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Electric field tuning of ultrafast demagnetization in a magnetoelectric heterostructure
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Voltage/electric-field control of ultrafast magnetization dynamics in magnetoelectrics provides a novel avenue
for electronic tuning with orders of magnitude less power consumption, improved tuning response time, and
more compact form factor, compared with conventional magnetic field control of magnetization dynamics.
Magnetoelectrically tuned laser-driven magnetization dynamics has the potential to enable the next generation
of optomagnetic devices from THz communication to optical magnetic recording. In this study, we fabricated
a magnetoelectric heterostructure, specifically ferromagnetic (Fe81Ga19)88B12 (FeGaB) thin film deposited on
a Pb(Mg1/3 Nb2/3)O3-PbTiO3 ferroelectric substrate, to explore the electric field tuning of ultrafast demag-
netization and to understand how magnetic anisotropy changes postdemagnetization. We characterized the
magnetoelectric coupling of our heterostructure to demonstrate the static and dynamic magnetization tunability
with an applied electric field. We utilized the time-resolved magneto-optic Kerr effect to understand the ultrafast
demagnetization process under different applied electric fields and magnetic fields. The typically observed strain-
induced magnetic easy-axis rotation in a ferromagnetic/ferroelectric heterostructure was also observed to tune
the ultrafast demagnetization of FeGaB in our experiment. Additionally, we found that the magnetization rotation
can be achieved with a lower electric field compared with static tuning without laser heating. Furthermore, we
observed the hysteresis loops postultrafast demagnetization and found that the magnetoelectric heterostructure
exhibits a mixture of volatile and nonvolatile behaviors. These findings shed light on the potential of our
magnetoelectric heterostructure for ultrafast optomagnetic devices and electric field tuning of spintronic THz
emitters.
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I. INTRODUCTION

Since the discovery of ultrafast quenching of the magnetic
order in ferromagnetic Ni thin films on an unprecedented
200–300 femtosecond (fs) time scale and subsequently the
measurement of the terahertz (THz)-range emission based on
magnetic dipole oscillation by Beaurepaire et al., there has
been heightened interest in magnetism in the subpicosecond
regime [1,2]. Ultrafast quenching of the magnetic order, also
known as laser-driven demagnetization or ultrafast demagneti-
zation [3,4], is a method to rapidly manipulate magnetization
with light, for instance, a coherent control of magnetization
within 20 fs in an antiferromagnet [5]. This phenomenon is
interesting not only from a fundamental perspective but also
for applications requiring rapid all-optical switching for mag-
netic recording or magnetic-dipole-based THz emission from
ferromagnetic films [6,7]. More recently, ultrafast demagne-
tization has garnered attention as a spintronic THz emitter,
because of the reported large THz emission from magnetic
films with only several nanometers (nm) in thickness [8,9].
The ultrafast demagnetization of the ferromagnet diffuses spin
current into an adjacent heavy metal which converts the spin
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current to charge current due to the inverse spin Hall effect
and results in a radiated THz signal (electric-dipole based THz
emission) [9]. The ultrafast demagnetization phenomenon has
been extensively studied for transition metal element-based
thin films, such as Ni, Co, and Fe. The behavior of these
materials is well characterized by the phenomenologically
developed three-temperature model and, more recently, the
microscopic three-temperature model which is based on the
heating of the spin system in a single ferromagnetic layer and
accounts for the interplay between lattice, electron, and spin
subsystems [1,10,11]. Additionally, ultrafast demagnetization
has been investigated in noniterant ferromagnets, and in mate-
rials with ferro- or antiferromagnetically coupled sublattices,
such as ferrimagnetic materials with two sublattices aligned
antiparallel, e.g., rare-earth-based GdFeCo alloys [12–14],
and permalloy with Fe and Ni sublattices ferromagnetically
coupled [15].

The tuning of the ultrafast demagnetization phenomenon
has been studied more recently [16–19]. It has been shown
that the demagnetization at the time scale of several hundred
fs is stronger at longer pump wavelengths—this is explained
by the wavelength dependence of the laser-induced heat-
ing of the electrons in the microscopic three-temperature
model [16–18]. Beyond the wavelength dependence, the
laser fluence, polarization, and pulse duration allow for
control over the total absorbed energy into the ferromag-
netic film and therefore represent strategies to tune ultrafast
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demagnetization [19,20]. Additionally, demagnetization pro-
cesses have been manipulated in a CoFeB-based magnetic
tunnel junction via external bias applied to the junction, which
is attributed to the changes in the junction conductivity [21].
Further work on CoFeB suggested that crystalline disorder
can enhance spin-lattice scattering during ultrafast demagne-
tization (promoted by single cycle THz fields) [22]. In this
study, we have investigated the potential for electric field (E
field) tuning of ultrafast demagnetization in a ferromagnet
(FM)/ferroelectric (FE) magnetoelectric (ME) heterostruc-
ture, specifically (Fe80Ga20)B12 (FeGaB) thin film deposited
directly on a Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) sub-
strate. This experimental study demonstrates the utilization
of the magnetoelectric (ME) heterostructures for ultrafast
demagnetization tuning, which may have implications for tun-
able THz emitters. It should be noted that there have been
notable demonstrations of laser excitation on single-phase
materials, such as pump excitation of ferroelectric and antifer-
romagnetic ordering in GdFeO3 [23], and photoinduced mag-
netoelectricity in CuB2O4 [24]. Additionally, ultrafast laser
pump excitation has been shown to tune antiferromagnetic
phase transitions in CuO [25]. Antiferromagnetic domains
in Y -type hexaferrite (Ba, Sr)2Me2Fe12O22 (Me = divalent
transition metal) have been studied utilizing the charge-
magnetic interference effect with resonant x-ray dichroism
from magnetic scattering [26]. There has been exploration
in ME heterostructures, such as the control of ferroelectric
order on a time scale dictated by spin-lattice relaxation in the
FM material of the ME stack Ba0.1Sr0.9TiO3/La0.7Ca0.3MnO3

[27].
The FeGaB/PMN-PT ME heterostructure was selected

for our experimental study. We selected FeGaB as our
magnetic film because ferrite/ferroelectric composites have
ME coupling coefficients limited to several Oe cm kV−1,
while FeGaB/FE-like bilayers have achieved ME coupling
coefficients up to 94 Oe cm kV−1 [28,29]. ME coupling
is the control of electric polarization switching through
an applied magnetic field (direct ME effect) and the
control of magnetization through an applied electric
field (converse ME effect). While ME effects were first
theorized and experimentally demonstrated for a single-phase
material, van Suchtelen et al. proposed the ME effect
for composite materials [30–34]. A key advantage of
ME composites over single-phase multiferroics is the
expansive material possibilities because ME composites
circumvent the contrasting chemical requirements that limit
single-phase multiferroics [35]. Additionally, ME composites
exhibit significantly higher ME voltage than single-phase
multiferroics, like BiFeO3 [36]. ME horizontal, laminar
heterostructures have coupling between the magnetic and
electrical energy realized through a mechanical interface
between the FM/piezoelectric layer. The converse ME
effect has been experimentally demonstrated in multiple
heterostructures where magnetic films, such as permalloy
(Ni80 Fe20), FeGa alloys (B-doped Fe80Ga20), FeCo alloys
(Fe50Co50), and ferrites (Fe3O4 and CoFe2O4) grown directly
on FE substrate, like Pb(Zn1/3Nb2/3)O3-PbTiO3(PZN-PT),
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), and
Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-
PT) [29,37–41]. The current state-of-the-art magnetic

materials for ME composites are B- and C-doped
FeGa alloys, (Fe81Ga19)88B12 and (Fe81Ga19)88C12, and
(Fe90Co10)78Si12B10 [42–46]. Here we use (Fe81Ga19)88B12

(FeGaB) in our ME heterostructure, because FeGaB
has a high magnetomechanical coupling factor of 0.84,
compared to (Fe90Co10)78Si12B10 (0.67) and Terfenol-D
(0.18); magnetomechanical coupling of unity (1) represents
complete transduction between magnetic and elastic energy
[45,47,48]. Additionally, FeGaB has a high saturation
magnetostriction of 70 ppm and narrow ferromagnetic
resonance linewidth of 20 Oe [42,44,45]. Thus, FeGaB is
an excellent state-of-the-art magnetic material for our ME
heterostructure. For our FE substrate, we have selected
PMN-PT because it is a relaxor-based FE crystal with
composition near the morphotropic phase boundary and
therefore has a high dielectric constant and ultrahigh
piezoelectricity [49]. Specifically, we employ (011)-cut
PMN-PT because when poled this crystal exhibits anisotropic
in-plane piezoelectric coefficients (d31 ∼ −1750 pC/N and
d32 ∼ 900 pC/N) capable of generating giant in-plane,
uniaxial magnetic anisotropy field in the magnetic film
[37,50].

Our foundational approach for demonstrating
FeGaB/PMN-PT heterostructure for ultrafast control of
magnetism is substantiated via multiple experimental
strategies. After fabrication of the FeGaB/PMN-PT
heterostructure the ME heterostructure was characterized
for material quality. This was first accomplished by ensuring
that the applied E-field induced strain in the PMN-PT
substrate followed by experimental validation of the ME
coupling, e.g., static, and dynamic magnetization control
with applied E field. Next, to show the feasibility of this
ME heterostructure and its potential for use in applications
requiring the magnetization rotation, such as voltage tunable
THz emitters, we demonstrated E-field tuning of ultrafast
demagnetization using time-resolved magneto-optic Kerr
effect (TR-MOKE) spectroscopy. Last, we investigated how
ultrafast demagnetization can alter the magnetic anisotropy
of the ME heterostructure and lower the required E field for
magnetization rotation compared to the equilibrium case.
The details of each experimental strategy are explained and
discussed herein.

II. RESULTS AND DISCUSSION

The ME heterostructure of 50-nm FeGaB on (011)-cut
PMN-PT substrate was fabricated by sputter deposition. Be-
fore the deposition of the FeGaB film on the substrate, top
and bottom Cu electrodes (8 and 50 nm respectively) were
deposited on the (011)-cut PMN-PT single crystal (0.5 mm
thick) and the crystal was prepoled along the thickness di-
rection at 200 °C (temperature above the Curie temperature
of 150 °C) in an oil bath. Prepoling of the PMN-PT is nec-
essary to align the ferroelectric domains, such that there
are no nonuniform residual stresses applied to the magnetic
film after deposition. The FeGaB was fabricated with base
pressures lower than 1 × 10−7 Torr to reduce contamination
and under an in situ magnetic field to induce a uniaxial,
in-plane magnetic anisotropy—see easy and hard axis magne-
tization hysteresis loop results in measured with a LakeShore
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FIG. 1. (a) Vibrating sample magnetometry of the easy-axis (along the [100] of PMN-PT) and hard-axis (along the [01-1] of PMN-PT)
directions produced due to deposition under DC magnetic bias. (b) X-ray diffraction pattern about the (011) PMN-PT substrate diffraction
peak with applied E field −2 kV/cm (grey) and 8 kV/cm (blue). There is a shift to 0.064 ° in the PMN-PT (011) substrate peak to a lower
two-theta position. (c) Schematic of the PMN-PT strain state with out-of-plane polarization. (d) Schematic of the PMN-PT strain state with
predominately in-plane polarization. Gold arrows represent tensile strain and green arrows represent compressive strain in schematics (c)
and (d).

7407 vibrating sample magnetometer (VSM). A 2-nm-thick
Cu seed layer was deposited before the magnetic film to
promote magnetic softness (underlayer effect) [51,52] and
a 2-nm-thick Cu capping layer to prevent oxidation of the
magnetic film. Ag/In contacts were implemented to create
an electrical contact to the top and bottom surface of the
ME heterostructure via Cu wire. The E field is applied
along the surface normal direction (through thickness) of the
heterostructure.

To substantiate the quality of the ME heterostructure, e.g.,
to ensure that the applied E field results in strain of the PMN-
PT substrate, we performed high angle, out-of-plane x-ray
diffraction (XRD) as a function of E-field materials charac-
terization experiments at room temperature. The XRD was
performed with a four-circle diffractometer Rigaku SmartLab
(Cu Kα radiation), and the spectra were obtained from sym-
metric 2θ − ω scans. The XRD spectra with applied E field
are shown in Fig. 1(b). Comparing +8 kV/cm applied along
the [011] direction with −2 kV/cm applied along the [011]
direction, we see a 0.064 ° shift in the PMN-PT (011) substrate
peak to a lower two-theta position, which corresponds to an
increase in d spacing out-of-plane and indicates tensile strain
in the +8-kV/cm case. This is evidence of the two strain states
in the (011)-cut PMN-PT enabled with applied E field—(1)
polarization aligned out of plane [Fig. 1(c)], and (2) majority

of the ferroelectric domains lying in plane [Fig. 1(d)]. The
polarization rotation is accompanied by large in-plane and
out-of-plane strain in the single crystal PMN-PT [53].

Additional quantification of the ME heterostructure ma-
terials quality was attained by verifying the ME coupling
via static and dynamic magnetic characterization methods,
namely VSM and ferromagnetic resonance (FMR) with
applied E field at room temperature. The magnetization hys-
teresis loops were measured along the [100] in-plane direction
of the PMN-PT with applied E field ranging from −2 to
+8 kV/cm as seen in . As evident by Fig. 2(a), there are
large, E-field induced effective magnetic anisotropy changes
as we anticipated based on previous literature—sweeping
from −2 to +8 kV/cm corresponds to an increase in the
magnetic anisotropy field [29,37]. The degree of the E-field
tuning is obvious by the tuning of the magnetic hysteresis
loop squareness, remnant magnetization normalized to the
saturation magnetization or the MR/MS, as shown in Table I.
We observe 56% tunability in the squareness (MR/MS) of the
magnetic hysteresis loop, which is a measure of the static
magnetization control. We also performed broadband strip
line FMR measurements to understand the E-field tuning of
the dynamic property of the ME heterostructure. As shown in
Fig. 2(b), we performed the DC magnetic field sweep ferro-
magnetic resonance at a frequency of 8 GHz and measured
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FIG. 2. (a) Magnetic hysteresis loops measured with applied E field ranging from −2 to 8 kV/cm. This measurement was collected with the
DC magnetic field applied parallel to the [100] direction of the PMN-PT crystal. The magnetization is normalized to saturation magnetization.
The arrow represents increasing applied E field. (b) Magnetic field sweep ferromagnetic resonance at 8 GHz with applied E field ranging from
−2 to 8 kV/cm. This measurement was collected with the DC magnetic field applied parallel to the [100] in-plane direction of the PMN-PT
crystal. First-order standing spin wave modes along the film thickness direction emerge for higher applied E field at DC magnetic fields lower
than the main resonance mode. The arrow represents increasing applied E field.

along the [100] in-plane direction of the PMN-PT. There is an
increase in the resonance field (HRES) with increase in applied
E field—this shift in the resonance field tuning is explicitly
shown in Table I. We see an approximate 200-Oe shift in
the FMR field from −2 to +8 kV/cm. This E-field tuning of
the resonance field can be explained by the strain-mediated
in-plane magnetic anisotropy term HEFF. The resonance field
is tuned to higher or lower field values depending on whether
HEFF is parallel or perpendicular to the applied DC magnetic
field, and the amplitude of the shift in resonance field is
proportional to the applied E field. For in-plane FMR this is
described by the Kittel equation as follows [54]:

f = γ
√

(HRES + HK + HEFF)(HRES + HK + HEFF + 4πMS ).
(1)

In Eq. (1) γ is the gyromagnetic ratio (2.8 MHz/Oe), HK

is defined as the in-plane anisotropy field, and MS is the
saturation magnetization. HEFF is the effective magnetic field
produced due to the piezoelectric strain in the PMN-PT and
induced in-plane stress in the FeGaB film and �HEFF defined
by Eq. (2) [29],

�HEFF = 3λSdEFFEY/MS (2)

In Eq. (2) λS is the saturation magnetostriction and Y is the
Young’s modulus of the FeGaB. E is defined as the applied E

TABLE I. E-field tuning of (Fe80Ga20)88B12/PMN-PT
heterostructure*.

−2 kV/cm 0 kV/cm 4 kV/cm 6 kV/cm 7 kV/cm 8 kV/cm

MR/MS 0.891 0.874 0.700 0.602 0.523 0.500
HRES 634 Oe 636 Oe 722 Oe 771 Oe 795 Oe 823 Oe

*Table legend:
MR is the remnant magnetization.
MS is the saturation magnetization.
HRES is the ferromagnetic resonance field.

field. Equation (2) is valid in the regime where the thickness
of the FeGaB film and Cu electrodes are much less than the
PMN-PT substrate, such that the FeGaB is coherently strained
in plane due to the piezoelectric strain in the PMN-PT single
crystal. The effective piezoelectric coefficient dEFF is given by
Eq. (3) [29],

dEFF = (d31 − d32)/1 + ν. (3)

In Eq. (3) v is the Poisson ratio of the FeGaB, and the
anisotropic piezoelectric coefficients of the PMN-PT are de-
fined by the d31 and d32. Equation (3) is derived assuming a
plane stress condition. Theoretical calculation of the magnetic
anisotropy field using (2) and (3) in the FeGaB film esti-
mates approximately 250 Oe with +8 kV/cm applied, which
is comparable to the 200 Oe experimentally determined in
Fig. 2(b). This discrepancy may arise from variation in the
FeGaB saturation magnetostriction value as it varies with mi-
nor changes in stoichiometry or a variation in the piezoelectric
coefficients of the PMN-PT substrate as slight composition
variations at the morphotropic phase boundary can correspond
to significant changes in piezoelectric properties [55]. It is
important to note that photoinduced strain can also tune the
ferromagnetic resonance field as demonstrated on Bi-doped
yttrium-iron-garnet films [56], however here we focus on
strain produced by the PMN-PT substrate. In our experiments,
the E-field tunability observed in the static and dynamic mag-
netic characterization confirms the presence of converse ME
coupling (shown in Table I).

Subsequent to validating the E-field control of mag-
netization in our ME heterostructure, we investigated the
E-field tuning of ultrafast demagnetization with time-resolved
magneto-optic Kerr effect spectroscopy. An 80-MHz mode-
locked Ti-sapphire laser with a pulse duration of 200 fs and
a center wavelength of 800 nm was employed in our exper-
iment. Eighty percent of the 800-nm beam passed through a
BBO crystal to generate 400-nm pulses through the second
harmonic generation and were modulated to the frequency
of 10 MHz via an electro-optical modulator. The remaining
20% of the 800-nm beam was used as the probe beam and
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FIG. 3. (a) Schematic of ultrafast demagnetization experiment with applied E field. (b) Ultrafast demagnetization curves measured with
TR-MOKE along the [100] direction of the PMN-PT with applied E field. The arrow indicates increasing applied E field.

modulated at 200 Hz frequency with an optical chopper. An
optical filter was used in front of a balanced photodetector
to block the pump light. The 10-MHz high-frequency mod-
ulation can suppress the laser intensity noise. However, there
was a coherent addition of 10-MHz frequency signals from the
function generator and the electro-optical modulator driver.
A second 200-Hz low-frequency modulation was used to
remove this background signal. The double modulation tech-
nique can improve the signal-to-noise ratio of the pump-probe
experiment [57]. The pump and probe beams are linearly po-
larized and both beams were focused on samples with a 20×
objective lens. Our measurements were conducted at room
temperature. Figure 3(a) illustrates the remnant magnetization
dynamics in the FeGaB along the [100] in-plane direction of
the PMN-PT single crystal subjected to the applied E field
in a longitudinal MOKE geometry with an incident angle
of 45 °, and the normalized results are shown in Fig. 3(b).
Upon the excitation of the laser pulse, the magnetization of
the FeGaB quenches in the first several 100s fs and then
recovers at a longer time scale. As the E field decreases from
+8 to 0 kV/cm (no applied E field), the amplitude of the
demagnetization measured along the [100] direction relative
to the PMN-PT crystal increases. This behavior is the result
of the induced uniaxial anisotropy change due to applied E
field. When applying a positive E field, there will be ten-
sile strain transferred to the FeGaB which induces uniaxial
anisotropy along the [01-1] direction relative to the PMN-PT.
The decrease in the magnitude of the applied, positive E field
reduces this induced uniaxial anisotropy and thus the mag-
netic easy axis as well as the magnetization rotation rotates
back to [100] relative to the PMN-PT, therefore enhancing the
remnant ultrafast demagnetization. Application of a negative
E field should further rotate the easy axis away from the
[100] direction relative to the PMN-PT which should result
in a reduction in ultrafast demagnetization. This convincingly
demonstrates E-field tuning in ME heterostructures, promis-
ing ultrafast laser applications that require a magnetization
rotation, such as reversible polarization tuning of THz emis-
sion. As an example, inverse spin Hall effect emitters produce
a linearly polarized E-field pulse that is orthogonal to the
FM film magnetization, therefore the in-plane rotation con-
trol of the magnetization enables polarization tuning of the

THz signal. It has been very recently demonstrated in inverse
spin Hall effect heterostructures, W/FeCo/TbCo2/FeCo/Pt,
Pt/NiFe, Pt/CoFeB, Pt/CoFe on PMN-PT substrate [58–60].
We believe that FeGaB/Cu/PMN-PT is a strong candidate for
such inverse spin Hall effect THz emission applications if
capped with a material with strong spin-orbit coupling and
large spin Hall angle, like a heavy metal or three-dimensional
(3D) topological insulator [61–66].

Ultrafast laser excitation drives the magnetization into a
complicated, higher temperature, nonequilibrium state dur-
ing the ultrafast demagnetization process, therefore our final
experiment was designed to investigate how ultrafast demag-
netization process can in turn alter the magnetic anisotropy of
our ME heterostructure. This was accomplished by studying
the ultrafast demagnetization hysteresis at a postpump demag-
netization [the time the postpump was fixed in the experiment
as shown by the dashed line in Fig. 3(b)] for the [100] and
[011̄] in-plane directions relative to the PMN-PT crystal. The
sample was rotated to maintain the longitudinal MOKE geom-
etry. This was repeated under various E-field conditions and
the results are summarized in Fig. 4. For the [100] in-plane
direction relative to the PMN-PT crystal, we observe a very
square hysteresis loop upon the swept magnetic field at 0
kV/cm in Fig. 4(a). The E-field modulation of the nonequilib-
rium ultrafast demagnetization hysteresis loops with applied
E field is directly compared to the equilibrium magnetization
hysteresis loops shown in the Supplemental Figs. S1(a) and
S1(b) [67]. When applying E field (from +2 to +8 kV/cm) we
observe very hard magnetization loops. For the [011̄] in-plane
direction relative to the PMN-PT crystal, we do observe a
hard hysteresis loop upon swept magnetic field at 0 kV/cm
as shown in Fig. 4(b). However, with increasing the applied
E field (from +2 to +8 kV/cm) we observe squarer mag-
netization loops. We considered three magnetic anisotropies
in our interpretation of the data: (1) the magnetic field in-
duced magnetic anisotropy because of the in situ magnetic
bias during the deposition along the [100] in-plane direction
relative to the PMN-PT crystal, (2) Zeeman energy term due to
the presence of the applied DC magnetic field, and, addition-
ally, (3) the magnetoelastic anisotropy from the ME coupling
between the FeGaB and PMN-PT. Here we do not include
any magnetocrystalline anisotropy, because the FeGaB is

174401-5



WILL-COLE, WANG, BHATTACHARJEE, LIU, AND SUN PHYSICAL REVIEW B 106, 174401 (2022)

FIG. 4. (a) Normalized magnetization hysteresis loop measured via MOKE after demagnetization as a function of E field. These are
measured along the [100] direction relative to the PMN-PT crystal substrate. (b) Normalized magnetization hysteresis loop measured via
MOKE after demagnetization as a function of E field. These are measured along the [01-1] direction relative to the PMN-PT crystal substrate.
(c) Butterfly loops of the normalized magnetization at the given field value (0, 5, 10, 15, and 20 Oe) after demagnetization at each E-field value
measured along the [100] direction relative to the PMN-PT crystal substrate. The results are provided in arbitrary units. (d) Butterfly loops of
the normalized magnetization at the given field value (0, 5, 10, 15, and 20 Oe) after demagnetization at each E-field value measured along the
[01-1] direction relative to the PMN-PT crystal substrate. The results are provided in arbitrary units.

amorphous. It is important to note that the temperature de-
pendence of the magnetoelastic anisotropy follows the third
power law outlined in Eq. (4), where T is temperature, MS is
saturation magnetization, and K is the anisotropy constant,

K (T )

K (0)
=

[
MS (T )

MS (0)

]3

. (4)

This decreases more sharply with increasing temperature
than the magnetization and Zeeman energy (MSH , where H
is the applied magnetic field and MS is the saturation mag-
netization) [68]. From our aforementioned measurements in
Figs. 1(a) and 2(a), we can see that the magnetic field in-
duced anisotropy field and magnetoelastic anisotropy field are
close to 100 Oe, which is larger than the applied magnetic
field in our current measurements, therefore the applied mag-
netic field plays a secondary role. The magnetic field induced
anisotropy is related to the mesoscale structure, for example
icosahedral-like clusters give the amorphous CoFeB a mag-
netic field induced magnetic anisotropy [69]. Additionally, the
thermal dependence of magnetization clusters is stronger than
for that of a bulk material [70,71]. Therefore, we deduce in our
system that the magnetic field induced magnetic anisotropy
decreases faster after thermal excitation of the laser compared

with the magnetoelastic anisotropy. In the nonequilibrium
state induced by ultrafast demagnetization, the magnetoelastic
anisotropy is dominant, therefore the E-field tuning is more
effective in the nonequilibrium state compared with the equi-
librium state [see Figs. S1(a) and S1(b) in the Supplemental
Material [67] for a direct comparison]. This highlights the
need to consider the magnetic anisotropy energy changes pos-
tultrafast demagnetization when designing ME-based devices
for magnetization control on a fs time scale [3]. Based on
the ratio of the MOKE signal along the easy and hard axis
in Figs. 4(a) and 4(b), we can estimate the magnetization
rotation. Our ME heterostructure has a magnetization rota-
tion of 59 ° with a voltage change of 100 V without applied
magnetic field, which is at least an eight times enhancement
compared to a reported similar structure of Pt/CoFeB with
only a 28 ° magnetization rotation with an applied voltage of
400 V [59]. We have extracted the ultrafast demagnetization
intensity at different magnetic fields (0, 5, 10, 15, and 20
Oe) along the [100] and [011̄] directions relative to PMN-PT
and plotted these as a function of the applied E field. The
results are displayed in Figs. 4(c) and 4(d), respectively. We
observe that the ultrafast demagnetization loops along the
[100] and [011̄] directions are inverted compared with one
another, and this inversion further confirms the rotation of
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the magnetic axis with the applied E field [58]. We also ob-
serve the piezo-strain butterflylike curve behavior in Fig. 4(c);
however, the negative field loop has a reduced area compared
with the positive field loop, which indicates asymmetric loop-
like behavior. Figure 4(d) clearly shows that the loops are a
mix of both volatile piezo-strain butterfly looplike curve and
nonvolatile strain looplike curve [72,73]. To understand the
difference in the nonequilibrium loops to equilibrium loops
we direct the reader to Refs. [3,71–74] for results on similar
and identical ME heterostructures [74–78]. Overall, we have
enhanced control over the magnetization state of this ultrafast
demagnetization ME system. The greatest tunability of the
magnetization is achieved with a moderate magnetic field
applied, because the field is large enough to align the magnetic
domains, but weak enough that the strain-induced uniaxial
magnetic anisotropy still dominates. We observe less tunabil-
ity with a relatively small magnetic applied because the field is
too weak to align the overall domain structure. Alternatively, a
relatively large magnetic field applied will align the magnetic
domains but reduce the effect of the strain-induced anisotropy,
thus there is a reduced tunability compared with a moderate
applied magnetic field.

III. CONCLUSIONS

In summary, we have demonstrated magnetization con-
trol in our ME heterostructure composed of PMN-PT/FeGaB
and the E-field tuning of ultrafast demagnetization in said
heterostructure. We have shown with TR-MOKE that the
amplitude of the ultrafast demagnetization curves changes
as a function of E field supporting that the magnetization

rotates in-plane with applied E field. This effect indicates
the promise of ME heterostructures for ultrafast applications
requiring magnetic easy-axis rotation control, such as po-
larization tunable THz emitters based on inverse spin Hall
effect or ferromagnetic film based ultrafast demagnetization
THz emitters [2,58–60,79,80]. We have also demonstrated
how the laser heating effect during ultrafast demagnetization
contributes to the changes in magnetic anisotropy compared
to equilibrium tuning in a uniformly magnetized film. We
attribute these changes to the sharper decrease of the magnetic
field induced magnetic anisotropy than the magnetoelastic
anisotropy, which allows for the stress anisotropy term derived
from ME coupling to dominate. Additionally, the ultrafast
demagnetization hysteresis loops showed evidence of both
butterflylike volatile and looplike nonvolatile effects for our
ME heterostructure. We believe our findings on the E-field
control in ME heterostructure would lead to novel applications
based on E-field tuning of ultrafast demagnetization-related
applications, such as optical magnetization switching relevant
for memory/logic devices [81].
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