CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Electric-field-induced in-plane effective 90° magnetization rotation in Co,FeAl/PMN-PT

structure

Cai Zhou(J#{#), Dengyu Zhu(4&k % &), Fufu Liu(XlI#E4%), Cunfang Feng(i%4%75), Mingfang Zhang (5K
77), Lei Ding(T %), Mingyao Xu(¥-#3#E), Shengxiang Wang(VE1EH£)

Citation:Chin. Phys. B, 2021, 30 (5): 057504. DOI: 10.1088/1674-1056/abd7de

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

lonic liquid gating control of planar Hall effect in NigFe,,/HfO, heterostructures

Yang-Ping Wang(EFEF), Fu-Fu Liu(XI484f), Cai Zhou(fi{), Chang-Jun Jiang(# K %)
Chin. Phys. B, 2020, 29 (7): 077507. DOI: 10.1088/1674-1056/ab8da9

Spin torque nano-oscillators with a perpendicular spin polarizer

Cuixiu Zheng(#B3275), Hao-Hsau Chen ([ 15 %T), Xiangli Zhang(5K#£1), Zongzhi Zhang(5K 52 %), Yaowen Liu(XI| %
1)
Chin. Phys. B, 2019, 28 (3): 037503. DOI: 10.1088/1674-1056/28/3/037503

Unusual tunability of multiferroicity in GdMn,O; by electric field poling far above

multiferroic ordering point

Xiang Li(Z=#), Shuhan Zheng(#8-1554), Liman Tian(FH #Li2), Rui Shi(f1%t), Meifeng Liu(X13£ X)), Yunlong Xie (i
%), Lun Yang(#1£), Nian Zhao(#X7%), Lin Lin(#:4K), Zhibo Yan(iFi&i), Xiuzhang Wang(F %5 &), Junming
Liu(X14 B)

Chin. Phys. B, 2019, 28 (2): 027502. DOI: 10.1088/1674-1056/28/2/027502

Magnetism manipulation in ferromagnetic/ferroelectric heterostructures by electric

field induced strain

Xiaobin Guo(Z k), Dong Li(Z5#%), Li Xi(J% /1)
Chin. Phys. B, 2018, 27 (9): 097506.  DOI: 10.1088/1674-1056/27/9/097506

Magnetic properties of L1, FePt thin film influenced byrecoverable strains stemmed

from the polarization of Pb(Mg,:Nb,;)O;-PbTiO, substrate

Li-Wang Liu(Xl|37.HT), Cheng-Chao Hu(#J%i#), Ye-Chuan Xu(f4%7)I]), Hou-Bing Huang(®J&1%), Jiang-Wei
Cao(#VT.fF5), Linyun Liang(22#K =), Wei-Feng Rao( 76T E)
Chin. Phys. B, 2018, 27 (7): 077503. DOI: 10.1088/1674-1056/27/7/077503


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7de
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7de
https://doi.org/10.1088/1674-1056/abd7de
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8da9
https://doi.org/10.1088/1674-1056/ab8da9
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/3/037503
https://doi.org/10.1088/1674-1056/28/3/037503
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/027502
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/027502
https://doi.org/10.1088/1674-1056/28/2/027502
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/9/097506
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/9/097506
https://doi.org/10.1088/1674-1056/27/9/097506
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/7/077503
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/7/077503
https://doi.org/10.1088/1674-1056/27/7/077503

Chin. Phys. B Vol. 30, No. 5 (2021) 057504

Electric-field-induced in-plane effective 90° magnetization rotation in
Co,FeAl/PMN-PT structure”

Cai Zhou(JA{#)!3, Dengyu Zhu(4 % £)!3, Fufu Liu(XI4&4%)?, Cunfang Feng(i37775)"3, Mingfang Zhang (k44 75)"3,
Lei Ding(T#)', Mingyao Xu(¥F#I##)"*7, and Shengxiang Wang(VEMEFE)!*

1Hubf:i Province Engineering Research Center for Intelligent Micro-nano Medical Equipment and Key Technologies,
Wuhan Textile University, Wuhan 430200, China

2Key Laboratory for Magnetism and Magnetic Materials, Ministry of Education, Lanzhou University, Lanzhou 730000, China

3Hubei Engineering and Technology Research Center for Functional Fiber Fabrication and Testing, Wuhan Textile University, Wuhan 430200, China

(Received 18 August 2020; revised manuscript received 23 December 2020; accepted manuscript online 4 January 2021)

The in-plane effective 90° magnetization rotation of Co,FeAl thin film grown on PMN-PT substrate induced by the
electric field is investigated at room temperature. The magnetic hysteresis loops under different positive and negative
electric fields are obtained, which reveals remanent magnetization can be mediated by the electric field. Moreover, under
positive electric fields, the obvious 90° magnetization rotation can be observed, while remanent magnetization is nearly un-
changed under negative electric fields. The result is consistent with the electric field dependence of effective magnetic field,
which can be attributed to the piezostrain effect in Co,FeAl/PMN-PT structure. In addition, the piezostrain-mediated 90°
magnetization rotation can be demonstrated by the result of resonance field changing with electric field in the measurement
of ferromagnetic resonance, which is promising for the design of future multiferroic devices.
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1. Introduction

For the development of next-generation electronic de-
vices, it is highly desirable to find an efficient and precise
way to control the high-frequency magnetic properties of
soft magnetic materials.[!l Using the electric field provides
a new route to control the magnetization direction/or mag-
netic anisotropy via magnetoelectric (ME) coupling in mul-

[2-8] 1t has the advantage of localization

tiferroic materials.
and low energy consumption compared with using magnetic
fields or electric currents. Recently, the strong ME coupling
has been achieved in the ferromagnetic/ferroelectric (FM/FE)
multiferroic heterostructure through the piezostrain effect de-
rived from FE substrate, then transferred to the ferromag-

O-11 and inter-

netic layer to control the magnetic parameters
facial charge effect at the interface between the FM and FE
layers.[!>13] However, the charge effect is most pronounced
at charge screening lengths on the scale of a few angstroms,
which requires stringent preparation conditions and impedes
the application for magnetoresistive random access memory
with high operation speed and low power consumption. 3]
Therefore, the change of magnetization direction induced by
the piezostrain is widely investigated in FM/FE structure. Gu-
eye et al. reported that in Co,FeAl (CFA) thin film, the mag-

netic anisotropy in CopFeAl (CFA) grown on Kapton could

DOI: 10.1088/1674-1056/abd7de

be mediated drastically by bending the sample, which re-
veals that CFA film with good magnetoelastic properties can
be submitted to strains.[!*] Nevertheless, the method of non-
in-situ electric field-controlling magnetic anisotropy is a dis-
advantage for the development of many existing and emerg-
ing devices such as magnetoresistive random access mem-
ory. Recently, it is reported that the single-crystal ferro-
electric material Pb(Mg;/3Nb;/3)03-PbTiO3 (PMN-PT) can
control the magnetic anisotropy of the adjacent FM layer,
which can lead to a strong ME coupling.!'>-!7] Therefore, in
this work, the CFA films grown on the single crystal (011)
Pb(Mg 3Nb, 3)03-PbTiO3 substrate were prepared by mag-
netron sputtering. Thus, the in-plane effective 90° magneti-
zation rotation induced by an electric field is demonstrated in
CFA/PMN-PT structure. Under positive electric fields, the 90°
magnetization rotation can be obtained by the measurement of
the hysteresis loops under different electric fields, while rema-
nent magnetization is nearly unchanged under negative elec-
tric fields. In addition, the behavior of the electric field de-
pendence of effective magnetic field is consistent with that of
remanent magnetization, which can be attributed to the piezos-
train effect. Moreover, the piezostrain-mediated 90° magneti-
zation rotation can be demonstrated by the result of the reso-
nance field changing with the electric field in the measurement
of ferromagnetic resonance.
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2. Experiments

The CFA thin films were deposited by radio frequency
magnetron sputtering on a single crystal (011) PMN-PT sub-
strate. These sputtering parameters consisted of a base pres-
sure of < 5x 107> Pa, a power of 20 W, and working under a
processing Ar pressure of 0.1 Pa. A 2-mm-thickness CFA tar-
get was used to deposit CFA films, which were sputtered with
a thickness of 40 nm. The oblique sputtering angle was 10°. Pt
layers, with thicknesses of 20 nm and 100 nm, were sputtered
on the top and bottom sides of the CFA/PMN-PT heterostruc-
ture. Cu wires were then connected to the electrodes using ad-
hesive tape. The schematic of the CFA/PMN-PT structure is
shown in the inset of Fig. 1(a). The sample with edges was cut
along the x ([100] direction) and y ([011] direction) of PMN-
PT, as shown in the inset of Fig. 1(b). The static magnetic
properties of the CFA films were measured using a vibrating
sample magnetometer (VSM, MicroSense EV9). Ferromag-
netic resonance (FMR) measurements were performed using
the JEOL, JES-FA 300 spectrometer (X-band at 8.969 GHz,
power of 1 mW). The FMR absorption spectra were measured
using a lock-in technique based on the sweeping of a static ex-
ternal magnetic field superimposed over the ac magnetic field.
The biased voltage was applied to the CFA/PMNPT structure
by an electrometer controlled using a Keithley 6517Bdc power

supply.
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Fig. 1. (a) The XRD 26 scanning patterns in the unpoled state for
CFA/PMN-PT structure. The inset shows the schematic diagram of the
CFA/PMN-PT structure. (b) The magnetic hysteresis loops along easy and
hard axes in the unpoled state. The bottom view of field and magnetization
directions.

3. Results and discussion

The out-of-plane 6-260 XRD scan of the 40-nm
CFA/PMN-PT structure in the unpoled state is shown in
Fig. 1(a). The prominent (220) PMN-PT peak is recorded
at 65.5°, which reveals the PMN-PT substrate with (011)-
orientation. '8! The presence of the (220) CFA peak indicates
that the CFA thin film contains the A2 phase.l'”) For the
sample of CFA/PMN-PT, the representative in-plane magnetic
hysteresis loops of CFA thin film along the direction of easy
and hard axes in the unpoled state are shown in Fig. 1(b). The
obvious in-plane uniaxial anisotropy can be obtained, which
can be attributed to the oblique sputtering. In the unpoled
state, the direction of the easy axis of the sample is the x direc-
tion, as shown in Fig. 1(b), which can be defined as 0°. The
direction of the hard axis is along the y direction, regarding as
90°. The magnetic hysteresis loops along easy and hard axes,
respectively, can be mediated by the electric field. For brevity,
only data along the hard axis are plotted, which is shown in
Fig. 2. The electric field from top to bottom is defined as
positive. The maximum applied electric field is 15 kV/cm.
The labels a, b, ¢, and d indicate sweeping electric field from
a to d, as shown in Fig. 3(a). The sample is positively po-
larized initially. Under positive electric fields, the remanent
magnetization ratio M; /M has an obvious change, as shown
in Fig. 2(a). When the electric field increases from 0 kV/cm to
15 kV/cm, the magnetic hysteresis loop changes from a typical
“hard-axis” curve to an “easy-axis” curve. However, M, /M;
seems to remain almost constant under negative electric fields,
as shown in Fig. 2(b). A similar result can be obtained along
the easy axis, as shown in the inset of Fig. 3(b). These re-
sults reveal that the value of M;/M;, changes under different
electric fields, which can be attributed to the ME coupling in
CFA/PMN-PT structure.

As shown in Fig. 3(a), the value of M;/M; along easy
and hard axes, respectively, under different electric fields is
directly obtained from the above magnetic hysteresis loops.
For the value of M,/M; along the hard axis in blue color,
under positive electric field, when the electric field is swept
from 0 kV/cm to 7.5 kV/cm at stage a, M;/M; is almost un-
changed. In contrast, M;/Mjs increases sharply with the elec-
tric field increasing from 7.5 kV/cm to 15 kV/cm. Remark-
ably, M;/M; changes from 0.21 to 0.89, which indicates the
effective 90° magnetization rotation. At stage b, M;/Mj has a
linear decrease when the electric field decrease from 15 kV/cm
to 0 kV/cm. At stages ¢ and d, M,/ M has little relative change
under negative electric fields. A similar result can be obtained
along the easy axis in red color. In addition, a positive or neg-
ative value of effective anisotropy field (Hs) under different
electric fields is found, as shown in Fig. 3(b). H¢ can be es-
timated by checking the cross point of the central line of the
hard-axis loop with the counter extension of the magnetization
saturation lines according to the S-W model. If the positive
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value of H.g is defined as the direction of the easy axis at 0°,
the negative value of Hc¢ represented the direction of the easy
axis is at 90°. When the electric field is swept from 0 kV/em
to 7.5 kV/cm, the positive value of Hg changes from 66 Oe to
102 Oe. However, the electric field increases from 7.5 kV/cm
to 10 kV/cm, and the value of H.g changes from 87 Oe (pos-
itive) to —53 Oe (negative), which reveals the effective 90°
magnetization rotation. With the electric field increasing from
10 kV/cm to 15 kV/cm, the negative value of H,g increases to
—230 Oe, which suggests the direction of the easy axis is also
at 90°. Moreover, the electric field changes from 15 kV/cm to
5 kV/cm, and the value of H.g is still negative. With the elec-
tric field decreasing to 2.5 kV/cm, a positive Hegr of 8 Oe can
be obtained. In addition, the value of H.¢ under negative elec-
tric fields is all positive. The result may result from the compe-
tition between in-plane magnetic uniaxial anisotropy and the
magnetoelastic anisotropy induced by piezostrain transferred
from the PMN-PT substrate.

For an insight into the piezostrain effect in CFA/PMN-PT
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heterostructure, the S—FE (strain—electric field) curve measured
by the sample sticking on a strain gage (KFG-A-120-d17,
KYOWA) is obtained as shown in Fig. 4(a), which exhibits
the asymmetric butterfly-like behavior. Meanwhile, these re-
sults of in-plane rotating-angle VSM labeled with different
color symbols under several representative electric fields are
shown in Fig. 4. The sample was attached to a rotatable
holder, and remanent magnetization M; was measured ev-
ery 5° from 0° to 360°. Before obtaining each data point,
a saturation field of 2000 Oe was first applied, then reduced
to zero, to achieve a remanent magnetization state. For the
electric field starting from 0 kV/cm to 7.5 kV/cm, the direc-
tion of the easy axis is along the [1001/[100], namely, 0°.
With increasing the electric field to 10 kV/cm, the direction
of the easy axis rotates to 90°, namely along [011]/]011],
which demonstrates the appearance of in-plane effective 90°
magnetization rotation. The direction of the easy axis re-
mains stable until the electric field is reduced to 5 kV/cm.
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Fig. 2. The magnetic hysteresis loops along the hard axis under different electric fields.
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Fig. 3. (a) The M;/M,—E curves along easy and hard axes, respectively. (b) The Heg—FE curve. The inset shows magnetic hysteresis loops

along the easy axis at 0 kV/cm and 15 kV/cm.
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When the electric field continues to decrease to 2.5 kV/cm
or 0 kV/cm, the direction of the easy axis turns back to 0°.
When negative electric fields are applied, the direction of
the easy axis is unchanged, even the electric field increas-
ing to —15 kV/cm. The result is consistent with that of the
H.—FE curve, as shown in Fig. 3(b). According to previous
reports,?-231 with increasing the electric field applied on the
PMN-PT, the domain oriented along from (111} to (100) and
the corresponding phase transition from rhombohedral to or-
thorhombic at room temperature are accompanied by a com-
pressive strain along the x direction, which will result in an
asymmetric S—E curve, leading to in-plane effective 90° mag-
netization rotation. It is worth noting that the 90° rotation
of magnetization is absent when applying a negative electric
field, which may be related to the asymmetrical S—E curve.
The piezostrain effect for CFA/PMN-PT structure under a neg-
ative electric field is not enough to generate the 90° magnetiza-
tion rotation. Moreover, the static magnetic property mediated
by the electric field is consistent with that of the S—E curve,
which can be attributed to the piezostrain effect.

ANV w/em
ST

(f) —15¢ kV/cm 7.5a kV /cm (b)

0.08

e
o
b

=]

Strain (%)

0 5 10 15
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Fig. 4. The S-E curve and the rotation history of the magnetic easy axis in
the CFA film with a sequence of electric fields.

Generally, magnetic thin film applications are based on an
analysis of the dynamic magnetic or magnetization processes,
which are subjected to an effective magnetic anisotropy field
Hs. Based on the VSM results given above, Heg has been
adjusted via the piezostrain effect. This result indicates the
magnetic dynamics can also be mediated by the piezostrain
effect. The schematic diagram of FMR measurement is shown
in the inset of Fig. 5(a). The electromagnet is used to provide
a static external magnetic field. A cylindrical cavity resonator

is set to put the sample at the center of the electromagnet. The

microwave is generated by a waveguide connected with the
cylindrical cavity resonator, which is normal to the sample.
FMR spectra are measured in the unpoled state under different
angles, as shown in Fig. 5(a). The FMR spectrum can be fitted
by an asymmetric Lorentzian function?+23]

AH cos 0 + (H — H;) sin 0
AH? +(H—H,)?

CH)=A ey

Here A is the integral coefficient. AH is the half-width
at half-maximum of the linewidth. J is the phase that mixes
the real and imaginary parts of the dynamic susceptibility. H
is the applied magnetic field. H; is the magnetic resonance
field. These integration curves of the FMR spectra are fitted
using Eq. (1), and related parameters are obtained. Based on
the result of FMR spectra, resonance fields H; as a function
of electric fields (H,—E) along the easy axis and hard axis are
obtained as shown in Fig. 5(b). Under a positive electric field,
with the electric field increasing from 0 kV/cm to 15 kV/cm,
the value of H; along the easy axis changes from 658 Oe to
862 Oe, while the value of H; along the hard axis changes
from 730 Oe to 385 Oe. The result of the dynamic magnetic
property shown in Fig. 5 is similar to the tendency from the
result of static magnetic property measured by VSM as shown
in Figs. 2—4, which can be attributed to the piezostrain effect
induced by the electric field.
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Fig. 5. (a) The FMR spectra in the unpoled state under different in-plane ro-
tation angles. The inset shows the schematic diagram of FMR measurement.
(b) Hi—F curves along easy and hard axes, respectively.
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4. Conclusion

In summary, the in-plane effective 90° magnetization
rotation induced by the piezostrain effect is reported in
Co,FeAl/PMN-PT structure. The remanent magnetization by
hysteresis loops under different electric fields reveals mag-
netic property can be mediated by the electric field. More-
over, the 90° magnetization rotation can be observed under
positive electric fields. The result is consistent with the elec-
tric field dependence of effective magnetic field, which can be
attributed to the piezostrain effect in CopFe AI/PMN-PT struc-
ture. In addition, through ferromagnetic resonance measure-
ment, the result of resonance field changing with electric field
demonstrates the piezostrain-mediated 90° magnetization ro-
tation, which is promising for the design of the future multi-
ferroic device.
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