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ABSTRACT
Magnetic thin films are indispensable in flexible devices, which necessitate methods to fabricate flexible magnetic thin films. In this work, we
present a method to fabricate wrinkled FeRh flexible films via a coating and transfer process. The obtained FeRh/PDMS films have random
patterns of wrinkles with a mean periodicity of 10 μm. From the curvature dependent magnetic measurements, it can be determined that the
magnetic properties of the obtained wrinkled FeRh flexible films are insensitive to flexing up to a radius of curvature of 1.5 mm, making it
promising for applications in flexible devices.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128017., s

I. INTRODUCTION

Recently, flexible device which is fabricated on plastic/polymer
substrates have drawn people’s attention because of the promise
in applications such as smart cards, wearable electronics, sensors,
etc.1–4 Since magnetic layers are a key component of these flexi-
ble devices, flexible magnetic films have also attracted wide atten-
tion.5 FeRh alloy which has CsCl-type structure have been used
widely as one of the magnetic layer in magnetic devices, such as
in magnetic recording, because of the first-order phase transition
which changed from antiferromagnetic (AF) at room temperature
to ferromagnetic (FM) phase upon heating above 300 K.6–8 Due
to this magnetic transition, FeRh has attracted extensive attention
for its potential application in spintronic devices.9–14 However, the
growth temperature of FeRh thin films is too high for most plas-
tic/polymer substrates, which is a challenge to produce flexible FeRh
thin films.15 On the other hand, the magnetic properties of FeRh can

be changed by applying strain to the flexible substrate due to inverse
magnetostrictive effects and magnetoelastic coupling.16–20 As a
result, the original magnetic state will be changed. More impor-
tantly, the intrinsic elastic properties of FeRh thin film and plas-
tic/polymer substrates have great disparities in this metal/plastic
or metal/polymer architecture, which make it easy to crack due
to the fragile nature of the FeRh thin film. In recent years, due
to the repeatedly stretched and fully recovered nature, artificial
wrinkling structures have been widely used in fabricating different
stretchable electronics.21–31 This kind of structure can be used to
prepare the flexible magnetic films in which the magnetic proper-
ties are insensitive to the applied strain during bending or stretch-
ing. In this work, we present a method to fabricate wrinkled FeRh
films via a coating and transfer process. Our results show that
the fabricated FeRh flexible thin film exhibits nearly unchanged
magnetic properties with curvature radii decreasing from ∞

to 1.5 mm.
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FIG. 1. [(a)–(d)] Step-by-step process for fabricating flexible FeRh/PDMS thin films
with random wrinkles.

II. EXPERIMENT
FeRh films were deposited by magnetron sputtering with a base

pressure below 9×10−5 Pa. The used substrate was NaCl single crys-
tal, as shown in Fig. 1(a). The film thickness is about 80 nm. Firstly,
the substrates were annealed at 500 ○C for 1 h in the vacuum cham-
ber, then the temperature was held at 650 ○C during deposition.
After growth, FeRh films were annealed at 670 ○C for 1 h and then
cooled to room temperature. There are great disparities in the ther-
mal expansion coefficient of FeRh and NaCl crystal substrates, e.g.,

the thermal expansion coefficient is about 12×10-6 K-1 for metals
such as FeRh, but 40×10-6 K-1 for NaCl. Consequently, the grown
films display random wrinkles, as shown in Fig. 1(b). Polydimethyl-
siloxane (PDMS) with a thickness of about 50 μm was coated on
the top side of the wrinkled film surface using a spin coating tech-
nique, as schematically shown in Fig. 1(c). After the spin coating
process, the NaCl crystal is removed from the FeRh films, by means
of dissolution, leading to a PDMS elastomeric template covered with
the FeRh film [Fig. 1(d)]. The film thicknesses were controlled by
the deposition time, which have been calibrated by X-ray reflec-
tivity. The crystal structure was characterized using a Bruker D8
Discover X-ray diffractometer with CuKα radiation source. The 2θ
range was 20-70○ with a step size of 0.04○. The surface topography
of the films was measured in a Bruker Icon atomic force microscope
(AFM, Veeco Dimension 3100 V) using tapping mode. A Quan-
tum Design superconducting quantum interference device-vibrating
sample magnetometer (SQUID-VSM) was employed to measure the
temperature dependent magnetization and hysteresis loops for the
FeRh/PDMS in the temperature range from 250 to 400 K. The vol-
ume of the FeRh thin film was approximated to the value of the
sample area multiple by its thickness. During testing, samples were
fixed on molds with different curvature radii.

III. RESULTS AND DISCUSSION
Figure 2(a) shows the XRD θ–2θ pattern of the obtained

FeRh/PDMS sample. Though the lattice mismatch between FeRh
and NaCl is very large (-5.3%), only the (100) peak of the CsCl-type
FeRh can be seen, which demonstrates the oriented growth of the
film. The three-dimensional AFM topography of the FeRh/PDMS
displayed in Fig. 2(b) was measured to make sure that the formed

FIG. 2. (a) XRD pattern of the
FeRh/PDMS flexible thin film. (b) Three-
dimensional plot of the AFM image. (c)
Temperature dependent magnetization
for FeRh/PDMS in the heating and
cooling process at 0.2 T. (d) Typical
hysteresis loops measured at 250 and
400K.
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FIG. 3. (a) Temperature dependent magnetization for FeRh/PDMS under various radii of curvature in an applied magnetic field of 0.2 T. Typical hysteresis loops under various
0 radii of curvature are shown, measured at (b) 250 K and (c) 400 K for FeRh/PDMS.

FIG. 4. (a) The phase transition tempera-
tures, TAF-FM and TFM-AF of FeRh/PDMS,
measured at three different curvature
amounts. (b) The coercive field, Hc,

and normalized remanent magnetization,
Mr/Ms, measured at T = 250 and 400 K.

wrinkles were random in the FeRh thin film. A random pattern
of wrinkles with a mean periodicity of 10 μm is induced in the
FeRh film by the removal of the rigid substrate. The roughness of
the flexible FeRh thin film is as large as ∼250 nm. The tempera-
ture dependent magnetization and hysteresis loops of the obtained
FeRh/PDMS were measured to characterize the magnetic properties
of the wrinkled FeRh thin film, as shown in Figs. 2(c)–2(d). It can
be seen that the magnetization is rather small at room temperature,
and then gradually increases during the heating process, indicating
the typical AF-FM phase transition of FeRh. Oppositely, the mag-
netization of the FeRh films gradually decreases during the cooling
process. The temperature hysteresis of the magnetization is about
30 K due to the first order phase transition of the FeRh thin film.
This kind of temperature dependent magnetization behavior has
been reported in FeRh thin films grown on other types of rigid sub-
strates.11 The hysteresis loops of FeRh/PDMS measured at 250 and
400 K in Fig. 2(d) are also similar with that of FeRh films grown on
other rigid substrates,10 indicating that the obtained wrinkled FeRh
thin films have similar magnetic properties with that of FeRh thin
films grown on rigid substrates.

Figure 3(a) shows the temperature dependent magnetization
of FeRh/PDMS under various levels of curvature in an applied
magnetic field of 0.2 T. While decreasing the radius of curvature
from∞ to 1.5 mm, the temperature dependent magnetic behaviors
of FeRh/PDMS keep almost unchanged, indicating that the mag-
netic properties and the phase transition are stable even when the

sample is under various levels of curvature. Figure 3(b)–3(c) show
the hysteresis loops of FeRh/PDMS with different amounts of bend-
ing, which were measured at 250 and 400 K, respectively. Simi-
larly, the magnetic hysteresis loops are almost unchanged as the
curvature decreased from ∞ to 1.5 mm. Figure 4(a) summarizes
the critical phase transition temperatures TAF-FM and TFM-AF of the
FeRh/PDMS thin film. The transition temperatures (TAF-FM and
TFM-AF) are determined by the temperature with a maximum value
in the first derivative of the temperature dependent magnetization
curves. It shows that the TAF-FM and TFM-AF of the film is stable
with radii of curvature decreasing from∞ to 1.5 mm, demonstrating
that the critical phase transition temperatures are not affected by the
bending of the film. Figure 4(b) displays the coercivity and Mr/Ms
of FeRh/PDMS as a function of the radii of curvature at different
temperatures. Similarly, the coercivity and Mr/Ms are almost con-
stant when the curvature decreases from∞ to 1.5 mm. That is, the
magnetic properties of wrinkled FeRh flexible films are insensitive
to the bending moment applied to them. In fact, the FeRh flexible
films didnot suffer strain during bending due to the wrinkled struc-
ture. Consequently, there is no change in magnetic properties with
increased bending curvatures.

IV. SUMMARY
We present a method to fabricate wrinkled FeRh flexible thin

films via a coating and transfer process. A random pattern of
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wrinkled FeRh thin films were obtained on flexible PDMS substrates
following this method. The temperature dependent magnetization
and hysteresis loops with different radii of curvature were measured
to deduce any changes in magnetic transition temperature, relative
remnant magnetization and coercivity. It can be concluded that the
magnetic properties are insensitive to film curvature in wrinkled
FeRh thin films. This kind of flexible magnetic thin film is suitable
for applications on flexible devices.

ACKNOWLEDGMENTS
This work was supported by National Key Technologies

R&D Program of China (2016YFA0201102), the National Natu-
ral Science Foundation of China (51871233, 51871232, 51571208,
51525103), the Youth Innovation Promotion Association of the
Chinese Academy of Sciences (2019299, 2016270), the Ningbo Sci-
ence and Technology Bureau (2018B10060) and Ningbo Science and
Technology Innovation Team (2015B11001).

REFERENCES
1H. T. Yi, M. M. Payne, J. E. Anthony, and V. Podzorov, Nat. Commun. 3, 1259
(2012).
2X. Wang, Y. Gu, Z. Xiong, Z. Cui, and T. Zhang, Adv. Mater. 26, 1336 (2014).
3M. L. Hammock, A. Chortos, B. C. Tee, J. B. Tok, and Z. Bao, Adv. Mater. 25,
5997 (2013).
4S. R. Forrest, Nature 428, 911 (2004).
5D. Makarov, M. Melzer, D. Karnaushenko, and O. G. Schmidt, Appl. Phys. Rev.
3, 011101 (2016).
6M. Fallot, Ann. Phys. 10, 291 (1938).
7J. S. Kouvel and C. C. Hartelius, J. Appl. Phys. 33, 1343 (1962).
8A. I. Zakharov, A. M. Kadomtseva, R. Z. Levitin, and E. G. Ponyatovskii, Sov.
Phys. JETP 19, 1348 (1964).
9S. Maat, J.-U. Thiele, and E. E. Fullerton, Phys. Rev. B 72, 214432 (2005).
10R. Fan, C. J. Kinane, T. R. Charlton, R. Dorner, M. Ali, M. A. de Vries, R. M.
D. Brydson, C. H. Marrows, B. J. Hickey, D. A. Arena, B. K. Tanner, G. Nisbet,
and S. Langridge, Phys. Rev. B 82, 184418 (2010).
11Y. L. Xie, Q. F. Zhan, T. Shang, H. L. Yang, B. M. Wang, J. Tang, and R. W. Li,
AIP Adv. 7, 056314 (2017).
12Y. L. Xie, Q. F. Zhan, T. Shang, H. L. Yang, Y. W. Liu, B. M. Wang, and R. W. Li,
AIP Adv. 8, 055816 (2018).

13C. Bordel, J. Juraszek, D. W. Cooke, C. Baldasseroni, S. Mankovsky, J. Minar,
H. Ebert, S. Moyerman, E. E. Fullerton, and F. Hellman, Phys. Rev. Lett. 109,
117201 (2012).
14J.-U. Thiele, S. Maat, and E. E. Fullerton, Appl. Phys. Lett. 82, 2859
(2003).
15Z. X. Feng, H. Yan, and Z. Q. Liu, Adv. Electron. Mater. 5, 1800466
(2019).
16I. Suzuki, M. Itoh, and T. Taniyama, Appl. Phys. Lett. 104, 022401 (2014).
17P. Kushwaha, P. Bag, and R. Rawat, Appl. Phys. Lett. 106, 022404 (2015).
18R. O. Cherifi, V. Ivanovskaya, L. C. Phillips, A. Zobelli, I. C. Infante, E. Jacquet,
V. Garcia, S. Fusil, P. R. Briddon, N. Guiblin, A. Mougin, A. A. Ünal, F. Kronast,
S. Valencia, B. Dkhil, A. Barthélémy, and M. Bibes, Nat. Mater. 13, 345 (2014).
19Y. Lee, Z. Q. Liu, J. T. Heron, J. D. Clarkson, J. Hong, C. Ko, M. D. Biegalski,
U. Aschauer, S. L. Hsu, M. E. Nowakowski, J. Wu, H. M. Christen, S. Salahuddin,
J. B. Bokor, N. A. Spaldin, D. G. Schlom, and R. Ramesh, Nat. Commun. 6, 5959
(2015).
20Z. Q. Liu, L. Li, Z. Gai, J. D. Clarkson, S. L. Hsu, A. T. Wong, L. S. Fan, M.-
W. Lin, C. M. Rouleau, T. Z. Ward, H. N. Lee, A. S. Sefat, H. M. Christen, and
R. Ramesh, Phys. Rev. Lett. 116, 097203 (2016).
21M. Melzer, D. Karnaushenko, G. Lin, S. Baunack, D. Makarov, and O.
G. Schmidt, Adv. Mater. 27, 1333 (2015).
22M. Melzer, G. Lin, D. Makarov, and O. G. Schmidt, Adv. Mater. 224, 6468
(2012).
23H. H. Li, Q. F. Zhan, Y. W. Liu, L. P. Liu, H. L. Yang, Z. H. Zuo, T. Shang, B.
M. Wang, and R. W. Li, ACS Nano 10, 4403 (2016).
24K. Efimenko, M. Rackaitis, E. Manias, A. Vaziri, L. Mahadevan, and J. Genzer,
Nat. Mater. 4, 293 (2005).
25D. Y. Khang, H. Jiang, Y. Huang, and J. A. Rogers, Science 311, 208 (2006).
26H. Jiang, D. Y. Khang, J. Song, Y. Sun, Y. Huang, and J. A. Rogers, Proc. Natl.
Acad. Sci. U. S. A. 104, 15607 (2007).
27D. H. Kim, J. H. Ahn, W. M. Choi, H. S. Kim, T. H. Kim, J. Song, Y. Y. Huang,
Z. Liu, C. Lu, and J. A. Rogers, Science 320, 507 (2008).
28M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota, K. Kuribara, T. Tokuhara,
M. Drack, R. Schwödiauer, I. Graz, S. BauerGogonea, S. Bauer, and T. Someya,
Nature 499, 458 (2013).
29M. S. White, M. Kaltenbrunner, E. D. Głowacki, K. Gutnichenko, G. Kettlgru-
ber, I. Graz, S. Aazou, C. Ulbricht, D. A. M. Egbe, M. C. Miron, Z. Major, M.
C. Scharber, T. Sekitani, T. Someya, S. Bauer, and N. S. Sariciftci, Nat. Photonics
7, 811 (2013).
30W. J. Cheng, Z. Zhou, M. J. Pan, H. L. Yang, Y. L. Xie, B. M. Wang, Q. F. Zhan,
and R. W. Li, J. Phys. D: Appl. Phys. 52, 095003 (2019).
31D. S. Um, S. Lim, Y. Lee, H. Lee, H. J. Kim, W. C. Yen, Y. L. Chueh, and H. Ko,
ACS Nano 8, 3080 (2014).

AIP Advances 10, 025327 (2020); doi: 10.1063/1.5128017 10, 025327-4

© Author(s) 2020

https://scitation.org/journal/adv
https://doi.org/10.1038/ncomms2263
https://doi.org/10.1002/adma.201304248
https://doi.org/10.1002/adma.201302240
https://doi.org/10.1038/nature02498
https://doi.org/10.1063/1.4938497
https://doi.org/10.1051/anphys/193811100291
https://doi.org/10.1063/1.1728721
https://doi.org/10.1103/physrevb.72.214432
https://doi.org/10.1103/physrevb.82.184418
https://doi.org/10.1063/1.4976301
https://doi.org/10.1063/1.5003435
https://doi.org/10.1103/physrevlett.109.117201
https://doi.org/10.1063/1.1571232
https://doi.org/10.1002/aelm.201800466
https://doi.org/10.1063/1.4861455
https://doi.org/10.1063/1.4905898
https://doi.org/10.1038/nmat3870
https://doi.org/10.1038/ncomms6959
https://doi.org/10.1103/physrevlett.116.097203
https://doi.org/10.1002/adma.201403998
https://doi.org/10.1002/adma.201201898
https://doi.org/10.1021/acsnano.6b00034
https://doi.org/10.1038/nmat1342
https://doi.org/10.1126/science.1121401
https://doi.org/10.1073/pnas.0702927104
https://doi.org/10.1073/pnas.0702927104
https://doi.org/10.1126/science.1154367
https://doi.org/10.1038/nature12314
https://doi.org/10.1038/nphoton.2013.188
https://doi.org/10.1088/1361-6463/aaf7df
https://doi.org/10.1021/nn500646j

