Transport Phenomena in Solids

Motions of electrons and transport phenomena




Colossal Magnetoresistance

(CMR)

see
http://www.tandar.cnea.gov.ar/~sacanell/lCMR/ramirez.pdf

http://www.tandar.cnea.gov.ar/~sacanell/ CMR/Review%?20coey.pdf


http://www.tandar.cnea.gov.ar/~sacanell/CMR/ramirez.pdf�

Magnetoresistance is the property of a material
to change the value of its electrical resistance
when an external magnetic field is applied to it.

MR = (p(H) - p(0))/ p(0)

The level of magnetoresistance shown by a material is
usually expressed in terms of the percentage change
in resistance from the highest to the lowest

resistance and is usually of the order of a few
percent. The main application for MR sensors is in the
read heads of hard disk drives.




Corbino-disk

p(B)/p(B=0)

P, L(B=0) (u2erm)

—
]

afl 80 100

Temperatura { K )
b .
longitudinal
> d‘,!‘p N

gcn

ad

2.0 um linewidth

|||||||||||||||||||||;“||||||||||

=

4 ] 8
B/ p(B=0) ( T/u Qcm)

=

Figure 10. Scaling plot of transverse and longitudinal MR above magnetic saturation fora 2 u

wire in the form p(B)/p(B = 0) versus B/p( B = 0) at temperatures of (open squares) 1.5 K
{open triangles down) 40 K, (open circles) 60 K, (solid circles) 80 K, (solid triangles up) 100
K. (solid diamonds) 125 K, and (open diamonds) 150 K. The inset shows the scaling parameters
(B =0)and p| (B = 0) as a function of temperature on a log-log plot, and overlap on the scale
shown in the plot.




Role of spin-orbit coupling on electron scattering

| a)longitudinal 2.0 pm linewidth, T=270 K |
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Figure 9. (a) MR data at 270 K of a 2 pm wire in the
T ey -t et T transverse and longitudinal field geometries (p (H =0,
0.2 0.1 0.1 02 270 K)= 14.7 pSiem). (b) MR at 1.5 K again in the

o transverse and longitudinal field geometries (p) (H =
Magnetic Field (T ) 0, 1.5 K) = 0.74 «Qem).




Anisotropic Magneto-resistance (AMR)

1-4 % effects

high resistance

resistance

- 0 90 180 270

low resistance angle between I and M

Bulk property of magnetic materials




Glant Magneto-resistance (GMR)

10-20 % effects

high resistance

resistance

0 90 180 270 360

angle between M, and M,

low resistance

Interface property of magnetic materials

Baibich et al. Phys. Rev. Lett. 61 2472 (1988§)
Binasch et al. Phys. Rev. B 39, 4828 (1989); P. Grunberg, U.S. patent # 4,949,039 13




Magnetoresistance
MR = (p(H) - p(0))/ p(0)

ofor most metals V/~ is small (few percents) and positive

eif scattering is independent of the magnetic field:

MR = |:(|_| /,0(0)) _ F'(a)cr) In a weak field:
MR = const - (H / p(0))

MR could be negative if scattering iIs affected by the
(ferro)magnetic order

egiant and co/ossal magnetoresitance (GMR, CMR)-from factors
of the order of unity (MR=20-90%) to several orders of magnitude

MR = (p(0) - p(H))/ p(H)




Colossal magnetoresistance (CMR)

La, Ca MnO,
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The phases of La;_,Ca MnO;
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emetal-insulator transition/
magnetic transition occur at
the same temperature

estrong coupling between
magnetic and transport
properties

Schiffer et al.,PRL,75
(1995)3336



*Reduction of resistivity with small
magnetic fields - important

*Application In “read sensors”

eUnderstand the close coupling between lattice,
electronic and magnetic degrees of freedom
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FUNDAMENTALS OF DOPED MANGANITES A, A MnO,
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Charge doping via A-> A’ substitution
A trivalent rare earth / A’ divalent metal

Mn mixed valence:
Mn3*/ Mn4t

Colossal magneto resistance

Cheong, S.-W., Hwang, H.Y., 1999. In: Tokura, Y. (Ed.), Contribution to
Colossal Magnetoresistance Oxides, Monographs
in Condensed Matter Science.. Gordon & Breach, London.



@ La = 3+, substitute by Sr=2+ adds holes

: Er

>
ﬁEss La* Sr2t0:-

@ quite large doping required to overcome charge/spin/orbital
long range order
Lai®, . Sr.tMn3t Mn; 03~

@ doped carriers can self assemble




IMIXEDVALENGE MANGANITES
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* The doped perovskites ABO;
(A = La, Sr, Ca, Eu; B = Mn, Co)
were intensively studied

experimentally and theoretically
in 1950 -1970

*Colossal maghetorezistance
(CMR) effect - renewed interest
in La-A-Mn-O; compounds (A = Ca,
Sr, Ba)



Perovskites

Very large class of transition metal (and other) oxides

lanthanide or
group II metal

(A)

oxygen



http://www.intechopen.com/books/editor/advances-in-ceramics-electric-and-magnetic-ceramics-bioceramics-ceramics-and-environment�
http://creativecommons.org/licenses/by-nc-sa/3.0/�

e ABO, distorted cubic-perovskites

http://www.chemie.uni-halle.de/bereiche_der_chemie/anorganische_chemie/ak_prof._dr. _ebbinghaus/




Figure 1.1: Schematic view of the ideal cubic perovskite structure of ABX s with corner sharing
BXg octahedra.
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Electrons' interaction in
La,_,Ca MnO,

*Mn mixed valency Mn3*(3d4)/Mn4* (3d?)
Xx=0&x=1 antiferromagnetic insulators

el a3*;: Ca?* number of Mn4* ---> x

% (< (>0
Hund coupling~0.8 eV d p g
by Mn 8] Mn

Mn3*-Mn3* and Mn**-Mn%* superexchange
Interactions can have any sign



RELEVANT INTERACTIONS

Lai*, Cai*Mni® Mn;* 05"

Double exchange

Mn3+ 02- Mn4+

Mn3+ Mn3+ _— —— — — — — —

Colossal magnetoresistance:
Ram Seshadri (seshadri@mrl.ucsb.edu)



‘DOUBLE EXCHANGE INTERACTION

(Zener and de Gennes, Anderson, Hasegawa 1950°)

dﬂuble exchange 3. A+ A+ 3+
Mn;; Oy 5 MN™ = M0, , M3,

@@O
Q@CD

5 .
@ Mn'" :
=TT ‘ Mn Mn

A E—

spin canting

6 0o 3] 0
* * * * E. Dagotto et al. / Physics

¢) Mn Mn Mn Mn Reports 344 (2001) 1}153

hopping of misaligned spins




o Double exchange is not enough !

it fails to explain the quantitative change in resistivity and the very low T,

 the calculated resistivity is much too small, and has an

incorrect field and temperature dependence



polaron effects are responsible

| An electron in an ionic
— ot — T —+ crystal polarizes its
J surroundings by

Coulomb

interaction. Electron and
lattice polarization
(deformation) together

LI constitute a

, guasiparticle (polaron).
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E. Dagotto et al. / Physics
Reports 344 (2001) 1}153



1s and 2p orbitals

images: http://buffer.bu.edu/acrosby/orbitals




Figure 8. Five d orbitals. In the cubic crystal field, this fivefold degeneracy is lifted to two e, orbitals ((x; — ¥) and (32 — 1)) and three ty,
orbitals ((xv), (vZ) and (Zx)) from [168]. Reprinted figure with permission from AAAS.
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Comparison of the magnetic localization model with data measured on a good
quality La, ,Ca, ;MnO, thin film.

Viret, Ranno and Coey, J. Appl. Phys. 81, 4964 (1997)



Jahn-Teller
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Jahn- Teller distortion

when degenerate energy states are unequally
occupied then the system will be found to
distort so as to remove that degeneracy

EE i x2-y
J l 322..;‘2
3d orhitals / QDq IH’-} 0
141 I xy
Ll
f2g ¥z, Zx




Mn3** (Jahn-Teller ion)

v

d,? % — stretching of the d,,? - stretching of the

octahedron in xy plane octahedron along z axis

As a result, the Jahn-Teller gap E;; arises



Structural Distortions: CaMnOj,

Cubic (Pm3m) Orthorhombic (Pnma)
Linear Mn-O-Mn Bent Mn-O-Mn

Perovskite Materials - Synthesis, Characterisation, Properties, and Applications
book edited by Likun Pan and Guang Zhu, ISBN 978-953-51-2245-6, Published: February 3, 2016 under © The Author(s).



Manganites: distortions and magnetic order

Other distortions are also possible:

(a) site 4
—
site 3 site 2
iC
~ -l v
site 1 b a
GdFeO,-type distortion

®) Magnetic order
- depends on orbital order
' I} 4 ,__T__E

b a
type a type d zd_ ¥
JILf TA’:{

Jalin-Teller distontion

-+

FM AFM(A) AFM(C) AFM(G)
s M. Imada, A. Fujimori, ¥. Tokura,
SN\ "Metal-insulator transitions”
\/\/ LN Rev. Mod. Phys. 70, 1039 (1998)
el x -0 ;

Mn-0O-Mn near 1807 Mn-O-Mn less than 1807



Charge ordering/orbital ordering

driven by interatomic Coulomb interactions x = 1/8; 1/2; 3/4

La,_,Ca MnO,

(a) Charge ordering of Mn3* and Mn#* in a mixed cristal
with x = %2 (b) Orbital ordering of the dz? orbitals of
Mn3* when x = 0. (¢) Combined charge and orbital

ordering when x = 4.
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Schematic diagram displaying the charge-ordering transition in a ferromagnetic metals such as
Lag - Cap -MnO;. Above the charge-ordring transition T, the MnO, octahedra are all equivalent,
with an average Mn oxidation state of Mn*®*. Below Tto, the extra electron corresponding
to Mn'"! orders on alternate Mn (forming a rock-salt like arrangement) resulting in insulating
behavior (upper plot) and antiferromagnetism (lower plot). The structure now has two kinds of
ordered octahedra: large ones corresponding to Mn'!! and small ones corresponding to Mn'V.



Tokura,Rep. Prog. Phys. 69 (2006) 797-851
Mn3+§‘ 2 fﬁ 2

Y- = E '-.‘ ,
(b) A-type 'r\L/ (c) C-type

u

FIG. 4. Schematic picture of the orderings of the ¢4 orbitals
in AFM phases. (a) CE-tyvpe, (b) A-type, and (¢) C-tvpe,
respectively. The directions of the spins are represented by

arrows.



STRIPES

La, Ca,MnQO;

(a) (h) ic)

The charge and orbital ordering configurations for La, ,Ca,MnO with x =0, 1/2, and
2/3.0pen circles are Mn** and the lobes show the orbital ordering of the ey -electrons of
Mn3+,

Figure reproduced from Cheong, S.-W., Hwang, H.Y., 1999. In: Tokura, Y. (Ed.),
Contribution to Colossal Magnetoresistance Oxides, Monographs

in Condensed Matter Science.. Gordon & Breach, London.
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eextremely stable pairs of Mn3*Oq
stripes, with associated large
lattice contractions (due to the
Jahn-Teller effect), separated
periodically by stripes of non-
distorted Mn4*O, octahedra.

These periodicities correspond to
the commensurate carrier
concentrations (x = 1/2, 2/3,3/4
and 4/5): for other values of x,
the pattern of charge ordering is
a mixture of the two adjacent
commensurate configurations.

electron diffraction

Mori, Chen & Cheong, Nature, 392
(1998) 473



Electronic phase diagrams in hole-doped manganites
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PHASE SEPARATION

phase separation manifests as a discontinuity in the
density of carriers as the chemical potential p varies (for
example in a Monte Carlo simulation). It was observed that
even If u changes smoothly, there are electronic densities
that can never be stabilized. If the system is forced to have
such densities, then the ground state separates
spontaneously Iinto two macroscopic regions, each
carrying the phase at the extremes of the density
discontinuity found varying L.

() ()
( ()

E. Dagotto et al. / Physics
Reports 344 (2001) 1}153
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Nature, 339,(1999) 560
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Example:

Phase separation in Pr, ,Ca, ;MnO;

PHYSICAL REVIEW B, VOLUME 63, 172408

Phase separation and low-field bulk magnetic properties of Pr,-,Ca,;MnO,

[. G. Deac
Department of Physics, Pennsvivania State University, University Park, Pennsylvania 16802

and Department of Physics, Babes-Baolvai University, 3400 Clyj-Napoca, Romania

1. F. Mitchell

Material Science Division, Argonne National Laboratory, Argonne, illinois 60439

- R
P. Schiffer
Department of Physics and Materials Research Insiituie, Pennsvlivania State University, University Park, Pennsvivania 16802

Pr, ,Ca,MnO,, is insulating for any Ca doping in zero magnetic field, although
the energy difference between the insulating state and a metallic phase for

x=0.25-0.50 is expected to be unusually small.
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Ca content x

the insulating phase driven metallic at low temperatures by
applying a magnetic field of a few Tesla.

«a metallic phase induced by the application of light, pressure, x-
ray irradiation, or a high electric field.




Practical expectations

Figure 1 Deac et al.
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Glassy behavior

The magnetization has a history
dependence with a bifurcation
between ZFC and FC data at an
irreversibility temperature T,
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Figure 2 Deac et al.
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y'(T) displays a rather sharp
maximum at T>106K in low fields

o frequency dependence.

yv"(T) has a peak at T >104K -a
smaller local maximum at T ~
110K suppressed in fields higher
than 0.01 T.

othe amplitude of the y"(T) peak
at H = 0 increases with
decreasing frequency




low field data -explained as resulting from
an inhomogeneous phase of ferromagnetic

clusters within a nonferromagnetic matrix.

The clusters expand with increasing
magnetic field to include the entire
volume of the sample within a

ferromagnetic insulating state.




PHYSICAL REVIEW B, VOLUME 65, 174426 .
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