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Colossal Magnetoresistance (CMR)
in mixed-valence manganites

» The largest CMR effects are observed in mixed-valence manganites.
- e.g. La; ,Ca,Mn0O;, La,_,Sr,MnO,

e The CMR is largest just above the ferromagnetic transition temperature

¥ Mo+t + (1-x)Mn3*

|

| N\

Jahn-Teller Polarons
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Field splitting of the five-fold degenerate atomic 3d levels into lower ¢ and higher e levels.
The particular Jahn-Teller distortion sketched in the figure further lifts each degeneracy as
shown. J.p~2eV,J;~2-3eV,];;~05eV,t~0.3¢eV.




ITPOBJIEMA

II-D nepexoo 6 0OonuposanHvIX ObIPKAMU MAHZAHUM AX
H-M nepexoo u y¢pcpexm KMC
Coeounenusn :
e Monokpucrtamisl: Nd;Ba.MnQOj; (0onupoeanue N&* — Ba2+);
x=0.23, x=025(DPHU) ux=10.3(®M)

ol lomukpucraiibl: LagssMnO, (x=2.82-2.95)( oonupoeanue uzmenenuem
cooeprHCanus 0”)
LayggMnQ; g, <> Nd MnO; (uonnas mooein: La3+, Mn3+, o0’ )
x=2.91(DH) u x=2.95(dPM)

I1-D B u3zouasaropax — @M kiacrepsl B 11 ¢ase nuke T > Tc
Ananusupyemca LaygsMnQ; g5 Ty =253 K> T =240 K
Crpykrypa - audpakius HEUTPOHOB

MarauTHbI€ CBOMCTBA - JIMHEUHASA U HEJIMHEWMHBIE BOCITPUUMYHUBOCTH
(BTOpOro u Tperhero nopsaka), ESR, uSR u nenonspuzanys HEHTPOHOB



Average manganese valency
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Magnetic phase diagram of the La, (cMnO, system. Orthorhorhombic crystal structure, M-monoclinic
crystal structure. PI, AFI, FI, and FM-paramagnetic insulating, AF insulating, F insulating, and F
metallic states, respectively. Filled circles present the temperatures corresponding to the onset of
magnetic ordering. Areas 1 and 2 correspond to the concentration regions where an AF or F phase
predominates.
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The temperature dependencies of the linear susceptibility (v =95 kHz) and amplitude of the third
harmonic of magnetization (v=20 kHz) (panel (1)) at 2z =10e. Insert in panel shows the power
dependence of 47y’ (solid line).



p (Ohm cm)

T, =240 K. The plots of the p(7) (closed circles) and magnetoresistivity
MR = {[R(H=9kOe¢)-R(H=0)]/R(H=0)}-100% (open circles) versus T.




Second harmonic of magnetization, M,, in parallel steady and
ac - harmonic magnetic fields ( H(t) = H + h sinot)

® M, - pseudovector and even function of h = M,(H) - odd in H with
M,(0) = 0 in P phase (M,oc H at H—0).
High sensitivity to the appearance of spontaneous magnetization,
because in this case M, = 0 at H=0.

e When M, o« h?, M,(®,H) = x2(@,H) h?, x> — susceptibility of second
order with static limit 1,(0,H) = Rey,(0,H) =(1/2)0 M(H)/OH -
Imy,(0,H)=0.

(G/)[AM(D)] = -T(H(1) [A M(1) - 7,h(t) - 72 h*(9]  (Bloch eq.)

1,(T, H) =OM(T,H)/8H, 7> (T, H) = (1/2)8 M(T, H)/aH > AM(t) = M(t) -M

(Mo— equilibrium value), I - relaxation rate of uniform magnetization.

x1(@) =T/(-10+T)x.1(0)

Yo(@) =T/(-120+T)(0) - i @T/OH) {(-i20 +T) (-1 +T)} %, (0.



M, in 3D isotropic ferromagnet above T¢
H(t)=H +hsinat, f= @/2n=15.7 MHz, h <30 Oe, H <300 Oe.

In the measurements M, oc h2, M, (w,H) = y»(w,H) h?.

oT<< 1 (T'>500 Oe (ESR)) = Re M,(e,H) o« Rey,(0) oc & M(H)/oH - In

weak field regime ( gpH < Q(t) =T¢t™?), ReM, oc Ht'*? (1 = guH/T¢)* =
2.5-10° {H=300 Oe, Tc =240 K}, Tc + 1 K).

ImM, is determined by the term with 0I'/OH. It has more complicated
behavior (approximately linear in H) being related to a spin diffusion mode.
In the first approximation ImM, oc Ht™'”"°.

Expectations
ReM, o Ht'*?

ImM, < Ht"”*G(H, 1), G is the known, weakly changed function.
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La, ¢ ,MnO,,. Two phase components of the second harmonic of magnetization M, as the functions of the steady

magnetic field / at some temperatures. 7. =240 K.

ImM, (H,T) for T>T =258 K < 3D isotropic F. At T">T>T, - anomalous response in weak H, ~ 10 Oe. H, is T-
independent down to 7, signal increases (500, /mM,). Anomalous and normal (4~ 250 Oe) signals coexist down to
T~ — inhomogeneous magnetic state.
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Fitby A=A "
A,=10(1)
y=1.22(6)

©

s
»

w

o

-~ Amplitude, A(arb. un.

Fit by I=r_[t"+A1]
r,=13(9)0Oe T_=240K
e, 7,=1.0(3) A=62(5)
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T =240 K. H/M vs M? plot in the vicinity of T,..
H/M = 1/y + BM2 +...

B > (<) 0 <> second (first) order transition.



La MnO

0.88 2.95

* =260 K
T, = 252K

T, =240 K
A=23A

TemneparypHasi 3aBUCHMOCTD HOJISAPU3AIMH MPOXOASIIIUX Yepe3 00pa3el HeiiTPOHOB.
P =P exp(-1/3(uB/E)’k’Rc'"L)
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Two band model.
Spectral density (E;; =-0.5eV,D=12eV,U=5¢V,J.=2meV):(a)x=0.1,
T=0(FI), (b)x=0.3,T=180K (<T.=240 K) (FM), occupied band states are
shown shaded, (c) T =350 K (PI). Vertical line is the / polaron level.



FIG. 1 (color online). Real space electronic distribution ob-
tained from simulations on a 167 cube. Magenta (darkest)
denotes hole clumps with occupied b electrons, white (lightest)
denotes hole clumps with no b electrons, cyan (2nd lightest)
denote singleton holes, and light blue (2nd darkest) represents
regions with € polarons. Left: Isolated clumps with occupied b
electrons (b-electron puddles). Right: Larger doping; percolating
clumps. Inset: ““macroscopic phase separation’ absence of long
range Coulomb interaction (Vy = 0.0).

V.B. Shenoy et al., PRL 98, 066602 (2007) I




THE END



Experimental details
Samples

e Nd, Ba,O; single crystals, x =0.25 /PI -FI transition/, x = 0.3 /PI — FM/
e LajssMnO, powder, x =2.91 /PI -FI transition/, x=2.95/PI1—-FM/

Measurements
1.Structure: powdered neutron diffraction.

2. Linear susceptibility, third harmonic of magnetization and resistivity.

3. Second harmonic of magnetization, M2, in the parallel steady and ac-

harmonic magnetic fields.

4. Magnetization in H = 1 kOe at zero field (ZFC) and field cooling (FC)
regimes.

5. ESR.
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MaHraHuThl — udeanbHble COCOUHEHUA 0711 MAZHUMIHBIX CEHCOPHBIX YCHIPOUCHE.
B HUX KOHKYPHUPYIOT JIBA OCHOBHBIX COCTOSHUS— METAJUINYECKOE U
IOJIYIIPOBOJTHUKOBOE M TEMIIEpATypa nepexona metaiu-audnekTpuk (M-/1), Ty,
(rie mocTUraeTcs MaKCUMalibHasi YyBCTBUTEJILHOCTh K BHEIITHUM TTOJISIM) OJIM3Ka K
komHaTHOM (Jin, McCormack et al., 1994). MaruuTHoOe noJie BbI3bIBa€T
apamaruyeckue dpPpexrol, vHAYUUPYHa M-/l ¢pa3oBbId nepexoa Wi CABUras
ero remneparypy. OqHako, KOJIMYECTBEHHOE MTOHUMaHUE (PU3UKU MAaHTaHUTOB
MOKa HE JOCTUTHYTO U COCAUHEHUS C HYKHBIMUA CBOWCTBaMHU (0151 NPUMEHEHUS 8
MACHUMHBIX YCMPOUCBEAX XPAHEeHUs UHGDOPpMAYUL) HE TIOTYYECHBI.

Manzanumel - THAMAYHASA CUCTEMA ¢ CHJIbHBIMHU 3JIEKTPOHHBIMH
KOppeJsAMsAMH, B KOTOPOH CIIMHOBbIE, 3apSAI0BbIe, OPOUTAJIbHbIE U
CTPYKTYPHbIE CTENEeHH CBO0OAbI CHJIBHO B3aUMOCBA3AaHbI. JTO IIPUBOJIUT K
bozamoit gpazoeoil ouazpamme, XapakTepu3yrliehcs 00pa3oBaHUEM
HeOOHOPOOHBIX CNUHOBBIX U 3apa00eblx cocmosanuil (ha3zoBoe pazaeneHue - OP),
OpOUMAanbHO U/ UNU 3aPA00E0 YROPAOOUEHHBIX 001acmell, Cmpaunoevblx
cmpyKkmyp, heppomazHumno20 memaina, NOJAAPOHHOU HCUOKOCMU U T.1., 8
3asucumocmu om muna Ln u A anemenmos u yposus oonuposanusi. [1oatomy
MaHT'aHUTHI pACCMATPUBAIOTCA KaK TECTOBAsA CUCTEMA JJIsl IIPOBEPKH HOBBIX TEOPHUH
(bU3MKN KOHJSHCUPOBAHHOI'O COCTOSIHUS, CIIOCOOHBIX IIPOJIUTh CBET M Ha JIPYTHE
HepellIeHHbIe Mpo0JieMbl, HanmpuMmep, Mmexanum BTCIL.
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gas of small polarons

phase separation

FIG. 4. Schematic representation of theories for manganites. (a) is a simple “double
exchange” scenario, without phase competition. (b) is based on a gas of polarons above the

Curie temperature T, also without phase competition. In (c), a phase-separated state above
the ordering temperatures is sketched.




BaxHbIMHU HepelIeHHBIMU BONIPOCAMU (PU3UKH
MAHTAHUTOB OCTAKTCH :

®uzuka u  THI (pazoBoro Imepexona (MEPKOJSAIUMOHHBIM?) IapamMarHeTHUK-
dbeppomarnetuk (II-d), BiusiHUE HA HETO HEMArHUTHBIX CTEIIEHEW CBOOOIbI;
(u3uUecKrue MPUYMHBI 00pa3oBaHUs (peppoMarHUTHOro audjexkTpuueckoro (DJI)
OCHOBHOTO COCTOSIHMSI, BBIXOJISIIIETO 32 pAMKH MOJICJIA IBOMHOTO 0OMeHa 3UHEPa;

dusnueckne npuumasl  Tpanchopmammu 11-D  mepexoma 6e3  u3meHeHus
3apsimoBoro cocrossHuss [¢ DJ[ ocHOBHBIM coctosiHueM| B II-@ mepexom ¢
U3MCHEHUEM 3apsiIoBOTO COCTOSIHUSI oOpasna (COMPOBOXKIACTCA MEPEXOA0M
U30JISITOP-METAILT) PU YBEJIIMYEHUH YPOBHS JTOMUPOBAHUS;

C OTUM TECHO CBS3aH BONPOC O (PUBUYECKUX MPUYUHAX (POPMUPOBAHUS
reTepo(azHOro MarHUTHOTO COCTOSIHUSA ((Pa30BOT0 pa3iesieHus );

¢uzruyueckas npupoaa HEOJHOPOJHOIO COCTOSIHMS (KjacTepbl apyroil ¢dasel B 1I-
maTpulie ?) oopasyronierocs B Kputuueckor napamarautHoit oonactu (T < T < T*,
a pHorda W Beime T%;

dr3rUecKas npupojaa 3apsi0BO YHOPSJOYEHHOTO COCTOSIHUS (BOJHOBBIE (PYHKIIUU
e, JICKTPOHOB MMCIOT 3HAYUTENBHYIO IPUMECH p-OpOUTAlICii KHCIOPOAa);
pa3paboTKa TeopuH MOpaBuWibHO onuceiBaromei II-d mepexoxq u  ero
TpaHc(hopMaIMIO IPU U3MEHEHUH X, a Takxke dPpdext KMC.



B BbINOJIHEHHBIX HAMM pPaHee UCCaeI0BAHUAX (Pa30BOro nepexojaa us3
napaMarHUTHOTO B (peppOMarHUTHOE COCTOSTHUE B MCEBAOKYOUYECKOM

Nd, ,BaMnO; x = (.23 manranure ¢ IM3JIeKTPHYECKUM (PepPOMATHUTHBLIM
OCHOBHBIM COCTOSIHHEM, 00J1a/[a0IIIEM CBOMCTBOM KOJIOCCAIIBHOIO
marautocornpotupieHus (KMC), Ob11 o0napysken ero neo0biunbiii cienapuii. OH
COCTOS1JI B CMEHe peskuMa passuBasuierocs nepexoaa Il poxa npu Hekoropou 7*
Bbile Temneparypsl Kwopu 7. [IppyurHoi 061710 BOSBHUKHOBEHHE HOBOH
MArHUTHOM (pa3bl (AHOMAJIBLHON) ¢ AHOMAJILHO CHJIbHBIMH HEJIMHEHHBIMU
cBocTBaAaMu U (popMHUpoBaHUE reTepoPasHOro MArHUTHOr0 cocTossHuA. C
noHukeHruem 7 anomasibHas (aza NPUBOAWIA K MOSABJIEHUIO 0CO0eHHOCTH B O(T)
3aBUCUMOCTH M ()ePPOMATHUTHO YIIOPHAA0YUBAJIACH BMECTE CO BTOPOPOAHOH (a3oi
npu 7 ="T,. [ITucema B JKOTD 73 (2001) 369;

KOTD 121 (2002) 678; Sol. St. Comm. 128 (2002) 41].

JanHas padora nmocssieHa ucciaeaoanuio pusuku I-® nepexona B
ncesaokyounyeckux Nd, . Ba MnO; x = 0.25; 0.3 manranurax (MOHOKpUCTAIIbI) U
JT0JIKHA OTBETUTH HA BOIPOC COXPAHSAETCS JIM 3TOT CHEHAPUH C YBEJIUUYECHHUEM
JAONUPOBAHUS B COCTABaX, KAK COXPAaHAIOIINX H30/IITOPHOE cocTOsIHUE HIKe T,
TAK U UCNBITHIBAIOIIUX MEPeX0 MeTAJLI-ANIJIEKTPUK.

Taxou cyenapuii nepexooa ecmecmeeHHbIM 00PaA30M COOMEEMCmME08al Obvl
MHO20UUCTIEHHBIM IKCHEPUMEHMANIbHBIM OAHHBIM 0 2emepoghaznom (pazoeo
pasoenennom) cocmoanuu manzanumos nuxce T, éknouas cocyuiecmeosanue 06yx
@D ¢ha3 — ournekmpuueckou u memaniuyecKkou.
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02.95 -ferromagnetic clusters. 1.O. Troyanchuk et al., J. Phys.: Cond. Matt. 11 (1999)
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4 Nd, .-Ba,,-MnO,: H-positions of the Re M,(H,T) and Im M,(H,T)
extremes near T : Inset displays the value of Re M,(H=0, T) o
M, versus 7. The lines are a guide for the eyes.
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3AKVTIOYEHHUE

B Nd, BaMnO;, x=0.25, manzanume co cmpykmypoii 0.1u3Koi K Kyouueckou u
@/] 0CHOBHBIM COCMOAHUEM NOTIYUEHDL CTIeOyIouiue Pe3yIbmamaol:

1. M,-data. Kak u B x=0.23 cocrase, B o0nactu 2T > T > T* >T. pazsusaercs II-®
dazoBbiii nepexon Il poxga. Huke T* mepBopoaHbIM 00pa30M BOZHUKAET HOBAs
(anHomasnbHas1) paza ¢ APYruMu KPUTUUECKUMU CBOMCTBaMHU, 00JIa1ar01as aHOMaJIbHO
CUJIbHBIMU HEJIMHEHHBIMU CBOMCTBAMU B CIa0BIX MAarHUTHBIX MOJISIX U
KBa3UMETAIIMYECKON IPOBOAUMOCTBIO. B obmactu T* > T > T popmupyercs
rerepodaszHoe (pazo-pazaeneHoe, ®P) MmarauutHoe coctossHue. O0e ¢assl
ynopspouusarorcs @ oopasom B T.. YBenuuenue ypoBHs TOIUPOBAHUSA IPUBOIUT K
HOBBIIICHUIO T, 0O4eHb c1a00My MOHMKEHHIO T* 1 pocTy 00BbEMa aHOMAIbHOU
(ba3sbl.

B Nd, -Ba, ;MnO;c ®M 0CHOBHBIM COCTOHHEM KaYyECTBEHHO KapTUHA TaKas XKe.
Eme 0ombiie ymensinaercs 001acts Mexxny 1'* u T'» u Bo3pacraer 00beM
aHOMaJIbHOM (Da3bl, YTO MPUBOJUT K MEpKoIAIMOHHOMY M-J[ mepexony.
CyiecTBeHHbIe OTIINYUSA B M, OTKIIMKE HAOIIOJAI0TCS JIMIIb HUXKE 1),

2. M(H) and MR B x = 0.25, 0.3 MaHraHuTax noKa3bIBalOT MOYTH IOJHOE MOJIaBICHUE
BKJIa/la aHOMaJIbHOM (Pa3bl B OTKIMK B OTHOCUTENBHO Oonbiux noyisix H > 1 k3, uto
CWIBHO 3aTPYIHSAET €€ OOHAPYKEHHE B TAKUX dKcriepuMeHTax. OOHaAPyKeHO JIUIIb:
B Nd, ,;Ba, ,;MnO; B M(H) — coxpaunsercs orimmune My - M.~ Boime T, a B MR
— cna0bii 1-rucrepesuc. B Nd, .Ba, ;MnO; pasuuna My - M, Bbie T
nmponajaer, a B cnekrpax MR 7-rucrepesuc yBeiInynuBacTcs.



