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Effect of demagnetization factors on spin current transport
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The demagnetizing field associated with shape anisotropy originates from the magnetic field generated through
magnetization of magnetic materials. The shape and demagnetizing effects must be considered as characteristics
of a magnetic object in the presence of a magnetic field. In this study, we demonstrated the strong influence of
the demagnetizing field on the spin current transports in Pt/YIG, including the spin Seebeck effect, spin Hall

effect, spin Hall magnetoresistance, and planar Hall resistance. The calculated effective demagnetizing factors
were closely related to the thickness- and width-dependent anomalous plateau behaviors of the spin-dependent
electrical and thermal transports as well as magneto-optical measurements. Moreover, we demonstrated that
the width of the plateau manifested from the shape of the YIG sample. Furthermore, through magnetic force
microscopy, we directly visualized the evolution of the magnetic domains with an abrupt 90° magnetic rotation,
which we further corroborated by the 90° resistance phase shift in the angular-dependent planar Hall effect.
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I. INTRODUCTION

Pure spin current is a significant phenomenon in the field
of spintronics, with promising applications in energy-efficient
data storage and energy harvesting. The generation and de-
tection of pure spin current with efficient transport of spin
angular momentum have been experimentally demonstrated
through the spin Hall effect (SHE) [1], spin pumping [2,3],
spin Hall magnetoresistance [4—6], nonlocal transport [2,7],
and spin Seebeck effect (SSE) [8—11]. Notably, many of the
aforementioned spin current phenomena were first reported
not in thin films but in bulk specimens. The specimen shape
and the associated demagnetizing field H;, which tends to
reduce the total magnetization of the specimen, can have
major effects on the spin current phenomenon. However, the
demagnetizing field Hy can only be analytically calculated
when the internal magnetic field is uniform for certain ge-
ometrical shapes such as ellipsoids. The sample shape and
the demagnetizing field should have considerable effects on
spin current, especially in bulk ferrimagnetic [2-5,8-10] and
antiferromagnetic [6,7,11-13] insulators.

The ferrimagnetic insulator yttrium iron garnet (YIG) is
one of the most commonly used materials in insulator-based
spintronics and spin caloritronics [14—16]. YIG has been ex-
tensively used in the demonstration of the pure spin current
phenomenon because it has a substantial Curie temperature
of 550 K and exceptionally low magnetic damping, with no
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potential artifacts from charge current. The most common
shape of bulk YIG used to explore the pure spin current
phenomenon is a slab. In this study, we demonstrated how
the pure spin current, demagnetization factor, and shape of
the YIG slab are associated. We also demonstrated that the
shape anisotropy of the YIG specimen significantly influ-
ences the spin-dependent electrical and thermal transports
as well as the magneto-optical measurements in YIG-based
heterostructures. We used the theoretical model and nu-
merical calculations to quantitatively describe the thickness-
and width-dependent spin current transport by considering
the effective demagnetization factors. Furthermore, the paper
presents visual images of the evolution of the magnetic do-
mains to reveal an abrupt magnetic domain flop phenomenon,
which was further corroborated by the 90° resistance phase
shift in the angular-dependent planar Hall effect (PHE).

II. EXPERIMENT

To investigate the effect of demagnetization factors, we
used high-quality single-crystalline (111) and polycrystalline
rectangular YIG slabs. To obtain slabs of varied sizes, we
systematically changed the thickness from 1 mm to 20 um
and the specimen width from 30 to 1 mm. A 5-nm-thick Pt
film deposited on the YIG through magnetron sputtering was
used to generate or detect the pure spin current through the
spin Hall effect (SHE) or inverse spin Hall effect (ISHE),
respectively. The thin Pt films were patterned into the Hall
bar structure through photolithography with a linewidth of
10 um for electrical and thermal transport measurements
[17,18]. For the spin Hall magnetoresistance (SMR) and PHE
measurements, we generated a pure spin current through SHE
by using electric current. For the ISHE measurement, we
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FIG. 1. Schematic diagram for (a) the thickness dependent and (b) the width dependent measurement geometry. The blue arrows indicate
the grinding process to reduce (a) the thickness 7 and (b) the width w to keep the same interface between Pt and YIG. VT and H denote the
temperature gradient and the external magnetic field. (¢) The ISHE of Pt on single crystal YIG (blue) and the normalized M-H loop of YIG
(green). (d) The SMR of P/YIG. (e) Normalized Kerr intensity of YIG slab. The ISHE of Pt/YIG with different (f) thickness of YIG and (g)

width of YIG. The shaded areas in (c)—(g) represent the plateau width.

generated a pure magnonic spin current in YIG through SSE
by using a thermal gradient. We investigated the configuration
of the surface magnetization by measuring the magneto-optic
Kerr effect (MOKE) with a diode laser with a wavelength
of 408 nm. Magnetic domain images were obtained through
field-dependent magnetic force microscopy (MFM).

For consistency in the study of the thickness dependence of
the YIG slab, we used only one YIG slab with the same 5-nm
Pt top layer and interface through systematic reduction of the
YIG thickness, which was achieved by grinding the back side
of the slab, as shown in Fig. 1(a). Similarly, to study the width
dependence of the slab, we used only one slab sample with
the Pt film deposited on one side and systematically reduced
the width by grinding the opposite side, as shown in Fig. 1(b).
Thus, the SSE, SMR, and MOKE measurements were per-
formed on the identical surfaces of YIG but with thickness or
width varied.

III. RESULTS AND DISCUSSION

The experimental schematics of the SSE and ISHE in the
Pt/YIG are shown in Figs. 1(a) and 1(b). The SSE with a ther-
mal gradient applied in the z direction injects a spin current
from the YIG into the Pt layer, with the spin index in the x di-
rection aligned by the external magnetic field. The ISHE in the
Pt layer generates an electrical field, Ejsyg & js; X o, where
Js 1s the spin current density and o'is the spin orientation of the
spin current set by the net magnetization of the YIG, which
is detected as voltage Visyg in the y direction. The results
are shown in Fig. 1(c) (blue curve). The field dependence of
magnetization (M), as measured by a magnetometer [Fig. 1(c)
(green curve)], varies smoothly from negative to positive M
values. The field dependence of Vigyg is distinctly different

and yields a plateau between —0.3 and +0.3 kOe. This plateau
behavior has been observed in numerous SSE studies that have
used bulk YIG [3-5,8-10]. A similar plateau behavior was
also observed for the field dependence of SMR and MOKE,
as shown in Figs. 1(d) and 1(e), respectively. Previously, we
suggested that this anomalous plateau was formed as a result
of the noncollinear magnetization at the YIG surface [19]. In
this study, we demonstrated that the plateau behavior resulted
from the effective demagnetization of the YIG slab with low
magnetic anisotropy.

When the thickness (¢) of the YIG slab was systematically
reduced from 943 pm, the width of the field plateau systemat-
ically decreased, as shown by the three representative results
in Fig. 1(f). In another set of experiments, we systematically
reduced the width (w) of the specimen before taking mea-
surements. As shown in Fig. 1(g), reducing w results in an
increase in the width of the field plateau. The distinct behav-
iors at varying thicknesses (¢) and widths (w) are shown in
Figs. 2(a) and 2(b), respectively. Notably, SMR and MOKE
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FIG. 2. The field width plateau as a function of (a) YIG thickness
from the SSE, SMR, and MOKE measurements by using both single-
crystalline and polycrystalline YIG slabs with a width of 3 mm and
(b) YIG width from the SSE measurement.
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exhibited the same magnetic field dependence and the same
plateau width as those of SSE, as shown in Figs. 1(c)-1(e).
Figure 2(a) presents the results obtained from the SSE, SMR,
and MOKE measurements by using both single-crystalline
and polycrystalline YIG slabs with a width of 3 mm. These
results clearly demonstrate the thickness dependence of the
plateau, which increased quasilinearly with the thickness,
with little or no difference between single-crystalline and
polycrystalline specimens. By contrast, when the width (w)
of the polycrystalline YIG slab was altered, the plateau width
decreased quasiexponentially with increasing w and reached a
terminal value at w > 15 mm at a fixed thickness of 500 pum,
as shown in Fig. 2(b). These geometry-dependent results sug-
gest a common physical origin—the demagnetization factor
of the YIG slabs.

To investigate the effect of the demagnetization factor, we
studied the magnetic anisotropy of YIG. The total effective
anisotropy energy K. is the area difference of the hysteresis
loops between the in-plane field H| and the out-of-plane field
H, , expressed as follows [20,21]:

Keff:/HHdM” —/HJ_dMJ_- (1)

The in-plane saturation field increases, whereas the out-of-
plane saturation field decreases with increasing YIG thickness
(t), as shown in Figs. 3(a) and 3(b), respectively. Conse-
quently, when the magnetic moments are compelled to lie in
plane for a small thickness ¢, they have the propensity to tilt
out of the plane in a thicker YIG slab. The total effective
anisotropy energy per unit area given by (Kc)t [blue cir-
cles in Fig. 3(c)] includes the magnetocrystalline anisotropy
Kry, strain anisotropy Kpe, shape anisotropy Kj, and surface
anisotropy K; [20,22]:

(Keff)[ = (Kcry + Kme + Kn )t + 2Kv (2)

As shown in Fig. 3(c), (K.)t decreases with decreasing
YIG thickness (¢). Here, the value of Ky for a single-crystal
bulk YIG is 5.7 x 10° erg/cm? [22,23]; K; and K. can be
neglected because YIG is in the slab form with a thickness of
a few micrometers to millimeters.

Next, we evaluate the role of K}, which is dependent on the
geometrical shape of the sample associated with the magneto-
static energy. It can be expressed in a quadratic form with the
magnetization components as follows:

Ky = SN, — NOM?, A3)

where N, and N, are the diagonal elements of demagnetizing
factors tensor along the width and thickness of the YIG slab,
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FIG. 3. Normalized M-H loops for YIG with different thick-
nesses under (a) in-plane H; and (b) out-of-plane H, . (c) Thickness
dependence of total effective anisotropy energy per unit area Kt
(blue). Orange line is the fitted curve of the thickness dependent Kj, of
Eq. (4) and the grey line is fitted by a constant K;,. Normalized M-H
loops for YIG with different widths under (d) in-plane H) and (e)
out-of-plane H, . (f) Width dependence of total effective anisotropy
energy per unit area K.gw (blue). Orange line is the fitted curve by
the width dependent K}, of Eq. (5).

and w, [, and ¢ are chosen along the rectangle principal axes.
However, in general, the demagnetizing factor can only be
analytically calculated for ellipsoids with a uniform magnetic
field [24,25] or evaluated for nonellipsoids with high and
low susceptibility limits [26-29]. To quantitatively estimate
the effective demagnetizing factor in the ferrimagnetic YIG
slab with a nonellipsoidal shape, a small net magnetization,
and low susceptibility, we adapted the recent model proposed
by Prozorov et al. [30], in which this shape restriction is
overcome by a three-dimensional solution of the Maxwell
equation with an adaptive mesh for a particular shape. As a
result, we can estimate the effective demagnetizing factor for
a slab of dimensions w, /, and ¢ asNu‘)1 =1+ %%(1 + %) and
N1=1+ %i(l + 7). Then, the total effective anisotropy
energy per unit area can be calculated as follows:

1
(Ker)t = |:27[M2 X < - ) + K :|t. (@)
ey 1ren/)
In contrast to the constant K, = —27M? for thin films, as depicted by the grey line in Fig. 3(c), our experimental results can

be represented by the shape-dependent Kj, calculated using Eq. (4). The only fitting parameter M = 138 emu/cm? is consistent
with the bulk value and M-H loop measurement, with the best fit obtained between theory and experimental data, as shown by

the orange line in Fig. 3(c).
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FIG. 4. (a) Schematic diagram for MFM measurement on YIG. (b) Magnetic field dependence of the magnetic domain structure on YIG
(287m) taken in the same 50 x 50 wm? field of view. Cyan arrow represents the in-plane component of the magnetization in a stripe domain.
Red arrow and the enclosed line indicate the general orientation and the region that rotates normal to the external field. Yellow arrow at the top
left corner indicates the direction of external in-plane magnetic field with the unit of Oe. The full grey scale of MFM signal in all images is
1.5 Hz. (c) Normalized Kerr intensity with magnetic field along the in-plane magnetic field.

In the case of the width-dependent sample, the in-plane saturation field decreases, whereas the out-of-plane saturation field
increases even when the YIG width exceeds 10 mm, as shown in Figs. 3(d) and 3(e), respectively. To analyze the width-dependent

sample, the effective demagnetizing factors in Eq. (4) can be modified as

1

(Kett)w = |:27'5M2 X <

As shown in Fig. 3(f), the shape-dependent effective de-
magnetizing factor in Eq. (5), instead of the constant K =
—27M? for thin films, can accurately describe the width
dependence of (K.¢)w, with the only fitting parameter M =
144 emu/cm?. We thus experimentally demonstrated that the
numerical model introduced by Prozorov et al. is reasonably
accurate to account for the demagnetizing factors of a finite
slab. Notably, the susceptibility dependence of the demagne-
tizing factor due to opposite magnetization at two sublattices
and the small aspect ratio of the YIG slabs in our work is
negligible [28].

To obtain direct insights into the surface magnetic struc-
ture and to understand its evolution during the magnetic field
sweep, we conducted field-dependent MFM measurements on
the YIG single crystals with various thicknesses by using a
homemade variable-temperature scanning probe microscope
at room temperature in vacuum conditions (see Appendix A
for further details). Figure 4(b) shows the MFM images of
a 287-pum-thick YIG single crystal under various in-plane
fields. We observed randomly oriented magnetic domains with
a size of tens of micrometers at H = 0. From H = 0 to 46 Oe,
the few domains gradually merge into long stripes, whereas
overall, the domains remain similar in size and rotate slowly
with the field, corresponding to the plateau in the SSE, SMR,
and MOKE measurements. Above 84 Oe, the stripe-shaped
domains merge further and increase in size with magnetic vor-
tices formed at the end of the domain walls. When H exceeds
the saturation field of 125 Oe, only a single domain, aligned

- + K. .
e Tsen) el

&)

along the external field, remains in the field of view. However,
unexpectedly, in the intermediate field region (54 Oe < H <
84 Oe), multiple magnetic domains (red enclosed area) can be
observed to rapidly rotate nearly 90° toward both their original
orientation and the magnetic field, as indicated by the red ar-
row. Moreover, these domains become larger and then smaller
before they eventually align with other stripe domains and the
external field. These intriguing domain evolutions revealed by
MFM measurements are reproducible. Moreover, they exist
only at the YIG surface and are absent in the bulk M-H loop.
The magnetic-field-induced 90° flop can be also observed in
other YIG single crystals with various thicknesses, such as the
943-um sample, as shown in Fig. 8 in Appendix A. Notably,
to impede domain expansion and coherent rotation, the YIG
surface must possess magnetic anisotropy that provides an
energy barrier to 90° flop rotation of the magnetization. The
resulting energy barrier given by U,, = MH. can be over-
come by an external effective field H.s, where the value can
be readily obtained from field-dependent MFM or the half
width of the plateau in the SSE, MR, and MOKE measure-
ments. As shown in Fig. 5(a), the obtained U,, decreases with
decreasing thickness and is comparable across independent
measurements, whereas it increases with the decreasing width
of the YIG, as shown in Fig. 5(b). Such magnetic anisotropy
can be attributed to the shape anisotropy and the magneto-
static energy associated with the surface magnetic poles. We
further calculated the effective demagnetizing factors by using
N* (= N, — N,) for YIG slabs with various thicknesses and
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FIG. 5. (a) The thickness and (b) width dependent magnetic po-
tential energy (Up,) at YIG surface. (c) The thickness dependent and
(d) width dependent demagnetizing factors N*(= N,, — N,). Inset
in (c) and (d) depicts the comparison between the normalized U,
and N*.

widths for comparison. Figures 5(c) and 5(d) display similar
trends, and the demagnetizing factors accurately represent the
experiment results when each value is normalized to unity, as
shown in the insets of Figs. 5(c) and 5(d). Consequently, the
variable width of the plateau can manifest itself as a different
shape of YIG slab.

The PHE measurement further revealed the impact of the
90° magnetic rotation on the spin current transport. As shown
in Fig. 6, the angular dependence of PHE in Pt (5 nm)/YIG
(0.5 mm) under various in-plane magnetic fields exhibits the
sin26 behavior. However, a clear 90° phase shift occurs at a
field of 60 Oe. When the magnetic field is larger than the
saturation field, surface moments follow the field direction.
By contrast, at the onset of the magnetic 90° flop transition,
surface moments are tilted nearly 90° toward the external
field, resulting in a sign change in ARxy, as in the case of
the 60-Oe field. This result clearly indicates that the PHE
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FIG. 6. (a) Schematic diagram for the planar Hall effect (PHE)
measurement of Pt(5 nm)/YIG with 10-um-wide Hall bar pattern.
(b) The angular dependence of relative PHE resistance ARxy under
different in-plane magnetic field. Insets are schematic drawings of
the magnetic moment under 55-60 Oe (upper drawing) or above 200
Oe (lower drawing) at field angle of 225°. (c) Field dependent ARxy
with field angle along 45° (black) and 135° (red).
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FIG. 7. (a) Normalized Kerr intensity with magnetic field along
the in-plane (top) and out-of-plane (bottom) of YIG (287 wm). (b)
Out-of-plane magnetic field dependence of the magnetic domains on
YIG measured by MFM in the same field of view as that in Fig. 4(b).

resistance, being sensitive to surface magnetization switching,
can readily capture the 90° rotation of magnetization during
the transition of two states in Pt/YIG. By contrast, the 90°
resistance phase shift is absent in a general ferromagnetic film,
such as Py (see Appendix B and Fig. 9).

When similar measurements are made of the same sam-
ple under out-of-plane magnetic fields, magnetic moments
are only gradually aligned along the field, and the plateau
disappears. As shown in Fig. 7(a), no trace of the plateau is ob-
servable when using polar MOKE measurement. In addition,
as revealed directly by the MFM images, the magnetic do-
mains expand continuously with the increasing out-of-plane
magnetic field displayed in Fig. 7(b), with no indication of
the 90° domain flip. This scenario is similar to the spin-flop
transition in an antiferromagnet or a ferrimagnet, where the
spin-flop transition can only occur if a sufficiently large exter-
nal magnetic field is applied along the magnetic easy axis, but
not along the magnetic hard axis.

IV. CONCLUSION

We investigated the effect of the demagnetizing field on
the spin transport of Pt/YIG. The demagnetizing factors play
a vital role in the thickness and width dependence of transport
behaviors, with an anomalous plateau associated with the spin
current phenomenon as seen from various independent mea-
surements, including the SSE, SMR, PHE, and MOKE. We
demonstrated that the plateau phenomenon is dominated by
the effective demagnetization around YIG due to its rather low
magnetic anisotropy. The surface of YIG possesses a magnetic
energy barrier to the 90° magnetic rotation, as imaged using
MFM and verified by the 90° resistance phase shift in angular-
dependent PHE. Therefore, the characteristics of spin current
not only are sensitive to the surface magnetic property but also
reflect the demagnetizing field of the specimen.
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APPENDIX A: MFM AND MOKE MEASUREMENT
ON YIG (943 pm)

For magnetic force microscopy (MFM) measurements, we
used a homemade variable-temperature scanning probe mi-
croscope (from 4.2 K to room temperature) with a fiber-optic
interferometer for sensing the cantilever deflection. All MFM
measurements were conducted at room temperature and un-
der a vacuum condition of approximately 1 mbar to enhance
the MFM sensitivity (Q = ~400). We used the frequency-
modulated tapping mode to obtain the topographic line profile
during the first pass, and thereafter, following the same to-
pographic profile with a lift height of 45 nm, the frequency
shift of the cantilever was recorded as magnetic signals during
the second pass. We used MFM tips with a low moment
(NANOSENSORS PPP-LM-MFMR) to minimize the effect

from the tip stray field. The tips were magnetized perpendicu-
lar to the sample surface by using a strong permanent magnet
before each measurement.

The evolution of the magnetic domain during magnetic
state transition can be observed on the surface of YIG with
various thicknesses. As shown in Fig. 8(a), the magnetic do-
mains and domain walls under different in-plane magnetic
fields on YIG with a thickness of 943 um are clearly vis-
ible through MFM. When the magnetic field is increased
to 364 Oe, a single magnetic domain forms the full field
of view. When the magnetic field is low, less than approxi-
mately 170 Oe, as shown by the plateau regime from MOKE
measurement in Fig. 8(b), the magnetic multidomain remains
essentially similar. Crucially, in the intermediate field regime,

1 Py(5nm)/Si

10 20 0 45 90 135 180 225 270 315 360

20 -10 0
H(Oe) H (Oe)

FIG. 9. (a) The field dependent magnetization and (b) the angle
dependent PHE signal for Py(5 nm)/Si.
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below the saturation and above the plateau field, a sudden
rotation of the magnetic domain to nearly 90° relative to
the magnetic field direction can be observed. Here, based
on the MOKE results, the width of the plateau on the 943-
um-thick YIG is larger than that on the 287-um-thick YIG,
indicating that the surface magnetic potential energy on the
YIG is thickness dependent. However, if the magnetic field
is applied along the out-of-plane direction, the hard axis,
the magnetic domains only expand with increasing magnetic
field, without a 90° domain flip, as shown in Fig. 8(c). This
finding is consistent with the MOKE signal in the out-of-plane
magnetic field, where no trace of plateau behavior is observed

[Fig. 8(d)].

APPENDIX B: ANGULAR-DEPENDENT PLANAR
HALL EFFECT IN Py

For comparison, we also measured the angular-dependent
planar Hall effect (PHE) in a conventional ferromagnet, Py.
As shown in Fig. 9, the amplitude of the planar Hall signal
decreases monotonically with the decreasing magnetic field.
Most critically, unlike the case in Pt/YIG, the 90° phase shift
is absent, despite the larger magnetization (eight times larger
than YIG) of Py and stronger dipolar interaction. Therefore,
the intrinsic magnetic state transition, instead of unintention-
ally induced domain rotation caused by the dipolar field,
magnetic field, current, or any other artifact, is observed in
PY/YIG.
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