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Ultra—low—temperature Vector-magnet Magnetic—
force Microscope

Jinho YANG, Ilkyu YANG and Jeehoon KIM

We have built a *He magnetic force microscope (MFM), oper-
ating at a base temperature of 300 mK with a vector field
of Z=9T,X=2T,Y=2T for the three axes, respectively.
Our microscope has a capability of scanning multiple sam-
ples in a single cooldown. Together with the comparative
Meissner technique, this capability allows measurements of
the magnetic penetration depth as a function of the doping
level, which is important for understanding the nature of
the purported quantum critical point within a super-
conductor dome in high-Tc, pnictides and heavy-fermion
superconductors. Here, we show applications of our novel
microscope to investigate unconventional magnetic materials
and magnetic superconductors after it had been built at
IBS-POSTECH in 2014.
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Table 1. Comparison of worldwide magnetic force microscopes.
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Fig. 1. (a) schematic of a He-3 MFM built in CALDES-IBS. (b)
Multi-sample holder.
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Fig. 2. Schematic of an MFM system with a fiber-optic inter-
ferometer detection scheme.

o e % HolEtk ¥ 4 itk AR ARG AL
GRIEk BHOE A S AT MEMES ol §3hA 1

W= AAIs] wEE 4 ok EuliOsehe A =720lA
A7 | E3 R E (magnetic  saturation moment):= O]E2X 0 g
Jehel gel e AEe] glol ZgEigich 1 9e st
7] Siol MEME SRRble Wahilvle) 3 s 2,
ARO| AFEO] ARE oRfolM= FRMIo] obd RIS
Hele §RIskn Q) tEelel weipic

oM AFgE dlAlet BHEe] MFMO] 71 a5t ol-85
T Qe APAT Bk R BAe] AT ik
A7l pTES 2P & Qe Of2 Bt vlelRuBiter
pattern), # 0|7 (Kerr microscope) 18|11 Z X TEM
(Lorentz TEM) 5°] ot} Aptme] ZH|2M Len|efe] &
TEslsd mK Y] SA41e, 2=|a HWExge] 7kt
7€ MPMo] A fisfeh. oleish MEME o]gslel <]
TEFES 2= AVEE HEAIIHA FHS SPH AAF
Q) xMERAT i 7N B 4 Yk 53] 2] B
& Toql Q= AFu|e(Skyrmion)Tt 7L Eo|st ATt
< B2 ABodE fUsH MEMOR Ag1t olulx|7h
lom, o7 xprPge] WHalo] web A7nR ARl
Hapge Fesigic
2 ol 2014 490] T2 *He MPMER L 4 K)

¢

12 o

oAl

o

REFERENCES

[2] J. Cervenka, M. I. Katsnelson and C. F. J. Flipse, Nature Physics
5, 840 (2009).

[3] Yanan Geng, J. H. Lee, D. G. Schlom, J. W. Freeland and Weida
Wu, Phys. Rev. B 87, 121109(R) (2013).

[4] P. Milde, D. Kohler, J. Seidel, L. M. Eng, A. Bauer, A. Chacon, J.
Kindervater, S. Miihlbauer, C. Pfleiderer, S. Buhrandt, C. Schiitte
and A. Rosch, Science 340, 1076 (2013).

L
A8




< Xgo=z HEst A T3 AR BEQ %1 B 0% EN0SEY ERERRY e 0337

Lag 2, Sr1:oxMny07(z = 0.32) (0]3}, LSMO)e] A7+ ’ n

G7E A7 o FAL wto s13H AR 3

A 0]%-A7]u&(Bi-skyrmionjo] ZaX TEMOZ . T N ._

AR 9Eg Mgl tiet Al rdTE &

o] QFE= ARsto|c}. Fig. 3. (@) - (g) Magnetic field evolution of the domain structures at T=13.5
99 39 (a)-(9= RIS WatAlo] LSMOe] K. Magnetic fields are indicated in the figures.®

ab Pl Z% MEM Fgjolth. xS 7t

Al o RZ|F0] USR] ol Aoz O EREETEN e ek
2al AF Bgor Wifshs A& & & ok AF

BFY| Aol $M AR olF-AAuRt

do] gl& Aoz FPHE APde] 0.36 Te o]

29 A7) ARKRIA e ol BE A

o] 2 F YO AP|RHEES TK= A|EEHS

Ei7E =71 whEolH, o] g AAFR] ApIRRIE 2

)

FgolM A1zt =e AP Al7ieh LRIg
ok a2l A PE daAris 583 Ak 37t
A7Ie E7ge At vt FElE Uehdnh olE

Fig. 4. (a)- (d) Evolution of magnetic domain structures from T=66 K to 42

K and pH=0.23 T along the c-axis."®

=
B3 ApIg welel WE Ablrevavt ZlEEge & 4 2 HARE(~77 Kol 1T olgel xpzlge At
slom] o] Al ANEQ SYATe] G I 49] (@) - ok ok APl olsl WY AFE A8E0P} 1 Tof
A= 2e HHold A7Pgel AVIZ 023 T2 wAsln &8 sl ARV FrbeoR wgEA gu $Adlew
S U= FH% Aol 60 K RZolM R7ET} ¢lsll Aok AT wizol 2HE o] ARZ] wizolt.
Uehbs 21 S 5 9w, o 2Rl 549 2W weld AR $8o QoM AFE 48E0le] WYL F
Wk tAE7] Ao)(Spin reorientation transition) wjEo]ch. THFIE AL ZALEE o]t 7ust AMS o ogu
o] Aolz AV|RHES] HoHe}o] ab FHoIM cF WFe OHRZ 1S 73R], MgRt=, 71571 RFEH7] S)olM wie- &
2 H7] Wi, oF 8 AP ARIShe MFMolA goitt A2 MFME 24% ¥ gy oA 2Ae
A7 7t227} HolR] gt} ol offjol yehAl = Y A7E AL S flon, 55 2Ae AEE0Y 1
£ ololck g Folt Yol Bk AR mofe] 2T WIS Sk Aol JolME Y 28809 YIS 5
o] A Aol EEl=o] JdE= A b-collM =4l g 7] digel] ule maAola AFE] 0] 7k
& % igick @Al o] Aol Vlkslel He3 MM wlelxt @ HE ok
7Vd= olgste] QF AP S| wWE ArlHe] W} F|Zolle oet FHE 48Eolo] Uigt dFERY o
£ AduEoem APIRHES] Mol oigh A e o o} A2 MFM2 2H=9] 7|2AR] S9FR] A] AF40|
27} R8s Zo|t}. (Magnetic penetration depth), A& FFH oz EZXl= &
TEAT WHG BoT Ytk A= FA=AEelM FoExt
MFME 0|83t =HE =3 AF o Hxe} deo] glom xF® AgkE Zol(Coherence
22 5o A MIME FEH o7 Poixl £HE 4880 REFERENCES
Gasen oi, s RIS den g LY LY e o W B K
Tl d3teen AL deiyry a7l 8% 58 7t 5, 3198 (2014).
Me Rojz=7 9tk gEolA, RAE A8E0]o] FARS o] [6] Juyoung Jeong, llkyu Yang, Jinho Yang, Oscar E. Ayala-
mxl2 A3 71 78)(Pinning force)o] TiEh HEE Ax Valenzuela, Dirk Wulferding, Nestor Haberkorn, J.-S. Zhou, John

= A B. Goodenough, Alex de Lozanne, John F. Mitchell, Neliza Leon,

L ZHATAE IAPEE AP So=2 2451=t] ¢Jo] I4 Roman Movshovich, Yoon Hee Jeong and Jeehoon Kim, Arxiv
Mo
Mo

Holc}. @A 7]&2E TLEFEA|(YBCOS o83t A} 20,




HARA] 22k A AL
S

Table 2. Existing techniques that can measure the absolute magnetic penetration depth.

Technique Absolute Sample Local Temperature Number of National Time per
value of type probe range samples facility or experiment
MPD measured “table top”
uSR yes bulk no > 50 mK one NF days
Resonant cavity no bulk no >12K one TT days
Scanning SQUID no bulk to yes > 12K one TT days

thin film (~pm)

TDO no bulk no > 50 mK one TT days
Mutual inductance | yes (fitting) | thin film no >12K one TT days
Existing MFM yes (fitting) bulk yes >4 K one TT days
“Meissner” (~nm)
IBS-POSTECH MFM | Yes (direct) bulk to yes > 300 mK More than ten TT few hours
“Meissner” ultrathin (~nm)
film
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Fig. 6. (@) MFM image obtained at T=0.5 K. Three bright features
are superconducting vortices from an external stray field. (b) Local
values of X probed along the blue arrow in (@),
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Fig. 7. (@)-(b) MFM images taken at T=1.5 K with 200 nm and 300
nm tip lift height (LH). (0)-(d) MFM images taken at T=4.5 K with
the LH of 400 nm and 500 nm. (e)-(h) MFM images taken with 700
nm tip LH at T=6 K, 7 K, 8 K, and 9 K. (i) schematics for
manipulation by the tip with different tip-sample distance.”
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