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ABSTRACT

Emergent inductance has attracted significant interest for its relevance in both interesting fundamental physics and practical applications in
magnetic devices that demand miniaturization without compromising inductance. In this Letter, we report the discovery of a stepwise
magnetic field-induced emergent magneto-inductance (EML) effect in Permalloy (Py) thin films deposited on polycarbonate (PC) substrates.
Remarkably, Py/PC devices exhibit an exceptionally large inductance variation exceeding 1 yH at room temperature, and intriguingly, a sign
reversal of inductance occurs around the zero magnetic field. The dependencies of the EML effect on frequency, step magnetic field changes,
and film width can be explained from the theory based on the spin motive force driven by transient domain wall motion. This study opens
up exciting avenues for advancing our understanding of emergent inductance in fundamental physics and paves the way for practical applica-

tions in flexible magnetic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0181272

In recent years, the concept of emergent inductors has garnered
significant attention due to its intriguing implications for both funda-
mental physics and practical applications. © Emergent inductors
exploit the spin motive force (SMF) generated through the current-
induced motion of non-collinear spin textures.” '' The spin motive
force Vsyr is given by the expression Vour = [ di(Ph/2e)n - (On/0i
xdn/0t), where P denotes the spin polarization, 7 is the Dirac con-
stant, e is the elementary electric charge, n is a classical unit vector to
represent the spin direction, 7 is the coordinate in the spin propagation
direction, and ¢ is the time. Recent research has highlighted that emer-
gent inductance can arise from the collective interactions between the
conduction electrons and the helical-spin textures. For instance,
Gds;RuyAl},, a center-symmetric helical magnetic film, exhibits a sub-
stantial emergent inductance of ~400 nH at low temperatures (around
15K).” This helical magnet can assume various non-collinear spin

structures, including proper-screw, magnetic skyrmion, and transverse
conical configurations, owing to the competition among the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, magnetic
anisotropy, and thermal fluctuations.'* '

Interestingly, the emergent inductance in Gds;Ru,Al;, shows an
inverse size scaling law, increasing as the element cross section
decreases,” which contrasts with classical inductance behavior. This
characteristic offers a promising solution to the size constraints associ-
ated with coil-shaped inductors based on classical electromagnetism.
Moreover, the observation of emergent inductance beyond room tem-
perature in materials like YMngSng (Ref. 5) or Y, Tb; . MngSng (Ref.
6) has been reported, with inductance reaching a few H, comparable
to that of commercial inductors. Notably, in this system, the sign of
inductance can be controlled, representing a previously unexplored
phenomenon. Theoretical explanations for this sign reversal have been
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proposed, linking it to nonadiabaticity, extrinsic pinning effects,” or a
microscopic model involving a spiral magnet composed of one-
dimensional electrons coupled with localized spins through exchange
interactions.” The emergent inductance is associated with the tilting
mode and/or phason mode, stemming from the spin dynamics of heli-
cal structures. Excitation of the spin helix by an ac current can trigger
the tilting mode, leading to the out-of-plane rotation of spiral spins,
and/or the phason mode, characterized by the uniform in-plane rota-
tion of helical spins. The inductance’s sign is determined by these
modes. Specifically, a positive inductance sign is observed when pha-
son excitation arises from the gapless Nambu-Goldstone mode in the
absence of impurity pinning. However, with impurity pinning, the
inductance sign may be positive or negative, depending on whether
the frequency measured is above or below the extrinsic pinning fre-
quency. The tilting mode typically contributes to a positive inductance.
Experimentally, factors such as magnetic field, temperature, and the
strength of the induced current can be manipulated to control the
inductance’s sign.”

Currently, the theory of emergent inductance has been extended
to encompass arbitrary magnetic textures by incorporating spin-orbit
(SO) couplings, particularly in the absence of spatial inversion symme-
try, such as in the case of spatially uniform magnetization."” The emer-
gence of SO-induced inductance arises from a dynamical
Aharonov-Casher phase of an electron in the presence of both magne-
tism and the SO couplings. Consequently, emergent inductance of
quantum mechanical origin has been predicted and experimentally
demonstrated in helical-spin magnets or magnetic materials with
strong SO coupling.

In this Letter, we report the observation of an emergent magneto-
inductance (EML) effect, wherein both the magnitude and sign of the
emergent inductance exhibit tunability in response to magnetic fields,
in Permalloy (Py) thin films thermally evaporated onto polycarbonate

(b)
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(PC) substrates. Our methodology for inducing the EML effect in ver-
satile ferromagnetic materials relies on the manipulation of magnetic
domain walls in transient states using a stepwise magnetic field. This
approach allows us to generate complex domain wall motion without
the need for specialized spin texture, such as helical-spin magnets.

As a result of our experiment, we have observed a large EML
effect that exceeds 1 «H, accompanied by a sign reversal of inductance
within a small magnetic field of about 20 Oe, all at room temperature.
Furthermore, we have characterized the frequency dependence of the
emergent inductance, which follows a Debye-type relaxation profile.
Notably, we have observed that the emergent inductance exhibits an
inverse relationship with the thin-film width, with inductance increas-
ing as the cross-sectional area of the films decreases. The observed
EML effect can be theoretically explained by considering the SMF
driven by transient domain wall motion.

Our findings not only advance our understanding of unconven-
tional inductance but also offer promising prospects for practical appli-
cations in the realm of flexible magnetic electronics. These applications
include but not limited to wearable electronics, compact compasses,
highly sensitive sensors, and motion detectors.'* *’

The Py thin films were thermally evaporated onto PC substrates
(1.0-2.5mm in width, 15.0 mm in length, and 40.3 sm in thickness) in
a high vacuum chamber with a base pressure of ~10~°Pa. The choice
PC™ as a substrate was motivated by its exceptional planarity, render-
ing it an ideal flexible substrate for supporting magnetic metallic thin
films, as compared to alternative materials such as polyvinylidene fluo-
ride (PVDF)™" or polyethylene naphthalate (PEN).”"*” During the
deposition process, the PC substrates were subjected to a magnetic
field of 360 Oe oriented in parallel to the surface and aligned along the
short axis [x axis in Fig. 1(a)] of the PC substrate. This magnetic field
configuration was employed to induce a transverse magnetic anisot-
ropy in the Py layers. The growth rate of Py thin films was maintained
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at 1-2 nm/min at an evaporation power of 200 W. The microstructures
and the interfacial characteristics of the Py/PC interface were exam-
ined by using a transmission electron microscope (TEM, Thermo
Fisher Scientific, TECNAI Osiris) operating at 200 kV. The energy dis-
persive spectroscopy (EDS) was used to determine elemental composi-
tion of Py. The cross-sectional TEM-EDS samples were prepared
using a combination of microtome slicing and mechanical polishing.
The magnetic properties were measured by using a focused magneto-
optical Kerr effect (MOKE) magnetometer (NEOARK, BH-PI920-
HU) under a magnetic field of up to 1kOe at room temperature. To
assess the frequency responses of emergent inductance in Py/PC, we
employed an AC two-probe method using an LCR meter (KEYSIGHT
TECHNOLOGIES, 4284A) at room temperature, as shown in
Fig. 1(a). The distance between two probes is 10 mm. The AC voltage
was set at 100 mV s, and the frequency range spanned from 4 to
48kHz. The DC voltage was less than 1mV. Magnetic fields were
applied along the longitudinal direction (z axis) of the films up to
200 Oe. A stepwise magnetic field sweep, as depicted in Fig. 1(b), was
employed to induce non-collinear spin textures.

Figure 1(c) shows the cross-sectional TEM image of Py/PC,
encapsulated with a protective epoxy layer, revealing distinct and indi-
cating sharp and flat interfaces between Py and PC. Additionally,
Fig. 1(d) presents the TEM-EDS spectrum of Py, from which the
atomic composition of the film was determined. The atomic composi-
tion of the Ni and Fe elements was evaluated to be 79% and 21%,
respectively.

Figures 2(a)-2(c) show the magnetic field transfer curves of the
emergent inductance in Py/PC with a film width w of 2.5mm at fre-
quencies of 4, 12, and 48 kHz. The magnetic field jump (AH) is 2 Oe,
and the waiting time t,, of the stepwise field is 0.1 s. The emergent
inductance Lgyr is quantitatively expressed by the following equation:

(b)

pubs.aip.org/aip/apl

Lowr = [(X — X{) /o], (1)

where X is the measured reactance of the devices, X; is the reference
reactance obtained under a sufficiently large magnetic field of 200 Oe,
where the magnetization reaches saturation, and o is the angular fre-
quency. The equivalent circuit, shown in Fig. S1(a), is used for the
measurement of Lgyr from X and X; in Eq. (1). The detailed measure-
ment method is described in the supplementary material [see
Figs. S1(b)-S1(d) and S2)]. As shown in Figs. 2(a)-2(c), the emergent
inductance Lgyr undergoes significant changes within the vicinity of
the zero-field region, accompanied by alterations in its sign. At 4 kHz,
the maximum (minimum) emergent inductances, Lpaxmin)y are
recorded as 197 nH and —228 nH. Here, we define the inductance
change as AL=L;,x — Lmin- The observed inductance changes AL
amount to 425 nH at 4kHz, 127 nH at 12kHz, and 13 nH at 48 kHz.
The EML curves at different frequencies are detailed in Fig. S3.
Furthermore, Fig. 2(d) demonstrates that the emergent inductance
exhibits an upward trend as the frequency decreases.

The purpose of implementing the stepwise magnetic field sweep,
as illustrated in Fig. 1(b), is to control probability of domain wall injec-
tion. In Figs. 3(a)-3(c), we explore the effect of the field jump (AH) on
the EML effect while maintaining a waiting time of 0.1 s. It is evident
that a larger AH intensifies the EML effect, whereas a prolonged wait-
ing time diminishes it, as shown in Figs. S1(c) and S2. This observation
strongly indicates that the EML effect is caused by the transient
domain walls induced by the stepwise magnetic field. The inductance
change (AL) associated with the EML effect exhibits an escalation
from 217 to 766 nH with increasing AH values from 1 to 4 Oe.
Notably, Fig. 3(d) illustrates that the EML effect scales approximately
with AH. Further insights into the AH dependence of the EML curves
at 12 and 24 kHz can be found in Fig. S4.
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In this section, we delve into the underlying mechanism behind
the observed EML effect, which can be explained from the SMF driven
by domain wall motion. The overall emergent inductance L can be
expressed as follows:

Loyr = *Naytanh(H/Hq)Lay, )

where the upper (lower) sign of L corresponds to the forward
(reverse) sweeping direction of magnetic field. The sign change (+ or
—) indicates the reversal of the emergent inductance in response to
the time-varying magnetic field, either increasing or decreasing;
OH/Jt > 0 or OH /0t < 0. Ng,, is the number of domain walls, L, is
the emergent inductance originating from one domain wall motion,
and Hj is the saturation magnetic field. Since domain wall structures
are potentially determined by the contribution of magnetic anisotropy,
thermal fluctuations, and Zeeman energy, the domain wall orientation
can be typically expressed by the tangent hyperbolic function such as
tanh(H/H;). Here, the number of domain walls Ny, in the films can be
estimated from Figs. 3, S1(c), and S2. Based on the results shown in
Fig. 3, it is plausible to posit that the magnetic field jump AH deter-
mines the quantity of domain walls present. From Figs. S1(c) and S2, it
is suggested that the domain walls vanish when the waiting time for
the stepwise magnetic field t,, exceeds a certain threshold time, reach-
ing the steady state f,. Assuming the thermal excitation follows a
Boltzmann distribution based on Zeeman energy, the number of
domain walls is given by

M-H
Naw = cyAH exp | —o Oty — ty), (3)
kgT

where M is the magnetization vector of ferromagnetic thin films, H is the
external magnetic field vector, kg is the Boltzmann constant, T is the tem-
perature, ®(¢) is the Heaviside step function, and o, and o, are the fitting

= T T T T T L T 1 (d) AH dependence of inductance change
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parameters. To derive the emergent inductance Lg,, we focus on the
motion of a single domain wall, described by the collective coordinates that
include center-of-mass position Xy, and polarization angle out of the easy
plane ¢4, as shown in Fig. 4(a). We introduce a classical unit vector to rep-
resent the spin direction #1 = (sin Ogy 0S8 Py, SIN Ogy SIN Py, COS Oty ).
This way, X4, is specialized by cos 04, = tanh[(z — X4y )/ Adw]- The equa-
tion governing the motion of domain wall in response to the AC density jy
is given by

de ; Ve o a’P .
— = — 2 —_— 4
;vdw aG¢dw Z;de s ¢dw + ZBS/IdW Jacs ( )
. de a3P .
oG —-— = in PUCTE ) 5
Paw + G T Join + B3 T ®)

where g, is the domain wall width, o is the Gilbert damping con-
stant, S is the spin quantum number, a is the lattice constant, and f
represents the non-adiabatic coefficient. Note that the dc external mag-
netic field can be neglected due to no contribution to the emergent
inductance. Here, the intrinsic pinning coming from the hard-axis
magnetic anisotropy K, can be expressed as the unit of velocity
Ve = Ky AawS/h. fom is given by foin = —(Aaw/hnsS)Fyin, where ng is
the number of localized spins in the domain wall. Fyin = —0Vpin/
0Xaw is the force due to the pinning potential Viy,

Voin(Xaw) = Ny Vo [(Xaw/E)* — 1]O(€ — [Xaw|), (6)

where Nj is the number of spins in the domain wall, V; is the magni-
tude of the pinning potential, and pinning range ¢ is of order of
domain wall width 14, in most cases. Therefore, we derive

Kaw
fpin = *Vpinde(')(i - ‘XdWDv (7)
dw
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and AH= 1 Qe. (c) Magnetization curves of Py thin films on PC substrates. (d) Frequency characteristics of inductance change AL in the EML effect.

where the impurity pinning potential can be expressed as the unit
of velocity vpin = 2VoA3,/ASE?. Here, we assume that the domain
wall motion occurs within the range of the pinning potential.
Considering the linear response of the ac current j,. and performing
Fourier transformation, the polarization angle ¢, is determined by

Buvlo) = L)

. lw(ﬁ - O(G) + Vpin/;de (8)
(14 02)0? + GO (Ve + Vpin)/ Adw — VeVpin/ Aqw

where (= a*P/2eS. Under the assumption of oG~ ff< 1,
Vpin < Ve, and vevpin / lﬁw > @?, the polarization angle reduces to the
following Debye-type relaxation form:

Ba(e) =)

ve ot —17

©)

where T = oG Aqw/Vpin is the relaxation time of the polarization angle.
The validity of the assumption is described in the supplementary mate-
rial. Thus, the emergent inductance Ly, is obtained as

Prh¢y, () _R Prh{ 1
2eAjac(w) 2ev.A 1 —iot

Law() = Re {— } , (10)
where A is the cross section area of the sample in the x-y plane.
Substituting Egs. (3) and (10) into Eq. (2) yields the inductance in the
EML effect. Figure 4(b) shows the calculation and experimental results
of EML curves at 4 kHz. To estimate the Zeeman energy, —M - H, in

Eq. (3), we use the normalized magnetization M/M; obtained from
the MOKE shown in Fig. 4(c). The MOKE signal reveals that the coer-
cive force is about 2 Oe, indicating that the fabricated Py thin films are
magnetically soft. To compensate for a small number of MOKE mea-
surement points, we introduce an approximate curve using the arctan
function for the calculation of the magnetization. The detailed arctan
function including the parameters is shown in the supplementary
material, Table SI. As shown in Fig. 4(b), the calculation results of
EML curves are in good agreement with the experimental data. The fit-
ting parameters are described in Table S2. The modeling results of
EML curves at different frequencies are shown in Fig. S5, and the
parameters are demonstrated in Table S2. Furthermore, from Egs. (2),
(3),and (10), the inductance change AL can be expressed by

AL(CO) = Lmax - Lmin

= |T(H = Hmax)' + |T(H - Hmin)| . Re|: 1' :|’ (11)
A 1—iwrt

where Hpax(min) is the magnetic field, at which the inductance shows
the maximum (minimum) value of Lyuminy and we define
T = [Ngw(H,AH)Pnh{tanh(H/Hy)]/2ev.. The calculation using Eq.
(11) provides the quantitative understanding of the frequency-
dependent characteristics. Here, according to the results shown in
Fig. 2(d), we can construct the frequency profile of the inductance
change AL based on the observed EML curves. As shown in Fig. 4(d),
the calculation results fit to experimental data well. The fitting parame-
ters used in the calculation are described in Table S3. This result indi-
cates that the frequency dependence of EML can be comprehensively
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explained through a Debye-type relaxation mechanism, primarily
driven by extrinsic pinning. The Debye-type modeling is consistent
with the frequency response of emergent inductance observed in mate-
rials such as Gd;Ru,Al, (Ref. 2) and YMngSng (Ref. 5). The depen-
dence of the emergent inductance Lgyr on the ac electric field E, is a
significant aspect to consider. According to the theory based on Egs.
(2), (3), and (9), Ly is independent of E,.. The detailed theory and
the corresponding measurement results are elaborated in the supple-
mentary material. In addition, Eq. (11) highlights the inverse propor-
tionality between the emergent inductance and the film width. As
shown in Figs. 5(a)-5(c), the inductance change AL exhibits an
upward trend with decreasing film width. Particularly noteworthy is
the observation of an exceptionally large inductance change AL,
amounting to 1143 nH at f=4kHz, AH=20Oe, and w= 1 mm. It is
noted that the extremal inductance values recorded at room tempera-
ture reach —630 and 513 nH, which are comparable to those of com-
mercial inductors. Figure 5(d) shows the film-width dependence of
inductance change based on Figs. 5(a)-5(c) and S6. The EML effect is
inversely proportional to the thin-film width. Given the film width is
proportional to the thin-film area, this observation indicates the exis-
tence of an inverse size scaling law, a phenomenon consistent with
prior findings reported in Gd;Ru,Al;;, (Ref. 2). Our theoretical calcula-
tions, founded on the concept of emergent inductance arising from
transient domain wall motion, aptly elucidate the observed EML
results.

In summary, we have observed the EML effect in Py/PC by
manipulating transient domain walls through a stepwise magnetic field
modulation. The inductance change reaches 1.1 yH and a noteworthy
reversal in the sign of inductance within the vicinity of the zero mag-
netic field region. Moreover, we have demonstrated that the

0.5 1

[Thin-film width]* 1/w (mm-?)

dependence of the EML effect on frequency f, the step magnetic field
jump AH, and film width w can be comprehensively explained
through theoretical calculations based on the concept of the spin
motive force arising from transient domain wall motion. Our study
not only contributes to the understanding of intriguing fundamental
physics but also holds promise for a wider range of the potential appli-
cations harnessing the EML effect.

See the supplementary material for a detailed exposition of the
EML evaluation methodology, the magnetic response of reactance at
ty=10 s, the frequency characteristics of EML curves, AH and
w dependencies of EML curves at 12 and 24 kHz, respectively, and fit-
ting parameters used in our calculations.
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