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Abstract: Recently, the electric control of magnetism by means of ion migration has been proven to be
effective with nonvolatility and low energy consumption. In this work, we investigated the control of
the magnetic properties of FeRh films by means of Li* migration in FeRh/MgO heterostructures. We
found that the migration of Li* could reduce the phase transition temperature by 2 K with an applied
voltage of 1 V. Meanwhile, the voltage-dependent saturated magnetization exhibited a repetitive
switching behavior from high to low magnetization values while the voltage was switched from 4 to
—4V, indicating that the migration of Li* in the FeRh film can be reversible. This provides a means
to control the magnetic properties of FeRh films.
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1. Introduction

Fallot et al. discovered that the CsCl-type FeRh alloy undergoes a first-order phase
transition from an antiferromagnetic (AF) to ferromagnetic (FM) phase at around room
temperature accompanied by an approximately 1% volume expansion of the crystal lat-
tice [1]. Due to this magnetic transition, FeRh has attracted extensive attention for its
potential applications in heat-assisted magnetic recording, AF memory, and magnetic
refrigeration [2-7]. In order to realize its applications under different conditions, many
studies have been conducted to tune the magnetic properties of the FeRh film by means
of the strain, magnetic field, electric field, etc. [8]. However, the manipulation of FeRh
properties by means such as the strain and magnetic field is difficult to implement in
spintronics devices, limiting its practical applications [9,10]. In recent years, the electric
control of magnetism has been proven to be effective with low energy consumption and
repeatability [11-16]. For example, Cherifi et al. found that a moderate electric field can
produce a large magnetization variation in FeRh/BaTiOj3 [14]. Lee et al. reported a large
resistivity modulation by applying an electric field to FeRh/PMN-PT heterostructures [16].
However, these methods usually require a high-quality interface or very thin film. Re-
cently, the electric control of magnetism by means of ion migration has been proven to be
effective with nonvolatility and low energy consumption [17-19]. For instance, Dhanapal
et al. demonstrated reversibly controlled magnetic domains of Co via electric-field driven
oxygen migration at the nanoscale [18]. In this work, we investigated the electric control of
magnetic properties of FeRh films by means of Li* migration in FeRh/MgO heterostruc-
tures. We found that this method can not only manipulate the phase transition temperature,
but also change the saturated magnetization of FeRh film.
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2. Experiment

First, 30 nm thick FeRh films were deposited by sputtering from an FeRh alloy target
using a DC power of 100 W and an argon pressure of 5 mTorr. The (100)-oriented MgO
substrates were preheated to 530 °C for 1 h in a vacuum chamber and then held at this
temperature during deposition. After growth, the samples were annealed at 700 °C for
about 1 h at a base pressure below 1.0 x 107> Pa in order to obtain the chemically ordered
CsCl-type FeRh. The film thicknesses were calibrated by X-ray reflectivity (XRR) and the
rate of growth was 5 nm/min. The surface topographies of FeRh films were measured
using a Bruker Icon atomic force microscope. The crystal structure was characterized using
a Bruker Discover X-ray diffractometer. The temperature-dependent magnetizations of
the FeRh films were determined using a superconducting quantum interference device
(SQUID) magnetometer. The electric field was applied using a commercial three-electrode
experimental setup [20]. In this work, FeRh/MgO, a standard calomel electrode, and
a platinum sheet were used as the working electrode, reference electrode, and counter
electrode, respectively. In addition, 0.1 M of LiClOy dissolved in propylene carbonate was
used as the electrolytic solution. When voltage was applied, the Li* could migrate into
or out of the FeRh films. When we performed magnetic measurements, the FeRh/MgO
sample was taken out of the experimental setup and the electrode setup was also removed.

3. Results and Discussion

An AFM image of the FeRh films is displayed in Figure 1a, which indicates that the
roughness of the film was very small (~0.3 nm). Figure 1b shows the XRD 6-26 pattern
of the FeRh film. As seen in Figure 1b, only the reflections at 29.90° and 62.11° could be
observed, which demonstrates that the obtained FeRh film had the required CsCl-type
structure. The X-ray ¢@-scan of FeRh/MgO in Figure 1c indicates that the FeRh films
were epitaxially grown with a 45° in-plane lattice rotation with respect to the MgO(001)
substrates. The temperature-dependent magnetization of the FeRh film measured with
an in-plane magnetic field of 2 kOe is plotted in Figure 1d. When warming up, the
magnetization steeply increased from 100 to 1.1 x 10® A/m at around 350 K, exhibiting a
typical characteristic of the transition from the AF to the FM phase in FeRh. By contrast,
the magnetization of the FeRh film gradually decreased to the original value of the AF state
in the cooling process. A temperature hysteresis in the magnetization of about 25 K could
be observed, indicating the first-order phase transition of FeRh.
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Figure 1. (a) The AFM image of the FeRh films. (b) 6-26 scan and (c) ¢-scans of FeRh/MgO. (d) The
temperature-dependent magnetization of the FeRh film measured with an in-plane magnetic field of
2 kOe.



Magnetochemistry 2021, 7, 45

30f5

Figure 2a shows the temperature-dependent magnetization of the FeRh film at 2 kOe
without and with applied voltages of 1 V through the electrochemical method. It can
be seen that with an applied voltage of 1V, the behavior of the temperature-dependent
magnetization was almost unchanged compared with that for 0 V. Meanwhile, the phase
transition shifted to the lower temperature after the applied voltage of 1 V. The voltage-
dependent critical phase transition temperatures of FeRh, which were defined as T aApm-rm
on heating and Tr\-apm on cooling processes, are plotted in Figure 2b. T apnm-pv exhibited
a decrease of about 2 K with an applied voltage of 1V, indicating that the Li* migrated
into the FeRh film. However, no further change was observed after increasing the applied
voltages. Trm-arpm behaved similarly to that of Tpy-apm. This kind of behavior may be
ascribed to the small size of Li*. When voltage was applied, the Li* could migrate into
the FeRh film and the lattice volume could expand, which have been confirmed in our
previous work [21]. The magnetization and phase transition temperature of FeRh are
strongly dependent on the lattice parameter [22-24]. Consequently, the Tapv.-pv and
Tem-arm change due to the migration of Li*. However, the lattice volume cannot change by
very much, due to the small size of Li*, leading to a modulation of about 2 K in T spp-pum
and Tpv-apm When a voltage of 1 V was applied, as well as an easy saturation.
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Figure 2. (a) Temperature-dependent magnetization without and with an applied voltage of 1 V for
the FeRh thin film at 2 kOe. (b) Voltage-dependent T apn-pv and Tryv-arm of FeRh on heating and
cooling processes.

Figure 3a shows the reversibility of the temperature-dependent magnetization of
the FeRh film measured with applied voltages of 4 and —4 V. The applied magnetic
field was 2 kOe. It can be seen that when 4 V voltages were applied, the saturated
magnetization of the first temperature-dependent magnetization (1) at 400 K could reach
about 0.8 x 10° A/m. Meanwhile, when voltages of —4 V were applied, the saturated
magnetization of the first temperature-dependent magnetization (2) at 400 K decreased
to about 0.7 x 10® A/m, indicating that applying an electric field of —4 V can lead to the
decrease in the saturated magnetization compared with that for a applied voltages of 4 V.
When applied voltages of 4 and —4 V were applied again, the change in the saturated
magnetization (3 and 4) was repeated. This kind of behavior can be seen more clearly in
the inset of Figure 3a. It can also be ascribed to the migration of Li*. When 4 V voltages
were applied, the Li* can migrate into the FeRh film. However, when voltages of —4 V
were applied, the Li* migrated out of the FeRh film, leading to a decrease in the saturated
magnetization. The saturated magnetizations under different voltages are summarized in
Figure 3b. It can be seen that the voltage-dependent saturated magnetization exhibited a
repetitive switching behavior from high to low magnetization values when switching the
voltage from 4 to —4 V repetitively, indicating that the migration of Li* in FeRh film can be
reversible.
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Figure 3. (a) Temperature-dependent magnetization with applied voltages of 4 and —4 V for FeRh thin films. The inset

shows the enlarged figure of the temperature-dependent magnetization. (b) Voltage dependence of saturated magnetization

measured with a magnetic field of 2 kOe in FeRh thin films.
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4. Conclusions

In summary, the magnetic properties of FeRh films can be controlled by means of
electrochemistry in FeRh/MgO heterostructures. Both the phase transition temperature
and saturated magnetization of FeRh films can be modulated by varying the voltage.
This kind of modulated behavior can be ascribed to the migration of Li* ions by applying
voltage. This work provides a new method to control the magnetic properties of FeRh films.

Author Contributions: Conceptualization, Y.X. and B.W.; Methodology, Y.X. and B.W.; Investigation,
G.L, Y.X,, HY,; Writing—Original Draft Preparation, G.L.; Writing—Review and Editing, Y.X. and
B.W.; Supervision, B.W.; Funding Acquisition, Y.X., B.W. and R.-W.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by a National Key Technologies R&D Program of China
(2016YFA0201102), the National Natural Science Foundation of China (51871233, 51871232, 51931011,
and 51525103), the Youth Innovation Promotion Association of the Chinese Academy of Sciences
(2019299), the Ningbo Science and Technology Bureau (2018B10060), and the Ningbo Natural Science
Foundation (2019A610054, 2019A610051).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Fallot, M.; Horcart, R. Sur I'apparition du ferromagnétisme par élévation de température dans des alliages de fer et de thodium.

Rev. Sci. 1939, 77, 498.

2. Kouvel, J.S,; Hartelius, C.C. Anomalous Magnetic Moment and Transformations in the Ordered Alloy FeRh. J. Appl. Phys. 1962,
33, 1343. [CrossRef]

3. Zakharov, A.L; Kadomtseva, A.M.; Levitin, R.Z.; Ponyatovskii, E.G. Magnetic and magnetoelastic properties of a metamagnetic
iron-rhodium alloy. Sov. Phys. [ETP 1964, 19, 1348.

4.  Thiele, J].-U.; Maat, S.; Fullerton, E.E. FeRh/FePt exchange spring films for thermally assisted magnetic recording media. Appl.
Phys. Lett. 2003, 82, 2859. [CrossRef]

5. Marti, X,; Fina, I; Frontera, C.; Liu, J.; Wadley, P.; He, Q.; Paull, R.J.; Clarkson, J.D.; Kudrnovsky, J.; Turek, IL; et al. Room-
temperature antiferromagnetic memory resistor. Nat. Mater. 2014, 13, 367. [CrossRef]

6. Liu, Y; Phillips, L.C.; Mattana, R.; Bibes, M.; Barthelemy, A.; Dkhil, B. Large reversible caloric effect in FeRh thin films via a
dual-stimulus multicaloric cycle. Nat. Commun. 2016, 7, 11614. [CrossRef]


http://doi.org/10.1063/1.1728721
http://doi.org/10.1063/1.1571232
http://doi.org/10.1038/nmat3861
http://doi.org/10.1038/ncomms11614

Magnetochemistry 2021, 7, 45 50f5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Maat, S.; Thiele, J.-U.; Fullerton, E.E. Temperature and field hysteresis of the antiferromagnetic-to-ferromagnetic phase transition
in epitaxial FeRh films. Phys. Rev. B 2005, 72, 214432. [CrossRef]

Song, C.; Cui, B.; Li, E; Zhou, X.; Pan, F. Recent progress in voltage control of magnetism: Materials, mechanisms, and performance.
Prog. Mater. Sci. 2017, 87, 33. [CrossRef]

Suzuki, I; Itoh, M.; Taniyama, T. Elastically controlled magnetic phase transition in Ga-FeRh/BaTiO3(001) heterostructure. Appl.
Phys. Lett. 2014, 104, 022401. [CrossRef]

Barua, R.; Jimenez-Villacorta, F; Lewis, L.H. Predicting magnetostructural trends in FeRh based ternary systems. Appl. Phys. Lett.
2013, 103, 102407. [CrossRef]

Xuan, H.C.; Wang, L.Y.; Zheng, Y.X.; Li, Y.L.; Cao, Q.Q.; Chen, S.Y.; Wang, D.H.; Huang, Z.G.; Du, Y.W. Electric field control of
magnetism without magnetic bias field in the Ni/ Pb(Mg; ;3Nb,,3)O3 -PbTiO3 /Ni composite. Appl. Phys. Lett. 2011, 99, 032509.
[CrossRef]

Weiler, M.; Brandlmaier, A.; Geprags, S.; Althammer, M.; Opel, M.; Bihler, C.; Huebl, H.; Brandt, M.S.; Gross, R.; Goennenwein,
S.T.B. Voltage controlled inversion of magnetic anisotropy in a ferromagnetic thin film at room temperature. New J. Phys. 2009, 11,
013021. [CrossRef]

Skumryev, V.; Laukhin, V,; Fina, I.; Marti, X.; Sanchez, F; Gospodinov, M.; Fontcuberta, ]. Magnetization Reversal by Electric-Field
Decoupling of Magnetic and Ferroelectric Domain Walls in Multiferroic-Based Heterostructures. Phys. Rev. Lett. 2011, 106, 057206.
[CrossRef] [PubMed]

Cherifi, R.O.; Ivanovskaya, V.; Phillips, L.C.; Zobelli, A.; Infante, I.C.; Jacquet, E.; Garcia, V.; Fusil, S.; Briddon, P.R.; Guiblin, N.;
et al. Electric-field control of magnetic order above room temperature. Nat. Mater. 2014, 13, 345. [CrossRef]

Xie, Y.L.; Zhan, Q.F; Shang, T.; Yang, H.L.; Liu, YW.; Wang, B.M.; Li, R.W. Electric field control of magnetic properties in
FeRh/PMN-PT heterostructures. AIP Adv. 2018, 8, 055816. [CrossRef]

Lee, Y.; Liu, Z.Q.; Heron, ].T.; Clarkson, J.D.; Hong, ].; Ko, C.; Biegalski, M.D.; Aschauer, U.; Hsu, S.L.; Nowakowski, M.E; et al.
Large resistivity modulation in mixed-phase metallic systems. Nat. Commun. 2015, 6, 5959. [CrossRef]

Jiang, M.; Chen, X.Z.; Zhou, XJ.; Cui, B,; Yan, Y.N.; Wu, H.Q.; Pan, F; Song, C. Electrochemical control of the phase transition of
ultrathin FeRh films. Appl. Phys. Lett. 2016, 108, 202404. [CrossRef]

Pravarthana, D.; Zhang, T.; Wang, B.M.; Yang, H.L.; Xuan, H.C.; Bi, C.; Wang, W.G; Li, R.W. Reversibly controlled magnetic
domains of Co film via electric field driven oxygen migration at nanoscale. Appl. Phys. Lett. 2019, 114, 232401.

Pravarthana, D.; Wang, B.M.; Mustafa, Z.; Agarwal, S.; Pei, K.; Yang, H.L.; Li, R.W. Reversible Control of Magnetic Anisotropy
and Magnetization in Amorphous Co40Fe40B20 Thin Films via All-Solid-State Li-ion Redox Capacitor. Phys. Rev. Appl. 2019, 12,
054065. [CrossRef]

Wu, J.; Qiu, D.; Zhang, H.L.; Cao, H.T.; Wang, W.; Liu, Z.P;; Tian, T.; Liang, L.Y.; Gao, ].H.; Zhuge, F. Flexible Electrochromic V205
Thin Films with Ultrahigh Coloration Efficiency on Graphene Electrodes. J. Electrochem. Soc. 2018, 165, D183. [CrossRef]
Mustafa, Z.; Pravarthana, D.; Wang, B.M.; Yang, H.L.; Li, R W. Manipulation of Exchange Bias Effect via All-Solid-State Li-Ion
Redox Capacitor with Antiferromagnetic Electrode. Phys. Rev. Appl. 2020, 14, 014062. [CrossRef]

Han, G.C,; Qiu, J.J.; Yap, Q.J.; Luo, P; Kanbe, T.; Shige, T.; Laughlin, D.E.; Zhu, ].G. Suppression of low-temperature ferromagnetic
phase in ultrathin FeRh films. J. Appl. Phys. 2013, 113, 123909. [CrossRef]

Xie, Y.L.; Zhan, Q.F; Shang, T.; Yang, H.L.; Wang, B.M.; Tang, J.; Li, R.W. Effect of epitaxial strain and lattice mismatch on magnetic
and transport behaviors in metamagnetic FeRh thin films. AIP Adv. 2017, 7, 056314. [CrossRef]

Phillips, L.C.; Cherifi, R.O.; Ivanovskaya, V.; Zobelli, A.; Infante, I.C.; Jacquet, E.; Guiblin, N; Unal, A.A.; Kronast, F.; Dkhil, B.;
et al. Local electrical control of magnetic order and orientation by ferroelastic domain arrangements just above room temperature.
Sci. Rep. 2015, 5, 10026. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevB.72.214432
http://doi.org/10.1016/j.pmatsci.2017.02.002
http://doi.org/10.1063/1.4861455
http://doi.org/10.1063/1.4820583
http://doi.org/10.1063/1.3616137
http://doi.org/10.1088/1367-2630/11/1/013021
http://doi.org/10.1103/PhysRevLett.106.057206
http://www.ncbi.nlm.nih.gov/pubmed/21405430
http://doi.org/10.1038/nmat3870
http://doi.org/10.1063/1.5003435
http://doi.org/10.1038/ncomms6959
http://doi.org/10.1063/1.4950973
http://doi.org/10.1103/PhysRevApplied.12.054065
http://doi.org/10.1149/2.0481805jes
http://doi.org/10.1103/PhysRevApplied.14.014062
http://doi.org/10.1063/1.4798275
http://doi.org/10.1063/1.4976301
http://doi.org/10.1038/srep10026
http://www.ncbi.nlm.nih.gov/pubmed/25969926

	Introduction 
	Experiment 
	Results and Discussion 
	Conclusions 
	References

