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Double Exchange: From Two-ion Case to Antiferromagnetic Lattices

|R1): Mn3* 0%~ Mn** |Rz): Mn** 0%~ Mn3* L
B B $.,S,)=60 b = (R,|AH|R;)
S1 s, S2 (51.52) 1 2
% |b|(~0.5 —1eV) » kT .(~0.1eV)
Ferromagnetic coupling: AEp(S1,S2) = —|b| co
1: Mn3+ 02 2: Mn**
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Double Exchange: Outlines
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Double Exchange: Semiclassical Molecular Field Theory

Assumptions:

1. Tight-bindir}rvg Approximation: Double exchange energy

1 S
Vaqk = ﬁz e'“fi|R;)
J
2. Landau Model: competition between normal

exchange and double exchange

3. Ignore crystal field effects
Mn 3d band splitting, Mn3d-O2p bonding,

Jahn-Teller distortion...
4. Non-degenerate 3d-band

5. Intra-atomic exchange integral >> b

6. Magnetic ion spin S; as classical vectors

7. Ignore phonon excitation of ions and Coulomb
correlation between carriers

8. Ignore bound states of carriers

_/"\_ 3d Wannier function |§j)



Double Exchange: Semiclassical Molecular Field Theory

Double exchange energy term

N

1 —— _.

D, Py = — E e"“Ri|R;)
N j

(2) MH|Wy05) = Egl¥saz)  (RiJonR)) =

ol — Z}lb eik'(Rj—Ri)Bij
(3) x K 1,k=0 EE:()zzBij

0;;
(4) Anderson Model: b = —|bj| COS7]

n.b.

Z by = E._, = Z by | cos oY
ij ij >

J

0
Ep = NxE;._, = —Nxz'b’ — Nxzb cos

N
1 =
1= Ej R)(R| A

<‘I’3dﬁ|‘/’3dﬁ’> = 0%

bp>0 J>0

e ||

® i3+t @ Mntt

Z, Z': nearest neighbors in the same and different
layers, respectively; O: fixed angle between spins
of neighbor layers



Double Exchange: Semiclassical Molecular Field Theory

Unperturbed Orbital _ _ —
state {|R1), |R2)} Wannier functions {|R]-)}
transfer integral (R{|AH|R,) = b (R;|AH|R;) = by;
Y12 llJ3alk 0
Electronic state _i[|R1)|5+1 s | |R2>|5+1 s, )] 1
2 2512 2522 H@ RIS + 5.5 |~ RIS + 5.5,
kT, < |b|, x<1,k=0
Ener 0 0]
i —|b| cos> E;_,=-2z'b'—zb cos >

Z, Z': nearest neighbors in the same and different layers, respectively; O: fixed angle between spins of neighbor
layers; n.b.= nearest neighbors of site i, including i



Double Exchange: Semiclassical Molecular Field Theory P
Other Exchange energy term b L

E.. = N|—(2'J'S?) — (2JS% cos 0)|

Landau Model

<0
E=E., +Ep=N|-(2])5%)—(2)$%cos 0)] /
/ 14 _ 9
—Nxz'b' — Nxzb cos . ’ ’
,
SE  6%E cos2 =X bx
—=0—>0 2 4|J|5?% 4|]|s?
5@ 5@2 ) ] bx] ”
— > o
- 9=0 st 4 &

® i3+t @ Mntt

z, Z': nearest neighbors in the same and adjacent
layers, respectively; O: fixed angle between spins
of neighbor layers

zx?b?
8|J|S>

E=—-N [z’]'s2 +xz'b’ + z|J|S? +



Double Exchange: Potential Experiments

Two-sublattice : A stable arrangement

(1) Spontaneous Magnetization:
@ J
M=1 cos - "\

(2) Isotropic susceptibility in high fields: \/
()
E; = —HI cosE

(0] |

E'=Ez+Ee+Ep=—HIlcos- + (a) (b) (c)
1y o2 2 AN, F1G. 1. Allowed configurations for the magnetizations I, I, I;,
N [—(Z ] S ) _ (Z] S$°cos @)] — Nxz'b «++, I, +++ corresponding to successive layers. The angle between
(o) I, and I,;1 is equal to ®. (a) disordered; (b) two sublattice
—Nxzb cos — system; (c) helical arrangement. (a), (b), and (c) are degenerate
2 from the standpoint of nearest neighbor exchange and double
SE' S2E' o) bx HI exchange. External fields, anisotropy energies, or small ferro-
—0 > (- COS— = + magnetic couplings between next nearest layers favor configura-
50 ~ 562 ’ 2 4|J|S? 4Nz|]J|S? tion (b). Antiferromagnetic coupling between next nearest layers

favors (c).

9%E’ I?
X = — — I. S. Jacobs, J. Phys. Chem. Solids 11, 1. (1959)
dH? 4Nz|J|S? O. Halpern and M. H. Johnson, Phys. Rev. 55, 898 (1939).




Double Exchange: Semiclassical Molecular Field Theory

)
Two-sublattice : A stable arrangement k 0
(3) Neutron diffraction for (La;t,. Ca2t)(Mn3t Mnit)0; S = 81| =S| 5,
. . . N _ 2 NEEL POINT CURIE POINT
Scattering Intensity « |, = kx (S, +5))| o -+ -
8
u.: “Lattice reflections”(L), in phase 8
‘;;'; 10,625
Uu_: “Superlattice reflections”(S), opposite in phase 2 05— g _
2 2 o2
= = u = S“cos“(0/2)
kel (51%52) 2ferr0 2 cim2 I l
W antif = §%sin”(0/2) % 0./0 0.20

bx b

0
Model: COS 5 = 52 7152 ~16

x <0.25

F16. 3. Determination of the angle ®, between sublattices in
the mixed manganites Lai—, Ca, MnQj; with low Mn** content.
The experimental points are deduced from measurements of
“ferromagnetic”’ and “‘antiferromagnetic”’ neutron line intensities
by Wollan and Koehler.2 The straight line corresponds to Eq. (9)
with b/|J|S*=16.

E. 0. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955)



Double Exchange: Semiclassical Molecular Field Theory

Two-sublattice : Magnetic behavior at finite temperature 1= 4] = [4,|

A4
— 1 _*nS 2sinhA Sll
w,(S)==e"5,n=12 y=
n v A

F=-TS+Ep+E,,
1

S = —kBNJ w,(x)Inw,,(x) dx = —kgN(Am — Inv)
-1

Relative saturation for each sublattice:

1 (™ 1
m= ;f da sina cosa e €05 — _ 7 + cotanhAi
0

E., = —Nm?[z']' + z] cos O]



Double Exchange: Semiclassical Molecular Field Theory

. i . .. - — 1
Two-sublattice : Magnetic behavior at finite temperaturea = [44] = |2z| x =
F=-TS+Ep+E,, s; M

)
cos>

L2 iR 0’ 2« jl(-ia 1 ("
cosg = 2 Ji'( M)PI(COS@); <cosE>: — 21111( lZI) 3 (A)E—j da sina A e~ 4¢0sa
2] jol(—iny & (2L-1)(21+3) jol(—id) & (21 -1 (21 +3) v Js

Thermal average for tow sublattice case:

n.b. 0.
ED = Nz _lbljl <COS%
J

!

CcoS —
2

= —NZz'b’ — Nzb

2Nxz ji2(=id)P,(cosO)
Ep = [z'’b' + zbP;(cos0)]
P (-in L @L-1)(2L+3) ’




Double Exchange: Semiclassical Molecular Field Theory
Two-sublattice : Magnetic behavior at finite temperature

F=-TS+Ep+E,, = kgNT(Am — Inv) + 2Nxz O jiP (—id)Py(cosO)
- = m — Inv
e jol(—id) & (2I-D(21+3)

|z'b’ + zbP;(cos0O)]

—~Nm?[Z']' + z] cos O] b
X

o A= U =cos0 =
5_F — 0 m? + — $ ' ji'(=i4)  dP,(cos0) _ 0 $ 7152
Sou jo'(min & 2l-1)(2L+3) dv

1
(1) Low temperature: A X — — —1<u=cosO<1 Canted spin arrangement

. 1 . . .
(2) High temperature: A < i 0 u > 1: ferromagnetic ; u < —1: antiferromagnetic;

h 21— 1)(2l + 3)

1 -1 (i) I+ 1) (1__ -1 CJl iR+ D
u=1-=-—5—: _ CUE o (—ia) Zz
§ jor(—idm2 & 21— 1D(2L+3) Jo© (mid)m? &



Double Exchange: Semiclassical Molecular Field Theory
Two-sublattice : Magnetic behavior at finite temperature

fu>1,u< -1 F=F0+F2m2+F4m4+---,

3 2x 6x
Fz—lekBT s2(Z') +z]u)——((zb'+zbu))] Fy,=N [—kBT+—((zb’+zbu)) ,u=+1

F minimized whenm? =—-2, F, <0
4
3 2x
F, =0 » T, = EkB [SZ(Z']’ +zJ) + ?((z’b' + zb))]

f—1f °°

3 2071/ 2x Iy,
TN:EkB [S (z'] —ZI)+?((zb —zb))]

F(T) =fo(T) +ao(T = Te)nl + S pm*  ay>0,  f>0,



Double Exchange: Semiclassical Molecular Field Theory

Two-sublattice : Magnetic behavior at finite temperature
10 , , .
AN
m2
Fic. 5. Typical
05— . “magnetic phase dia-
n gram’’ for a layer an-
i | tiferromagnet. Theo-
retical values of T,
T,, and Ty are given
in the text. |
o
3

Fic. 4. Square of the relative saturation msy=M /M, of each

sublattice at the lower transition point 7';, as a function of
£=bx/|J|S%




Supplementary



Bloch Theorem: Symmetry + QM

0. Define the Abelian translation group {T |R =n;a;n; € Z } where {a;} is a Bravais lattice

In T representation, for any state Y (1), ﬁtp (r) = ¢(r + R).
1. T3 translation symmetry: |H,Tz| =0

—_— —_—

1.1 HII) k(r) = SII} k(r) T 1/) k(r) = ek(r + R) = e‘k Rll) k(r) = ll Ei . b] = 277,'6"]'[1]

1.2 Common eigenstates k(r) as a complete basis

1.3 Bragg’s law: B B
¥ = (Y@ + 0 @)

1.3.1 T—tl)landlplcorrespond to the same physical state

1.3.2 Forany allowed R, kand k', T =Py = TP S,E(r) + Ty R (r) = eiﬁtp s,E(?) + eiz"ﬁt[) 7 (r) =
R (@) + el Ry 1 (7))

- ei(E"E)'ﬁ =1 or (E’ - E) ‘R = 2Ttn,n € Z or K-k =G= ml-Bi,mi €EZ

2. Energy level and state wavefunction!?! - - L
. —_ ) — ik-r V — V- iGr
2.1 1, k(r) =u k(r)e‘k r k(r) ZE C(k = G) e iGT ¥@) Z Clke ) Z G°

27,2

2.2 Allinfo included in the 15 Brillouin zone . ) h2k
R . Schrodinger equation: ( .
e(k) = e(k+ G) ™

—£)Ck) + Tz C(k— G) Vg =0



Tight-binding Model3!: large interatomic distance limitation

Narrow bands separated by large gaps

Band gaps

\

I<—— Band width

1. Band Theory
2. Eigenfunction as a linear combination of atomic orbitals

2.1) single atomic orbital case

N 1 .0
¥, 1) = __yNeikRyy (7 _F));
N(1+2 k “mm(Rl))

Atomic overlap integrals of the same orbital m from different atoms amm(Rl) =
[BPr@n@) @m(T — ]) &1
(e ) 1 SN .
C ey . ik-R; =
2.2) Hybridization case Y, = Zn Ak \/_Nz e*Rip,(r—R j)

where the sum over a complete set of atomic orbitals, includi]ng continuum scattering
states; a_ . describes the mixing of m-th and n-th bands, and could be solved by

diagonalizing the Hamiltonian.
2
_ VN = D = F-R) =Y L u(F-R
_E, ﬁm,m + Zﬁlio etkRi Ym,m(Rl)
- = + —
mk 1. -
N1+ .o etkRiq, .(R)))

&

B = f Bron OV @ on®  Vmm(R) = j B (F - B)AVE @@

AV(F) = Z v(r—R)) + 2 AU(T +R))
Ry

ﬁliﬂ



Tight-binding Model: Energy for Double Exchange

AH] ‘I’3dﬁ> = Egl lI’3dﬁ> » <Ri AH‘¢3d»E> = Bk <Ri 3dE> (Ri|AH|R;) = by
1 N 1 n.b.
l.h.s = <§l AH‘lpng> = —Z eik'Ri(EilAH|Ej) = —z eik-RiBi]-
VN VNZ
) 1 ik-R;
r.h.s = EE <Ri lpgdﬁ> = \/—NEEB :
n.b.

lLh.s=1.h.s » E. = z eik'(R"_Ri)/Bij

J

n. b. = nearest neighbors of site i, including i



Wannier Function: from Bloch states to local orbitals

. . . . — ik- R
Periodicity of crystal lattice: ¥m, (1) = \/— z an(R; T)e

1 ——

r) — (N ,—ikR;

Localized orbitals as Wannier function: an(R;,T) = NI E Y e(Me 0
k

1. an(R;,7) = a,(r — R;), i.e. V lattice vector R,,, a,,, (R}, T) = a,(Rj + R, 7 + R,,)

Hint: ws,E(F + R,) = eiE'RnlpS’E(?)’.
2. An orthonormal basis: f d3ram*(Rk, F)am(Rj,?) _ SRijj

3. Since Bloch states defined up to an overall phase II)mE(?) — ewt[JmE(?), Wannier function

can be chosen as the maximally-localized set: am(Rj, ?) localized around R; and rapidly goes
to zero away from R;. For 1-dimension and separable potential cases in higher dimensions,
the maximally-localized set is unique.[?]
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