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Magneto-Science: a point of view

Univ. Grenoble Alpes / CNRS / LNCMI Eric Beaugnon

What is Magneto-Science? What is the meaning of "Magneto-Science"?

I learnt from the Japanese community involved in this field a definition: "Magneto-Science is the study of
magnetic field effects on physical, chemical and biological processes". This is quite a broad definition,
obviously multidisciplinary, but still focused on the heart of our researches: we are studying magnetic field
effects from the point of view of processes, which are including both fundamental and applied aspects. We

are considering complex systems and interactions, not just properties of a given material.

Saying so, how can we explain in a few words what makes the core of Magneto-Science? At least, it is the
scientific field led by those who are making it, including scientists, institutes, universities, stake holders,
and of course students who play a major role. In this point of view, it is a very active scientific field, as can
be seen from international conferences: ICMS (International Conference on Magneto-Science) and MAP

(International Workshop on Materials Analysis and Processing in Magnetic Fields).

Another scientific entry point is the scale at which the physical, chemical and biological processes are
influenced by the magnetic field. Some examples of magnetic field effects can be given in this frame.

Let's consider the macroscopic scale, that is to say the scale at which we can handle in our hands and see
from our eyes (sometimes with the help of sensors and electronic devices...). One example is the magnetic
levitation as a tool to reproduce, on ground, experiments that can either be made in long flights with the
International Space Shuttle, or in short term flights such as in parabolic flights (rockets, zero-G airbus) or
in free fall towers. Magnetic levitation experiments include studies such as the anomaly of wetting in
levitated liquids, or protein crystal growth in simulated low gravity. The mechanism for levitation is well
known: it is the action of the external magneto-static force exerted in field gradients, which are strong
enough to compensate gravity and to obtain contactless stable levitation of diamagnetic substances. This
stable levitation can be extended to paramagnetic materials, thanks to the magneto-Archimedes principle.
The same magnetic force can also be used to control magneto-thermal convection or separate freely
suspended particles according to their magnetic susceptibility.

Going to the intermediate scale where we can still see from optical microscope (between mm and
micrometer), new phenomena are evidenced such as particle-to-particle coupling due to local magnetic
forces, leading to self-organization. In the field of metallurgy, many phenomena occur at this scale such as
the field effects on dendritic growth due to the coupling between an external magnetic field and local
electric fields (inducing local current flows) induced by the Seebeck effect in thermal gradients. This
intermediate scale is also one of the scales to study magnetic field effects on electrochemical deposition.
The next scale is the micrometer scale. Here, we can include texturing effects due to magnetic torques on
anisotropic particles, which can play a role to process textured ceramics from suspension by slip casting or
electrophoretic deposition in magnetic field. Materials can also be textured by solidification in a magnetic
field thanks to the magnetic alignment of solidification nuclei.

The final scale (one special scale has been skipped and will be discussed later) is the atomic scale, where

the magnetic field acts on chemical bounding, or, in other words, on thermodynamics. Here we can find
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well-known effects of the magnetic field on the phase equilibrium such as austenite to ferrite transition in

steels, or martensitic transformation in magnetic shape memory alloys for actuators.

Considering this simple (and not exhaustive) survey through scales, we meet different mechanisms that are
rather well understood: magnetic force due an external field gradient, magnetic torque between anisotropic
particles and an external field, local forces and couples between magnetized particles, thermodynamics
including magnetic energy. These mechanisms can be modeled, their effects are predictable and new

processes can be designed leading to new technological applications.

Beside these known mechanisms, there are still many magnetic field effects that are not at all or just
partially understood, and in many cases, they are related to the nanosize scale. Some examples, again a
non-exhaustive list, can be given:

- Magneto-plasticity is the mechanical softening of a material submitted to a magnetic field. In this case, it
is suggested than magnetic field promotes clustering of dissolved magnetic ions and that clustering will
change the interaction with dislocations (see R. Morgunov et al, Phys. Rev. B 2010, 82, and JETP 2009,
109).

- Water is sensitive to magnetic field and keep a memory of the effect for about an hour, as seen from
changes in contact angle (measured out of the field) between water droplets and a metal (see S. Ozeki
group results such as: Ichiro Otsuka and Sumio Ozeki, J. Phys. Chem B Letters, 2006, 110)

- The refractive index of water also exhibits an anomalous variation in magnetic field (H. Hosoda et al., J.
Phys. Chem. A 2004, 108)

- Magnetic separation of dissolved paramagnetic ions is observed in water, in the local field of a permanent
magnet (X. Yang et al., J. Phys. Chem. Lett. 2012, 3), with a huge effect that cannot be explained if just
considering the competition between magnetic energy and the Brownian motion of a single ion. Maybe
some clustering of the magnetic ions could explain the enhanced phenomenon in this case?

- Recently we also observed evidences for some local ordering in liquids, as we measured that undercooled
liquid cobalt metal is more magnetic than the solid at the same temperature (J. Wang et al, Appl. Phys. Lett.,
2014, 105). Such a behavior is in contradiction with the lower density of the liquid, but can be explained if

local dense clusters are formed, leading to a higher magnetic susceptibility.

From this rapid and very simple survey on some aspects of Magneto-Science, I would like to keep a simple
point of view, and emphasize at least two aspects:

- Magnetic field effects whose effects on processes are well understood can lead to major advances in
technological and scientific applications.

- There is a new and open research field on magnetic field effects at the nanosize scale, with a special focus
on the liquid state.

In these two aspects, it is clear that there is still a lot of freedom and space to invent new applications and
to discover new phenomena. It is up to the young researchers, supported by communities such as the

Magneto-Science Society of Japan to succeed in the next advances.
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Effects of high magnetic fields on the behavior of feeble

magnetic fluids
WANG Yan (Univ. of Tsukuba, NIMS)

The fluid flow plays a significant role in many material processes to decide the quality and
performance of products. The control of it has been a crucial issue to improve materials qualities.
Using high magnetic fields, dynamical effects can be given to materials without any direct contact
with the matter. Therefore, the magnetic control of fluid flow has been highly expected and actually
applied in many industrial processes. However, there are still some phenomena not enough
understood remaining, such as the fluid behavior in the solid-liquid coexisting system or high
temperature processing. To deepen the understandings and improve the magnetic control of fluid
flow, the experimental observation of fluid behavior under high magnetic fields was carried out. An
in-situ optical observation system was developed based on Schlieren technique to observe the fluid
motion in non-conductive transparent solution under high magnetic fields. For flow of conductive
fluid, effects of magnetic fields on the thermal convection at ambient temperatures were studied
through heat transport measurements combined with shadowgraph technique-based visualization.

For the non-conductive fluid, the motions of optically transparent solution were successfully
observed even in high magnetic field, and it was found that the direction of diamagnetic fluid flow
was changed under spatially varied magnetic field. This phenomenon was understood qualitatively
by considering the magnetic force acting on the high concentration solution and the surrounding
solution.

For the conductive fluid, the thermal convection was suppressed under the magnetic fields up to
12.0 T. The magnitude of this suppression effect depends on the applied magnetic field and the
concentration of sample solutions. Through the comparison of magnetic field effects on diamagnetic
and paramagnetic conductive fluids, this suppression effect was experimentally confirmed as the
effect of the Lorentz force. The magnetic induction and damping of the thermal convection of the
conductive fluid were then experimentally demonstrated. Furthermore, the contribution of the
Lorentz force and magnetic force on the thermal convection of feeble magnetic conductive fluids
was separately evaluated.

Owing to these experimental observation, the understanding of feeble magnetic fluid behavior
under high magnetic fields was deepened. Especially, it seems feasible to understand the behaviors
of liquid metals by using electrolytes aqueous solution combined with a superconducting magnet
since flow conditions thereby are regarded as similar to those for liquid metals in industrial
electromagnets. Use of aqueous solutions enables us experiments under room temperature and also
expected to bring spatial information about the convection in a fluid. Through the comparison of the
obtained experimental evidence with the related numerical simulation results, the magnetic control

processing can be promisingly optimized.
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RGN Fe X7 BN 7 7 228 DEAILEBRBIZBIT A

58 1% 55 2 SR
KRB TEREEMER DEFLH
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BEFN T ZADAANERLE L TORADRBR SN TEREN, TEALT 7 ZAE5E& L7
HULH CREBL S BT /MR ORTEL T 7 284 % LR D EN - BS54
TLHZENFEAINTLURE, KM BREEONEYWE L LTTELT 7 A G808
e LHI B S AT S LD L D ic o7z,

T KA OB FEE & LT, 20 nm LU T OB SRBEMERS SRS @ T /3 L C
WHZ &, EHICENDOREEAEIZITELEIZ L > THERIL L2 o BT EL T 7
AZADIFER BT D, ZOEEOEN IR KFFE DRI Herzer ICX 5T ¥ LET
PEFRGR IS K- TER SN TH Y, RBEMERE AL O 1 X238 L% 20 nm L F TZENREND
MR BT EORMENT VA A THDL I ERMNETHDL I ERALNIEN TN D.

Wo THERERETHHLTENT 7 AREEEWHT S Z LT, KRRKOZEMTH D
REERS S O, TRbbLEMEESIE L, RiRoB—(t, & HEE RO ML HIE % 225k
T5HZ L CTHBKSHED X e b EREIfRGFCE 5. BB KRR & @ fafipi b %
IR DO, M fbicL-oTHEOLNAMMEMEE L THIgENEE L, Fe A7 E/L
Ty ABRENT /EmEEORIEME L LTRSS TWS., ZThET, TENLT 7 AH]
BRIR DR F L O AL 238 < 72 O BVAER S & fei b 9- 5 2 & ORI & HI4 L,
T KA B OISR FESENMTONTE LR, 2L O TIEIC L DR E LT
UVERIRAR 2 2 5 2 & DRI EEL Zau.

— BB B T, A E OSSR IR KO, SRR RS RE I 75 iR
LEHMOBELE LTRIHENTE 2, IO OMEREITTELT 7 25480/ MEICE
WT, OIS X ORI E 2 BEGHIMC L > THIITX 5 2 L 2RI LTV,
I OFEEALFEREN ED X D ITHIGIZISET 200 L SN T IR o7,

AR TIE, ZNHTENLT 7 AEEOKRLFRFRICKTT MBS R A O L,
TR ESER T 0 RS H LTc S T 7 e A 0RO AREMEIZ OV Tigam L 7-.
HH TS ONTZRR, SBOBEICOVWTHNT .

2% 3Lk

(1) Y. Yoshizawa, S. Oguma and K. Yamauchi, J. Appl. Phys. 64 (1988) pp. 6044-6046.
(2) G. Herzer, Scri. Metall. Mater. 33 (1995) pp. 1741-1756.
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T OGS R SR MBS 5 . (A T R i i HB (s 5 ~ 7 ¢ » [10T100-CSM,
T AR B 10T e OVt P BL Al il d il R AP 2 O 2. IR D 185°C £ CHAIR L, [FlRE
T 10 4y FIHEL L 7=, PLLA #5413 140°COTE RS LT, £ D%, SRiEE TR L PLLA
BLIE 7 4 VD257, SR ASS LR 13 0, 120, 360 43R, F-MEIEEEEIT 3°C/min, WEsEIE
EVVEEBHAAIE > © SRIRIC IR 2 £ CHRES Ueld 72, B ORI 13 8 = R L 5 — IR 24T
BEAE B YER S0 R BL-10C B [RI3T 3 & O X i s R-AXIS VI (RIGAKU Co.) % H
U7z SAXS JITE TIT - 72, X BROPERAIL 0.1488nm, B A Z Fid 2m, #GREHM 1 60 B0 &
L.

Fig.l 12, BEGHRE% D PLLA 7 ¢ L D 2 IRTE SAXS A A —T %777 t1% 0, 120, 360
SiEE LTc, A A=V R4 Y i, B7m A2 Xie 325 &, BESEREG i X fh &
5. =0T, SHNRMEAHE, X, YHiFHE b SAXS BELREICEREN R LN
7einodz. =120 TIE, XfGmOBEBRER S 2D, 1.=360 L9252 & T, MEREK
DOEELIREN @< 725 & & BT, SREOEWIARN X & Y fl5 [ CENHR S,
HCTOREEELTIE, +45312 PLLA ORSEEAEE T, 226 =iRITRE L7
WS LN ET 72D T U A AL & 720, SAXS A A —VIIHEREZR LT EHERIN D, —
7, tNEL D 2 L ThESMEER, AT L CERIMEE HEIINT 5 Z &, SAXS HRED
BN & dh 5 CRREE A S BT o T2 E B 2 B IVD. I IRET (Y dil) & X il & OFREEED
HEON D, PLLA fE&E O ¢ filERIGRH H st L CREICEM LTS LB 6D,

PLEDOFERMNS, t CORFREMZE< 352 & TPLLA B ET 2 2 ERbny,
ZIUTHE PLLA fEfofdm b bt = &b ho 7. o FOGE A IZIE, #IGR
SR DI BT B2 EOINBRMENEETHD Z LW LN L RoT

¥, AWFFRITHALK F e B BT ST AT E TRk B s 8 B gE & o & — L o LR
TO—EE L TThi.
BTN
(O)F 5,5 8 (8] B AR AR
R E 4, 75-76 (2013).
(2) H. Tsuji et al., J. Appl. Polym. 2 X X

; ) Omin 120min 360min
Sci., 77, 1452-1464 (2000). Fig.1 2D SAXS images of PLLA heat treated films for 0, 120, and

360min at 140°C under applied magnetic field at 10T.
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(1) T. Kameyama, S. Niwa, J. Park, T. Matsumura, K. Sassa and S. Asai: Tetsu-to-Hagané,
89(2003), 623.

(2) FLIWBARTE, EH—Z: F 61 RIS A SE T PinEESHEE TS, 20p-F4-3.
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784k % 1000 5 DEAMEIC L - THIZ L7z, #ER, SRER:S & H)IZ L2/ BRI %
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WBRRICB W OBKEHEFICZ D E LN A b7, Zhuid, BERICRD 2 E TRRENE
K720, FEdEEORBEDENEONTZEZZOND. L, HARDEERTIILEK
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I bEofERERE 2, WEAmEMNAL T/ 7 =0 fiiick sy — MR 7 —21/ERT 5
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235 3CHK

(1) K. Hinrichs, et al., Phys. Status Solidi B, 242, 2681 (2005).
(2) M. Iwasaka, et al., Appl. Phys. Express, 6, 037002 (2013).
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, PPAZNn EHH 5 OFEMKEZHL ST, BEAFEERORZRS PLLA 7 /L ADOERIC
L CWA. BIE, FWV D82 SRR~ L U0 B 2 C PLLA @ =&kl ifbo
ERERAD &L BT, PLLA & X 0T OBEMEO B WEAITOEBRLED TV 5.
K TIX, Eft 2 207 —~ [HEEMERGEZIGH L2 R0 b OfbEs 7 K
T NENT T B RO TREGEL AL L7/ b OfE kR IZ L D PLLA OFLmSI#E] (2
DONTC, INETIHLNTREEFN LoD, SHROBEICONTHERDL FETHD.
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(GERA CRAET D EFHIS T TIThL TS, —OERE LU Cfi ]l T 2RE
FEITBEEMAIC LD 10 T fih T, ZLL ORGSR LR A MR LA C ORI IZH L
WV, T, KV ROESE T CRRICEREZITZRWTEAS D b, BEIERYMELOSE T, EF
W35 CIIR AR ATRERBRBEGFIR COERIZ, HL< 1B/ VA7 Xy RBEHNWLRTE
Too ZOVAREGITE RS & i U CHEAE MRS, BREIE S 20T, FE
B VA~ 73y b & PRICIESE, FIHCTEUEEAENRV, 72720, B3 AEREM
MERBIEZTIVBRIKZRTHY, EFES LR U XD ICEROBRM O T £ Tl 4 FN
Lt 22 &%, GBIl i o TTUIRATEETH 5, IR ITAE ALFETHONDS L7, &
{THA 7 oA —F =TT 2B RITIIANTH 55, BRELM DX 91257
HAL ORI, 50K EZET L0, EMnE CoRMM OB RE R 8121%, ©F
WnoRbLY L LTHWS Z LIETER0n, 2001, fOBEERITHEAIA A T ORI
D X 5 RBESHIIN AN 2 — R0, WhRaihi 45 N T—L LTRIAT 2 HiEb & 5.

PERDISVA< T Fy RO AT NTHERE 200kg LLEOEEHX v /v %% 20 AL E
Bt LT 570, —ROERE LV THBICEATE 2B TIIR»o71=0, b
AOITIRS FERICHWD Z R TE D L9 7%, FHMNDa NI MRSV AR TRy
N ZVERCT 2 FI A Uiz, i S— 2 13 A L~ L CREN ATRE e B 1 - X S—
V&L, MRS OERITFERIE UTOMBREL L2 & & L, FEROBIIZFEM =
eV IRBIUIERTE S L9, KA E, BEAA AR T b & UTER LICREER,
B 8mMM OARTIZ20T Of% 3ms MFA ST FITHEI LTz, Y HIXEEOEMIC
DNWTHT 5,

ZONNAR T Fy FTHWD aA U, SMPREICHAZAATLENTE 5 L5 IRk
TRUZ, BAEIZIE, BB A7 A FTHATE L9, Ry 7b (MilaiEET
NELTHLND, BRIRIFE ok U UVRETHREND DT R Y —L L bIFHT
n5) OIREAZBIRCBIZRT 5 Z ki Lz, 61T, KU AT AFSHBE S TIE
B 5720, MO ERFERICHIBEI TS 5, AR, BFRSFEOLIE S AT DAL
T, A AR B RDNRE A e/ 2 E B FEREL, XU VEEEEOBHNC b
MATRE D & WS L 72,
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