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Butterfly-shaped FeGa film/AT-cut quartz wafer double-sided composite

resonant magnetic field sensor

Yang Xiaopeng,Wen Yumei,Chen Dongyu,Li Ping

(School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Due to magnetic convergence, the magnetostrictive strain in the central region of a butterfly-shaped magnetostrictive film is

enhanced. However, when the butterfly-shaped magnetostrictive films are combined with the rectangular AT-cut quartz wafer, the strain

in the electrode region of the rectangular wafer spreads out to the surrounding non-magnetic film region and thus reduces the effect of the

strain on the thickness-shear vibration of the wafer and consequently reduces the sensitivity of magnetic field sensor. In this paper, a

butterfly-shaped resonant magnetic field sensor with the same shape of AT-cut quartz wafer as the FeGa films sandwiching the wafer is

proposed. The butterfly-shaped sandwiched composite can concentrate the strain enhanced by the butterfly-shaped film into the electrode

region of the wafer to improve the sensor sensitivity. The simulation results predict that the sensitivity of the butterfly-shaped structure is

3.73 times that of the butterfly-shaped magnetic film/rectangular wafer structure. By MEMS fabrication, we developed the butterfly-

shaped sensor, and the characterization of the actual device shows that the sensitivity can reach —29. 08 Hz/Oe in the linear range of

76.4~117 Oe.

Keywords : resonant magnetic field sensor; AT-cut quartz crystal; FeGa film; butterfly-shaped structure
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Fig. 1 The sensing structure
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Fig.2 The strain S, distribution on the x, center line
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350 400

T3 U Rl B oy 1) (KPR ) VR )9 i 9
xy 1] (TEECE ) B, 5 x, g BRAE S, TR
Jr oA AR AN 5 R, SRR AT, i
Fr BT R RE R TR R A AR A A A e A 2 il DA
SRR IS S, W TSR BETT 1) R AL 25 AR TR K
AU x, B, S S o, 125 (8 i A2
Sy WL e, AN R AE, VS E AR AR e, ARAK; AR IR AR
e L, T o TS R T B R ey 1) 25l
JEAN WA i R S, W IR EE x, (6] B8 O3 R
Sy WP o, AT AR, AL AR AN 25 8 ) el e
ELRCE NS, WL x, 18] B R B RO W E, AT
DA 5 P B PR E B DR 3l m] LB — et i 1w 03 5
) HER I, T2 PRl IR 5 50 (2) TR R —
B AR IRAR KO B I WYL x, 1) (A R B i
BB FAL, LRl IR 550 (2) T 45 R Z 1 47
TE—E W2

K RE

f o

0.7

0.6 |-
v | ——HREEHN W EES
TO0SF e A —e— Y B i
O R EAMGR —— W i
Toat

S e
[} W
1

1 1 1 1 1
-0.10 -0.05 0.00 0.05 0.10
x, M85 /mm

5 x, mHUOE ERAE S, 43

Fig.5 The strain S, distribution on the x, center line

o




53

WA 25, FeGa /AT VI3 5 - XUE &2 A MEFE AR 1 3 15 B e 21

P EAR RSN R », M E ST, A «, [
RIS S, BEERE (A o (H) BRGS0 10, 45
WE 6 fiis, ATLLA H,7E 0~350 Oe X [0] N, MEFE 45 44
W oa (H) & T80 B4 % & R 458, 7€ 23.8 ~
118.9 Oe X[ N, a( H) Wi #3700 3 A8 16 H 2 M B by,
YHZIX RN o (H) G EMERLA A5 5 E 6 46
Fi7R o FELRAMEDXIRI DY, BETE R R/ 46T i R 4540 19 o (H)
FtRE 728 AR B9 AR 0,000 198 X107/ mm/ Oe ; BETE 45 )
19 a(H) BERE S22 0 R 0. 000 798 x107°/mm/ Oe,
R G AR T R A5 R B 4. 03 5, SRR TRV
JEEE x, WIRYEE )T SR A5 A8 25 i A i FAR DX A Y
PE R T LR E RS A o (H) BEREZ R AL, It 5
WHETES R FEL/ T i o A SR L | BT A% S 8 110 S P R
FESR(9) MRS Rm2ET K,

0.94

| —=— BORHY A &
—e— BT LEH

o
)
)

4

o

S
T

—— TR E T &

——— W LK
1=0.000 798x+0.787,

£0.90

0.88 |- Z0.86 |,
= R"=0.994
S0.84
0.86 E() 82
50.80 $=0.000 198x+0.797
£40.78 R?70.975

=4

o0

&>
T

20 40 60 80 100 120
#i35/0e

J2E S, ZE AL FR a(H)/(x10/mm)

0.78 1 ! 1 1 1 1 ] 1 1
-50 0 50 100 150 200 250 300 350 400

W37/0e

Ko TENIRE x, MEEIT,a(H) BB E M E

Fig. 6 The changes of a( H) as a function of the magnetic

field under gravity along the x,

2 fERESEHESXEEE

RIS 25 ARSI S RE R AT DI A B 2 A
HI WG I RARE | SR PO 1, il £ 7 A% Sk 5
Yrastl, RS R 505 RS —80, R R ROBR
200 pm JEFETE R U E RS R, R 45 0 S
T LAY 5 e 29 T S e R e A

IR AR FR S PEREMN Y SE B0 B R 7 i, A5 IR
oA 1o LR X R ] S A P AR R O A 2
B L, TR F2030 25 22 WA 25 48 P B A0t 1 0
HL, FEEZR B RO PR A VAT B R e B ) B 25T R S
Yy, 38 55 VR S P vl e O R R S R A B R A L e
TEA T W A% Rk 28 T B RE 3 0 RE L BH B 4 AT A
WK6500B FH - A4 Ji i 1 S b, fL figg ] DA i
AR s e SR AN BT A, 5

BELHT 2 BT 4K
WK6500B

<
<%

EENT

BERT TRV 2 HE 25 2L )

F2030

K7 A A T RE S 0 ke

Fig. 7 Experiment platform of the sensor static performance

3 WIKERSITiE

3.1 WEEEELTERERIE

WEPEIR S ARSI T2 B it AR A N R 2
Xt g RGP E R F= A S e, PRI 1 S X I B 1) FeGa 1 ik
TTREVEBERAE , FeGa M RE AL Ze in & 8 iR, I 8 476 ]
GRS, ATLLVE t HF ) H, o 14.2 Oe i
FREALSREE M, 7 1.444 T, 25532 IR FeGa FEEH
A RAFHRETERE , BE R N g 37 25 4k

1.5
1.0

0.5 |

e
=
T

He=14.2 Oe

-200 -100 0 100 200
Wi37/0e

K 8 FeGa REfLHhZE

Fig. 8 The magnetization curve of the FeGa

3.2 fERLEEERASMEAE MR

(&1 9 S ICHMIN#E S s, K- T ) S5 R A% g 1) =
YiRpbERh LR, R B EGEIRIR B 8. 962 2 MHz, 5 T
BRI EAEH 8. 051 5 MHz, iX & M6 5 1 AT )
AT A A SEBRIE AR T 200 o , ELRE R H 1 0 5 1ot
FErf P R W AT 1 S AR AR Q (ol 474 11K
TAHBRICHTLEE R 5 926, 3% & H T A1 S e 1 B 48 el
AT b AR AR AR Q i, B2 B T A
RELA, SEBR N T 5T R R 3RS FR IR | R 45 0 S DA
P R RS R THTAS PR R 2 38 Q (B RAAIR



22 fie A M & ¥ H4as5%
1.1 =90 80
10 1 80
70
0.9
<70
L 08t 1 60 |
E Joo o >
gorr { = |
E = =
F o6 kb 450 = = 50 |-
B . 5
0.5 440
40 |
04 | 130
0.3 | ] 30 |
PR S R T B R | 20
7.0 7.5 8.0 8.5 9.0 9.5 10.0 8.8 8.85 3.6 * 3.87 * 2.88
Ji%/MHz : : 8L : :
o ToREST KT B S (e e A i 2 D Al ol tocaacy st
Fig. 9  Admittance characteristic curves of horizontally placed
butterfly-shaped sensor without magnetic field K10 (LR R aketE th 4k
Fig. 10 Admittance characteristic curves
K 10(a) F1(h) 22 BRI #ES T, KR AL T
e L AR A B O, FTLUE B -
H LTG50 2 FARIR it e 458 i 72 4% |, 15 e
AR IR AN 5 2 T /), X2 DR g Bl SN I 3 1) 38 K o}
FeGa WAL SMINRES A IR 7 £ B BE SO 46 I AR 39 R 5
S o 2 48 4 5 L XA B K 14 2T
AR GBS K . %55 R, BT AL/ AT 1) oo |5 20 | hiina
A0 R XU S 4 W A% S5 0T 1 7 Uk, mT L S B £ 3 600
N s ol |2 -800
27l I, {% 1 ;‘g""’“ 1=-29.08x+2 070,
Bl 11 Ca) (b)) 23330 DAy 2 Jlatie /K o D 2000 | ¥ 2O Koo
I, R A TR A E TR T 31 3% O B2 it 0 37 726 1 h 4 % T 8 i 10 120
AR A X A 2R 2 T LR 4 £ 2500 Lt
IHEBROBR RSB RE 5 AR W B T FeGa wiloe
. W phe o KT,
R ARG AR FERE A F LA, AR IR AR K P i (o) Homtl placement
BF, 7€ 76. 4~ 117 Oe 3 Bl N, FeGa 5 1) #0445 1 2% B ol »
. g 1 L § . - o B
T ) 1 T TR R 8 A3 i s B % 7 728 e i ¢ AftilE
ok
L2r N E sz
+(1)94 60 Oee Qﬁ -500 - :3,1 200 ;;ﬁﬁ;ﬂﬁiﬁﬁ
! :?3;(;): g 1000 | 600550 50 70 50 90 100 110
e : = 2023 0e £ Hit4/0e
:g %-l 500 |-
P
=081 2000 |-
= 1.08
T T
1.1)4/ h 20700 AU ISP PR N NP NP U P R R R
06 L 20 0 20 40 60 80 100 120 140 160 180 200
. 1.00 i371/0e
Il Il L ] (b) i&ﬁ)lﬁ(ﬁ
8859 8.860 8.861 8862 8.863 (b) Vertical placement
0.4 1 1 1 1 1 ]
8.84 8.85 8.86 8.87 8.88 P11 BRI IRATA i B 1 &
$iZR
P Fig. 11  Series resonance frequency shift curves

(a) ‘4N A th 22

(a) Admittance amplitude-frequency curves



53

WA 25, FeGa /AT VI3 5 - XUE &2 A MEFE AR 1 3 15 B e 23

e K MR BERCGT | DR I e 592 IXC ] Ay 48 Sl 1) A IX.
], % 76. 4~ 117 Oe Y6 1B PN 38 9 450 5 i % B 1 1 42 A 2k
PERLG 25 R AN IE 11 (a) 46 B TR R LA Rk R
Af=-29. 08H+1965. 71 (Y& REL R’ =0. 979) (LAY
REGFERTK-29. 08 Hz/Oe, UMK 11(b) iR, 245 4%
e B RCE I, TEVEE 1Y 46. 6~104. 7 Oe TAEIXJA] PN, £e
PR N Af=-25.68H+1 265.66 (P& R R =
0.992) (LRSI L AFE A -25. 68 Ha/Oe, SLHGEERF
I, YA SRR K ST I R A B I, AR TR 1) R AT
FE—E W25, AT LAV 2 S AR TR J5 [ b ) = i iy g AR
S, WFJEERE o, [ A A AN [F] S Y

A SRR KT R B A N 2 R 1 S R
TR ¥y 0 = F 0 B T Y - 0.34 Hz/Oe, AR 4 3C
BRE1S T, R (9) 7155 T A5 4R (% 1% 3 % 45 o )
RAGEAHN 0. 19 Hz/Oe, 10 32 REE N 11 Hz/Oe, Hy
T R ALY 56. 9 4% 5 e Ak, SCHR[ 18 ] 45 H 14 i 4 1% Ik
T R A EE AL R - 0.09 Hz/Oe, T 52 M 5 48 & N
~0. 82 Hz/Oe, A T R AR Y 9. 1 4%, 93 = T 9
MIEER . G5GA SCHE ) A RE A% Sl S 52 0 15 T il
I R AR FRATIA K A i AR S I ) AR G R
A A T IR AR i B G 12 v B il S o 1 2 (DR A
sl I AR T 5 A BV R AT R AR A

HRHE SCHR [ 18 1, 76 B SO 48 b4 Rk 1 G A58 J5E B2 AN A8
B, BRI A J5 BB FT DA R M/ AT U0 05 i e SR 501
Pl 1 I A R BERE , DRI N o )RS B 0/ 283
BR[ 1611 7.5 wm , A% SCHE 14 S5 TP A% 2 72 8% v 3k
=20 679 Hz/Oe, #7 5 3CHK[ 16 ] — 20, R I8 & R ik R 4L
f) Metglas Ao, AT A BE— B R RAUE, T
Bk 16 1#RIB A 88. 3 Hz/Oe, it A £ 4 18 B i 25 A 4 K/
A i R A AR IR MERE

4 &

AR SR FH A 5 R B AR R R T AR O AR 4R
AT VI 5 i B AN FeGa T AR —FF 16 BUTE & 4 5% T8 14
DR IRE5 K, TV &b v L TR S 184 588 104 1 5007
78 [n] i i FELAR DX R B8 v F A D2 A, DA T 4 e A% JR%
ar R, 5 B AT B 7E 23,8~ 118.9 Oe M43
ORI PN, BT 45 K 19 SR80 S 5TV W L/ TR & 5 4
19 3. 73 fi5 . RAEHLHOIN T T2, 6l 6 T 15 & 1,
S AR BB FE 76. 4~ 117 Oe (LR ME TAEIX 8] P,
TEAL A% (1) R AHUE 1T 3k -29. 08 Hz/Oe, B4, W] 38 5

Xof DA S 45 ) 1) B A B L v )RR K B L b
/RN 3k P T Sy AR v W VR B2 AT o R JRE 4 g
— i AL AR RBUE

S 3k

1] HEB, JARE], W, 5. FET XU TMR R #E L 2as

MRESCR I T7 T TS ()], XA AR 2 4, 2021,
42(9) .106-114.
YAN L, WAN B L, HU B, et al. Research on crack
detection method based on double axis TMR
electromagnetic sensor[ J]. Chinese Journal of Scientific
Instrument, 2021, 42(9) :106-114.

(2] JmehE, sk, £45, % Shar X8 Sed dli e

e A RS [T, AR R,
2021, 42(10) :239-250.
YIN X K, YANG L Q, WANG W, et al. Encircling
rotating field eddy current non-destructive evaluation
system with concentrated excitation windings [ J ].
Chinese Journal of Scientific Instrument, 2021, 42(10) :
239-250.

[3] ke, SEMfh, Bk, & ERRKTPHMENZY
LT WEEER, 2021, 70(4) :7-27.

ZHANG J Y, DU P W, ZHAO Y CH, et al. Multi-field
manipulation in Hall balance[ J]. Acta Physica Sinica,
2021, 70(4) :7-27.

[4] &30, Jug, R, % FETHR TMR fEf% &m0

FERARGE MRS 1], AR, 2020,
41(6) :1-9.
LU W SH, YOU R, ZHOU Y, et al. Non-invasive
current monitoring microsystem based on a single TMR
sensor [ J]. Chinese Journal of Scientific Instrument,
2020, 41(6) :1-9.

[5] EFT, A, mutT. s ZTEM @ 1L A% 2
R R R P A Bt [ 1], AR R 2 4z, 2018,
39(9) :187-194.
WANG Y ZH, SHI J Q, SHI H Y. Low noise
optimization design of conditioning circuit for ZTEM
airborne magnetic sensor [ J ]. Chinese Journal of
Scientific Instrument, 2018, 39(9) ;187-194.

[ 6] WUK, TONINI D, LIANG S. Giant magnetoresistance

biosensors in biomedical applications[ J]. ACS Applied



24 & f A & ¥ M $45 %
Materials & Interfaces, 2022(8), 14(8) :9945-9969. Applied Physics Letters, 2015, 107(19) :192406.

[ 7] HERRERY-MAY A L, AGUILERA-CORTES L A, [17] SKEH, CEM, PR, 5. RIS FeGa MM
GARCIA-RAMIREZ P J, et al. Resonant magnetic field AT IEUE T IR R G AR [ 7], LR R 247,
sensors based on MEMS technology[ J]. Sensors, 2009, 2021, 42(3) :42-49.

9(10) :7785-7813. ZHANG J T, WEN Y M, BAO X X, et al. AT-cut

[8] PARK B, LI M, LIYANAGE S, et al. Lorentz force quartz resonant magnetic field sensor with surface
based resonant MEMS magnetic-field sensor with optical sputtered FeGa film [ J]. Chinese Journal of Scientific
readout[ J]. Sensors and Actuators A Physical, 2016, Instrument, 2021, 42(3) :42-49.

241,12-18, (18] HURERE, SCEAE, BRATT, %. Z5II FeGa /AT 5]

Lo] LE M, NITZAN S, HORSLEY D A.  Frequency- T AL IR B P BB (). (LB L 4,
modulated Lorentz force magnetometer with enhanced 2021, 42(12) :56-64.
sensitivity via mechanical amplification [ J ]. IEEE BAO X X, WEN Y M, CHEN D Y, et al. Variable
Electron Device Letters, 2015, 36(1) :62-64. cross-section FeGa film/AT-cut quartz wafer composite

1 ZHA LEEJE Y. Fre 'y-bas é ic fiel
[10] NG W, J requency-based magnetic field resonant magnetic field sensor [ J]. Chinese Journal of
sensing using Lorentz force axial strain modulation in a o
Scientific Instrument, 2021, 42(12) :56-64.
double-ended tuning fork[ J]. Sensors and Actuators, A o ) )
[19] YONG Y K,CHEN J. Effects of initial nonlinear strains
Physical,, 2014, 211.145-152.
and nonlinear elastic constants in force-frequency and
[11] HUI Y, NAN T, SUN N X, et al. High resolution
acceleration sensitivity of quartz resonators [ C]. 2016
magnetometer based on a high frequency magnetoelectric
IEEE International  Frequency Control  Symposium
MEMS-CMOS oscillator [ J ]. Journal of Microelectro-
(IFCS), 2016:1-2.
mechanical Systems, 2015, 24(1) :134-143.
[20] FREEMAN E, HARPER J, GOEL N, et al. Improving

[12] LI M, MATYUSHOV A, DONG C, et al. Ultra-sensitive

the magnetoelectric  performance of  Metglas/PZT
MEMS magnetoelectric sensor for picotesla DC magnetic
) ) ) ) laminates by annealing in a magnetic field [ J]. Smart
field detection [ J |]. Applied Physics Letters, 2017,

Materials and Structures,2017, 26(8) ;. 085038.
110(14) .143510.

[13] ZABEL S. KIRCHHOF C. YARAR E. ef al. Phase [21] SOWMYA N S, SRINIVAS A, SARAVANAN P, et al.
modulated magnetoelectric delta-E effect sensor for sub- Effect of magnetic field annealing on the magneto-elastic
nano tesla magnetic fields[ J]. Applied Physics Letters, properties of nanocrystalline NiFe,0, [J]. Journal of
2015, 107(15) : 152402 Magnetism and Magnetic Materials, 2017, 436.:31-34.

[14] BIANL, WEN Y, WU Y, et al. A resonant magnetic [22] ZHAI J, XING Z, DONG S, et al. Magnetoelectric
field sensor with high quality factor based on quartz laminate composites; an overview [ J]. Journal of the
crystal resonator and magnetostrictive stress coupling[ J]. American Ceramic Society, 2008, 91(2) :351-358.
IEEE Transactions on Electron Devices, 2018, 65(6) : (23] PALACHEVA V V, MDADI A, EMEIS F, et al. Phase
2585-2591. transitions as a tool for tailoring magnetostriction in

[15] HATIPOGLU G, TADIGADAPA S. Experimental studies intrinsic Fe-Ga composites[ J]. Acta Materialia, 2017,
in magnetically induced transverse force-frequency effect 130:229-239.
in thin quartz microresonators [ J ]. Journal of Applied [24] UENO T, SUMMERS E, WUN-FOGLE M, et al. Micro-
Physics, 2015, 118(3) :034508. magnetostrictive vibrator using iron-gallium alloy [ J].

[16] HATIPOGLU G, TADIGADAPA S. Micromachined Sensors and Actuators A Physical, 2008, 148 (1):

magnetoflexoelastic resonator based magnetometer [ J ].

280-284.



53

W] 45 : FeGa B/ AT YD1 35 & XURIAZ & WL I R0 7 14 1 25

EEE N

AR , 2020 4FF 1SS K Ar AT
o S A5 ol B N o T B ) TR O o
BT TT W R S S S

E-mail ; yangxiaopeng@ sjtu. edu. cn

o
—~

~
s

from Shanghai Jiao Tong University in 2020. He is currently an

Yang Xiaopeng received his B. Sc. degree

M. Sc. candidate at Shanghai Jiao Tong University. His main

research interests include magnetic field sensor and

instrumentation.

XEHGEFES), 1984 F T 5Tt
R RAE R TR R RAGF 1100, 1987
AT S 3T BRI 5T B AR AR AT 12
17,1997 4FFHE R 2= RAFHE L2400 . A
RiEASER TR B R A LR E B
B ARSI, RO A B RS A AT A
AU REIRAE

E-mail ; yumei. wen@ sjtu. edu. cn

Wen Yumei ( Corresponding author) received her B. Sc.
degree in Department of Electrical Engineering, Beihang
University in 1984, received her M. Sc. degree in 1987 from
China Academy of Launch Vehicle Technology, received her
Ph. D. degree in 1997 from Chongging University. Now, she is a
professor in School of Electronic Information and Electrical
Engineering at Shanghai Jiao Tong University. Her main research
interests include signal acquisition and processing, sensors and
instrumentation, and energy-harvesting.

FREM, 2020 4F T8N 52 Toll 2 3
(EX R DA Wl R3S TN L R R T T
A, SRR D5 6] R WA I s WERRIC AR
Faas i RIS
E-mail: chendongyul993@ sjtu. edu. cn

Chen Dongyu received his M. Sc. degree from Zhengzhou
University of Light Industry in 2020. He is currently a Ph. D.
candidate at Shanghai Jiao Tong University. His main research
interests includes magnetic field sensing and magnetic labeled

biomolecular detection



