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Control of non-volatile magnetic
properties of Fe/CoO grown on a
piezoelectric substrate

W. Janus®**“, M. Szpytmal*, E. Ole$?, A. Kwiatkowski', P. Drézdz?, J. Kanak?, M. Zajac?,
M. Slezak?, T. Slezak! & A. Koziot-Rachwat!

In this study, we investigate the piezoelectric modulation of magnetic properties in an Fe/CoO bilayer
grown on a Cr-buffered PMN-PT(001) substrate. An initial application of an electric field across the
substrate has induced a non-volatile change in the coercive field of Fe/CoO. Subsequent voltage
applications further modified the coercive field of Fe/CoO, maintaining the non-volatile effect

below the blocking temperature of CoO. In contrast, no piezoelectric influence on the magnetic
properties was observed in the Fe single layer grown on Cr/PMN-PT. X-ray magnetic linear dichroism
measurements confirmed that the piezoelectric-driven modulation of magnetic behavior in Fe/CoO
bilayer is primarily governed by changes in the magnetic state of the CoO film.

Controlling magnetic properties through an electric field has recently emerged as a promising strategy for
developing low-power spintronic technologies!. An effective approach utilizes electric-field-induced strain from
a ferroelectric (FE) substrate to modulate the magnetic state of adjacent thin films. The insulating nature of
ferroelectric materials helps to minimize Joule heating, making piezoelectric strain control a highly attractive
method for low-power writing applications. The inverse piezoelectric effect alters the size and polarization
direction of FE domains, leading to changes in the dielectric, mechanical, and optical properties of the substrate.
These modifications can, in turn, influence the properties of the layers grown on the substrate. In particular,
piezoelectric strain generated within the substrate can be transferred to the magnetic layer via magnetostriction,
enabling control of its magnetic properties.

Among ferroelectric substrates, Pb(Mg, ,Nb, .)O,-PbTiO, (PMN-PT) is particularly valuable due to
its exceptional piezoelectric and dielectric coeflicients’™, which enable significant strain generation and
effective control over adjacent layers. In a rhombohedral PMN-PT crystal, polarization is aligned along the
<111> pseudo-cubic directions. Consequently, an electrically-driven change in polarization involves the rotation
of the polarization vector by 71°, 109°, or 180°. When an electric field is applied along the [001] direction to
a PMN-PT substrate with a (001) orientation, two types of polarization switching can be observed: volatile
and non-volatile. Switching by 71° and 180° results in symmetric, butterfly-like in-plane strain-electric field
(S-E) behavior without remanent strain®. In contrast, a 109° polarization switch induces reversible, non-volatile
strain, resulting in a loop-like bipolar strain response®’. This non-volatile strain is especially attractive from an
application point of view, since it enables a memory effect in magnetic material/piezoelectric heterostructures.
The effect of applying voltage to a PMN-PT crystal depends on its composition, the direction of the electric
field relative to the crystal’s orientation and its initial state*®. In the virgin state, the polarization domains of FE
crystal are randomly oriented. The first application of voltage along the non-polar axis can cause irreversible
reorientation of these domains into a stable multidomain state known as 4R. This process, referred to as the
‘poling’ process, establishes a preferred polarization direction in the crystal.

The realization of electric-field control of magnetism using PMN-PT has been primarily demonstrated in
heterostructures with a ferromagnetic (FM) layer deposited on FE substrates. The mechanisms responsible
for the magnetoelectric coupling in FM/PMN-PT systems include charge accumulation or depletion at the
interface, strain effects, ion migration, and changes in the morphology of the PMN-PT substrate!*-!1. Electric-
field induced modulation of magnetic properties was also presented for antiferromagnet (AFM)/FM bilayers
grown on PZT!>13, PZN-PT*, and BaTiO, FE substrates'”. In the aforementioned studies, a volatile piezoelectric
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manipulation of exchange bias was reported and linked to the modulation of magnetic anisotropy in the FM film.
More recently, voltage-induced strain was proposed as an effective method to control antiferromagnetism'. Wu
et al. showed that strain-mediated electric modulation of exchange bias in the CoFe/BiFeO,/SrRuO,/PMN-
PT heterostructure is primarily driven by alterations in the AFM spin structure!’. Piezoelectric strain control
of NiO was presented in Ni/NiO/PMN-PT, NiO/Ni/PMN-PT and Pt/NiO/Pt/PMN-PT heterostructures'3-2.
Notably, Domann et al. showed that different strain ranges can be used to modulate spin structure of AFM and
FM in NiO/Ni/PMN-PT. Recently, piezoelectric strain has been employed to control magnon spin-current
transmission through the AFM insulator in Y;FesO1,/Cr,Os/Pt. Zhou et al. demonstrated that non-volatile
manipulation of magnon transport can be achieved by adjusting the relative orientation between the Néel vector
and spin polarization, which is modulated by ferroelastic strain from the PMN-PT?!. Possibility of piezoelectric
control of AFM spins was also examined for metallic AFM. Switching of AFM spin structure was presented in
MnsPt/BaTiO322, MnPt/PMN-PT%, anAu/PMN-PT24, and FeRh/ PMN-PT(BaTi03)25‘27.

Promising candidates for piezoelectric switching are materials with large magnetostriction. A representative
insulating AFM with considerable magnetostriction is CoO?. Recently, strong sensitivity of its magnetic
properties to mechanical bending was demonstrated for Co/CoO grown on a mica substrate’, where strain-
induced modulation of the bilayer’s magnetic state was attributed to changes in the CoO spin structure. This
observation is consistent with earlier studies showing epitaxial strain-driven reorientation of AFM spins
in CoO%. Despite these indications, systematic exploration of piezoelectric strain control in CoO-based
heterostructures remains limited. In particular, the role of CoO in mediating non-volatile strain effects and their
impact on exchange coupling in FM/AFM bilayers has not yet been clarified. Motivated by this gap, the present
work investigates Fe/CoO bilayers grown on Cr-buffered PMN-PT(001), focusing on how electric-field-induced
strain influences the coercive field and magnetic state of the system.

Experimental

Samples were grown in an ultrahigh vacuum (UHV) chamber using molecular beam epitaxy (MBE) on double-
side polished PMN-32%PT(001) substrates with dimensions of 5 mm x 10 mm x 0.5 mm. The substrates used
in this study were purchased from Atom Optics Co., Ltd. (Shanghai, China). Prior to deposition, the substrates
were annealed at 523 K for 40 min. A 20 nm-thick Cr layer was deposited on one side of the substrate at 473 K,
serving as the top electrode. The Cr layer was partially covered with a 10 nm-thick CoO layer, grown at 473 K
by reactive deposition of metallic Co under an oxygen partial pressure of 1x 10°° mbar. The area of the sample
uncoated with CoO provided access to the Cr electrode. Next, at room temperature (RT), a 5 nm-thick Fe layer
was deposited and capped with a 3 nm-thick Pt layer. On the opposite side of the substrate, a bottom electrode
consisting of 10 nm of Cr and 60 nm of Au was deposited. A schematic of the sample is shown in (Fig. 1a).

The magnetic properties of the samples were characterized using longitudinal magneto-optic Kerr effect
(LMOKE). The setup contained a lock-in detection system consisting of an s-polarized laser (wavelength
A=635 nm) and a photo-elastic modulator operating at a modulation frequency of 50 kHz. The detector
measured the second harmonic signal (2f), which is directly related to the Kerr rotation. The structural
properties of the piezoelectric substrate were characterized using an X-ray diffractometer (XRD, X'Pert MPD)
equipped with Cu Ka radiation. The X-ray diffraction analysis (Supplementary Material Fig. S1) confirmed the
crystalline structure of the substrate. Only peaks corresponding to (001)-oriented PMN-PT were detected, with
no evidence of additional peaks, which suggest a polycrystalline nature of the evaporated layers.

X-ray magnetic linear dichroism (XMLD) measurements were conducted at PIRX beamline®! of the
National Synchrotron Radiation Center SOLARIS™. The spectra were recorded in total electron yield (TEY)
detection mode. To probe the spin orientation in the CoO layer, linearly polarized X-rays at the photon energy
corresponding to the Co L; edge were used.
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Fig. 1. (a) Schematic of the sample. (b) LMOKE magnetic hysteresis loops acquired at 330 K (red curve) and
80 K (blue curve).
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Results and discussion

We first focus on the MOKE measurements performed on the Fe/CoO/Cr/PMN-PT(001) system in the
virgin state, which refers to the condition of the sample before the first application of an electric field to the
piezoelectric substrate. Azimuthal angular-dependent MOKE measurements (Supplementary Material Fig.
S2) revealed negligible anisotropy in the system, therefore, all MOKE hysteresis loops were recorded with the
external magnetic field applied along the in-plane [100] direction of the PMN-PT substrate. Figure 1b shows
LMOKE hysteresis loops measured at 330 K (red curve) and 80 K (blue curve) for the sample in the virgin state.
The loop at 80 K exhibits more than twice the coercivity of the loop at 330 K and is horizontally shifted towards
positive magnetic field values, indicating the presence of the exchange bias effect. The enhanced coercivity and
exchange bias at low temperatures are attributed to the formation of antiferromagnetic order in CoO layer upon
cooling the system, along with the establishment of interfacial coupling between FM and AFM spins. Notably,
the exchange bias in Fig. 1b is observed under zero-field cooling (ZFC), as no difference in the hysteresis loops
was detected between cooling under an external magnetic field and cooling in zero field. Furthermore, no
training effect was observed in our sample (see Supplementary Material Fig. S3).

Next, we investigate whether the piezoelectric response influences the magnetic properties of the system.
Figures 2a,b present temperature evolution of the exchange bias field (Hy, = (H,+H_)/2) and coercive field
(H, = (H_-H_,)/2) for both the virgin state and after applying an electric field, respectively. The post-electric
field state corresponds to the sample condition after the first application of an electric field to the substrate. An
electric field of + 6 kV/cm (equivalent to a voltage of +300 V) was applied along the PMN-PT[001] direction at
room temperature. As seen in Fig. 2a, H , displays only a minor variation between the virgin and post-electric-
field states. For both sample states, the blocking temperature (Tj), defined as the temperature at which exchange
bias disappears, is approximately 300 K. In contrast, a more pronounced effect of the applied electric field is
observed in H, as shown in Fig. 2b. At lower temperatures, the electric field leads to a significant reduction in
H, particularly at 80 K, where it decreases by 164 Oe (36%) compared to the virgin state. The difference in H_
between the two states gradually decreases as the temperature increases, eventually disappearing at 300 K (see
Supplementary Material Fig. S4). The temperature at which the difference in coercivities is diminished coincides
with the blocking temperature of the system (Fig. 2a) and is slightly higher than the Néel temperature of bulk
CoO, Ty, = 293 K*. This suggests that the electric field no longer affects H_at the temperature where the AFM
order in the CoO layer is either lost, or the magnetic anisotropy within the CoO layer becomes too weak to
significantly influence the coercivity of the adjacent Fe layer. Therefore, the observed field-induced changes in
magnetic properties of the system are likely related to modulations in the magnetic state of the CoO layer. These
modulations can further affect the magnetic properties of the Fe layer through the AFM/FM coupling at the
interface, resulting in a reduction of H_in the Fe/CoO bilayer.

Figure 2b shows that the electric-field-induced change in coercivity is largest at 80 K; therefore, we performed
MOKE measurements during a bipolar electric field cycle at this temperature. Figure 3a, light blue circles, shows
the strong dependence of H_ on the applied electric field. When an electric field of E = — 6 kV/cm is applied, H,
increases by approximately 12% compared to the value at E=+6 kV/cm. A comparable 12% increase in H_under
E =-6kV/cm is observed for a new twin sample “B” (Fig. 3a, dark blue triangles), which was examined following
the mechanical failure of the initial sample “A”. For both samples we did not observe any modulation of exchange
bias as a function of electric field (not shown). For sample “B” part of the substrate was protected by a shutter
during the CoO layer growth. As a result, regions with Fe/Cr and Fe/CoO were formed on the sample. Although
the relative change in H, for Fe/CoO remains consistent between the two samples, their absolute H, values differ,
likely due to substrate-to-substrate variations, such as differences in defect density or the distribution of polar
domains. These variations can influence domain wall motion and pinning, ultimately affecting the coercivity.
Importantly, for both samples, the H_ curve exhibits clear hysteresis-like behavior, as evidenced by the two
distinct coercivity states at zero electric field. This demonstrates a non-volatile effect, where the application of an
appropriate positive or negative electric field exceeding a certain threshold, induces a remnant state with high
or low coercivity, respectively. As seen in Fig. 3a, orange and red curves, the difference between the low and
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Fig. 2. (a) Exchange bias field (Hy;,) and (b) coercive field (H,) as a function of the temperature (T) for the
virgin state of the sample (grey points) and after applying a positive electric field to the substrate (orange
points).
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Fig. 3. (a) Coercive field (H_) as a function of the applied electric field at 80 K (dark blue triangles, light blue
circles), 230 K (orange squares), and 330 K (red circles). Samples A and B have nominally identical architecture
(see text). (b—d) LMOKE hysteresis loops measured at zero electric field after applying + 6 kV/cm (grey curves)
and -6 kV/cm (black dashed curves) measured at 80 K, 230 K, and 330 K, respectively.

high coercivity states weakens with increasing temperature, and it disappears entirely above the T}, of CoO (see
Fig. 3b-d for the comparison of hysteresis loops measured after applying positive and negative electric field of
6 kV/cm at each temperature). This reveals that the CoO in the AFM state is essential for achieving non-volatile
electric-field-induced modifications in the magnetic properties of the investigated system. Additionally, for part
of the sample “B” with the Fe layer grown on Cr/PMN-PT we did not observe any changes in coercive field or in
magnetic anisotropy after application of an electric field (see Supplementary Material Fig. S5). This suggests that
the piezoelectric-driven modulation of magnetic properties in Fe/CoO is mediated by changes in the magnetic
state of the CoO film.

It should be noted that the difference between the two coercivity states observed at 80 K in Fig. 3a is reduced
compared to the difference between the virgin state and the post-electric state at the same temperature, as shown
in Fig. 2b. This may result from the tendency of PMN-PT substrates to undergo non-reversible deformation
of the crystal lattice after the first application of an electric field along the [001] direction, which triggers the
reorientation of the randomly oriented polar domains into a multidomain 4R state®**. Consequently, electric-
field-induced changes in magnetic properties related to initial poling of the substrate may be irreproducible.

To directly demonstrate the effect of an electric field on the reorientation of AFM spins, we performed
XMLD measurements on a sample without a ferromagnetic capping layer. Measurements were performed at
80 K after applying electric fields of E = —4 kV/cm and E=+4 kV/cm across the PMN-PT substrate at room
temperature. Figure 4 presents the resulting XMLD signal, calculated as the difference between XAS spectra
recorded at normal and grazing incidence (see Supplementary Materials Fig. S6 for details). No XMLD signal
was detected following the application of a+4 kV/cm field (Fig. 4, black dashed line). However, a pronounced
XMLD response appeared when the polarity was reversed (Fig. 4, grey line). Although the polycrystalline nature
of the CoO layer prevents precise determination of the AFM spin orientation, a change of the XMLD signal with
electric field polarity provides direct evidence that the AFM spin structure is responsive to electric-field-induced
strain. These XMLD results confirm that rotatable AFM spins in CoO are sensitive to electric fields applied via
the PMN-PT substrate.

The observed strain-induced reorientation of AFM spins can be attributed to several mechanisms, with
a primary factor being the modification of magnetic anisotropy (MA). This strain-induced alteration of MA
may arise from changes in orbital occupation, crystal field splitting, or spin-orbit interactions**-*”. In FM/AFM
bilayers, strain can also influence the relative proportion of rotatable and pinned AFM spins’®, thereby affecting
the exchange bias and coercivity of the system. In our study, we observed a dependence of coercivity on the
electric field, along with a minor change in exchange bias after the initial application. However, no significant
or systematic electric-field sensitivity of the exchange bias was detected. Thus, we do not attribute the observed
effects to a change in the relative population of pinned versus rotatable AFM spins. Instead, the strain-induced
variation in the XMLD signal is more likely a consequence of electric-field-induced modification of magnetic
anisotropy in CoO. Since magnetic anisotropy is the key factor stabilizing the AFM domain pattern, its strain-
induced modification can be responsible for transformations of the AFM domain structure in CoO.
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Fig. 4. XMLD signal of CoO obtained at 80 K after the application of a negative (black dashed line) and
positive (grey line) electric field across the PMN-PT substrate.
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Fig. 5. Remanent out-of-plane strain as a function of the electric field applied along the [001] direction to the
single-crystal PMN-PT(001) substrate. Each data point is derived from the room temperature XRD pattern,
taken at zero electric field, after applying the specified electric field. The inset shows XRD scans of the (002)
reflection with CuKal-CuKa2 profile of the PMN-PT substrate upon removing electric fields of +6 kV/cm
(gray curve) and — 6 kV/cm (black curve).

To demonstrate that the modulation of the magnetic properties of the Fe/CoO bilayer is linked to the
piezoelectric response of the substrate, we performed XRD measurements. The electric field-induced changes
in out-of-plane lattice parameter of the PMN-PT substrate are reflected in the shift of the (002) reflection, as
described by the Bragg’s law (see inset of Fig. 5). To confirm the presence of non-volatile strain, we measured
XRD scans of the (002) PMN-PT reflection at zero electric field following the application of an electric field.
The remanent out-of-plane strain is calculated with respect to the positively poled sample. As seen in Fig. 5,
the remanent out-of-plane strain exhibits distinct high and low states upon the application of sufficiently
high negative and positive electric fields, respectively. When decreasing the electric field from E=0 kV/cm to
E=-6 kV/cm, a pronounced peak appears at E=—-0.8 kV/cm, corresponding to 0.14% elongation of unit cell
along the PMN-PT [001] direction. Further, the strain gradually decreases until the maximum negative electric
field is reached. Upon reversing the polarity and increasing the electric field from E=0 kV/cm to E=+6 kV/
cm, the strain initially remains constant but then sharply decreases after reaching E=+0.6 kV/cm, as the lattice
returns to its initial state. These results confirm that remanent strain can be induced in the system through the
application of an electric field. Under the assumption of approximate volume conservation via the Poisson effect,
changes in the out-of-plane lattice constant are expected to be accompanied by variations in the in-plane lattice
parameters'”*° which, in turn, enable non-volatile modifications of the magnetic properties in Fe/CoO bilayers.
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Remanent strain in the (001)-oriented PMN-PT substrates has been previously observed and attributed to the
109° ferroelastic domain switching”.

The asymmetry in the strain response to the applied field observed in Fig. 5 may be related to the presence
of defect dipoles within the ferroelectric material*!. Defect dipoles locally interact with ferroelectric domains,
making their reorientation more difficult in one direction than in the other and generating an internal bias field
that influences domain switching behavior*2. Since the polarization of the ferroelectrics is directly related to its
piezoelectric response, defect dipoles can affect strain behavior. Besides defects, the mobility of polar domains in
PMN-PT substrates might be changed upon cooling due to the so-called freezing effect in relaxor ferroelectric.
As shown in Ref.®, even cooling the system by 50 K below room temperature makes the polar domains in
PMN-PT more difficult to rotate, requiring a higher electric field for switching compared to room temperature.
We assume that the freezing effect plays a role in our system, explaining why a much higher electric field is
required to switch the coercivity state in the Fe/CoO bilayer at 80 K (Fig. 3, blue triangles), than it would be
expected based on the remanent strain vs. electric field dependence measured at room temperature (Fig. 5). This
interpretation could be further supported by the fact that at 230 K, a lower electric field is sufficient to induce
changes in H,, compared to the measurements taken at 80 K (Fig. 3a).

Conclusions

To summarize, we investigated the magnetic properties of polycrystalline Fe/CoO bilayers grown on piezoelectric
PMN-PT(001). We observed a significant reduction in the coercive field after the initial application of an electric
field across the piezoelectric substrate, compared to the virgin state. Subsequent voltage applications induced
reversible, non-volatile changes in the coercive field of Fe/CoO/Cr below the Néel temperature of CoO. In
contrast, no changes in magnetic properties were observed for Fe/Cr/PMN-PT. XMLD measurements confirmed
that the electric field-induced non-volatile changes in the magnetic properties of the bilayer are associated
with modifications in the magnetic anisotropy of the AFM film. Replacing CoO with an AFM material with a
higher Néel temperature, such as NiO, could enable non-volatile, room-temperature control over the AFM state,
offering potential for low-power, AFM-based spintronic writing applications.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 25 August 2025; Accepted: 28 November 2025
Published online: 10 December 2025

References
1. Song, C., Cui, B,, Li, E, Zhou, X. & Pan, F. Recent progress in voltage control of magnetism: Materials, mechanisms, and
performance. Prog Mater. Sci. 87, 33-82 (2017).
2. Zhang, S. & Li, F. High performance ferroelectric relaxor-PbTiO, single crystals: status and perspective. J. Appl. Phys. 111, 031301
(2012).
3. Rajan, K. K., Shanthi, M., Chang, W. S, Jin, J. & Lim, L. C. Dielectric and piezoelectric properties of [001] and [011]-poled relaxor
ferroelectric PZN-PT and PMN-PT single crystals. Sens. Actuators Phys. 133, 110-116 (2007).
4. Zhao, X., Fang, B., Cao, H., Guo, Y. & Luo, H. Dielectric and piezoelectric performance of PMN-PT single crystals with
compositions around the MPB: influence of composition, poling field and crystal orientation. MESB 96, 254-262 (2002).
5. Thiele, C., Dorr, K., Bilani, O., Rodel, J. & Schultz, L. Influence of strain on the magnetization and magnetoelectric effect in
La,A),MnO,/PMN-PT(001) (A =Sr,Ca). Phys. Rev. B. 75, 054408 (2007).
6. Wu, T. et al. Domain engineered switchable strain States in ferroelectric (011) [Pb(Mg, ,Nb
x=0.32) single crystals. . Appl. Phys. 109, 124101 (2011).
7. Yang, L. et al. Bipolar loop-like non-volatile strain in the (001)-oriented Pb(Mg, /3Nb
(2014).
8. Otonicar, M. et al. Effects of poling on the electrical and electromechanical response of PMN-PT relaxor ferroelectric ceramics.
Open. Ceram. 7, 100140 (2021).
9. Nan, T. et al. Quantification of strain and charge co-mediated magnetoelectric coupling on ultra-thin Permalloy/PMN-PT
interface. Sci. Rep. 4, 3688 (2015).
10. Hu, J. M., Chen, L. Q. & Nan, C. W. Multiferroic heterostructures integrating ferroelectric and magnetic materials. Adv. Mater. 28,
15-39 (2015).
11. Vinai, G. et al. Reversible modification of ferromagnetism through electrically controlled morphology. Adv. Electron. Mater.
1900150 (2019).
12. Huong Giang, D. T., Duc, N. H., Agnus, G., Maroutian, T. & Lecoeur, P. Electric field-controlled magnetization in exchange biased
IrMn/Co/PZT multilayers. Adv. Nat. Sci. Nanosci. Nanotechnol. 4, 025017 (2013).
13. Lebedev, G. A. et al. Electric field controlled magnetization rotation in exchange biased antiferromagnetic/ferromagnetic/
piezoelectric composites. Appl. Phys. Lett. 99, 232502 (2011).
14. Xue, X. et al. Electric field induced reversible 180° magnetization switching through tuning of interfacial exchange bias along
magnetic easy-axis in multiferroic laminates. Sci. Rep. 5, 16480 (2015).
15. Polisetty, S. et al. Piezoelectric tuning of exchange bias in a BaTiO,/Co/CoO heterostructure. Phys. Rev. B 82, 134419 (2010).
16. Barra, A., Domann, J., Kim, K. W. & Carman, G. Voltage control of antiferromagnetic phases at Near-Terahertz frequencies. Phys.
Rev. Appl. 9, 34017 (2018).
17. Wu, S. Z. et al. Strain-mediated electric-field control of exchange bias in a Cogy Fe, /BiFeO,/SrRuO,/PMN-PT heterostructure. Sci.
Rep. 5,8905 (2015).
18. Zhang, Y. J. et al. Ferroelectric strain modulation of antiferromagnetic moments in Ni/NiO ferromagnet/antiferromagnet
heterostructures. Phys. Rev. B. 95, 174420 (2017).
19. Domann, J. P, Sun, W. Y, Schelhas, L. T. & Carman, G. P. Strain-mediated multiferroic control of spontaneous exchange bias in
Ni-NiO heterostructures. J. Appl. Phys. 120, 143904 (2016).
20. Barra, A. et al. Effective strain manipulation of the antiferromagnetic state of polycrystalline NiO. Appl. Phys. Lett. 118, 172408
(2021).

,5)0,](1-%)-[PbTIO,]x (PMN-PT,

,3)05-PbTiO; single crystals. Sci. Rep. 4, 4591

Scientific Reports |

(2026) 16:1276 | https://doi.org/10.1038/s41598-025-31017-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

21. Zhou, Y. et al. Piezoelectric Strain-Controlled Magnon spin current transport in an antiferromagnet. Nano Lett. 22, 4646-4653
(2022).

22. Liu, Z. Q. et al. Electrical switching of the topological anomalous hall effect in a non-collinear antiferromagnet above room
temperature. Nat. Electron. 1, 172-177 (2018).

23. Yan, H. et al. A piezoelectric, strain-controlled antiferromagnetic memory insensitive to magnetic fields. Nat. Nanotechnol. 14,
131-136 (2019).

24. Chen, X. et al. Electric field control of Néel spin-orbit torque in an antiferromagnet. Nat. Mater. 18, 931-935 (2019).

25. Feng, Z., Yan, H. & Liu, Z. Electric-Field control of magnetic order: from ferh to topological antiferromagnetic spintronics. Adv.
Electron. Mater. 5, 1800466 (2019).

26. Cherifi, R. O. et al. Electric-field control of magnetic order above room temperature. Nat. Mater. 13, 345-351 (2014).

27. Yan, H. et al. Electric-Field-Controlled antiferromagnetic spintronic devices. Adv. Mater. 32, 1905603 (2020).

28. Gomonay, O. V. & Lukyanchuk, I. The anisotropy induced by a magnetostriction in exchange-biased two-layer films. Metallofiz I
Noveishie Tekhnologii. 36, 1453-1463 (2014).

29. Ha, T. D. et al. Mechanically tunable exchange coupling of Co/CoO bilayers on flexible Muscovite substrates. Nanoscale 12, 3284-
3291 (2020).

30. Zhu, J. et al. Strain-modulated antiferromagnetic spin orientation and exchange coupling in Fe/CoO(001). J. Appl. Phys. 115,
193903 (2014).

31. Zajac, M. et al. The first experimental results from the 04BM (PEEM/XAS) beamline at Solaris. Nucl. Instruments Methods Phys.
Res. Sect. B Beam Interact. Mater. Atoms 492, 43-48 (2021).

32. Szlachetko, J. et al. SOLARIS National synchrotron radiation centre in Krakow, Poland. Eur. Phys. J. Plus. 138, 10 (2023).

33. Pratt, G. W. & Coelho, R. Optical absorption of CoO and MnO above and below the neel temperature. Phys. Rev. 116, 281 (1959).

34. Leiva, L. et al. Electric field control of magnetism in FePt/PMN-PT heterostructures. J. Magn. Magn. Mater. 544, 168619 (2022).

35. Odkhuu, D. Strain control of magnetic phase transition and perpendicular magnetic anisotropy in Ta/FeRh/MgO(001)
heterostructure. AIP Adv. 9, 125129 (2019).

36. Yue, Y. et al. Tuning the magnetic properties of Zr2N MXene by biaxial strain. Ceram. Int. 47, 2367-2373 (2021).

37. Mu, S. & Belashchenko, K. D. Influence of strain and chemical substitution on the magnetic anisotropy of antiferromagnetic
Cr,0;: an ab-initio study. Phys. Rev. Mater. 3, 034405 (2019).

38. Hu, Y. et al. Exchange bias mechanism at the ferromagnetic/antiferromagnetic interface with rotatable antiferromagnetic spins: A
Monte Carlo study. J. Appl. Phys. 122, 083902 (2017).

39. Wei, M. et al. Effects of piezoelectric-poling-induced strain on the magnetic properties of FeBSiC/PMN-PT (001) multiferroic
heterostructures. J. Alloys Compd. 676, 96-100 (2016).

40. Zhang, S. et al. Electric-field control of nonvolatile magnetization in Co o€
temperature. Phys. Rev. Lett. 108, 137203 (2012).

41. Kimmel, A. V., Weaver, P. M, Cain, M. G. & Sushko, P. V. Defect-mediated lattice relaxation and domain stability in ferroelectric
oxides. Phys. Rev. Lett. 109, 117601 (2012).

42. Yang, C,, Sun, E,, Yang, B. & Cao, W. Theoretical study on local domain pinning effect due to defect dipole alignment. J. Phys. D
Appl. Phys. 51, 415303 (2018).

43. Wang, F. et al. Temperature dependence of electric field tunable ferromagnetic resonance lineshape in multiferroic heterostructure.
AIP Adv. 6, 115211 (2016).

10820/ Pb(Mg, ;Nb 2/3) Tij O, structure at room

Acknowledgements

This publication was partially developed under the provision of the Polish Ministry and Higher Education pro-
ject “Support for research and development with the use of research infra-structure of the National Synchrotron
Radiation Centre SOLARIS” under contract nr 1/SOL/2021/2. We acknowledge SOLARIS Centre for the access
to the PIRX Beamline, where the measurements were performed.

Author contributions

W.J. analyzed the data, prepared figures and wrote the original draft of the manuscript. W.J., M.S., E.O, A.K.
prepared the samples and performed MOKE measurements. E.O., AK., P. D, M. Z., M. S., A.K-R. performed
XAS measurements. W.J., ].K. performed XRD experiment. M.S., T.S., A.K.-R., supervised the study. A.K.-R.
supervised manuscript preparation and conceived the idea. All authors discussed the results and commented
on the manuscript.

Funding

This work was supported by the Grant No. 2020/38/E/ST3/00086 founded by the National Science Centre, Po-
land. Research project partly supported by program “Excellence initiative - research university” for the AGH
University of Krakow.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-31017-x.

Correspondence and requests for materials should be addressed to W.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2026) 16:1276 | https://doi.org/10.1038/s41598-025-31017-x nature portfolio


https://doi.org/10.1038/s41598-025-31017-x
https://doi.org/10.1038/s41598-025-31017-x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports | (2026) 16:1276 | https://doi.org/10.1038/s41598-025-31017-x nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Control of non-volatile magnetic properties of Fe/CoO grown on a piezoelectric substrate
	﻿Experimental
	﻿Results and discussion
	﻿Conclusions
	﻿References


