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Magnetic Materials
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Electron Configuration- Hund‘s Rules
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Total Magnetic moment

eh
2M,

For an electron with I=1: Lz=h ﬂB

= 9.274 x 10724]/T

Bohr Magneton — used as a Unit

Herr = gupVj(J + 1)

0 2I -‘-Il é é r 1|0 1I2 ' 14
Magnetic Field [T]

Quintero, PRB 2010




Magnetic Exchange Interaction

AFM interaction FM interaction

Hij = —Jij$;.§;
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Static Magnetic Ordering

Hij = —Jij$;.§;

7 N 7N treetreett

xR Y 1 B

A = paramagnetic B = ferromagnetic
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C = antiferromagnetic D = ferrimagnetic
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Example: Manganosite (MnQO)

Space Group F m -3 m(225) Pearson Symbol cF8 Meas. Dens. 5 36
Crystal System cubic Crystal Class m-3m Laue Class m-3m
Wyckoff Sequence p 3 Structure Type Nacl
Axis Ratios a/b 1.,0000 b/ 1.0000 ¢/a 1.0000
Remark
EL Lbl OxState WyckSymb X Y z B SOF
Mn i +2.00 4a 0 0 0 0.617(5)
o 1 -2.00 4b 0.5 0.5 0.5 0.72(1)
100 - 293°K
HM:Fm -3 m
a=4.446A
b=4.446A 80 -
c=4.446A
o=90.000" 60
B=90.000"
¥=90.000"
40}
1 1 ' A
g 10° 15° 20° 2°

Bragg angle,  (°)



100 | 293°K Mn2+
80 - Electronic configuration:
(3d5) S=5/2,1=0,
& Residual
40 - short-range
s
20 - Magnetic structure Magnetic unit cell
3 i0° 5 20° 25 \
Bragg angle, A (°) x
333
(" ‘)rnmﬂ (ﬂl)m.)gﬂ (33])Ngﬂ (SI ! )rtuqn -
00l } i b 80°K N \
o) hN N
60 | N |
N
40
20f /‘ \
e — e . ). VPP, SRS S, VDO \ N
("l; (2’00) (33) |
"t rycl " I - -
I ! a ,]

C. G. Shull & J. S. Smart, Phys. Rev. 76 (1949) 1256



Partial differential cross section

dzO' kf ( my
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Dipole-dipole interaction



Magnetic Moment of Electron Systems  sackto crectroaynamics

Orbital contribution:

p = ppl
By now—

Spin contribution: Only spin contribution
Us = glUpS He = gUpS
g = 2.0023
Bohr magneton:

rev eh
Up = —nr?]l = — = —

2 2m,

ug = 5.788.107 eV /T




Neutron‘s magnetic properties

The magnetic moment is given by the neutron’s spin angular momentum

_ %& Gyromagnetic ratio, y =1.97
Hn = ~VHs m o : Pauli spin operator, eigenvalues +1
And for the electron: Ho = gUpS

he m 1836

< U, — = — —
Fn 5 e W om,y 1913




Potential energy of a dipole in a field

Potential:

V(#) = —ji. B(¥)
Torque:

Z=[ixB

Force:

F = V(i.B)




Generated Magnetic Field by one electron

D Ho HeXR Ho —~ SXR
B =— x( )=— X —
4n‘7 R2 4n|7 IHB &3

5 (= U 3xR
V() = =iy (‘7 X (ﬁgﬂB F) )

5 Mme [ = Ho §Xﬁ))
V(r) = —o. \V X\|—

. Ho o, Mg (_> (§ X }_?)) )
: - - n V X




Generated magnetic field by multiple electrons

R Me [ = [SiX@TF—T7)
ZV(g)=zZ_;gﬂ§y?ea. V x ]|% %|3’
7 7

Back to the partial differential cross section

neutron

dZO' k m 2 -
e, = 1 (Gmgz) 101710k} 68, — By + ho)
l

2
§(E; — Ey + hw)

<ﬁ,k’a’

2 guby e <\7><<] %|3] >

Aka>

d*o __kf( )2
dQdE;  k; \2mh?




The magnetic matrix element

vV x (gx"?)) = —[q' x (3 xg)eldg3g

|7°|3 272

1 ~ Al — Al g’ r; >
(k|5 [ 8@ x (5 x 3)el@ T

tko) = an ('] 5@ 3lg x (5 x 3)[po)

Neutrons only ever see the components of the magnetization 1
that are perpendicular to the scattering vector! Sj L

g - !/ ri= -
Iy EF(q)(A o'lo.s,|Ao)
Magnetic form factor:

F(C‘I’) — J 5(7_‘))6 (iq.r) dr Spatial extend of the spin density



Approximations for the form factors are tabulated
(P.J. Brown, International Tables of Crystallography, Volume C. section 4.4 .5)

1(0)=C,(j,(0/4n )+ C,(j,(©/4n )+ C,(j,(@/4r ) +...

Form factors for iron

_— For spin only
1 A
— <> /
0.8 - - <]::> \
) — <Jg> .
3 o6l S~ For orbital
= contributions
= 04
<
0.2 -
0 1 T
0 5 10 15 20

0 (A

https://www.ill.eu/sites/ccsl/ffacts/ffachtml.html



Scattering cross section

9 i1 A
rOEF(q)(AU |6.5,|10)

Where, 1, is the classical electron radius:

02 Similar to the bound coherence
rog = yZ_O_ =054 x%x 10712 cm scattering length for many nuclei

* We can only measure spin components perpendicular to the transfered momentum

* The strenght of the magnetic scattering is close to the nuclear scattering

* The magnetic scattering depends on the spatial distribution of the spin density of
the sample

* The magnetic scattering strength falls off at high wave vector transfers




Generalization

g - [ A P
rOEF(q)(AU |6.5,|10)

4mQ .= ) (K'|Wy + Wyilk)

l
Spin Orbital
N 1 - — 1 . — ~
QS:—%Ms(k) 1 QlL:_EkX{ML(k)Xk}
Q=0Q0s+Q,=——M(k)

2Up

Fourier transform of the sample‘s
total magnetization




Axes

X is parallel to
P Q Define the magnetic

interaction vector:

Z is perpendicular to the scattering plane - 1 -
BEID &P ML(Q)=Q><(- M(Q)XQJ
z 2
Right handed co-ordinate system Y is 0
perpendicular to Q, within the scattering plane _ 1 M. (Q)
y

2
e M. (Q)




Scattering cross section — time dependence

dZO' kf 2
dQdE,  k; °

2 .
j

For unpolarized neutrons, 0 <> o'

1 , e
—2W(k) ﬁj dt e—La)tZ elq.(r—rj) X ((0|5‘. Sl(0)|01><0'|0"-_ sl(t)|0>>

d?oc
d0dE;  k;

o —2W (k) Z(&m - CIaCI,[)’)

\_'_I \_'_H“B ' J
Squared DW Polarization
form factor factor f5ctor
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\_'_‘ I

Fourier Spin correlation
transform function




Scattering cross section — Static

1
do  kf 19 . .| _ o1 SRUE
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Scattering cross section
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Diffraction from a Paramagnet

dZO' kf 2
dQdE;,  k; °

1 .
—2W(k) 2(5aﬂ QaCIB) hJ dt e—la)t lq (Tld —T‘ld,) <Sa(O)S (t)>
lll

(s @)$5 ) = (555E) = 8upl(S§)) = 5868 + 1)

da

S 2wog(s 11

_roN‘Z

[ Diffuse scattering (continuosly distributed over all scattering directions) }




Diffraction from a Ferromagnet

ttrreteeett w e

(Slz) = (S%)  Proportional to the domain‘s magnetisation

IS gl

do g _ .
—= = TOZN‘EF(Q)

2
40 e—ZW(k)(l _ {I;z)<sz>2 z eid'(%)

l

i (7 2 3 - —
¥, e D=2y 53 T)
\

Reciprocal lattice vector
(magnetic)



Diffraction from a Ferromagnet

A

do (2m)3 o2 o2
— .2 A N
—— =15 Np, Z(lp(Q)| _|Q-F(CI)| )5(q_Tm) }
d() Vn 4 (s
Tm
Structure factor:
2 2 2

—_— 2 . . . . /

|F| = Z(bd + 01,5, 4) el = z bge | + z o1yS g e + ZO'Z byroS, g em(d=4)
¢ \ ¢ J \ ‘ J ad
\ J
| | |

If: Nuclear Magnetic Nuclear-Magnetic

I

4|by|? foro =1

~ ~ i !
bd ~ TOSJ_d |F| ~ Polarized Beam
0 foro=-1

—



Diffraction from a Ferromagnet |l

(@ : Paramagnetic (450 K) Nil.SPtO.ZMnGa

Ferromagnetic (300K)

intensity (arb. unit)

20 40 60 80 100 120
20 (degree)

Singh, Sanjay, et al. APPLIED PHYSICS LETTERS 171904 (2012)



Diffraction from a simple cubic antiferromagnet |

‘ﬁ ($7)

dZO' _kf 2 g
dQdE;  k;




Diffraction from a simple cubic antiferromagnet Il

——

B

{ﬁ (s7)

d?o

dQdE,

Magnetic
structure
factor:

2 o170 ~T1a) (ST)(ST) = (ST)2N,, z o id! z o et

L

A
Sum over
the ions in

(27.[)3 the

Z 5(4.T,) sublattice
Vom A
Tm

Fy(Tm) = 2 g(S)F (Ty) Eq 0™

d

Sum over the
ions in the
magnetic
unit cell

Nm=5N
Vom = 2V
o= 1, A
oq=-—1,8B

70 Nim Ve § |FM(Tm)| e {1 — (Tm-rl av}5(q-Tm)
m
Tm



Diffraction from a simple cubic antiferromagnet lll

2 e~ ldTl = (127:;)13 z 6(q Trm)

A

q =T, = t17, + tyTo+t3T3 For a magnetic lattice: face centered cubic

1 :O,Tm:tl,tz,t3

D aed = ) gy EETREE I
=2,T, = -, —, —
B m 1 2 2 2 3 2

Nuclear and magnetic Bragg
scatter ocurr at different
points in the reciprocal lattice
space



Example: SrYb,0,

Intensity (arb. units)
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— Yecalc
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TIK]
1000 4 @ Yobs 1
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Example 2: SrYb,0, I

u(Ybl) | = u(Yb2)

(h,k,1) | Ednucl Edmag |Gr |Gy Gz Ar Ay Az [Cz (Cy |C=z
(0,1,0) | 55.6 34 0210 2 0 0 0 471 | 0 0.1
(1,0,0) | 100.9 1.1 0 0 0 0 481 | 481 | O 1769 | 1770
(1,1,0) | 15853 | 745 |01 |02 |03 |01 |01 |03 |1 |01 |01
(0,2,0) | 635.19 615.4 0 0 0 690 | O 696 | 0 0 0
(1,2,0) | 2093.5 8.1 470 [ 200 | 770 | 5 18 |7 19 |6 26
(2,0,0) | 3467.5 82.8 0 330 {330 | 0O 0 0 0 0 0
(2,1,0) | 85.87 24.3 01)02|02 |01 (01 |02]01]01 0.1
(0,3,0) | 60.18 5.36 01 (0 01 |0 0 0 0210 0.2
(2,2,0) | 1557.17 37.64 25 |6 10 | 66 |92 | 58 136 | 188 | 324
(1,3,0) | 342.21 198.6 01 (01 |1 01 |01 [01 (01 |0.1 0.1
(0,0,1) | 70.42 826.0 172 | 175 | O 0 0 0 0110 0
(3,0,0) | 244.42 3.6 0 0 0 0 168 | 171 | O 3 3
(0,1,1) | 870.13 173.62 | 0 0 0 01 |01 )]0 0 0 0
W5 [£0 aVe) [ =

(0,1,0) | 55.6 34 314 (O 314 | 0 0 2" "0 0 471
(1,0,0) | 100.9 1.1 0 0 0 0 126 | 126 | O 437 | 437
(1,1,0) | 158.53 74.5 35 [ 50 |8 |43 115 [ 198 | 24 | 32 56
(0,2,0) | 63519 |6154 |0 |o |o |173|o |73 |0 |0 |o
(1,2,0) | 2093.5 8.1 141 | 49 190 | 17 [ 0.5 |22 | 6 2 8
(2,0,0) | 3467.5 82.8 0 8 |8 |0 0 0 0 0 0
(2,1,0) | 85.87 24.3 4 21 |24 12 71 [ 84 [ 6 31 37
(0,3,0) | 60.18 5.36 53 |0 53 |0 0 0 15 |0 15
(2,2,0) | 155717 37.64 14 | 2 35 |15 |21 |36 |34 |48 83
(1,3,0) | 342.21 198.6 25 (07 |5 60 |9 68 16 | 2.6 20
(0,0,1) | 70.42 826.0 44 (4 |0 0 0 0 0 0 0
(3,0,0) | 244.42 3.6 0 0 0 0 42 |42 |0 04 0.4
(0,1,1) | 870.13 17362 | 0 0 0 46 (42 |35 (0 0 0

Representation Analysis
Firt44) O— L 8k ——1)
Alt—1+-)

F1(CxFy), Th(FiCy), T'3(Gx Ay), and T'4(A,Gy),

['s(C;), T's(F7), I'1(G;).T's(A;)

Basireps -Fullprof



Example 2: SrYb,O, Il

*
* Data for PHASE number: 2
L]

SrYb204 magnetic
’

==> Current R_Bragg for Patterntt 1: 62.93

tHat Dis Mom Pri1 Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nuk Hpr Hore

8 a 8 6.8 6.8 1.8 1 LS| a 8 823 .842 a a 1

t

tJvi Jdi Hel Sol Hom Ter Brind RHua Riub RHMuc  Jtyp Hsp_Ref Ph_Shift M_Domains
a a 8 a a 8 1.0088 1.00680 O0.0000 O.0068 1 a i) a

1
P -1
*Hsym Cen Laue MagHat

{--Space group symbol for hkl generation

1 1 1 1
]

SYHH x,y,2|
MSYH u,v,w,08.8
L ]

thtom

Typ Hag Vek X ¥ 2 Biso Occ Rx Ry Rz
H Ix Iy 1z betai1 beta22 beta3d HagPh
YB11 MMHZ2 1 8 8.42170 0.10960 0.25000 0.20000 1.00000 3.370 1.988 8.0888 #color
0.08 a.88 6.88 0.88 a.08 0.88 6.88 0.88
0.888 0.068 B.008 B.088 0.888 0.000 0.00080
6.88 0.08 0.08 a.88 6.88 0.88 a.08
YB12 MMNZ2 1 @ ®8B.57830 0.89160 0.75000 0.20080 1.00000 3.378 -1.988 8.888 #Hcolor
8.08 a.88 a.88 0.08 a.08 0.88 a.88 0.08
6.a808 6.a08 a.aan a.een a.a08 6.A00 B.p0BGEA
a.88 6.8a a.aa a.en a.88 6.aa a.aa
YB13 MHMN2 1 B8 8.92170 A.391600 A.25000 6.20000 1.80008 -3.374 1.988 8.808 #Hcolor
a.8a a.es a.a8 a.8a a.8a a.8a a.a8 a.8a
8.9008 0.808 8.000 a.868 a.0808 9.808 0©.p0000
a.00 0.00 8.08 a.08 a.00 0.00 g.00
YB1h MMM2 1 @ ©.987830 0.60900 0.75000 0.20000 1.00000 -3.370 -1.900 0.888 #color
0.08 a.00 6.88 0.08 0.08 0.00 6.88 0.08
6.8688 0.888 B.008 B.0688 8.888 0.080 0.000808
8.88 0.68 B8.08 a.88 8.88 0.88 a.08
YB21 MMM2 1 8 ©.42538 B0.61238 0.25000 6.20080 1.000048 B.818 1.988 8.888 #Hicolor
B8.08 a.88 8.88 0.88 a.08 8.88 8.88 0.88
6.8688 0.888 B.008 B.0688 8.888 0.080 0.000808
8.88 0.68 B8.08 a.88 8.88 0.88 a.08
YB22 MMMZ2 1 8 B.57478 B8.38730 0.75000 0.200080 1.000848 B.818 -1.988 8.888 #Hcolor
8.08 a.88 6.88 0.88 a.08 8.88 6.88 0.88
6.08688 0.0068 B.008 B.088 a.0888 0.0080 0.00088
6.88 0.08 8.08 a.88 6.88 0.88 a.08
YB23 MMMZ2 1 8 8.92530 0.88770 0.25008 B.20080 1.000088 -8.810 1.988 8.888 #Hcolor
0.08 a.88 6.88 0.88 a.08 0.88 6.88 0.88
0.888 0.068 B.008 B.088 0.888 0.000 0.00080
6.88 0.08 0.08 a.88 6.88 0.88 a.08
YB24 MMH2 1 @ ®8.87478 0.11230 0.75000 B.20080 1.00000 -0.8180 -1.988 8.0888 #color
0.08 a.88 6.88 0.88 a.08 0.88 6.88 0.88
0.888 0.068 B.008 B.088 0.888 0.000 0.00080
6.88 0.08 0.08 a.88 6.88 0.88 a.08

scale

scale

scale

scale

scale

scale

scale

scale

2.3

2.3

2.3

2.3

2.3

2.3

2.3

2.3

Fleaic

Rietvel Refinement

Intensity (arb. units)

1000 ! ' ' E
? @ Yobs
. | Bragg positions
8004 !r —— Yobs-Ycalc -
| — Ycalc
*
| 9
600 4 B
|}
e 3 ]
4004 j Vet )
AL AT il 4
it MV laad W
2004 ggstd | L g
I | | I [N (I I [ |
0 ]
T T T
20 40 60 80 100 120
20(°)
320000 ————r1— T L e
280000 - 4
240000 |- .
200000~ ]
160000 | -
120000~ y 3
80000 |- -
40000 |- ; 2}
o o )
0 40000 £0000 120000 160000 200000 240000 280000 320000

F2obs



Example 2: SrYb,0, IV

Name tz(1B) py(1B) )

Yhil 3.37(5) —1.9(1) | 3.90(8)
Yh12 -3.37(5) | 1.9(1) 3.90(8)
Yb13 —-3.37(5) | —19(1) | 3.90(8)
Yh14 3.37(5) 1.9(1) 3.90(8)
Yh21 0.81(5) —2.0(1) | 22(1)

Yh22 —0.81(5) | 2.0(1) 2.2(1)

Yh23 —0.81(5) | —2.0(1) | 2.2(1)

Yh24 0.81(5) 2.0(1) 2.2(1)

R, =353, Rupp=5.18, | Rerp=5.76

Yb2 Yb1

a
@ PHYSICAL REVIEW B 86, 064203 (2012)



Flux line lattices in Superconductors

DRIl

Scattering geometry
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m f {f ‘ The momentum transfer, Q. 1s roughly
W f perpendicular to the flux lines, therefore all the

magnetization 1s seen.
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Normal state Superconducting state Flux line lattice

Meissner effect
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QR = O == kG

0,0,
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Diffuse elastic magnetic scattering

Magnetic Coulomb Phase in the
Spin Ice Ho,Ti,0,

Fennell,’* P. P, Deen,’ A. R. Wildes,” K. Schmalz? D. Prabhakaran,” A. T. Boothroyd
).

P.P en
R. ). Aldus,” D. F. McMorrew,* S. T. Bramwell*

SCIENCE VOL 326 16 OCTOBER 2009



Short range magnetic order

| a) E~14.7 meV

T=15K

600} C. Stock et al. PRL (2010) |

400k i'r!ﬁ:' ',I-n'f- -..!:".
g (U N
€ 200t
-
.g Ow ---- pe==—p===r" f i |
o 0 1 2 3 A 5 6 7 8
< (0.155,0.155,L) (r.l.u.)
>
.g c) E=14.7 meV
03 =14.
jg 750
500 < 02
u.
250 0.1 +
. L]
™ L]
. r

0.4 345 02
(H.H, 1) (rlu) T (K)



Short range magnetic order Il

0.6

0.4

NAVAVAVA

(LU

4 5 6

<P T R e R T

3

2 2
(Ok0) (0kQ)

Petrenko, et al., Phys. Rev. B 78, 184410 (2008)
Hayes, et al., Phys. Rev. B 84, 174435 (2011).



Parametric studies

59.79

A C)

(b) : . (220)—-‘.

Intensity (counts/10 s)

i n i 1 1 i 1
0 50 100 150 200 250
Temperature (K)

335.00
251.50
168.00
84.50
1.00

- 300

Intensity (counts/5 s)

Figure 8. Structural and magnetic phase transition as a

function of temperature in a single crystal of SrFesAs,.

Zhao 2008 Phys. Rev. B 78: 140504(R). 1-4..

6
4
2
0

6 10 14 18 22

T(K)

FIG. 4. (Color online) (pyH,T)-phase diagram of LiNiPOy for

Toft-Petersen

PHYSICAL REVIEW B 84, 054408 (2011)



Experimental methods

Diffractometers Triple axis spectrometers
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Newtron Guide

2D detector
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