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Mixed-valence manganites

» The doped manganites La, ,A,MnO, consist of a 3D network
of corner-sharing MnOg octahedra located at the nodes of a
simple cubic lattice with La(A) in a center of unit cell

[M. Pissas et al. Phys. Rev. B 72, 064425 (2005)].

e The CMR is largest just near the ferromagnetic transition

temperature.
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Jahn-Teller provides distortions of MnO,
octahedra, which effect essentially on structure,

probability of e -electron hopping as well as
create prerequisites for orbital ordering
formation.

Jahn-Teller Polarons




Motivation of magneto-electronic phase separation study
Effect of CMR in Ln, A ,MnO, (Ln=La,Pr,Sm; A=Ca,Sr...) perovskite manganites is observed
near P-FM transition, both in compounds with insulator (1) and metallic (M) ground states.
Magnetic field can change phase equilibrium or temperature of phase transition. The huge
change by field of sample resistance R suggests the presence of conductive M phase in it.

Magneto-electronic phase separaton (MEPS) provides origination of FM-ordered clusters
with M properties above T embedded in P-1 matrix — heterogeneous magnetic state.
Amount of clusters depends strongly on level of doping, x. At approaching their
concentration to percolation limit 1-M phase transition occurs.

So, to insight in physics of manganites one needs to study the details MEPS and its
connection with P-FM, and correlation with structure evolution
The compounds near half doping are of special interest since they exhibit orbital/charge
ordering (OO, CO) followed by AFM ordering that can dramatically effect the MEPS.
Compounds under study
Powdered CMR manganite Sm, 5,Pr, 15 SrqsMnO; (doping Sm3* — Sr?* mixed-valence
state, large bandwidth W): main goal of this study is to clarify an effect of isovalent
substitution Sm — Pr and introduced by it additional disorder on MEPS in
comparison with earlier investigated by us Sm,:Sr,:MnO, [PRB 72 (2005) 184432].
e SPSMO: no IMT, MEPS from T*> 307K > T~125K; T o~175K; Tar.ce~125K; T, ~170K,
Its structure was studied earlier [IToBepxnocTnb Ne6 (2015) 5].
e SSMO: T, ~ 54K, MEPS from T*> 311K > T~ 110K; T A~135K, T~ 135K.
eBoth crystals exhibit CMR and reveal heterogeneous magnetic state consisting of FM
metallic clusters embedded in P matrix, which originates above T in a result of MEPS.
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Fig.1. Phase diagrams of Sm, _,Sr,MnO,: FMM(I), ferromagnetic metal(insulator); CO,

charge-ordered insulator; AFMI - antiferromagnetic insulator phase with no long-range
JT order. [C. Martin et al. PRB 60 (1999) 12191].
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Fig.3. T-dependence of SPSMO resistance at
H=0; 7T in direct and reverse T —scan. Red
line presents fit of p(T) by polaron model.
Insert presents p in other coordinates.

Fig.4.T-dependences of SSMO resistanceat H=0; 7 T.
Red line presents fit of p(T) by polaron model. Insert
presents p(T) in other coordinates. [Kurbakov et al.
PRB 72, 184432 (2005)]
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Fig.7. T-dependences of interatomic distances (a),(b); (d),(e); moments of different magnetic phases (c),
(f); and fractions of structural phases (g), (h) for Smg ;,Pry 13Sr, sMnO; (I -Pbnm; Il -P2,/m; difference
in Mn-O distances for two Mn sites is rather small (deviation of monoclinic angle from 900 is small)
and we present here average data) and Sm, ;Sr,:MnO; (both phases exhibit Pbnm space group). In

phase | JT distortions are close to that in pure FM Sm, ::Sr, ,sMnO, [Kurbakov et al. Fiz.Tv.Tela 46
(2004) 1650].
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Second harmonic of magnetization, M, of nonlinear response in longitudinal

geometry: parallel steady and ac - harmonic magnetic fields (H(t) = H + h cosat)
eWhen M, o« h?, M,(w,H) = y,(@w,H) h?, y, — susceptibility of second order with static limit

e 7,(0,H) = Rey,(0,H) =(1/2)°M(H)/oH?, Imy,(0,H)=0. In isotropic case from Blox eq.
2o(0) = T(-120 +T) 15(0) - 1 OTTOR){ (1200 +T) (-l + 1) }* 11 (0). - (1)
The first term in y,(w) is due to nonlinearity of M(H). It gives main contribution to ReM.,.

Second term is owing to effect of external magnetic field on relaxation processes. It gives
main contribution to ImM, and its sign is opposite to that of ReM.,.

e M, - pseudovector and even function of h = M,(H) - odd in H with M,(0) = 0 in paramagnetic
ph ase (M,oc H at H—0).

High sensitivity to appearance of spontaneous magnetization, since in this case M, =0 at H = 0.
Expectations for M, in 3D isotropic ferromagnet above T,

wll<< 1 (I' > 500 Oe (ESR)) = ReM,(@,H) o« Rey,(0) o« 2°M(H)/0H 2. In weak field regime (guH < Q(7) =
kT-7°3), ReM,oc Hz 143 (crossover to strong field regime atz, = (guH/KT-)%° = 2.2-10 4 {H = 300 Oe, T,
~186 K}, Ty~ T+ 0.1 K.

ImM, has more complicated behavior (approximately linear in H) being related to a spin diffusion mode. In
the first approximation ImM, o Hz~1%%, Thus:

ReM, oc Hz 143; ImM, oc Hz 1%6.G(H, 7), G is known, weakly changed function.

Expectations for M, of ensemble of non-intaracting FM clusters possessing by large magnetic moment
They should exhibit large nonlinearity of M(H) in a weak H due to their large moment. This will provide M,
signal with extremum in weak field. Above T, the latter can be easily distinguished from linear on H
response of matrix.

The regime of magnetic behavior of FM clusters (superparamagnetic (SPM)/ hysteretic with dynamic
H-hysteresis) will depend on relation of cluster anisotropy energy (E,,= Kv, K - effective anisotropy
constant, v - average volume of clusters) and thermal fluctuations.
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Description of SPM clusters magnetic dynamics is based on Gilbert stochastic equation (it is
analog of Lanzheven diffused equation) [J. L. Garcia-Palacios, Adv. Chem. Phys. 112, 1 (2007)]:
dm

Fri = ymx [Bgff(f) + b () — (ym)™ '5’5_]

Here m —cluster magnetic moment, B.g = 8V /3m is effective magnetic field, V (t) —magnetic
potential, by is a weak fluctuating magnetic field.
Kinetics of FM cluster ensemble is obeyed to Fokker-Planck equation [S.V. Titov et al. PRB 82,

100413(R) (2010)]: ow B 3)
2ty — - =—u- (VW x VW) + V(W + WVV)

The first term in right part of (3) describes a precession. The second term describes a rotational diffusion
of unit vector u = M,//M of magnetization M, and is responsible for thermal relaxation.
Here W — nonequilibrium distribution function of probability density for directions u = M/M; V = d/du —

gradient operator; 8 = V/KgT, where V — cluster volume, Kz - Boltzmann constant, T — temperature.
diffusion relaxation time is taken in form of Landau-Lifshitz 7y, = 7,/a, where a - damping factor and
7,= fM./2y (y - gyromagnetic ratio).
T Is the characteristic time of diffusion in absense of potential.
Magnetic potential V is usually implied uniaxial [H. El Mrabti et al. J. Appl. Phys. 110, 023901 (2011)]:
. ~ H _  h |

BV =osin“d — &5 u T Epu e Hms wt, (4)
Here ¢&,=pBMH and & = BM.h; H and h — steady and AC magnetic fields accordingly. The first term in(4)
— anisotropy energy with o = BK, , where 8 = V/IKgT, K, — effective constant of anisotropy, including

magneto-crystal anisotropy, form anisotropy and surface one; 3 - angle between anisotropy axis and
magnetization, second and third terms — Zeeman energy

Decision for distribution function:
W(t,9,0) = Z Z i ()Y (9, )

=0 m=-—1
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Fig.11. Fit of SPSMO compound M,-response by decision of Fokker-Plank equation. T = 306.9K.
Power-law distribution of clusters was used. Since a presence of a weak H-hysteresis the curves
(Re(Im)M,,;,+ Re(Im)M,,.,)/2 were fitted. The dynamical parameters can be found by this approach

only.

Peter the Great SPb Polytechnic University cluster was used in these calculations.



3aknwouenue

|. HeliTponnasi iudpakums moka3biBaeT CXOAHYI0 3BOJIIONUI0 cTPYKTYPBI B SSMO 1 SPSMO o6pa3uax: npucyTcTrByeT
CTPYKTYPHBIii epexoa U3 OpTopoMoOnUyeckoii nceBaokyondeckoi ¢gasni ¢ HeboabmumMu AT uckaxenusivu | B
HU3KOTeMIepaTypHyIo a3y |l ¢ cymecTBeHHO 00JBLIIUMH UCKAKEHUSIMU H OPOUTAIBHBIM MOPSAIKOM
(opTOPOMOMYECKYIO 1 MOHOKJIMHHYIO COOTBETCTBEHHO). JlaabHuii ®M nopsiiok odpasyercst ToJibko B (paze |. da3za ||
ucnbiThiBaeT A® ynopsinouenue A-tuna B SSMO u komOnnanuio A- u nceao CE-tunoB ynopsinouenusi B8 SPSMO
o0paszue. OTMETHM, YTO MOXOKHMIl ClIEHAPHI 3BOJIIOIUH CTPYKTYPbI Ha0monaucs u B Pry :Sry:MnO; manrannre
[Damay et al. IMMM 184 (1998) 71].

I1. O6a odpa3ua odaanart cBoiicteoM KMC, npu 3tom SSMO ucnbiteiBaer U-M nepexoa, a SPSMO — Het. /lanHble
no M(T) onpenesieHHO yKa3bIBalOT HA NpucyTcTBUe AD ynopsiioueHust BO 2-M o0pasiie.

I11. 3aBucumocthb noasipuzauuu ot T pa3uTenbHO OTIHYAETCA: B TO BpeMsi kak B SSMO nenoJsisipu3anus Juiib B
oomactu nmxke 120 K, B SPSMO ona crapryer ¢ 307 K. Usmepenus SAPNS (g = 0.01 A1) no3Bosimin orcjieaurhb
pa3BuTHe CTPYKTYpHOro nepexoaa B SPSMO.

V. U3mepenust M, noka3zanu, 4To 00pa3oBaHue KJIacTepoB , oonagamux @M KOMIIOHEHTOH HAYNHA-eTCS BbIle
KoMHaTHOI Temmnepatypsl (T* > 310 K). Ognako B SSMO uX KOHIIeHTpanusi pacTeT o4eHb ¢JIado, MOKa3bIBasi
IIMPOKHUI MAKCHUMYM U 3aTeM YMEHbIIIEHHE, M 0CTaeTcsd ~ Ha 2 nopsiaka Huxke, yeM B SPSMO Bmitors 10 T ~ 120 K <
T, HUMNCe Komopoit nauunaemcsa denonapuzayus. B 1o ke Bpemss B SPSMO aenonsipusanusi HaUMHAeTCsl MPAKTHYECKH
cpa3y Huxe 320 K, a KOHHeHTpauus KJIacTepoB ObICTPO PACTET M CONMPOBOKAACTCHA UX KoajleCleHIUel. ITO MPUBOIMT,
MO-BHIMMOMY, K nepkojassuuon-uomy M-M nepexoay B oTeJIbHBIX KPUCTA/INTAX o0pa3ua ¢ ¢a3oii |,
CONPOBOKAAIOIIEMYCS 00pa3oBaHueM JajibHero @M nopsijika NepKoJAUMOHHOI0 THIIA, KOTOPbIH nmposiBiasiercs B ND
npu 7~ 270 K. 1o noarsep:xnaet orcyrcreue U-M nepexona Bo BceM odpa3sie, NpeANnoJI0KUTEIbHO 32 CHET MaJIOTro
Kom4yecTBa 3Toi (paswl (< 20%). KMC Habironaercsi, Mo-BHIHMOMY, 32 CUeT METAMATHHTHOTO Nepexoaa («IiaBJIeHusD
A®D da3wbl ) noa aeiictBueM 1oJis1 B KpucTtaaiauTax ¢ ¢pasoii 1. HeoOb1uHoe noBeaenue kiaacrepoB B SSMO mo:xxHO
00bsicHUTH AD xapakTepoMm (¢ NpucyTcTBUEeM 3aMeTHO @M KOMIIOHEHTBI) UX YIIOPSAA0YeHUS.

BHocuMblii M30BaJIEHTHBIM 3aMellleHuEeM CIa0bIi TOMOJTHUTEIbHbIN 0eCOPSAI0K, 0-BUANMOMY, CIIOCOOCTBYET
oOpa3zoBanuio @M kJ1acTeposB.

V. Ucnonb3oBanne KHHeTHYecKOro ypasHenusi ®oxkkepa-Ilinanka nis anaansa M, oTKJINKA B 00J1aCTH ero
0e3rucrepe3ucHOro noBeieHus (CynepnapaMarHuTHBIN PeKUM MOBeleHUs KJIACTEPOB) € HCMOJIb30BAHHEM JTAHHBIX
NAeNnoJsIpU3alui HEMTPOHOB MO3BOJIsIeT, B IPUHIINIIE, ONPeleTUTh FTeOMeTPpUYeCKUe U TMHAMUYEeCKHe NapaMeTpbl
kjacTepoB. B ciayuae SPSMO cocraBa aHaamn3 ykasbiBaeT Ha cTeNeHHYI0 (YHKIMIO pacnpenaejieHlsi pa3MepoB KJacTe-
pPoB ¢ nokasaresuem 2.55 (ppakrajbHas pa3MepPHOCTb KJIACTEPOB), UTO HY:KIA€TCS B JaJIbHelIell MpoBepKe.



THE END

Thank you for your attention
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Full Hamiltonian
H=Hyn+ Huyung ¥ Haem + Herpn + Heper ;

there are five important ingredients that regulate the physics of electrons in
manganites:

() Hy, - the kinetic term of the e, -electrons.

(i)  Hyyng - the Hund coupling between the e -electron spin and the localized t,;-spin.

(i) Hapy - the AFM Heisenberg coupling between nearest-neighbor t,, -spins.

(iv) Hgpn - the coupling between the e -electrons and the local distortions of the
MnO, octahedron.

(v) Hel-el -,.Coulomb interactions among the eg-elect.ons ([J0.7 eV).

This expression is believed to define an appropriate starting model for manganites,
but, unfortunately, it is quite difficult to solve such a Hamiltonian of manganites,
and some simplifications are usually used.

One-orbital double-exchange model (Zener, 1951; Furukawa, 1994)

T*
H,.--t>(a,a,.+hc)-J,>sS +J, Z, S,S,
<i,]>o i <I, J>
t[10.3eV; JH[]le,; JAF[]0.,eV;
where ai[_]is t,, annihilation operator for an electron with spin []at site i, but without
orbital index. Note that HDE is g ,dratic in the electron operators, indicating
that it is reduced to a one-electron problem eg spin (i = [TV atiy oo/ Li,BoN the

background of localized t2g spin,S.



In absence of external magnetic field cluster moments are oriented
along anisotropy axis, the moment of ensemble being M = 0. To reach Mt
thermal equilibrium at field turning on, magnetic moments of part of ensemble
should change their orientation on angle 1. The latter is required the transition
across barrier (Fig.7) under action of thermal fluctuation. The relaxation time

is described by Neel-Brown expression: : 0
T = 1,eXp(AEg/KT), AE; = K, v 3) =
Here (a i, effective anisotropy const,nt, v — cluster volume, 10 ~ 10-10 s, '
Transition from ¢,M reg'™® to blocking one, which is characterized by H-
hysteresis arising in M(H) n M2(H) is determined by condition. Tmeas =T, A
from which the bloc,;,, temperature can be found: ’
TB = Kav/[k-In(trmeas/T0)] @) 0
fip o (A )
M . . . .
/_f,ﬁ" Fig.8. Magnetic hysteresis: (a) origin and phenomeno-
; Easy axis logy of hysteresis. The insets are energy-landscape
e W equivalents of the magnetization
:F:; 4 ! Inserts in Fig. 8 show schematically a change of barrier
o for FM clusters in two-well potential in presence of
= o - external magnetic field:
s AE, = Kv+ pH(Y). (5)

Thus, relaxation time (3) will be function of
external field, and in M (H,T) will appear high
harmonics provided by this parametrics.

Il

0 2 G
i

Fig. 7. Schematic picture of the free energy of a single- From expression (4) is clear the dependence of

domain particle with uniaxial anisotropy as a function of blocking temperature Ty on cluster dimension, and H-
magnetization direction. AE; is the energy barrier hindering the hysteresis of M,(H) response on frequency of H-scan, F, of
free rotation of the magnetization and 6 is the angle between the Steady field H. For the latter, in case of signal accumulation
magnetization M and the easy axis. [S. Bedanta and W. at periodic H-scan the time of measurement is T, ., = 1/F..
Kleemann. J.Phys.D: App,Phys. 42 (2009) 013001].
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Field splitting of the five-fold degenerate atomic 3d levels into lower t and higher e levels.
The particular Jahn-Teller distortion sketched in the figure further lifts each degeneracy as
shown. J.g~2¢eV,J,~2-3eV,J;;~05¢eV,t~0.3 eV.
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Magnetic and electronic phase diagram versus doping x for

La, ,CaMnO,; (medium band width). [Schiffer P., Ramirez A. P., Bao W.
S-W. Phys. Rev. Lett. 75, 3336 (1995
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Two band model.
Spectral density (E;;=-0.5eV,D=12eV,U=5¢eV,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.
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FIG. 1 (color online). Real space electronic distribution ob-
tained from simulations on a 16° 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 (2Znd 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 (V; = 0.0).

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



fit by scaling law v, =4.85(15)
200 T (K)

E\‘*« . Af'

90 120  I50T(K)

=O00=-0O0=0O=0 O O O

--u--H=100Ce
—o—H,=200 Oe

200 250 T (K)
Nd,,Ba, ;MnO,: Re M,(H,T) m Im M,(H,T) npu pa3ubix 3Hauyennsx H: Ha
BCTaBKax npusenensl 3apucumocta ReM,(H =0, T) oc Mgy m ImMM2(H =0, T).
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