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Supplementary Note 1. The depositing process for the flexible YIG/Mica thin films

Figure S1 (a) shows the fabrication process of the highly flexible YIG thin films
deposited on Mica substrates by the PLD technology, in which the Mica (thickness ¢ =
10 um) substrates became thin step by step through the mechanical exfoliation. The
flexible YIG/Mica thin films not only keep the excellent magnetic properties but also

have high flexibility suitable as RF/microwave materials, as shown in Figure S1 (b).
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Supplementary Figure S1. (a) The schematic of the PLD process for the flexible
Y1G/Mica thin films. (b) The optical images of the flexible YIG/Mica thin films and

Mica substrates, respectively.
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Supplementary Note 2. The voltage tunability for the YIG/Mica/PMN-PT
heterostructures

The voltage-tuning tendency for the low-damping YIG/Mica/PMN-PT
heterostructures was also measured, as shown in Figure S2. A noticeable shift (95 Oe)
of the in-plane FMR H, field was obtained at the fixed electrostatic field of 8 kV-cm™!,
corresponding to a microwave ME coefficient of 12 Oe-cm-kV-!. Meanwhile, a small
shift (28.5 Oe) of the out-of-plane FMR H, field was also observed when the magnetic
field applied along the [011] direction of PMN-PT.
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Supplementary Figure S2. (a) The FMR H, shifts under the positive different
electrostatic fields at 9.2 GHz, along the [100] direction of PMN-PT slabs. (b) The FMR
H, shifts under the positive different electrostatic fields at 9.2 GHz, along the [011]
direction of PMN-PT slabs.
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Supplementary Note 3. The tunable tendency in broadband FMR measurements

for the flexible YIG/Mica thin films



We systematically tested and analyzed the shift trends of in-plane FMR H, and f, for
the flexible YIG/Mica thin films by a homemade broadband system, and the results are
shown in Supplementary Figure S3. When the static magnetic field is fixed at 2600 Oe,
in-plane FMR f, gradually decreases under the flexible compressive stress (Figure
S3(c)) while increases under the flexible tensile stress (Supplementary Figure S3(d)).
The broadband system has a lower sensitivity than the narrow-band measurement
system (EPR). Therefore, the maximum variable quantity of in-plane FMR H, and f,
may be somewhat different from that measured by the EPR system under the same

flexible stress. But there does not affect the overall tunable trends.

(a) (b)

R= o 9.2 GHz = 9.2 GHz
—R=25mm In-plane = R=25 mm In-plane
——R=15mm tensile stress ——R=15mm compressive stress

S i R Y 3
e 2 } 1 .
== -\ — +
> L ‘ S
< A ! N
_— : T S
— A
R ' AHr=810e’ ;
~ o  AH-720¢
I I I I 1 : MICA . i i i
2460 2580 2700 2820 2520 2660 2800
Hr (Oe) Hr (Oe
(c) (d) (0e)
2600 Oe R= 2600 Oe ——R=cx
In-plane ——R=25mm Jnl-p\ane ——R=25mm
tensile stress a—PR= 15 mm

compressive stress = R=15 mm

aP/H (a.u)
oP/H (a.)

1 1 1 1 L 1 1 1 1 1
a6x10°  88x10"  9.0x10°  9.2x10°  9.4x10° 86x10° 8.8x10° 9.0x10° 9.2x10° 9.4x10°  9.6x10°
f (Hz) f (Hz)

Supplementary Figure S3. The tunable tendency of in-plane FMR H, spectra with
different bending radii at 9.2 GHz, i.e., 5 mm (orange line), 15 mm (green line), 25 mm
(cyan line) and flat state (dark blue line) under the flexible tensile (Figure S3(a)) and
compressive stress (Figure S3(b)). The tunable tendency of in-plane FMR f, spectra at
2600 Oe with different bending radii at 9.2 GHz, i.e., 5 mm (orange line), 15 mm (green
line), 25 mm (cyan line) and flat state (dark blue line) under the flexible compressive
(Figure S3(c)) and tensile stress (Figure S3(d)).

Supplementary Note 4. The M-H loops for the flexible YIG/Mica thin films

The magnetic hysteresis (M-H) loops of the flexible YIG/Mica thin film were also



measured by a vibrating sample magnetometer (VSM) at room temperature, to
investigate the tunable tendency of magnetic anisotropy induced by different flexible
stresses. Figure S4 (a) shows a representative M-H loop for the flexible YIG/Mica thin
films under the flat state, indicating a saturated magnetization (M) of 138.5 emu/cm?
and a coercive field (H.) of 20 Oe (in-plane direction). Because of the negative
magnetostrictive coefficient of YIG, the magnetization became harder along the in-
plane direction (parallel to the tensile stress direction) and became easier along the out-
of-plane direction (vertical to the tensile stress direction), as shown in Figure S4 (b) and
Figure S4 (c¢). In particular, the tuning shift of M-H loops is also remarkable along the

out-of-plane direction, being consistent with that of out-of-plane FMR H, fields.
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Supplementary Figure S4. (a) M-H loops under a flat state along the in-plane (dark
blue line) and out-of-plane direction (red line). (b) M-H loops under flexible tensile
stress along the in-plane direction, and out-of-plane direction (c) with different bending
radii, i.e., 5 mm (orange line), 15 mm (green line), 25 mm (cyan line) and flat state



(dark blue line).

Supplementary Note S. The flexible integrated system for the YIG/Mica thin films

As shown in Figure S5, we also systematically tested and analyzed the tunable range
of in-plane FMR H, and f, for the integrated, flexible devices designed with low-
damping YIG thin films. It provides almost the same tunable value as that tested by the
BBFMR system, as shown in Figure S3. Moreover, the flexible integrated system could
also be used for the measurements of other flexible magnetic materials by modifying
the flexible fixture.
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Supplementary Figure S5. (a) The in-plane FMR H, spectra at 9.2 GHz with different
flexible bending radii, i.e., 5 mm (orange line), 15 mm (green line), 25 mm (cyan line)
and flat state (dark blue line). The shifts of the FMR f, spectra at 3700 Oe (b) and 2600
Oe (c), respectively, measured by the flexible broadband system along the in-plane
direction at different bending radii, i.e., 5 mm (orange line), 15 mm (green line), 25 mm
(cyan line) and flat state (dark blue line) in the compressive stress state.

Supplementary Note 6. The stability and durability test for the flexible YIG/Mica

thin films



Considering the practical application for the flexible YIG/Mica thin films, the
stability and durability performance should be measured, as shown in Supplementary
Figure S6. We also measured and compared the FMR spectra of the flexible YIG/Mica
thin films respectively along the in-plane, 45°, and out-of-plane directions, when under
the initial and final states. The H, and linewidth of the FMR spectra change little under

repeated bending tests, showing an excellent fatigue-resistant behavior.
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Supplementary Figure S6. (a) The comparison of H, (red line) and linewidth (blue
line) for the initial and final states, respectively, at the bending radius of 5 mm. (b)The
comparison of the FMR spectra between the initial state (grey line) and the final state
(red line) under the repeated bending tests.

Supplementary Note 7. The comparison of tunable ranges of FMR field in various
YIG heterostructures.

The flexible tunability of flexible YIG film in our work, exhibit a large FMR tuning
shift of 180 Oe/550 MHz along the out-of-plane direction, which is much larger than

previous work.

Table 1. The comparative tunable range of FMR H, or f, for YIG
AH, (Oe) AH, (Oe) Bent

Samples or Af, (MHz) or Af, (MHz) E (kV/cm) radius References
In-plane Out-of-plane

o s

[ o | — s —

Unpublished

YIG(80 nm)/Mica/PMN-PT 95 O¢ 28.5 Oe 8 —
Our work

Flexible YIG(80 nm)/Mica 89 Oe 180 Oe o 5 mm Our work



(225MHz) (550 MHz)

Supplementary Note 8. The theoretical calculations for the flexible YIG/Mica thin
films

8.1 The basic formula

Due to the effective demagnetizing factor* Ne induced by the change of the total

energy density £, one can get a general basic formula for the ferromagnetic resonance

(FMR)?,

2nf
= \/(Hr +H,)(H,+H)

(SD)
ands Hi=NeMs with i = (xy} (S2)

Here, i=x, i=y mean the demagnetizing factors respectively stem from the x-z plane
and x-y plane.
8.2 The effective demagnetizing factor

The signs of N, are decided by the change tendency of the total energy density E,
which is negative if the total energy density decreases while positive if the total energy
density increases.
8.2.1 The flat thin films

The static magnetic field or the magnetization can rotate from the z-axis (out-of-plane
direction) to the x-axis (in-plane direction) in the x-z plane, namely, from &,=0to €)=
n/2. The change of the total energy density* in the x-z plane and the x-y plane

respectively are,

K, 1
2 2 2[ .2 2
SE, =- 7[cos (e+6,) + cos“(e- 60)] + Z,uOMS[cos (e+6,) + cos“(e- 90)] (S3)
1
6E, =- KucoszecoszeO + E,qugcoszecosZBO (S4)

with the angle € between the magnetization direction and the average magnetization
direction, and the 6, is the angle between the normal direction and the average

=0.0E, = NéMésine’ the N

i
magnetization direction. Due to the equation? 040E; e can be

described by



Ku
N = 2—c0s26, - 1yc0s26,,

s (S5)

Ku 2
N = Zﬁcos 0o — Hocos“B,,

§ (S6)

Nx—Ny—Zﬁ—
e Ve 2 Hy
MS

When 6, = 0 (along the out-of-plane direction), , while when 6, = t/2

x Ku
Ne=—2—2+,ll0

(along the in-plane direction), My and Ve =0,

8.2.2 The bending thin films
If the plane of the flexible film YIG/Mica thin films fixed in the x-y plane, the static
magnetic field would rotate in the y-z plane, and the microwave field is along the y-

axis. The total energy E is expressed as,
__ 29, 1 2 2, 1 29 3, 1 2, 3. 2 2
E=-K, cos0 +Eu0M5cos 0 EKZJ_(O')COS 0 E/lsa cos“8 5/150 sin“Ocos”“¢p

(S7)
Where /s is the saturated magnetostrictive coefficient ! of YIG (-2 ppm), K21(9) is the
out-of-plane anisotropy induced by the flexible stress, and

3 3
—/'lsalcosze, —Asallsinzélcoszd) ) ) .
2 2 respectively represent the effective magneto-elastic

coupling interaction.

Case 1, Along the out-of-plane direction,

T
. : : : : P=5
Because the static magnetic field will rotate in the y-z plane, here the azimuth 2. In
the-inclination direction and the-azimuth direction, one has respectively
9=90ieand¢=¢0 (88)
cosf = cosBcose and ¢ = ¢, + arctan—
sm@o (89)
Ni

by use of equation (S8) and (S9), one gets the effective demagnetizing factor e

_ o ning2e
dependent on the equilibrium inclination 90 via the equation® 60E; = 00E; ~ N Mgsine

L
Ao

. Kers
NE(BO) =— 2—2005200 +3 5 cos26,,
My 5 (S10)



Ao /ISU”
NY(8,) =- ZM—co 290 +3 c052t90 -3—

s M3 M3 (S11)

° [_ﬁﬁ] with the bending radius R and the length L along the x-direction, and

1
K= - K, +sugM2 - K, | () , o i
o w2 T g average effective demagnetization factor Ne due to

the change of the average total energy density can be adjusted as,

L/R/2

N, =— N;(6,)db6,= - ZKeffRsin£ + 31—520 L (R)Esin—
- L/R/2 Mg R mg L (S12)
R L/RA2 Ko N 3% R L
NY=— N%(8,)db, = M (1 + Zsmﬁ) + Z—MZJ (R)(l + Zsmﬁ)
-LIR/2 s (S13)

Case 2, Along the in-plane direction,
When the static magnetic field is along the plane of flexible YIG/Mica thin films, in the
case, the effective demagnetizing factors are simple and similar to that of the flat state

applied by the stretching or electrostatic field.

K A
Ni=2-T 3250
Mg Mg (S14)
A
N = - 3—a”
M3 (S15)

In conclusion, synthetically considering the effective demagnetizing factor Ne and the

flexible stress, the in-plane FMR frequency formula should be adjusted as,

yl 2
2,42 eff.3—szal H—352”)
14 Mg M M (S16)
and for the out-of-plane direction,
,1 K, Ao Ag
&t \/H + (-2 Rerr | )f (R) RPN K )f (R) - 3—0)
! Ms M3 5 s ) (s17)

out __ R . L out _ R ' L
o5 =-—sin— 7y (R) =1 +—sin-)/2 . .
where L R and L R are the flexible tuning factors, due to the

non-uniform angle between the magnetization direction and the normal direction for
the out-of-plane direction. The FMR frequency of the flexible YIG/Mica thin films

could be reset back to the initial flat state of R~%, as shown in Figure S6 (a), so the



flexible stress should only come from the bending of thin films and be expressed as
ocx1/R,
8.3 The discussion of theoretical simulation

Here, the out-of-plane anisotropy K31(9) induced by the flexible stress/strain is

. . . . . Hy,(0)=Hy, *—
proportional to L/R, which the corresponding effective field is R with

the first parameter Hz1 . The magneto-elastic anisotropy induced by the flexible stress

is also considered for the flexible YIG thin films, in which the 1 siout = 1358 Oe and

Hgin =340 Q¢ is within the appropriate ratio range (1/2~1/3) that the ratio of along the

out-of-plane to the in-plane direction. However, Mica is an ideal substrate for van der
Waals (vdW) heteroepitaxy. Hence, the orientation of YIG thin films grown on Mica
substrates depends on the current growth parameters and Mica surface state, which is
consistent with the growth of YIG along (531) orientation rather than on along Mica

(001) orientation in our research. For simplicity, we will introduce two parameters

. 1 . .. .
proportional to 1 /R to evaluate 0 = and @ | l. However, it is noted that the ratio is suitable

even if the effective fields may be smaller than that of simulation calculation. Based on
Ag
o . . dAM—3_” (R)
the above considerations, there was a simple relation between and

ave
o,in

ave
g,out,

Ag
HE(R) = 3—0”(R) HEp(R) = HYy () »

2

( R) — out
Hers Hery * R with the second parameter eff the fitting results are

H, =2550e and

Given the
shown in Figure S7, in which the values of fitting parameters are

HEfe = 40.3 Oe.
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Supplementary Figure S7. (a) The fitted results of the in-plane FMR H, field under
different flexible stresses. (b) The revised fitted results of out-of-plane FMR filed with
flexible tunable factors under different flexible stresses.

From the tunable tendency of the in-plane FMR H, field, the contributions of the
flexible stress, the stretching or electric field are the same. When along the out-of-plane
direction, there is a large shift than that of the in-plane FMR H, field, and the tuning
tendency is the same under any flexible stress. But there should be a small shift induced

by magneto-elastic anisotropy fields than that of the in-plane FMR H#, field. The flexible

R) = Rsint R) = (1+ Ssinky /2
fR) = psing (R = (1 psing)/

tunable factors, L R are introduced to explain the

change for the out-of-plane FMR field, which has a symmetrical tuning and distinct
shift, as shown in Figure S7 (b). Therefore, there will be a symmetrical tune and greater
change with the smaller effective field, because the flexible tuning factors are symmetry

and global of R

out
In addition, the simulation results are Hz1=0 Oe and efr=0 Oe, in which there is

no contribution induced by the magneto-elastic anisotropy field. It indicates a very
remarkable tuning of the out-of-plane FMR field even just the bending of flexible

magnetic thin films.
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