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We report on state-of-the-art spintronic devices synthesized and fabricated directly on a flexible

organic substrate. Large perpendicular magnetic anisotropy was achieved in ultrathin ferromagnetic

heterostructures of Pt/Co/MgO sputtered on a non-rigid plastic substrate at room temperature.

Subsequently, a full magnetic reversal of the Co was observed by exploiting the spin orbit coupling

in Pt that leads to a spin accumulation at the Pt/Co interface when an in-plane current is applied.

Quasi-static measurements show the potential for operating these devices at nano-second speeds.

Importantly, the behavior of the devices remained unchanged under varying bending conditions

(up to a bending radius of � 620–30 mm). Furthermore, the devices showed robust operation even

after application of 106 successive pulses, which is likely sufficient for many flexible applications.

Thus, this work demonstrates the potential for integrating high performance spintronic devices on

flexible substrates, which could lead to many applications ranging from flexible non-volatile

magnetic memory to local magnetic resonance imaging. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936934]

Electronic devices that can be integrated with soft, cur-

vilinear, and time-varying surfaces form the basis of many

emerging technologies such as paper-like displays, solar

cells, electronic eyes, synthetic sensitive skins, health moni-

toring devices, etc.1–4 Recognizing this opportunity, there

have been recent efforts to integrate spin-based technologies

onto flexible substrates. For example, magnetic films with

in-plane anisotropy (IPA) were synthesized on various types

of plastic substrates for studying giant strain effects.5–8

Recently, flexible magnetic sensors have been demonstrated

utilizing giant magnetoresistance or tunneling magnetoresist-

ance effects.3,9,10 However, integration of high performance

devices that take advantage of recent discoveries11–15 in

spintronics, such as ultra-thin ferromagnetic films with per-

pendicular magnetic anisotropy (PMA),13 current induced

excitation of magnetization exploiting spin transfer tor-

que,11,12,14 nanosecond magnetization dynamics, etc., are yet

to be reported on a flexible platform.

In this paper, we present a demonstration of in-plane

current induced switching of magnetization in a perpendicu-

larly polarized Pt/Co/MgO dot by directly synthesizing the

heterostructures on a flexible substrate at room temperature.

The switching exploits the recently discovered spin orbit

coupling (SOC) mediated spin accumulation at the Co/Pt

interface, which exerts a torque on the Co magnetiza-

tion.12,16–19 Henceforth, we shall call this mechanism spin-

orbit torque (SOT).20–25 The fabricated devices exhibit fully

deterministic magnetic reversals when the direction of the

in-plane current is reversed. The switching is demonstrated

for both direct current and pulsed voltages of 10 ns pulse-

width. We further show that the operation is robust after mil-

lions of successive operations, and that the magnetic and

electric characteristics of the devices remain stable for both

compressive and tensile strain conditions up to a radius (R)

of curvature �20–30 mm, corresponding to 0.2%–0.3%

strain (e).26 Note that this range of strain is sufficient for

most roll-to-roll manufacturing tools used for flexible elec-

tronics.27 Therefore, our work indicates that the entire suite

of cutting-edge spintronic/nanomagnetic devices can, in

principle, be integrated with a flexible platform.

Ultrathin multilayer films were deposited on a flexible

plastic substrate and for reference on a rigid thermally oxi-

dized Si substrate (Si/SiOx) at room temperature using dc/rf

magnetron sputtering. The multilayers consisted of substrate/

Ta(1)/Pt(5)/Co(tCo)/ MgO(2)/Ta(2) (thickness in nm) where

the thickness of cobalt (tCo) was varied from 0.6 to 2.0 nm.

We used a polyethylene naphthalate substrate coated with a

planarizing polymer layer (PENC) as a flexible plastic sub-

strate28 for several reasons. First, PENC has a very low sur-

face roughness (Ra� 0.6–0.7 nm) that is comparable to the

Ra (�0.4–0.5 nm) of the Si/SiOx. The Ra of the PENC satis-

fies a necessary condition for the ultrathin magnetic layer to

be continuous so as to have sufficient interfacial anisotropy

energy. Second, our tests showed that the sputtered films on

the PENC were neither detached nor cracked during the li-

thography process, but that other substrates we tried were

problematic in the adhesion or in the growth of the films.

Notably, our as-grown films with 1 nm of Ta buffer layer on

the PENC had sufficient PMA; thus, further post-annealing

was not performed. The ability to obtain good PMA without

annealing was critical due to the limitations of the plastic

substrate in general in terms of process temperature. For

example, the PENC will be melted at the elevated tempera-

ture (T) if T>Tm (�263 �C), e.g., 300–400 �C, a range of

temperature that is widely used for the enhancement of PMA

at the interface of Pt/Co.16–18

We measured the magnetic anisotropies of the films on

the PENC as a function of the tCo (0.6–2.0 nm). We observed

a strong out-of-plane anisotropy (OPA) for the film with

tCo� 1.0 nm and an IPA for the one with tCo� 2.0 nm. There
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was an anisotropy transition between OPA and IPA at

around tCo� 1.6–1.7 nm. The results clearly show that the

interfacial anisotropy energy13 gives a strong PMA similar

to that observed in the multilayer structures on the conven-

tional Si/SiOx. Based on the measured magnetic properties,

we determined the saturation magnetization of the Co

(Ms)� 970 emu/cm3, the interfacial anisotropy energy den-

sity (Ks)� 2.67 erg/cm2, the volume anisotropy energy den-

sity (Kv)��1.04� 107 erg/cm3, and the magnetostriction

of the Co (kCo)�� 1� 10�5. Interestingly, we observed

that a tensile strain (e> 0) enhanced PMA of the Pt/Co

films while a compressive strain (e< 0) reduced PMA. This

is due to the negative sign of kCo because the effective mag-

netic anisotropy energy with an in-plane strain (e) becomes

Kef f ðeÞ ¼ Kef f � 3kCoYCoe=2, where Hk
eff (e)¼ 2Keff (e)/Ms

is the effective anisotropy field and YCo is Young’s modulus

of the Co.

Next, we fabricated devices (see Figs. 1(a) and 1(b)) in

which a rectangular dot of Co/MgO/Ta was patterned at the

center of a Ta/Pt cross-Hall bar.29 All measurements were

carried out at room temperature. As many as 10 devices

were measured, and a very similar behavior was observed in

all of the devices. An in-plane magnetic field (Hx) was

applied along the current channel (within the accuracy of

1�). For comparison, we measured two devices, one on the

flexible PENC for the flat (R¼1 or e¼ 0) condition and the

other on the rigid and planar Si/SiOx. Both devices have

nominally identical structures: a current channel with 2 lm

width, tCo� 1.0 nm, and a rectangular dot of Co/MgO/Ta

with a dimension of 2 lm� 6 lm at the center. Fig. 1(c)

shows an example of a magnetic hysteresis loop obtained

from the flexible device. For this, the Hall resistance (rH) is

measured as a function of an applied out-of-plane field (Hz)

for in-plane DC (Idc)¼ 0 mA. Note that to ensure all the ini-

tial conditions are settled, Fig. 1(c) was measured after

sweeping a large Idc back and forth in the current channel a

few times. After such sweeps, the magnetic hysteresis loops

settle down to the one shown in Fig. 1(c) and does not

change for further sweeps of current. We surmise that a sub-

stantial Joule heating on the PENC may modify the magnetic

FIG. 1. Spin-orbit-torque (SOT) device

on a flexible plastic substrate and elec-

trical/magnetic characteristics for the

flat (R¼1) condition. (a) Schematic

of SOT-devices on a flexible plastic

substrate. A Co/MgO/Ta rectangular

dot is patterned at the center of a Ta/Pt

cross bar. The SOT induced by in-

plane dc currents (Idc’s) or voltage

pulses (Vp’s) can drive a perpendicular

magnetization reversal while the flexi-

ble device can be bent as a result hav-

ing tensile or compressive strain. (b)

Photograph of fabricated SOT-devices

on the PENC substrate. (c)–(f), The

results obtained from a flexible SOT

device. (c) Hysteresis loop rH vs Hz at

Idc¼ 0 mA for the flat (e¼ 0) condition

after one Idc-induced switching. (d)

Examples of the current-induced deter-

ministic switching in the presence of

an in-plane external Hx�6400 Oe for

the flat condition. (e) Switching phase

diagram (SPD) of the flexible SOT-

device, showing the switching current

(Isw) as a function of Hx. To compare,

this plot also shows the SPD of a rigid

SOT-device on a thermally oxidized Si

substrate (Si/SiOx). Both devices had

nominally identical structures. The

SPDs summarize the bi-stable region

and the switching direction under

Hx and Idc. (f) Estimated values of

jHef f
SOT;z=Jcj as function of jHxj for both

of the SOT-devices, obtained from the

analysis of SPDs.29 The redline

presents the calculated hSH¼ 0.1 for

Ms¼ 970 emu/cm3 and tCo¼ 1 nm.
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profile, resulting from the glass transition of the plastic sub-

strate if the enhanced T> Tg (�120 �C) at which the second

order phase change of the plastic substrate occurs from a

glassy state to a rubbery state.28 In any case, from the hyster-

esis loop, a good PMA with an out-of-plane switching field

Hp� 110 Oe is observed. This is very close to the Hp of the

rigid device.29

Next, we explored the Idc-induced switching of a Co/

MgO/Ta dot on the flexible device in the absence of any

bending (R¼1). We obtained deterministic magnetic rever-

sals of the Co layer between mz�þ1 (up) and mz��1

(down) in the presence of an external Hx that is collinear

to the direction of Idc. As illustrated in Fig. 1(d) for

Hx�6400 Oe, the magnetic reversals occur at the switching

current (jIswj)� 1.75 mA (jJswj � 14.6 MA/cm2) from up to

down if Isw � Hx< 0 and from down to up if Isw � Hx> 0.

This “handedness” of the RH–Idc loop is a Hallmark signature

of SOT induced switching.12,16–19 Fig. 1(e) shows the

switching phase diagram (SPD) for Hx and Isw, summarizing

the bi-stable region and the switching direction under Hx and

Idc. The switching symmetries are consistent with previ-

ously12,16–20 observed SOT induced perpendicular magnet-

ization switching for Pt/Co stacks and with the positive spin-

Hall angle (hSH) of the underlying-Pt layer.

Notably, the flexible device had lower jIswj’s than the

rigid device (see Fig. 1(e)) for low jHxj’s. We postulate that

one reason for this is more significant Joule-heating effect of

the flexible device as the heat dissipation of the PENC is �8

times less efficient than it is through the Si/SiOx.29 There is

also an indication that the Dzyaloshinskii-Moriya interaction

(DMI)18,20,21,30 for the material stack on the PENC is weaker

than its counterpart on the Si/SiOx, as implied in Fig. 1(f).

Previous study18 suggested that an external Hx is required for

the complete switching because a preferred chirality in the

domain wall (DW) of a nucleated sub-domain, set by the

presence of DMI at the magnetic interface having a structural

inversion asymmetry (SIA), should be broken and be aligned

to Hx. Then, the anti-damping component of the SOT gives

an effective out-of-plane field ðHef f
SOT;z ¼ �h

pe
hSH

MstCo
JchmxiÞ on

the wall that can provoke a thermally activated depinning of

the wall and that can drive the nucleated domain expansion

to the rest of the magnet and complete the magnetic switch-

ing. Here, mx is in-plane component of the magnetization at

the center of the wall and hmxi is the averaged around the

nucleated domain. Hence, a weaker DMI should lead to a

smaller jIswj for low jHxj’s due to more orientation of the

magnetization (mx) within the pinned DW to the direction of

Hx. A weaker DMI or a less interface effect of the flexible

device might be expected, based on the magnetic reversal

process, because the PENC has �1.5 times greater Ra than

the Si/SiOx substrate.

Figure 1(f) plots the estimated jHef f
SOT;z = Jcj as a function of

jHxj for both devices.29 For the flexible device, the jHef f
SOT;z=Jcj

saturated to �3Oe�cm2/MA for jHxj>1.3–1.4 kOe. The satura-

tion indicates that beyond this point, the jHxj was strong

enough to overcome DW chirality set by the DMI18 (i.e.,

jmxj!1). Since the redline corresponded to the calculated

hSH¼0.1 for Ms¼970emu/cm3, tCo¼1nm, we had hSH�0.13

for the flexible device at the saturations if there was no

reduction of Ms. However, the actual hSH should be lower (to

50%–60%) since there was a significant reduction of Ms at an

elevated T by Joule heat due to the nature of 2 dimensional

characteristics of the ultrathin Co. In comparison, for the rigid

device, the jHef f
SOT;z=Jcj kept increasing up to jHxj¼2kOe and

did not show any tendency to saturate. This indicates that the

DMI for the films on the rigid substrate was stronger com-

pared to that on the flexible substrate. If Hx�1.3 kOe

and�2.5 kOe was the field that fully overcame the DMI field

(HD¼D=MsdDW) for the flexible device and for the rigid de-

vice, we obtained D��0.75erg/cm2 and�1.45erg/cm2,

respectively, after accounting the reduction of Ms.

Next, we examined the operational stability as a func-

tion of bending for the flexible devices. First, the channel

resistance (Rc) was measured as a function of bend radius

(R) or strain (e); R (or e)> 0 for tensile strain while R (or e)
< 0 for compressive strain. Figure 2(a) shows that the

Rc increased (decreased) with a tensile (compressive) strain

as expected, and overall the Rc was varied �2% from

R¼ 20 mm (e�þ0.3%) to �30 mm (e��0.2%), i.e.,

De� 0.5%. We further measured the hysteresis loops rH vs

Hz at Idc¼ 0 mA, for R¼1 (flat), 20 mm or �30 mm. Figure

2(b) shows the Hp� 150 6 5 Oe for all of the bending condi-

tions, indicating that the Hp was not sensitive to the specific

bending conditions; any change in Hp was essentially within

the error margin. Lastly, we measured the Idc-induced mag-

netic reversals Hx�6500 Oe, again for varying bending

conditions. Figs. 3(c) and 3(d) illustrate the measured results

in which the switching symmetries with Idc and Hx are

unchanged and that the Isw’s remains unaffected.

We understand this robustness of the switching behav-

iors to the external e due to the insensitivities of the hSH and

Hk
eff to it. From the scattering theory31,32 to generate the

SOT, the hSH is proportional to the resistivity of Pt (qPt) for

an intrinsic (band-structure) scattering mechanism while the

hSH is independent of qPt for an extrinsic skew scattering

mechanism. For any cases, 2% change of the Rc or qPt is too

small to cause any significant change in the hSH. We also

expect that the change in the effective anisotropy field,

DHk
eff (e)¼�3kCoYCoe/Ms, was about 140 Oe with e¼ 0.3%.

This was still too small compared to the strong PMA of the

flexible device with tCo¼ 1 nm (Hk
eff> 12 kOe). However,

we note that the details of the switching mechanism may

change a little, as evidenced by the slight changes in the

loops. Such changes are expected because domain nucleation

and expansion processes might be slightly altered by stress

and strain, which could be sensitive with a small field.

We further explored quasi-static switching by applying

a pulse voltage train. The device used had a width of 5 lm,

tCo� 0.8 nm, and a perpendicularly magnetized Co/MgO/Ta

dot having dimensions of 5 lm� 7 lm. Figure 3(a) shows

the measured hysteresis loop rH vs Hz for R¼1, 20 mm

or� 30 mm. The width of the applied pulses is 10 ns, and its

amplitude is modulated to mimic a voltage sweep (see Fig.

3(b)). Figures 3(c) and 3(d) show the quasi-static rH–Vp

loops for Hx�6500 Oe for R¼1, 20 mm or �30 mm. The

corresponding loops show qualitatively similar behavior as

the ones obtained with Idc’s (see, for example, the difference

between highest and lowest resistance values). Note that

252401-3 Lee et al. Appl. Phys. Lett. 107, 252401 (2015)



beyond jVpj � 2 V, the magnet starts to respond to 10 ns

pulses. Complete switching does not happen at this point due

to the large size of the magnets used in this study, which

eventually leads to domain nucleation and intermediate

states between fully up and down. As the magnet size is

reduced (e.g., �200 nm in diameter), nano-second switching

of the magnets can be achieved.33 Finally, as it is with the

Idc’s, the loops do not show any appreciable change depend-

ing on the bending conditions, indicating the robustness of

the devices against the applied e. We note that the lower cur-

vature in Figs. 3(c) and 3(d) was due to the dissipation of a

heat during the current-off time, compared to the continuous

dc current case in Figs. 2(c) and 2(d).

We also tested the endurance of the devices on the flexi-

ble substrate by measuring their behavior after the applica-

tion of successive voltage pulses (Vp’s). For this, 106 pulses

with 10 ns pulse width were applied for R¼1. The switch-

ing field (Hp¼ (Hp
þ�Hp

�)/2) and the full delta Hall resist-

ance (DrH¼ rH (mz�þ1)� rH (mz��1)) were

intermittently checked and compared with those obtained

from rH vs Hz loop at Idc¼ 0 mA, as shown in Fig. 4(a). As

observed in Fig. 4(b), Hp and DrH did not show any appreci-

able change after the application of 106 pulses, thus attesting

to very high endurance of the fabricated devices.

In summary, we have shown the flexible plastic PENC

as a suitable platform for implementing spintronic devices

FIG. 2. Characteristics of a flexible SOT

device (tCo� 1.0 nm) with in-plane dc

currents for flat, compressive, and tensile

conditions. (a) Hysteresis loops of rH as

a function of Hz at Idc¼ 0 mA for flat

(R¼1), tensile (R¼ 20 mm), and com-

pressive (R¼�30 mm) conditions. (b)

Measured resistance of current channel

(Rc) as a function of R. Inset photos: the

flexible SOT device being bent during

the measurements. (c) and (d) Hysteresis

curves of RH¼VH / Idc vs Idc at Hx

¼6500 Oe for R¼1, 20 mm or

�30 mm. The flexible SOT device was

insensitive to the radius of curvature up

to jRj �620–30 mm.

FIG. 3. Characteristics of a flexible

SOT device (tCo� 0.8 nm) with volt-

age pulses for flat, tensile, and com-

pressive bent conditions. (a) Hysteresis

loops of rH vs Hz at Idc¼ 0 mA for flat

(R¼1), tensile (R¼ 20 mm), or com-

pressive (R¼�30 mm) conditions. (b)

Schematic of voltage pulse induced

switching measurement. Small posi-

tive/negative sense currents (65 lA)

are applied between successive pulses

for monitoring the perpendicular com-

ponent of the Co magnetization. (c)

and (d) Hysteresis curves of rH as a

function of Vp at Hx¼6500 Oe for

R¼1, 20 mm, or �30 mm. The flexi-

ble SOT device was insensitive to

the radius of the curvature up to jRj
�620–30 mm.
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where perpendicular magnetization can be suitably con-

trolled using SOT generated by an in-plane current. This

work demonstrates that magnetic hetero-structures with good

interface qualities can be synthesized on the flexible organic

substrate. Retention of such interface quality indicates that

much more complex stacks could potentially be developed

for many other types of devices on such substrates. The

quasi-static switching and robust operation after a million

pulses show that high performance and high endurance

behavior, the significant advantages provided by magnetic

materials (over competing material systems such as oxides),

otherwise grown on rigid substrates, can be achieved on flex-

ible platforms as well. While we have focused on the insensi-

tivity to e, it should be possible to grow magnetic materials

with large k where magnetic anisotropy, domain nucleation,

and propagation will be significantly affected by strain and

bending. This could provide innovative means to control and

understand emerging phenomena in thin ferromagnets.13
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and the full delta Hall resistance (DrH
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Variations of measured Hp, DrH, and

applied Vp as a function of number of

pulses (Np) up to� 106. We checked

the magnetic stability of the SOT de-

vice with the variations of Hp and DrH.
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