon, assigning the latter unusual diffusion properties. To
see what has happened to the YIG under laser illumination,
we measured the absorption spectrum of YIG. As shown in
Fig. 4, there are four broad absorption peaks locating at ∼400,
∼530, ∼650, and ∼900 nm, respectively. According to earlier
research [24,25], the peak around 800–1000 nm arises from the
6A1g(6S)→4T1g(4G) transition of the electron configuration in

808

650

532

405

980 Fe

O

FIG. 4. Absorption spectrum of the YIG film prepared by PLD.

octahedral crystal field, while the 650, 530, and 400 nm peaks
correspond to the 6A1(6S)→4T1(4G), 6A1(6S)→4T2(4G), and
6A1(6S)→4T2(4D) transitions in the tetrahedral crystal field,
respectively. Visible light may also be absorbed by the electron
in octahedral crystal field. However, due to the octahedral
symmetry, transitions between the ground state and any excited
states are parity forbidden. As a result, the visible light is nearly
totally absorbed by the electron in tetrahedral crystal field.

It is possible that the different effects of the visible and
infrared lights stem from their different influences on the
electron configurations of the Fe3+ ions in different crystal
sites. As will be shown below, the variation in electron
configurations will affect the dispersion relation of the magnon,
thus magnon diffusion. As well established, two of the five
Fe3+ ions in YIG are octahedrally coordinated (a sites) while
the other three are tetrahedrally coordinated (d sites), forming
two sublattices. The magnetic moments of the two sublattices
arrange antiparallel to each other, i.e., the YIG is ferrimagnetic.
The magnetic moment of the a-site (d-site) Fe3+ is antiparallel
(parallel) to external magnetic field as well as the net magne-
tization. Denoting the superexchange interaction between the
a-site and d-site Fe ions as Jad , we have the dispersion relation
for the acoustic branch spin wave [28]

h̄ωq = 4a2

∣∣∣∣Jad

SdSa

Sd − Sa

∣∣∣∣q2, (2)

under long-wavelength approximation, where a, ωq , and q are
respectively lattice constant, the frequency, and wave vector of
the magnon, and Sa and Sd are the spin quantum numbers of
the Fe3+ ions at the a and d sites, respectively. In the derivation
of Eq. (2), we have ignored the influence of Jaa and Jdd since
they are much smaller than Jad [29].

Obviously, the relaxation process will cause a dissipation
of the magnons. The relaxation time τ has been calculated in
many works [30,31]. Following the procedure in Ref. [31],
it can be proven τ ∼ D−1, where D = 4a2|Jad

SdSa

Sd−Sa
| is the

stiffness constant of the magnon. There is a simple relation
between diffusion length and the stiffness constant ξ ∼ D−0.5,
adopting the relation ξ ∝ τ 0.5. Therefore, if the variation of
D with the electron configuration transition is known, the
diffusion behavior of the magnons would be understood.

A simple analysis shows that a direct consequence of the
6A1g→4T1g , 6A1→4T1, and 6A1→4T2 switching is spin state
transition; the number in the upper left corner of each symbol
is 2S + 1, with S being the spin angular quantum number of
Fe3+. The ground state and the excited state are a high-spin
state and a low-spin state, respectively. When the spin state of
the Fe3+ ion at a site (d site) changes from high spin state to
low spin state under illumination, it will cause a reduction of
Sa(Sd ). Corresponding to the high spin state (Sd = 3 × 5/2)
to low spin state (Sd = 3 × 3/2) transition of the d-site Fe3+
ion (three of the five Fe3+ ions are tetrahedrally coordinated),
a direct calculation gives variation of SdSa

Sd−Sa
from 15 to 45.

In contrast, when the a-site Fe3+ ion changes from high spin
state (Sa = 2 × 5/2) to low spin state (Sa = 2 × 3/2) (two of
the five Fe3+ ions are octahedrally coordinated), SdSa

Sd−Sa
will

increase from 15 to 5. From visible to infrared light, the SdSa

Sd−Sa

term is reduced by a factor of 9. In addition to SdSa

Sd−Sa
, Jad is

also a factor affecting the dispersion relation. According to
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the theory of superexchange [32], Jad is proportional to �−2,
where � = Ed − Ep, is the energy difference between the 3d

and 2p orbital states of the magnetic ion and the oxygen ion,
respectively. The energy splitting of the 3d5 state is strongly
dependent on the configuration of the surrounding oxygen ions.
Ed will grow when the electron transfers from the 6A1g(6S) to
the 4T1g(4G) configuration, causing a decrease in Jad . For the
tetrahedral crystal field, according to Eq. (2) the effects of the
spin state transition and the variation of Jad counteract each
other. For the octahedral crystal field, on the contrary, the two
effects enhance each other, making the magnons softened.

Therefore, Fig. 4 presented evidence for the 6A1g→4T1g ,
6A1→4T1, and 6A1→4T2 transitions. These transitions are ac-
tually spin state transitions which have been clearly addressed
by earlier reports [24]. Meanwhile, Jad will decrease due to
the growth of occupied 3d orbital states of the magnetic ion
induced both by infrared and visible light. And these will affect
the stiffness of the magnon and thus the diffusion distance due
to ξ ∼ D−1/2.

It is worth mentioning that the lateral magnon diffusion
length deduced from the nonlocal geometry could be substan-
tially different from the diffusion length derived from the local
configuration. In the latter case the spin current is parallel
to temperature gradient, thus it suffers from the scattering
of surface and interface [12,13]. Meanwhile, as proven by
recent investigations, the SSE mainly originated from long-
wavelength magnons [33,34]. Therefore, the magnons detected
here are mainly long-wavelength ones which present a lower
relaxation rate [35]. This is one of the reasons why the diffusion
distance here is longer than that determined by other techniques
such as Brillouin scattering which takes the thermal magnons
of the whole spectrum into account [14]. If only the magnons
below a threshold wave vector qeff contribute to the SSE, their
number will be

neff =
∫ qeff

0
g(ωq)nqdq, (3)

where g(ωq) is the density of mode which is

g(ωq) = V q2

π2

dq

dω
(4)

for the three-dimensional system where V is the volume of the
sample, and nq is the Bose-Einstein distribution for magnons.
So, we get

neff =
∫ qeff

0

V q

2Dπ2

1

exp[h̄Dq2/kBT ] − 1
dq. (5)

It is obvious that decreasing the spin stiffness D will increase
the number of the effective magnons which contributes to the
SSE. This is the reason why the infrared light can induce larger
VISHE than the visible light with the same absorbed power as
shown in Fig. 2(a).

We also noticed the works by Giles et al. [18] on the
two exponential decays. The shorter one is attributed to the
gradient in the magnon chemical potential (λ1), and the longer
one results from the gradient in magnon temperature (λ2). We
observed essentially only one decay process both in room and
low temperature. Possibly, the reported decay length of the
first process is shorter than 10 μm, which is close to the size of
our laser spot, and cannot be identified from the present data.
Meanwhile, they use a Pt pad to absorb the light energy and
generate thermal gradient, and reported a diffusion length of
20 μm at 250 K [16,18]. As demonstrated by our experiments
[26], the diffusion length is very short for magnons induced by
thermal gradient alone, which is a conclusion consistent with
that of Giles et al. Of course, the incident light in the work of
Giles et al. may also be transmitted to YIG through the Pt pad.
However, the Pt pad is 10 nm in thickness, and the transmitted
intensity could be too weak to produce any significant effects
on the electron configuration.

In summary, we experimentally show that the diffusion
length of the nonequilibrium magnons in YIG is strongly
dependent on laser wavelength when they are induced by laser
irradiation. Magnons generated by the laser beams of 808 and
980 nm can be detected from a distance as far as 1 mm.
The corresponding diffusion lengths are 137 and 156 μm,
respectively, while the diffusion length of the magnons ex-
cited by visible light (400–650 nm) is only ∼30 μm. We
found unambiguous correspondences between the electron
configuration and magnon diffusion. A long-wavelength laser
excites a transition of the electron configuration for the FeO6

octahedron in YIG and induces softened magnons which have
a longer diffusion distance. In contrast, visible light only
affects electron configuration in the FeO4 tetrahedron, and
the corresponding magnons are relatively stiff. The present
work demonstrates the tuning of magnon diffusion by selective
modification of electron configuration. The principle proven
here can be extended to other materials.
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