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Fig. 1. Schematic diagram and photograph of the miniaturized magnetometer system.
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Fig. 2. Absorption spectrum and magnetic resonance signals of transmitted light intensity. (a) Sweeping
the VCSEL injection current; (b) Sweeping the radio-frequency field.
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field and the 41.4 Hz bandwidth fitting.

A X BN AFRARUESE TR T REAS G RN S B i b LRSS, (RS AT B T SC

5

AT 5 R A 2 D A s

11



N

~

D

(e

=)
T

45000 1 I I 1 1
0

1 2 3 5 7 8 9 10
FJ 1] (s)
(b>53600 T T T C— T T | | |
ER T DO G W IE R TAE

528001 : L ]
= Vo
= o
H N
&% 520001 P
R '
433
= i

512001 /| ES

50400

0 1 2

&Tﬁ%(s)
B 5 EREMEAEIE (a) TTREIBE 252000T /s =MAPEREIARIERNE; (b) 3T SBCR B A 3
ERIESR g/ -BoNs

Fig. 5. Validation of robustness optimization. (a) Slew rate test for distortion-free tracking of a
25200 nT/s triangular-wave magnetic field; (b) Autonomous relocking and - measurement recovery process

after a lock-loss intentionally induced by a strong disturbance.

TR E RS 4 A R A PRI T4, A O AR S 4 -5 T B R O R0 A R I 1] ) 2 BRI
PR SCEIE U] ARG GT Tt - i TROKBER R R H B, A A il B s A
PO SRREA TP, JB SN B A R R X R il & 2R 8, BEJE iR ki . i s (b) s, &5
TP JEmEsm T R B TR R IO EE (5 2 6 FZIa]) , (H B WL i 22 R IR S I R
il K EATEBATI . FE TPV S5 i AP I T, RGE AR R SR rho Ly, RS 1A ELRS Y
HORESA R Y o XA S I A AR TR IR (ALY E RS AL, A RGRAN T PR B B ESR T
Gy RV EAT B, OREE T AR ML PRI it B A A R 5 TR 81

Lify R PUIAZ OI, BT /N R SR T AR R PR SR FGa AT TR T i SR

12



PERE: 10pT/VHz M REUES 414 Hz BIEAFSE, WL 7 HX RS RE S ORI A ik
25200 0T /s AR FREE AT DA 1) R B LA, s RS 28 s HE 3 R e B 1 T
USRI

5 NI E L &R AT

VAL R SR T TR S A SRR ER RN SE B TARRE Sy, R SCRF S8 = IS5 T B SR A B
LS ESIig e

5.1 KHIGRE M SR R i S IE

KT TE A A1 T BRI AR e M, ZEH RO 3t 1 HE S0 i v A 8 1 SRR B o R IBILI393 ] ,
BEIRIT RS TR AT 2025 48 6 H 1 Hi—3) G4 GRS E. At 2 ik, 51T bR
g JT I R 2% (International Real-time Magnetic Observatory Network, INTERMAGNET) i [E 3 FHER
Bl KA T AR O RIFATLE, AN 6 TR . A M PR O R [ WA ARG 225, (g2
S RIEENTE . JRUEAH LA BB AR R I E W £ o IRSEIRRW], RER TR SV M U v RS
2. RGHEHGBERE SRR, R R s e

TG0 i AT I 2 3y HH X I g e ML R A e A . THEBE 6:00 ZeAy, BESRATIC S 2 LR AIAHAY
SURTFIE, KB X Mo PR 4R 2 ), (R 3 iR B A AR I R P Bk AR T T3 70 0T, XK R
{UEERES AN A= RS £ - N1 23 VA AN '8 AN | A0 AL 75 1= B2 NIV 1 AN 2 1= 10" R e B -
KR T POl 12:30 % 13:00 2 Ja], #hLkPE RHATE, FEIEERD 1000T, B A PH KR S B2 1Y
i SR THEA KB il . SRR NI K IRIZAT, HIREs B VORIl T, SRTTE] 19:00 ity
2R SR BT — R BRI R, 0 VR TR PO — g K R oty BANRE AR R K BT
B FARIE I RIRFE S , 52 6:00 15 19:00 FRTHY 2URIZAE , FRXTREIRTTHE AR @ MR th ey 22
Ko FERI R REERETT R, RERIHAR 2R 8 TR, R AAEBAE P I s e 8t, B T R KR e M.

5.2 HhEkih b SRR EHLIAE R T Sith ekl itk REVML TR

BRI R B R AL i F AR e i i SEBn TARRE S, T HuBkuh b 07 MR R 1
MR IB AT A B SSRGS o

13



~~

a)

51310 T T T T T L T T T T T
| 57 A

51275

51240

itz SR E (nT)

51205 o ph Y

51170 1 1 i 1 LM 1 1 1 1 1
0:00 2:00 4:00  6:00 8:00 10:00 12:00: 14:00 16:00 18:00 20:00 22:00 24:00
' i JA)
50700 T T i T T L T T T T T

/\
o

)

50665

50630

Hifgdn SR (nT)

50595

il I I [ I I I I I
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
I 8]

50560 . :

6 2025 4 6 1 H G4 ZuHums a0 R g7 Sas B (a) i Gubfgsmiticst; (b) INTERMAG-
NET # fHEf G ubidsg
Fig. 6. Monitoring of total geomagnetic field intensity during a G4-class storm on June 1, 2025. (a)
Record from our magnetometer at the suburban station; (b) Record from the INTERMAGNET
Cheongyang station.

ST 3 75 A R I 22 W 18 ZE AR B e . AR B 2 5 |l = A S I B R AE AR P
WE 7, B Es T P SRR o I R A it 2, RIS B — 2. B R B
PRI B, WA I W ORI AR XS5 . 4 & 16 F, 250 HHsh5 AR AR g, #
W BIREE T, FFERR 2 RGBS, 16 45 28 &0, R B T RIZLNY  Bkvk- I h- FRkTE
BRHIE, SN AN A E BTN 305 RISl D . DABORSHERS TRl & 1T, 2l ks i i1y vty
KRR FRZASA . FRIIBEH A BT 2000 0T /s, X — MBI I3 23 (B RE3AB0 R e, %
PERTI B BRERME RS h T SRk . HYOR B R IRE SIERI B, IUHREA I AR PR s B, 5
HIAsRe . R VIBOA R AR . a2 22 [ B, SN EHRE s BF, #3 Roh Bk k

14



(a) [ T ETRE " ARk
52000 : = :

50000

IR e (nT)

48000L

(b) | E I I E I I E I I IE

52000}

50000[

58 IR (nT)

E 1 1 E 1 1 i 1 1 |i
480000 10 20 30 ) 40 50 60 70
D)

Bl 7 R e RN R B VR A ) ol S R 7 728 A i e SR
Fig. 7. Surface remote sensing of magnetic field variations during the arrivals and departures of two
subway trains.
%5 R ACRRHE, KRENFRZES Ak 5 58 —Br By 1A RO R G378 4k, 9 2454 ik ) -5 1% 37
S ZNIEEREE . RINESTEEE “Piib-1a07%" FEAH
ARPHFIEM AR RN, TR AR S TS, BEORTHELLAS E Ml s T Mgt i s i Bl 75
W55, FeAr ik TGRS B tGz 2l B AR R i R e R A aE

5.3 ARV AR HARR =8 E M %R

ks NACRE SR AT ERS B AP SO IR S S i . AU B R S AR BE S AR L T HLRE ), DA X
Jryvbtg R AR R A GRS A ) G RE , BT T — TURHT TR BRI M PO R A 4 0 5
5.

ST s Tl F i T 3 38 2 R i A FH DXt i PRI SR I I, SEIRFIAT
B R ATTSETE 40 m x 25 m BRI X Y RO B — MR ALK iR (2T 0.5m), BARALfR
KR TIT TR R o I RE A, /NGRS T PRI E A, SRR E T 1m KA
FEREERR AT A RGNS, TN BT L~ ok P X, K BRI REFAE 5 ~ 10em

15



F R, ERRFESCR AR NRIE Bo SO R 2 (A B L
A IR IE A T ) RS KA T s R (AU & ), 52 A1ET 8 F i) 4R oA o SRR
KI5 58 R AR ETE 50100 £ 50nT Jufl; fEbw S, by (14,13.5) ML 2T —A4b 3%

YRR e, RS I M AR A T R XU AR AE . BT, 74w R 1)t BRI 29 50530 n'T
MR R E R, AR WA — SR 2y 48750 0T AYRESAMRAEA o X g AR P2 AROBUR R AL T B i
N T AR AL, 2RI, ARSI SRR 05 PR AR & A . FEREA SIS SR
TR, WESEAT AR AT MRS . Rk A e A S S DX i S (AT RB B SR AR I S 2R T4, 1)
SCBL TSI B AR ARG S RE AL, SRR TR VRS IR . R, R

RV I TR 5P i) W I 9 7
25

mAE T ()

15 20
PUZJ71A (m)

/\3\, > 4 j

X
AN
Fig. 8. 2D fitted contour map of magnetic target localizatiaﬁ:ﬁfgf/iwe”d from a serpentine scanning path

over a 40m x 25 m rectangular area.

X0
6 £ibERYE NN
k<}§\, >
ﬁﬁﬁ%%%%ﬁ?%%ﬁﬁfi%ﬁ,$XﬁﬁT—E%?%%ﬁ%%ﬁ%%%@ﬁ¢ﬂ%%ﬁ?

N et

RETRIT . VAREE T MATL. 5 A S s PRI T BT, Bk RBL Tem®, SHLIbER b

16



S5W.o 3SR IERE, AP HUSE T SR K S B e A LA, R SIRARE , BERRVT AN IR R BRI
10pT/VHz, HAEATEN 41.4Hz, WMIGBEERRIE 252000T /s, #Eoh, LA TET AR T
TAIRER R BRI E S H S EPUIRE, BRI IEIS SRR KBS R & WA EIRE RE ). 12— &5
SRHII, ESETT R UL A BT T PEIERE S S HALRE : — R KIRUE MBI, HEgBilx T
oG S R M R A 1 A s IR R I T R R 4 A RS B F AR RO S S R RRAIE s =R e
TFRATIE R ARSI . DGR S 525 SRR B0, A 58 T %R BRler it B AR FER AR
S e ] VA

T ) AR AL A S BRI, JSLEOFIORE 2 [ e I REAL 90 5% 5 SN KA T AR LY. I A4
HEPETRAJETIT . —J7 1, VT RIRF B SR T A S B MR ) FID o A eCast 1) 40 g o ALl S ok i
ST AT B TR i S BB R rA IR N PR, R AR SRR R R SR IR SR T B bR IR, R
IR R Py SN E MR/ N B35, AU FID (5 S3 IR B8 A W iR e )1, R EMH
HIR SR A3 I R B B & — 2 S R R, IR AR HOE 18 (e MR BRHIE . 55— 71, SRR
ERUER RSB SR, RS EZ eI P i TR H—, BRI
B SR AES SRR R, T2 AL M AR AR B o AT G I 0 265, I 55T R RUEE st ke B
RS o, BT Rilloz sh AR A BOENRE S, ZR G0 TR ZR Y )k rly AR i <2 i o i
BB NS SR E MR TS K=, e FRgsifrRIE syt THUEMREN s R4
POt — I RN DR A 00 0, AT RN R . R T SR B m S A PR E
(LAY SR AT 55 7

SE

[1] Chupp T, Fierlinger P, Ramsey-Musolf M, Singh J 2019 Rev.. Mod. Phys. 91 015001

[2] Jiang M, Su H, Garcon A, Peng X H, Budker D 2021 Nat. Phys. 17 1402

[3] Nabighian M N, Grauch V J S, Hansen R O, LaFehr T R, Li Y G, Peirce J W, Phillips J D, Ruder

M E 2005 Geophysics 70 33ND

[4] Foley C P, Leslie K E, Binks R, Lewis C, Murray W, Sloggett G J, Lam S, Sankrithyan B, Savvides N,
Katzaros A, Muller K H, Mitchell E E, Pollock J, Lee J, Dart D L, Barrow R R, Asten M, Maddever

17



A, Panjkovic G, Downey M, Hoffman C, Turner R 1999 IEEE Trans. Appl. Supercond. 9 3786

[5] Canciani A, Raquet J 2016 Navigation 63 111

[6] Acuna M H 2002 Rev. Sci. Instrum. 73 3717

[7] Connerney J E P, Benn M, Bjarno J B, Denver T, Espley J, Jorgensen J L, Jorgensen P S, Lawton
P, Malinnikova A, Merayo J M, Murphy S, Odom J, Oliversen R, Schnurr R, Sheppard D, Smith E J

2017 Space Sci. Rev. 213 39

[8] Dougherty M K, Kellock S, Southwood D J, Balogh A, Smith E J, Tsurutani B T, Gerlach B,
Glassmeier K H, Gleim F, Russell C T, Erdos G, Neubauer F M, Cowley S W H 2004 Space Sci. Rev.

114 331

[9] Sheinker A, Frumkis L, Ginzburg B, Salomonski N, Kaplan B Z 2009 IEEE Trans. Magn. 45 160

[10] Billings S D 2004 IEEE Trans. Geosci. Remote Sens. 42 1241

[11] Miao P X, Shi Y C, Cai Z W, Yang X H, Xu Z H, Tu J H, Chen J, Yang W 2026 Acta Phys. Sin. 75

060804 (in Chinese) [Z75¥t, S ZH, 455, MIBLL, 1745, IREDHE, PRIL, K 2026 PREI~A4R 75

060804]

[12] Li Q, Ji Y L, Liu R, Suter D, Jiang M, Peng X H 2025 Acta Phys. Sin. 74117401 (in Chinese) [Z=

X, ==, XIK, Dieter Suter, JLAg, #ite 2025 YHi~Ailk 74 117401]

[13] Fagaly R L 2006 Rev. Sci. Instrum. 77 101101

[14] Kominis I K, Kornack T"'W, Allred J C, Romalis M V 2003 Nature 422 596

[15] Dang H B, Maloof A C, Romalis M V 2010 Appl. Phys. Lett. 97 151110

[16] Taylor J M, Cappellaro P, Childress L, Jiang L, Budker D, Hemmer P R, Yacoby A, Walsworth R,

Lukin M D 2008 Nat. Phys. 4 810

[17] Barry J F, Schloss J M, Bauch E, Turner M J, Hart C A, Pham L M, Walsworth R L 2020 Rev. Mod.
Phys. 92 015004

18



[18] Rondin L, Tetienne J P, Hingant T, Roch J F, Maletinsky P, Jacques V 2014 Rep. Prog. Phys. 77

056503

[19] Schwindt P D D, Knappe S, Shah V, Hollberg L, Kitching J, Liew L A, Moreland J 2004 Appl. Phys.

Lett. 85 6409

[20] Shah V, Knappe S, Schwindt P D D, Kitching J 2007 Nat. Photonics 1 649

[21] Budker D, Gawlik W, Kimball D F, Rochester S M, Yashchuk V V, Weis A 2002 Rev. Mod. Phys.

74 1153

[22] Pustelny S, Gawlik W, Rochester S M, Kimball D F J, Yashchuk V V, Budker D 2006 Phys. Rev. A

74 063420

[23] Wang Z G, Luo H, Fan Z F, Xie Y P 2016 Acta Phys. Sin. 65 210702 (in Chinese) [JEZ [H, ZIE,

AR T, WG 2016 Hy32EiR 65 210702
[24] Budker D, Romalis M 2007 Nat. Phys. 3 227
[25] Schultze V, Schillig B, IJsselsteijn R, Scholtes T, Woetzel S, Stolz R 2017 Sensors 17 561
[26] Bloom A L 1962 Appl. Opt. 1 61

[27] Stolz R, Schiffler M, Becken M, Thiede A, Schneider M, Chubak G, Marsden P, Bergshjorth A B,

Schaefer M, Terblanche O 2022 Miner. Econ. 35 467

[28] Bell W E, Bloom A L 1957 Phys. Rev. 107 1559

[29] Happer W 1972 Rev. Mod. Phys. 44 169

[30] Groeger S, Bison G, Schenker J L, Wynands R, Weis A 2006 Eur. Phys. J. D 38 239

[31] Kitching J 2018 Appl. Phys. Rev. 5 031302

[32] Maurya D, Artusio-Glimpse A, Meraki A, Lopez D, Aksyuk V 2025 ArXiv:2509.07823 [physics.optics]

[33] Pétremand Y, Affolderbach C, Straessle R, Pellaton M, Briand D, Mileti G, de Rooij N F 2012 J.
Micromech. Microeng. 22 025013

19



[34] Wu Z N, Zhao Z Q, Wen Z P, Qin T, Ou Z H, Zhou X J, Liu Y, Yue H M 2020 Laser Optoelectron.
Prog. 57 230002 (in Chinese) [RFEAE, BIEZK, IAh-F, IR, Wb, FIBEZE, XK, &2 2020 ¥

JEEIEH AR 57 230002
[35] Yang A L, Yang G Q, Cai X M, Xu Y F, Lin Q 2013 Chin. Phys. B 22 120702
[36] Huang H C, Dong H F, Hao H J, Hu X Y 2015 Chin. Phys. Lett. 32 098503
[37] Bjorklund G C 1980 Opt. Lett. 5 15
[38] Reid J, Labrie D 1981 Appl. Phys. B 26 203

[39] Castagna N, Bison G, Di Domenico G, Hofer A, Knowles P, Macchione C, Saudan H, Weis A 2009

Appl. Phys. B 96 763

[40] Zhang L L, Bai L L, Yang Y L, Yang Y B, Wang Y H, Wen X, He J, Wang J M 2021 Acta Phys. Sin.

70 230702]

[41] Miao P X, Yang SY, Wang J X, Lian J Q, Tu J H, Yang W, Cui J Z 2017 Acta Phys. Sin. 66 160702

(in Chinese) [ZI5Y%t, MiltTe, EOIRE, JETS I, WHIE, Wk, EEUL 2017 YRR 66 47]
[42] Gan Q, Shang J T, Ji Y, Wu L 2017 Rev. Sci. Instrum. 88 115009

[43] Oelsner G, IJsselsteijn R, Scholtes T, Kriiger A, Schultze V, Seyffert G, Werner G, Jager M, Chwala

A, Stolz R 2022 Phys. Rev. Appl. 17 024034

[44] Korth H, Kitching J E, Bonnell J W, Bryce B A, Clark G B, Edens W K, Gardner C B, Rachelson

W, Slagle A 2023 Rev. Sci. Instrum. 94 035002
[45] Lee H, Lee H, Choi M, Hwang Y, Lee D 'Y 2026 J.. Appl. Phys. 139 234501

[46] Chen D Y, Miao P X, Shi Y C, Cui J Z, Lin Z D; Chen J, Wang K 2022 Acta Phys. Sin. 71 024202

(in Chinese) [FRAH, 2354t BZH, UL, XIEMR, PRI, 95 2022 YRl 71 91]

[47] Zheng S Q, Li Y X, Liu X M, Li J, Ren L 2024 Chinese Patent CN117518044A (in Chinese) [£BfH:

9, ZEGEF, 70, 25, R 2024 L CN117518044A)

20



[48] Fourcault W, Romain R, Le Gal G, Bertrand F, Josselin V, Le Prado M, Labyt E, Palacios-Laloy A

2021 Opt. FExpress 29 14467

[49] Schwindt P D D, Lindseth B, Knappe S, Shah V, Kitching J, Liew L A 2007 Appl. Phys. Lett. 90

081102

[50] SuZ Y, LiY, Yang Y B, Wang Y H, He J, Wang J M 2026 J. Opt. Soc. Am. B 43 1741

[61] Martinez A, Flokstra J, Rillo C, Angurel L A, Garcia L M, ter Brake H J M 1990 Cryogenics 30 324

[52] Zhang L H 1992 J. Data Acquis. Process. 7 108 (in Chinese) [5KF|4E 1992 £ RAESALFE 7 108)

53] Yin K F, Lu J X, Lu F, Li B, Zhou B Q, Ye M 2022 Chin. Phys. B 31 110703

[54] INTERMAGNET https://intermagnet.org/ [2026-01-31]

[65] Araki T 1994 Geophys. Monogr. Ser. 81 183

[56] Gonzalez W D, Joselyn J A, Kamide Y, Kroehl H W, Rostoker G, Tsurutani B T, Vasyliunas V M

1994 J. Geophys. Res.: Space Phys. 99 5771

[67] Akasofu S I 1964 Planet. Space Sci. 12 273

[58] Lowes F J 2009 Earth Planets Space 61 i

21



Development of a Highly Robust Miniaturized
Quantum Magnetometer and Its Applications in

Geomagnetic Environments™

WANG XinP2)3)  JIANG MinD4t PENG Xinhual)3)41

1) ( School of Physical Sciences, University of Science and Technology of China, Hefei 230026,
China)
2) ( Laboratory of Science and Technology on Marine Navigation and Control, China State
Shipbuilding Corporation, Tianjin 300131, China)
3) ( Hefei National Laboratory, Hefei 230088, China )
4) ( Hefei National Research Center for Physical Sciences at the Microscale, University of

Science and Technology of China, Hefei 230026, China )

Abstract
Weak-field magnetometry is an essential branch of quantum sensing, playing a critical role in areas
such as mineral exploration, geomagnetic monitoring, navigation and positioning, and anti-submarine

warfare. However, state-of-the-art magnetometers are frequently constrained by trade-offs among sensor
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size, sensitivity, and dynamic robustness, severely limiting their application on high-speed mobile platforms
and in magnetically disturbed environments. To address these limitations, this work presents a highly
robust, miniaturized 8”Rb atomic magnetometer based on optical-magnetic resonance. A key feature of
our magnetometer is the integration of a vertical-cavity surface-emitting laser, micro-optical assemblies,
a sub-centimeter atomic vapor cell, micro-heating modules, flexible thin-film radio-frequency coils, and
a non-magnetic photodiode. This highly integrated architecture reduces the probe volume to only 7 cm3
with a total power consumption below 5W. The radio-frequency amplitude is optimized to maximize
the peak-to-width ratio of the Lorentzian resonance absorption profile, yielding the steepest frequency
discrimination slope. The feedback gain is maximized within the constraints of intrinsic hardware delays
without introducing additional baseline noise. As a result, the magnetometer achieves a baseline sensitivity
of 10pT/vHz and a maximum tracking slew rate of 25200nT/s. A lock-loss detection scheme based
on the amplitude of the second-harmonic phase-sensitive demodulation signal of the transmitted light
is introduced. By monitoring the second derivative of the absorption profile in real time to quantify
resonance degradation, the system identifies lock loss and automatically performs a full-band frequency
sweep to relock the magnetic field on a sub-second time scale. Field tests demonstrate the robustness
and practical utility of the magnetometer. In long-term continuous outdoor geomagnetic monitoring, it
records the complete evolution of a severe geomagnetic storm without data interruption.. In a surface-based
remote sensing experiment above a subway station, it accurately maps the complex dynamic magnetic
signatures of underground trains despite transient disturbances exceeding 2000 nT/s. In a handheld non-
invasive localization experiment, it identifies the dipole signature of a concealed underground magnetic
target while withstanding mechanical vibrations and attitude disturbances. The approach presented in
this work offers a viable pathway to bridge the gap between high-performance quantum sensing and field
applications, thereby promoting the deployment of miniaturized quantum magnetometers in real-world
scenarios.

Keywords: Weak-field magnetometry; Quantum sensing; Atomic magnetometer; Minia-
turization; High robustness
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