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The half-metallic Heusler alloy Co,FeSi is an ideal material in spintronic devices due to its higher spin polarization,
higher Curie temperature and lower damping parameters. In this work, the dynamic magnetism of Co,FeSi is modulated by
electric field and it is demonstrated that the charge-spin conversion efficiency & is continuous and controllable by the electric
field. We further find an extremely high € in ferromagnetic/ferroelectric (FM/FE) heterostructures, which could be ascribed
to interfacial effect in FM/FE interface. Moreover, we investigate that the charge-spin conversion efficiency varies with the
electric field in a butterfly-like behavior, which accords with the S—E curve of Pb(Mg; /3Nb2 /3 )O3-Pbg 7Tig 303(PMN-PT)
and could be attributed to strain effect. The modulation of charge-spin conversion efficiency in FM/FE heterostructures
via electric field presents a profound potential for next-generation spintronic devices and applications of current-induced

magnetization switching.
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1. Introduction

The growing demand for high-speed information reading-
writing and high-efficiency information storage increases
rapidly with fast development of information technology. The
effective implementation of modulating magnetization is one
of the significant topics of spintronics. The current-induced
magnetization switching via spin—orbit torques (SOTs) gener-
ated by spin current is an effective method to realize magnetic
random memory (MRAM), highly endurable spin logic de-
vices, and nonvolatile functionality.!!! Traditionally, two main
mechanisms are considered to generate spin current: the spin
Hall effect!?! (SHE) and the interfacial Rashba effect.[3] The
spin Hall effect originates from the strong spin—orbit cou-
pling in heavy metal materials. While the charge current
flows in the x-direction through the ferromagnetic/heavy metal
(FM/HM) bilayer, the SHE caused by the strong spin—orbit
coupling in the heavy metal converts it into spin current po-
larized along the y-direction, and the spin current is generated
and injected into the adjacent ferromagnetic layer, where the
magnetization will be affected by an in-plane damping-like
torque T o< m X (y x m). In addition, the Rashba effect roots
in inversion-symmetry breaking and commonly in interface
system.[*l An electric field E is generated along the direction
of the symmetry breaking due to the spin—orbit interaction.
The spin—orbit coupling at the interface causes the conduc-
tion electrons’ magnetic moment to polarize along E X p and
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results in the spin accumulation on the interface, which gener-
ates a field-like torque Ty o< m X y acting on the ferromagnetic
layer’s magnetization.>8) Generally, the Rashba effect is de-
scribed by the Hamiltonian H; = ar(E X p) - 6 /h, where og
is the Rashba coefficient.”) The Rashba field can be calcu-
lated by Hz = 20Rkp/gup, where kp and g are the Fermi wave
vector and g-factor of the carriers in the conduction channel,
respectively.®! In addition, the charge current generates the
Oersted field which creates an oscillating torque acting on the
ferromagnetic layer’s magnetization and drives it into preces-
sion as well.

Generally, the magnitude of charge-spin conversion could
be modulated by varying the internal properties like thick-
ness and species of HM/FM bilayers in conventional HM/FM
system. A great number of NM metals, such as Pt, Au,!!"]
pd, 1121 ﬁ-Ta,[13J and Ru,!'"¥ have been extensively as the
source of spin current when in contact with an FM. The mod-
ulation of charge-spin conversion via external method draws
great attention, where electric-field modulation is regarded as
an effective method. According to the reports, electric field-
induced piezoelectric strain can realize an effective modula-
tion of the magnetic anisotropy, magnetic domain structure
and the dynamical properties of in-plane films.[!5-17] Exper-
imental attempts have been made to explore the effect of
electric fields on charge-spin conversion. Lv er al.l'8 pro-
vided a method of SOTs manipulation compatible with field-
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effect semiconductor devices based on two-dimensional tran-
sition metal dichalcogenides (2D-TMD) materials. Filianina
et al." investigated the strain response of current-induced
SOTs in perpendicularly magnetized W/CoFeB/MgO layers
grown on piezoelectric substrates, which demonstrated that
the in-plane strain of different properties and magnitude could
lead to distinctly different variations of field-like and damping-
like torques. Cai et al.”*°! made great contributions in control-
ling the spin orbit torque in FM in the hybrid FM/FE struc-
ture by electric field, and utilized the magnetization switching
without an external magnetic field. Moreover, the half metal-
lic Heusler alloy Co,FeSi is an ideal material for spin-injected
semiconductor devices owing to its high Curie temperature
(1100 K),?1-22! low damping parameter as well as low relax-
ation time in magnetization switching.[>3! Thus, it is necessary
to investigate the electric-field modulation of charge-spin con-

version in Co,FeSi.
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Fig. 1. (a) Schematic circuit of ST-FMR measurement. (b) Schematic
diagram of structure and electric field modulation of Pt/Co,FeSi/PMN-
PT films.

In this work, the electric field continuous modulation of
charge-spin conversion efficiency & in Co,FeSi thin films de-
posited on the ferroelectric substrates PMN-PT is investigated.
The & is determined by the ratio of the symmetric component
and antisymmetric component through spin-torque ferromag-
netic resonance (ST-FMR). With a large electric field applied,
the & is significantly modulated in a continuous manner. In
particular, it is interesting to find that the trend of £ with elec-
tric field E obeys a butterfly-like behavior and coincides with
the S—FE curve of the PMN-PT, which can be ascribed to the
piezostrain effect.

2. Experiment

The Co,FeSi/Pt thin film was grown on a (001)-oriented
PMN-PT substrate whose thickness is 0.4 mm by magnetron

sputtering. In order to remove surface contamination be-
fore deposition, we pre-annealed the substrate at 350 °C for
1 h. The Pt(5 nm)/Co;FeSi(10 nm)/PMN-PT/Pt(100 nm)
structure was prepared 100 nm Pt grown on the rear side of
the substrate with the same Pt sputtering conditions as the
electrode. A vertical bias electric field was applied to the
Pt(5 nm)/Co,FeSi(10 nm)/PMN-PT/Pt(100 nm) structure by
using a Keithley 2410 direct current (dc) power source. Fig-
ure 1(a) shows the schematic circuit of the ST-FMR measure-
ment. The bias tee allows us to measure the dc voltage while
applying a microwave current. During the ST-FMR measure-
ment, a microwave current with certain power (30 dBm) and
frequency is exerted along the length direction of the film and
a magnetic field Hey, is applied along the film plane for sweep-
ing. The lock-in amplifier is used to measure the voltage
signal Vpc along the length of the film. Figure 1(b) shows
the schematic structure and electric field modulation of the
Pt/CoyFeSi/PMN-PT films.

3. Results and discussion

The charge current in the FM/HM could be converted into
spin current through the SHE or the interfacial Rashba effect.
The generated spin current will affect the magnetization of
the ferromagnetic layer in the form of SOTs and drive it into

24251 The radio frequency and the magnetic field

26]

precession. !
meet the resonance condition and can be expressed as!

f = % V Hr(Hr+#0Meff)a (1)

where L is the permeability in vacuum, and Mc¢ is the ef-
fective saturation magnetization of Co,FeSi. We primar-
ily consider two types of current-induced spin—orbit torques,
the field-like torque 7z and damping-like torque 7p.. The
Landau-Lifshitz—Gilbert equation incorporating the above

two spin—orbit torques is presented as follows:*”]

dm dm
? = —=YmxX Heff+(xm>< ?—F)/TFLmX o

+ytoim x (o x m) —m X Hgg, 2)

where 7y is the gyromagnetic ratio,  is the Gilbert damping
coefficient, Hy; is the applied external magnetic field, H
is the effective magnetic field along with the applied external
magnetic field, and ¢ is the direction of the injected spin mo-
ment; Ty, Tr, and Hrp represent the damping-like torque,
field-like torque, and Oersted field, respectively. We studied
the possible spin—orbit torques in the heterostructure by ST-
FMR measurements. The ST-FMR resonance signal can be
presented as a superposition of symmetric and antisymmetric
signals. Therefore, the dc signal Vpc measured by ST-FMR is
fitting with the following equation: 28]

AH(H — H;) Y AH?
(H—H,)2+AH? " S(H—H,)>+AH?’

Vbc =Va 3)
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where Va and Vg are the intensities of the antisymmetric and
symmetric signal, respectively. AH is the linewidth of the ST-
FMR signal, and H; is the resonance field.

The charge-spin conversion efficiency determined by the
ratio of symmetric and antisymmetric amplitudes in the reso-
nance signal is described by the parameter &,[%7]

Is
Jc

Mg
H, ’

_ Vs epoMstrutum

= = 1
: Va h *

“)

where e is the electronic charge, U is the permeability in vac-
uum, Mg is the saturation magnetization of Co,FeSi, fry is the
thickness of Co,FeSi, iy is the thickness of Pt, and 7 is the
reduced Planck constant. M is the effective saturation mag-
netization of Co,FeSi.

For the Pt(5 nm)/CoyFeSi(10 nm)/PMN-PT/Pt(100 nm)
films, we performed ST-FMR measurements by varying the
frequency of the microwave at the certain power of 30 dBm,
where the angle ¢ between external magnetic field Hey and
microwave current is fixed at 45°. By fitting the above data,
we obtained the resonance spectra in the sample at various fre-
quencies in the unpolarized state, as shown in Fig. 2(a). The
efficiency & of charge-spin conversion at different frequencies
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was calculated by Eq. (4), as shown in Fig. 2(b). The aver-
age value of the charge-spin conversion efficiency at different
frequencies is about 0.811. In general, the charge spin con-
version efficiency caused by the SHE is smaller than Rashba
effect. In previous reports, the & of Pt in Pt (6 nm)/Py (4 nm)
bilayers at room temperature was obtained to be 0.056,17]
and the efficiency of Ta in CoFeB (4 nm)/Ta (8 nm) bilayers
was around 0.15,>°! while the maximum & observed in the f3-
phase W/CoFeB bilayer by ST-FMR measurements for heavy
metal was 0.3.13°1 However, large & presented the Rashba ef-
fect very likely. For example, a large spin Hall angle of 6.3+ 1
at room temperature was demonstrated in the two-dimensional
electron gas on the interface such as the SrTiO3/LaAlO3 sys-
tem, which was several orders of magnitude higher than the
£ ~ 0.06-0.3 for heavy metals like Pt, Ta, and W. B11 1n addi-
tion, high & ~ 0.43-3.5 due to strong Rashba effect was also
observed in the emerging topological insulator Bi,Sez.3%33]
In the Pt/Co,FeSi/PMN-PT system, the strong Rashba effect
exists in FM/PMN-PT interface since their structure-inversion
symmetry is naturally broken,?* which can be regarded as the

source of a large charge spin conversion efficiency.
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Fig. 2. (a) ST-FMR resonance signal Vpc of Pt/Co,FeSi/PMN-PT measured in the unpolarized state. (b) Frequency dependence of the charge-
spin conversion efficiency &. [(c), (d)] Angular dependence of the ST-FMR antisymmetric linear component V4 and the symmetric linear
component Vg with respect to the in-plane magnetic field angle ¢ with the microwave frequency of 7 GHz and the power of 30 dBm.

To explore the origin of the torques in Pt/Co,FeSi/PMN-
PT, we studied the angular dependence of the ST-FMR sig-
nal in the applied external magnetic field. In the unpolar-
ized state, we determined the ST-FMR measurements by se-
lecting the angle ¢ between the applied magnetic field and

the current varying from 0° to 360° at 10° intervals, when

the magnetic field frequency was 7 GHz and the microwave
power was 30 dBm. We obtained the dc signal Vpc by spin
rectification. By fitting the ST-FMR spectrum with Eq. (3),
the dependence between the antisymmetric resonance ampli-
tude Vy, symmetric amplitude Vg and angle ¢ were obtained,
as shown in Figs. 2(c) and 2(d). Va and Vg can be fitted
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by the equation Vs(a) = Agy) sin2@cos @. The antisymmet-
ric and symmetric components correspond to the out-of-plane
torque and in-plane torque, respectively. Generally, the AMR
of CoyFeSi follows the trend of sin(2¢), while the current-
induced torques (anti-damping torque and field-like torque)
follow cos(¢) behavior.[?]

To investigate the effect of electric field on charge-
spin conversion, we conducted ST-FMR measurements on
Pt/Co,FeSi/PMN-PT by varying the electric field at 7 GHz.
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In order to ensure the stability of the measurements, the
sample was polarized several times under different positive
and negative electric fields before the measurements. Fig-
ures 3(a) and 3(b) illustrate the ST-FMR spectra obtained by
measurements at 30 dBm and 7 GHz with the electric fields
of +0 kV/cm, +3.75 kV/cm, —0 kV/cm, and —3.75 kV/cm,
where 40 kV/cm and —0 kV/cm represent the remnant po-
larization states under positive and negative electric fields, re-

spectively.
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Fig. 3. (a), (b) ST-FMR spectrum at 7 GHz, 30 dBm, with electric fields: (a) +0 kV/cm and +3.75 kV/cm, (b) —0 kV/cm and —3.75 kV/cm.
(¢), (d) Charge-spin conversion efficiency & at electric fields: (c) +0 kV/cm and (d) —0 kV/cm.
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Fig. 4. (a) ST-FMR resonance signal Vpc of Pt/Co,FeSi/PMN-PT measured at electric fields of +0 kV/cm and (b) —0 kV/cm. (c) Dispersion
relation between the resonant field H; and frequency at electric fields of 40 kV/cm and —0 kV/cm.

We performed the ST-FMR measurements by varying the
frequency of the microwave in the positive and negative rem-
nant polarization states, and the signal was fitted according
to Eq. (4) to obtain the charge-spin conversion efficiency in
the remnant polarization state, as illustrated in Figs. 3(c) and
3(d). The charge-spin conversion efficiencies in the positive
(E = +0 kV/cm) remnant polarization state (§ = 0.817) is
similar to that (§ = 0.806) in the negative (E = 0 kV/cm) rem-
nant polarization state, which implies similar in-plane piezo-
electric strain in the PMN-PT for the positive and negative

remnant polarization state.

Figures 4(a) and 4(b) give the ST-FMR spectra obtained at
different frequencies measured at electric fields of 40 kV/cm
and —0 kV/cm and microwave power of 30 dBm. Figure 4(c)
shows the dispersion curve of the resonance field H; with re-
spect to frequency. By fitting it with Eq. (1), we get the gy-
romagnetic ratio /27 = 28 GHz/T and find that the effective
saturation magnetization Mg is around 1.05 T for Co,FeSi.

To investigate the continuous modulation of the charge-
spin conversion of Co,FeSi alloy by the applied electric field,
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we performed ST-FMR measurements at 7 GHz with different
electric fields. We first plot the curves of the linewidth AH
and the resonance field H; with the electric field, as shown in
Figs. 5(a) and 5(b). It is found that the linewidth AH and res-
onance field H, vary in a butterfly-like shape with the electric
field, which can be ascribed to the strain effect. In ferromag-
netic/ferroelectric heterostructures, the strain effect is widely
present. Through the piezoelectric effect, the electric field can
modulate the lattice of ferroelectric materials. In addition, the
resulting strain is transferred from the ferroelectric layer to the
ferromagnetic layer with the magnetostriction effect, leading
to the magnetoelectric coupling effect.[3>371 Therefore, the
strain anisotropy energy is brought in, resulting in changes in
the orbital polarization and electron density of the electronic
states, enabling the modulation of the magnetization preces-
sion of CoyFeSi.l%

Moreover, the modulation of the electric field for the
resonance field H; originates from the change in magnetic
anisotropy due to strain effect, which makes contributions to
the butter-like behavior of & with the electric field. The above
results indicate that the modulation of the dynamic magnetic
properties of CoFeSi alloy by the applied electric field.

Furthermore, we summarize the charge-spin conver-
sion efficiency & under different electric fields as shown in
Fig. 5(c).
relationship exists between the charge-spin conversion effi-

By comparison, it is found that the following

ciency & in the remnant polarized and unpolarized states:
&+ > & > &_, which illustrates that there is a controllable mod-
ulation of the charge-spin conversion efficiency by the electric
field. Moreover, the charge-spin conversion efficiency shows
butterfly-like behavior with the electric field, which is com-
patible with the strain curve (S—E) of the ferroelectric sub-
strate PMN-PT, indicating the modulation of the charge-spin
conversion efficiency by the piezoelectric strain effect. The-
oretically, the first-principles calculations were exploited and
we found that the modulation of SOTs by the electric field
originates from the unique change in the orbital polarization
of the electronic states caused by lattice distortion. The work
revealed the microscopic origin of the piezoelectric strain ef-
fect affecting SOTSs. Since piezoelectric strain is locally gener-
ated, non-volatile magnetic state modulation can be achieved
by pulsed electric fields, which greatly accelerates the devel-
opment of new spintronics devices with high-density storage,
low-power consumption, and high speed.
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Fig. 5. (a) Variation curve of line width AH with electric field at 7 GHz and 30 dBm. (b) Variation curve of resonance field H; with electric
field at 7 GHz and 30 dBm. (c) Variation curve of charge-spin conversion efficiency & with electric field at 7 GHz and 30 dBm.

4. Conclusion

In conclusion, the strain response to charge-spin conver-
sion in Pt/CoyFeSi/PMN-PT has been experimentally inves-
tigated. We can modulate the dynamic magnetic properties
and charge-spin conversion efficiency & of the Co,FeSi alloy
through an applied electric field by employing ST-FMR. The
results show that the & exhibits butterfly-like behavior with
the electric field, which is consistent with the strain curve of
the (001) oriented PMN-PT and could be attributed to piezos-
train effect. The possibility of tuning charge-spin conversion
at room temperature offers an alternative path for applications
of such as spintronics devices and current-sensing magnetiza-
tion switching.
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