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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 one-dimensionality 1mplies the
possibility of complex excitations which are

still far from being completely understood.

8.4 OnHoMepHbIe MATHUTHI

B caydyae  OJHOMEpHOro  Mar"Hura
HEBO3MOXKECH JaIbHHUNA mopsamok npu T > O,
NO3TOMY NPEANOIAracTcsi, 4T0 OJHOMEPHBIC
MarHUThI CUUTAIOTCS JOBOJIBHO
YTOMUTENBHBIMA U HEHHTECPECHBIMH.

Ha camom nene 310 He COBCEM Tak!

OIHOMEPHOCTH MOAPAa3yMEBAECT
BO3MOKHOCTB CJIOKHBIX KOJ€OaHWH, KOTOPbIE

CIIC HC IMMOJTHOCTBIO M3YYUCHDI.

8.4.1 Spin chains

A one-dimensional (d = /) line of spins 1s
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).

Spin chains can be approximately
realized in crystals, if the crystal structure is
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 = 7). XY

8.4.1 CnuHoBbIE LEeNH
OnnomepHast (d = 1) 5nWHMS CHOUHOB
HA3bIBACTCS CIIMHOBOM LIENbIO.
OtnenbHBIC  BpalllEHUS  MOTYT  OBITh
OTPaHUYEHBI, TAK KAK JIEXKAT NapaJuIeIbHO WU
AHTUTTAPALIETBHO OTIPEACIICHHOMY

HampaBJICHUIO  (BpawieHuss M3uHra), wim
MOTYT CBOOOJHO YKa3bIBaTh B JIFOOOM MECTE B
(uKCUpOBaHHOW TIOCKOCTH (BpamieHus XY),
WM MOTYT CBOOOJHO yKa3blBaTb B JIOOOM
HaIpaBJICHUM (BpaweHus [ eiizendepra).

CnuHOBBIE LENH MOTYT OBITh
NPUOU3UTENBHO PEATH30BAHbl B KPHCTAJLIAX,
€CJIM KPUCTAITNYECKAs CTPYKTYpa TaKOBa, YTO
OHHM YIEPKMBAKOT LEMH JOCTATOYHO HNAICKO
ApyT OT JIpyra.

AHM30TPOIIMS OAMHOYHOTO HOHA W3-3a
KPUCTAINTAYECKOTO TMOJII MOXKET MPHUBECTH K

MarHUTHBIM MOMEHTaM, KOTOPBIE BEAYT 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 1s
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 ¢ 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.

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

Nevertheless, there 1s a wide region of

temperature above the crossover to a three-

KaK U3MHroBckue cnuHel (D = 1). Bpamenus
XY (D = 2), pauienus ['eiizenbepra (D = 3)
WJIU TIE-TO MOCEPEINHE.

OOBIYHO W3Yy4aEMOE CEMEHCTBO CHCTEM
OCHOBaHO Ha kpuctauiax tuna ABXj, tme A
NPEACTABISIET COOOM HEMArHUTHBIM KaTHOH C
ONHUM 3apsaoM, B mnpeacrabisger coOoit
JBYX3apAJHBIA MArHUTHBIA KAaTtMOH U X
NPEACTABISAET COOOH rajJOreHUI-aHUOH.

OTO NPUBOJUT K MPOCTOM reKCaroHaJIbHOM
PELIETKE C MOHAMHU MEPEXOJHOr0 METaIA,
00pa3yolIei HENOYKH BIOJIb HATPABIICHUS C.

Hanpumep, CsCoCl; Bener cels moutu
KaK OJHOMEpHas cnvHOoBas uens M3uHra, Tak
KaK aHU30TPONHS OrPAaHUUYMBAECT BPALICHUS
BIOJb omnpeneneHHoro HanpasieHus: KCuFs
BeJIEeT ce0sl KaKk OJHOMEpHAsi COMHOBAs LIEThb
I'eitzenOepra, kak u psaxg coneid Cu ¢
OPraHUYECKUMH JIUTAHIAMH.

Ouenb 4acTo

3TH CHCTCMBI

JEMOHCTPUPYIOT  TPEXMEPHBIN JAJTBHUAMN
MOPSAOK MPH OYEHb HU3KUX TEMIEparypax,
4yTO0  BCErAa Kakoe-To

nOTOMY Oyaer

HEOOBIIOE MEXKIETOYEYHOE
B3aUMOJICHCTBHUE, KOTOPOE MOXKET COCTUHUTH
LENH1 BMECTE.
CsCoCl3  moka3blBa€T  TPEXMEPHBIN
JANbHUI MAarHUTHBIA NOPANOK Huwke 21 K u3-
3a DTOM MEXKIEITHON CBSI3H.
Tem He MeHee, CYLIECTBYET LIMPOKas

00jacTh TEMIEPaTypbl Hald TMEPEXOJOM 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
= Y5, with Mn?* (3d>) S = 5/2 and for Co*
(3d") in CsCoCl; the ground state has an
effective spin of S = 2 (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.

TPEXMEPHYO  00JacTh, A€  MAarHUTHOE

MMOBEICHUE COOTBETCTBYET MMOBEICHUTO
OJHOMEPHOU CUCTEMBL.

KBaHTOBOE YKCJIO CIIMHOB ISl KAXKIOrO
st

ueneit ¢ Cu*? (3d°) KBaHTOBOE YMCIIO CIIUHOB

paBHO S = %, ¢ Mn?*(3d°) S = 5/2, a ana Co**

CIIMHa B INLCIIOYKC 3aBHCHUT OT aToMa.

(3d7) B CsCoCl; OCHOBHOE COCTOSIHHE HMEET
3¢ dextuBHbIA cuH S = %2 (S = 3/2 0CHOBHOE
COCTOSIHUE CBOOOIHBIX MOHOB PACHICILISETCS
KPHCTAJUTMYECKMM TOJIEM, OCTABJISAS OCHOBHOE
COCTOSIHHE

(myOoner W BO30OYKICHHBIC

cocTosHusA). B cnemyromem pasgene Mel
MPOCTO PACCMOTPUM LEMOYKM ¢ S = '2 Ha

KaKIOM CaiTe.

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.

In Ising spin chains, the excitations are

8.4.2 CnuHOHBI

UTo menmaeT 3T ENOYKH UHTCPECHBIMA,
TaK 3TO HE UX YHOPSTOYCHHOCTh (TOTOMY UTO,
€Cln HE

MCKUCITHBIC B3aUMOACHCTBUSA

JOCTaTOYHO CHJIBHBI, OHM HE MOKA3bIBAKOT
NOPSAIOK). HO UX BO30ykaeHus. Kak noka3aHo
B paznene 6.6.1, B TPEXMEPHBIX
rei3eHOCProBCKMX MArHUTax BO30YKIACHHS
NPEACTABIAOT COOOM MarHOHbI, KOTOPBIE
ABISArOTCS  Oo30Hamu. (B Mertammueckom
MarHUTHOM Marepualic TaKXe MOTYT OBbITh
Bo30OyxkacHust CroHepa, cMm. Pasgen 7.8.)
Kaxaplii MarHoH sBjisieTcst BO30YKJICHUEM C S
= 1, W 1NO3TOMY OJWH MAarHOH MOXET
B3aMMOJECHCTBOBATE Cc HENTPOHOM B

AKCIEPUMEHTE MO HEYMPYTOMY PACCESHUIO.




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

1n 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 - 2 (in contrast to
magnons which have spin -1) and are
fermions.

They have a dispersion relation which is
given by

hw=rm|J) sin (ga)|, (8.2)

where J is the antiferromagnetic exchange

coupling, and a and g are the lattice constant

B CIIMHOBBIX HETAX H3zunra
BO3OYK/ACHHS  CBA3aHBI € CO3JaHUEM
JIOMEHHBIX CTEHOK.

OTCYTCTBYIOT O€eCIIEEBbBIE
BO3OYKACHHS (TO €CTh BO3OYXKACHHUS C
MCYE3aroIe MaJIOH SHEpruen B
JUIMHHOBOJTHOBOM  Mpeaene;, «0e3MacCOBBIE
MoAbl  ['onAcTOyHa» Ha  s3bIKE  (DUBUKH

YacTHI[), TOTOMY YTO AQKE CO3JaHHUE OJHOMN

JOMECHHOM  CTEHKM  CTOMT  KOHEYHOE
KOJIMYECTBO DJHEPruv (M (PaKTUUYECKH JUIs
BO30Y>KIEHHUS Bbl HAIO CO3/1aBaTh JOMECHHBIE
CTEHKH IMOMAapHO).

Kak Tonpk0 BO30YKIEHUE CO3/1aHO, OHO
MOKET CBOOOJHO TIEPEMEIIATHCS MO LCTIOYKE.

OHeprust BO30YXKICHHUSI HE 3aBUCUT OT
BOJIHOBOTO BEKTOPA, HO €CJIH LENb HE
SBJISIETCSL TOJHOCTbEO HM3WHIOMOJ00HON (Kak
3TO YacTO CIAYYAEeTCS B PEAJbHBIX CUCTEMAX),
TO OyJIET UMETh MECTO HEKOTOPAsk MOy
JUCTIEPCUOHHOTO COOTHOLLIEHUSI.

B cnuHOBBIX 1enoukax ['elizeHOepra
BO30Y>KICHHS M3BECTHBI KaK CITMHOHBI.

OHU WMEIT COUH - %2 (B OTJIMYME OT

MAarHOHOB, KOTOPBIE HMMEKT COUH -1) H
SBIIAIOTCS (PEPMUOHAMH.

Onu UMEOT JUCTIEPCUOHHOE
COOTHOILIEHUE, KOTOpOE OMPEAEIAETCS
BBIPAKEHUEM

ho =7 |Jsin (ga) |, (8.2)

rae J - aHTUdeppoMarHuTHas




and wave vector, both measured along the

chain direction.

Equation 8.2 1s the bold line in Fig. 8.7.

This can be compared with the
conventional spin wave dispersion relation in
eqn 6.58 with S = !4, but there 1s an additional
factor of /2.

The excitations in both cases are gapless
because when q — 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; + ¢ and energy hw =
hw: + hwz associated with creation or
annihilation of a pair of these spinons and so
the experimental data show a continuum of
excitations between eqn 8.2 and hw = 27 |J sin
(qa’2)| (see Fig. 8.7).

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

some antiferromagnetic

OOMEHHAas CBsI3b, d U ¢ - TOCTOSIHHAS PEIICTKA
W BOJIHOBOM BEKTOpP, HW3MEPEHHBIC BAOJb
HAIPABJICHUS LIETIN.

YpaBHeHue 8.2 - KMpHas JUHUS HA PHC.
8.7.

OTO MOXXHO CpPaBHUTb €  OOBIYHBIM
COOTHOLICHUEM IMCIIEPCUH CIIMHOBBIX BOJIH B
ypaBHeHUM 658 ¢ S = 2, HO ecCTb
JOTIOJIHATENBHBIA KO3PPUUMEHT /2.

Bo30yxneHust B 000UX CiyvasiX sIBIISIFOTCS
OeciieneBbIMA, MOTOMY 4Yto mpu q — O
(mpenen MIMHHOBOJIHOBOTO IMana3oHa) ® —
0.

OKCIEPUMEHT MO PACCESTHUID HEHTPOHOB
BKJIFOYAECT M3MEHEHUE CIMHA HA CAVHULY, U
MO3TOMY, XOTS 3TO MOAPA3yMEBAET CO3JAHUE
WM AHHUTWISILMIO OAWHOYHOTO MAarHoHa B
TPEXMEPHOM CHCTEMA, 3TO MOAPA3yMEBAET
CO3JaHUE WM YHUUYTOKECHHUE JIBYX CIIMHOHOB B
OJHOMEPHOU CHUCTEME.

[TosTOMY B HEUTPOHHBIX JKCIIEPUMEHTAX
U3MEPSIETCS UMIYJILC ¢ = ¢; + g2 U SHEPrus
hw = hw: + hwy, cBI3aHHAs C CO3JaHUEM WU
AHHUTWIALAEH  mapel

ITHUX CIIMHOHOB,

IIOOTOMY OKCIICPUMCHTAJILHBIC JAaHHBIC

NOKA3bIBAIOT  KOHTUHYYM  BO30Y>KICHMIA

MexTy ypasHermamu 82 u ho = 27| T sin (
ga/?2) | (cm. puc. 8.7).

OKCHEPUMEHTHI 10 PACCESTHUIO HEUTPOHOB
4TO0  3TH

MTOJTBEPINIIN, BO30YK/ICHUS

CYHICCTBYIOT B  HCKOTOPBIX OJHOMCPHBIX




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

8.2, see des Cloizeaux and Pearson 1962.)

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.

1/

0 20 40

60

aHTU(eppomarHnTHbIX uensax (cm. Puc. 8.8).
(4na nonyyeHua ypaBHeHus 8,2 cMm. Des

Cloizeaux n Pearson 1962.)

Puc. 8.7 [AncnepcUoHHOe COOTHOLUeHWe Ans

CMUHOHHbLIX BO30OYX[AEHWA B OAHOMEPHOW

aHTU(EPPOMarHUTHOM  CNMHOBOWN  LLEMOYKe

[eini3eH6epra (KUpHas NMHNUS).
3awTpuxoBaHHad 06nacTb MoKa3sblBaeT

BO30YXXAEeHUN,

KOHTUHYYM VI3MepeHHbII7I B

JKCMNePUMEHTE MO pacCedaHunto HEVITpOHOB.

(b)

80 100 120

Energy Transfer (meV)

Fig 8.8 (a) The dispersion relation for spinons

Puc 8.8 (a) [AncnepcuoHHOe COOTHOLLEHME



in KCuFs.

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

KCU.F3.

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 ef al. 1993.

i cnruHoHoB B KCukFs.

ODKCIEPUMEHT IIPOBOANIICS v
MCIOJIb30BAHUEM METOJA BPEMEHM MPOJIETA,
NO3TOMY JIMHHS TOKa3bIBACT TPACKTOPHUIO
paccesHAsL UL HEWTPOHOB C  DJHEPIUEH
mancHus 1489 M3B m uMmmynsCcoM maaeHus,
BHIDOBHCHHBIM Ha 8 OT HampaBiicHHS C* B
KCUF3.

PaccesHue BO3HMKAET, KOTIA TPACKTOPHS
NIEPECEKAETCS C COCTOSHUSAMU KOHTHHYyMa.

(6) Habmromaemoe paccesaue npu 20 K.
HemarnutHelii (oH 0003HAYEH MyHKTUPHOH

JIUHUCH.

ITocne TernanTa u coast. 1993,

8.4.3 Haldane chains

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

spinons which are gapless excitations.

This result 1s believed to be true also for
half-integer spin chains (i.e. chains of spins
with S =1,3/2,52,...).

Haldane conjectured that something
different would happen for integer spin chains
(1.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 llenn Xoaaeiina
B npenpiaymemM pasaene OnuchBaIOCH,
comH -

KaKk  BO3OYXKIEHUS B

aHTU(ECPPOMArHUTHBIX ~ CHUHOBBIX  IEMSAX

I'elizenOepra CUUATAKOTCS CIIMHOHAMMU,

KOTOPbIC SIBJISIOTCS OeCILIEICBBEIMU
BO30YKICHUSIMMU,

CuuTaercs, 4To 3TOT PE3yJbTaT BEPEH U
JUTS. TIONYLIETIBIX CIIMHOBBIX IIETIOYEK (TO €CTh
LEMOYEK COUHOB € S = Y2, 3/2, 5.2, ...).

XonaeH MNPEANoSIOKWI, 4YTO  JUIs
LEJOYMCIEHHBIX CIOUHOBBIX IEMOYEK (T.€.
LEMoYeK COUHOB ¢ S = 1, 2, 3, ..) mpouzoiiaer
HEYTO WHOE, a WMEHHO, 4YTO B CHEKTPE

BO30YKICHUS Oynaer MPOMEXKYTOK,
BO3HUKAIOINNA N3-3a HECJIMHEHWHBIX KBAHTOBBIX

(yKTyauuii B 3eMJI€ TOCYAapCTRO.




A one-dimensional chain of integer
spins is therefore known as a Haldane chain
and the gap in the excitation spectrum 1is
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
effect the nature of the

dramatic on

excitations.

Most tests of Haldane's conjecture have
been carried out on materials with chains of

Ni?* (S = 1) ions, including CsNiCI;.

Ni(C, HsNz )2 NO» ClO4 and Y2BaNiO:s.

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 00pazoMm, OJHOMEpPHAs LEMOYKA
LETOYUCIICHHBIX CIIMHOB M3BECTHA KaK LeMNb
XoJqaeiiHa, a pa3peiB B CIIEKTPE BO3OYKICHUS
W3BECTEH Kak pa3pbIiB XoJiaeiiHa.

D10  (QYHAAMCHTAILHOE  Pa3JIM4YUC
MEXKAY TMONYLUEIBIMA M LETOYMCICHHBIMU
CIMHOBBIMU LEMSMH CBSI3aHO C Pa3Iu4yHeM
Mexay (pepMuoHaMu W OO30HAMH  IPH
0OMEHE; 3Ta pa3inuvHas OOMEHHAsE CUMMETPHS

HMCCT TOIIOJIOTHYCCKOC MPOUCXOKIACHUC M

OKa3blBACT  CYIIECTBEHHOE  BJMSHUE  Ha
XapakTep BO30YKICHUH.
BONBIWHCTBO  MPOBEPOK  TMIOTE3BI

Xonneitna ObUTO MPOBEJACHO HA Marephaax ¢

nensMu  WoHoB Ni** (S = 1), Bxmouas

CsNiCls.
Ni(C, HgNz )2, NO, ClO4 1 Y2BaNiOs.
Bce 3T cnuHOBEIE LIEMOYKU S = 1, 1o-

BUJIUMOMY, 00JIaIat0T MpoOeiaMy B CIIEKTPax

BO30YK/ICHHS, KAK U TPEACKA3BIBAJIOCH.
[Tonyuensie

aHTHU(PEPPOMATHUTHBIE

OCTIOYKH  ABJIAKOTCA 6GCH_IGJ'I€BBIMI/I , CCIIk

TOJIBKO MAarHATOVIIPyras CBsi3b HE OTKPBHIBACT
CITUH-TTAREPIICOBCKY O

EIb, KakK

00Cy>KIaeTcs B CACAYIOMIEM pas/erie.

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 Cniun-IlaiiepJsicoBckuii mepexon

XoTs aHTU(EPPOMArHUTHBIE LENH CO

COMHOM - Y2 HE WMEKT 3a30pPOB, OHHU
ITOIBEPIKEHBI AHATIOTUYHOMY TUIY
HEYCTOMYUBOCTH, KoTOpas Mopakact

ONHOMEpPHbIE MeTauibl (cMm. Pazgen  7.9),




This occurs at the spin-Peierls
transition.

The driving force of this intrinsic lattice
instability 1s the magnetoelastic coupling
between the one-dimensional electronic
structure and the three- dimensional lattice
vibrations (phonons).

This coupling arises because the
exchange energy of the chains is a function of

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 7sp,
there 1s a uniform antiferromagnetic next-
neighbour exchange in each chain; below Tsp
there 1s 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 3a30D.

310 MPOUCXOJIAT Ha CIIUH-
naiepJacoOBCKOM mepexose.

JIBIKyIIEH CHIION 3TOW BHYTPEHHEN
HEYCTOMYUBOCTH PELIETKA SABJIACTCS
MarHUTOYIpyrast CBA3b MEXAY OJHOMEPHOM
DJIEKTPOHHOU CTPYKTYPOH M TPEXMEPHBIMHU
KOJIeOaHUAMU PEIIETKH ((POHOHAMH ).

JTa CBs3b BO3HMKAET IIOTOMY, 4TO

OOMEHHAas SHEPrUs Lenel aBiseTcs QyHKIuen

pacCTOsIHUSL  MEXIYy COCEJAHUMH  y3J1aMu
PELIETKH.

HckaxxeHue  pelieTKd  BAMSET  Ha
MAarHuTHy®0  SHepruro  (cm.  Puc.  8.9).

HazBanue spin-Pcicrls oTpaxaer c¢x0acTBO C
uckakenuem [laifepnca (oOcyxkpmaetcss B
paznene 7.9).

Brire temneparypel nepexona 7sp B
KQOKION MLenM IPOUCXOIUT PABHOMEPHBIN
aHTU(EPPOMArHUTHBIE ~ OOMEH  COCENIsIMU,
Hwke TSP Habmomaercs ynpyroe uCKakeHue,
NPUBOSLICE K JUMEPU3aLIH, u,
CJIEIOBATENILHO, [IBE HEPABHBIC IMEPEMEHHBIC
KOHCTAHTBI OOMEHA.

Jlumepuzanus IIOCTETIEHHO

YBEIUYMBAETCA 1O  MEpPe  TOHWKCHHS
TEMIIEPaTypbl M JOCTMTaeT MaKCMMyMa TpH
HYJIEBOW TEMIIEPATYPE.

Yepenyromasics 1enb oOnanaer
SHEPreTUYECCKON IIENbI0 MEXKAY OCHOBHBIM

CUHIJICTHBIM COCTOSHHUEM YU HUXKHEHM IOJIOCOM




The magnitude of the gap i1s 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 (7))
shows a knee at 7sp, with a rather abrupt fall of
x below Tsp, 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 7p of the order of kg7p ~ Er exp(-
/At - ph). Where Aq-pn 1s the electron phonon
coupling constant, the spin-Peierls transition
will occur at kgZsp ~ |J| exp (-1/Asp - ph), where
J 1s the exchange interaction between adjacent
spins and As - pn 1S the spin-phonon coupling
constant. Since J << Ep (e.g. J is typically 50
K, Er is typically 500-5000 K).

Tsp 1s always small in comparison with
Tp.
There are only very few materials which

show a spin-Peierls transition.

This is because antiferromagnetic chains

TPUILIETHBIX BO30YKICHHBIX COCTOSHUIA.

Bennunna 3a30pa cBs3aHa CO CTENEHBIO
OUMEPU3ALIMA U, CIIEIOBATEIILHO, CO CTETICHBIO
UCKQKECHUS PELICTKH, CTAHOBICH PABHBIM
HYJO Uil  OJHOPOJHOW w1enu (HyJieBas
JUMEPU3alKsl), TaK YTO MOYKHO BEPHYTBHCS K
ciyyaro O€CIeNIeBOro CIIMHOHA.

Takum oOpasom, MarHuTHas
BOCITPUAMYMBOCTH X (1) MOKa3bIBACT KOJIEHO B
Tsp, ¢ NOBOJBHO PE3KUM TMAJECHUEM X HHUXKE
T'sp, COOTBETCTBYIOIIEE OTKPBITUIO 3a30Pa (CM.
Puc. 8.10).

Torma Kak HOpPMaJbHOE WCKaKEHUE
[Taiieprica (PNEKTPOHHBIA aAHAJIOr MeEpexoaa
cnun-Ilaiiepnca, cm. Paznen 7.9) npoucxoaur
npu Temneparype 7p nopsaka kgly ~ Er exp(-
1/Ael = ph). TAE Acl-ph — KOHCTAHTA CBSI3U MEXIY
3ICKTPOHAMU u

(oHOHAMH, CIHH-

NanepICOBCKUI Mepexoa OyAeT MPOUCXOAUTh

npu kgZsp ~ |J| exp (-1/Ayp - ), TOE T -
oOMeHHoe B3anUMOJEHCTBHUE MEXKTY
COCCIHUMH CHUHAMHU, & Agp - pn — CIHH

KOHCTaHTa CBsA3M, MOCKOIMBKY J << Ep
(Hanpumep, J oObryHo cocrasnser 50 K, Er
00b14HO coctasisieT 500-5000 K).

Tsp BCerga MaJiCHbKHUI IO CPABHEHUIO C

Tp.

JIAIIE  OYEeHb HEMHOTME MAaTEPUabI
JEMOHCTPUPYIOT CIIUH-TTANEPICOBCKUIA
IIEPEXOI.

910 CBSI3aHO v TEM, 4TO
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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
CuGeO3(TP = 14 K) and a number of organic
systems such as MEM (TCNQ)z (Tsp = 18 K)

and TTF - CuS4Ca (Tsp= 12 K).1

1 MEM, TCNQ and TTF are organic

moiecules with lengthy chemical names.

Fig. 8.9 Schematic

elementary excitations in

Heisenberg antiferromagnetic chain and (b) an ogHopoAHOMN

representation of the Pwuc.

(@) a wuniform anemeHTapHbIX

11

aHTU(eppPOMarHUTHbIE uenu 4acTo
CTAHOBATCA TPEXMEPHO YNOPALOYEHHBIMU MpU
HN3KOM Temneparype bnarofaps
MeXLenoye4yHOMY B3aMOLENCTBUIO.

TONbKO B 0YEHb HEMHOIMX MaTepmanax
CMUH-(OHOHHaA CBA3b cnocobHa
AOMUHNPOBAaTb B MEXLLENHOW CNUH-CMUHOBOM
CBA3W W MO3BONSET (POPMUPOBATL OCHOBHOE
cocTosfHue cnuH-lManepnca.

MNMpumepsbl

TaKnXx MaTepunanon

BknoyarT CuGeO3 (TP = 14 K) n pag
Takux Kak MEM
(TCNQ)2 (Tsp= 18 K) u TTF - CuS4Ca4

(Tsp= 12 K).1

OpraHN4Yeckmnx CHUCTEM,

1 MEM, TCNQ wu TTF

opraHn4yeckue

MONEKYbI C OANHHBIMA XUMWYECKNMMU

Ha3BaHUAMN.

8.9 Cxematnyeckoe npeAacTaBneHue
BO30YXAEHN B @)
aHTU(EPPOMArHUTHOW  Lenu



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.

Fig. 8.10 The molar magnetic susceptbility of

the material MEM

(TCNQ) which consists of stacks of the

organic  spin-Peierls
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.

12

Menn3zeH6epra n (b) 3HAKONEPeEMEHHOMW uenu
(AN KOTOPOl OCHOBHOE COCTOSIHME ABNAETCS
CUHINIETHbIM cocTosHMeM npu g = O) n ans
KOTOpOIi 3fleMeHTapHas sueiika yaBanBaeTcs.

ApanTtuposaHo 13 bpait n coasT. 1983.

Puc. 8.10 MonapHas MarHuTHas

BOCMPUNMYUNBOCTb opraHn4yeckoro CNnNH-

naepncosckoro matepuana MEM (TCNQ),
M3  CTONOK

cocTosLero opraHu4ecKom

moniekynol MEM 1 CTOMNOK OpraHuW4eckoin

mosnekynbl TCNQ.

Mpwn BbICOKOIWA TemnepaType
BOCMPUMMUYMBOCTL COOTBETCTBYET MOJENM,
noaxoasie Ans OZIHOPOAHOWA
aHTU(heppoMarHMTHOM  uUenn [ein3eHbepra

(NYHKTUPHas NNHKA), HO MPU  OXNaKAEeHUW

BOCMPUMMUYMBOCTb  6GbLICTPO  NajaeT  Ha
CMWHOBO-NAliepP/ICOBCKOM nepexoge,
MOCKONbKY B CNEeKTpe  BO36YXAeHWs



The rise at very low temperatures (as 7' is
lowered) is due to the Curie-like (~ T 1)
susceptibility from defects. After Lovett ef al.
2000.

MMOABJIACTCA HICIIb.

[loBeIICHUE OUYCHb HU3KHUX

(ipu 7)

00yCIIOBICHO BOCIPUUMYKABOCTEIO Kropu (~ 7

npu

TeMIepaTypax CHUKEHUH

1 k geexram. 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 1s of comparable strength to the
intrachain coupling.

Such a system is known as a two-leg spin

ladder (see Fig. 8.11(a)).

It 1s also possible to have three-leg (see
Fig. 8.11(b)), four-leg, and in fact n-leg, spin
ladders.

Promising experimental systems include
StCu,O3 and Lajy Sr,CuOss (both two-leg
spin - 2), and Sr2CusOs (three leg spin - ¥2).

In fact there is a general system Sry.
1Cun+102 with 7 odd which consists of (n +
1)2-leg spin - %2 because its structure has
strips of a CuQO, square lattice which have (n

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

8.4.5 CnuHoBBIE J1ECTHHIBI

[Ipexne yeMm paccMarpuBaTh

ABYMCPHEIC MArHmThlI, MBI MOKEM

PaccMOTPETh CHUCTEMY, KOTOpas HaXOAUTCA
AE-TO MEXIY OJHOMEPHBIM MArHUTOM H
JBYMEPHBIM MAarHUTOM.

Paccmorpum JIBE MapauIeIbHBIC
CIIMHOBBIE LIEMU CO CBA3AMU MEXIAY HUMM, TaK
YTO MEXLENHAsA CBA3b HMMEET CPaBHUMYIO
IIPOYHOCTH C BHYTPULIEITHOM CBA3BIO.

Takas cucTeMa Ha3bIBAETCS CHHHOBOM
JeCTHMIEeH C JByMs HOXKamu (cM. Puc.
8.11(a)).

Tarkke BO3MOYKHO WMETh TPEXIUIEYYIO

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

JNEHCTBUTEIILHOCTH ~ M-HOKHYIO,  CITUHOBBIE
JICCTHHIIBI.

[TepCnEKTUBHBIE  AKCIICPUMEHTAJILHBIC
cucreMbl  BkrouaroT  SrCu,O; u Lajy

St.,CuOz5 (00a ¢ AByMs HOXKKaMH - Y2) W
S1,Cu3Os (¢ TpEMS HOKKAMU - 72).
DaKTUUYECKH CYLIECTBYET oOmas
cucreMa Sty.1Cunt102n € 7 HEYETHBIM, KOTOPAst
coctouT u3 (n + 1)/2- cnuna - %2, MOTOMY 4TO
€€ CTPYKTypa MMEET TOJOChl KBaIpaTHOU

peuetku CuO,, KoTophie uMeroT (n +1)/2 Cu?*
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The spin -2 two-leg ladder 1s 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 1 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-/2
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

it 1s.

For the n-leg ladder, the situation is
identical if n 1s even.

However if n 1s 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 -%2 chain which is gapless.

So an even-leg ladder has a gap in its

WOHBI 110 BCEW UX LIUPUHE.

H3BeCTHO, UTO ABYXIUICUEBas JICCTHHULIA
CO CIHMHOM ‘> MMEET KOHEYHBIA 3a30p B
CHEKTPE BO30OYKICHMS, YTO JIETKO YBUACTH B
MPEACIIe «CUIBbHON NMEPEKIAANHBI», B KOTOPOM
cuerieHue cryneHn J L OOJblIe, 4YeM
CLEIIEHNE J BIOJIb BETBEW.

B 5TOM cCilydyae OCHOBHOE COCTOSIHUE
COCTOMT TIPOCTO K3 CIMHOBBIX CHHIJIETOB

BJIOJIb KaKJIOW CTYMEHU JIECTHUIBI (cM. Puc.

8.11 (c)).
UroOsl co3maTth  BO30OYXKICHHE, BB
JO/DKHBL TIEPEBECTH CHHIJIET CTYNEHBKU B

TPUILIET CTYMEHU (CTOMMOCTBIO J 1), OTCIO/IAa U
JHepreTuyeckas menb. Ecnu cuctema J L= 0 -
3TO JIB€ M30JMPOBAHHBIE LICTIOYKH CO CIIMHOM
2, KOTOpBIE HE HWMEKT INENH B CIEKTPE
BO30YKIECHUSI.

OmHako  CUMTAETCA, YTO  Pa3pbIB
NOSBJISIETCS, KAaK TOJBKO J L CTaHOBUTCS
PaBHBIM  HYJIFO, HE3aBUCUMO OT  TOTO,
HACKOJIBKO OH MaJl.

JUTs NECTHHLIBI C M-HOKKOW CUTyauus
HUACHTUYHA, €CJIH 1 YETHO.

OnHako, €ciii N HEYETHO, TO HA JTAHHOU
CTYIICHU BpalicHust OyayT OOBEIUHATHCS B
CUHTJIETHI, OCTABJISASl OJTMH OCTABIIMIACS.

[Tpu Oosblix 3HAYCHUSX J L CHCTEMA
MOXKET ObITh OTOOpaK€Ha B ILEMOYKY CO
CIIMHOM 2, KOTOpasi HE UMEET 3a30POB.

Takum 0Opa3zoMm, JIECTHHIIA C YETHBIMHU

14




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 1s 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 (T¢ ~ 14 K) has 1n fact
S114xCaxCunsOn1
sometimes called [14-24-41] or the ‘phone

been discovered n

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.

HOTaMH HUMECT pa3pbiB B CIICKTPC

BO30Y>KIEHHS, TOrJAa KakK JIECTHUIA C

HCUCTHBIMHA Y4aCTKaMH HC UMCCT 3a30pa.

OTO TMOATBEP)KAAETCS  PE3yJibTaTaMu

HEWTPOHHBIX, USR ¥ TPAHCHOPTHBIX
3KCIEPUMEHTOB.

JlerupoBanue CHNMHOBON JIECTHULBI C
OTBEPCTUSIMM ~ pa30MBACT  CUHIJIETHI B

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

JIns JeCTHHIl ¢ ABYMS HOXKKaAMHM €CTb
SHEPreTUYECKOE TMPEUMYIIECTBO JJIs  Tapbl
OTBEPCTHH, TaKk KaK OHM MOTYT Pa3JeiuTh
OOIIYI0 CTYNEHbKY, YMEHBIIAsS KOJIMUYECTBO
«TTOBPEKIEHHBIX )

oanoro (Puc. 8.11 (¢)).

CHHIJICTOB € JBYX 10

CrnenoBaTenbHO, OTBEPCTUS Ul Map Ha

ABYHOTHMX JICCTHMLIAX  BBII'OJHBI, H  3TO

IMOKa3bIBACT, KakK MOKHO co3aaTb

CBCPXITPOBOAUMOCTE B CIIMHOBLIX JICCTHHIIAX
C ABYM:A HOKKaMMH.

~

CeepxnpoBoaumocts  (Tc

(daktudeckn Obuta  OOHApy>KeHA

14 K)
B SI‘14-
xCaxCup40n1, nHOrMA Ha3piBacMoM [14-24-41]
WM «HOMEPOM Tenedonay, st x - 13,6 npu 5
I'TIa.
HHTepec K  CNMHOBBIM  JIECTHHLIAM
NPOUCTEKAET U3 TOTO (haKTa, 4T0 OHU MOTYT
UMETh PA3PbIB B CIEKTPE BO3OYXKACHHUS, OHU
MOIYT CTaTb CBEPXMPOBOMSIIMMHU, U BCE KE
3TO MPOCTBIE YETKO OMPEACIICHHBIE CUCTEMBIL,

KOTOpPbIE TEOPETHKM (KOTOPBIM  HPaBUTCS
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Hence these magnetic systems may shed

light on the problem of

superconductivity (see Section 8.5 below).

Fig. 8.11 (a) A two-leg ladder; (b) A three- leg
ladder. (c)

consists of spin singlets on each rung of the

In a two-leg the ground state

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.

8.5 Two-dimensional magnets

Two-dimensional magnetism is often
studied in systems with formula A2BX4, 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.

high-TC
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pa6oTaTb B OJHOMEPHOM NPOCTPAHCTBE)

MOTYT MblTaTbCA MOAENNPOBATb.
CnepnoBaTtefibHO, 3TW MarHWTHbIE CUCTEMbI
CBET Ha  npobnemy

MOTYT  MPOAUTb

CBEPXMNMPOBOANMOCTMH c BbICOKUMMU

3HaveHuamn TC(cm. Pasgen 8.5 Huxe).

Puc. 8.11 (a) /lecTHuua ¢ AByMS HOXKamu; (6)
(c) B

AByXMnie4yoMm OCHOBHO€ COCTOAHME COCTOUT U3

NlecTHMya ¢ Tpem4 HOXXKaMW.
CMNHOBbLIX CWUHINETOB Ha Ka)K,CIIOI‘/JI CTYNEHN

NeCcTHUUBbI, n, cnepoBaTesnbHO, B
ABYXNNEYeBON /NECTHULE WMeeTcsa 3a30p B
cnektpe BO30yxaeHusa. (d) JlermpoBaHue
OTBEPCTUN Ha NeCTHULUE paspyLllaeT CUHINETbI
(e), HO 3Ta aHepreTnyeckasa CTOMMOCTb MOXET
ObITb CBefeHa K MUHUMYMY, €C/ih OTBEpPCTUSA
coeauHAKTCS.
8.5 [IByMepHble MarHuThbl

[ByMepHblii MarHeTusm 4acTo
n3yyaeTca B cuctemax ¢ dopmynon AZBX4,
rae, Kak n npexae, A ABnseTcsd HeMarHUTHbIM
KaTMOHOM C OAHMM 3apsgom, B saBnsdetcs

ABYX3apaAAHbIM MarHUTHbIM KaTUMOHOM, a X



The crystal structure is tetragonal and
the magnetic 1ons sit on a square lattice in

two-dimensions.

A typical material is K;NiF4 and very
often these systems are said to have the
K, NiF; structure.

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

temperature in an isotropic system.

However it says nothing about the 7= 0
ground state.

In one- dimension, it turns out that for
the spin-'2 Heisenberg antiferromagnet no

long range order exists even at 7= 0.

The case for the two-dimensional
Heisenberg antiferromagnet is not so clear cut,
and there 1s currently evidence that this does

show long range magnetic order at 7= 0.

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

cuprate superconductors.

ABJISAETCS TaJIOT€HUA-AaHUOHOM.
Kpucrammueckass CTpyKTypa SBIAETCS
TETParOHAJIBHON, W  MarHUTHBIE  WOHBI
pacronararorcsi Ha KBaJpaTHOM PEIIETKE B
JIBYX U3MEPEHUSAX.
TUNAYHBIM ~ MaTepuaioM  ABJISAETCA
K;oNiF4, m o4yeHb 4acTto TrOBOPAT, 4YTO 3TH
CUCTEMBI UMEIOT CTPYKTYPY KoNiF,.
MepmuH-Barnep-bepe3suHckuil  pailoH

NOKA3bIBACT, YTO B pa3Mepax d < 2 TEIUIOBBIC

(QuyKkTyalMy  3amnpelarT  CYHICCTBOBAHUE
JAIBHETO ~ MArHUTHOrO  TOpsSAKa [P
HEHYJIEBOM TeMIeparype B  HU30TPOIHOMN
CHUCTEME.

OmHako 3TO HHMYEro HE TOBOPHUT O
OCHOBHOM cocTosiHuM 7' = 0.

B oaHOMEpHOM cilydyae OKa3bIBaeTCH,
yTo s aHTHdeppoMarHeTrka [ eiizenGepra
CO CHOUHOM Y2 JANbHETO TOpAJKA HE
CyumiecTByeT gaxke npu 7' = 0.

Ciyuait JUISt JIBYXMEPHOTO
aHThu(eppoMarHeTika ['eli3zeHOepra He Tak
OYCBUJICH, U B HACTOSIICEC BPEMS MMEKOTCS
J0KA3aTeNbCTBA TOTO,

qT0 3TO

JEMOHCTPUPYIOT JATBHAN MarHUTHBIA
nopsiaok npu 7' = 0.

Ota cucTeMa MPEACTaBIsAET OOJIbLION
WHTEPEC, MOTOMY HYTO JBYMEPHBIE MOICIH
['eiizenOepra, NO-BHAMMOMY, Ba)KHBI ISl
MMOHUMAaHUSL CBEPXIPOBOAHUKOB C BBICOKAM

Te, 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,CuO; 1is an
antiferromagnetic insulator and has the K;NiF,
structure.

The Cu?* ions (3d”) have one hole in the
d band and thus have spin-'2.

They sit on a square lattice, each Cu** ion
separated from its neighbour by oxygen ions

which

superexchange interaction between the Cu?*

mediate an  antiferromagnetic

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 1s therefore something special

about Cu?*.

OTH  CUCTEMBI COIEpXKAT IUIOCKOCTH
Menu U kucjoponaa (cMm. Puc. 8.12), kotopsie,
NO-BUIMMOMY, HMMEIOT PEIIAIOIICEe 3HAYCHHE
JUT CBEPXHPOBOJALINX CBOUCTB.

Hanpumep, umcteiii La,CuO,; saBiseTcs
AHTU(PEPPOMATHUTHBIM H30JIATOPOM W MMEET
cTpykTypy KoNiFy.

Honsl Cu? * (3d°) umeror oany IeIpy B d-
30HE U, CJICI0BATEIIBHO, UMECIOT CIIUH 2.

OHM  pacmonoKeHbl HA  KBaJApaTHOM
pewerke, Kaxaelii won Cu?" ormenen ot
CBOETO COCEa MOHAMH KHCJIOPOJA, KOTOPBIC
o0ecneYnBaroT aHTU(PEPPOMATHUTHOE

CYMepOOMEHHOE  B3aUMOJCUCTBHE  MEXKIY
comHamu Cu?* (em. Puc. 8.12).

C OoJHUM DJIEKTPOHOM Ha CaWT MOKHO
OKUJIaTh, YTO cUCcTEMA OyAET METATMUECKOM,
HO JIbIPbI JIOKAJIM30BaHbI U3-32 KOPPETSALIMA.

JlerupoBanue Marepuasa

JOTIONTHUTENBHBIMA ~ OTBEPCTUSAMH  (IIyTEM
3aMEHBl HEKOTOpPhIX HOHOB La** ma Sr*)
IIPUBOIAT K BBICOKOTEMIIEPATY PHOM

ceepxnpoBoagumocty  okono 40 K mug
ONTUMAJIBHO JIETUPOBAHHBIX 00pa3loB (OKOJIO
20% La** sameneno na Sr**).

BBl MOXETE€ M3rOTOBUTH M30CTPYKTYPHBIC
marepuansl, 3amenns Cu?* na Ni** (koTopbiit
umMeeT S = 1), HO OHM HE CTAHOBATCS
CBEPXIPOBOSIIMMHE, JAKE PU JIETUPOBAHUU.

[Tosromy B Cu?* ecTh 9TO-TO 0COGEHHOE.

18




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 = =2 square lattice Heisenberg
antiferromagnet are therefore  probably
pertinent to the problem of high-TC

superconductivity, although this contention is
unproven since, at the time of writing, no
definitive theory of high-TC superconductivity

Is universally believed.

Fig. 8.12 Copper-oxygen planes in La2CuQO4.
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OCOGEHHO  yAUBUTENbHO,  4YTO  3TU
MarHWTHbIE  WOHbI  [JOMIXHbI  MOMOYb B
MPOABMKEHUN CBEPXMPOBOAUMOCTUA, MOTOMY
uTo MarHeTun3m 006bIYHO paspyLuaeT
CBEPXMNPOBOANMOCTb.

OTO CBA3aHO C TeM, 4TO JlOKaslbHble

MarHnTHble nNoJid, BbI3BaHHbIE MarHUTHbLIMU

MoHamu, AENCTBYIOT Kak napHble
npepbiBaTenun, pacwennsd napsl  Kynepa,
OTBETCTBEHHbIE 32 CBEPXTOKMN.

Moatomy MarHuTHble CBOWNCTBA
[IBYMEPHOI0 I"eli3eH6epProBCKOro
aHTMheppomarHeTuKa c KBagpaTHOW
peweTtkon S = /[, BepoATHO, WMeKT

OTHOLUEeHWe K npobneme CBEPXMNPOBOAVMOCTY

C BbLICOKMMW 3HayeHmamMmM Tc, XOTA 3TO

YTBEPXAEHNE HE [OKa3aHO, [MMOCKOJ/IbKY Ha

MOMEHT  HanucaHua 3TOW  CcTaTbM  He
CYLLECTBYET OKOHYaTeNbHO Teopum
CBEPXMPOBOANMOCTU c BbICOKVMM

3HayeHnamMm Tc. NOBCEMECTHO CUMTaeTCA.

Puc. 8.12 MefHO-K1UcnopogHbie Na0CKOCTU B
La2CuO4.



