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Fig. 595. Difference between the ([110]-integrated)electrons in NiMnSb, measured with polarised
momentum densities of minority and majority spinpositrons. Left: experiment, right: theofy [88M1].

1.5.5.11 Magneto-optics

The response of a medium to electric and magnetic fields is determined by the permittivity and
permeability tensors and p, respectively. For time dependent fields (and in particular for
electromagnetic radiation) and for dielectric materials, it is the refractive indeshich fully
characterises the optical properties. The elements ofay be complex and are related to the

] 2 .
refractive index by an equation of the fo’p, :(nxx+inxx) . Heren,(n,,) is the real (imaginary)

part of the refractive indemn.

For an isotropic material the permittivity is a diagonal tensor. However, if the material is
magnetised the macroscopic orientation of the magnetisation singles out a unique direction. As a
consequence the permittivity tensor acquires off-diagonal elements which are, to first order, linear in
the magnetisatioM. Thus the permittivity tensor has the form:

Ex gy O
E=|Fie, €, O
0 0 ¢

zz

for a magnetisatioM which is directed along theaxis MI1z). The off-diagonal matrix element is
often parameterized in the form

Exy
&

Q:

XX

with Q being the magneto-optic paramet@ror &, change sign if the direction of the magnetisation
is reversed. In the literature different sign conventions are in use. For a discussion of the question of
the sign convention in magneto-optical calculations and measurements the interested reader is

referred to[[93AL].
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M
oA A~
ARE o
polar transverse (equatorial) longitudinal (meridional)

Fig. 596. Experimental arrangements for the orien-and reflected beams) for the polar, longitudinal and
tation of the magnetisation with respect to the surfaceansverse Kerr effects.
and the scattering plane (spanned by the incoming

The off-diagonal element of the permittivity is responsible for the magneto-optical Faraday and
Kerr effects. The Faraday effect measures experimentally the rotation of linearly polarised light
when passing through a transparent medium and with a magnetic field oriented parallel to the
direction of propagation of the light. The Kerr effect is the Faraday measurement carried out on
metals and in reflection. For both experiments the polarisation of the incident linearly polarised light
is rotated thus acquiring an elliptic component.

Depending on the experimental arrangement the polar, longitudinal and transverse Kerr effect are
distinguished. For the polar Kerr effect the magnetisation is oriented perpendicular to the surface of
the metal. For the longitudinal and transverse Kerr effects the magnetisation lies in the plane of the
surface and is oriented either within or perpendicular to the plane of the incident light.

For the polar Kerr effect consider a cubic material with the conductivity or permittivity tensor
or €. For the case that the magnetisation is directed along thés one obtains the permittivity
tensor as

Exx T4 O
E=|tE,, &, O
0 0 ¢,

The upper signs are applicable M, is directed upwards and the lower signs fdy directed
downwards. The off-diagonal elememsig = & — i¢, arise due to the spin orbit coupling and give rise
to a rotation of the polarisation of the light on reflection. For a non-ferromagnetic sample the random
orientation of the magnetisation ensures that the effect cancels out, thus making it observable only
for a ferromagnetic sample.

Within a homogeneous medium a plane electromagnetic wave may be described using

E(r,t) : E iw[ét—%km]
[H(r,t)] N (HZ)®

This plane wave can be written as a superposition of a wave with a right and a left handed
polarisation. The refractive indices for left and right circularly polarised light is then given by

n. =n(l + Q)
n_=n(1 - ¥0Q)

where n is the refractive index without magnetisation. Thus for the polar Kerr effect the
experimentally determinable parameters are the phase difference between left and right handed
polarised waves and its ellipticity. This yields, respectively, the Kerr rotation groged the Kerr
ellipticity &. These are related to the magneto-optic paran@@iend the refractive index according

to
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Px = _Im(lrlar?zj fx = _Re(lrl[n?zj

Interest in the magneto-optical properties of, @bmpounds stems from their possible use as
thermomagnetic recording media. The stored information can be read by using either the Faraday or
the Kerr effect. In both cases sufficiently high signal-to-noise ratios can only be obtained in
materials in which these effects are relatively large. The materials must also meet other requirements,
e.g., a positive uniaxial anisotropy which can maintain the magnetisation perpendicular to the surface
in spite of the demagnetisation field. A further requirement is that the Curie temperature of the
compensation point is not too far above room temperature, or the coercive force decreases rapidly
with temperature. Measurements have been made on solid surfaces, films and multilayer structures.
Particular attention has been focused on PtMnSh, for which a large Kerr effect has been observed.
The parameters measured are the Kerr rotagiopand Kerr ellipticitysg, which are often combined

to give an overall Kerr effead.

_ 2, .2
Dy = bk +&

X,YZ X =23d, 4d, 5d, Y =3d
X =8A: Co, Ni, 1B: Cu
Y = 4A: Ti, Zr, Hf; 7A: Mn
Z =4B: Sn

X,YSn

The polar effect has been investigated in cobalt-based Heusler alloys. As Y is changed from Ti to Zr
to Hf, the size of the magneto-optical effect increases, which is difficult to understand if the
transitions are mainly determined by the Co 3d states. The results f/dnSn arise predominantly

from the exchange split Mn band. For ®&#mSn the situation is more complicated, since both the Co
and Mn atoms carry a moment, but inMnSn the moment is confined to the Mn atom.

Table 123.Comparison of the intensity of the
main positive peak|, in the magneto-optical
spectra of several GgSn compounds with the
spin coupling constany (taken from Griffith,

[61G1]) [83V2].

Y Ti zZr Hf

| [eV7] 40 250 930
ylem™ 88 339 1336
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Fig. 597.Comparisons of the energy dependencies ¢
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Fig. 599. Energy dependence of the Kerr rotationFig- 600. Energy dependence of the Kerr rotation
(2¢x; full lines) and the ellipticity (2«; broken lines) (29; full lines) and the ellipticity (&; broken lines)
in various Heusler alloys NiMn,Sn (x = 0.9, 1.2, in various Heusler alloys ANiMn,Sn (x = 1.7, 2.0,

1.5) [84B1]. 2.2) [84B1].
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25 . Fig. 601. Concentration dependence of¢2 cor-
Niz-(Mn,Sn responding to the main peak intensity in the Kerr
| rotation spectra of the Heusler alloysz;lMn,Sn. In
2.0 order to exclude effects due to a different temperature
_ dependence of & and in view of the differences in
& \\ % Te, all 2¢¢ values have been normalised by means of a
T 18 N factor o(T = 4.2 K)/o(T = 300 K). The full and broken
= AN curves represent the concentration dependence of the
k) N main peak intensity as obtained by model calculations
£ 0 %\\ of the atomic environment of the nickel atoms [84B1].
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Fig. 602. Kerr rotation¢y as a function of the energy

ehv in several Heusler compounds of the type
Co,,CyMnSn. The ellipticity &« is also plotted
(broken line) for the compound @dnSn. The dotted

line for x = 1.8 indicates the overlaying of two
separate closely spaced pedks [§7V1].

Fig. 603.Kerr rotationgy as a function of the energy
hv in several Heusler compounds of the typ
Co,,CuMnSn. The ellipticity &« is also plotted
(broken line) for the compound g@4nSn [87V1].

Landolt-Bdrnstein
New Series 111/32C



Ref. p. 409] 1.5.5 Heusler alloys 379

Summary

Table 124. Crystal chemical, magnetic and magneto-optic data of Fe compounds and alloys. The
magnetizationo and polar Kerr rotation anglep2 were measured at room temperature in an applied
field of 1280 kA m™. 2l «|/oin 10°deg kg A'm™. q: quenched but still multiphaséd [83B2].

Alloy or Heat Crystal a o 2¢ 2¢« 2|p «llo
compound treatment structure  [A] [Am?kg™ (633 nm) (830 nm) (633 nm)
Fe as-cast bce (A 2.867 213 —-0.82° -1.07° 3.85
FeAl 1o 10 d 1000 °C (q) bcc (A 2.886 203 —0.83° —-1.07° 3.1
FeAl,,  10d 1000(q) bec(d  2.907 185 —0.78° —094° 42
FesAl,s  10d1000(q) bec(d 2911 162 ~079° -095° 49
FeAl 30d 440 fcc (DQ) 5.805 156 —-0.79° —0.96° 51
FeAlsg 30d 600 bce () 2.919 98 —0.69° —-0.82° 7.8
FessGayo 20 d 600 bce (A 2.907 167 —-0.90° -1.12° 54
FeGa 30 d 600 fcc (L)) 3.683 147 —-0.91° -1.13° 6.2
FeoGa, 10d900(q) bcc(d  2.930 107 085  —1.04° 79
FeGa 6d650(q)  bcc(® 2917 92 ~078° —-090° 85
FeGa 18d900(q) bcc(d 289 101 ~0.69° -088 6.8
FeGa, 90 d 800 monocl. 24 —-0.33° —0.38° 13.8
FesoSing 20d 900 bce (A 2.848 160 -0.73° —-0.85° 4.6
FeSi 20d 900 fcc (LD 5.662 138 —0.65° -0.72° 4.7

Table 125. Lattice constanta, Curie temperaturd¢, saturation momenps at 4.2 K, saturation
magnetisatioro at 300 K, and Kerr rotationd% measured in various Heusler allolys [88B2].
2|¢ «|/oin 10°deg kg A'm™

Alloy or Heat a Tc Ps o 2¢« 20« 2|pllo
compound treatment [A] K] [ue/fu] [Am?kg™ (633 nm) (830 nm) (633 nm)
MnyVAI 30d 800 5.897 1.82 50 0.02° 0.01° 0.4
FeNiAl 30d 600 5.758 4.25 117 - 0.50° -0.61° 4.3
FeMnAl 12d 900 5.816 1.58 52 —0.25° —-0.28° 4.8
Fe,CrAl 11d 800 5.805 246 1.67 —-0.22° —0.24°

FeVAI 11d 800 5.761 Xo=1.810%cn? g™

FeTiAl 14d 900 5.879 123 0.11

FeMoAl as-cast 5.918 0.36

CoFeAl 10d 800 5.730 4.96 138 —0.74° —0.84° 5.4
Co,MnAl as-cast 5.749 693 4.04 104 —-0.09° —0.08° 0.9
Co,CrAl as-cast 5.727 334 1.55 17 —-0.02° —0.02° 1.2
Co,VAI as-cast 5.772 310 1.95 27 —0.03° —0.03° 1.1
Co,TiAl 14d 800 5.847 134 0.74

CoNbAl 10d 900 5.935 383 1.35 22 -0.01° -0.01° 0.5

CoZrAl 3d1050 6.078 178 0.79

Co,TaAl 10d 900 5.930 260 1.50

CoHfAl 3d1000 6.045 193 0.82

NiMnAl 8d900 5.824 Ty=30

Ni,CrAl as-cast 5.737 140 0.13 —0.02° —0.02°
CwpMnAl 10d 800 5.968 603 3.60 86
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Table 126. Lattice constanfa, Curie temperaturd¢, saturation momenps at 4.2 K, saturation
magnetisationo at 300 K, and Kerr rotation¢® measured in various Heusler alloys of the type
X,YGa [83B2]. 2p «|/oin 10°deg kg A'm™.

Compound Heat a Tc Ps o 2¢« 2¢« 2|p«llo
treatment [A] K] [ue/f.u] [Am?kg™ (633 nm) (830 nm) (633 nm)
Mn,VGa as-cast 6.095 1.66 44.3 0 0 0
FeNiGa 2w 800 5.780 3.21 55.0 —-0.31° —0.30° 5.6
FeCoGa 10d 800 5.767 5.09 120.9 -0.83° —-0.95° 6.9
FeCrGa 11d800 5.824 2.60 42.5 —0.36° —-0.41° 8.5
FeVGa 11d800 5.782  x,=310°cnPg™
CoFeGa 10d 800 5.737 5.13 116.8 -0.82° —0.98° 7.0
CoMnGa 10d800 5.767 694 4.05 87.5 —0.28° -0.31° 3.2
Co,CrGa 30d 800 5.805 2.36 49.3 0 0 0
CoVGa 30d800 5.779 352 1.92 33.2 —0.04° —-0.03° 1.2
CoNbGa  14d800 5.950 1.39 20.9 —-0.02° —-0.02° 1.0

Co,TiGa as-cast 5.850 130 0.75
CoHfGa as-cast 6.032 186 0.60
Ni-MnGa 8 d 900 5.835 379 4.07 69.7 0 0 0

Table 127.Crystal chemical, magnetic and magneto-optical data of Heusleftyp2) compounds
based on Sn. The saturation magnetisation per formula ppityas derived from magnetisation
measurements at 4.2 K in a field of 1440 kA/m. The magnetisatiand the polar Kerr rotation
angle 2 x were obtained at room temperature in a field of 1280 kA/m [B3B2].

2|¢ «|/oin 10°deg kg A'm™

Compound Heat a Tc Ps o 2¢« 2¢« 2|p«llo
treatment [A] K] [ue/f.u] [Am?kg™ (633 nm) (830 nm) (633 nm)

FeVSn 50d 600 5.959 200 1.32 8 —0.05° 0.07° 0.1

Co,TiSn 30d800 6.076 371 1.96 35.8 0 0.01° 0

Co,ZrSn 20h 900 6.242 448 1.46 0.18° —0.04°

Co,HfSn 11d800 6.227 394 1.57 19.8 0.31° 0 15.7

Co,VSn 14 d 800 5.960 95 1.21 0.02° 0.01°

Co,NbSn 60d 600 6.142 105 0.69

Co,MnSn 10d800 5.984 829 4.79 87.3 —-0.06° -0.11° 0.7

Ni.MnSn 30d 800 6.048 345 4.01 48 0.01° 0.02° 0

CuMnSn 20d640 6.168 530 3.97 60.8 —-0.12° —0.14° 2.0
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Table 128.Crystal chemical, magnetic and magneto-optical properties of several Heusleygep
compounds based on Si, Ge, In, Sn and Pb. The saturation magnetisation per formpla wast,
obtained from magnetic measurements at 4.2 K in a field of 18 kOe. The values of the magnetisation
o and the polar Kerr rotation angle 2 were obtained at room temperature in a field of 1280 kA/m

(16 kOe) [83BR].

2|¢ «|/oin 10°deg kg A'm™

Compound Heat a Tc Ps g 2¢ « 2¢ « 2|p|lo
treatment [A] K] [ue/f.u] [Am2kg™ (633 nm) (830 nm) (633 nm)
Co,FeSi 20d 600 5.647 980  5.18 139.8 -0.67° -068 4.8
FeVSi 11d800 5.675  x,=2.510°cntg*
Co,TiSi 12d 900 5743 375  1.65 37.3 0 -005° 0
FeMnSi  10d 800 5.671 2.33 -0.05° -0.04°
CoMnSi  30d800 5.645 985  4.90 138.4 0 -006° 0
CoFeGe 20d600 5.738 5.54 124.2 -0.87 -1.03° 7.0
CoMnGe 10d800 5.749 905  4.93 108.8 -0.03° -008 03
Co,TiGe 5.807 386  1.59 26.6 0.01° -0.01° 04
FeCoGe  14d800 5.775 118.2 -0.71° -079° 6.0
Ni;Mnln ~ 20d600 6.075 323  4.34 40.3 0 0 0
CuMnin  20d520 6.206 500  3.95 64.1 -0.05° -0.03 08
Co,Feln 30d 400 5.716 -0.88° —-1.17°
RhMnSn 24d800 6.232 410 3.4 41 0.01° 0.02° 0.2
RhMnGe as-cast  6.044 27 0 0.01° 0
RhMnPb  as-cast 6.271 335 29 3.5 0 0 0
RuFeSn  24d800 6.202 33 -0.14° -0.08 4.2
Cl, XYZ X =3d,4d Y =3d

X = 8A: Ni, Pd, Pt
Y = 7A: Mn; 8A: Fe
Z = 4B: Sn, 5B: Sb

The magneto-optical properties of these compounds have been studied on solid film and multilayer
structures. The effects of composition, heat treatment and surface quality on the magneto-optical
properties have been investigated.

Solid

Table 129.Crystallographic and magnetic proper-
ties of some Mn-based Heusler alloys [88V1].

Compound a Ps Te
[A] [us/Mn]  [K]
PtMnSb 6.210 3.97 582
PdMnSb 6.285 3.95 500
NiMnSb 5.920 3.85 730
PtMnSn 6.264 3.42 330
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Table 130.Compositional dependence of the magnetic and magneto-optical properties of PtMnSbh
alloys [90T2]. w: weak, vw: very weak.

Sample Composition [at%] Structure type o[Genfgll 24«
Pt Mn Sb

1 335 334 33.1 Gl 54.3 1.75°
2 32.2 35.1 32.7 Gl 52.3 1.34°
3 31.9 37.2 30.9 Gl 50.5 0.73°
4 29.9 40.2 29.9 Gl 47.5 0.64°
5 344 318 338 G+ C2(W) 46.0 1.38°
6 36.0 30.2 33.8 GL+ C2 (w) + LY (w) 37.5 1.07°
7 375 311 314 G+ C2(w)+LL(w) 28.7 0.78°
8 302 351 347 Gk C2(vw)+B8§(W)+Ll (W) 516 1.39°
9 32.0 31.6 36.4 GL+ C2 (w) 49.5 0.82
10 35.3 34.7 30.0 GL+ L1, (w) 44.8 1.48°

Wavelength 4 [nm] Pt-Mn-Sb Pt

1200 600 300
2 T T T f
PtMnSb

Dielectric constant g,

Energy hv [eV]

Fig. 609.Composition of ten PtMnSb ternary samples
as given in Table 130. Sample 1 represents the

Fig. 608.Real €L,) and imaginary £2,) parts of the Stoichiometric composition [90T2]. Numbers of the

PtMnSb samples. Solid line: as-polished sample;
dashed line: sample polished and then annealed at

500 °C [90T2].

diagonal elements of the dielectric constant tensor fosramples correspond to those in the table.
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