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The superposition of atomic vibrations and flexoelectronic effect gives rise to a cross correlation between
free charge carriers and temporal magnetic moment of phonons in conducting heterostructures under an applied
strain gradient. The resulting dynamical coupling is expected to give rise to quasiparticle excitations called
magnetoelectronic electromagnons that carry electronic charge and temporal magnetic moment. Here, we report
experimental evidence of magnetoelectronic electromagnons in the freestanding degenerately doped p-Si based
heterostructure thin film samples. These quasiparticle excitations give rise to long-distance (>100 μm) spin
transport, demonstrated using spatially modulated transverse magnetothermoelectric and nonlocal resistance
measurements. The magnetoelectronic electromagnons are nonreciprocal and give rise to large magnetochiral
anisotropy (0.352 A−1 T−1) that diminishes at lower temperatures. The superposition of nonreciprocal mag-
netoelectronic electromagnons gives rise to longitudinal and transverse modulations in charge carrier density,
spin density, and magnetic moment, demonstrated using the Hall effect and edge dependent magnetoresistance
measurements, which can also be called inhomogeneous magnetoelectronic multiferroic effect. These quasipar-
ticle excitations are analogous to photons where time dependent polarization and temporal magnetic moment
replace electric and magnetic field, respectively, and most likely topological because they manifest topological
Nernst effect. Hence, the magnetoelectronic electromagnon can potentially give rise to quantum interference and
entanglement effects in conducting solid state systems at room temperature in addition to efficient spin transport.

DOI: 10.1103/PhysRevB.107.165305

I. INTRODUCTION

An electromagnon [1–3] is a quasiparticle in a solid
state system that can be considered analogous to an elec-
tromagnetic wave or photon, where time dependent electric
polarization and magnetic moment replace electric and mag-
netic fields, respectively, as shown in Fig. 1(a). A type
of electromagnon, a magnetoactive phonon, can also be
considered in the framework of dynamical multiferroicity
[4,5], where the superposition of time dependent polarization
of phonon (∂t P) and ferroelectric polarization (Pferroelectric )
in ferroelectric materials gives rise to temporal magnetic
moment [6] (Mt ∝ Pferroelectric×∂t P). Recently, an elec-
tronic dynamical multiferroicity [7] (Mt ∝ Pflexoelectronic×∂t P)
was experimentally reported in the metal/oxide/degenerately
doped Si thin film samples, where flexoelectronic polariza-
tion (Pflexoelectronic) replaces the ferroelectric polarization. The
electronic dynamical multiferroicity may induce an electro-
magnonlike excitation in the conducting and nonferroelectric
materials. Such a discovery can potentially change the current
scientific understanding of the electronic systems with ap-
plication to quantum computing, spintronics, thermoelectrics,
and other future quantum devices.

*These authors contributed equally to this work.
†Corresponding author: skumar@engr.ucr.edu

The flexoelectronic effect is essential for electronic dy-
namical multiferroicity. In a metal/semiconductor (doped)
heterostructure, it can be defined as an electronic response to
an applied strain gradient as shown in Figs. 1(b) and 1(c) [8].
The applied strain gradient gives rise to interfacial flexoelec-
tric effect [9], gradient in the band structure [10], and band gap
and charge carrier mobility in the bulk of the semiconductor.
Tian et al. [9], recently, experimentally demonstrated a large
piezoelectriclike response in the Si interface under bending
loads, which we interpret as interfacial flexoelectric effect in
this paper. Similarly, Wang et al. [10] reported a large out of
plane polarization (≈ 0.03 Cm−2) in Si due to strain gradient.
It, then, triggers a charge carrier injection/extraction from the
metal layer to the doped semiconductor layer depending upon
the sign (slope) of the strain gradient as shown in Figs. 1(b)
and 1(c) [8]. The charge carrier concentration of electrons
in a typical metal is of the order of 1022 cm−3, whereas the
charge carrier concentration in a typical degenerately doped
semiconductor is 1019 cm−3. Due to flexoelectronic effect, the
charge carrier concentration in the semiconductor layer (p-Si
in the present paper) can rise to the order of 1021 cm−3, which
is called flexoelectronic doping as demonstrated recently [8].
The gradient of excess charge carrier concentration (n′) gives
rise to a flexoelectronic polarization (Pflexoelectronic ∝ n′) in
the semiconductor layer as shown in Fig. 1(c) [8]. Such
heterostructure samples under applied strain gradient are
called flexoelectronic heterostructures by us. Hence, the
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FIG. 1. (a) A schematic showing that electromagnons are analogous to photons. (b) An approximate distribution of charge carrier
concentration in a metal/p-Si (degenerate) heterostructure. (c) A schematic showing the flexoelectronic charge carrier injection in doped
Si from the metal layer due to interfacial flexoelectric effect leading to the gradient of the charge carrier in Si and flexoelectronic polarization.
(d) A schematic showing the perturbation of the flexoelectronic charge carrier gradient due to an application of the heat at location 1 and
subsequent decay to location 2. (e) A schematic showing the expected longitudinal decay of the flexoelectronic charge carrier gradient leading
to generation of the magnetoelectronic electromagnon that carries electronic charge (�n) and magnetic moment (�Mt ). Also shown is the
superposition of magnetoelectronic electromagnons’ spatial modulations in spin angular momentum.

electromagnon like excitations in metal/doped semiconductor
thin film heterostructure samples can be described as

M±〈hlk〉
t ∝ Pflexoelectronic × ∂t P± ∝ n′ × ∂t P±. (1)

We call these excitations in electronic systems magne-
toelectronic electromagnons since they couple to electronic
charge as opposed to ionic charge in the case of magnetoelec-
tric electromagnons observed in insulating multiferroics. In
this paper, we present experimental evidence of nonrecipro-
cal magnetoelectronic electromagnons in flexoelectronically
doped p-Si based heterostructure thin films samples at room
temperature. We use spatially modulated magnetothermoelec-
tric and nonlocal resistance measurements to uncover the
long-distance spin transport behavior from magnetoelectronic
electromagnons. The nonreciprocity of magnetoelectronic
electromagnons is discovered using nonreciprocal trans-
port measurements. Using Hall effect and edge dependent
magnetoresistance measurements, we also discover spatial
modulations in charge carrier concentration, spin density,
and magnetic moment due to the superposition of the topolog-
ical magnetoelectronic electromagnons, which can be consid-
ered as inhomogeneous magnetoelectronic multiferroic effect.

II. EXPERIMENTAL RESULTS

Traditionally, electromagnons [1–3] and other quasipar-
ticle excitations are studied using spectroscopic techniques.
However, we rely on transport measurements to uncover
the evidence of magnetoelectronic electromagnons. We
hypothesized an experimental scheme having a freestand-
ing Si based flexoelectronic heterostructure where strain
gradient from residual stresses will give rise to uniform

flexoelectronic effect along the length of the sample. However,
when the equilibrium state is modified at any given location
in the heterostructure [using heat at location 1 as shown in
Fig. 1(d)], the interfacial flexoelectric effect (V 1

flexoelectric ) and
consequently flexoelectronic polarization of the Si layer will
change at this location 1 as shown in Fig. 1(d), whereas the
interfacial flexoelectric effect (V 2

flexoelectric ) and flexoelectronic
polarization at a distance far away from the heat source remain
the same as shown in Fig. 1(d). As a result, the temporal
magnetic moment (M1

t ) at location 1 will be significantly
larger than at location 2 (M2

t ) as shown in Figs. 1(d) and 1(e).
A longitudinal gradient in the temporal magnetic moment
(�Mt ) will arise across the macroscopic sample in addition
to the temperature gradient as shown in Figs. 1(d) and 1(e).
A disturbance wave will be generated that will carry the
nonequilibrium temporal magnetic moment (or spin angular
momentum) along with the heat as shown in Figs. 1(d) and
1(e). As a consequence, magnetoelectronic electromagnon
excitations will transport electronic charge (�n) as well as
magnetic moment (�Mt ) across the macroscopic sample as
shown in Figs. 1(d) and 1(e). Therefore, the transport behavior
from magnetoelectronic electromagnons can be studied using
magnetotransport measurements. It is noted that the spin in-
jection from Py to Si layer will be there but it will not be the
primary driver of the longitudinal spin chemical potential.

A. Magnetothermoelectric transport measurement

For the first experimental study, we fabricated a het-
erostructure composed of Py (25 nm)/MgO (1.8 nm)/SiO2

(native)/p-Si (2 μm) (sample 1) as shown in Figs. 2(a) and
2(b) (Supplemental Material Sec. S1 [11]). The resistivity
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FIG. 2. The scanning electron micrograph showing the representative device structure and experimental scheme for (a) configuration
1 and (b) configuration 2. The angle-dependent transverse magnetothermoelectric response in sample 1 in the yx plane at a constant applied
magnetic field of 1 T (c) measured at J2, J3, and J4 in configuration 1 and (d) measured at J3, J2, and J1 in configuration 2. (e) The
longitudinal distribution of the magnitude of transverse spin-Nernst effect for configuration 1 and configuration 2 with possible distribution
of spin accumulation. (f) The planar Nernst effect response in control sample 2 showing the longitudinal distribution and response diminishes
farther from the heat source. The solid line in panels (e) and (f) is for representation only.

of the Py layer is expected to be 4.92×10−7 �m [8]. The
average charge carrier concentration in the p-Si [7] is expected
to increase from ≈ 4×1019 cm−3 (2.59×10−5 �m) (multiple
control p-Si samples) to ≈ 5.45×1019 cm−3 (1.9×10−5 �m)
in case of sample 1. Hence, there is excess charge carrier con-
centration of ≈ 1.45×1019 cm−3 in sample 1, which leads to
flexoelectronic polarization in the p-Si layer. The MgO layer
is used to avoid any interfacial diffusion of the metal layer
in the Si layer. The strain gradient in the sample arises due
to buckling of the freestanding sample from the residual and
processing thermal mismatch stresses including from material
deposition [12,13], for which the maximum local strain could
be as large as 4% based on previous studies [14]. It is noted
that longitudinal inhomogeneities due to inhomogeneous mis-
match stresses from geometrical and boundary imperfections
may arise. However, these inhomogeneities will average out
due to bending and twisting deformation of the freestand-
ing sample. In addition, the free charge carriers will quench
any local inhomogeneities in the highly doped Si layer. We
measured the angle dependent (yx-plane) transverse thermo-
electric (V2ω response) response in sample 1 at 300 K and
constant magnetic field of 1 T in two configurations: configu-
ration 1—heat junction J1 using 2 mA and 37 Hz of applied
current and measuring response at J2 (30 μm), J3 (70 μm),
and J4 (100 μm)—and configuration 2—heat junction J4
and measuring response at J3 (30 mm), J2 (70 μm), and
J1 (100 μm). The measured responses exhibit predominantly
a sin2 φyx angular symmetry (solid line fit) for both config-
urations as shown in Figs. 2(c) and 2(d) and Supplemental
Material Table S1 [11]. The curve fit is found to be better
for the responses farther from the heat source as shown in

Figs. 2(c) and 2(d), which can potentially be attributed to
larger thermal noise near the heat source. We do not observe
sin φyx symmetry in the angle dependent measurement cor-
responding to the transverse spin-Seebeck effect [15]. The
offset V2ω response is attributed to conventional thermopower,
which arises due to asymmetries in the overall device struc-
ture, which will not be discussed in this paper. The spatial
distribution of the angle dependent thermoelectric response is
shown in Fig. 2(e) for both configurations. From the spatial
distribution of the response, we observe that the responses
at junctions J3 and J4 are larger than that at junction J2 in
the measurement configuration 1 even though junction J2 is
nearer to the heating source as shown in Figs. 2(c) and 2(e)
and expected to have larger thermal gradient. Similarly, the
angle dependent thermoelectric responses measured at junc-
tions J2 and J1 are larger than response measured at junction
J3 even though it is nearer to the heat source in measure-
ment configuration 2 as shown in Figs. 2(d) and 2(e). Such
a spatial distribution of the magnetothermoelectric response
is not feasible in the diffusive thermal transport regime since
thermoelectric response should have decreased exponentially.
Instead, the responses at the farthest locations are higher than
the nearest locations in both configurations. In addition, the
measurements in both configurations show a sign reversal
behavior in the measured responses.

The angular symmetry corresponding to sin2φyx can arise
from the planar Nernst effect V(PNE) [16] response from
the ferromagnetic (Py) layer, which can be described as
follows:

VPNE ∝ M×(M×∇T ) (2)
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FIG. 3. (a) A representative scanning electron micrograph showing the experimental scheme for angle dependent nonlocal resistance
measurement where an alternating current bias is applied across junction J1 and responses are measured simultaneously across junctions J2,
J3, and J4. The angle dependent nonlocal resistance at an applied magnetic field of 4 T in the yx plane measured at (b) J2, (c) J3, and (d) J4
junctions and at 300, 100, 50, 25, and 5 K. The black line represents the curve fit. (e) The spatial distribution of the amplitude of the responses
at J2, J3, and J4 showing the sign reversal from potential distribution of temporal magnetic moment and spin accumulation.

where M and ∇T are magnetization vector and temperature
gradient, respectively. In this case, the sign of the temperature
gradient is constant and the magnetization vector is aligned
along the applied magnetic field for any given measurement
configuration. Hence, the observed sign reversal cannot arise
from the VPNE behavior from the ferromagnetic material. Fur-
ther, the thermal conductivity of 2 μm Si (κ =≈ 80 W m/k)
[17,18] is expected to be four times larger than that of the Py
(κ =≈ 20 W m/k) [19] layer. The thermal resistance of the
p-Si layer is expected to be ≈320 times smaller than that of
the Py layer. As a consequence, the heat transport across the
Py layer will be negligible as compared to the p-Si layer in
the plane of the sample and out of plane temperature differ-
ence will be insignificant. To further support our argument,
we measured the angle dependent thermoelectric responses
in a control Py/SiO2 (25 nm)/p-Si sample (sample 2) as
shown in Supplemental Material Fig. S1 and Sec. S2 [11]. The
25-nm SiO2 intermediate layer extinguishes the spin current
as well as the interlayer flexoelectronic charge carrier transfer.
In sample 2, the symmetry and sign of the measured responses
are the same as expected for VPNE behavior as shown in
Fig. 2(f), which is consistent with that reported in the previous
studies [16]. The VPNE response in sample 2 is negative in
configuration 1 whereas the response in sample 1 is positive
at junction J2 and J4. Similarly, VPNE response in sample 2
is positive in configuration 2 whereas response in sample 1 is
negative at junction J1. The VPNE response cannot reverse sign
as already stated. Additionally, the VPNE response decreases as

expected for diffusive thermal transport as shown in Fig. 2(f).
The magnitude of the angle dependent response in sample
2 is orders of magnitude less than that in sample 1. From
the symmetry [16], spatial distribution, and magnitude of the
angle dependent thermoelectric response, we eliminated VPNE

as the underlying cause of the observed behavior.

B. Nonlocal resistance measurement

The flexoelectronic charge carrier transfer from metal to
Si layer leaves the metal layer deficient in the charge carrier.
As a consequence, there is opposite flexoelectronic effect in
the metal layer as well. Hence, the magnetothermoelectric
transport could arise in the Py layer itself instead of the p-Si
layer. In order to eliminate current leakage effect [20] and
contribution of the Py layer, we did angle dependent nonlocal
resistance measurement on a Pt (15 nm)/MgO/p-Si (2 μm)
sample (sample 3) as a function of temperature where dynam-
ical multiferroicity is already demonstrated [7]. In sample 3,
the resistivities of the Pt and p-Si layers are 2.52×10−7 and
1.1×10−5 �m [7], respectively. The expected charge carrier
concentration in the p-Si layer is ≈ 9.4×1019 cm−3 due to
flexoelectronic effect [7]. Hence, there is excess charge carrier
concentration of ≈ 5.4×1019 cm−3 in sample 3, which leads
to flexoelectronic polarization in the p-Si layer. In this second
experiment, we applied 2 mA and 37 Hz of current bias across
the junction J1 in a Pt (15 nm)/MgO/p-Si sample as shown in
Fig. 3(a). We, then, measured the angle dependent (yx-plane)
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nonlocal resistance across junctions J2 (30 μm), J3 (70 μm),
and J4 (100 μm) for an applied magnetic field of 4 T as shown
in Fig. 3(a). The measurement was done at 300, 100, 50, 25,
and 5 K. The measurement data for J2, J3, and J4 are shown
in Figs. 3(b)–3(d).

The nonlocal resistance can be described using van der
Pauw’s theorem [20] as

RNL = Rsqe
−πL
w (3)

where Rsq = ρ

t , ρ, t , L and w are resistivity, thickness, length,
and width of the channel. Based on the sample dimensions,
the nonlocal resistance should be 5 m� at J2 and decrease ex-
ponentially along the length, whereas the measured nonlocal
resistances are 16.17, −0.048, and −4.6 � at Hall junctions
J2, J3, and J4, respectively, at 300 K as shown in Figs. 3(b)–
3(d). The nonlocal resistance measured at J2 is larger than
even the longitudinal resistance (11.38 � between J2 and
J3) of the sample at 300 K. In another study, the nonlocal
resistance measurement on a p-Si sample is reported to be
≈220 m� at 30 μm away and ≈32 m� at 40 μm away from
leakage current [21]. Hence, all the responses are orders of
magnitude larger than that expected based on leakage current.
Further, the response measured at junction J4 is much larger
than that at J3 even though J4 is farther away from the current
source and nonlocal response should be insignificant accord-
ing to van der Pauw’s theorem. Hence, leakage current can be
eliminated as a source of the observed response.

The angle dependent behavior is expected to arise from
relationship between magnetic field, flexoelectronic polar-
ization, and temporal magnetic moment. The maximum
modulation in the angle dependent response occurs when the
magnetic field is aligned either parallel (+x) or antiparallel
(−x) to the direction of transport as shown in Figs. 3(b)
and 3(d). Additionally, the magnitudes of the responses are
different for parallel and antiparallel configurations as shown
in Figs. 3(b) and 3(d). Such a behavior can arise from chiral
anomaly [22], which the magnetoelectronic electromagnons
are expected to exhibit since they are similar to photons. It
is noted that chirality may arise due to twisting deformation
of the sample from structural inhomogeneities. We do not
observe any angular symmetry in the response measured at
junction J3 as shown in Fig. 3(c), which indicates absence
of spin polarization. In addition, a sign reversal, similar to
magnetothermoelectric response in sample 1, is observed in
nonlocal response measured at both J3 and J4 as compared
to response at J2 as shown in Fig. 3(e). In the absence of
magnetic source, the observed angle dependent nonlocal resis-
tance behavior cannot arise from any other known mechanism.
Based on these experiments, the Py and Pt layers are not
the underlying cause of magnetothermoelectric and nonlocal
resistance responses. These responses are expected to arise
due to spin current in the p-Si layer in both samples 1 and
3.

The magnitude of the nonlocal responses in sample 3
decreases as a function of temperature as shown in Figs. 3(b)–
3(e). The sign of the nonlocal responses also changes as
the temperature is reduced as shown in Figs. 3(b)–3(e). The
conventional nonlocal resistance response cannot change sign
as a function of temperature and only a spin dependent

response can change sign. The measurement at J4 shows that
the magnitude of the nonlocal resistance (offset response)
reduces from 4.6 � at 300 K to ≈0.125 � at 100 K, which is
sharp reduction as shown in Fig. 3(d). In contrast, the nonlocal
resistance measured at J2 decreases from 16.17 � at 300 K
to 11.3 �. This shows that the Hall junction nearest to the
source shows the least reduction as compared to the farthest
Hall junction as a function of temperature. The temperature
dependent behavior suggests that the phonons are, most likely,
the underlying cause of this nonlocal resistance behavior since
they freeze at lower temperatures.

We eliminated the VPNE and current leakage as an under-
lying cause of the magnetothermoelectric response observed
in sample 1. Hence, the transverse spin Nernst effect V(TSNE)

from the nonmagnetic layer (p-Si in this paper) [23–25]
is expected to be the underlying cause of angle dependent
magnetothermoelectric response in sample 1, which can be
described as

VTSNE ∝ M×(
M×σ th

s

)
(4)

where σ th
s is the polarization vector of thermal spin accumu-

lation. However, the thermal spin polarization vector in the
p-Si layer has to be spatially modulated along the length of
the sample in order to have the observed sign reversal. The
electronic thermal transport under spin-orbit coupling (SOC)
will give rise to transverse spin current of the same polarity
across the length of the sample without any sign reversal.
Hence, the sign reversal cannot occur in electronic thermal
transport under SOC, which eliminates conventional VTSNE

response as the underlying cause of the observed behavior.
In contrast, the spatially modulated thermal spin accumula-

tion with opposite polarity can potentially arise from hypoth-
esized magnetoelectronic electromagnon-mediated process
due to dynamical multiferroicity. We expect nonreciprocity
(∂t P+ �= ∂t P−) due to lifting of degeneracy from broken
structural inversion symmetry. As a consequence, the magne-
toelectronic electromagnon with temporal magnetic moment
M[111]

t and M[11̄1]
t will not cancel the M[1̄11]

t and M[1̄11̄]
t in

the (110) cross-sectional plane [7] of the sample. Hence,
the resulting thermal spin accumulation from superposition
of the magnetoelectronic electromagnon for the (110) cross-
sectional plane can be described as

μth
s (x, y) ∝ M(x, y) ∝

∑
M〈hlk〉

t

= M[111]
t + M[11̄1]

t + M[1̄11]
t + M[1̄11̄]

t . (5)

This superposition of the temporal magnetic moments of
magnetoelectronic electromagnons, at any location, can give
rise to either spin-up or spin-down spin accumulation depend-
ing upon their relative contribution as shown in Fig. 1(e).
Therefore, the direction of the interlayer spin current as
well as measured magnetothermoelectric response will be a
function of spatial coordinates having symmetry of VTSNE

behavior, which is expected to be the underlying cause of
sign reversal observed in both the magnetothermoelectric and
nonlocal resistance responses. This can also explain absence
of any angle dependent response in nonlocal resistance mea-
surement at junction J3 as shown in Fig. 3(c), since the
measurements are undertaken over a finite Hall junction width
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FIG. 4. The angle dependent magnetoresistance behavior in sample 3 for the 8-T magnetic field at (a) 300 K, (b) 200 K, (c) 100 K, and
(d) 5 K. The angle dependent second harmonic behavior for applied magnetic field of 1, 4, and 8 T in sample 3 at (e) 300 K, (f) 200 K, (g)
100 K, and (h) 5 K. The solid line represents the curve fit.

and the measured response will be a summation over that finite
width, which can be described as

±μth
s (measured) =

∮
μth

s (x, y). (6)

The resulting modulations in the local temporal magnetic
moment can give rise to a smaller thermal spin accumulation
and explain the observed spatial distribution of the measured
magnetothermoelectric and nonlocal resistance responses ir-
respective of the temperature gradient as shown in Figs. 2(e)
and 3(e).

C. Nonreciprocity of the magnetoelectronic electromagnon

To support our mechanistic explanation, a direct evidence
of broken structural inversion symmetry and flexoelec-
tronic polarization-mediated nonreciprocity (∂t P+ �= ∂t P−)
is needed. Hence, we choose to measure the nonreciprocal
transport response that arises from the structural inversion
asymmetry in sample 3 for the third experiment. In the trans-
port measurements, the resistance of the sample is a function
of the direction of the current due to the nonreciprocity. As
a consequence, the nonreciprocal resistance can be described
as difference: �R = R(I ) − R(−I ). The nonreciprocal resis-
tance can be described in terms of material properties as

�R ≈ 1
2γ R0IB (7)

where R0, I , B, and γ are resistance at zero magnetic
field, current, magnetic field, and coefficient of magnetochiral
anisotropy [26], respectively. The nonreciprocal transport be-
havior is studied using longitudinal second harmonic response
since it is a quadratic function of applied ac bias as shown in
Eq. (7).

Hence, we measured the angle dependent longitudinal re-
sistance and second harmonic resistance for an applied ac
bias of 2 mA and 37 Hz and magnetic fields of 1, 4, and 8
T in sample 3 in this third experiment. The sample rotation
was carried out in the zy plane (φzy) for a constant magnetic

field, which was also the (110) cross-sectional plane. The
angle-dependent magnetoresistance (ADMR) measurements
exhibit behavior corresponding to dynamical multiferroicity
[7] as shown in Figs. 4(a) and 4(b). The magnitude of the
ADMR shows peaks corresponding to the 〈111〉 crystallo-
graphic directions [7] (at 54.7° from the ±z axis), which
disappear at 100 K as shown in Figs. 4(a)–4(d). When the
large external magnetic field and, as a consequence, elec-
tron spins are aligned parallel to the temporal magnetic
moment, the magnetoresistance reduces due to reduced scat-
tering as compared to any other random direction. Hence, the
ADMR response will have peaks corresponding to the tempo-
ral magnetic moments (M〈111〉

t ∝ P〈112〉
flexoelectronic×∂t P〈110〉) from

dynamical multiferroicity. The ADMR response demonstrates
temporal magnetic moments along [11̄1], [1̄11], and [1̄11̄]
crystallographic directions at both 300 and 200 K. The relative
magnitudes of the temporal magnetic moments are different
at both temperatures. This shows that response along any
location and for any given finite length will be a combina-
tion of relative contribution of temporal magnetic moments
from dynamical multiferroicity as described by Eqs. (5) and
(6), which supports our mechanistic explanation for magne-
toelectronic electromagnon-mediated spin transport presented
earlier. It is noted that the crystallography of the temporal
magnetic moment cannot be attributed to the Pt since it is
polycrystalline. The dynamical multiferroicity disappears at
lower temperatures, which is congruent to the reduction in the
nonlocal resistance at junction J4 at 100 K and below in the
second experiment on sample 3.

We, then, analyzed the angle dependent longitudinal sec-
ond harmonic responses at 300, 200, 100, and 5 K, which
demonstrate a clear cosine behavior due to nonrecipro-
cal transport behavior at higher temperatures as shown in
Figs. 4(e) and 4(f). The measured longitudinal second har-
monic response diminished as the temperature was lowered
to 100 K as shown in Fig. 4(g). At 5 K, the overall re-
sponse was negligible and a weak sine behavior was observed
at 8 T magnetic field only as shown in Fig. 4(h). Using
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the cosine fit, the coefficients of magnetochiral anisotropy
are estimated to be 0.151, 0.352, and 0.071 A−1 T−1 at 300,
200, and 100 K, respectively. These values are similar to the
reported value in Si field-effect transistor (FET) interfaces
(0.1 A−1 T−1) [26–28] at 2.92 V of gate bias (except Si FET
interfaces are two dimensional), while the raw magnitude of
the nonreciprocal resistance is similar but the coefficient of
magnetochiral anisotropy is smaller than the maximum value
of 1 A−1 T−1 measured at 2 K reported in BiTeBr [27], which
is one of the largest nonreciprocal responses ever reported.
However, the magnetochiral anisotropy in BiTeBr [27] drops
to a value smaller than that in sample 3 at 200 K. This com-
parison demonstrates that the magnitude of the flexoelectronic
polarization is large. However, a quantitative estimation of
the flexoelectronic polarization is not feasible in this paper.
The conventional (electronic only processes) nonreciprocal
responses increase [27] with reduction in temperature as
opposed to the observed behavior in this paper. The observa-
tion of dynamical multiferroicity in the ADMR response and
large magnetochiral anisotropy in the nonreciprocal response
along with their temperature dependent behaviors clearly
demonstrate magnetoelectronic electromagnon-mediated (or
magnetoactive-phonon-mediated) behavior. The scattering
from chiral spin fluctuations as described by Yokouchi et al.
[29] is expected to be the underlying mechanism, which is
expected to arise from the magnetoelectronic electromagnons.
The rest of the mechanisms [30] described in the literature
are electronic and will not diminish at lower temperatures as
stated earlier. Additionally, the observation of magnetochiral
anisotropy clearly suggests that the magnetoelectronic elec-
tromagnon in flexoelectronically polarized p-Si is most likely
to be chiral, potentially from twisting deformation. This also
supports our previous contention of chiral anomaly in the an-
gle dependent nonlocal resistance response but further studies
are needed.

D. Spatially modulated electronic property measurement

The magnetothermoelectric and nonlocal resistance mea-
surements showed a longitudinal sign reversal, which we
attribute to spatially varying temporal magnetic moment from
superposition of the magnetoelectronic electromagnon as de-
scribed in Eqs. (5) and (6). Since the magnetoelectronic
electromagnon arises due to coupling of free charge car-
rier gradient and phonons, the spatial modulations in charge
carrier concentration and magnetic moment must also arise
according to Eqs. (1), (5), and (6), which can be observed
in Hall and anomalous Hall responses. Further, Eq. (5)
describes the superposition of magnetoelectronic electro-
magnons having opposite temporal magnetic moments and,
possibly, chirality. The superposition of two magnetic states
with opposite chirality [31] can be described as a spin-density
wave (SDW). Hence, the superposition of magnetoelectronic
electromagnons is expected to also induce spatial (real space)
modulations [32] in the spin density or incommensurate SDW
in addition to other electronic properties as stated earlier.

Additionally, we need to establish existence of flexo-
electronic effect or charge carrier transfer in the metal-
semiconductor heterostructure. Currently, there is no stan-
dardized procedure to uncover this phenomenon since

methods used for application of strain gradient inhibit
magnetotransport measurements. However, strain state can be
modulated using an applied charge current where differential
thermal expansion from Joule heating and resulting buckling
will modify the strain gradient in a freestanding thin film
sample as shown in Fig. 5(a) [8]. The electronic transport
measurement as a function of current can be used to indi-
rectly uncover the evidence of flexoelectronic effect. Hence
a Hall resistance measurement as a function of space and
applied current can be used to present an evidence of both
flexoelectronic effect as well as real space modulations from
the magnetoelectronic electromagnon.

In the fourth experiment, we measured the Hall resistance
response at Hall junctions J2 and J3 as a function of applied
local current (0.5, 5, and 10 mA at 37 Hz) for an applied
magnetic field sweep from 3 to −3 T in sample 1 as shown
in Fig. 5(a). In the measurement, the overall transverse re-
sponses reduce as a function of applied current as shown in
Figs. 5(b) and 5(c). The calculated values of the charge carrier
concentrations and the anomalous Hall resistance are listed
in Supplemental Material Table S2 [11]. The Hall resistances
are negative corresponding to electron as charge carrier. The
larger strain gradient at higher current increases the flexoelec-
tronic charge carrier transfer. Assuming the Fermi level to
remain the same, the measured average charge carrier con-
centration is expected to decrease as a function of current due
to additional charge carrier transfer from Py to p-Si layer. The
measured Hall resistances and average charge carrier concen-
trations indeed reduce as a function of current as shown in
Figs. 5(b)–5(e), which proves our hypothesis. This is a direct
evidence of the flexoelectronic effect in our sample.

Further analysis shows that the charge carrier concentration
is larger at J2 as compared to J3 for both positive (spin-
up) and negative (spin-down) magnetic fields as shown in
Figs. 5(d) and 5(e) at 0.5 mA of applied current. For 5 and
10 mA of applied current, the charge carrier concentration be-
havior is reversed and the values at J3 are larger than that at J2
as shown in Figs. 5(d) and 5(e). The anomalous Hall resistance
is larger at J3 (10.81 m�) as compared to J2 (9.77 m�) for
0.5 mA of current as shown in Fig. 5(f). The anomalous Hall
resistance reduces with increased applied current. At 10 mA,
the anomalous Hall resistances are similar at both locations
[J2 (6.88 m�) and J3 (6.9 m�)]. We estimated a temperature
rise of ≈70 K due to 10 mA of current. Using a control experi-
ment at 375 K as shown in Supplemental Material Sec. S3 and
Fig. S2 [11], we eliminate uniform heating as the underlying
cause of change in charge carrier concentrations as well as
anomalous Hall resistance. The evolution of the anomalous
Hall resistance as well as charge carrier concentration as a
function of location as well as current is attributed to the spa-
tially modulations in the temporal magnetic moment, charge
carrier concentration, and spin-density distribution from mag-
netoelectronic electromagnons, as hypothesized.

The negative Hall resistance in sample 1 with a 2-μm
p-Si layer decreases as the current is increased in the pre-
vious experiment and any further increase in strain gradient
should change the sign of the Hall resistance to positive. A
similar behavior is expected to arise in the case of anoma-
lous Hall resistance as well. To induce larger strain gradient,
we take a new sample (sample 4) for the fifth experiment
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FIG. 5. (a) Schematic showing the increase in strain gradient from buckling of the freestanding sample due to Joule heating from large
longitudinal current bias. The Hall response measurement as a function of magnetic field swept from 3 to −3 T at 300 K measured at
Hall junction (b) J2 and (c) J3. (d–f) The spatial modulation of the (d) spin-up charge carrier concentration, (e) spin-down charge carrier
concentration, and (f) anomalous Hall resistance as a function of current bias.

where thickness of the p-Si is reduced by chemical
etching [33] to ≈400 nm while the thickness of the Py layer
is kept the same (Supplemental Material Sec. S1 [11]). Due
to the thinner p-Si layer, this new sample will have a sig-
nificantly larger strain gradient. In the case of sample 4, the
p-Si resistivity at 200 K in the heterostructure needs to be
6.72×10−6 �m as opposed to 5.45×10−5 �m [8]. The charge
carrier concentration is expected to increase from 8.73×1018

to ≈ 1.24×1021 cm−3, in the case of sample 4, estimated
based on a previous report [8], which gives rise to a large
flexoelectronic polarization. As expected, we measure the
positive Hall resistances at 200 K in this thinner sample for
an applied local current of 2 mA and 37 Hz, as shown in
Fig. 6(a), as compared to negative in the previous sample
(sample 1 with 2-μm p-Si) due to larger flexoelectronic charge
transfer as hypothesized in Fig. 1(c). In addition, the sign
of the anomalous Hall resistance also turns negative from

FIG. 6. (a) Hall effect responses at junctions J2 and J3 in a
Py (25 nm)/MgO/p-Si (≈400 nm) sample measured at 200 K for
an applied magnetic field from 14 to −14 T. (b) The longitudinal
modulations in the charge carrier concentration and spin density
showing incommensurate SDW-like behavior.

positive. The concentration of the spin-down charge carrier
decreases from 2.47×1021 cm−3 on the left Hall bar (J2) to
2.09×1021 cm−3 on the right Hall bar (J3) and concentration
of spin-up charge carriers increases from 1.88×1021 cm−3

on the left to 2.17×1021 cm−3 on the right as shown in
Fig. 6(b). The average charge carrier concentration decreases
from 2.17×1021 cm−3 on the left to 2.13×1021 cm−3 on the
right as shown in Fig. 6(b). Further, the anomalous Hall resis-
tance is significantly smaller at J2 (–52.15 m�) as compared
to J3 (–77.46 m�) as shown in Fig. 6(a). This reduction
in the anomalous Hall resistance can be attributed to the
net magnetic moment of opposite magnetoelectronic electro-
magnons aligning ferromagnetically/antiferromagnetically to
the magnetic moment of the Py layer. This reduction can also
be attributed to larger local flexoelectronic charge transfer
from the Py layer. As compared to sample 1, we observe
a crossover between spin-up and spin-down charge carrier
concentrations along the length of the sample. The crossover
in the spin dependent charge carrier concentration can be
attributed to the longitudinal spin-density modulation, which
can, potentially, be considered as an incommensurate SDW
from the superposition of magnetoelectronic electromagnons
[31,34] as described in Eq. (5) and stated earlier. This is
a direct evidence of spin density, charge carrier concentra-
tions, and magnetic moment modulations (longitudinal) due
to superposition of magnetoelectronic electromagnons. This
behavior can also be called inhomogeneous magnetoelec-
tronic multiferroic effect since a spatially varying magnetic
behavior gives rise to spatially varying electronic properties.
This is analogous to the inhomogeneous magnetoelectric ef-
fect where spatial magnetic inhomogeneity in a magnetic
crystal [35–39] gives rise to electric polarization and vice
versa [40].
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FIG. 7. (a) A representative scanning electron micrograph showing the device structure and experimental scheme. (b) A schematic showing
the temporal magnetic moments along 〈111〉 directions in the (110) cross-sectional plane leading to possible y- and z-direction net magnetic
moments. The angle dependent magnetoresistance in the second Py/MgO/p-Si sample measured at 300 K for an applied magnetic field of 8 T
and angular rotation in the zy-plane (c) right side and (d) left side of sample 5. The angle dependent longitudinal second harmonic nonreciprocal
response measured at 300 K for an applied magnetic field of 8 T and angular rotation in the zy-plane (e) right side and (f) left side of sample 5.

E. Edge dependent magnetoresistance measurement

Similar to longitudinal modulations, we expect charge
carrier concentration, spin density, and magnetic moment
modulation along the width of the samples. To prove it, we
measured the angle dependent longitudinal magnetoresistance
and nonreciprocal second harmonic responses in a second
Py/MgO/p-Si (2 μm) sample (sample 5) at two edges for an
applied current bias of 2 mA and 37 Hz as shown in Fig. 7(a)
in the sixth experiment. The charge carrier concentration in
the p-Si layer is expected to increase to ≈ 8.7×1019 cm−3

in the case of sample 5 as opposed to 4×1019 cm−3. The
measurement shows that the resistance measured at the right
edge is ≈23% smaller than that measured at the left edge as
shown in Figs. 7(c) and 7(d). Similar behavior is observed in
other samples too. The Rleft = 19.02 � and Rright = 11.38 �

are measured at 300 K in sample 3 (with Pt). These are
attributed to the transverse charge carrier density modulations
as hypothesized.

The ADMR response is composed of anisotropic mag-
netoresistance (AMR) (sin2θzy) from the Py layer and two
responses having cosθzy and sinθzy symmetries (Supplemental
Material Sec. S4 [11]). The giant magnetoresistance (GMR)
response arises when in-plane current is applied in a thin
film heterostructure where two ferromagnets are separated
by a nonmagnetic layer. A minimum in magnetoresistance
occurs when the magnetic moment in both layers is aligned
parallel whereas a maximum occurs when they are antipar-
allel. In sample 5, the Py layer is one ferromagnet and the

p-Si layer is effectively the second ferromagnet due to net
magnetic moment from temporal magnetic moments. Hence,
both cos θzy and sin θzy responses are attributed to the GMR
behavior in sample 5. This measurement shows that a net
magnetic moment (potentially canted) having a component in
the z direction (�Mz

Si) as well as y direction (�My
Si) arises

in the flexoelectronically polarized p-Si thin film as shown
in Fig. 7(b). In addition, the net magnetic moments on the
left and right edges are significantly different, which gives
rise to differences in measurements on the left and right edge,
respectively.

As compared to sample 3, where spin dependent scattering
from the temporal magnetic moment is observed in mag-
netoresistance, the second harmonic nonreciprocal responses
show peaks corresponding to the temporal magnetic moments
along 〈111〉 directions in the (110) cross-sectional plane of the
Si thin film layer of sample 5 as shown in Figs. 7(e), 7(f), and
7(b). The response at the right edge corresponds to ∂t P[110]

and ∂t P[1̄1̄0] as shown in Fig. 7(e) and can be described as

Mright =
∑

Mright
t = M[111]

t + M[11̄1]
t + M[1̄11]

t + M[1̄11̄]
t

(8)

whereas the response on the left edge arises primarily from
∂t P[110] as shown in Fig. 7(f) and can be described as

Mleft =
∑

Mleft
t = M[111]

t + M[1̄11]
t + M[1̄11̄]

t . (9)
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FIG. 8. The edge dependent magnetoresistance measured for an
applied magnetic field sweep from 3 to −3 T (a) right edge and
(b) left edge in sample 1 at 300 K.

The difference in behavior on two edges is potentially due
to spin-Hall effect of the magnetoelectronic electromagnon.
Hence, a superposition of temporal magnetic moments will
give rise to different net magnetic moments (or spin ac-
cumulation) along two different edges. It is noted that the
temporal magnetic moments are aligned along 〈111〉 direc-
tions that are at 54.7° from the ±z axis. As a consequence,
the net magnetic moment will be canted from the ±z axis,
which will give rise to components along the z axis and y
axis as shown in Fig. 7(b). This is the underlying cause of
two GMR responses in the measured ADMR response as
hypothesized earlier. Consequently, the out of plane GMR (z
direction, cosθzy) response is different between right (0.125%)
and left (0.054%) edges as shown in Figs. 7(c) and 7(d),
respectively. Similarly, the in-plane GMR (y direction, sinθzy)
responses are also estimated to be 0.026 and 0.0028% in
the measurement on the right and left edges of the sample,
respectively. Additionally, the AMR responses, which arise
from the Py layer only, in the sample are also modified
due to spin current from the p-Si layer. The magnitudes
of AMR response are estimated to be 1.27 and 0.056% in
the measurement on the right and left edges of the sample,
respectively.

We also measured the edge dependent magnetoresistance
in sample 1 for an applied magnetic field from 3 to −3 T in the
seventh experiment as shown in Figs. 8(a) and 8(b). In sample
1, Rleft = 19.3 � and Rright = 18.59 � are measured at 300 K
at zero field. This shows transverse asymmetry similar to other
samples. Most importantly, we observe a low field behavior
with opposite polarity on opposite edges indicating spin-Hall
effect of the magnetoelectronic electromagnon. This gives rise
to the canted spin state and opposite net magnetic moment
from superposition of temporal magnetic moments from the
nonreciprocal magnetoelectronic electromagnon. This canted
spin state arises in the Si layer and is a function of crys-
tallographic orientation of the sample as shown previously
[14] since temporal magnetic moment direction will be dif-
ferent along different crystallographic directions. The edge
dependent experiments explicitly demonstrate the superposi-
tion of the magnetoelectronic electromagnons, which is the
underlying cause of the spin dependent behavior observed
in this paper. Similar to previous studies, the edge depen-
dent experiments demonstrate inhomogeneity in the electronic
properties, which is interpreted as inhomogeneous magneto-
electronic multiferroic effect.

F. Topological Nernst effect measurement

The spin transport demonstrated in magnetothermoelec-
tric and nonlocal resistance measurements shows very little
dissipation. Further, the edge dependent measurement shows
possible evidence of spin-Hall effect of the magnetoelectronic
electromagnon. Based on these results, we hypothesized that
the magnetoelectronic electromagnon can potentially be topo-
logical. The edge dependent behavior and magnetochiral
anisotropy also suggested the same. Hence, we needed an
experimental evidence of the topological Berry phase. In the
freestanding sample, the longitudinal current leads to self-
heating and a heat flow from the center of the sample to
the boundaries and electrodes. As a consequence, the second
harmonic Hall measurement as a function of out of plane
magnetic field is expected to originate from the transverse
thermoelectric responses (Nernst effects). We measured the
second harmonic Hall response as a function of the out of
plane magnetic field from 3 to −3 T at an applied current
of 5 mA in sample 1 in the eighth experiment. The mea-
surement at 300 K shows a transverse magnetothermoelectric
response attributed to the topological Nernst effect (TNE)
[41] as shown in Fig. 9(a). The TNE response is significantly
larger than anomalous Nernst effect (ANE) (Mz×∇Tx ) and
ordinary Nernst effect (ONE) (Bz×∇Tx ) responses, which
could not be discerned at 300 K as shown in the Fig. 9(a)
inset, whereas the second harmonic Hall response at 20 K
is composed of distinct contributions from ONE, ANE, and
TNE responses as shown in Fig. 9(b). The TNE response
is insignificant at 20 K as compared to 300 K, which is
similar to the temperature dependent response observed in
nonlocal resistance and nonreciprocal responses in sample 3.
This result clearly supports the phononic (magnetoelectronic
electromagnon) origin of the response from the p-Si layer
since thermal resistance of the p-Si layer is expected to be
≈320 times smaller than the Py layer, as stated earlier. This
preliminary measurement shows that the magnetoelectronic
electromagnon is potentially topological, which leads to lack
of dissipation observed in magnetothermoelectric and nonlo-
cal resistance measurements. This also explains previously
reported large spin-Hall effect in Si [7,14]. This qualitative
study only demonstrates observation and trends of TNE re-
sponse and coefficients are not estimated. Further studies are
needed to uncover the origin of the topological Berry phase as
well as quantitative estimation of TNE response.

To eliminate the contribution of the Py layer, we, then,
measured the Hall resistance and second harmonic Hall re-
sponse in a MgO (2 nm)/p-Si (2 μm) sample (sample 6) at
300 K as a function of magnetic field from 3 to −3 T for an
applied current of 1 and 5 mA in the ninth experiment. The
Hall resistance and charge carrier concentration do not change
when the current is increased from 1 mA (3.48×1019 cm−3)
to 5 mA (3.47×1019 cm−3) as shown in Fig. 9(c) unlike
the behavior observed in the fourth experiment in sample 1
where the Hall response is a function of current as shown
in Figs. 5(b) and 5(c). This presents an explicit proof of
flexoelectronic charge carrier transfer in sample 1 and its
absence in sample 6. We do not observe any behavior in the
second harmonic Hall response at 1 mA of current as shown
in Supplemental Material Fig. S4 [11]. However, the second
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FIG. 9. The second harmonic Hall response as a function of magnetic field from 3 to −3 T for applied current of 5 mA in sample 1 (a) at
300 K and (b) at 20 K. (c) The Hall response measured at 300 K in sample 6 for 1 and 5 mA of applied current bias and a magnetic field sweep
between 3 and −3 T. (d) The second harmonic Hall response in sample 6 at 300 K for an applied current bias of 5 mA showing possible TNE
behavior. The response in the green shaded region is expected to arise from topological Nernst effect.

harmonic Hall response at 5 mA exhibits a negative slope
and the behavior is attributed to the ONE due to the acoustic
phonon scattering [42] as shown in Fig. 9(d). Furthermore, the
magnitude of the slope is different for negative (–0.15 μV/T)
and positive (–0.135 μV/T) magnetic fields, which indicated
potentially a skew scattering behavior, supporting earlier ob-
servations. More importantly, a bump at the negative magnetic
fields (green shaded region) is observed, as shown in Fig. 9(d).
This is a manifestation of the topological Berry phase in
thermal transport in the Si layer, leading to TNE [41]. An
electromagnetic wave in an inhomogeneous medium experi-
ences a Berry gauge potential in the momentum space, which
gives rise to the spin-Hall effect of light [43,44]. Bliokh
and Freilikher [45] theoretically demonstrated that transverse
acoustic waves in an inhomogeneous medium are analogous
to electromagnetic waves. Hence, transverse acoustic waves
will also experience phonon spin-orbit coupling due to the
Berry gauge potential in the momentum space in a gradient
index medium. The strain gradient can be considered equiva-
lent to a gradient index medium in the freestanding thin film
structure since a strain field will exist perpendicular to the
phonon transport direction. The deflection of a phonon (ray)
in an inhomogeneous medium is given by

δrtc = −σcλ̄t0

∫
C

pt×d pt

p3
t

= − − σcλ̄t0
∂�B

∂ p(0)
tc

(10)

where σc, λ̄t0, pt , and �B are helicity, wavelength, momentum,
and Berry phase [45], respectively. As a consequence, the

topological Berry phase is expected to arise in the case of
phonon transport in inhomogeneously strained Si thin films.
The topological Berry phase of phonons when coupled to flex-
oelectronic effect gives rise to topological magnetoelectronic
electromagnon quasiparticle excitations.

III. DISCUSSION

Our magnetothermoelectric and nonlocal resistance mea-
surements show a large spin angular momentum transport at
macroscopic (>100 μm) distance without any significant dis-
sipation, which is the longest such distance ever reported. In
case of quantum spin-Hall states [46], quantum-Hall antiferro-
magnets [47], antiferromagnetic insulators [48–50], magnetic
insulators [51], and spin superfluidity [52], the longest dis-
tance is an order of magnitude smaller than our measurement,
at which spin transport is reported. The thermomagnetic ef-
fects, in general, can be described as a cross product of
temperature gradient with magnetic moment or magnetic
field: M×∇T and B×∇T . There is no known thermomag-
netic effect that will change sign while the direction of the
temperature gradient remains the same. As a consequence,
the magnetothermoelectric response and nonlocal resistance
behavior cannot arise from thermomagnetic effects. Among
all the spin dependent thermomagnetic effects, only the trans-
verse spin-Seebeck effect gives rise to a long-distance spin
dependent response as well as sign reversal along the length
of the sample [15,53]. The transverse spin-Seebeck effect
arises due to the phonon driven spin distribution from the
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substrate [54,55]. The transverse spin-Seebeck effect is found
to be absent in the suspended Py thin films [16] and our
thin film samples are also freestanding. Further, the angle
dependent response in sample 1 clearly eliminates transverse
spin-Seebeck effect as the underlying reason of spin transport
as already stated. The position dependent behavior is also con-
trary to the expected transverse spin-Seebeck effect response.
The nonlocal resistance behavior observed in sample 3 also
cannot arise from transverse spin-Seebeck effect since there is
no ferromagnetic spin source. Additionally, the experimental
observation of dynamical multiferroicity and magnetochiral
anisotropy shows that transverse spin-Seebeck effect is not
the underlying cause of spin dependent behavior. Based on
our experimental study, the superposition of the quasiparti-
cle excitations called the magnetoelectronic electromagnon
from dynamical multiferroicity is the underlying cause of
the long-distance spin transport, magnetochiral anisotropy,
and spatial modulations in the charge carrier concentrations,
spin density, and magnetic moment. The magnetoelectronic
electromagnons are most likely to be topological quasiparti-
cles. The magnetoelectronic electromagnon can also provide
a correct microscopic mechanism underlying the previously
reported large spin-Hall effect [14], nonlocal transport [21],
and magnetothermal transport behavior [18].

IV. SUMMARY

In summary, we presented experimental evidence of
a quasiparticle excitation called the magnetoelectronic

electromagnon in the degenerately doped p-Si based flex-
oelectronic heterostructures, which carries spin angular
momentum and electronic charge. The magnetoelectronic
electromagnons lead to long-distance spin transport, essential
for spintronics applications. The nonreciprocal magnetoelec-
tronic electromagnon leads to large magnetochiral anisotropy
at room temperature. Additionally, this paper demonstrates su-
perposition of topological magnetoelectronic electromagnons
that gives rise to spatial modulations in charge carrier density,
spin density, and magnetic moment. It is called inhomo-
geneous magnetoelectronic multiferroic effect, which can
give rise to incommensurate SDW-like behavior. The mag-
netoelectronic electromagnon can also give rise to quantum
interference and entanglement from opposite temporal mag-
netic moments (for example, M[111]

t and M[1̄11]
t ) especially

at room temperature. Hence, the magnetoelectronic electro-
magnon in flexoelectronic heterostructures can provide an
alternate platform for rich and exotic high temperature mate-
rial behavior that, traditionally, is not expected in conducting
electronic systems.
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