8.4 One-dimensional magnets

No long range order is possible in one -
dimension for T > 0, so it might be thought
that one-dimensional magnets were rather

tedious and uninteresting.

In fact nothing could be further from the
truth!
The the

possibility of complex excitations which are

one-dimensionality implies

still far from being completely understood.

8.4 OnHoMepHbIe MATHUTHI

B  cinydyae  OIHOMEpPHOrO  MarHura
HEBO3MOXEH JanbHUW mopsanok npu T > 0,
II03TOMY MPEAIOIAraeTcsi, 4To OJHOMEpHBIE
MarHUThI CUMTAKOTCS JIOBOJIBHO
YTOMHTEJIbHBIMU U HEUHTEPECHBIMU.

Ha camom gene 3To He coBceM Tak!

OaHOMEpPHOCTh 10/Ipa3yMEBAET
BO3MOXKHOCTh CJIOXHBIX KOJ€OaHUM, KOTOpBIE

CIIC HC ITOJIHOCTBIO U3YYCHBI.

8.4.1 Spin chains

A one-dimensional (d = 1) line of spins is
known as a spin chain.

The individual spins can be constrained
to lie parallel or antiparallel to a particular
direction (Ising spins), or may be free to point
anywhere in a fixed plane (XY spins), or free

to point in any direction (Heisenberg spins).

be

realized in crystals, if the crystal structure is

Spin chains can approximately
such so as to keep the chains reasonably far

apart.

The single ion anisotropy due to the

crystal field may lead to the magnetic

moments behaving as Ising spins (D = 1). XY

8.4.1 CniuHoBbBIE LIENIH
OnnomepHas (d = 1) JnMHUSA CHHHOB
Ha3bIBACTCS CIIMHOBOM IICIIBIO.
OtnenpHblE  BpAlIeHUST MOTYT  OBITh
OTpaHUYCHBI, TaK KaK JIe)KaT MapauieIbHO UITH
aHTUIAPAIJIETIBHO OTIPE/ICIICHHOMY

HampaBJIeHUIO0 (BpamueHusi HM3unra), wmnu
MOTYT CBOOOJHO YKa3bIBaTh B JIIOOOM MECTE B
bukcupoBaHHON TIOCKOCTH (BpamieHus XY),
WM MOTYT CBOOOJIHO YyKa3blBaTh B JIOOOM
HarpasieHuu (BpaieHus [ 'eitzendepra).

CnuHOBBIE 1enu MOTYT OBITH
NpUOIM3UTENBHO PEAIM30BaHbI B KpUCTAIIAX,
€CIIi KpUCTAIIINYECKasi CTPYKTypa TaKoBa, 4TO
OHHM YJIEPKUBAIOT IEMU JTOCTATOYHO JAJIEKO
JPYT OT JApyTa.

AHM30TpOTIHSL OJMHOYHOTO HOHA W3-3a
KPUCTAJUIMYECKOTO TOJS MOXKET MPUBECTU K

MarHUTHbIM MOMEHTaM, KOTOpbIE BEIyT ceOs




spins (D = 2), Heisenberg spins (D = 3), or

somewhere in between.

A commonly studied family of systems is
based on crystals of the type ABX; where A is
a non-magnetic cation of a single charge, B is
a doubly charged magnetic cation and X is a

halide anion.

This leads to a simple hexagonal lattice
with transition metal ions forming chains
along the c direction.

For example CsCoCl; behaves almost as
a one-dimensional Ising spin chain since the
anisotropy constrains the spins along a
particular direction: KCuF; behaves like a
one-dimensional Heisenberg spin chain, as do

number of Cu salts with organic ligands.

Very often these systems show three-
dimensional long range order at very low
temperatures because there will always be
some small interchain interaction which can

couple the chains together.

CsCoCl; shows three-dimensional long
range magnetic order below 21 K because of
this interchain coupling.

Nevertheless, there is a wide region of

temperature above the crossover to a three-

Kak u3uHroBckue cnuuel (D = 1). Bpamenus
XY (D = 2), Bpamenus ['eitzendepra (D = 3)
WJIM TJe-TO MOCEPEIUHE.

OOBIYHO H3yYyaeMOE€ CEMEHUCTBO CHUCTEM
OCHOBaHO Ha kpuctauiax tuna ABXj, roe A
MPEACTaBIIeT COO0OM HEMArHUTHBIA KaTHOH C
ONIHUM 3apsifioM, B mpencraBiseT coOoi
JNIBYX3apSIHbIM MAarHUTHbIA KaTUOH H X
MPECTABIIAECT COOOM TaJIOreHU/1-aHUOH.

OTO NPUBOJUT K MPOCTON FE€KCArOHAILHON
pEelIeTKE C HMOHAMH I[EPEXOJHOr0 METaia,
oOpazyroliel 1ernoYKy BAOJb HApPaBICHUS C.

Hanpumep, CsCoCly Bemer cebs mourn
KaK OJJHOMEpHas CIuHOBas Iienb M3unra, tak
KaK aHWU30TPOINHs OTPAHUYMBACT BPAIICHHS
BJIOJIb orpezesnienHoro Hampabienus: KCukF;
BelEeT ce0si KaKk OJHOMEpHas CIMHOBAas IIEMb
[eitzenOepra, kak u psg coned Cu c
OpraHUYEeCKUMU JIUTAH]IaMU.

Ouenb 4acTo

OTH CHCTCMBI

JIEMOHCTPUPYIOT  TPEXMEPHBIN TAIbHAN
MOPSAJIOK MPU OYEHb HU3BKHUX TEeMIEparypax,
MOTOMY 4YTO  BCerja

Oylner  Kakoe-TO

HeOOJIBIIIOE MEXKIIETTOYCYHOE
B3aMMO/ICHCTBUE, KOTOPOE MOXKET COCAUHUTH
LTI BMECTE.
CsCoCl;  mokassiBaeT  TpeXMeEpHBIHA
JNaIbHUM MAarHUTHBIN Topsaok Huxe 21 K u3-
3a 3TOM MEXKIICITHOM CBSI3H.
Tem He MeHee, CYILIECTBYET LIMpPOKas

o0nacTh TeMIeparypbl HaJ TEpPexXoJoM B




dimensional region, where the magnetic

behaviour is that of a one-dimensional system.

The spin quantum number for each spin
on the chain depends on the atom. For chains
with Cu*? (3d°) the spin quantum number is S
= 15, with Mn*" (3d®) S = 5/2 and for Co**
(3d") in CsCoCl; the ground state has an
effective spin of S = % (the S = 3/2 free-ion
ground state is split by the crystal field leaving
a ground state doublet and excited states). In
the next section we will just consider chains

with S = % on each site.

TpeXMEpHyl0  00JacTb, TJ€  MarHuTHOE

MOBEJCHUE COOTBETCTBYET TTOBEICHUIO
OJTHOMEPHOMN CHUCTEMBI.

KBaHTOBOE YHCIO CIIMHOB JJISI KaXJ0I0
Jliist

o +2 9
Ierecu C Cu (3d ) KBAaHTOBOC YHCJIO CIIMHOB

paBHO S =5, ¢ Mn®* (3d®) S = 5/2, a mmst Co**

CIIMHa B IOCIIOYKC 3aBHCHUT OT aTOMa.

(3d") B CsCoCl; OCHOBHOE COCTOSHHE HMEeT
sa¢dextuBHbIN ciuH S = 2 (S = 3/2 ocHOBHOE
COCTOSIHHE CBOOOJHBIX HOHOB PaCIICTUISICTCSI
KPHUCTAJUTMYECKUAM TOJIEM, OCTABIISISI OCHOBHOE
COCTOSIHHE

(mybmer ®m  BO30YXXIEHHBIC

cocrosiHus). B crepyromem pasznene Mbl
IIPOCTO PACCMOTPUM LEMOYKA ¢ S = )2 Ha

Ka)XJIOM CauTe.

8.4.2 Spinons
What makes these chains interesting is
not their ordering (because unless the

interchain interactions are strong enough, they
do not show order). but their excitations. As
shown in Section 6.6.1, three-dimensional

Heisenberg magnets the excitations are
magnons, which are bosons. (In a metallic
magnetic material there may also be Stoner
excitations, see Section 7.8.) Each magnon is
an excitation with S = 1 and so a single
magnon can interact with a neutron in an

Inelastic scattering experiment.

8.4.2 CninHoHBI

Yrto nenaet 3TU IENOYKH UHTEPECHBIMU,
TaK 3TO HE UX YHOPSIOYEHHOCTh (IIOTOMY YTO,
ecln HE

MCXKIICITHBIC BBaHMOHeﬁCTBHﬂ

JIOCTATOYHO CHWJIbHBI, OHM HE IOKa3bIBAIOT
NOPSAZIOK). HO UX BO30yxkaeHus. Kak nokasaHo
B pasneie 6.6.1, B TPEXMEPHBIX
reii3eH0eproBCKMX MarHuTax BO30YXKICHHS
NPEJICTaBISIIOT COOOW MarHoHbl, KOTOpBIE
aBisitorcst  6o3oHamu. (B Merammmyeckom
MarHUTHOM MaTepuaje TaKXKe MOTyT ObITh
Bo3Oyxnenuss Cronepa, cMm. Pazmen 7.8.)
Kaxx11p1i1 MarHoH siBAsieTCst BO30Y X ACHUEM C S
= 1, W mnodToMy OJMH MarHoH MOXET
B3aUMOJIEMCTBOBATH C HEUTPOHOM B

HKCIIEPUMEHTE 0 HEYIIPYTOMY PACCESHHUIO.




In Ising spin chains, the excitations are

associated with the creation of domain walls.

There are no gapless excitations (i.e.
excitations with vanishingly small energy in
the long wavelength limit; ‘'massless Goldstone
modes' to use the particle physics parlance)
because even to create one domain wall costs
finite amount of energy (and in fact for an
excitation you have to create the domain walls

in pairs).

Once the excitation is created it can
move freely along the chain.

The excitation energy has no wave vector
dependence, but if the chain is not perfectly
Ising-like (as very often happens in real
systems) then there will be some modulation

of the dispersion relation.

In Heisenberg spin chains, the excitations
are known as spinons.

These have spin - % (in contrast to
magnons which have spin -1) and are
fermions.

They have a dispersion relation which is
given by

hw=ml|Jsin(qa)|, (8.2)

where J is the antiferromagnetic exchange

B CIIMHOBBIX LETISIX N3unra
BO3OY)KJIEHHsI  CBSI3aHBI € CO3JaHHEM
JTOMEHHBIX CTEHOK.

OTCyTCTBYIOT OecIieseBbie
BO30YXKIeHUsI (TO €CTh BO30YXKJICHHS C
HCYE3ar0IIe MaJIOn SHEPTUEH B
JUTMHHOBOJTHOBOM  TIpefienie; «0e3MacCcOoBbBIe
Moabl ['onzpcroyHa» Ha  si3blke  (PUBMKH

YacTull), MOTOMY YTO JIa’)K€ CO3JaHUE€ OJIHOU

JIOMEHHOM CTCHKHU CTOMUT  KOHEYHOE
KOJIMYECTBO »JHEpruu (U ¢aKTUUeCKH JIsl
BO30Y)KJICHHsI BbI HAJ0 CO3/1aBaTh JIOMCHHBIE
CTEHKHU IOMapHO).

Kaxk Tonbko BO30YyKJI€HUE CO3/1aHO, OHO
MO3KET CBOOO/IHO TIepEeMENIaThCs MO IETOYKE.

DOHeprusi BO30Y>KJE€HUS HE 3aBUCUT OT
BOJIHOBOTO BEKTOpa, HO €CIH Ielb He
SBJIIETCSI TOJTHOCTBIO H3MHTOIMOJ00HOM (Kak
ATO YacTO CIy4aeTCs B PEabHBIX CHCTEMaXx),
TO Oy/JeT UMETh MECTO HEKOTOpask MOTYJISIITUS
JUCTIIEPCUOHHOTO COOTHOLICHMS.

B cnunoBeix nenoukax ['eiizeHOepra
BO30Y>KJICHHSI H3BECTHBI KaK CITHHOHEI.

OHM UMEIOT CIUH - %2 (B OTJIIMYME OT

MarHoHOB, KOTOpPbIE HMEIOT CIUH -1) U
ABJISIOTCS (hepMUOHAMU.

Onn UMEIOT JTIUCIIEPCUOHHOE
COOTHOIIICHHE, KOTOpOE oTnpenesieTcs
BBIPOKCHUEM

ho = |J sin (qa) |, (8.2)

rne J - aHtudeppomarHuTHas




coupling, and a and q are the lattice constant
and wave vector, both measured along the
chain direction.

Equation 8.2 is the bold line in Fig. 8.7.

This be

conventional spin wave dispersion relation in

can compared with the
eqn 6.58 with S = ', but there is an additional
factor of /2.

The excitations in both cases are gapless
because when ¢ — 0 (long wavelength limit)

o — 0.

A neutron scattering experiment involves
a change of spin of one and so although this
implies a creation or annihilation of a single
magnon in a three-dimensional system, it
implies a creation or annihilation of two

spinons in a one-dimensional system.

Neutron experiments therefore measure
the momentum g = g; + Q, and energy hw =
hw; + hw, associated with creation or
annihilation of a pair of these spinons and so
the experimental data show a continuum of
excitations between egn 8.2 and Aw = 2rt|J sin

(qa/2)| (see Fig. 8.7).

Neutron scattering experiments have
confirmed that these excitations do exist in
one-dimensional

some antiferromagnetic

oOMeHHas CBfA3b, & U (] - MOCTOSTHHAS PEIIETKU
U BOJIHOBOM BEKTOp, H3MEpPEHHbIC BJIOJIb
HarpaBJICHUS IICTIH.

YpaBaenue 8.2 - KupHas JUHHUS Ha PHUC.
8.7.

OT0 MOXHO CpPaBHUTb C OOBIYHBIM
COOTHOIIIEHUEM JUCIEPCUN CIIMHOBBIX BOJIH B
ypaBHeHun 6.58 ¢ S = )2, HO ecTb
JOTIOTHUTENBHBINA KO PuIueHT m/2.

Bo30yxaeHust B 000ux ciiydasx sSBISIOTCS
OeciieneBbiMU, MOTOMy 4YTo mipu q — 0
(mpenen IJIMHHOBOJHOBOIO JIMana3oHa) @ —
0.

OKCIIEpUMEHT IO PaCCeSHUI0 HEUTPOHOB
BKJIIOYAET WU3MEHEHUE CIHMHA HAa €IUHUILY, U
MOATOMY, XOTSI 3TO MOAPA3yMEBAECT CO3JAHUE
WM AHHUTWISIMIO OJIMHOYHOTO MarHoHa B
TPEXMEPHOM CHCTEMA, 3TO MOJPa3yMEBaAECT
CO3/IaHHE€ WJIM YHUUTOKEHUE JIBYX CIIMHOHOB B
OTHOMEPHOU CHCTEME.

IToaTOMY B HEUTPOHHBIX 3KCIIEPUMEHTAX
u3MepsieTcs UMNYJIbCe ( = (; + (, U dHEprus
hw = hw; + hw,, cBsA3aHHAs C CO3JaHUEM WU
AHHUTWIISINAEH  TIaphl

9THUX CIIMHOHOB,

IIO9TOMY OKCIICPUMCHTAJIbHBIC JaHHBIC

MOKa3bIBAlOT ~ KOHTHHYYM  BO30YXAEHUI

Mexay ypaBHeHUsMH 8.2 U ho = 2n | J sin (
ga/2) | (cm. puc. 8.7).

OKCIEPUMEHTHI M0 PACCESTHUIO HEUTPOHOB
MOJITBEPANIIH, BO30YXICHUS

qTo 9TH

CymeCTBYIOT B  HCKOTOPBIX OJHOMCPHBIX




chains (see Fig. 8.8). (For a derivation of egn

8.2, see des Cloizeaux and Pearson 1962.)

anTHu(eppoMarHuTHBIX Hemsx (cMm. Puc. 8.8).
(dns momyuenust ypaBHeHust 8,2 cMm. Des

Cloizeaux u Pearson 1962.)

huw/m)

Fig 8.7 Dispersion relation for spinon

excitations in a one-dimensional
antiferromagnetic Heisenberg spin chain (bold
line).

The shaded region shows the continuum of
excitations measured in a neutron scattering

experiment.

Puc. 8.7 /lucnepcuoHHOE COOTHOIICHHUE JIst
CIMHOHHBIX BO30YXIEHU B OJHOMEPHOU
aHTU(QEpPOMAarHUTHON CIIMHOBOW  IIEMOYKE
['eit3enOepra (>kupHas TUHUSA).
3alTpuXxoBaHHAs 00JIaCTh TOKAa3bIBAET

KOHTHHYYM BO30Y)KJICHUH, HW3MEPEHHBIN B

HKCIIEPUMEHTE O PACCETHUIO HEMTPOHOB.

Q/n

A T
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020 40 60 80

100 120

Energy Transfer (meV)

Fig 8.8 (a) The dispersion relation for spinons

Puc 8.8 (a) [ucnepcuoHHOE COOTHOIIEHUE




in KCuF,.

The experiment was performed using a
time-of-flight technique so the line shows the
scattering trajectory for neutrons with incident
energy 148.9 meV and an incident momentum
aligned 8 away from the c* direction in
KCuFs.

Scattering results when the trajectory
intersects with the continuum states.

(b) Observed scattering at 20 K. The non-
magnetic background is indicated by the
dashed line.

After Tennant et al. 1993.

it cimHOHOB B KCuFs.

DKCIEpUMEHT IIPOBOAWIICS c
UCIIOJIb30BAaHUEM METO/Ia BPEMEHU IIpOoJIeTa,
MOATOMY JIMHUSI TIOKAa3bIBAET TPACKTOPUIO
paccesHUsT JJIE  HEHUTPOHOB C DHepruew
nageHusa 148,9 MdeB u uMmmyiabcoM majaeHus,
BHIDOBHCHHBIM Ha 8 OT HampaBjieHusi c¢* B
KCuFs;.

PaccessHue BO3HUKAET, KOrJa TPAcKTOPUSs
MEPECeKaeTCs C COCTOSIHUSIMUA KOHTHHYYMA.

(b) Habmromaemoe paccesuue mpu 20 K.
HemarnuTHbiii QoH 0003Ha4Y€H MYHKTUPHOU
JIMHUEN.

Ilocne Tennanra u coaBT. 1993.

8.4.3 Haldane chains

The previous section described how the
excitations in spin - ' antiferromagnetic
Heisenberg spin chains are believed to be

spinons which are gapless excitations.

This result is believed to be true also for
half-integer spin chains (i.e. chains of spins
with S=1%,3/2,5,2,...).

Haldane conjectured that something
different would happen for integer spin chains
(i.e. chains of spins with S =1, 2, 3,..), namely
that there would be a gap in the excitation
spectrum which occurs because of nonlinear

quantum fluctuations in the ground state.

8.4.3 Ilenu XoJaeina
B npeapinyiiem paszaesne OnuchiBaIoCh,
cuH - Y

KakK BO36Y>KI[CHI/IH B

aHTI/ICI) CPPOMArHuTHBIX CIIMHOBBIX 11(S705:0:¢

['eitzenbepra CUUTAIOTCS CIIMHOHAMH,

KOTOpBIC SIBJISTFOTCST OecIeJIeBBIMU
BO30YKJICHUSIMH.

CuwuTaercs, 4ToO 3TOT pe3yabTaT BEPEH U
JUISL TIOJIYIEJIBIX CIUHOBBIX IIEMOYEK (TO €CTh
IIEeToYeK CIIMHOB ¢ S = Y4, 3/2,5,2,...).

XOoJIEHH  TPEANONIOKWI, YTO IS
[IEJIOYMCIICHHBIX CIHUHOBBIX IIEMOYEeK (T.€.
LernoyeK cnuHoB ¢ S = 1, 2, 3, ..) mpousonaer
HEYTO MWHOE,

a HMCHHO, 4YTO B CIICKTPC

BO30YKJICHHUSI oyner TPOMEKYTOK,
BO3HUKAIONINHN M3-3a HEJIMHENHBIX KBAHTOBBIX

GbayKkTyalnuii B 3emMJie rocyaapcTBo.




A one-dimensional chain of integer
spins is therefore known as a Haldane chain
and the gap in the excitation spectrum is
known as a Haldane gap.

This fundamental difference between
half-integer and integer spin chains is related
to the difference between fermions and bosons
under exchange; this different exchange
symmetry has a topological origin and has a
the nature of the

dramatic effect on

excitations.

Most tests of Haldane's conjecture have
been carried out on materials with chains of
Ni?* (S = 1) ions, including CsNiCls.

Ni(C, HgN»), NO, CIO, and Y,BaNiOs.

These S = 1 spin chains all seem to
possess gaps in their excitation spectra as
predicted.

Half-integer antiferromagnetic chains are
gapless, unless magnetoelastic coupling opens
up a spin-Peierls gap, as discussed in the

following section.

Takum oOpa3om, OJHOMEpHas IEMOYKa
I[EJIOYMCIICHHBIX CIIMHOB W3BECTHA KaK LeNb
XoJaeiiHa, a pa3pbiB B CIIEKTPE BO30OYKIACHUS
M3BECTEH KaK pa3pbiB XoJAeiHA.

10  ¢yHAAMEHTAIbHOE  pa3jinyue
MEXIYy TMOJYyUEIbIMH W LEJOYHUCICHHBIMU
CIUHOBBIMHM TICTISIMH CBSI3aHO C Pa3iudveM
MexXay GepMHOHaMH U 0030HAMU  TIpHU
oOMeHe; ATa pa3nudyHas OOMEHHAs CHMMETPHUS

HMCCT TOIIOJIOTUYCCKOC IIPOUCXOKIACHHUC U

OKa3bIBa€T  CYIIECTBEHHOE  BIUSHUE  Ha
XapakTep BO30YKICHUM.
BONBIIMHCTBO ~ TPOBEPOK  THIOTE3bI

XonpeiiHa ObUIO TPOBEIECHO HA MaTepUayiax ¢

memsimu moroB  NiZ* (S = 1),
CsNiCls.

Nl(C2 H8N2)2 N02 C|O4 u YgBaNiO5.

BKJIIO4as

Bce »tu cimHOBEIE 1enouku S = 1, 1o-
BUJIMMOMY, 00JIa/IaloT rpobesaMu B CIIEKTpax
BO30YKJIEHHUSI, KaK U TIPEICKa3bIBaJIOCh.

[Tonyuensie aHTU(hEeppPOMarHUTHBIC

OCTIOYKH  ABJISIIOTCA 6CCH_ICJ'I€BBIMI/I, €CJIn

TOJILKO MAarHUTOYIpPYyTas CBA3b HE OTKPHIBAECT
CIIMH-TIAUEPIICOBCKYIO

IETIb, KakK

00CYy>KIaeTcsl B CIEAYIOUIEM pasiene.

8.4.4 Spin-Peierls transition

Although spin - ' antiferromagnetic
chains are gapless, they are susceptible to an
analogous kind of instability that afflicts one-
dimensional metals (see Section 7.9) which

can open up a gap.

8.4.4 Cnun-IlaiiepsicoBcknii mepexon

Xotsi aHTHUdhEpPpPOMarHUTHBIE MU CO

CIIMHOM - 2 HE HWMEIT 3a30pOB, OHH
MIO/IBEPIKEHBI AHAJIOTUYHOMY TUITY
HEYCTOWYMBOCTH, KOTOpas nopaxaer

oJHOMepHbIe MeTauibl (cM. Pasmen 7.9),




This

transition.

occurs at the spin-Peierls

The driving force of this intrinsic lattice
instability is the magnetoelastic coupling
the electronic

between one-dimensional

structure and the three- dimensional lattice
vibrations (phonons).
This

exchange energy of the chains is a function of

coupling arises because the

the separation between adjacent lattice sites.

A distortion of the lattice influences the
magnetic energy (see Fig. 8.9). The name
spin-Pcicrls reflects the similarity with the

Peierls distortion (discussed in Section 7.9).

Above the transition temperature Tsp,
there is a uniform antiferromagnetic next-
neighbour exchange in each chain; below Tsp
there is an elastic distortion resulting in
dimerization, and hence

two, unequal

alternating exchange constants.

The dimerization increases progressively
as the temperature is lowered and reaches a

maximum at zero temperature.

The alternating chain possesses an energy
gap between the singlet ground state and the

lowest lying band of triplet excited states.

KOTOPBIE MOTYT OTKPBITh 3a30p.

210 POUCXOUT Ha CIIMH-
naiepsacoBCcKOM mepexoe.

JIBUKyIIed CHJIOW 3TOM BHYTPEHHEU
HEYCTOWYUBOCTHU penieTku SBIISCTCS
MarHUTOYIIpyrasi CBSI3b MEXAY OJHOMEPHOM
DIEKTPOHHOM CTPYKTYPOM M TPEXMEPHBIMU
KoJieOaHUSIMU perieTKu (PoHOHaMM).

Orta CBSI3b BO3HHUKAET IMOTOMY, YTO

oOMeHHas PHEeprus 1enen sBisercsa GpyHkunen

paccTosiHUS  MEXJIy COCEIHHMHU  Yy3JIaMHU
PEIIeTKH.

HckaxxeHue  pelieTku  BIMAET  HA
MarHuTHyro sHepruto (cm. Puc.  8.9).

HasBanue spin-Pcicrls orpaxkaer cxonctBo c
uckaxkenuem [laitepnca (oOcyxnmaercs B
paznene 7.9).

Brime temmepatypbl mepexonga Tsp B
KaXJIOW 1€NM NPOUCXOJUT PABHOMEPHBIN
aHTU(EeppOMarHuTHBIN  OOMEH  COCENMU;
Humxe TSP HaOmomaeTcst yrpyroe uckaxeHue,
MIPUBO/IAIIEE K JTUMEepU3aliu, u,
CJIEIOBATENIBLHO, JIBE HEPABHBIC IEPEMEHHBIC
KOHCTaHThI OOMEHa.

Jumepnsanus IIOCTENIEHHO

YBEIMYMBACTCS MO  Mepe  IMOHWKCHUS
TEMITepaTypbl W JOCTUTACT MaKCUMyMma IpH
HYJIEBOM TEMIIEpPATYpE.

Uepenyromasics (113 obOnagaeT
DHEPTreTUYECKON IIEIbI0 MEXIY OCHOBHBIM

CUHTJIETHBIM COCTOSSHUEM U HUXXHEW MOJIOCOU




The magnitude of the gap is related to the
degree of dimerization and hence to the degree
of lattice distortion, becoming zero for the
uniform chain (zero dimerization) so that one

returns to the gapless spinon case.

Thus the magnetic susceptibility x (T)
shows a knee at Tsp, with a rather abrupt fall of
X below Tgp, corresponding to the opening of
the gap (see Fig. 8.10).

Whereas the normal Peierls distortion
(the electronic analogue of the spin-Peierls
transition, see Section 7.9) occurs at a
temperature Tp of the order of kgTp ~ Er exp(-
/At - on). Where Ag-pn is the electron phonon
coupling constant, the spin-Peierls transition
will occur at kgTsp ~ |J] exp (-1/Asp - pn), Where
J is the exchange interaction between adjacent
spins and Ag, - pn IS the spin-phonon coupling
constant. Since J << Eg (e.g. J is typically 50
K, Eg is typically 500-5000 K).

Tsp is always small in comparison with
Tbp.
There are only very few materials which

show a spin-Peierls transition.

This is because antiferromagnetic chains

TPUIUIETHBIX BO30YKICHHBIX COCTOSIHUM.

BennuunHa 3a30pa cBsi3aHa CO CTENEHBIO
JUMEpU3alliU U, CJIEA0BATENIbHO, CO CTEIIEHbIO
UCKWKCHHUSI PEIICTKH, CTAHOBSICh PaBHBIM
HYJIIO JJi8 OAHOPOJHOM 1enu (HyJeBas
JUMEpHU3alius), TaK 4YTO MOXKHO BEPHYTHCS K
cityyaro OecIlesIeBOro CIIMHOHA.

Takum o0Opazom, MarHuTHas
BOCIIPUUMYMBOCTH X () MOKa3bIBa€T KOJEHO B
Tsp, C TOBOJIBHO PE3KUM TaJACHUEM X HUKE
Tsp, COOTBETCTBYIOIIEE OTKPBHITHUIO 3a30pa (CM.
Puc. 8.10).

Torma kak HOpMallbHOE HCKaXEHUE
[laiiepica (MEKTPOHHBIM aHAJIOr TEepexoaa
cnun-Ilaitepnca, cm. Pazaen 7.9) npoucxoaut
npu temmeparype Tp nopsinka KgTp ~ Er exp(-
[/Xei - ph). TH€ Ael-ph — KOHCTAHTA CBA3U MEXKIY
AJIEKTPOHAMHU u

dhoHOHAMHU, CITHH-

nanlepIICOBCKUM mepexo]i OyAeT MPOUCXOAUTh

npu KgTsp ~ [J| exp (-VAyp - pn), THE T -
0oOMeHHOEe B3aNMOENCTBHE MEXITY
COCEJHUMM CHHMHAMH, a A - pn — CIHH
KOHCTaHTa CBS3M, TMOCKONMBKY J << Ef

(manmpumep, J ob6bruyno cocraBisier 50 K, Er
00b1yHO cocTasisieT 500-5000 K).

Tsp Bceria MajJieHbKUI MO CPAaBHEHUIO C

Tp.

JIuie  O4YeHb HEMHOTHE MaTepHasbl
JIEMOHCTPUPYIOT CIIUH-TIAaUEPIICOBCKUMN
IIEPEXOLL.

210 CBSI3aHO c TEM, YTO
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often become three-dimensionally ordered at

low temperature due to interchain coupling.

Only in very few materials is the spin-

phonon coupling able to dominate the
interchain spin-spin coupling and allow the
formation of a spin-Peierls ground state.
Examples of such materials include
CuGeO; (Tsp = 14 K) and a number of organic
systems such as MEM (TCNQ), (Tsp = 18 K)

and TTF — CuS,Cy (CF3)s (Tsp= 12 K).!

! MEM, TCNQ and TTF are organic

moiecules with lengthy chemical names.

aHTU(hEepPOMArHUTHBIC LIETTH JacTo
CTAHOBSITCSI TPEXMEPHO YMOPSATIOYEHHBIMU MIPU
HHU3KOU TeMmIeparype Oyraromapsi
MEKIIETIOUYEYHOMY B3aUMOJICHCTBHIO.

TonbKkO B 04YEHb HEMHOTHUX MaTepualiax
CriiH-(pOHOHHAs CBS3b cIocoOHa
JIOMHUHUPOBATH B MEXKIEIMHON CIHUH-CIIMHOBOU
CBSI3U M TIO3BOJISIET (DOPMUPOBATH OCHOBHOE
cocrosiuue crinH-Ilaiiepica.

[Iprmepsr TaKUX MaTepuagoB
BiogaroT CuGeO; (Tsp = 14 K) u psan

OpraHuyeckux cucreMm, Takux kak MEM

(TCNQ), (Tsp = 18 K) u TTF — CuS,C, (CF3),
(Tep= 12 K).

' MEM, TCNQ u TTF - opraHudeckue

MOJICKYJIbI C JJIMHHBIMHA XUMHWYCCKHUMH

Ha3BaHUSIMU.

(a)

(b)

L
0 7/2a q

i
-x/2a

S I S I S I N

IR

20

Fig. 8.9 Schematic representation of the
elementary excitations in (a) a uniform

Heisenberg antiferromagnetic chain and (b) an

Puc. 8.9 Cxemartnueckoe mnpencTaBiIcHUE

(a)

(20041

AJIIEMEHTAPHBIX BO30YKJIeHUI B

OJTHOPOJTHOW  aHTHU(EepPPOMATHUTHOMN

11




alternating chain (for which the ground state is
a singlet state at g = O), and for which the unit

cell is doubled.

Adapted from Bray et al. 1983.

['eiizenOepra u (D) 3HAKONIEPEeMEHHOH IeTH
(1T KOTOPOH OCHOBHOE COCTOSIHUE SIBIISCTCSI
CHUHIJICTHBIM cocTostHHeM npu ( = O) u aus
KOTOPOH 3JIeMEeHTapHas sSueiika yIBanBacTCs.

AnantupoBano u3 bpaii u coant. 1983.

o=l

Yy (10°m® mol™)

T

Illll

T(K)
Fig. 8.10 The molar magnetic susceptbility of | Puc. 8.10 MounsipHast MarHUTHas
the organic spin-Peierls material MEM | BocipuMMYHMBOCT ~ OPraHUYECKOTO  CIIHH-

(TCNQ) which consists of stacks of the
organic molecule MEM and stacks of the

organic molecule TCNQ.

At high temperature the susceptibility fits

to a model appropriate for a uniform
Heisenberg antiferromagnetic chain (dotted
line), but on cooling the susceptibility drops
rapidly at the spin- Peierls transition as a gap

in the excitation spectrum opens up.

naiiepicoBckoro matepuaia MEM (TCNQ),

COCTOALICTO u3 CTOIIOK OpFaHI/IquKOﬁ

MoJiekyiisl MEM u CTONOK OpraHu4eckou
Monekyisl TCNQ.

ITpu BBICOKOM TeMIeparype
BOCIIPUUMYHMBOCTh COOTBETCTBYET MOJEIH,
MOIXOAAIIEN

JUIA OJTHOPOJTHOU

antudeppoMaruutHo menu  [eizenbepra

(MyHKTUpHAST JMHHS), HO TPHU OXJAXKICHUU

BOCIIPUUMYHMBOCTh ~ OBICTPO  MajgaeT  Ha
CIIMHOBO-ITAlEPICOBCKOM nepexozne,
MOCKOJIbKY B CHEKTpE  BO3OYXACHUS

12




The rise at very low temperatures (as T is
lowered) is due to the Curie-like (~ T ™)
susceptibility from defects. After Lovett et al.
2000.

IIOABJIACTCA IICIIb.

[ToBrllIeHUE Inpu O4YCHb HHU3KHUX

(pu T)

00yCIOBJIEHO BOCIIpUUMUYUBOCTBIO Kiopu (~ T

TCMIICPATypax CHMXXCHUH

"1 k nedexram. ITocne Jlosert u coast. 2000.

8.4.5 Spin ladders

Before considering  two-dimensional
magnets, we can consider a system which is
somewhere in between a one-dimensional

magnet and a two-dimensional magnet.

Consider two parallel spin chains with
bonds between them such that the interchain
coupling is of comparable strength to the
intrachain coupling.

Such a system is known as a two-leg spin
ladder (see Fig. 8.11(a)).

It is also possible to have three-leg (see
Fig. 8.11(b)), four-leg, and in fact n-leg, spin

ladders.

Promising experimental systems include
SrCu,0; and Lagy Sry,CuO,s (both two-leg
spin - %), and Sr,Cuz0s (three leg spin - %5).

In fact there is a general system Sr,
1CUn+10,, with n odd which consists of (n +
1)/2-leg spin - Y% because its structure has
strips of a CuO, square lattice which have (n

+1)/2 Cu?* ions across their width.

8.4.5 CnuHoOBbBIE JIECTHUIBI

[Ipexne yeM paccMaTpuBaTh

ABYMCPHEIC MAarHuTHhI, MBI MOXEM

pPacCMOTPETh CHUCTEMY, KOTOpPAasl HAXOIUTCS
TAE-TO MEXIAY OJHOMEPHBIM MArHUTOM U
JIBYMEPHBIM MarHuTOM.

PaccmoTrpum IBE IapasuleiIbHbIC
CIIMHOBBIE LIENU CO CBS3SIMU MEXy HUMU, TaK
YTO MEXKIEIHAs CBS3b HMMEET CPAaBHUMYHO
MMPOYHOCTH C BHYTPHULICTTHOM CBS3BIO.

Takas cucTteMa Ha3blBaeTCs CIHMHOBOM
JecTHHIell c aByMsa Hoxkamu (cM. Puc.
8.11(a)).

Takxke BO3MOXHO HMMETh TPEXIUJICUYIO

(cm. Puc. 8.11 (b)), yeTwhlpexiieuyto, a B

JNEeUCTBUTEILHOCTA  N-HOXXHYIO,  CITMHOBBIC
JIECTHUILIBI.

[TepcriekTHBHBIC  JKCIIEPUMEHTAIBHBIC
cucteMbl  BkIrouaroT SrCu,O; u  Lagy

Sry,CuO,5 (06a ¢ aByMs HOXKKaMu - '5) u
Sr,Cu30s (¢ TpeMs HOKKaMH - Y52).
@dakTH4YEeCKH  CYLIECTBYeT  oOmmas
cucrtema Srh.1Cun+102, ¢ N HEYETHBIM, KOTOpast
coctouT u3 (N + 1)/2- criuHa - %%, MOTOMY 4TO
€e CTPYKTypa HMeEET II0JIOCH KBaJpaTHOM

pemrerkn CuO,, koTopsie nmerot (n +1)/2 Cu®*
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The spin -2 two-leg ladder is known to
have a finite gap in its excitation spectrum,
which is easy to see in the 'strong-rung' limit
in which the rung coupling J L is larger than

the coupling J along the legs.

In this case the ground state consists
simply of spin singlets along each rung of the
ladder (see Fig. 8.11(c)).

To create an excitation, you must
promote a rung-singlet into a rung triplet
(costing an energy J 1), hence the energy gap.
If J L = 0 the system is two isolated spin-%
chains which do not have a gap in their

excitation spectrum.

However it is believed that a gap appears
as soon as J L IS noo-zero, no matter how small

itis.

For the n-leg ladder, the situation is
identical if n is even.

However if n is odd, then on a given rung
the spins will pair up into singlets leaving one
left over.

At large J 1 the syslem can be mapped

into a spin -% chain which is gapless.

So an even-leg ladder has a gap in its

VOHBI 110 BCEX UX LIWPHUHE.

N3BecTHO, UyTO ABYXIUIEUEBas JECTHULIA
CO CIOMHOM ‘2 WMEET KOHEYHBIM 3a30p B
CIIEKTpe BO30YKJIECHUS, YTO JIETKO YBUJIETH B
MpEAENe «CUIbHOM NMEPEKIIAIUHBI), B KOTOPOM
CleIJIeHne cTyneHn J L Oosble, YeM
cuerieHue J BJ0JIb BETBEH.

B sTOM ciiyyae OCHOBHOE COCTOSIHUE

COCTOUT IIPOCTO U3 CIHMHOBBIX CHHIJICTOB

BJIOJIb KaXJOW CTymeHu JecTHullbl (cMm. Puc.

8.11 (c)).
YroObsl co3math  BO30YXKIEHHE, BbI
JOJDKHBI TIEPEBECTH CHUHIJIET CTYNEHbKH B

TPUIUIET CTYNEHU (CTOMMOCTHIO J 1), OTCI0J1a U
sHepreTrueckas menb. Eciu cucrema J L =0 -
3TO JIBE€ M30JMPOBAHHBIEC LIEIOYKH CO CIIUHOM
%2, KOTOpBIE HE HMEIOT IIENH B CIEKTpe
BO30YKJICHHUS.

OnHako  cuuTaercs, 4YTO  pa3pbIB
HOSIBJISIETCA, KaK TOJBKO J L1 CTaHOBUTCA
paBHBIM  HYJNIO, HE3aBUCUMO OT TOTO,
HACKOJIBKO OH Mall.

Jlis necTHHUIBI C N-HOXXKKOW CHUTyaIus
HJCHTUYHA, €CJIU N YE€THO.

Opnako, eciu n HEYETHO, TO Ha JaHHON
CTYNEHHM BpallleHus OyAyT OOBEIMHSTHCS B
CUHTJIETBI, OCTaBJIsIsl OJJMH OCTaBIIMHACA.

[Ipn Gonpmimx 3HaYeHHsIX J L cuctema
MOXET OBITh OTOOpaXkeHa B IIEMOYKY CO
CIIMHOM Y2, KOTOpasi HE UMEET 3a30POB.

Takum 00pa3oM, JIECTHUIIA C YETHBIMU
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excitaoon spectrum, while an odd-les ladder is

gapless.

This appears to be supported by the

results of neutron, PSR and transport
experiments.
Doping the spin ladder with holes breaks

up singlets in a spin ladder (see Fig. 8.11(d)).

For two-leg ladders there is an energetic
advantage for the holes o pair up since they
can then share a common rung, reducing the

number of ‘damaged’ singlets from two to one

(Fig. 8.11(e)).

Hence it is favourable for holes to pair on
two-leg ladders and this shows how it might
be possible to engineer superconductivity in

two-leg spin ladders.

Superconductivity (Tc ~ 14 K) has in fact
Sr14xCayCu2405
sometimes called [14-24-41] or the ‘phone

been discovered in

number’ compound) for x - 13.6 at 5 GPa.

The interest in spin ladders derives from
the fact they can have a gap in their excitation
spectrum, they can become superconducting,
and yet are simple well defined systems which
theorists(who like working in one-dimension)

can try to model.

HOTraMu HUMECT pa3pbIB B CIICKTpPC

B036Y)KI[€HI/I$[, TOorga KaK JICCTHHUILIA C

HCYCTHBIMHU YHACTKAMH HC UMCCT 3a30pa.

OTO TOATBEPKIACTCS  pe3ylbTaTaMU

HEUTPOHHBIX, USR ®m  TpaHCHOPTHBIX
HKCIIEPUMEHTOB.

JlernpoBaHue CHOMHOBOW JIECTHHUIIBI C
OTBEpCTUSAMH  Pa30MBaeT  CHUHIJIETHI B

cnuHOBOM JectHHIE (cM. Puc. 8.11 (d)).

JUIs JeCTHHII C JABYMS HOXXKaMH €CTb
DHEPreTUYECKOE IMPEUMYIIECTBO JIUIS Iapbl
OTBEPCTHH, TaK KaK OHH MOTYT pa3ieiiuTh
OOIIyI0 CTYNCHBKY, YMECHBINAS KOJIUYECTBO
«IMOBPSKICHHBIX» CHHIJICTOB C JBYX JIO
oaHoro (Puc. 8.11 (e)).

CrnenoBaTelIbHO, OTBEPCTHS JUIS Map Ha
JBYHOTHX U 3TO

JJCCTHHUIIAX  BBII'OJAHBI,

ITIOKAa3bIBACT, KakKk MOKHO CcO0341aThb

CBCPXIIPOBOAMMOCTL B CIIMHOBBIX JICCTHHIAX

C ABYM: HOKKaMMH.

~

(Tc

oOHapy»xeHa

14 K)

Srya.

CBepXIpOBOJIUMOCTD
dakTuuecku ObuIa B
«Ca,CuU»,0,1, nHorma HasepiBaeMoM [14-24-41]
WM «HOMEpOM TenedoHay, st X - 13,6 mpu 5
I'Tla.

NuTepec K  CIOHMHOBBIM  JIECTHUIIAM
MPOUCTEKAET U3 TOro (pakra, YTO OHH MOTYT
MMETh Pa3pbiB B CIEKTpe BO30OYXKIACHUS, OHU
MOTYT CTaTh CBEPXIPOBOJSIIMMH, U BCE XKE
ATO MPOCTHIE YETKO OMPEICICHHbIE CHUCTEMBI,

KOTOpPbIE TEOPETUKU (KOTOPBIM HPABUTCS
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Hence these magnetic systems may shed
light the high-T¢

superconductivity (see Section 8.5 below).

on problem  of

paboTaTb B OZHOMEPHOM IPOCTPAHCTBE)

MOTYT IIbITAaTbCA MOJICIINPOBATD.
CJ'ICI[OB&TCJ'IBHO, 9T MAarduTHBIC CUCTCMBI

MOTYT  OpOJUTh CBET Ha  mpoliemMy

CBCPXITPOBOANMOCTH C BBICOKMMH

3HaueHUsIMH ¢ (cMm. Paszzen 8.5 Hike).

-

——

J, Jy

(a) (b)

() (d) (e)

Fig. 8.11 (a) A two-leg ladder; (b) A three- leg
ladder. (¢) In a two-leg the ground state
consists of spin singlets on each rung of the
ladder and hence the two-leg ladder has a gap
in its excitation spectrum. (d) Doping holes on
to the ladder breaks up the singlets (e) but this

energy cost can be minimized if the holes pair

up.

Puc. 8.11 (a) JlectHuia ¢ 1ByMs HOxKkamH; (0)
(c) B

ABYXIIJICHOM OCHOBHOC COCTOSHHC COCTOUT M3

JlectHuia ¢ TpemMs  HOXKaMH.

CIIMHOBBIX CHHIJICTOB Ha Ka)I(I[Oﬁ CTYIICHA

JICCTHHUIIBI, u CJICOOBATCJIBHO, B

>

I[BYXHJ'IGLIGBOI?I JECTHHULOC HMMCCTCA 3a30p B

ciektpe Bo30yxnaenus. (d) JlerupoBanue
OTBEPCTUI HA JIECTHHUIIC PA3pYILIAET CHHIIIETHI
(), HO ATa PHEPreTHUYECKasi CTOUMOCTh MOXKET
OBITH CBeJlcHa K MUHUMYMY, €CITH OTBEPCTHS

COCIUHAIOTCA.

8.5 Two-dimensional magnets
Two-dimensional magnetism is often
studied in systems with formula A,BX,, where
as before A is non-magnetic cation of a single
charge, B is a doubly charged magnetic cation

and X is a halide anion.

8.5 /IByMepHbIe MATHUTBI

JIBymepHBbII MarHeTusm 4acTo
uzydaeTcss B cucteMax ¢ Qopmynont A,BX,,
rze, Kak u npexzae, A sBisieTcsi HeMarHUTHBIM

KaTHOHOM C OJHHM 3apiaaoM, B saBnsercs

ABYX3apsAJHbIM MArdHuTHBIM KaTHOHOM, a X
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The crystal structure is tetragonal and
the magnetic ions sit on a square lattice in

two-dimensions.

A typical material is K,NiF; and very
often these systems are said to have the
K5NiF, structure.

The Mermin-Wagner-Berezinskii the
orem demonstrates that in dimensions d < 2,
thermal fluctuations prohibit the existence of
at non-zero

long range magnetic order

temperature in an isotropic system.

However it says nothing about the T=0
ground state.

In one- dimension, it turns out that for
the spin-2 Heisenberg antiferromagnet no
long range order exists evenat T = 0.

The case for the two-dimensional
Heisenberg antiferromagnet is not so clear cut,
and there is currently evidence that this does

show long range magnetic order at T = 0.

This system is of great interest because
two-dimensional Heisenberg models appear to
be important in understanding the high - T,

cuprate SUpE‘I‘COﬂdUCtOI’S.

SBJISIETCS TaJIOT€HH1-aHUOHOM.
Kpucrannuueckass cTpyktrypa SBISIETCS
TETparoHajJbHOWM, U  MArHUTHBIE  HOHBI
pacrojararoTcsi Ha KBaJIpaTHOM peEIIeTKE B
JIBYX U3MEPEHUSIX.
TunuyHbIM ~ MaTepuaIoM  SIBISETCA
KoNiF4, m oYeHp 4YacTo TOBOPSAT, YTO OTH
cucTeMbl UMEIOT CTPYKTYpYy KoNiF,.
Mepmun-Barnep-bepe3unckuii  paiioH

MIOKa3bIBaET, 4yTO B pa3mepax d < 2 TeruioBbie

baykTyanuu — 3amnpenialoT  CyIIECTBOBAHUE
JadbHETO  MArHUTHOTO  MOpsJKa  MpHU
HEHYJIEBOM TEMIIEpaType B  H30TPOITHOU
CUCTEME.

OnHako 53TO HUYEr0 HE TOBOPUT O
ocHOBHOM coctogunu | = 0.
B onHoMepHOM ciiydae oOKa3bIBaeTcs,

yto s aHtudeppomarneruka | erzenOepra

CO CIMHOM Y2 JalbHEro TMOpsSAKa He
cymecTByeT gaxe mpu 1 = 0.
Cnyuait JUISL JBYXMEPHOTO

antugeppomarnetuka ['eiizenOepra He Tak
OUYEBMJIEH, U B HACTOALLEE BpPEMS HMEIOTCA
JI0Ka3aTesIbCTBa TOTO,

qTo 9TO

JIEMOHCTPUPYIOT JTallbHU I MArHUTHBIN
nopsitok ripu T = 0.

Ota cuctemMa MpeacTaBisieT OOJIbIION
HMHTEPEC, MOTOMY YTO JBYMEPHBIE MOJEIH

['eit3enOepra, MO-BHAUMOMY, BaKHBI  JISI

IMOHMMAaHNA CBCPXIIPOBOJHUKOB C BLICOKHMM

Tc, Kynpar.
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These systems contain planes of copper
and oxygen (see Fig. 8.12) which appear to be
crucial for the superconducting properties.

For example, pure La,CuQ, is an
antiferromagnetic insulator and has the K,NiF,
structure.

The Cu®* ions (3d°) have one hole in the
d band and thus have spin-Y.

They sit on a square lattice, each Cu®* ion
separated from its neighbour by oxygen ions
which  mediate an  antiferromagnetic
superexchange interaction between the Cu?*

spins (see Fig. 8.12).

With one electron per site you would
expect the system to be metallic, but the holes
are localized because of the correlations.

Doping the material with extra holes (by
replacing some La** ions with Sr**) leads to
high temperature superconductivity at around
40 K for the optimally doped samples (about
20 % of the La** replaced by Sr*").

You can make isostructural materials by
replacing Cu®* with Ni** (which has S = 1) but
these do not become superconducting, even
when doped.

There is therefore something special
about Cu®",

OTU CUCTEMBI COAEpXKAT IIOCKOCTU
Menu v kuciopona (cm. Puc. 8.12), xoTopsie,
MO-BUJIMMOMY, HMMEIOT pellaroliee 3HA4YCHUE
JUTSI CBEPXIIPOBOISIIINX CBOMCTB.

Hanpumep, uymcteii La,CuO, sBasercs
aHTH(QEPPOMArHUTHBIM H30JSTOPOM U HMEET
crpykrypy KoNiF,.

Wonsr Cu®* (3d°) umeror oxny meipy B d-
30HE U, CJI€I0OBATEILHO, UMEIOT CITUH 5.

OHu  pacnosioKeHbl Ha  KBaJApaTHON
pemretke, Kaxmelii o Cu®’ ormemen ot
CBOETO COCel]a MOHAMU KHCIOPOAa, KOTOPHIE
00ecreurnBaoT aHTH(QEepPOMarHUTHOE

CynepoOMEHHOE  B3aMMOJICCTBHE  MEXIY
cimaamu Cu®* (em. Pruc. 8.12).

C OIHHMM »BJIEKTPOHOM Ha CalWT MOKHO
OKHJIaTh, YTO CUCTEMA OYyJIeT METaJUIMYECKOMH,
HO JIBIPBI JIOKAIM30BAHbI U3-3a KOPPEISALIUA.

JlernpoBanue Marepuana

JIOTIOJITHUTEILHBIMU ~ OTBEPCTUSIMH  (ITyTEM

3+ 2+
3aMeHBbl HEKOTOphIX HOHOB La” Ha Sr7)
MPUBOIUT

K BBICOKOTEMIIEPATYPHOM

ceepxnpopoauMoctu  okosno 40 K mud
ONITUMAJILHO JISTHPOBAHHBIX 00pa3loB (OKOJIO
20% La* 3amenero na Sr**).

Bbl MOXeTe M3roTOBUTH M30CTPYKTYPHBIC
matepuaisl, 3amernB Cu®’ ma Ni** (koTopsiit

D,

CBEPXIPOBOISIIMMH, TAXKE ITPU JIETUPOBAHUU.

umeer S HO OHHM HE CTaHOBATCA

2
[Tostomy B Cu”’ ecTh 4TO-TO 0COOEHHOE.
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It is particularly surprising that these
magnetic ions should be helpful in promoting
because

superconductivity magnetism

normally destroys superconductivity.

This is because local magnetic fields due
to magnetic ions act as pair-breakers, splitting
up the Cooper pairs that are responsible for the

supercurrents.

The magnetic properties of the two-
dimensional S = '5 square lattice Heisenberg
therefore

antiferromagnet  are

the

probably
high-T¢

superconductivity, although this contention is

pertinent to problem of
unproven since, at the time of writing, no
definitive theory of high-T¢ superconductivity

is universally believed.

Oco0eHHO  yIMBUTENBHO, 4YTO  OTH

MAardmMTHBIC HOHBI JOJIDKHBI IIOMOYb B

MPOJIBIDKCHUH CBEPXITPOBOJUMOCTH, TIOTOMY
0OBIYHO

qTo Mari€Tu3m

pazpymaer
CBEPXITPOBOANMOCTb.
OTO CBS3aHO C TEM, 4YTO JIOKaJIbHBIE

MAardvMTHBIC IIOJIsd, BBI3BAHHBIC MAarHuUTHBIMHA

HOHAMH, JEUCTBYIOT KaK TIapHbIC
npepsiBaTenu, paciiemias napsl  Kymepa,
OTBETCTBEHHBIE 32 CBEPXTOKH.

[TosToMy MAarHUTHBIC CBOMCTBA
JIBYMEPHOTO ['eit3eHOeproBcKoro
aHThdeppoMarseTuka c KBaJIpaTHOU
pemetkod S = )2, BEPOATHO, HMEIOT

OTHOUIEHUE K MpoOJieMe CBEPXIPOBOAMMOCTH
C BBICOKMMHM 3HAUCHUAMH Ic, XOTS ITO

YTBCPKACHUC HC AOKa3aHO, IIOCKOJIBKY Ha

MOMEHT  HalMCaHus HJTOM  CTaTbu  HE
CYILIECTBYET OKOHYATEIHLHOM TEOpUH
CBEPXITPOBOAUMOCTH c BBICOKHMH

3Ha4YCHUAMMU Tc. ITIOBCCMCCTHO CUHMTACTCA.

C% e Cu
——O—F OO o O

0O

I F
b

i

*

b

A oA oF

b

Fig. 8.12 Copper-oxygen planes in La,CuQ,.

Puc. 8.12 MegHo-KUCIOpOIHBIE TIIIOCKOCTH B

La,CuO,.
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