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BBeaeHve B GU3NKY MarHUTHbIX
HAaHOCTPYKTYP

B [OaHHOM Kypce Mbl pacCMOTPMM OCHOBHblE CBOMCTBA MArHMTHbIX
HAaHOKPUCTAJI/IMMECKUX CUCTEM U 1X UCMOSb30BaHNE B HACTOSILLEE BPEMS U
B BUAMMOM nepcrnekTmee. NpuBeaem nvilb 0AHY WITIOCTPaLIMIO UCMONb30BaHNS
MarHUTHbIX CBOWUCTB — XXECTKUM AMUCK MEPCOHAsIbHOrO KOMIMbIOTEpPA, B OCHOBE
paboTbl KOTOPOro NEXUT MAarHUTHas 3anucb, XpPaHEHME U CHUTbIBAHUE.

Modern Hard Disk Drives Inductive Recording Bits and Bytes

Magnetic Surface Rotates
at 10,000 rpm

Suspension and

Recording Read/Write
Head

Voice Coil Motor

LieHTpanbHbIN BOMPOC [aHHOMO Kypca - MPOSIBJIEHUS U MCMNOJIb30BaHUE
MarHUTHbIX CBOMCTB HAaHOKPUCTAJUJTMMECKUX CUCTEM U HAHOCTPYKTYP,
4YTO ABNSIETCS OQHOW U3 OCHOBHbIX TEM COBPEMEHHOIro MarHeTu3Mma.




CTpYyKTYpa Kypca

Nekumsa 1 BeegeHune B (pn3MKy MarHMTHbIX SIBJIEHUMN
Jlekuns 2 ATOMHbIX MarHeTu3Mm

Jlekums 3 OCHOBbl MUKPOMAarHUTHOU TEOPUMH

Jlekumsa 4 OCHOBbl MQrHUTOONTUKMU

Jlekuua 5 MardHetoconpoTtuBiieHue

Jlekums 6 NepcnekTuBHbIE YCTPOUCTBA CMUMHTPOHUKH
JlabopaTtopHas pa6bora 1 lNonyyeHne MarHUTHbIX NMNJIEHOK

JlabopaTtopHas pa6bora 2 NamepeHne MarHeToConpoTMUBJIEHUN
NJIGHOUYHbIX CTPYKTYP

Jla6opaTtopHas pa6ora 3 MarHUTOONTUKA TOHKUX MJIEHOK

JlabopaTtopHasa pa6borta 4 MMKpoMarHMTHOe MoAeNimpoBaHue
MarHUTHbIX HAHOCTPYKTYP

JNTabopaTopHasa pabota 5 MMkpomarHuTHoe MogeniMpoBaHue
ABWYXE€HUA AOMEHHOMU CTEHKM

JlabopaTtopHas pabota 6 MMKpoMarHMuTHOe MoaAenMpoBaHMUe CruH-
BEHTWUJIbHOM CTPYKTYPbI




Halle nepBoe 3HaKOMCTBO C
MarHUTHbIMU ABJIEHNAMU

SlBNeHne MarHetTM3Ma Mnonydynsio Ha3BaHWE OT CBOMCTBA KYCKOB XXENe3HOM
pyabl — MarHetuta (Fe3+[Fe2+Fe3+]04, kotopbie 6bIsi OBHApYyXXeHbI
B6NM3K ApeBHero ropoaa MarHesus.




[IPUMEHEHNSA MAarHUTHbIX NOJEN




[l1nana3oH MarHUTHbIX NOJEN B
npupoae
UCTOUYHMKM NoOJIen:

1)OneKkTpunyeckme ToKu
2)MocCcTosiHHbIE€ MAarHUTbI
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[IpMepbl MarHUTHbLIX NOJSIEN

Typical values of B e Human brain | T

Helmholtz coils 10 mT

Permanent magnet | T

Magnetar 102 T
Superconducting magnet 10T




NcTtopna MmarHetusma I. AMepuka
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The Olmec heartland; 1400 - 400 BC




NcTtopusa marHetnama II: Kutan

=

South-Pointer

Compass

Hauyano Hawe#n 3pbl

-1000 to 1500




ctopua mardetusma: Il

Oersted’'s great discovery

Hans-Christian Oersted stumbles on the truth

_- long copper wire

1500 - 1820

voltaic pile




ctopua mardetusma: IV

1820 Oersted discovers the magnetic effect of electric currents

1821 Ampere attributes the magnetism of matter to ‘molecular’ currents

1821 Faraday builds a primitive electric motor

1825 Sturgeon invents the first pracical electromagnet

1831 Faraday discovers electromagnetic induction

1833 Gauss and Weber build a telegraph more than 1 km long, with a galvanometer as the receiver

1845 Faraday discovers paramagnetism and diamagnetism, also magneo-optic Faraday effect

1847 Helmholtz states the conservation of energy in a general form

1858 The first transatlantic telegraph cable

1864-73 Maxwell formulates the theory of electromagnetism

1869 Gramme invents a practical dynamo

1879 Swan invents a practical incandescent bulb

1881 First public electric railway in Berlin

1882 First hydroelectric power station

1887 Hertz generates and detects radio waves

1887 Michelson and Morely fail to detect the motion of the aether

1888 Tesla invents a practical AC motor

1890 Ewing describes hysteresis

1895 Curie describes the temperature variation of paramagnetic susceptibility

1896 Marconi patents the radio; transmits radio signals across the Atlantic in 1901
1898 Valdemar Poulson invents magnetic recording




Knaccmnyeckass Teopus aneKTpo-
MarHetuaMa MakKcBenna

B auddepeHumanbHon bopme B uHTerpanbHon dopme




NcTopua MmardetTusma: V

(Anisotropic) magnetoresistance 1857

A

A M/. Discovered by William Thompson
/ Al or'e
I i %

P = p o+ Apcos’d

Magnitude of the effect Ap/p < 3%
The effect is usually positive; p,> p,

Maximum sensitivity dp/df occurs
when 6 = 45°. Hence the 'barber-pole’

configuration used for devices.
AMR is due to spin-orbit s-d scattering




ctopua MardeTusma: VI

Hall effect 1879

Effect discovered by Edwin Hall in 1879

l .

B L/ﬂ/
[ t V./t=R,jB  R,=(I/ne)

Elj = p,, = R,B
E=-Ryj x B)




NcTtopua MmardetTusma: VII

Superconducting quantum interference devices (SQUIDs)

SQUIDs detect the change of flux threading a flux-locked loop. The flux
is generally coupled to the SQUID via a superconducting flux
transformer. The device is sensitive to a small fraction of a flux quantum.

SQUIDSs offer ultimate field sensitivity. They generally operate with a
flux-locked loop.

| &, = 2 10-15T m2

-

—© Superconducting flux transformer

de SQUID




NcTtopua mardetnsma: VIII

Age

Date

MNames

Achievements

Materials

Applications

Ancient

-1000 w 1500

Shen Kua Peorus
Peregrinus

Farce field
induced magndsm,
TRM

Iran, lodestone

South polnter,
Compass

Early scientific

1500 to 1820

Gilbert,
Descartes

D Bermouili

Mavy

Earth’s field

Iron, lodestone

Dip circle, Horse-
shoe magnat

Electromagnetic

1820 to 1900

Dersted,

Ampere, Faradsy,
Maewed|

Industry/infra-
structure

Electrical steel

Morors

FeEnerators,

telegraph,
wirgless, magnatic
recording

Undersanding

1900 to 1935

Waiss, Bohr,
Dirac,
Heisenbery,
Paull Landau

Academy

[Alnico)

High frequency

1935 to 1960

Bl asch,, Pound,
Purcell

Military

Miorowaves, apr,
fmr. nenr

Ferrites

Fsdar, velevivion

Applications

1960 to 1995

Gortar, Sagawa,
Croat

Consumers

e manerials,
miniawrimgon

Sm-Co, Nd-Fe-B

o s U r
e lamronics

Spin electronics

1995 to N

Ferc Parkin .._

Consumers

Thin film devices

Multilayers

High-dens oy
recording. MRAM
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MarHuTHoe none




MarHmtHoe none paBHOMEPHO
BUXKVLLErocs sapsaga

B cOOTBETCTBMM C MonydeHHon dopmyroli BekTop Bpacnonaraetcs
NepneHanKYIAPHO MIOCKOCTU, B KOTOPOM NIEXaT BEKTOPbIY U p




3akoH brno-CaBapa-Jlannaca




Cuna JlopeHua

F =qE +q|v, B

plane defined
_—" bytheB&v
vectors




Cuna AMnepa




1NONbHBIK MOMEHT

OpVEeHTaLMI0 KOHTYpa B MPOCTPAHCTBE XapaKTEpPU3YIOT HarnpaBieHNEM
HOpMasu K KOHTYpY, KOTOpOe CBSi3aHO C HamnpaBfieHWEM TOoka B
KOHTYpE MpaBWIOM NPaBOro BUHTA. DTO /10/10)KUTE/IbHAs HOPMaJb.

MarHMTHOE MOoJie YCTaHaBIMBAET KOHTYP MONOXWUTENbHON HOPMAablo MO
HanpaBNEHWUIO Mons.




MarHMTHOE noJjie B BellecTBe




CBA3b BEKTOPOB MHAYKLUUN U
Hanps>XeHHOCTH




Buabl MarHETUKOB

couamaznemuxy. Y THAMarHETUKOB A OTpHIIATEIbHA U Malla 10
a0COJIOTHOM BeianuuHe. Bektop J  auaMarHeTUKOB HMMEET
HalpaBJIeHHe, 00paTHOe HampasieHuto Bekropa H

* napamacHemuky. , TAPAMarHETHKOB MOIOXYTENbHA U TOXE
Majga 10 aOCOoMIOTHOM BeluunHe.  Bekrop JanamMarseTukon

HMCCT HAIIPpaBJICHUC, COBIIAAAIOIICC C HAIIPABJICHUCM BCKTOpa H

* heppomachemuxu. X HOJIOKUTEIbHA HW II0 aOCOJIIOTHOU

BEJIMYUHE JIOCTUTAET OUYEHBH OOJIBIITNX 3HAYEHUM.




deppoMarHeTuku

(DeppOMaFHETVIKaMVI Ha3blBalOT TBEPAbIE BELLECTBA, KOTOPbIE MOIyT obnaaaTb
CIIOHTaHHOU HaMalrHM4eHHOCTbO, T.€. OHU MOTYyT 6bITb HaMalrHM4€EHbl Y>XXE Tpu
OTCYTCTBUUN BHELWUHETO MAlrHATHOIO MNOJIA.

TunnyHble npeacTaBUTENN (PEPPOMArHETUKOB -

oY 106 A/m Xeneso, HUKenb, KobasnbT, UX CN/iaBbl.
JZ B s e HamarHnyeHHoCTb  (heppoOMarHETUKOB B

Hac orpoMHoe (oo  1019)  yucno pa3

NPeBOCXOAMUT HAMarHMYEHHOCTb Aua- U
napamMarHeTUKOB.

1 - KpuBas HamarHn4eHHoCTH
deppoMarHeTnKoB - 3TO
3aBUCMMOCTb

| | OCHOBHasi WNN HYy/1eBas KpH1Bas,

0 500 46’0 T.E. 3aBNCMMOCTb ons

(eppoMarHeTuKa, MarHUTHbIU
H, A/m MOMEHT KOTOpOro

nepBoHa4anbHO 6bls1 paBeH HYso




MarHutToMmexaHmnyeckme saBneHuns

OnbIT DUMHWITEMHa - Ae Xaaca

S
™ Torsion fibre

g=e/ 2M — knaccuueckuii peynbTaT

g=e/m - akcnepumeHT
OnbiT bapHeTa

\II
5

Ferromagnetic rod




Bonpochkl K 3a4eTy

BeeneHve B (bVI3VIKy MarHUTHbIX SIBNIEHUN. Uctopus pasBUTUA MarHETU3Ma. OCHOBHBbIE MOHATUSA U BENTUYUHBI.
MarHuMTHas MHAYKUMSA N HanpshXeHHOCTb MarHUTHOro nons. EQuHuubl usMepeHus.

YpaBHeHust Makceenna. MHTerpanbHas u anbdepeHumansHas gopma.

OcHoBbI MarHMToCTaTMKN. 3akoH buo-CaBapa-Jlannaca. Cuna JlopeHua. Cuna AmMnepa.

KOHTYp C TOKOM B MarHUTHOM Nnone. MarHUTHbIN MOMEHT.

MarHuTHble CBOMCTBA BellecTBa. HaMarHMYeHHOCTb MarHeTUKoB. MarHUTHasi BOCMpUUMUYNBOCTb.
Buabl MarHeTukos. JuamarHeTusM. NapaMarHetusMm. GeppoMarHeTmsM.

MarHUTO-MexaHu4eckue siBNeHns. MarHuTHbIM MOMEHT OpBMTanNbHOro ABMXKEHMS 3NIEKTPOHA. CnWH 3NEKTPOHa.
['MpoMarHMTHOe OTHOLLEHHUE.

ATOMHbIN MarHeTu3M. KBaHTOBO-MeXaHU4YEeCKOe OnMcaHMe MarHUTHOro MOMeHTa atoMa. lNpasuno XyHaa.
MarHuTHbIE aTOMbl B MEPUOANYECKON CUCTEME 3/IEMEHTOB.

AHTUdeppomMarHeTnsM. GeppuMarHeTU3M.

OCHOBbI MMKPOMarHUTHON Teopnn. OCHOBHbIE BK1aAbl B MOJIHYIO SHEPTUIO MarHUTHOM CUCTEMBI. YpaBHEHUS
Nanpay-npwmua-rvnsbepra.

[loMeHHas CTpyKTypa peppoMarHeTuka. [loMeHHble CTeHKW. OCHOBbIHE BUAbl JOMEHHBIX CTEHOK.

OHOBbI MarHUTO-oNTUKKU. IpdekT dGapanes. SdbdekT Keppa.

MarHeToconpoTueneHne. ekt aHN30TPONHOro MarHeToconpoTueeHns (AMR). 2ddeKT rmraHTCKoro
MarHeToconpoTuB/ieHns. OCHOBHbIE MOAENN 3TUX SBIEHUN.

CnNWHOBBIN BEHTUNb. [pUHUMN paboTbl U OCHOBHLIE NMPUMEHEHMS.

CnWH-TYHHENbHas CTpyKTypa. Advenka MRAM. Tononorust MaTpubl NaMsTy.

MeToabl NONYyYEHUS N UCCNEAOBAHUS CMUH-BEHTUNbHBIX U CMIUH-TYHHENbHbIX CTPYKTYP.
MepcnekTUBHbIE YCTPOWUCTaa CMIMHTPOHUKKN. TpekoBasl NaMsiTb. CNNH-BEHTWU/IbHBIA TPaH3UCTOP.
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