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8.9 Magnetoresistance
The change in resistance, R, of a material
under an applied magnetic field H is

known as magnetoresistance.

The magnetoresistance Ap/p is usually

Ap _R(H) - R(0)
~ R(0)

defined by
It is a technologically useful gquantity
because magnetoresistive sensors are
extensively used in applications (e.g. for
measuring the magnetic field from the

magnetic strip on a credit card).

A free electron gas shows no
magnetoresistance, even with an
anisotropic effective mass;
magnetoresistance only appears in

models with more than one carrier, and its
high field behavior depends on the
topology of the Fermi surface.

The effect was first discovered in 1856 by
Lord Kelvin (then William Thomson)
who was examining the resistance of an

iron sample.

8.9 MarneToconpoTuBJieHUE

N3menenune COIIPOTHUBIICHHS R,
MaTepurala, HaXOMSIIErocs BO BHEIIHEM
MarHuTHoM none H, wu3BecTHO Kak
MarHeTOCONPOTHUBIICHUE.
MarnerocomnportusicHiue Ap/p  0ObIYHO
ONIPENEIIAETCS KAK:

Ap _R(H) -R(0)

p R(0)
210 TCXHOJIOTHYCCKHU ITIOJIC3HAas
BCINYHHA, IIOTOMY KakK JaT4YNKH
MaraCToCOIIPOTHUBICHUA HIUPOKO

UCIIOJIB3YIOTCS B YCTPOMCTBaX (Hanpumep,
JUISL U3MEPEHUs MAarHUTHOTO IO C

MarHUTHOM TOJIOCHI KPEIUTHOU KapThl).

CBoOoaHbIN AIEKTPOHHBIN ra3
MOKa3bIBACT OTCYTCTBUE
MarHeTOCOIPOTHUBIICHUS, naxe C

AHU3O0TPONMHOM APPEKTUBHON Maccou;
MarHeTOCOMPOTUBIICHUE MOSIBIISIETCS
TOJILKO B MOJICJIAX C OOJBIINM, YEM OJTHUM
HOCUTEJIEM 3apsja, U HTO IIOBEJICHUE
OOJNBIINX TIOJIEH 3aBUCUT OT TOIOJIOTHHU
IIOBEPXHOCTH PepMH.

Oddexr BrepBbie ObUT OTKPHIT B 1856
rony Jlopnom KenbBunom (Yuiibsim
ToMcon), KOTOPBIN HCCIIEI0Ba
COTIPOTHUBIICHUE B 00pa3Iiie Kemesa.

On oOnapyxwun, yto 0,2% yBenuueHus
COTIPOTUBJICHUS

KCJIC3Aa, IMPOUCXOIAUT




He found a 0.2%

resistance of the iron when a magnetic

increase in the
field was applied longitudinally, and a
0.4% decrease when the field was applied

in the transverse direction.

8.9.1 Magnetoresistance of
ferromagnets
The observation of negative

magnetoresistance in ferromagnets is a

very puzzling one.

When a metal carries a current, the
displacement of electrons to different
parts of the Fermi surface is such that
scattering is minimized; the electrons find
the path of least dissipation to cross the
sample.

Hence, if electrons are forced to take a
different path, because of the presence of
an applied magnetic field for example,
they would take a path which leads to

more scattering.

Thus, in general, a  positive

magnetoresistance is expected.

A negative magnetoresistance can

sometimes be observed at low

Korga MAar"iuTHOC IIOJIC OBLIO

nu Ha 0,4%

TOI/Ia,
MPUJIOKEHO TMPOJOJBHO,
MEHbIIIE, KOTJIa ToJjie ObLJIO MPUIIOKEHO B

IIONCPCUYHOM HAIIPaBJICHUU.

8.9.1 MarneToconpoTuBJeHUE
(eppomarneTuxkosn

Habmonenue OTPHULIATEIHLHOTO
MarHeTOCOIPOTHUBIICHUS B
dbeppoMarHeTuKkax OYEeHb 3araJ04yHBIM
poIiecc.

Korma B Meramie mnpoTekaeT TOK,

CMEUIEHUE YPOBHEH AIEKTPOHOB B Pa3HBIX

JacTAaX ITOBCPXHOCTH CDepMH TaKOBa, 4TO

paccerBaHWE MHHHUMAJIBHO; JJICKTPOHBI
HaXOAT nyTh HAaUMEHBIIIETO
pacceuBaHusl, nepecekas  oOpasell.
CrnenoBaremnbHoO, eclu DJICKTPOHBI
BBIHY K ICHBI PHUHSATH Ipyroe
HaTpaBJicHUE u3-32a HATAYUS

IMPHUIIOKCHHOI'O MAarHuTHOI'O I10JIs1, TO, OHAU

OyInyT TmepeMeniaThCcsi Mo HaIpaBJICHHUIO,

KOTOpO€  TPHUBOJUT K  OOJIblIeMYy
paccerBaHMIO.
Takum obpazom, B 0011IEM,

IMOJIOKUTCIBbHOC MAarH€TOCOIIPOTHBIICHUC
CymieCTBYCT, KaK J3TO M OXHWIAJIOCh.
OTpI/IHaTeJ'II)HOG MAara€ToCOIIPOTHUBIICHHUC
MOXXET UHOT' Ia Ha6J'IIOJIaTBC$I IIPpHU HU3KHUX

TeMIlepaTypax B 00pasiax, KOTOpbIe Majbl




temperatures in samples which are thin

compared to the mean free path.

If a magnetic field is applied in the plane
and perpendicular to the current direction,
the electron paths describe orbits with
smaller diameters and therefore surface

scattering is reduced.

However, in  ferromagnets, the
explanation of the negative
magnetoresistance must be entirely
different.

A very important insight into this
problem was provided by Mott who
considered the transport properties of Ni
(see Fig. 8.18 for a schematic diagram of
the spin-split bands), in which only a few
eV change the
configuration from (3d® 4s? ) to (3d° 4s?)
or (3d).

are needed to

P.(EJ

Fig, 8.18 The spin-split bands in a ferromag-
net

I’|[E)

0 CpPaBHEHHIO C JJMHOH CBOOOJHOTO
npobera.

Ecnu MarHutHOe TOJ€ MPHIOKEHO B
IUIOCKOCTHU u NEPIEeHIUKYISIPHO
HANpaBJICHUIO TOKA, DJJEKTPOH HIET B
MEHBIIUMH

HalpaBJIeHUH  OpOUT C

auaMeTpamMu u, CJIEIOBATEIILHO,
TIOBEPXHOCTh PACCEBAHUS YMCHBIIACTCSI.
Tem He MeHee, B (eppoMarseTrukax,
00BbsACHEHHE OTPULIATETLHOTO
MarHeTOCONPOTUBIICHUS Oyzner
COBEPIICHHO UHBIM.

OueHb Ba)XHOE NOHHMMaHUE STOU
npobiembl  ObuIO omucaHo MoTT(om),

KOTOpPBI  pAacCMOTpEN  TPAHCHOPTHHIE

cBorictBa Hukenss (cM. 8.18 must cxemsbl

CIIMH-PACILIEIIEHHBIX YpOBHE), B
KOTOPBIX  JIMIIb HECKOJIBKO 3B,
HEOOXOJUMBI TUTS VU3MEHEHMUs

koH(purypanuu u3 (3d® 4s? ) B (3d° 4s?)
niu (3d19).

p.(E)

Fig, 8.18 The spin-split bands in a ferromag-
net
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In general, Ni is considered to be
(3d°44s%9),

The d band is very narrow (which is a
necessary condition for ferromagnetism
in transition metals so that g(Er) is large

and the Stoner criterion is satisfied), and

hence My » me. As the s bands are nearly

free, m:~ me. Hence, the conductivity o,

which is given by

2 2
ne-r n,e'r
s*s+d*d(8.9)
m m,

S

is dominated by the first term and
conduction is mainly due to the s
electrons.

In eqn 8.9, ns and ng are the number of
the s and d bands

respectively, and the scattering times are

electrons in

Ts~Tq.

The transition probability is mainly
due to s—d transitions.

At low temperatures, T <<T,, all the
unoccupied d states are antiparallel, so
only half of the s electrons can make

transitions.

B o01ieM, HUKENb CUUTACTCS MAaTePHATIOM
¢ koH(purypanuei >aekrpoHos (3d%44s%9°),
d ypoBeHb OuYeHBb Y3KHHl (YTO SBISIETCS
ycioBueM sl eppomMarHetusma B
nepexoHpIXx Metamuiax, Tak 4uro ((Eg)

ABIIAETCS OONbIIMM U KpuTepuit CToHepa

YIOBJIETBOPUTENIEH), M, CIIEJOBATEIbHO,

My >>mMe. Tak S ypoBHU OYTH CBOOOIHBI

M ~ me. CiaegoBaTenbHO, TPOBOJAUMOCTh

O, KOTOpada 3a4acCTCsd YPaBHCHHUCM:

n.e’r

2
o= >4 ndef" (8.9)
m m;

*

s
B KOTOPOM JIOMUHHUPYET MepBas 4yacTh, U
POBOJAUMOCTS, B OCHOBHOM,
OCYULIECTBJISIETCS U3-3a S DJIIEKTPOHOB.

B ypaBuenun 8.9, ns m ng - uymcio

3JIEKTPOHOB Ha S u d  ypoBHsX
COOTBETCTBEHHO, W BpPEMS pacCEnBaHUS
Ts™Ta.

BeposiTHOCTB ITepexojia B OCHOBHOM
npoucxouT 3a cuet S—d nepexonos. [1pu
T <<T,

HU3KUX TeMIleparypax, BCE

HesaHsaThie d  ypOBHHM — HAXOMAATCS

aHTUMApaUIeIbHO, U TaKUM 00pazom
TOJIBKO TOJIOBHHA S 3JEKTPOHOB MOTYT
COBepLIaTh NIEPEXO/IBI.

JUist T > T, Bce S 2JIEKTPOHBI MOTYT
COBEpILIATH

NepexXonbl, ©  TOITOMY

MOSIBIISIETCS OoJtpiiee paccesiHue.




For T > T, all the s electrons can
make transitions, and so there is more
scattering.

Hence, a decrease in the resistivity
below T, is expected. Now, consider
applying a magnetic field to Ni.

A magnetic field may increase the
spin polarization and allow fewer s—d
therefore  a

transitions; negative

magnetoresistance is observed.

Most elastic collision processes are

such that the electron conserves its spin.

These collisions are characterized by

a relatively short relaxation time <.

However, even a weak spin-orbit
coupling can allow a weak spin-flip
scattering which has a much longer

relaxation time, z.

In the absence of any external forces,
a perturbation created in the equilibrium
distribution of spin-up and spin-down
electrons, will decay first into a uniform

distribution in each spin in a time r, and

CJI@I[OBaTeJIBHO, YMCHBIICHHC
COIIPOTUBJICHUA HWKC TOYKH Tc
0XXHNAaCMoO.

Tenepb, paCCMOTPUM  MPUIIOKEHUE
MarHuTHOTO 1oJis Ha Ni. MarHutHOE 1moJie
MOXKET YBEIINYUTH CIIMHOBYIO
MOJISIPU3ALNIO U MO3BOJIUTh COBEPIINUTHCS
HECKOJbKUM S—0 mepexomam; Mo3TomMy
OTPUIIATEIBHOE MarHUTOCONPOTHUBIICHUE
Ha0JIr01a€MO.

bosbIIMHCTBO TIPOLIECCOB YIIPYrOTo
B3aUMOJICHCTBUSI TAKOBBI, UYTO 3JEKTPOH
COXpAaHsET CBOU CIIUH.

ot B3aMMO/JICHCTBUS
XapaKTEePU3YyIOTCS CPaBHUTEIBHO
KOPOTKUM BPEMEHEM PEJIaKCaAllUH T.

Tem He MeHee, naxke ciaboe CIMH-

opOuTaNbHOE B3aUMOJACHCTBHE MOMKET
MO3BOJIUTh  CJAOBIM  CIMH-TIEPEBOPOT,
KOTOPBI UMEET ropaszo Ooiee

JUTUTEIILHOE BpEMS pellaKCalliu, Tsf.

B orcyrcTBUM Kakux-mu00 BHEITHUX
CHII, BO3MYIIICHUE CO31aHO0 B
PaBHOBECHOM PACHPEICIICHUH CITMH-BEPX
U CIUH-BHU3 DJJICKTPOHOB, H OyJer
pacramatbCsi CHayaja B PaBHOMEPHOM
pacrpesieiecHid B KaXIbIH CIOUH IO
BpEMEHU I, W TMOCJE 3TOro OHO OyJler
JOCTUTATh paclpeeCHIs PAaBHOBECHS 110

BPEMEHHU Tsf.




after that it will reach the equilibrium

distribution in a time 7.

For T << T, spin-flip scattering is not

expected to be dominant, and a
ferromagnet can be well approximated by
the two-current model in which the 1 and
considered

| electron currents are

independently.

This has been particularly successful
in describing the properties of alloys in
which a small quantity of one transition
metal (the impurity) is dissolved in

another transition metal (the host).

The

transition-metal impurities is strongly

scattering due to certain
spin-dependent.

This is due to the combined effects of
the spin-splitting of the host d band, the
spin-splitting of the impurity d levels and
the different hybridization between the
host and impurity states for the spin? and

spin | directions.

For example, Cr impurities in Fe scatter

the spin 1 electrons much more strongly,

Ha T << T

pacceMBaHMsI HE OXHAAeTCs W Oyjaer

CIIUH-TIOBOPOT
JTOMUHUPYIOIIUM, U  (eppOMarHeTHK

MOXXET  OTJIWYHO  aNIPOKCUMHUPOBATH
0BOUHOU MOKOBOU MOOENbIO, B KOTOPOH 1
U | DIEKTPOHHBIE TOKH  CUHTAFOTCS
CaMOCTOSTEIbHBIMH.

Orta ujaes Mesa ycrexX B OMMCaHUH
CBOMCTB CILUTABOB, B KOTOPBIX HEOOJIBIIIOE
KOJIMYECTBO OJIHOT'O MIEPEXOTHOTO
MeTasuia (IPUMECH ) PACTBOPSIIN B IPYTOM
IIEPEXOTHOM MeTajlIe (IIPUHUMAIOIIEM).

PacceuBanne OTIpEICIICHHBIX
TIEPEXOAHBIX METAJUIOB PUMECEH CHIIBHO
3aBHCHT OT CIIMHA.

9T0

CBs3aHO C COBMCCTHOM

JNEUCTBUN CIIUH-PACCEIHHOTO

coocrBenHoro  d  ypoBHs,  CIHH-
paccessHHbIX TpUMecHbIX O ypoBHEH WU
OTJINYAeTCSI

ruopuan3anue  Mexmay

IMPUHUMAOIIUMH u IMPUMCCHBIMHU

COCTOSIHMSIMM Ul CINMH] W CHUH]
HaIpaBJICHUM.

Hampumep, mnpumecu Cr B Fe
paccenBalOT CIUH TAJIEKTPOHOB TOpas3io
CUJIbHEE, B PE3YyJIbTaTe€ YEro OTHOLIEHUE
CONPOTHUBJIEHUN JJISI KaXJOTO CIUH-
coctostHUs P1/p~6.

[Ipu BBICOKHMX TeMmepaTypax, CIUH-

(bJ'II/IH pacCCUBaHUC IIPOUCXOJHUT H3-3a




resulting in a ratio of the resistivities for
each spin-state of p,/p,~6.
At high temperatures, the spin-flip
scattering due to collisions with spin
waves leads to spin-mixing, i.e. the
blurring of the distinction between the

two spin channels.

This concept should be kept in mind since
it will return in the discussion of the giant
magnetoresistance in sandwich

structures.

8.9.2 Anisotropic magnetoresistance

the measured
the

orientation of the magnetization with

In  ferromagnets,

magnetoresistance  depends on
respect to the direction of the electric
current in the material.

This effect is known as anisotropic
magnetoresistance.

Its origin is connected with the spin-
orbit interaction and its influence on s-d

scattering.

CTOJKHOBEHHN CO CIIMHOBBIMHM BOJIHAMH,
MPUBOJSIIIMMH K CIIMH-CMEIIMBAHUIO T.€.
pa3MbIBaHUE TPAHUIl MEXKY JIByMsI CIIUH
KaHaJaMH.

OTa KOHIECHIINIO MBI JIOJKHEI UMETh
B BHJIY, TaK Kak HEH BO3BpAaTUMCS B
TUTaHTCKOM

00CyXIeHU!

MarauTOCTpUKIINH B CJIOUCTHIX

CTPYKTypax.

8.9.2 AHM30TPOIHOE
MAarHMTOCONMpPOTHBJIEHUE
B dbeppomMarHeTukax, Mepa

MarauTOCOIIPOTUBJICHUA 3aBUCHUT oT

OpUCHTAINH HaMaroHm4€HHOCTH I10

OTHOILICHHIO K HaIIPpaBJICHUIO
QJICKTPHUYCCKOI'O TOKAa B MaTCpHalic.

s dext

AHU30TPOITHOC MAI'HUTOCOIIPOTHUBIICHUC.

10T U3BECTEH  Kak
Ero mpoucxoxnaeHue CBSI3aHO CO CIIHH-
OpOUTAJIbHBIM TPOUCXOXKJICHUEM, U €ro
BIMsIHUEM Ha S-d paccesHue.

CummMmetpus ATOMHO-BOJIHOBBIX
GYHKIIUNA yCTaHABIUBACTCS MOCPEIACTBOM
CIIUH-OPOUTANIBHOTO  B3aWMOJICUCTBUS,
KOTOpOE€ TaKKe€ CMEIIMBAET COCTOSHMSI.
Ocn

Kpucrajaia OIIPCACIIAIOT

HaIrpaBJICHHC L, U HaMaroHmdc¢HHOCTH

OIIPCACIIACT HAIIPABJICHUC S, TaKk 4YTO




The symmetry of atomic wave
functions is lowered by the spin-orbit

interaction which also mixes states.

The crystal axes determine the
direction of L and the magnetization
determines the direction of S, so that the
mixing of states leads to anisotropic
scattering.

Using symmetry arguments, it is
possible to predict the general form of the
dependence of the magnetoresistance on
the direction of the magnetization and the
current density in particular crystalline or

polycrystalline materials.

8.9.3 Giant magnetoresistance

Anisotropic magnetoresistive
effects are rather small, and so something
of a revolution occurred in the late 1980s
with the discovery of a very large effect
(given the name giant magnetoresistance,
GMR for Fe/Cr/Fe

multilayers.

or short) in

A large negative magnetoresistance

of more than 50% was discovered at high

CMEIIMBAHUE COCTOSIHUU MNpUBOOUT K
AHU30TPOIMHOMY paCCCUBAHUILO.

4 3 COOGp&)KGHI/IH HCIIOJIB30BaHUA
MOXXHO

CUMMCTPHUH, IMPOTrHO3UPOBATH

o0 BHJ] 3aBHCUMOCTH
MarHUTOCOIPOTHUBJICHUS OT HaIpPaBJICHUS
HaMarHM4eHHOCTH M IIJIOTHOCTH TOKa B
WA

KOHKPCTHBIX KPUCTAJNIMYCCKHUX

MOJIMKPUCTAIUIMICCKUX MaTepHUaliax.
8.9.3. I'mranrckoe
MAarHuTOCONpPOTHBJIEHHE

Camu AQHU30TPOITHBIC
MarHUTOPE3UCTUBHBIC aeKTh
JIOCTaTOYHO Majbl, HO B KOHIE 1980-x
IPOM30IIIA PEBOJIOLMUS B CBSI3M  C
OTKpPBITUEM OYeHb Oombiioro 3¢dexra
JTaHO

UM THUTI'aHTCKOT'O

(emy
MarautoconpotruBiaeHus wim GMR s
cokpamienusi) B Fe/Cr/Fe mynbTuCIOSIX.
bonpioe OTPULIATEIIBHOE
MarHuTocomnpotuBienue 6omnee yem 50%
OBLIO 0OHAPYKEHO B CUJILHOM MarHUTHOM
MoJie TPU HU3KUX TeMIeparypax (cwm.
puc.8.19).

Dddexr cBsa3aH c oOpasnamMu ¢
MarHUTHBIMH CcJIOsIMH Fe KoTopbie ObLTH
aHTU(EPPOMArHUTHO CBS3aHBI.

D10 OBUIO YCTAaHOBJIEHO TEM, YTO

CBA3H MCKAY MAarHUTHBIMHU CJIOSAMH YCPE3




magnetic field at low temperatures (see
Fig. 8.19).

The effect

samples with magnetic Fe layers which

IS associated with

were antiferro-magnetically coupled.

It was found that the coupling
between magnetic layers through a spacer
layer oscillates in sign as the spacer

thickness increases.

0.5 H

T3 2 0 1 2 3 4
Magnetic field (T)

Fig. 8.19 Giant
Fe/Cr/Fe multilayers.

magnetoresistance in

For certain thicknesses it S

ferromagnetic, and then IS
antiferromagnetic at larger thicknesses,

and then returns to antiferromagnetic.

It appears that the period of the oscillation
is of the order of ten atomic spacings

(usually between 9 and 18 A) and its

pa3ACIUTENIbHBIMN CJIOM KOJIEOMIOTCS 1O
3HaKy, B 3aBUCUMOCTH OT TOrO Kak

YBCIMYHUBACTCA €TI0 TOJIININHA.

0.5 Hg
L L L 1 ol 1 L L i
-4 3 -2-1 0 1 2 3 4
Magnetic field (T)

Puc.8.19 [ 'uranrckoe

Fe/Cr/Fe

MarouTOCOIIPOTHUBIICHUC B

MHOTOCJIOMHBIX MaTcpuaiax

I[J'I)I HCKOTOPBIX HEOOIBIITNX TOJIIIHUH 3TO

dbeppoMarHeTuK, KOTOpPBIH 3aTeM

npeBpaliaercs B aHTH(PEPPOMArHeTHK,

npu  OOJBIINX TOJIIMHAX Marepual
BO3BpaIaceTcs K COCTOSTHHIO
aHTU(deppOMarHeTuKa.

OTo, TMOXO0XE€ Ha TO, YTO IEPUOJ

KOJIEOAHUI COCTaBJISET MOpPsAKA IECATH
ATOMHBIX PacCTOSIHUI (0OBIYHO MEXTY 9 1

18 A) u ero 3HayeHme B OCHOBHOM

OIIpENENsAeTCS pa3eIUTEIbHBIM
METaJJIoOM, a He (eppoOMarHUTHBIM
METAJIIIOM.

Xopouee COIJIACOBAaHUE MEXKIY

MepUOJIaMu  PEIIETOK MPOCTIONKH U

dbeppomareTuka CIOCOOCTBYET

0o0pa3oBaHUIO IIMPOKUX  CBsizeil. B




value is mainly determined by the spacer

metal, not by the ferromagnetic metal.

Good matching between the spacer and

ferromagnetic  lattices favors large
couplings. In the best cases, like Co/Ru
superlattices, the amplitude of the
oscillation decays with spacer thickness t

as |/t2.

The origin of these oscillations is
connected with the RKKY interaction
J(r) ~ cos(2kgr)/r® between two localized
spins separated by a distance r in a bulk

metal.

When summed over all the spins on
the interfaces, the coupling becomes J(r)
~ cos(2ker)/t?> where t is the separation of

the two ferromagnetic layers.

The oscillations in the coupling can
be directly related to the topology of the
Fermi surface of the spacer layer.

If the ferromagnetic metal is assumed
to have a full majority spin d band, then

in the case of ferromagnetic coupling,

JAydIieM cllydae, KaK CBEPXPEHICTKH
Co/Ru, amruntya kose6aHuii, y KOTOpoit
3aTyXaeT C MPOCIOMKOM  HMEIOLIECH
TonmuHkl t u I/t2,

[IpoucxokaeHne HSTUX KOJeOaHMIA
cesa3ano ¢ PKKU B3aumopeiictuem J(r) ~
cos(2Ker)/r3

JJOKAJIN30BaHHBIMH

MEXTY TBYMSI
CIIUHAMH,
PacToNIOKEHHBIX Ha pacCTOSHUU [ B
o0beMe MeTajia.

Korma mpocymmupoBamu 1o BceM
CIIMHAM Ha BHEIIHEH 000JI0YKe, TO CBS3b
cranoButcs J(r) ~ COS(2Ker)/t? rme t —
IMpUHA paszneneHus IBYX
(eppOMarHUTHBIX CJIOEB.

KonebaHust B CBSI3U C 3THM MOXKET
OBITH

HETIOCPCACTBCHHO CBsA3aHBbI C

TOIOJIOTUEN IIOBEPXHOCTHU ®epmu
pa3IEeaUTENBHOTO CIIOS.

Eciu B (eppoMarHUTHOM MeTasie
pearnoaraercs,

ITIOJIHOC  3aIlOJIHCHHUC

cnuHaMd O  ypoBHS, TO B clydae
(eppOMarHUTHBIX CBSI3€H, MCHBIINHCTBO
CIIMHOBBIX IYCTOT OyayT 3aKIIFOUeHBI B
pasfeIUTEeIbHOM CJloe, a B  Ciydae
aHTU(EPPOMATHUTHBIX CBS3CH, TaM He
OyIeT BKIIFOUCHHM.

DHepreTuyecKkas pasHUIlA MEXIy
STUMH Pa3IMIHBIMU CBS3SIMH, CBSi3aHA C

YUCIIOM COXpaHCHHA 4YaCTull, W 3aTCM




minority spin holes will be confined in the

spacer layer, but in the case of
antiferromagnetic coupling, there will be

no confinement.

The energy difference between these
different couplings, with the number of
particles conserved, is then entirely
determined by the size quantization of the
energy of minority spin holes in the

spacer layer (which has thickness t).

This arises because the energy levels
in the spacer layer are discrete; therefore
the density of states consists of a series of
the width of

steps, each  being

proportional to 1/t2.

As t

decreases, and one of the steps must

increases, the step width

eventually cross the Fermi level.

The formalism which is used to
calculate this effect can be understood as
a one-dimensional analogue of the de
Haas-van Alphen effect; in the case
considered here, the size quantization is

due to one-dimensional (rather than two-

INOJHOCTBIO OIPEACIIACTCA PasSMCPHBIM
KBAHTOBAHHUCM OJOHCPIMM MCHBIIMHCTBA
CIIMHOBBIX IIYCTOT B PpPasaACIuTCIIbBHOM

citoe (KOTOPBIi HMEeT TOJIIIHHY t).

DTO MOPOUCXOJUT TOTOMY, 4YTO
SHEpPreTUIecKue YPOBHH B
pa3feIUTEeIbHOM — CJI0€  JUCKPETHBI;

IIO3TOMY IINIOTHOCTD COCTOSIHUM COCTOHUT

W3 pAja I[IaroB, LIMPHHA KOTOPBIX
IponopuroHanbHa 1/t2,
Kak Tompko t yBemMumBaercs,

[IMPUHA [1ara YMEHBIIAETCs, U OJHUM U3
1aroB B KOHEYHOM HMTOT€ MbI JOJIKHBI
nepeceub ypoBeHb Oepmu.

dopMabHO, pacuer, KOTOPBIN
UCIIOJIB3YETCs 151 3TOT0 AP (HeKTa, MOKET
OBITh TIOHSIT KaK OJTHOMEPHBIA aHAJIOT U3
apdexkra Ban Anbdena gae Ilaaza; B
clly4ae, paccCMaTpUBAaEMOM 37€Ch, pa3Mep
KBAaHTOBAaHMS H3-3a OJTHOMEPHOIo (a He
JIBYMEPHOT'0) OTpaHUYCHHUS B
HalpaBJICHUW  TEPHEHIUKYJIIPHOM K
MJIOCKOCTH CJIOEB.
MarHUTHOMU

Tun CBA3U B

MHOT'OCJIOUHOU MOXET

CTPYKTYpE

HCTIOCPCACTBCHHO BJIMATDH Ha

Habr01aeMoe MarHUTOTPAHCIIOPTHOE

ITOBCICHUC TakK KakK OHO O4YCHb

YYBCTBUTCIBbHO K BbIpaABHHBAHUIO




dimensional) confinement in a direction

perpendicular to the layer planes.

The type of magnetic coupling in a
sandwich structure can directly influence
the observed magnetotransport behaviour
since this is very sensitive to the
alignment of the magnetic layers, with the
GMR

antiferromagnetic coupling.

effects being largest for

The first explanation for GMR was
given in terms of the two-current model
(see above) which separately considers
the

individual currents of 1 and |

electrons (T means parallel to the
majority spin band).

In this discussion, | will initially
assume that the mean free path k is much
greater than the Cr interlayer thickness

tCr.

Imagine an Fe/Cr/Fe structure in
which the magnetization in each of the
two Fe layers are aligned antiparallel in
zero applied field, and suppose further
that p,<<p;.

Then there are two cases to consider:

MAarouTHbIX  CJIOCB, IIpU OTOM  JJIA

anTueppomaruutTHon  cBsizu  [MC
3 dekT ABIAOTCS HanbosIee OOJIBIINUM.

[lepBoe o0wsicuenue st 'MC 656110
JTAaHO B TEPMHHAX JBYX-TOKOBOW MOJEIH
(cM. BBIIIE), KOTOpas MO OTICIBHOCTH
paccMaTpuBaeT WHIWBHUAYATHHO TOKU T U
| amexktpoHoB (1 O3HayaeT, HaNpaBJICHHUE
OOJIBITMHCTBOM CITHH YPOBHS).

B sToMm cyxaennn, mepBoHaYaIBHO 5
Oyny cuuTaTh, 4YTO CpEAHsS JIIMHA
cBoOoHOTO Mpobera K ropasmo Oosbiie,
yeM y Cr c TommuHON Npociorku .
[Mpencraum Fe/Cr/Fe crpyktypy, B

KOTOpOﬁ HAMaroHm4€HHOCTBh B KaXXJ1OM H3

CIIOEB Fe

IBYX

AHTUIIAPAJIJICIIbHO B HOJIb IIPUJIOKCHHOTIO

BbBIPAaBHHUBAIOT

1OJIsA, ¥ MPeACTaBHUM J1ajiee 4To P <<p;.
Torma cnemyer paccMOTpPETh JiBa

CiIydJas.

(1)

OJIs1).

H > Hs (rme Hs 310 HachieHue

3/1mech MarHUTHBIE MOMEHTBI B ClIOsiX Fe
coBMmelieHbl (cM. puc.8.20(a)), Tak 4TO
yIeIbHOE COTIPOTHUBJICHUE p
IPEICTABIIACTCS

1 1

1
11,1 (810
A p, (8.10)




(1) H > Hs (where Hs is the saturation
field).

Here the magnetic moments in the Fe
layers are aligned (see Fig. 8.20(a)) so

that the resistivity p is given by

1 1 1
11 ep, (810
Ay p, (8.10)

There is an effective short circuit by the

less scattered electrons.

(a)
l \ l

!(‘l

(b)

Icrl

'(‘ r
Fig. X20 1ap The sagnetic maments in iy
Fe luyors avo parallcl when 8 - H. (a)
The mapiets swmwnts i the Fe lavers are
amtipariliel when 8 = 06 1B thicknes ol
the chromaum bsver, 1g, . s chenen coorectly.

H=0.

The magnetic moments in the two iron
layers are now antiparallel (see Fig.
8.20(b)).

In this case the electrons are alternately 1

and | in each of the layers with respect to

3nech CYILIECTBYET apexTruBHOE

KOPOTKOC 3aMBbIKaHUEC Ha MCHEC

PACCCAHHBIX 3JICKTPOHAX.

(a)
I \ I

'('l
(b)

IcrI

’('v

Fig. K20 1ap The magnetic memcats in iy
Fe luyors ave porallcl when 8 - H. (a)
The mapnetie mwmwents i the Fe lavers iare
atipacullel whes 8 = 06 1B thick s af
the chronwum bsyer, I, v e henen correctly.

H=0.
MaruutHble MOMEHTBI B JIBYX CIIOSIX
Kellea Teleph aHTUHapauieabHbl (CM.
puc.8.20(0)).
B aTOoM citydae 351€KTpOHBI ONIEPEMEHHO
1 ¥ | B K&XIOM U3 CJI0EB 10 OTHOLIECHUIO
K JIOKaJJbHOM HAMarHW4YEHHOCTH, U CIIMH T

U | kxaHaibsl 3()(PEKTUBHO «CMEUICHbBI»

(CHI/IH CMCIIMBACTCA 3a CUYCT CIIMHOBBIX

BOJH B CIUlaBaXx M[OpU  BBICOKOU
TEMIIepaType, PACCMOTPEHHOW BBIIIE),
TaK 4YTO [Pr—Pay U P;—Pay, TIAC

Pa=(P1*P,)/2, Takum oOpazom oOIIce

CONPOTHUBJIEHUE P ONPEIETAETCA:




the local magnetization, and the spin 1
and | channels are effectively 'mixed' (cf.
the spin mixing due to spin waves in
alloys at high temperature, considered
above), so that p;—pavand p;—pay Where
Pa=(P1+P,)/2 so that the total resistivity p

IS given by

_brtp
p—%>>pi

This again predicts the negative

magnetoresistance which is observed.

The

inequality of p; and p;, which can be very

large effect is due to the

large, and the ease in which the 'spin-
mixing' can be switched on and off,
simply by the application of the magnetic
field.

For thicker Cr layers, the spin -
dependent scattering al the interface
affects the electron distribution function
near the interface within a layer whose
thickness is of the order of the mean free
path A.

If te>> A, the magnetoresistance is

expected to fall roughly as exp(-tc/A).

_prtp
p—%>>pl

Jt1o OIISITh IIPEACKA3BIBACT
OTpPHULATENIbHOE MAarHUTOCONPOTHUBIICHHUE,
KOTOPOE€ MbI HAOJIIOAAEM.

addexr

HEPaBEHCTBOM [y U P, KOTOPbII MOXKET

Bonpmoii 00yCIOBJIEH
OBITH OUYE€HB OOJIBIIIUM, B KOTOPOM «CITHH-

CMEIIMBAHUE» JIETKO  MOXET  OBbITh
BKJIFOYEHO M BBIKIIOYEHO, IIPOCTO IpHU
BO3JIEHCTBUM MAarHUTHOTO TOJIS.

Jlig Gosee TOJCTBIX CIIOEB XPOMa,
CIIMH-3aBHUCUMOE PaCcCEUBaHUE T'PaHULIBI
BIUSET Ha (YHKIUIO pacnpeneiaeHus
3JIEKTPOHOB BOJM3M TpaHULBI B CIIOE,
TOJIIIMHA KOTOPOrO TMOpSAKAa JJIMHBI
CcBOOOIHOTO TIpodera A.
tCr>> 7\,

Ecau TO

MarHUTOCONPOTUBJICHUE 0KHJIacT
najieHue npuMepHo B exp(-te/A).
TeM He MeHee, MOXKET U He OBIThb

abdexra

MarauTOCOIIPOTUBJICHUSI,

TUTaHTCKOTO
€CIM  HET
aHTU(EPPOMArHUTHON CBSI3U, U TaK Kak
3 deKT epuoaudecKu nosBisercs B ic,
MarHUTOCOIPOTHUBIICHHUE TaK xKe
OKHJAEMO OCCIHMJIUPYET C YBEIHMUCHUEM
TOJIIIUHBI IPOCIIONKHU, M TaK K€ UCYe3aeT

SKCIIOTCHIIMAJIBHO.




However, there will be no giant
magnetoresistance effect if there is no
antiferromagnetic coupling, and since this

appears  periodically in tg, the

magnetoresistance is also expected to

oscillate  with increasing interlayer
thickness, as well as die away
exponentially.

Magnetic coupling through

multilayers can be measured using many
of the experimental techniques that we
described in Section 8.7 on magnetic thin
films.
Useful
ferromagnetic resonance (the analogue of
NMR or ESR for ferromagnets) and

additions to these are

Brillouin
(which

inelastic scattering of light).

light scattering techniques

study excitations using the

These can both be used to study
spin waves and magnetostatic modes in

magnetic thin films.

The spins in the multilayers are

coupled together through exchange,

dipolar and anisotropic interactions.

MarunuTHas CBSI3b yepe3
MYJIBTHCIION MOXET OBITh HW3MEpeHa C
MOMOIIIbI0 MHOTHX 3KCIEPUMEHTATbHBIX
METOJIOB, KOTOPBIC OMKCAHBI B pasieiie
8.7. Ha TOHKOM MAarHUTHOM TIUIEHKE.
[Tone3HbIM JOMOTHEHUEM ITOTO SIBIISETCA
dbeppoMarHuTHeIA ~ pe3oHaHC  (aHAIOT
SAMP unu OI1P nnsa peppoMarHeTUKoB) u
METOJI pacceuBaHus cBeTa bpuiiosHa
(KOTOpBIH M3y4aeT BO30YX/IEHHUS,
UCIIOJIB3YIOIIME HEYIPYroe paccesiHue
CBETA).

Otu METO/IbI MOTYT OBITh
UCIIOJIb30BAHBI JIJII U3YyYEHUS CIUHOBBIX
BOJTH B MAarHAUTOCTATUYCCKUX MOJCTISAX B
TOHKHUX MarHUTHBIX TUICHKAX.

CrniuHbI B MHOTOCJIOMHBIX
COCTMHECHHUSIX COBMECTHO TIOCPEICTBOM
0o0OMeHa, OCYIIECTBJISIOT OUMOJNSPHBIE U

AHN30TPOITHBIC BSaHMOI[CfICTBHH.

Orcrona CIIMH-BOJIHOBBIE
BO30YXKIeHUS, KOTOPBIC SBJISTFOTCS
COOCTBEHHBIMU KOJIEOaHUSIMU 3TOM

MarHuTHOM CHUCTCMbI, UMCIOT OTHOIIICHUC
K OUCIICpCHUHU, KOTOpas MOKCET OBITH
BC€CbMa YYBCTBUTCJIbHA K 0OMEHHBIM
CBA34IM n AHU30TPOIINH n

MarHuToynpyrum s dexram.




Hence the spin-wave excitations,
which are the eigenmodes of this
magnetic system, have a dispersion
relation which can depend quite
sensitively on the exchange coupling and

anisotropies and magnetoelastic effects.

The preparation of multilayers is not

the only way to achieve GMR.

It has also been observed in

heterogeneous Cu-Co alloy films.

The
magnetic moments inside the Co-rich
the Cu-rich

determines the magnetoresistance and

relative orientation of the

grains inside matrix

this can be varied by an applied field.

GMR is however not observed in
homogeneous alloys which do not
possess isolated, large, magnetically-rich

grains of the appropriate size.

Alloys are easier to prepare than
multilayers and therefore this offers

exciting prospects for sensor applications.

CuHTE3 MHOTOCIIOHHBIX 00pa3IioB HE
HEEOUHCTBEHHBIII  CIIOCO0

I'MC.

MOJTYYUTh

O¢ddext Obu1 Takke oOHaApyX EH B
rereporeHHbix CU-CO criaBax B IUICHKAX.

OTtHOCHUTENbHAS OpHEHTAIIHS
MarHUTHBIX MOMEHTOB BHYTPH KPYITHBIX
Co —3epeH BHYTpH KpynHO# CU MaTpHIIbI
oTpeesieT MarHUTOCOMPOTUBIICHHUE,
KOTOPO€ MOXKET MEHATHCS C ITOMOIIBIO
MPUIOKEHHOTO MOJISI.

I'MC, ognako, He HaOIIOJAETCSI B
OJIHOPOJIHBIX  CIJIaBaX, KOTOpbIE HE
COBEpUIAIOT MPOLECC U30JISALUH, OOJbIIIE,
MarHuTO-00JIbIINUX 3epeH
COOTBETCTBYIOILIETO pa3Mepa.

CmuiaBbl Jierde CHHTE3MPOBATh, YEM
MYJIBTUCIIOH, U, CIEIOBATENbHO, 3TO
MPEICTABIIACT MPEKPACHBIC TIEPCTICKTUBBI

AJI1 IPUMCHCHUSA UX B JaTYHUKaAX.

8.9.4. AHN30TpPONHBII 00MeH

AHHM30TPONHBIN oOMeH (v
OJIHOHAITpaBJICHHAs AHU30TPOIIHS)
SBIIAETCSI  TOBEPXHOCTHBIM  OOMEHOM,

KOTOPBI MOXKHO HAOJIIOJaTh MEXIY

beppoMarHeTHKOM u
aHTU(PEPPOMATHETHUKOM.
Ecim  temneparypa Kropu TcC

dbeppomarHeTuka OoJibliIe yeM




8.9.4 Exchange anisotropy

Exchange anisotropy (or

unidirectional  anisotropy) is  the
interfacial exchange that can be observed
between a and

ferromagnet an

antiferromagnet.

If the Curie temperature Tc of a
ferromagnet is greater than the Neei
temperature Ty of an antiferromagnet,
then by depositing one over the other (for
an appropriate choice of the ferromagnet
and antiferromagnet, and for a
sufficiently thick ferromagnetic layer),
and cooling them in an applied field
the Neel the

through temperature,

measured magnetic hysteresis loop
observed at T<<Ty appears to be shifted
as if another magnetic field was present in

addition to the applied magnetic field.

It appears that it is energetically
favourable for the ferromagnetic film to
be magnetized one way (in the direction
in which it was cooled) rather than the

other.

TeMreparypa Heens TN
aHTU(deppOMarHeTuka, TO M0 OCAKICHHUIO
OJTHOTO

CJI0s Ha

apyrou (s
MOJIXOJISIIIETO BEIOOpa (heppoMarHeTuka u
aHTU(EPPOMArHETHKA, U JJISl IOCTATOYHO
TOJICTOTO (PEPPOMArHUTHOTO CIOSI), H
OXJKJICHUIO UX B MPHIOKEHHOM IIOJIe
yepe3 Temreparypy Heens, Habmonaercs
CMEIICHNE MarHUTHOM neTu
ructepesuca npu 1<<Ty, ecau apyroe
MarHuTHOE

1oJjie  IPUCYTCTBYET B

JIOTIOJIHEHUE K MPUIOKEHHOMY
MarHuTHoMy noso. Iloxoxke, 4To 3TO
SHEPIreTUYECKH

BBITOJTHO TUTS

dbeppoMarHuTHOM TJICHKH
HAMAarHU4YMUBaTbCA B OJTHOM HAaIpPaBICHUU
ero

(B HampaBji€HUU, B KOTOPOM

OXJIAKJaM), a He HHAYe.

WNHorma roBoOpsAT, OOMEH CMEIICHUS
POUCXOJIUT B CTOPOHY
aHTU(HEPPOMATHUTHOTO CJIOA.

OddexT obMeHa CMEIICHHUS - ATO
CO3JJaHUE  OJHOHAIMPABIECHHOTO  TOJS
obmeHa Bex, KOTOpOE MOXET JeHCTBOBATh
B COOTBETCTBUU C IPWIIOKEHHBIM 110JieM B
(mosmHast SHEPTHsST MArHUTHOTO  CJIOS
3amaercs kak -M-(B+Bey)).

Ecnu B u Bex HampaBiieHbl B OJHOM

U TOM e HampaBjeHuH, 3PEHEeKT npocTo




It is sometimes said to be exchange

biased by the antiferromagnetic layer.

The effect of the exchange biasing is
to produce a unidirectional exchange field
Bex Which can act in competition with the
applied field B (the total energy of the
magnetic layer is given by - M-(B+Bey).

If B and Be are in the same
direction, the effect is simply to shift the

hysteresis loop (see Fig. 8.21).

M

Fig. 8.21 A hysteresis loop shifted by an
exchange anisotropy.

Without the exchange anisotropy the loop
would be centred at

zero magnetic field.

If they are at right angles, a hard axis
response is obtained.

In both cases, there is a unique angle of

the magnetization which minimizes the

CMeEIIaeT

puc.8.21.)

NeTIo  rucrepesuca  (CM.

M

JJ

.
Puc.8.21 Ilernu rucrepe3nca CIBHUHYTHI
Ha OOMEHHON aHU30TPOIIHH.
be3 oOMeHHOI aHM30TPONUU IUKI OyJeT
COCPEIOTOYEH B HYJIEBOM MAarHUTHOM
noJie.
Ecnu onn HaxoasTCs O IPSIMBIM YTIIOM,
MOJTy4aeTcsl TshKesasi peakiiusl.
B o0Ooux  caywasx,  CyHIECTBYET
€IMHCTBEHHBIN yrojl HaMarHMYEeHHOCTH,
KOTOPBIH MUHHUMH3UPYET DSHEPTHIO TPHU
KaKJIOM 3HAaYEHUH MarHUTHOTO TTOJISI.

9toT METO MOXKET OBITH

UCIIOJIb30BAaH B KadyecTBE J100aBJICHUS
«OOMEHHOTO  CMEIICHUS

moJst  JUIA

MarHATOPE3UCTUBHBIX  M3MEPUTEIbHBIX
FOJIOBOK, C I[EJILI0 HCIIOJIB30BAHUS DTOTO
CMEIIECHHUS B JIMHEWMHON 00JIaCTH.

OToT MCTOJZI TaKXC HCIOJb3YCTCA

A1 OrpaHUYCHUA HAIIPAaBJIICHUS IIO0JA B




energy at each value of the magnetic
field.

This technique can be used to add
field to

magnetoresistive sensor heads in order to

an ‘exchange bias'

bias them into their linear regions.

It is also used to constrain the
direction of the magnetization in one soft
in a sandwich

ferromagnetic layer

structure.

The magnetization in the other
layer can then be rotated by an applied
field, allowing magnetoresistance and
coupling energies to be measured in a

carefully controlled way.

This is also the basis of the spin-valve
(see Fig. 8.22) which

magnetoresistive sensor consisting of two

IS a giant

magnetic layers with a non-magnetic
spacer, with one of the magnetic layers

adjacent to an antiferromagnetic layer.

OJIHOM cJIaboM (PeppOMarHUTHOM CJIOE€ B

MHOTOCIIOMHOU CTPYKTYPE.

HamarandyeHHocts apyroro cios

MOXCT 3aTCM IIOBOPAYUBATLCA K
[MPUIO0KCHHOMY BHCHIHCMY IIOJIO, U 3TO
IMO3BOJIAAICT MATIHUTOCOIIOPOTHUBIICHUIO H

COBMEIIICHHOM SHEPTHUH MEHSITHCS
THIATEJIBHO KOHTPOJMPYEMBIM 00pa30oM.
10T 3P(DEKT TaK K€ MOXKET OBITh

HCIIOJIB30BaH KaK OCHOBa 1JI1 CIIMH-

kiamaHa (cMm.  puc.8.22),  KOTOpBIH
SBJISICTCS MarHUTOPE3UCTUBHBIM
JATYMKOM,  COCTOSIIUM M3  JBYX

MarHUTHBIX CJIOEB C HE MarHUTHOU
MPOCIIOWKOW M C OJHUM W3 MAarHUTHBIX
CJIOEB MPUMBIKAIOIIX K

aHTU(EPPOMATHUTHOMY CJIOIO.

: NM

Puc.8.22. Cnun kiarmaH.

ADPM «3aXuMbl» MAarHUTHBIA MOMEHT B

BepxueM OM crnoe (®MI1) Baoab

OIIPCACIICHHOI'O HaIIpaBJICHHA.

MarduTHbeIi MOMEHT HUXKE




NM

Fig. 8.22 A spin valve.

The antiferromagnet (AFM) ‘clamps' the
the  upper
(FMI) along a

magnetic moment in

ferromagnetic layer
particular direction.
The magnetic moment ill the lower
magnetic layer (FM2) is free to

rotate and can be aligned with an applied
magnetic field.
The angle between the magnetic
moments in the two ferromagnetic layers

controls the resistance of the device.

In zero applied magnetic field, the
relative

alignment of the layers is controlled by
the thickness of the non-magnetic spacer
layer (NM).

The

structure is then sensitive to the value of

resistance across the sandwich

MarHutHoro cjosi (®M2) cBoOoHO
TTOBOPAYNBACTCS U MOXKET OBITh BEIPABHEH
C MIPUJIOKEHHBIM MAarHUTHBIM TTOJIEM.

Vron MCKAY MAaIrHUTHBIMH MOMCHTAMH B

JIBYX (beppoMarHuTHBIX CJIOSIX
KOHTPOJUPYET CONPOTHUBJICHUE
YCTPOMCTBA.

B HyneBOM NpUIIOKEHHOM MAarHUTHOM
110JI€, OTHOCUTEIBbHOEC

BBIPABHUBAHUE CJIOEB KOHTPOJIUPYETCS
TOJIIAHOMN

HC MargmMTHOI'O

pazaenurenbHoro cios (HM).

ConpoTusiieHue, nepecekas
MHOTOCJIONHYIO CTPYKTYPY,
YYBCTBUTEJIBHO K BEJIMYHHE

HpI/IJ'IO)KeHHOFO MArduTHOI'O II0JIsI BOOJIb
KOHKPETHOI'O HAIIPaBJICHHUS.

8.9.5 KoJuaoccaabHoe
MaFHI/ITOCOHpOTI/IBJIeHI/Ie

TpaHCHOpPTHBIE CBOMCTBAa OKCHIOB

Mn  HemaBHO  BBI3BAJIM  OTPOMHBIN
UHTEpEC.

LaMnO; copepxammii  Mn, a
uMeHHo Mn3*, KOTOpBbIii SABIgETCS HOHOM

An-Tennepa. LaMnO3 moka3piBaeT A-THI

aHTU(EPPOMATHUTHOTO  YIIOPSIIOYCHUSI.

Ecnu 1014 X TpexBajeHTHOro mona La®*

3aMCHCHA ABYXBAJICHTHBIMU NOHAMU Sr2+,




the applied magnetic field along a

particular direction.

8.9.5 Colossal magnetoresistance

The transport properties of Mn oxides

have recently generated enormous
interest.

LaMnO; contains Mn in the Mn%
state which is a Jahn-Teller ion. LaMnOs
shows

A-type antiferromagnetic

ordering.

If a fraction x of the trivalent La%*
ions are replaced by divalent Sr?*, Ca?* or
BaZ* ions, holes are introduced on the Mn
sites.

This results in a fraction 1 — x of the

Mn ions remaining as Mn3* (3d4, tzez)

and a fraction x becoming Mn**.

When x = 0.175 the Jahn-Teller
distortion vanishes and the system
becomes ferromagnetic with a Curie

temperature around room temperature.

Above Tc the material is insulating
and non-magnetic, but below Tc it is

metallic and ferromagnetic.

Ca** mm Ba?, To 00pa3oBBIBAIOTCA
JBIPKHU B MojioxxeHue Mn.
DTO NMPUBOAUT OCTABIIYIOCS J0JIIO |

- X noHOB Mn B (3d*, ¢ el ) ¥ /10715 X MOHOB

Mn cranoBuTcs moramu Mn**. Korga X =

0.175 Sn-Tennepckoe HMCKKEHHUE
UCYEe3aeT M CHCTEMA  CTAHOBHUTCS
dbeppoMarHuTHOM  mpU  TeMIeparype
Kropu OJIM3KOM K KOMHATHOU
TeMIEepaType.

Beime Tc wMarepuann CcTaHOBHUTCA
M30JISITOPOM U HEMAarHuWTeH, HO Huke Tc
OH CTAHOBUTCS  METANIMYECKUM U
(eppOMarHuTHBIM.

B wactHOoCcTM psimom ¢ Tc B

MaTepuayiie TOoKa3aH OYeHb OOJBIION

s dext

puc.8.23), KoTopbhlli OBLI Ha3BaH Kak

MarHuTOPE3UCTUBHBIN (cm.

KO0J/JI0CCAJIbHOC MAIHUTOCOIIPOTUBJICHUC

(CokparieHHO KMC), TEPMUH
«TUTAHTCKOE» - TEPMHH, KOTOPBIA yxkKe
PUHAT!

[Ipoucxoxnenne KMC cBsa3aHo C

HaJIMYKUCM IICPCXOJa MCTAJLI-AUIJICKTPHK.




Particularly near Tc The material

shows an extremely large

magnetoresistive effect (see Fig. 8.23)
colossal

(abbreviated

which has been called

magnetoresistance to
CMR), the term 'giant’ having been

already taken!

The origin of the CMR is connected
with the presence of a metal-insulator
transition.

5 B0

Resistivity (10-2Qem)
Resistivity (10-?Qcm)

400 0

L I I 1 1 Il I
200 300
Temperature {K)

Fig. 8.23 Colossal magnetoresistance in
La; xSrkMnO;3 for x = 0.175.

(a) Temperature dependence of the
resistivity

(b)
After Tokura eial. 1994.

Isothermal magnetoresistance.

The origin of the behaviour described

above is partly connected with the

.........

Resistivity (10-2C2em)
Resistivity (1072Qcm)

400 0 5

L L 1 I L I I
200 300 10
Temperature (K) Magnetic field (T)

Puc.8.23 KomnoccanbsHoe
MarHuTOCOIPOTUBJICHUE

B La;xSryMnQO;3 for x = 0.175.

(a)
COIIPOTHBJICHUS
(b)
MarHUTOCOIPOTUBIICHUE

Astop Tokura eial. 1994.

TeMnepaTypHaﬂ 3aBUCHUMOCTDb

N3orepmuueckoe

[Ipoucxoxnenue MOBEIECHUS
OTIMCAaHHOTO BBINIE, OTYACTH CBS3aHO C
SIBJICHUEM JIBOMHOTO oOMeHa (CM. pasjen
4.2.5).

B none Mn*', tyg 9meKTpOHBI IPOYHO

CBA3aHbl C MOHOM, HO €y D3JIEKTPOH
Oy aer.

IloroMy Kak B3aUMOAECHCTBHE C
oOMeHa,

IOMOIIBIO JIBOMHOTO

IPOUCXOAUT 3a CYET MEpPeECKOKa €g
AJIEKTPOHOB Mexay HoHamu Mn, 310
BO3MOYHO, TOJIBKO €CJIM J[Ba OCHOBHBIX
cniriHa KoHa MN BBIpOBHEHBI ((haKTHUECKU

IIPBIKKOBAaA BCPOATHOCTD




phenomenon of double exchange (see
Section 4.2.5).

In a Mn®" ion, the t,q electrons are tightly
bound to the ion but the ey electron is
itinerant.

of double

interaction, the hopping of e, electrons

Because the exchange
between Mn sites is only permitted if the
two Mn core spins are aligned (in fact the
hopping probability is proportional to |
cos(0/2) where 0 is the angle between the

two Mn core spins).

The magnetic field aligns the core spins
and therefore increases the conductivity,

especially near T..

The situation is actually more
complicated because the carriers interact
with phonons because of the Jahn-Teller
effect.

The
coupling in these systems implies that the

strong  electron-phonon
carriers are actually polarons above Tc,
I.e. electrons accompanied by a large

lattice distortion.

cos(6/2), rtme 0O

IPENCTaBIAECT ceOe yroy, MEXAy IBYMs

I[MpOoIIOpoUOHAJIbHA

OCHOBHBIMH criiHamu Mn).
MarHuTtHoOe€ 10Jie BBIpaBHUBAECT OCHOBHBIEC
CIIUHBI W, CIEJOBATEIbHO, YBEIMYHUBAECT

MIPOBOAMMOCTH OCOOCHHO BOJIM3H Te.

CI/ITyaHI/IH Ha CaMOM JCJIC CJIOXKHCC!
HOCHUTCIIM 3apsaa BSaHMOHGﬁCTBYIOT C

¢oHoHamu, Bciencteue 3ddexra Ana-

Temnepa.

CunbHOE ANEKTPOH-(HOHOHHOE
B3aUMOJECHCTBME B 3TUX CHCTEMax
O3HayaeT, 4YTO  HOCUTENIM  3apaja

(1)aKTI/I‘-ICCKI/I IMOJIAPOHBI, HAXOJAACH BBIIIC

TOYKH Tc, T.€. AIEKTPOHBI

COMPOBOXK/IAIOTCS OOJIBIIIUM HCKAKEHUEM
PEIIETKHY.
OTH  TOJSIPOHBI ~ MAarHUTHBI |
CcaM03axBayCeHBI B PEIICTKE.
Ilepexonq MarHUTHOTO COCTOSTHUS
MO>KHO

paccMaTpuBath KaK

OCBOOOK]ICHHE 3aXBaYCHHBIX MOJIIPOHOB.

EcTe napyrue CcHUrHaTypbl 3JIEKTPOH-
(OHOHHBIX  CBA3€H, B TOM YHUCIE
MarHMTHOIO  MOJS  3aBHCHUMOIO  OT

CTPYKTYPHBIX NIEPEXOJIOB U CTPYKTYPHOTO
YHOPSIIOUCHHUS.
3apsiA0BO-yIIOPSJOUEHHOE

COCTOSIHUEC MOXKCT KOHKYPHPOBATh C




These polarons are magnetic and
are self-trapped in the lattice.

The transition to the magnetic state
can be regarded as an unbinding of the
trapped polarons.

There are other signatures of the
electron-phonon couplings, including

magnetic-field  dependent  structural

transitions and charge ordering.

The charge-ordered ground state
can compete with ferromagnetism and is

enhanced near commensurate values of

1

the doping doping (e.g. at x:E where

there is one hole for every two Mn sites).

These

understood and are under active current

effects are not fully
study.

The manganese perovskites are just
one type of oxide material which shows

colossal magnetoresistance.

Perovskites are a member of a large
family of crystals known as Ruddlesden-

Popper phases (see Fig. 8.24).

dbeppoMarHeTU3MOM M YCHUJIUBATHCS

psaaoM € COUBMCPUMBIMU  3HAYCHUAMU

1
JErupoBaHus (Hampumep, X=§rz[e €CTh

OJlHa ABIpKa AJISl KKIBIX ABYX MO3HULIUN
nona Mn).
Otn 3¢ ekt

TIOHSITHBI M C€MYac aKTUBHO HCCIICAYIOTCA.

ITOJIHOCTBIO HC

HepOBCKI/ITBI MapraHmga — 9TO JIHIIb

OIHH THII OKCHUIHBIX MaTCpUaJIOB,

KOTOPLBIC IIOKA3bIBAIOT KOJIOCCAJIBHOC

MardauTOCOIIPOTHUBJIICHUC.
HGpOBCKI/ITBI ABJIIOTCA  4aCTBIO

00JBIIOTO CEMENCTBa  KPHUCTAJIOB

M3BECTHBIX Kak kpuctaiuiel ¢ Ruddlesden
dazoBbiM mnepexoaoM. (cM. puc.8.24).
Ot ¢$a3pl UMET o001y  Gopmyy
Xn+1MNnOsn41 (TI€ X — 3TO CMeCh JTaHTaHA
U CTPOHIIMS) M MOTYT PacCMaTpPUBATHCS
kaK CTIKCHI OJIOKOB TIEPOBCKUTOB N CIIOCB
OIPEICTIEHHOMN

TOJIIIMHBI, npuicMm

Kaxapld Omok pasmeneH (Sr, Ln),0O;

CJIOCM, KOTOprﬁ HMECT TCHACHIMIO

OTACIUTD OJI0KH QJICKTPHUICCKHU "

MAar"HmTHO.

ITepoBCcKkHUTHBIE COCIUHEHUS

oOpa3syrores, koraa N = oo, Toraa kak N =1
skBUBajeHTHO cTpykType KoNiF koTopas

HaxXOaANUTCs BBIIIIC Tc KyIIpaToB.

CoenuHeHuss MapraHiia MOTyT OBITh




These phases have a general
formula Xn+1MnpOsni1 (Where X is a
lanthanide, strontium, mixture) and can
be thought of as Stacks of perovskite
blocks n layers thick with each block
separated by a rock-salt like (Sr, Ln),0O,
layer which tends to decouple the blocks

electrically and magnetically.

The perovskite compounds are
realized when n = oo, whereas the case n
=1 is equivalent to the K;NiF, structure,
adopted by the high-Tc cuprates.

Manganese compounds can be
made which adopt a range of structures
(e.g. n = 1,2,3 and « have all been
prepared at the time of writing).

In the perovskites n = oo, each MnOg
octahedron is surrounded by six others.

In the n = 2 phases, this
‘coordination number' drops to five, and it
is four for the n = 1 phases.

The reduction in the number of
nearest-neighbours is  expected to
produce an anisotropic reduction in the
width of the energy bands which are

derived (largely) from the Mn 3d orbitals

MIOJIYYEHBI, © KOTOPbIE MOTYT UMETh PN
cTpyktyp (Hampumep N = 1,2,3 u co ObIIH
BCE HCIIOJB30BaHbl BO BPEMSI HAIIMCAHUS
3TOU PabOTHI).

00, KaXKJIbIH

B mneposckurax n =

MnOg OKTa’apOB OKPYKEH IIECThIO
JIPYTUMHU TAaKUMH K€ OKCUJIAMU.

[Ipu n=2 ¢da3ze, KOOpAMHAIIMOHHOE
YHUCIIO0

rmajgaeTt hi (o)

TISITH, u
KOOpAWHAIMOHHOE 4YHuCiI0 4 — 3TO s
dazbr N=1.
CHuwxkeHue  yucina  OmbKalmmx
coceliel, Kak U OXHUJAETCsS, COKpallaer
AHU30TPOITHYIO IIUPUHY YHEPTETUUECKUX
30H, KOTOpbIC SBISIOTCS MPOU3BOIHBIMU
(B ocHoBHOM) oT Mn 3d opOuTareii u 310
U3MEHSCT AIEKTPOIPOBOHOCTD u
MarHMTHOE MOBEJICHUE dTUX MaTEepUaJIOB.
DT MaTepuaibl

MOI'yT THIaTCJIBHO

KOHTPOJUPOBATHCS C OMOUIBIO

JCTUPOBAHHA, PA3JIUMYHBIM KOJINYCCTBOM

JIETUPYIOLINX 3JIEMEHTOB 10
ONPENEIIEHHON UX COPAa3MEPHOCTH.
8.9.6 D dexT Xosna

MarautHOe mNOJIe, MPUIOKEHHOE

ICPHICHIUKYJISIPHO HAIIPABJIICHUIO TOKa B

OPOBOJALIEM Marepuaie BO30yKIaer

NONEPEYHYI0  CHJly, BIMAIOLIY0O Ha

IMPOBOAUMOCTD 3JICKTPOHOB B IIJICHKC. OTta




and this modifies the electrical
conductivity and magnetic behavior of
these materials. These materials can thus
be carefully controlled by using different
and

doping, different doping levels,

adjusting the dimensionality.

8.9.6 Hall effect

A magnetic field applied normal to
the current direction in a conducting
material produces a transverse force on

the conduction electrons in the film.

This the

electrons gives rise to a transverse Hall

force on conduction

voltage.

This is known as the Ordinary Hall
effect® and is proportional to the applied
magnetic field B, because the Lorentz
force on conduction electrons is F =
e(E+vxB).

In ferromagnets an additional effect
occurs, known as the extraordinary Hall
effect  which the

depends on

magnetization.

CHJIa, I[GﬁCTBYIOH.I&H Ha  OJICKTPOHLI

IMPpOBOJAUMOCTH, IIpUBOAUT K

BO3HUKHOBEHUIO  monepeyHort  OJIC

XoJuia.
10T

s dexr

00bIuHbIN 3 dexkT Xomta W KOTOPBIN

HN3BCCTCH KakK

IPOTIOPIIMOHAIICH PHIIOKEHHOMY
MarHuTHOMYy mojd B, Tak kak cuia
JlopeHia, AeWCTBYIOIIas HAa DJICKTPOHBI
npoBoauMocTH F = e(E+vxB).

B deppomarseTrKax

9TOT

JOTOJTHUTENbHBIN 3(P(HEKT BO3HUKAET, KAK

W3BECTHBIN BHEOUYCPETHOMU ahdekr
Xoiuia, KOTOPBII 3aBUCUT oT
HAMarHM4YE€HHOCTH.

OOpatuTe BHUMaHHUE, YTO 3TO HE
npocro cuina JlopeHua, oHa o0yciioBiIeHa
M nexenn yeMm B, motomy uro M yxe
BKJIFOUEHA B 00BbIUHBIHN 3 PexT Xoma, Tak

B = po(H + M).

OMIUPUYECKH [IOTIEPEYHOE
COIIPOTHUBJICHUE PH
pn = RoB +poR:M (8.12)
rae Ro SABJISIETCS OOBIYHBIM

kodppunmerTom Xomra u R saBusgercs
HEOOBIYHBIM ~ KOd(humumenTom  Xoia
(MHOT/TAa €r0  Ha3bIBAIOT CIIOHTAHHBIH

koddurment Xomna).




Note that it is not just a Lorentz force
due to M rather than B, because this is
already included in the ordinary Hall
effect since B = po(H + M).

Empirically the transverse resistivity
pH IS given
Pn = RoB +uoR:M (8.12)

where Ry is the ordinary Hall coefficient,
and Re is the extraordinary Hall
coefficient (sometimes the spontaneous

Hall coefficient).

The ordinary Hall coefficient R, tends to
be

whereas R. is usually very temperature

fairly temperature independent,

dependent.
The effect is not only seen in
ferromagnets, but also in strong

antiferromagnets or paramagnets. The
effect only requires the presence of
localized moments. (For example, it is
seen in Tb in both its ferromagnetic and

paramagnetic states.)

If you measure the Hall resistivity as
function of field, a straight line graph

results but there is a sudden change of net.

OO6brunbIif k03P dunmeHT Xoina Ry umeer

TEHJICHIIMI0O  OBITh ~ 3aBUCUMBIM  OT
TEeMIIepaTyphl, B TO BpeMs Kak Re 00bI4HO

OYCHb CHUJIBHO 3aBHCHUT OT TCMIICPATYPBhI.

Dddexr

dbeppoMarHeTukax,

HE  TOJBKO  BHUACH B
HO TaKk e H B
aHTHU(deppOMarHeTUKax

Dddexr

JJOKAJIN30BaHHBIX

CHJIBHBIX N

napaMarHeTHKax. TOJIBKO
TpeOyeT  HaiIuuue
MOMEHTOB (Hampumep, 3T0 BUIHO HA Th B
o0oux cBoMX  (EPPOMATHUTHBIX U
HapaMarHUTHBIX COCTOSIHUSX).

Ecnu u3Meputes conpoTusieHue Xoia B
KauecTBe

(YHKITMOHATBLHOTO T10JI4,

npsMbIE JIMHUM ~ JUArpaMMbl  —  3TO
pe3ynbTaT, KOT/ia Mpy JTOCTHXKCHUH TOJIS
HACBHIIICHUSI ~ BHE3aITHO  W3MEHSICTCS
rpaaueHT (puc.8.25).

DTO MOTOMY, YTO B CJ1a0OM MarHUTHOM
nosiec B u M yBenuuuBaroTcs, Tak e Kak
U OOBIYHBIE, U ODKCTPAOPAMHAPHEIC
s dexTsl Xoa u rpagueHT 00yCcIoBICH
BemunHaMu Ro 11 Re.

Han nacenmenmeMm, moine M He MOXKET
MOKa3aTh JaJbHEHINIETO0 YBEIMYCHUS U

TPaJNEHT - 3TO OTACJIbHBIN pe3ynbTaT Ro.




gradient when the saturation field is
reached (see Fig. 8.25).

This is because at low magnetic field both
B and M increase, so both ordinary and
extraordinary Hall effects are seen and

the gradient is due to Rp and Re.

Above the saturation field M can no
longer show a further increase and the
gradient results from Ry alone.

PH

' B
pio My

The mechanism for the extraordinary
Hall effect is associated with the spin-
orbit interaction between the conduction

electrons and localized moments.

The carriers have an orbital angular
momentum about the scattering centre
whose sign depends on whether they pass

the centre on one side or the other.

This orbital angular momentum L

couples to the spin angular momentum S

4

pio M

MexaHus3m ML SKCTPAOPAUHAPHOTO

addekra

Op6I/ITaJ'II>HBIM BBaHMOHGﬁCTBHGM MCIKIY

XoJla CBJ3aH CO CIHUH-

QJICKTPOHaAMU IMPpOBOAUMOCTH u
JJOKAJIN30BaHHBIMH MOMCHTAaMM.
Hocutenu umeror Op6HTaHBHLIﬁ MOMCHT
oT pacCceuBaromicro LOCHTpA, 3HaK
KOTOPOI'0 3aBHCUT OT TOIO HpOﬁﬂYT JIn

OHH 3TOT OCHTP 110 OI[HOI>'I CTOPOHC HJIX 110

JPYTOH.
10T OopOUTATBHBIN YTJIOBOM
MOMEHT L coBMemieH cO CIHUHOBBIM

YTIIOBBIM MOMEHTOM S M3-3a PacCEeUBaHUS

IEHTpa ¥ W3-3a CIHUH-OPOUTAIHLHOTO
B3aUMOJCHCTBUA, KOTOPOE
POTOPIMOHATBEHO L ® S.

DJIEKTPOHaM B CBSI3U  C  3TUM

SHEPreTUYECKU BBITOJIHO TMEPEXOJAUTh Ha
OJHOM CTOPOHE OT LEHTPA, HEXKEIU OT
JIPYTOH.

DTO NPUBOJIUT K ACCUMETPUYHOMY
paccenBaHMIO U CJIeI0BATENBLHO

BO3HHKACT HOH@pC‘IHLlﬁ TOK, KOTOpBIfI




of the scattering centre because of the

spin-orbit  interaction  which IS
proportional to L  S.
The electrons thus find it

energetically favourable to pass to one

side rather than the other.

This results in asymmetric scattering
and hence to a transverse current which is
responsible for the extraordinary Hall

effect.

OTBEYAET 3a SKCTpaopAuHapHbIA 3hdexT

XoJuia.




