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Electric field control of perpendicular magnetic tunnel 
junctions with easy- cone magnetic anisotropic 
free layers
Weideng Sun1,2†, Yike Zhang1,2†, Kaihua Cao3, Shiyang Lu3, Ao Du3, Haoliang Huang4,5,  
Sen Zhang6, Chaoqun Hu7,8, Ce Feng1,2, Wenhui Liang1,2, Quan Liu1,2, Shu Mi1,2, Jianwang Cai7,8, 
Yalin Lu4, Weisheng Zhao3*, Yonggang Zhao1,2*

Magnetic tunnel junctions (MTJs) are the core element of spintronic devices. Currently, the mainstream writing 
operation of MTJs is based on electric current with high energy dissipation, and it can be notably reduced if an 
electric field is used instead. In this regard, it is promising for electric field control of MTJ in the multiferroic het-
erostructure composed of MTJ and ferroelectrics via strain- mediated magnetoelectric coupling. However, there 
are only reports on MTJs with in- plane anisotropy so far. Here, we investigate electric field control of the resistance 
state of MgO- based perpendicular MTJs with easy- cone anisotropic free layers through strain- mediated magneto-
electric coupling in multiferroic heterostructures. A remarkable, nonvolatile, and reversible modulation of resis-
tance at room temperature is demonstrated. Through local reciprocal space mapping under different electric 
fields for Pb(Mg1/3Nb2/3)0.7Ti0.3O3 beneath the MTJ pillar, the modulation mechanism is deduced. Our work repre-
sents a crucial step toward electric field control of spintronic devices with non–in- plane magnetic anisotropy.

INTRODUCTION
A magnetic tunnel junction (MTJ), which essentially consists of two 
ferromagnetic (FM) electrode layers separated by an ultrathin insu-
lating tunnel barrier and has large tunnel magnetoresistance ratio at 
room temperature, is currently the core element of all magnetic 
random- access memory (MRAM) technology (1, 2). Because of the 
dominant attributes of non- volatility, virtually unlimited endur-
ance, high speeds of read/write operations, high storage density, 
scalability to advanced (sub- 20 nm) technology nodes, radiation 
hardness, and compatibility with complementary metal- oxide semi-
conductor (CMOS) processing (3), MRAM gradually becomes the 
most promising contender for the universal memory that combines 
the best attributes of static RAM (speed), dynamic RAM (density), 
and Flash (non- volatility) (4). However, the spin- transfer torque 
MRAM currently in use and spin- orbit torque MRAM with poten-
tial applications require high electric current density to realize a 
“writing” operation (5–11), which could lead to overheating in 
densely packed devices (12) and should be resolved especially be-
yond the 20- nm technological node (3). Therefore, extensive efforts 
have been focused on controlling MTJs via electric field instead of 
electric current (13–19) such as voltage- controlled magnetic anisot-
ropy (VCMA) (14, 15, 17) and voltage- controlled exchange coupling 

(18, 19). However, these methods require a large voltage applied to 
the junction and the voltage is even close to the breakdown voltage 
(nearly 1 V) of the thin insulating barrier (2, 20), making the device 
easily damaged, in addition to the difficulty in simultaneous optimi-
zation of some key parameters of MTJ. Although some progress has 
been made (17, 21–24), the problem remains.

Recently, the development of multiferroic materials (25–28) pro-
vides an effective method for modulating magnetism via electric 
fields. Integrating ferroelectrics (FEs) and MTJs to realize electric 
field “writing” operation has become an important approach for 
energy- efficient spintronics. There are some reports using FE or 
multiferroic materials as the insulating layer of MTJs (29–32). 
Switching of the FE polarization induces changes in spin polariza-
tions of FM layers at the interfaces, leading to manipulation of MTJ 
resistance (hereafter resistance for short) (31). However, low tem-
perature is required to show the effect, which limits applications. 
Fortunately, electric field control of magnetism and resistance has 
been achieved in multiferroic heterostructures based on FEs and 
MTJs with in- plane magnetization at room temperature via strain- 
mediated magnetoelectric coupling (33–38), including experimen-
tal demonstration of volatile (33) and nonvolatile (34) resistance 
owing to electric field–induced magnetization rotation close to 90° 
of the free layer (FL) in MTJ with two electrodes (33, 34) and later 
on magnetization rotation close to 180° of the FL with multielec-
trodes (35). Nevertheless, only MTJs with in- plane magnetization, 
i.e., in- plane magnetic anisotropy, have been modulated by strain in 
MTJ/FE multiferroic heterostructures so far. There is still no report 
on strain- mediated modulation of resistance in MTJ with non–
in- plane magnetic anisotropic FL in MTJ/FE, due to the following 
difficulties. For the case of in- plane magnetization (39–41), magnetic 
alloys without magnetocrystalline anisotropy and other magnetic 
anisotropies are used to achieve large modulations, as the magnetic mo-
ments of FM layers are almost free and exhibit good response to 
the electric field–induced in- plane anisotropic piezo strain and uni-
axial magnetic anisotropy via minimizing magnetoelastic energy. 
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However, for the case of non–in- plane magnetization, such as 
CoFeB/MgO (42) and Co/Pt (43, 44) structures with perpendicular 
magnetic anisotropy (PMA), the magnetic anisotropy or its equiv-
alent magnetic field hinders the modulation of the magnetic 
moment. For example, Yu et  al. (42) reported a strain- mediated 
modulation of PMA in the typical Ta/CoFeB/MgO structure, but 
the ferromagnetic resonance fields for different electric fields were 
barely altered. Nonetheless, the perpendicular MTJs (p- MTJs), 
compared with the in- plane MTJs, have advantages such as high 
density of information storage and have been commercialized (45, 
46). Hence, it is of great importance to achieve strain- mediated 
modulation of resistance in p- MTJ/FE.

The p- MTJ with an easy- cone magnetic anisotropic FL is unique 
among MTJs with non–in- plane magnetic anisotropic FLs. The ini-
tial misalignment between the FL and the reference layer (RL) 
makes it deterministic for a spin- polarized current to transfer angu-
lar momentum (47). The threshold current for switching is reduced 
faster than the stability factor suggesting improvement of the overall 
performances of p- MTJ with the FL in the easy- cone regime (48). 
The improved switching speed makes the p- MTJ with an easy- cone 
anisotropic FL very useful in cryogenic and persistent memories 
that do not require too large thermal stability (47). Moreover, high- 
frequency zero- bias magnetic field precession in spin- torque os-
cillators (STOs) can be realized in a p- MTJ with an easy- cone 
anisotropic FL (49). Hence, electric field modulation of p- MTJ with 
an easy- cone magnetic anisotropic FL should be important for ap-
plications of cryogenic and persistent memories, as well as STOs 
with low power consumption.

Here, multiferroic heterostructures composed of MgO- based p- 
MTJs with easy- cone anisotropic FLs and Pb(Mg1/3Nb2/3)0.7Ti0.3O3 
(PMN- PT) substrates were fabricated. Electric field–induced re-
markable, nonvolatile, and reversible modulation of resistance at 
room temperature for p- MTJs is demonstrated. Through local recip-
rocal space mapping (LRSM) under different electric fields for 
PMN- PT beneath the MTJ pillar, the modulation of resistance can 
be ascribed to the magnetic anisotropy variation of the FL induced 
by the nonvolatile strain- mediated magnetoelectric coupling due to 
electric field–induced rhombohedral- orthorhombic (R- O) phase 
transition.

RESULTS
Magnetic properties of the FL and p- MTJ multilayer stacks
Figure  1A shows the schematic of detailed p- MTJ multilayer 
stacks consisting of Ta(25)/CuN(20)/Ta(3)/CuN(20)/Ta(0.7)/Pt(1.5)/
[Co(0.5)/Pt(0.35)]6/Co(0.6)/Ru(0.8)/Co(0.6)/[Pt(0.35)/Co(0.5)]3/
Pt(0.25)/Ta(0.2)/Co(1.2)/W(0.25)/CoFeB(0.9)/MgO(1.6)/
CoFeB(1.7)/W(0.3)/CoFeB(1.1)/MgO(1)/Pt(1.5)/Ta(3)/CuN(5)/
Ta(3)/Ru(5) (see Materials and Methods for details of sample prepa-
ration). Numbers in parentheses are the nominal thicknesses in 
nanometers and CoFeB denotes Co20Fe60B20. The CoFeB/W/CoFeB 
is used as the FL owing to the increased thermal stability factor (50–
52) as well as the large tunability of magnetic anisotropy via chang-
ing the thickness of two CoFeB layers. The RL CoFeB, compensatory 
layer Co, and (Co/Pt)3 are ferromagnetically coupled via spacer lay-
ers W and Ta. A synthetic antiferromagnetic (SAF) pinning layer 
composed of (Co/Pt)6 and (Co/Pt)3 with a Ru spacer layer is used as 
the building block in MTJs for the effective reduction of stray fields. 
As shown in Fig. 1B, the easy- cone magnetic anisotropy of the FL is 

demonstrated by electron spin resonance (ESR) for a sample con-
sisting of only the FL and barrier layer. The variation of resonance 
field with the angle between the external magnetic field and the nor-
mal direction of the sample is consistent with the easy- cone magnetic 
anisotropy and the easy- cone angle θ [the angle of the easy- cone 
state relative to the out- of- plane (OOP) direction] is about 40°. 
The magnetic moment versus OOP magnetic field hysteresis loop 
(m- H loop) is shown in Fig. 1C for the unpatterned MTJ multilayer 
stack. The magnetic moment directions of the FL (red), ferromag-
netically coupled RL (green), and one part of the SAF pinning layer 
(Co/Pt)6 (blue) are shown for the different stages. Owing to the 
weak PMA of the FL, the magnetic moment changes slowly at low 
magnetic fields. The minor m- H loop is not symmetric with respect 
to the origin of m, which can be attributed to the incomplete rever-
sal of magnetic moments (possibly CoFeB + Co) in the nonideal RL 
as shown later. The detailed analysis of the m- H loop and corre-
sponding magnetic moment orientations is shown in text S1.

Resistances for MTJs with the unpoled PMN- PT
Figure 2A shows the resistance versus magnetic field (R- H) curve for 
the MTJ (10- μm diameter) with the unpoled PMN- PT between 
−2000 and +2000 Oe after presetting at +7000 Oe. The R- H curve 
shows some fine structures (peaks and dips), different from the be-
haviors of the in- plane MTJ and p- MTJ (with p- FL) (53), and can be 
understood by considering the variations of the FL and the nonideal 
RL with a magnetic field. Generally speaking, the magnetic mo-
ments of CoFeB + Co + (Co/Pt)3 should switch downward at about 
2000 Oe (from +7000 to −7000 Oe; fig. S1A) and remain almost 
unchanged after that, however, the minor m- H loop for the sample 
with only the RL shows continuous change (fig. S2A) suggesting an 
incomplete reversal of magnetic moments of CoFeB + Co + (Co/
Pt)3 (possibly CoFeB + Co), i.e., the magnetic moment directions 
are upward for some regions and downward for other regions (non-
ideal). There are also some reports on nonideal RL due to insuffi-
cient PMA in the conventional p- MTJ structures (single FL and SAF 
RL) (54, 55).

To explain the unusual R- H curve, the inhomogeneous direc-
tions of magnetic moments in the RL are assumed to be equivalent 
to a single canted state [green arrows in Fig. 2, B to E; the canted 
angle is exaggerated to show its change with magnetic field] corre-
sponding to an equivalent MTJ resistance, and the canted angle is 
determined by the relative portions of the regions with magnetic 
moment upward or downward (blue and orange arrows in Fig. 2, B 
to E). The structure of MTJ related to the FM films is shown in the 
inset of Fig. 2A with FL (red), CoFeB + Co + (Co/Pt)3 in RL (green), 
and (Co/Pt)6 in RL (blue). It should be mentioned that the magnetic 
moment directions of SAF composed of (Co/Pt)3 and (Co/Pt)6 are 
fixed during the minor R- H measurement because of the strong 
PMA. The resistance is determined by the angle between the mo-
ments of the FL and the equivalent moment of the RL with small 
angles favoring low resistance according to the Slonczewski model 
(56). From +1650 to −900 Oe, the magnetic moments of the FL first 
rotate to the easy cone of the FL, then rotate combined with a switch 
to the reverse direction for some magnetic moments, and lastly 
point downward for negative magnetic fields with large magnitudes. 
Meanwhile, for the equivalent moment of the RL, it rotates in the 
downward direction due to the reduction of regions with magnetic 
moment upward. The change of the FL leads to a reduction of resis-
tance because it tends to decrease the angle between the magnetic 
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moments of the FL and the equivalent moment of the RL. The 
change of the RL increases the angle, resulting in an increase in re-
sistance. Therefore, the changes of the FL and RL compete for con-
tribution to the resistance. As shown in Fig.  2A, from +1650 to 
+600 Oe (section 1) as well as from −200 to −900 Oe (section 3), 
resistance decreases remarkably suggesting the dominance of FL 
change. The equivalent canted states in the FL (red arrow) and RL 
(green arrow) are shown in Fig. 2 (B and D) (the dotted and solid 
red arrows represent the initial and final directions of magnetic mo-
ments of the FL in Fig. 2D, respectively). While from +600 to −200 Oe 
(Fig. 2A), the resistance changes slowly and nonmonotonically 
indicating dominance of strong competition between the changes of 
the FL and RL (Fig.  2C). From −900 to +1650 Oe, the magnetic 
moments of the FL first rotate to the easy cone of the FL, then rotate 
combined with switch to the reverse direction for some magnetic 
moments and lastly point upward for positive magnetic fields with 
large magnitudes. Meanwhile, for the equivalent moment of the RL, 
it rotates away from the downward direction due to the increase of 
regions with magnetic moment upward. The change of the FL leads 
to an increase in resistance because it tends to increase the angle 
between the magnetic moments of the FL and the equivalent mo-
ment of the RL. The change of the RL decreases the angle, resulting 

in a decrease in resistance. Again, the changes of the FL and RL 
compete for contribution to the resistance. As shown in Fig.  2A, 
from −900 to +350 Oe (section 4, the solid and dotted red arrows 
represent the initial and final directions of magnetic moments of the 
FL in Fig. 2D), the resistance increases and is even larger than that 
of section 2 which can be understood by considering the minor m- H 
loop of the RL (fig.  S2A), suggesting the dominance of magnetic 
field–induced change of the FL. Above +350 Oe (section  5 in 
Fig.  2A), resistance decreases indicating the dominance of the 
change of the RL, consistent with the increased slope of the m- H 
curve for positive magnetic fields (fig. S2A).

Nonvolatile electric field control of MTJ resistance
Figure 3A is the schematic of the MTJ configuration with the defined 
positive electric field. The electric field is applied to the PMN- PT 
through the buffer layer Ta/CuN (ground connection) and the Ti/Au 
electrode on the bottom of the PMN- PT. This is different from the 
VCMA method in which the electric field is directly applied to 
the MgO barrier through the two CoFeB layers adjacent to it and the 
electric field is close to the breakdown threshold of the MgO barrier 
(14, 20). Therefore, different from the VCMA method, our MTJ de-
vices can avoid being damaged under electric fields. The R- H curves 

Fig. 1. Sample structure and magnetic properties. (A) MtJ stack structure with coFeB/W/coFeB as Fl (red), coFeB/W/co/ta/(co/Pt)3 as Rl (green), and (co/Pt)6 multilay-
ers as synthetic antiferromagnetic pinning layer (blue). numbers in parentheses are the nominal thicknesses in nanometers. (B) variation of the electron spin resonance 
field of the Fl with the angle between the external magnetic field and normal direction of the sample consisting of only the Fl section in (A). the black circles are experi-
mental results; the solid red line fits with the Kittel formula. (C) m- H loop and magnetic moment directions of different functional layers for the MtJ multilayer stack with 
an out- of- plane (OOP) magnetic field. the inset is the minor loop between +2000 and −2000 Oe after presetting at +7000 Oe. emu, electromagnetic unit.
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measured under different electric fields after presetting at +7000 Oe 
are shown in Fig. 3B. ±0 kV/cm corresponds to the electric field de-
creasing from ±10 kV/cm, respectively. The overall R- H behavior is 
similar to that measured without an electric field (Fig.  2A). Fig-
ure 3C shows the variation of resistance with an electric field (R- E 
curve), measured at +500 and + 0 Oe, respectively, after presetting at 

+2000 Oe. The resistance changes markedly at around ±2 kV/cm 
close to the coercive electric field of PMN- PT, suggesting its correla-
tion with FE domain switching as discussed later. Two distinctive 
resistance states (red and blue circles in Fig. 3C) with a relative resis-
tance change [defined as (R−0 – R+0)/R+0, ±0 correspond to ±0 kV/
cm] of about 17% (H = +500 Oe) and 9% (H = +0 Oe) are realized 

Fig. 2. Magnetoresistance measurements for MTJs under OOP magnetic field with unpoled PMN- PT. (A) R- H curve for the MtJ pillar (10- μm diameter) between 
+2000 and −2000 Oe after presetting at +7000 Oe. the curve is highlighted in five sections with five colors numbered 1 to 5 as shown near the curve. the bottom inset is 
the structure of the MtJ stack, including Fl (red), coFeB+co + (co/Pt)3 in Rl (green), and (co/Pt)6 in Rl (blue). (B to E) left: the blue and orange arrows represent the 
nonideal magnetization directions that change with the sweeping of the magnetic field (detailed in fig. S2A). Right: the red and green arrows represent the equivalent 
moment directions of the Fl and Rl [also shown near the corresponding positions in (A)], respectively, corresponding to the five highlighted sections according to the 
resistance equivalent in tunneling.

Fig. 3. Nonvolatile electric field control of MTJ resistance. (A) Schematic of the MtJ configuration deposited and patterned on (011)- oriented PMn- Pt. (B) R- H curves 
under different electric fields after presetting at +7000 Oe. the black arrows represent the sweeping direction of the magnetic field. (C) R- E curves measured at +500 
and +0 Oe, respectively, after presetting at +2000 Oe. the black arrows represent the sweeping direction of the electric field. the nonvolatile modulations of resistance of 
about 17% (H = +500 Oe) and 9% (H = +0 Oe) are realized at ±0 kv/cm. (D) variation of the easy- cone angle Δθ with the electric field by selecting Δθ = 0° for −0 kv/cm 
(blue circle). the value of Δθ at +0 kv/cm is indicated by the red circle. the black arrows represent the sweeping direction of the electric field. (E) Schematic illustrating the 
modulation of easy- cone state of the Fl under ±0 kv/cm, respectively.
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at ±0 kV/cm. Therefore, room- temperature, nonvolatile, and revers-
ible modulation of resistance is achieved in the MgO- based p- MTJs 
with easy- cone magnetic anisotropic FLs by electric fields. Accord-
ing to the Slonczewski model (56), as discussed in text S3, the change 
of the easy- cone angle Δθ with the electric field can be derived from 
the R- E curve (Fig. 3C, H = +500 Oe), and the calculated result is 
exhibited in Fig. 3D by selecting Δθ = 0° for −0 kV/cm (blue circle). 
The change of nonvolatile easy- cone angle is calculated to be about 
31° at +0 kV/cm (red circle in Fig.  3D). Schematic illustration 
(Fig. 3E) also shows the modulation of easy- cone state of the FL un-
der ±0 kV/cm (red and blue circular conical surfaces and arrows). It 
should be mentioned that some MTJs showed larger modulation 
by the electric field with a relative resistance change of about 33% at 
±0 kV/cm and Δθ about 50° at +0 kV/cm (H = +600 Oe) (fig. S3, 
A to D). Unfortunately, these MTJs were damaged before more data 
were obtained (detailed in text S4). Therefore, it is promising that a 
much larger effect should be realized without a magnetic field if the 
design and processing of MTJ are optimized.

It should be mentioned that the strain- induced effective anisot-
ropy field is about 120 Oe according to the previous report (34), 
which is very small compared to the pinning field [with field de-
creasing from 7000 Oe, the magnetic moment of the ferromagneti-
cally coupled CoFeB + Co + (Co/Pt)3 layer switches above 2000 Oe; 
Fig. 1C] induced by the pinning layer on RL. Therefore, the strain 
does not affect the magnetization of RL (fig.  S4) and we focus 
on the FL.

Nonvolatile electric field control of strain in PMN- PT
In principle, both strain-  (39) and charge- based (57) magnetoelec-
tric couplings are expected to achieve electric field control of mag-
netism in FM/FE multiferroic heterostructures. However, there 

exist dozens of nanometers of metal multilayers between PMN- PT 
and FL and the charge effect is effective only within one to two unit 
cells (58), so it can be neglected. The resistance changes sharply at 
about ±2 kV/cm (Fig.  3C), which is close to the coercive field of 
PMN- PT substrate (P- E loop in fig. S5). To understand the behavior 
of electric field control of resistance, it is essential and also challeng-
ing to characterize the strain of PMN- PT under the MTJ area. We 
performed an LRSM of PMN- PT beneath the MTJ pillar by choos-
ing the (222) reflection with in situ electric fields through x- ray mi-
crodiffraction with a spot diameter of 10 μm, comparable to the 
junction size. Figure 4 (A to D) shows the LRSM results for E = +10, 
−10, +0, and −0 kV/cm, respectively. There only exists one diffrac-
tion spot under +10 and  +0 kV/cm, while two spots under −10 
and −0 kV/cm. According to the reports on RSM of PMN- PT (59, 
60) and PZN- PT (FE phases similar to PMN- PT) (61), it can be de-
duced that the big spot in Fig. 4 (B and D) is related to the O phase 
of PMN- PT because of a larger [011] axis and smaller [100] axis 
compared with that of the R phase (Fig. 4, A and C), while the small 
spot in Fig. 4 (B and D) corresponds to the remanent R phase, which 
is perhaps due to the pinning of FE domains (62) of the R phase. 
Therefore, only the R phase exists under +10 and +0 kV/cm, while 
the R and O phases coexist under −10 and −0 kV/cm, resulting in 
the nonvolatile R- O phase transition. If the R phase converts to the 
O phase completely, then the LRSM for (222) reflection should have 
only one single circular spot with the O phase. It can be deduced 
that the OOP tensile strain and in- plane compressive strain would 
become larger in the complete O phase compared to the mix of R 
and O phases. This larger in- plane compressive strain will transfer to 
the FL, leading to larger in- plane compressive strain and larger OOP 
tensile strain in FL. As a result, more remarkable modulation of the 
MTJ resistance is expected in the complete O phase. Results with 

Fig. 4. Nonvolatile strain behavior of PMN- PT (011). (A to D) lRSM for (222) reflection of PMn- Pt beneath the MtJ pillar performed with in situ electric fields +10, −10, 
+0, and −0 kv/cm, respectively, through x- ray microdiffraction. the intensity scale runs from blue (low) to white (high). dashed circles show the big and small spots cor-
responding to the O and remanent R phase, respectively. (E) Strain versus electric field curve along the [111] crystal orientation of PMn- Pt characterized by x- ray microdif-
fraction. the red and green arrows represent the sweeping directions of the electric field. (F) Strain versus electric field curve along the [011] crystal orientation of PMn- Pt 
characterized by x- ray diffraction. r.l.u., reciprocal lattice units.



Sun et al., Sci. Adv. 10, eadj8379 (2024)     5 April 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

6 of 9

more electric fields are shown in fig. S6. The corresponding (222) 
interplanar spacings are calculated using the big and small spots, 
respectively (fig. S7A). According to the lattice parameters of the R 
phase of PMN- PT (63), the strain along the [111] crystal orientation 
was calculated using the big spot, and the result is shown in Fig. 4E 
(details of calculation method in text S8). As expected, it shows a 
loop- like behavior, similar to the R- E curve (Fig. 3C), indicating that 
strain can account for the nonvolatile resistance modulation. In ad-
dition to the aforementioned (222) interplanar spacings character-
ized by x- ray microdiffraction, x- ray diffraction (XRD) with in situ 
electric fields was also performed to characterize the evolution of 
(022) diffraction peak (lattice change along the OOP direction) of 
PMN- PT (fig. S8). There exists peak splitting under most electric 
fields, and the larger peak (reflecting the trend of lattice change) was 
selected to calculate the (022) interplanar spacing. Using a similar 
computing method in text S8, strain versus electric field curves 
along the [011] crystal orientation of PMN- PT were deduced 
(Fig. 4F), and the trend is also similar to the R- E curve with a non-
volatile and reversible modulation behavior.

Therefore, we used LRSM with a synchrotron radiation source 
under different electric fields for PMN- PT just beneath the MTJ pil-
lar (about 10 μm) to uncover what happened in PMN- PT below the 
MTJ pillar and found electric field–induced R- O phase transition 
which induced the modulation of MTJs. There has been no such 
report on the local (micro)structural characterization of FE material 
just beneath the micro- sized magnetic feature under electric fields 
and correlate it with the modulation of the magnetic feature above it 
for the magnetic/FE multiferroic heterostructure as we demonstrat-
ed here. This approach is very difficult in terms of both experiment 
and data analysis. It should be powerful for uncovering the mecha-
nism of electric field control of magnetism in magnetic/FE multi-
ferroic heterostructure with a mesoscopic scale. Moreover, local 
electric field–induced FE phase transition and its characterization as 
demonstrated in our work are also an interesting topic in terms of 
the electric field–induced phase transition in FE materials.

It should be mentioned that there has been some report on a 
crack in the (001) PMN- PT due to the application of electric fields 
(64). However, in our work, we used the (011) PMN- PT. Great care 
was taken in the experiment to avoid cracks, and scanning electron 
microscopy (SEM) was used to check the cracks (fig. S9).

Nonvolatile resistance induced by electric field pulses
To further show the nonvolatile and reversible character of modula-
tion, we also performed resistance modulation by pulses of electric 
fields of +10 and −10 kV/cm at +500 Oe, and repeatable bistable re-
sistance states were achieved as shown in Fig. 5A. In our previous 
study, both the strain and MTJ resistance were measured thousands 
of times under different electric fields (34), demonstrating the stabil-
ity and durability of the MTJ. The response time of the magnetization 
rotation is within 10 ns (33). A relaxation behavior appears after ap-
plying pulses of the negative electric field. Similar relaxation behavior 
was also reported in the literature (33, 34, 37) and has been attributed 
to the release process of the charges induced by FE polarization with-
out experimental evidence. In our experiments, the (222) interplanar 
spacing under an electric field pulse, deduced from x- ray microdif-
fraction, exhibits obvious relaxation for the negative electric field 
pulses as shown in Fig. 5B, consistent with the resistance relaxation 
(Fig. 5A). This suggests that the resistance relaxation results from 
the relaxation of lattice/strain. This can be accounted for by the 

destabilization of small switched volumes by elastic interactions (65). 
For PMN- PT, only a very small region beneath the junction and 
nearby (Fig. 3A) is changed by pulses of electric field, resulting in 
strong elastic interactions between this region and its unchanged sur-
roundings, especially for the pulses of negative electric field which 
induce remarkable change in the small region including R- O phase 
transition. As a result, the unchanged surroundings interact with the 
changed region to make it relax and reduce the elastic energy, leading 
to the relaxation of interplanar spacing (Fig. 5B) and resultant resis-
tance relaxation. However, the relaxation is not very large, and a sta-
ble state is quickly reached with a remarkable difference from that of 
the electric pulse with reverse polarity. Moreover, it has been demon-
strated that the relaxation related to local tuning of FE can be solved 
by using FE thin films with patterned structures (65).

It is worth mentioning that the strain behavior of the PMN- PT 
(011) is different from the general case, which usually shows 
butterfly- like for bipolar electric fields (44, 66), i.e., volatile behavior 
in strain curve with the same strain state at ±0 kV/cm after applying 
bipolar electric fields. In contrast, our x- ray microdiffraction 
(Fig. 4E), XRD (Fig. 4F), and strain gauge measurements (fig. S10B) 
show nonvolatile strain behavior, which is very useful for applica-
tions. Similar behavior has also been reported in the literature (60, 
67, 68). This unusual behavior should be related to the electric field–
induced structural phase transition [our present work and (60)] and 
the detailed study is beyond the scope of this paper, so we only focus 
on the effects of the strain on the p- MTJs.

DISCUSSION
We report a room temperature, nonvolatile, and reversible manipu-
lation of resistance of about 17% in MgO- based p- MTJs via electric 
fields in p- MTJ/PMN- PT multiferroic heterostructure. Through 
synchrotron radiation source x- ray microdiffraction characteriza-
tion of the local strain of PMN- PT beneath the MTJ pillar, the mod-
ulation can be ascribed to the changes of FL easy- cone angle induced 
by the nonvolatile strain–mediated magnetoelectric coupling due to 
electric field–induced R- O phase transition in PMN- PT. This work 
represents a crucial step toward electric field control of spintronic 
devices with non–in- plane magnetic anisotropy including cryogen-
ic and persistent memories that do not require too large thermal 
stability, as well as MTJ- based STOs, etc. In addition, the epitaxial 
PMN- PT thin film with superior piezoelectric properties grown on 
Si wafers has been reported (69), which is substantial for the resis-
tance modulation by electric fields and can be integrated with the 

Fig. 5. Nonvolatile resistance and lattice modulation with electric field pulses. 
(A) Repeatable bistable resistance states (solid circles) switched by the pulsed elec-
tric fields of ±10 kv/cm (red and blue lines) at +500 Oe. (B) the deduced (222) in-
terplanar spacing (solid circles) from x- ray microdiffraction with the pulses of 
electric fields of ±10 kv/cm (red and blue lines).
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current CMOS processing for practical applications. Moreover, elec-
tric field control of magnetism has been realized in FM/FE multifer-
roic heterostructure composed of FM and freestanding PMN- PT 
membranes (70, 71), suggesting its promising applications. It has 
also been demonstrated by theoretical calculations that the energy 
dissipation of FE films per switching was about 0.85 fJ and the 
switching time was about 2.3 ns for FM/FE multiferroic hetero-
structure composed of FM and FE thin films (72), revealing ultralow 
power dissipation and fast writing operation.

MATERIALS AND METHODS
Sample preparation
The MTJ multilayer stacks consisting of, from the substrate side, 
Ta(25)/CuN(20)/Ta(3)/CuN(20)/Ta(0.7)/Pt(1.5)/[Co(0.5)/
Pt(0.35)]6/Co(0.6)/Ru(0.8)/Co(0.6)/[Pt(0.35)/Co(0.5)]3/Pt(0.25)/
Ta ( 0 . 2 ) / C o ( 1 . 2 ) / W ( 0 . 2 5 ) / C o F e B ( 0 . 9 ) / M g O ( 1 . 6 ) /
CoFeB(1.7)/W(0.3)/CoFeB(1.1)/MgO(1)/Pt(1.5)/Ta(3)/CuN(5)/
Ta(3)/Ru(5) were deposited on one- side–polished (011) oriented 
PMN- 0.30PT substrates with sizes of 5  ×  5  ×  0.2 mm3 and 
10  ×  10  ×  0.2 mm3 by a Singulus TIMARIS 200- mm magnetron 
sputtering machine at a base pressure of 3.75 × 10−9 torr. MgO de-
position was performed by RF sputtering. To investigate the mag-
netic anisotropy of FL (Fig. 1B), the multilayer stack (FL section of 
MTJ) was also deposited as follows: Ta(25)/CuN(20)/Ta(3)/
CuN(20)/W(5)/CoFeB(0.2)/MgO(1.6)/CoFeB(1.7)/W(0.3)/
CoFeB(1.1)/MgO(1)/Pt(1.5)/Ta(3)/CuN(5)/Ta(3)/Ru(5). To inves-
tigate the RL switching properties with magnetic field (fig. S2), the 
multilayer stack without FL section was deposited as follows: Ta(25)/
CuN(20)/Ta(3)/CuN(20)/Ta(0.7)/Pt(1.5)/[Co(0.5)/Pt(0.35)]6/
Co(0.6)/Ru(0.8)/Co(0.6)/[Pt(0.35)/Co(0.5)]3/Pt(0.25)/Ta(0.2)/
Co(1.2)/W(0.25)/CoFeB(0.9)/MgO(1.6)/Pt(1.5)/Ta(3)/CuN(5)/
Ta(3)/Ru(5). Subsequently, all stacks were annealed in vacuum 
with the base pressure of 3.75  ×  10−10  torr at 380°C for 1  hour. 
Electrodes with Ti(10)/Au(100) were sputtered on the bottom of 
PMN- PT. Numbers in parentheses are the nominal thicknesses in 
nanometers.

The MTJ multilayer stacks were fabricated into an array of MTJ 
pillars with 10- μm diameter by laser direct writing lithography and 
Ar ion beam etching. In addition, SiO2 surrounding the MTJ pillars 
was deposited by RF sputtering for insulation. After the liftoff proce-
dure, bottom and top electrodes with Ti(10)/Au(100) were deposited 
to connect the MTJ pillars.

Magnetic and magnetotransport measurements
The magnetic moment versus magnetic field hysteresis loop (m- H 
loop) for the unpatterned MTJ sample was measured by a Quantum 
Design magnetic property measurement system with OOP mag-
netic fields. The magnetic anisotropy of the FL sample was investi-
gated by ESR. The resistance and its modulations by magnetic and 
electric fields were performed by East Changing electromagnet us-
ing the four- probe method with Keithley 6221 current source, 
2182A nanovoltmeter, and 2410 sourcemeter. All these measure-
ments were performed at room temperature.

Strains of PMN- PT
The in- plane strain properties of PMN- PT were studied using the 
strain gauges. The lattice change along the [011] crystal orientation 
of PMN- PT was measured via a Rigaku SmartLab 3- kW x- ray 

diffractometer with Cu Kα radiation. The local strain of PMN- PT 
beneath the MTJ pillar was performed with in  situ electric fields 
through x- ray microdiffraction with a spot diameter of ~10 μm as 
well as the extremely high beam energy of 1.1 × 1011 phs/s/μm2 in 
Shanghai Synchrotron Radiation Facility (beamline BL15U1).

Ferroelectricity of PMN- PT
The P- E loops of PMN- PT were measured using a Radiant Tech-
nologies Precision Premier II system.
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