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Spin density waves (SDWs) are antiferromagnetic ground states characterized by real-space spin modu-
lation. When an electronic system undergoes a paramagnetic-SDW transition, the translational symmetry
is spontaneously broken and energy gaps are developed near the Fermi level, which offers potential for
constructing various SDW components. Here we report a prototype resistive memory device based on a
prototypical SDW metal, antiferromagnetic chromium. Transport and magnetic measurements show that
the paramagnetic-SDW transition, i.e., the SDW antiferromagnetism, can be effectively suppressed by the
electric-field-generated piezoelectric strain in epitaxial Cr/0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN-PT)
heterostructures. This enables a large electroresistance effect for metallic systems as the SDW band gaps
can be intentionally controlled to vanish or develop. Combining this electroresistance effect with the dif-
ferent remanent piezoelectric strain of PMN-PT after poling by electric-field pulses of opposite polarity,
we obtain two nonvolatile resistance states differing by about 1.8% and stable against a magnetic field of
3 T at room temperature. Our work unveils the electric-field controllability of the SDW transitions in thin
films and the consequent wide application prospects of SDW materials.
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I. INTRODUCTION

In electronic systems with strong electron-electron inter-
actions and nested Fermi surfaces, electrons and holes can
pair up and condense into an antiferromagnetic ground
state as temperature decreases. Such ground states, charac-
terized by periodically modulated spin density, are termed
spin density waves (SDWs) [1]. Over the past decades, the
intriguing physics of SDW states, such as unique dynamics
[2], intertwining with superconductivity [3], and abnormal
transport and magnetic phenomena [4,5], have attracted
surges of interest.

On the other hand, the application potential of SDW
states has seldom drawn much attention. It seems that the
attributes that are necessary for achieving multiple func-
tionalities for SDW systems have remained undiscovered
up to now despite the aforementioned fruitful findings. In
contrast, the field of charge density waves (CDWs)—the
non-spin-polarized counterparts of SDWs—has under-
gone a rebirth recently, thanks to the layered van der
Waals CDW crystals [6–10]. Thin films of these CDW
materials have been exploited to construct numerous
CDW devices that are regarded as contenders for future
electronics.
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It is interesting to notice that many of these CDW com-
ponents are in fact designed based on a characteristic that
is also shared by SDW materials—the stimuli-sensitive
density-wave transitions [6–9]. Such transitions are always
concomitant with changes in the electronic structure, and,
more importantly, the transition process can be effectively
tuned by proper external perturbations, such as strain,
photons, and electric bias, which would result in promi-
nent changes in physical responses. This offers significant
potential for building functional devices. In this context,
the paramagnetic-SDW (Néel) transitions with band-gap
formation [11] can be a long-omitted merit of SDW mate-
rials, as they are expected to enable different functionalities
as well. Moreover, the spontaneous coexistence of antifer-
romagnetism and density-wave ground states in SDW sys-
tems may lead to additional advantages and applications
over the nonmagnetic CDW cases.

In this work, we employ a prototypical SDW metal,
antiferromagnetic chromium [12], to unveil the applica-
tion potential of SDW materials. Although Cr is a three-
dimensional SDW system with partially gapped Fermi
surfaces, we obtain several meaningful results that deserve
detailed discussions and hold advantages for practical
application. Bulk Cr spontaneously enters an incommen-
surate transverse SDW state below its Néel temperature
(TN ) of approximately 311 K due to Fermi-surface nesting
[13], where the SDW wave vectors align perpendicularly
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to the spins; at TSF ∼ 123 K, a spin-flip transition takes
place and the transverse SDWs evolve to be longitudinal
[12]. For thin films of Cr, the SDW order can be more
complicated owing to strain and defects [14]. The TSF can
drastically vary and a commensurate SDW phase might
develop and persist well above the bulk TN . Additionally,
the Néel transition is always broadened as the local TN
diverges in different areas. The SDW band gaps of Cr that
lead to sudden increases of several percent (for bulk) or
anomalies (for thin films) in resistivity, specific heat, etc.
around TN [12,14,15] have been experimentally verified
[16,17]. Moreover, considerable efforts have been dedi-
cated to tune the Néel transition of bulk Cr, and laborious
methods such as hydrostatic pressure [18–20] and alloying
[15,21] are necessary to produce notable effects owing to
its three-dimensional metallic nature.

Based on these pioneering works, here we realize the
electric-field modulation of the Néel transition of Cr via
depositing its epitaxial thin films onto (001)-oriented ferro-
electric 0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN-PT) sub-
strates to construct multiferroic heterostructures [22–24].
Transport and magnetic measurements show that electric
fields, mediated by the [110] compressive piezoelectric
strain of PMN-PT, can suppress the formation of SDWs.
The TN deduced from the transport properties is decreased
by around 9 K by an electric field of approximately
−6.67 kV cm−1, which results in a large electroresis-
tance ratio (ER) for metallic systems of about 5.9% at
283 K. Furthermore, Cr/PMN-PT can exhibit two room-
temperature nonvolatile resistance states that differ by
around 1.8% and are stable against a magnetic field of
3 T after poling by different electric-field pulses. Our
study not only demonstrates an energy-efficient prototype
memory device based on a SDW metal, but also implies
a feasible tactic to build various SDW components via
tuning the SDW transitions and band gaps of thin films.
For example, the electric-field-controllable SDW antifer-
romagnetism shown in our work can be exploited to build
antiferromagnetic spintronic devices.

II. EXPERIMENTAL METHODS

A dc magnetron sputtering system is employed to fabri-
cate Cr/PMN-PT heterostructures with a base pressure of
around 7.5 × 10−9 Torr. The substrate temperature, sput-
tering power, Ar pressure, and distance between the target
and substrates are kept at 450 °C, 30 W, 3 mTorr, and
245 mm during deposition, respectively. The deposition
rate of Cr is approximately 0.22 Å s−1. The film thick-
ness is approximately 80 nm unless otherwise noted. The
samples are annealed at 450 °C in situ for 1 h after deposi-
tion and then cooled down to room temperature at a rate of
about 2 °C min−1.

Temperature-dependent transport and magnetic proper-
ties are measured via a Quantum Design VersaLab system

with Keithley source meters to supply voltage or cur-
rent and Keithley nanovoltmeters to measure voltage. The
standard four-probe method is employed to determine
the longitudinal resistivity while Hall bars are patterned
to conduct the Hall measurement. All the temperature-
dependent resistivity curves are measured in a warming-up
procedure with a rate of approximately 1 K min−1. A
vibrating sample magnetometer module is employed to
obtain magnetization loops. For the exchange-bias mea-
surement, the thickness of Co90Fe10 (Co-Fe) is selected
to be approximately 5 nm and the Pt/Co-Fe/Cr/PMN-PT
stack is annealed at 400 K for 1 h with a magnetic field of
1.5 T applied along Cr〈100〉 to establish effective exchange
bias.

In the transport measurements with in situ electric fields,
a negative voltage of −200 V is applied across the het-
erostructure at room temperature before cooling it down
in order to generate effective polarization switching. On
the other hand, the voltage is applied at room tempera-
ture but turned off before testing the magnetic properties of
the electric-field-poled samples. The electric fields within
the 0.3-mm-thick PMN-PT substrate are calculated to be
approximately −6.67 kV cm−1.

A strain gauge is stuck onto a Pt(2 nm)/PMN-PT sample
to measure the piezoelectric strain. Note that the measured
values could be smaller than those exerted on Cr due to the
loss of strain in the adhesive layer.

III. RESULTS AND DISCUSSION

A. Structural, magnetic, and transport properties

The PMN-PT substrates used in our study are at the
morphotropic phase boundary [25,26]. The pseudocubic
crystal structure of PMN-PT (a ∼ 4.02 Å) [26] allows Cr
to epitaxially grow on its (001) crystal planes with Cr〈100〉
parallel to PMN-PT 〈110〉 and the lattice mismatch is
approximately −1.3%. The epitaxy of Cr/PMN-PT het-
erostructures is confirmed by x-ray diffraction (XRD). As
shown in Fig. 1(a), the sharp (002) diffraction peak of the
Cr thin film, together with the (002) and (003) peaks of
PMN-PT in the XRD pattern, is in good accordance with
the expected epitaxial relation. The linear dependence of
the magnetic moment and Hall resistivity on applied fields
in Figs. 1(b) and 1(c) is consistent with the antiferromag-
netism of Cr. Additionally, the Hall data collected in our
measurement geometry indicates that the transport proper-
ties are dominated by holes in Cr/PMN-PT. The deduced
hole density nonmonotonically varies with temperature
(T), which could result from the SDW nature of Cr (Note
1, Supplemental Material [27]). In addition, the absence of
anomalous Hall-like signals also reveals a relatively low
defect concentration [29].

Temperature-dependent longitudinal resistivity (ρ) is
measured from 50 to 320 K. As depicted in Fig. 1(d),
Cr/PMN-PT exhibits metallic transport behavior, i.e., its
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FIG. 1. Structural, magnetic, and transport properties of Cr/PMN-PT heterostructures. (a) X-ray diffraction pattern. Magnetic field
(µ0H )-dependent (b) magnetic moment (m) at 50 K and (c) Hall resistivity (ρyx) at various temperatures (T). (d) T-dependent resistivity
(ρ) and the corresponding first derivative of ρ with respect to T (dρ/dT). T∗

0 denotes the T where dρ/dT reaches a minimum. (e)
Magnetization (M ) loops of Pt/Co-Fe/Cr/PMN-PT and Co-Fe/PMN-PT at 50 K. µ0HC1 and µ0HC2 represent the coercivity field of
Pt/Co-Fe/Cr/PMN-PT. (f) µ0HC of Pt/Co-Fe/Cr/PMN-PT and Co-Fe/PMN-PT as a function of T.

ρ increases with increasing T. The room-temperature resis-
tivity is approximately 39.6 µ� cm, comparable to that of
bulk and single-crystal thin films [5,30–32]. In addition,
the first derivative of ρ with respect to T (dρ/dT) is taken to
monitor the phase-change process. As shown in Fig. 1(d),
an anomaly shows up as a minimum [(dρ/dT)min] at
approximately 274 K. Generally, the temperature (denoted
as T* hereafter) where (dρ/dT)min emerges is recognized
as the TN of Cr [5,32,33]. However, the Néel transition
of Cr thin films is in fact always broadened due to strain
and defects [14] and a high-TN commensurate SDW phase
has been confirmed to survive well above T* [33–36].
Accordingly, T* cannot signify a critical point where the
antiferromagnetic Cr uniformly converts to being param-
agnetic, but it is reasonable to regard T* as a temperature
at which the Néel transition takes place most intensively.

Exchange bias [37] is an interfacial effect where the
coupling of the interfacial moments of adjacent ferromag-
netic and antiferromagnetic materials results in a biased
magnetic hysteresis loop and enhanced coercivity (HC).
We then deposit Co-Fe and Pt layers onto a Cr/PMN-PT
film at room temperature to confirm the antiferromag-
netism of Cr below and above T*. The exchange-bias
field (H EB) of the Pt/Co-Fe/Cr/PMN-PT stack is approx-
imately −1.61 mT at 50 K [Fig. 1(e)]. It should be men-
tioned that H EB is determined by complicated factors and
the exchange-coupling energy deduced via H EB has been

found to be relatively weak for Cr in general [37]. This is
consistent with our results. Despite the small H EB, the HC
of the sample is more than 2 times higher than that of a free
Co-Fe layer [Fig. 1(e)]. At higher temperatures, although
|H EB| decreases to zero at 275 K (Fig. S2, Supplemental
Material [27]) owing to the intensive Néel transition, the
HC remains large even at 400 K [Fig. 1(f)], which is pos-
sibly due to the existence of the high-TN commensurate
SDW phase. Therefore, it is reasonable to infer that at least
certain portions of the Cr/PMN-PT heterostructure retain
antiferromagnetic SDW states above T*.

B. Suppression of the Néel transition by electric fields

In order to clarify the effect of electric fields on the
Néel transition, in Fig. 2 we compare the transport prop-
erties of Cr/PMN-PT with and without in situ electric
fields. As shown in Fig. 2(c), an electric field of approx-
imately −6.67 kV cm−1 obviously lowers the original
T* (denoted as T∗

0 hereafter) from around 274 to 265 K
(denoted as T∗

E hereafter), which indicates that electric
fields can suppress the formation of the SDW phases.
There are two main consequences of the suppressed Néel
transition of Cr under electric fields that can offer poten-
tial for realizing different functionalities. The first one
is weakened antiferromagnetism, which is evidenced by
the decreased |H EB| of the Pt/Co-Fe/Cr/PMN-PT stack
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FIG. 2. Electric-field (E)-modulated transport properties. (a) ρ(T) curves with and without E. The inset illustrates the measurement
geometry. (b) T-dependent negative changing ratio of ρ (−�ρ/ρ0) after the application of E. With increased T, the Cr layer gradually
changes from spin-density-wave (SDW) states to being paramagnetic (PM). The inset shows the negative [110] compressive piezo-
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after electric-field poling (Note 2, Supplemental Material
[27]). The other one, which is more important in our work,
concerns the transport properties.

As shown in Fig. 2(a), the ρ of Cr/PMN-PT is low-
ered by the applied electric field within the measurement
T range, and the decrease in ρ is pronounced from around
240 to 315 K. For clarity, we extract the T-dependent neg-
ative changing ratio of ρ (−�ρ/ρ0) induced by the electric
fields in Fig. 2(b). The −�ρ/ρ0(T) curve displays two
regions with distinct variation behavior. Below approxi-
mately 170 K, −�ρ/ρ0 slowly increases from around 0.7%
to 0.8% with augmented T; with further raised T, −�ρ/ρ0
rises in a more rapid manner and peaks at approximately
283 K with a maximum value of about 1.9%. Although the
initial slow increase of −�ρ/ρ0 could relate to the change
of the physical properties of PMN-PT with T that slightly
modifies the electron scattering in Cr, its subsequent sharp
augmentation and maximization cannot simply be inter-
preted in terms of PMN-PT and the tuned electron scat-
tering. As we demonstrate in the following, ρ is sensitive
to the [110] in-plane piezoelectric strain (ε[110]). Neverthe-
less, ε[110] remains almost constant from 240 to 290 K and
keeps rising until at least 310 K [inset of Fig. 2(b)], which
is inconsistent with the variation of −�ρ/ρ0.

On the other hand, the complicated variation tendency of
−�ρ/ρ0 at high temperatures should directly result from
the suppressed Néel transition of Cr. Given that the local
TN in Cr thin films strongly diverges, the applied elec-
tric field can always transform certain areas in the films
from antiferromagnets to paramagnets and lead to van-
ished SDW band gaps. Therefore, the ρ of the sample
is expected to significantly decrease as soon as the Néel
transition starts, with −�ρ/ρ0 most notable near T∗

0 or T∗
E

where the Néel transition proceeds most intensively. This
is fully consistent with the results in Fig. 2(b). In addi-
tion, the maximum of −�ρ/ρ0 emerges at approximately
283 K, slightly higher than T∗

0 and T∗
E . This can

originate from the shrinkage of the transition window,
i.e., not only can electric fields decrease T∗

0, but they
can influence the transition process as well. The transport
properties of Cr/PMN-PT with different film thicknesses
are also in line with this scenario (Note 3, Supplemental
Material [27]).

C. Suppression mechanisms

Generally, an electric field (E) across a ferroelectric het-
erostructure can bring about two effects on the film layer:
lattice strain [38–45] and interfacial polarization charges
(the field effect) [46,47]. Given that −�ρ/ρ0 is maximized
at 283 K owing to the suppression of SDWs, in Fig. 3(a)
we measure the ρ-E relations at the same temperature to
reveal the modulation mechanisms of E. Note that the
maximum E of ±6.67 kV cm−1 in the scans exceeds the
ferroelectric coercivity of PMN-PT, and the polarization
switching is evidenced by the peaks of the leaky current in
Fig. 3(b). The ρ(E) curves maintain the same asymmetric
butterflylike shape in three consecutive scan cycles, which
is reminiscent of the piezoelectric strain-E loop of PMN-
PT [Fig. 3(c)]. Based on these observations, the E-tuning
scenario of electrostatic-carrier injection can be excluded.
Firstly, such a mechanism is related to the dielectric prop-
erties of PMN-PT. Thus, it always leads to square ρ(E)
curves that are similar to dielectric polarization loops in
shape [47]. Additionally, the carrier density of Cr deduced
from the Hall measurement is of the order of 1022 cm−3,
corresponding to a Thomas-Fermi screening length of sev-
eral angstroms [38], which is much smaller than the film
thickness. Consequently, the effect of interfacial electro-
static charges on the ρ of Cr/PMN-PT is anticipated to be
negligible and cannot lead to the large electroresistance in
Fig. 3(a).

For bulk Cr, volume shrinkage owing to compressive
strain can result in an intensive decrease in the area of
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certain portions of the Fermi surface that contribute to
the nesting properties [19,21,48], Thus, the stability of
the SDWs is reduced and the TN is lowered. For small
strain, the TN decreases linearly with pressure at a rate of
approximately 5.1 K kbar−1 [18]. Furthermore, the TN is
more sensitive to longitudinal strain compared with shear
strain, and the dependence is almost isotropic [49,50].
Accordingly, the effect of piezoelectric strain on the Néel
transition of Cr can be interpreted as follows. The epi-
taxial Cr is nearly identically sensitive to in-plane strain
along all directions. Owing to the larger piezoelectric strain
along PMN-PT[110] than along PMN-PT[100] [51,52],
the modulation effect is dominated by the former, lead-
ing to an asymmetric ρ(E) curve that is similar to the
ε[110](E) curve of PMN-PT in shape [Fig. 3(c)], rather than
the symmetric ε[100]-E relation [52]. Upon applying a neg-
ative E of approximately −6.67 kV cm−1, a compressive
piezoelectric strain of above −0.85‰ is exerted on Cr. Pre-
suming that the elastic moduli of Cr thin films are of the
same order of megabars as those of bulk [53], the TN is
anticipated to decrease by several kelvins according to the
decreasing rate of approximately 5.1 K kbar−1 [18]. Con-
sequently, certain portions of the antiferromagnetic Cr are

converted to be paramagnetic. This scenario is summarized
in Fig. 3(d).

D. A large electroresistance effect for metallic systems

It is worth noting that the overall ER, i.e., the maxi-
mum negative changing ratio of ρ (−�ρ/ρmin), reaches
approximately 5.9% in Fig. 3(a), which is indeed large
for general metallic systems. As discussed, the usual field
effect is not expected to work in metals with carrier den-
sities of 1022–1023 cm−3 due to electronic screening. Only
when gated with a special polymeric electrolyte solution to
induce a surface charge density of the order of 1015 cm−2

can the room-temperature ρ of a metallic thin film be
modulated by approximately 4.7% [54]. Additionally, even
though one utilizes piezoelectric strain rather than interfa-
cial charges to tune transport properties, as in this work,
the changes in ρ that result from the antiferromagnetic
anisotropic magnetoresistance (AMR) effect and modified
electron scattering due to lattice distortion remain far less
than 1% in a normal alloy [43].

Historically, the large electroresistance effect for a metal
in all-solid heterostructures has only been achieved based
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on two mechanisms in different materials: the AMR effect
from the strain-tunable magnetic anisotropy of Co [55] and
the strain-sensitive first-order metamagnetic phase transi-
tion of FeRh [38,45]. Nevertheless, ferromagnetic metals
that are both susceptible to strain and gifted with a large
AMR effect can be scarce, while metallic metamagnetic
materials can be even rarer. Here our results indicate an
additional route to realize a large ER comparable to that of
Co or FeRh for metallic systems: tuning the Néel transition
and the SDW band gaps of SDW metals via piezoelectric
strain.

Specifically, for Cr/PMN-PT, the dynamical piezoelec-
tric strain exerted on Cr in the E scans can lower the
local TN by varying degrees and destroy the SDW band
gaps to varying extents, which is supposed to alter the
ρ by up to several percent according to the ρ changes
in the Néel transition of Cr [19,56]. As a result, the ER
is significantly enhanced compared to the case of normal
metals and alloys. We further confirm this strain-mediated
electroresistance mechanism in the thickness-dependent
measurements (Note 4, Supplemental Material [27]). It
should be clarified that the ER of approximately 5.9% is
slightly higher than that extracted from the ρ(T) curves.
This discrepancy can be derived from the tensile piezo-
electric strain of PMN-PT in E scans [Fig. 3(c)] that
partially compensates the compressive epitaxial strain and
leads to an increase in ρ. Additionally, we emphasize
that the electroresistance cannot be exclusively credited
to the tuned SDW transition. Considering that SDWs
themselves are sensitive to strain as well [12,14], other
factors such as the AMR effect [56] and the variation of
SDW wavelength [5] could make moderate contributions
too.

E. A prototype resistive memory device

The large electroresistance effect in a metallic sys-
tem can be utilized for different applications. Here we
employ Cr/PMN-PT to demonstrate a prototype ferro-
electric memory device. Ferroelectric memristive com-
ponents possess outstanding advantages in energy sav-
ing and high speed for writing a bit. Compared with
other ferroelectric memories with a similar structure but
based on (oxide) semiconductors, i.e., a thick ferroelec-
tric layer sandwiched between a metallic electrode and
a semiconducting film, which in fact can be regarded as
ferroelectric field-effect transistors (FeFETs) [57–59] or
piezoelectric-strain-based transistors (PSTs) [60–63], the
advantages of using metallic Cr as the functional layer lie
in the enhanced tolerance against defects, lowered work-
ing impedance, and improved stability against magnetic
fields.

As shown in Fig. 4(a), the maximum ER is still above
5% at 300 K, as the electroresistance mechanism remains
effective at room temperature due to the broadened Néel

transition. Ferroelectrics have been found to crack in
repeated E cycles due to the fragility of domain bound-
aries [64]. Therefore, a unipolar-scan measurement is
performed to prevent cracking [41,43,45], as depicted in
Fig. 4(b). Notably, two nonvolatile resistance states differ-
ing by approximately 1.8% are found at zero field due to
the remanent piezoelectric strain of PMN-PT, which can
also be obtained via exciting the sample with E pulses
of approximately 2.83 and −6.67 kV cm−1 [Fig. 4(c)].
Such room-temperature output is already comparable with
or even larger than that of certain PSTs based on corre-
lated oxides [60,62,63]. Moreover, these resistance states
remain stable and differentiable even in a magnetic field
of 3 T owing to the antiferromagnetic and metallic nature
of Cr [Fig. 4(d)], which is an exclusive advantage inacces-
sible to other large-ER metals such as Co [55] and FeRh
[38,45]. Additionally, compared with other magnetic-field-
resistant memories based on the antiferromagnetic AMR
effect, our prototype device of Cr/PMN-PT shows bet-
ter distinguishability (one order of magnitude larger) of
different resistance states [65,66].

We also notice that the current output signal of
Cr/PMN-PT can be considerably smaller compared with
the most outstanding cases among the aforementioned
FeFETs and PSTs [57,59,61], which may obstruct it from
practical application. Nevertheless, in principle, there can
be several strategies to alleviate this problem, i.e., enhance
the ER. The main factor that limits the overall ER lies
in the relatively “mild” Néel transition in our samples,
as shown in Fig. 2(a). In order to intensify the transition,
i.e., narrow the transition window, the crystallization qual-
ity of Cr should be further improved to induce a more
uniform local TN and thus a sharper phase change. Note
that this is also advantageous for the scalability of our
design, as the impact of the nonuniform piezoelectric strain
in PMN-PT can be minimized in this way at the same
time. In this context, one can, for example, utilize other
fabrication methods such as molecular beam epitaxy to
directly deposit high-quality films, optimize the anneal-
ing process to reduce defect concentrations, or insert a
metallic buffer layer to provide better conditions for crys-
tallization. Moreover, via moderate alloying, the intrinsic
changes in ρ in the SDW transition of Cr could also
be enlarged [15]. On the other hand, the major factor
that restricts the nonvolatile ER can lie in the relatively
small [110] in-plane remanent piezoelectric strain of (001)-
oriented PMN-PT. Therefore, one can employ other fer-
roelectric substrates with better piezoelectric properties,
such as (011)-oriented PMN-PT [67], to improve the dis-
tinguishability. In addition, the limited T range for usage
could be another shortcoming of our prototype device.
Although we cannot completely circumvent this issue, we
emphasize that the usage T of our design may be inten-
tionally altered since the TN of Cr is rather sensitive to
alloying [15].
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FIG. 4. A prototype resistive memory device at room temperature. (a) Negative maximum ER (−�R/Rmin) in bipolar E scans and
(b) ER (�R/R0) in unipolar E scans of Cr/PMN-PT. The curved arrows and numbers show the measurement procedure. (c) Binary
memory functionality of Cr/PMN-PT with two nonvolatile resistance (R) states obtained after the excitation by E pulses of opposite
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IV. CONCLUSION

In summary, we realize the E modulation of the Néel
transition of Cr/PMN-PT heterostructures. It is discov-
ered that the compressive piezoelectric strain generated by
electric fields in Cr/PMN-PT can effectively suppress the
formation of the SDW phase, which enables a large ER for
metallic systems. Based on these findings, we demonstrate
a room-temperature prototype binary resistive memory
device that is stable against a magnetic field of 3 T. Our
design could also be applied to SDW materials of lower
dimensionality, where the Néel transition can induce more
prominent changes in ρ, to achieve larger output signals.

In addition, we emphasize that our prototype device only
exploits one of the results of tuning a paramagnetic-SDW
transition. In recent years, antiferromagnetic spintronics
has received extensive attention since antiferromagnets are
considered as candidate materials for realizing ultrafast,
field-resistant, and high-density electronics [68–72]. The
efficient control of antiferromagnetism has been a core
pursue of this field. Here we also demonstrate a tunable
SDW antiferromagnetic order. Our method of manipulat-
ing antiferromagnetism via E holds prominent advantages
of energy efficiency over other tactics such as current-
induced torques [22]. The energy consumption of writing
a bit is anticipated to be of the order of femtojoules or

even attojoules. Moreover, compared with other strategies
based on E, such as the field effect, ionic-liquid gating,
and electrochemical ionic migration, utilizing piezoelec-
tric strain is unique in its nonvolatility owing to available
different remanent-strain states, high speed due to the fast
dynamics of ferroelectrics, and broad applicability as strain
can effectively impact on both metals and oxides in a
long-range manner [24]. Therefore, our work also indi-
cates the potential of SDW materials for antiferromagnetic
spintronic devices.
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