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6f-1. Types of Magnetism and Some Formulas.? Diamagnetism. Substances
whose magnetic susceptibility
M

H

is negative are called diamagnetic. The Langevin-Pauli formula for the diamagnetic
susceptibility of an atom is [1]
- Ne? 272
X =7 me?

where 72 is the mean-square distance of the electron from the nucleus, and the sum-
mation is over all the electrons in the atom.

1 Section on properties of paramagnetic salts.
® Contributed by D. F. Bleil, U.S. Naval Ordnance Laboratorv.
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Paramagnetism. Substances whose magnetic susceptibility is positive are called
paramagnetic. Langevin made a classical statistical analysis of an ensemble of dipole
moments in thermal equilibrium in a magnetic field. The magnetization is given by

_ pH
M = NeL (kT)

where N is the number of atoms per unit volume and p is their dipole moment. The
Langevin function for x = pH/ET is

L(z) = ctnhz — :—i-

If uH < kT, the Langevin formula reduces to the Curie law
¢
T

Introduction of the quantum theory into the statistics for atoms with total angular
momentum quantum number J gives

JBH
M = NgJ8Bs (%)

)

>

=I»l
X =3k

|

=3

where g is the Landé factor, 8 (also up) is the Bohr magneton, eh/4wme = 0.927 X 107%
erg/oersted, and the Brillouin funetion is

_2J 41 2J +1 1 x
By(z) = 57 etnh 57 % T 5 ctnh 57
When the argument of the ctnh is much less than one, the susceptibility becomes
" a28°

x = NJ(J + 1) Eﬁ

Note. The above equations were derived on the assumption that the atoms are
free and therefore they apply, in general, only to solids which are magnetically
“dilute.” For details, see Van Vleck [1].

Ferromagnetism. Ferromagnetic substances are characterized by the onset of a
spontaneous magnetization (in a zero applied field) at temperatures for which T < T¢
where T¢ is called the Curie temperature.

MOLECULAR FIELD (Modified Weiss). Consider the magnetic field applied to the
dipoles in the Brillouin function to consist of the applied field H, plus an internal
field which is proportional to the magnetization. The effective field is

H4=Ha+'YM

where ~ is the molecular field coefficient. The magnetization is M = NgJBBi(z) =
M By(z) where M, is the moment at 0 K, and when

Tz = T <1
_ NgJ(J + 1)8°H.
M= 3kT

A nonvanishing solution for M exists for H, = 0 when T < T¢, where

Ng*8*J(J + 1)
3k

Te =

Combining the above equations to get a temperature function for the argument of
Byi(x) for H, = 0, we have
z = 3J M/M,
T J4+1T/Te
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For T > T¢ the susceptibility is

_M _gM(J 4D __C
X" H, 3T ~-=T¢ T<=T¢

This equation is called the Curie-Weiss law. It is usually written

=C
X=7 %

where 6, called the paramagnetic intercept (Curie point), is found by experiment to
be slightly larger than 7'¢ when T > T¢ (see Sec. 5{-14). Many solids obey a Curie-
Weiss law.

HEISENBERG EXCHANGE COUPLING. Heisenberg replaces! the molecular field
assumption with the idea that the interaction between a pair of atoms ¢ and j has the
form

Vij = "288; . Sj

where S; and S; are quantum-mechanical spin operators, and g is the exchange energy.
This problem has not been solved exactly; the most usual approximations are to con-
sider interactions only between nearest neighbors and to assume that all states of the
crystal with the same total spin have the same energy. For these approximations,
the Heisenberg results can be taken over directly into the molecular field form from
the preceding paragraph, with the following substitutions:

b g8S  wr— gBS(S + 1)
2z19|
Y — .\v_g 2‘5' 5

where z is the number of nearest neighbors of a given atom. For those atoms for which
L 5 0, S(S + 1) is replaced by J(J 4+ 1). These procedures and results usually go
by the name of the “‘first Heisenberg approximation.” The literature (see Van Vleck
[1] and Smart [3]) should be consulted for information about other approximate solu-
tions of the spin-operator problem. '

Antiferromagnetism (Molecular Field). Antiferromagnetic substances are those in
which the magnetic ions can be divided into equivalent sublattices which become
spontaneously magnetized in an antiparallel arrangement below some temperature
Tx. The antiparallel alignment occurs because of a large negative exchange integral.
Van Vleck? considered two simple interpenetrating cubic lattices and nearest-neighbor
interactions. Call one sublattice 4 and the other B. The effective field on an ion of
lattice A is due to the ions of B; thus

H,o = H, — 2vMp
H,p=H, — 272‘14

where v is the same as in the ferromagnetic case except that each sublattice has N /2
(see Smart [3]) and g is now negative. The susceptibility for 7' > T'x is
_NgJJ+1 _ €
X = T3k(T + 6) T +6
where § = ¢T', and ¢ = 1 for the simple model.? The susceptibility below the Néel
temperature for this simple model consists of two parts, the susceptibility parallel (x|)
and perpendiculare (x,) to the antiferromagnetic axis. x| decreases and becomes

1'W. Heisenberg, Z. Phystk 49, 619 (1928).
2J. H. Van Vleck, J. Chem. Phys.'9, 85 (1941).
3 For other models see J. Samuel Smart, Phys. Rev. 86, 968 (1952); see also ref. 3.
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zero as T — 0; thus the susceptibility at absolute zero for a polycrystalline solid is
XTo0 = §XT-Tn

Ferrimagnetism (Molecular Field). Ferrimagnetic substances are those in which the
magnetic ions can be divided into nonequivalent sublattices which become spon-
taneously magnetized in an antiparallel arrangement below some temperature Tc.
A ferrite, i.e., Nile:0,, is used as an example. Tt is a spinel structure having a close-
packed cubic oxygen lattice in which there are 8 tetrahedral and 16 octahedral sites
occupied by magnetic ions. The sites are labeled A and B, respectively. Néel,!
using the molecular field theory, gave the effective fields at the 4 and B sites as

Hs = Hy + vaaM 4 — vasMB
Hp = Ho — vapMa + veeMp
Lo 22
where Yii = N g8
zi; is the number of nearest neighbors on the j sublattice to an atom on the ¢ sublattice,
Jij is the exchange coupling between the electrons of those atoms, and N; is the total
number of magnetic ions on the j sublattice.

FOI' T > TC;
¢ T-¢
XE=PZT:T - Tor
where
C = Ng83J(J + 1) X = Na _Ns
3k N TN
Te = %‘CD\‘YAA + uves + vV (A\yas — uveg)? + 4iuan?
To = 3C\v4aa + pyse — vV (Nvaa — pyee)? + was’]
¢ = MuC(vasa + vBB + 274B)
For T < Tq,
M4 = NagBJya My = NpgBJys
Tn2R27T2 .
where yi = Bs ]\gkﬂ TJ (Nyaays — #wzya)]

N 2 2J2
ys = Bs [ gkﬁT (—N\vyaBya + #ways)]

where B;(z) is the Brillouin function. .

Gyromagnetic Ratio. The magnetic moment of an amperian current loop is propor-
tional to its angular momentum,
_ge . _ .
w=5-1=7])
or summed over an entire body,
M

I

¥'J

where J is the total angular momentum corresponding to the magnetic moment M.
2mce

Bothy'and ¢’ = — ~' are called the “gyromagnetic ratio.”” They are more properly

called the “magnetomechanical ratio.”” A change in either J or M produces a corre-
sponding change in the other. '

BARNETT? EFFECT. Change of magnetization by rotation.

EINSTEIN-DE HAAs® KFFECT. Change of rotation by magnetization.

11, Néel, Ann. Phys. 3, 137 (1948).

2 3. J. Barnett, Revs. Modern Phys. T, 129 (1935).
3 A, Einstein and W. J. de Haas, Verhandl. deut. physik. Ges. 17T, 152 (1915).



MAGNETIC PROPERTIES OF MATERTALS b-143

Measurements of many ferromagnetic materials by these methods yield values of
g’ < 2, indicating that for them the electron spin is the predominant source of mag-
netism. For a free ion ¢ = ¢ (spectroscopic splitting factor), but in a crystalline field
both ¢’ and ¢ may depart considerably from 2. When the orbital admixtures are not
necessarily small, the relation!
ro 9

g—r
departs from the Kittel-Van Vleck relation for which p = 1. For substances where
p # 1 see Smart [3] and Smit {5].

Spin Resonance. A substance with a magnetic moment in a static magnetic field H
will absorb energy from an oscillating magnetic field of small intensity at right angles
to the static field. The peak of the absorption curve occurs at the angular frequency

g

where yy = =

where p is the appropriate unit for the magnetic moment, and g is the spectroscopic
splitting factor.
PROTONS. u is the nuclear magneton up = eh/4rMpc, and g = 5.538.

5 = v(kHz) = 4.26H (oersteds)

FREE ELECTRONS ;
uw =24 and g =2
v (MIIz) = 2.80H (oersteds)

PARAMAGNETIC sALTS.? The equation of motion, treating the body as a whole, may
be obtained® by the use of M = v,], and the torque dJ/di = M X H,
dM
'E = "/r(M X H)
where the components of H are

H, = 2H, cos wt H, =0 H, = static field

The amplitude of the oscillatory field is small compared with that of the static field,
and the resonance frequency is
wo = ’Yer

FERROMAGNETIC RESONANCE. Kittelt has shown that the above equations hold for
ferromagnetic resonance if all demagnetizing effects are included. For example, the
resonance frequency becomes '

w = y(BH)}

for a specimen in the form of a thin disk with the static field parallel to the disk.
ANTIFERROMAGNETIC RESONANCE. Above the Curie temperature, paramagnetic
resonance is found. Below the Curie temperature, the effective field® hecomes

Het = [Ha(RHg + Hﬁ)l%

where H 4 is the effective anistropy field of one sublattice, and H is the exchange field.

1 M. Blume, S. Geschwind, and Y. Yafet, Generalized Kittel-Van Vleck Relation between g
and g’; Validity for Negative g-Factors, Phys. Rev. 181, 478 (1969).

2 For metals, see F. J. Dyson, Phys. Rer. 98, 349 (1955).

3 F. Bloch, Phys. Rer. 70, 460 (1946).

4 C. Kittel, Phys. Rev. T1, 270 (1947); 73, 155 (1948).

& C. Kittel, Phys. Rer. 82, 565 (1951).
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FERRIMAGNETIC RESONANCE. The individual sublattices must be considered in the
resonance equation. An effective splitting factor! for the combined sublattices is
given by

e _|IM| _  |ZMj]

9t Tne = 18] IZ(M:/%)]

where M; is the magnetization of the individual sublattice, and v: = g:(e/2mc)
describes its magnetomechanical ratio.
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Bf-2. Magnetic Properties of Elements

TaBLE 5f-1. SATURATION MAGNETIZATION AND Curie POINTS
oF FERROMAGNETIC ELEMENTS*

Element | ¢,(20°C) |M,(20°C) | ¢0(0 K) nB Ter K| 0, K | Ty, K| perr | Rel
Fe....... 218.0 1,714 221.7 2.216| 1043 1100 s 3.20 | 1.3
Co...... 161.8 1,422 162.5 1.72 1404 1415 R 3.15 1 2
Ni....... 54.39 484 58.57 0.616 631 650 c.. 1.611 3
Gd......| ..... 1 250 7 293 302 - 1
Tb.....of vovve | eeeas 330 9 222 238 229
Dy......f «.... e 350 10 85 159 179
Ho.. ...l veeee | innn 345 10 20 87 131
Er.o...... oo ] el 300 9 20 40 84
Tm......] vevee | ooenn 230 7 25 cen 56
Cr...... I R IR SRR O R BRI 475
Muo. ool b o i e ] e e 100

* g, and ¢o = saturation moments per gram

. = saturation moment per ¢cm?3

nnnkK

np number of Bohr maguetons per atom
Tc¢ and 6 = ferromagnetic and paramagnetic Curie points
T~ = Néel temperature

peit = effective Bohr magneton number in the paramagnetic state
+ Values of Mo (M, at 0 K) are 2,000 (Gd) to 3.000 (Ho) for the ferromagnetic rare earths, zeroat.
20°C:; ng is nearly the theoretical value of gJ (Table 5{-3) with an uncertain additional value of a fw
tenths of & unit.

t Values of uetr of the trivalent rare earths are nearly the theoretical ones given in Table 5{-3, exeqit
for Sm and Eu [4] and Yb.

References for Table 6f-1

1. Vogt, E.: “Landolt-Bornstein Tabellen,” vol. II, part 9, p. 16, Springer-Verlag OHf,
Berlin, 1962.

2. Myers, H. P., and W. Sucksmith: Proc. Roy. Soc. (London), ser. A, 207, 427 (1951).

3. Danan, H., A. Herr, and A. J. P. Meyer: J. Appl. Phys. 39, 669 (1968); Crangle, J., aad
G. M. Goodman, Bull. Am. Phys. Soc. 11, 15, 269 (1970).

4. Van Vleck, J. H.: “Theory of Electric and Magnetic Susceptibilities,” Clarendon Pres;

Oxford, 1932.

6f-3. Properties of Ferromagnetic Compounds. Tables 5f-4 and 5{-5 show Tespee-
tively properties of binary compounds of iron group elements and of rare earth db-
ments; Tables 5{-6 to 5f-8 list properties of pure spinel ferrites, of spinel ferrifes
containing ZnFe;0,, and of other ferrites; Table 5{-9 applies to garnet ferrites sad
Table 5{-10 to known weak ferromagnets of various compositions and structures.

1 R. K. Wangsness, Phys. Rev. 93, 68 (1954).
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TaBLE 5f-2. RELATIVE SATURATION MAGNETIZATION o,/00,
AS DEPENDENT ON TEMPERATURE RELATIVE TO THE
Curie PoiNt T/T¢

. 05/00
ir observed Molecular field theory
Te
Fe |Co, NijJ =13 1 1 2 3 3 H 4 2 6 38 8 w
-0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0.1 10.996{0.996 | 1.000 {1.000{1.000{1.000{1.000{1.000{1.000{0.999(0.999:0.998,0.996{0.995/0.965
0.2 10.99 {0.99 | 1.000 |0.999{0.998/0.997]0.994|0.992{0.989/0.986(0.984(0.977/0.971{0.9690.928
0.3 !0.975/0.98 | 0.997 |0.993{0.987{0.980|0.974|0.967(0.962!0.957{0.952{0.941!0.933|0.931|0.887
0.4 [0.95 | 0.96 | 0.986(0.973|0.960/0.949{0.938|0.929|0.922/0.915/0.910/0.897{0.888/0.885/0.841
0.45 0.974 |0.057|0.041|0.92710.915{0.905[0 . R07{0.KAN|0 . KR410 . R71[0.KA2|0 8A0|0 . R18
0.5 10.93 {0.94 | 0.9580.937|0.9180.901|0.889(0.878(0.870|0.862{0.856|0.843|0.834/0.831(0.789
0.55 0.936 |0.911(0.889|0.872|0.858|0.848|0.839|0.831|0.825|0.812!0.803|0.800{0.759
0.6 |0.90 1 0.60 | 0.907 |0.879{0.856|0.838|0.82410.813/0.804(0.796{0.790{0.777|0.768(0.766/0.726
0.65 0.87210.841|0.817|0.798(0.784/0.773|0.764]0.757{0.751/0.738(0.729!0.727{0.689
0.7 10.85 [0.83 |0.82910.796/0.771]0.753|0.739{0.728|0.719/0.712]0.706{0.694/0.686/0.684(0.647
0.75 0.776 10.742|0.717/0.699|0.686/0.675(0.667/0.660{0.655(0.643/0.635[{0.633(0.600
0.8 10.77 10.73 {0.710}0.678{0.654/0.636/0.624|0.614|0.606/0.600{0.595,0.584/0.577{0.575|0.545
0.85/0.70 | 0.66 | 0.630{0.599{0.576(0.561{0.549|0.540(0.533{0.528{0.523:0.514|0.507|0.506(0.479
0.9 10.61 [ 0.56 | 0.5250.498/0.47910.465{0.454|0.448(0.442{0.438/0.434{0.426(0.420(0.419{0.397
0.95/0.40 [ 0.40 | 0.379{0.359!0.344|0.334/0.327|0.322|0.317|0.314|0.311{0.305;0.30210.301|0.285
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Theoretical values as calculated by S. Smart, “‘Effective Field Theories of Magnetism,”” pp. 139-154,
W. B. Saunders Company, Philadelphia, 1966; M. I. Darby, Brit. J. Appl. Phys. 18, 1415 (1967); and
private communication for J > I.

TaBLE 5f-3. Some ATomic CONSTANTS, AND PROPERTIES,
oF RARE-EARTH ELEMENTS*

Elements| S |L.| J g gJ Heff G Cn g/cci’m& rrté), lgé),
)...... 0 00 0 0 0 0 4.48 | 1509

La....... 0 010 RN 0 0 0 0 6.19 920 | 4200
Ce....... 0.5]13|2.56/7 15/7 2.5356 5/28| 0.804 | 6.77 795 | 2900
Pr....... 1 5|4 4/5 16/5 3.578 4/5 | 1.600 { 6.78 935 | 3020
Nd....... 1.5 6| 4.5 8/11 {36/11] 3.618| 81/44) 1.636 | 7.00 | 1024 | 3180
Pm....... 2 614 3/5 12/5 2.683| 16/5 0.900t .... .. 2700
Sm....... 2.518 | 2.8 2/7 &/7 0.8451125/28 | 0.089%| 7.84 | 1072 | 1600
Eu..... 3 30 e 0 0 0 0t 5.26 826 | 1430
Gd....... 3.6|10)3.512 7 7.937| 63/4 7.8791 7.89 | 1312 | 2700
Tb....... 3 3|6 3/2 9 9.721| 21/2 |11.818| 8.27 | 1356 | 2500
Dy....... 2.56(5|7.5)| 4/3 10 |10.646| 85/12|14.171| 8.54 | 1407 | 2300
Ho.......| 2 6|8 5/4 10 ]10.607 9/2 | 14.069| 8.80 | 1461 | 2300
Er....... 1.6(6|7.516/5 9 9.581 | 51/20111.481| 9.05 | 1497 | 2600
Tm...... 1 LG 7/8 7 7.561 7/6 9.149 | 9.33 | 1545 | 2100
Yb....... 0.5 |3 |3.518/7 4 4.536 9/28| 2.573 | 6.98 824 | 1500
Lu....... 0 010 0 e 0 0 0 9.84 | 1652 | 1900

* 8, L, and J = quantum numbers of trivalent rare-earth ions and usually apply to the elements
g = Landé factor
gJ = theoretical saturation in Bohr magnetons per atom
peti = effective paramagnetic moment per atom
G = (g — 1)°J(J + 1), DcGennes factor
Cm = Curie constant per mole (gee Sec. 5{-1)
d = density
t Cm, the theoretical Curie constant for trivalent atoms, is usually observed in the metals and com-
pounds except for Sm and Eu and Yb.
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TapLE 5{-4. MagNETIC MOMENT AND CURIE TEMPERATURE
OF SOME’ BINARY COTHP()UNDS

np per

Compound Structure (type) Te, K magnetic Refs.
atom
AuMn.......... be tetr. (NisMo) 363 4.15 1
AudV. ..o be tetr. (NisMo) 55 0.92 2,3
CoB............ orthorhombic (FeB) 477 0.28 4
CooB..ovoiin tetragonal (CuAl:) 429 0.76 5
CosB....covonn. orthorhombic (FesC) 747 1.11 5
CoPt........... tetragonal (AuCu) 813 0.17 6
CoS» .| fec pyrite (FeS:2) 122 0.84 7-9%
130 0.96
CrBeio. ..o oo vt tetragonal (MoBeis) 50 ~0.2 10
CrBrs..........- hexagonal (Bila) 37 3.0 11. 12
CrGes. oo vivvee] tisnesnsascaesasnsonnse 98 ~0.1 18, 14
Crls......o.uun hexagonal (Bil3) 68 3.1 156
CrO: .| tetragonal (TiO32) gg% 2.07 16
Cri.2Ptas .| fee (CusAu) >77 Cr = 2.56 17
Pt = —0.47
CrS118.vvvennnn hexagonal (NiAs) Tn = 160 0.11 18
Tec = 305
CrTe.....c...... hexagonal (NiAs) 239-334 2.45 19-21
CrsTes.......... monoclinic Tx = 80 2.3 22
Te = 329
FeAl............ cubic (CsCl) 623 ~1.0 23
FesAl. . ooiun. .. bee (CsCl superlattice) 773 Fel = 1.46 23,24
Fell = 2.14 .
FeB............ orthorhombic (FeB) 598 1.12 25
FeB.oooovoov o tetragonal CuAl; 1043 1.91 26
FeBes........... fece (MgCu») : 5 ~0.1 27
FesCooovvvnvenns orthorhombic (Fes;C) 3 2.01 26, 28
FesCr.oooovvv vt cubic (CusAu) 993 ~1.3 29
FesGe........... hexagonal (NisSn) 365 1.90 48
FeP............. orthorhombic (MnP) 215 0.36 30
Fe. P .| hexagonal (Te:P) 266 0.77 30. 31
278 1.32
FesP.......ococv tetragonal (NisP) 716 1.84 30, 32
FePds........... fee (CusAu) 540 Fg = (2); 17,33
Pd = 0.
FePt.....o....... tetragonal (AuCu) 743 ~0.2 34
FeRh........... cubic (CsClh) Tx = 330 Fe = 3.0 35, 36
) Tc = 675 Rh = 0.9
FeaSi........... cubic (Cu:MnAl) 808 Fel = 1.15 37,38
Tell = 2.156
FesSn........... hexagonal (NisSn) 743 1.9 39
MnAs........... hexagonal (NiAs) up 318 3.4 40, 41
' down 306
MnB........... orthorhombic (FeB) 578 1.92 42
MnBa... ... hexagonal (AlB») 143 0.19 43, 44
157 0.25
MnBi........... hexagonal (NiAs) 633 3.52 45,46
MnsGa.......... hexagonal 470 ~0.02 47
Mna:Ge.......... hexagonal (NisSn) 28 0.38 48
MnsGes. ........ hexagonal (MnsSis) 320 2.5 49
MnpsIn.......... cubic (CusZns)y brass 583 ~0.1 50
MnPts.......... fee (CusAn) <300 Mn = 3.60 51
Pt = 0.17
MnSb........... hexagonal (NiAs) 583 3.53 52, 83
MnSi........... cubic (FeSi)............. 34 0.4 54
MnsSnz. ........ hexagonal (Niln). 263 1.23 55
MosY..ooivonnes orthorhombic (GdMns) 490 2.2 56, 57
MnZnsz.......... hexagonal (Nis;Sn) >400 ~1.0 58, 59
NisAl .| orthorhombic 75 ~0.1 60
NiPt............ tetragonal (AuCu) 136 0.06 61
NisY .| rhombie SCeNia) 33 0.16 62
SesIn........... hexagona 7.5 0.06/Sc 63, 61
ZrZns. . ..o cubic (Cu:Mg) 18 ~0.2 65-68
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TaBLE 5f-5.

65-149

Te, Curie Points oF FErRROMAGNETIC BinarY COMPOUNDS
oF RARE-EARTH ELEMENTS R 1N KeLvin*

Part 1
R = Ce! Pr INAd!Sm |Gd|{Tb|Dy|Ho| Er |Tm| Lu| Y | Refs
ReMneoz........... .. 439 469| ... | 443| 434] 415{ ... |...| 486 1,2
RFea2............. 221 075 793 6951 640| 603|- 587| 613] 610| ... 3
RFes............. . 651 728| 648 600 567| 550 539| 529{ ... 3
ReFeos............ oo 42970 0.0 ... | 669] 574| 524| 651| 491| 475| 485 471 3
RoFeiz........o. .. 91| 287 | 327| 395| 460 409 362 319| 293| 248| 235| 245 3
RCoz.evvvviennen ... | 48 | 106| 209| 413| 238] 154 90| 38 33| ... ... 4
RCos.e v 78 349 | 395| ... | 612 506| 450| 418] 401{ 370} ... | 301 5
R:Cor..ovvevn....i 1511374 | 609] 713| 762| 693| 647 644| 644! ... | ... | 459| 3, 23
RCos......coven.. 1737 912 | 910{1020(1008| 980! 966{1000; 986{1020| ... | 977| 6, 23
R:Cotr.vvvviivn 1083/1171 |1150{1190{1209(1180|1152/1173{1186{1182| ... {1167| 7, 23
RNi.............. 20 35| 45| 73| 50; 48| 31| 10 4| ... 8
RNio. . ... ... .. .. 8 201 22| 77! 46| 32| 23] 14| 14| ... 8
RNiz............. L 20 27| 85| 116| 98| 69| 66| 62| 43| ...]|... 9
RoNis. ..ot | 48 85 87! ...1 118} 101} 81| 70} 67| ...]. 58| 10
RNis. oo . 9 25/ 36| 27| 15/ 10{ 13 7. .1 11,8
ReNiygr oo vin ... ] ... | 641] 623] 615] 604! 611} 602| 603] ... | 621| 24
RAl: ......... ... 8 33 63| 122| 176; 119 51| 27| 20 5| . e 12
RsSiao.oo oot P L. Lol ] 3361 2250 140 76] 23| . 13
RRus............. [ 39 29| ... 85| ... ..., 8. 14
RRh- i 8 N 21 73] 39| 28} 17 71 ... 15
ROsa.ooo it 28 22 36| 67, 34l 15 9 3l ... 14
RIre ............. 15 12} 37| 89; 44| 23] 12 4 1 14
RPte............. 6 4 6] 37 16/ 14 9 3. 15
Part 2
' |
Compound Te Ref. Compound Te Ref. || Compound | T¢ Ref.
!
RMn,........ 11. 16 || TbGa...... 155 20 ' DyN....... 17 29, 31
PrFe:........ 283 1 17 GdsPd.. . ... 335 22 |'HoN....... 13 29
NdFer....... 327 ¢ 17 ! TbsPdz..... 30 22 G ErN........ 16 29
Tm;Ni....... 12! 17a DysPda..... 25 22 |!DyP....... 5 32
EuB......... 8 18 HosPd.. .. .. 10 22 i HoP........ 5 31, 32
PrSi,. 11 19 GdaAgln 122 21 [ DyAs....... 2 33
CeGeso........ 5 19 NdH....... 10 27 LEuO........ 69 34
PrGes........ 19 19 EuH,....... 25 25 EuS........ 17 34
NdGes....... 4 19 NdN....... 35| 28,29 || EuSe....... 7 | 34, 35, 36
TbZn........ 160+ 20 GdN....... 69 30 | Eul,....... 5 26
Gdcd....,.... 262 | 21 TbN....... 42 | 29, 31 || DysAl.. . ... 76 37
ThHg........, 80| 20 |

* Data for compounds with nonmectallic clements compiled by F. Holtzberg and S. Methfessel, IBM
Watson Research Center.
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TaBLE 5f-6. SATURATION MAGNETIZATION AND CuURIE PoINTS
orF SoME SiMPLE FERRITE SPINELS®

4rM,
Ferrite X-ray density® at room te, °C
temperature
MnFeOs. . ... ... ... 5.00 4,900¢ 295-330¢.d
FesOs. o oo in. 5.24 6,000°b 5850
CoFeO4.ovvvvvno .. 5.29 5,300° 5200
NiFe:O4. .o vvvvt 5.38 3,230¢ 580-600¢¢
CuFeO4......... ... 5.35 1,700b¢ 455
MgFeO4. o ovvvno .t 4 .55 1,450¢.¢ 320, 440¢.d.e
CdFe:O4..ooovvvn. e 0
ZnFe0 . .. ........ 5.33 0 60
Lio sFe2504. .. 0o .. .. 4.75 3,240-3,900°+¢ 590-680¢°-¢

o Prepared by F. G. Brockman, Philips Laboratories, Briarcliff Manor, N.Y.

5 J. Smit and H. P. J. Wijn, “Ferrites,”” John Wiley & Sons, Inc., New York, 1959.

¢ Wilhelm H. von Aulock, ed., ““Handbook of Microwave Ferrite Materials.”” Academic Press, Inc.,
New York, 1965.

d Range of values indicates extremes of reported values from various workers.

¢ Depends on heat treatment.

7 ZnFe20+ magnetic when quenched, otherwise nonmagnetic; t¢ for rapid quench.

TapLE 5f-7. BoHR MAGNETON NUMBERS OF SOME FERRITE SPINELS
AND OF CORRESPONDING SOLID SOLUTIONs WITH ZnFe,04

Mol ¢ ZnFe:Oqu...... ceeann 0 20 40 50 70
MnTFe:Ob. .00 i, 4.5 5.6 6.7 7.0 6.3
FelFe O, ..o .o oot 4.2 5.2 5.7 5.8 5.4
CoFe:O4. . ... ... oL, 3.7 5.0 6.1 6.3 5.2
NiFe04. .0 oo 2.4 3.8 5.1 5.3 5.1
MgFe Od. oo, 1.8¢ 3.34 4,24 4,44 4.2¢
(Lio.sFeo s)Fe04& ... ... 2.6 2.8 4.4 4.0 1.8
CuFe04¢. ... ... . 1.3 4.7d

o Prepared by F. G. Brockman, Philips Laboratories, Briarcliff Manor, N.Y. Some values obtained
by interpolation of data in references.

b C. Guillaud et al., from summary of E. W, Gorter.

¢ E. W. Gorter, Philips Research Repts. 9, 295, 321, 403 (1954).

é Depends on heat treatment.
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TaBLE 5(-8. Curie PoinTs AND BoHR MAGNETON NUMBERS 0OF
Otuer COMPOUNDS WITH THE SPINEL STRUCTURE®*

Composition Te, K 7B DL | Ref, Composition Te, K nBper [ pet
molecule molecule

CoCrosOs........... 98 0.18 1 LiCoo0.sMn1.504. .. .. 50 0.33% 14
CuCroaOs......... .. 133 0.72 I ||[LiMgo.sMn1.504..... 38 2.97% 14
FeCrz0%........... 88 0.84 2 LiNio.sMni.:04. .. .. 130 3.28 14
MnCr:Os. . ........ 43 1.20 3 Mgo.sMn2.sO4. .. ... 20 0.71 15
MnFeo.sCri:s0s. .. .. 224 0.77 4 NiMn20s. .. .onn e 113-160 1.75 16
NiCr:04. ... ... 78 0.33 1 LiZno.sMn1.sO4. .. .. 22 4.24 14
CoVa0s.on v in 145 1.20 3 ZoNiMnO;......... 90 0.87 14
Co02VOs. e 160 1.33 5 Zno.sMn2.sO4. . ..... 20 0.61 15
FeV:0:i ool 109 1.06 5 MnpoSnOs....vn.... 58 0.35 17
FeaVOi. .o vutn 440 0.72 5 CdCraSs. ....coo. .. 86 5.15 18
MnVeOs. ool 56 2.05 6 CoCraSs. . ....... .. 238 2.55 2
NiFeAlOs.......... 444 0.57 7 CuCreSs. ...ovvtn. 420 4.58 19
NiFeGaOs......... 444 2.8-3.0 7 CuCra2S:ClL. ........ 218 5.14 20
NiFeInOs.......... 313 2.5 8 ||FeCraSs. ... ........ 193 1.5 2
NiFeVOi.......... 610 0.7 9 ||HgCroSs........... 36 5.35 18
Lio.sFeo.sRh20s. .. .. 130 0.1 9 MnCraSs..ovnoovne. 66 2.0 21
LiFe:03F.......... 903 2.1 10 CdCraSes. ......... 129.5 5.62 22
Fe2TiOs........... 142 0.36 11 CuCraSes.......... 460 4.94 19
MnCo:Os.......... 203 0.04 2 CuCrsSesBr........ 274 2.74 23
MnsOs..ov o on 43 1.85 12 HgCroSes. ..ol 106 5.64 24
Co1.sMn1.204....... 191 1.1 i13 CuCroTes.......... 365 1.03 19
CuCrMnOs. . ...... 45 1.47% | 14 |[lCuCraTes......... 204 4.10 23
Cu1.sMny.s0s.. ... .. 80 3.35 Co14

CuNie.sMn1.:0s..... 150 3.15 14

CuRhMnOy........ 35 2.35 14

* Compiled by M. W. Shafer, IBM Research Center, Yorktown Heights, N.Y.
+ Not completely saturated at 30 kOe.

References for Table 5f-8.
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3. Menyuk, N., et al.: J. Appl. Phys. 33, (1962).

4. Gorter, E. W.: Philips Research Repts., 9, 295, 403 (1954).
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6. Villers, G., et al.: Compt. rend. 260, 3017 (1965).
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TaBLE 5f-9. SPONTANEOUS MAGNETIZATION AND COMPENSATION
PoinTs or SoME FERRITE GARNETS OF CoMpoSITION R,Fe;Oi,

np per Curie Compensation
R R:Fe:O1. temperature,f | temperature,1
(at 0 K) K K
Yoo 5.00 560
Sm............. 5.43 578
Eu...oooo L. 2.78 566
Gd............. 16.0 564 286
Theooooooo. 18.2 568 246
Dy.ovevi. . 16.9 563 226
Ho............. 15.2 567 137
Er............. 10.2 060 83
Tm............ 1.2 549 {'qufni < 20t
Ybooo 0§ 548 { ?‘T g;‘le”
Lu............. 5.07 549

* Compiled by B. A. Calhoun, IBM Research Center, Yorktown Hcights, N.Y.

T R. Pauthenet, Ann. phys. [13] 3, 424 (1958).

1 8. Geller, J. P. Remeika, R. C. Sherwood, H. J. Williams, and G. P. Spinoza, Phys. Rev. 1374, 1034
(1965).

§ Spontaneous moment exists at higher temperatures.
9 J. W. Henderson and R. L. White, Phys. Rev. 123, 1627 (1961).

WEAK FERROMAGNETIsM! (Table 5f-10). Under certain magnetocrystallographic
symmetry conditions, the magnetic sublattice vectors of an antiferromagnet can depart
from strict collinearity and lower, rather than raise, the value of the thermodynamic
energy or potential. The noncollincarity is induccd by intrinsic anisotropic forces,
and the canting of the sublattice moments causes a small spontaneous magnetic moment
to exist in a nominally antiferromagnetic material. The presence of this weak ferro-
magnetism is characterized by an energy expression, which is antisymmetric with
respect to an interchange of the sublattice moments, of the form

Limy; + Lm; 1] =292
where

l=m; — m,, m =m; + mg

and m,, m. are the antiferromagnetic sublattice vectors. (Note that 1 and m are
perpendicular because |mi| = |m.|.) The minus sign in the energy equation cor-
responds to a two-ion exchange energy (type E in Table 5{-10) first recognized by
Dzialoshinski [21]2 and later explained by Moriya [22] in the case of Fe:03(«); the plus
sign in the energy equation characterizes a single-ion anisotropy energy (type A)
initially described by Dzialoshinski [13] and by Moriya [14] as the source of canting in
NiF,.

6f-4. Saturation and Curie Points of Magnetic Alloys. These and some related
properties of a number of alloy systems are presented in the form of curves (Figs. 5f-1
to 5£-10), and in Tables 5{-11 and 5f-12,

! Prepared by R. J. Joenk, IBM Corporation, Armonk, N.Y.

z The references in this paragraph are those for Table 5{-10. See also E. A. Turov,
“Physical Properties of Magnetically Ordered Crystals,” chaps. 5-8, Academic Press, Inc.,
New York, :965; and T. Moriya, “Weak Ferromagnetism,” in ‘‘Magnetism,”” G. T. Rado
and H. Suhl, eds., Academic Press, Inc., New York, 1963, vol. 1, p. 85.
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TaBLE 5{-10. MaGNETIC PROPERTIES OF NOMINALLY
ANTIFERROMAGNETIC MATERIALS WITH A WEAK FERROMAGNETIC
MoMENT DUE TO SMALL-ANGLE CANTING

Non-
Compound m:g;::m Type | Tn, K 1 m “ngér References
’ group* atom
BiCrOsz...ovvves] vvonvnn e 123 | oo ] e 0.017 1
CuFoe.oovovo vt Coarbt E 69 Near ¢ b ~2 X 1074 2
Ni(I03)22HO(B) | Dapt® e 3 | e ~0.1 3,4
NaMnFsz........ D2pltt E 60 [100] [001] | ......... 5, 6
NaNiFs......... Doy E 156 {100} [001] 0.058 7-9
KNnFs......... Dojl8 A 888 | ... | o 0.0034 10
RFeOs% ........ Doy 16 E 620-750 {100] [001] 0.05 11, 12
NiFa, oot D A 73 (100) (010) 0.029 13-15
PdF.. ........ ... Dyt A 217 {100) {010) 0.0031 16
CrFs. ...t Djgb%* E 80 (111) (11D 0.056 17-19
FeFs........... D3yt E =~ 365 (111) (11 oo 17, 20
Fe0s3(a). ... .. Disat E 96011 (100) [100] 0.006 21-24
near
(111)
MnCOsz..ovv. o D34t E 32 . (010} {100] 0.034 21, 25, 26
CoCOs. ..ot Dsgt E 18 0 =46° | ..... 0.26 21, 25, 27, 28
NIiCOsz..vve v en D3g® E 25 9 =63°| ..... 0.33 ! 29, 30
| OO 5 & SRR On® e 31 {001} | ..... 0.011 i 31, 32

* The space group is usually identified in the paramagnetic temperature range of the crystal; in the
ordered state the symmetry is generally lower, but often indistinguishably so for most purposes.

+ The crystallographic axes are labeled such that a > b > ¢ ' is the symmetry axis.

* The crystallographic axes are labeled such that a < b < ¢

§ Weak ferromagnetism is observed below 81.5 K.

€ Here R = Y, La, and the rare earths. The data refer 1o the ordering uf the Ie sublattices; the
moment is temperature dependent because of spin reorientation and rare-earth ordering at various lower
temperatures.

x* The z axis is the threefold symmetry axis, and z is a-twofold axis; 6 is the polar angle.

++ There is a transition to an uncanted state at 260 K.

+1 More than two sublattices are probably required for a descriptive model.
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References for Table &f-10.
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F1c. 5f-1. Saturation magnetization of intra-iron-group alloys as dependent on electrsn
concentration. Data by Peschard (1925), Weiss, Forrer and Birch (1929), Forrer (1938,
Sadron (1932), Fallot (1936, 1938), Farcas (1937), Marian (1937), and Guillaud (1944},
[R. M. Bozorth, Phys. Rev., 79, 887 (1050).] ..
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Van Nostrand Company, {nc., Princeton, N.J., p. 721, 1951.)
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Fie. 5f-3. The saturation magnetization of nickel as affected by the addition of other
elements having 1, 2, 3, . . . , electrons in the outermost shell. Data by Sadron, Ann.
physique [10]117, 371 (1932). (Bozworth, “‘Ferromagnetism,” D. Van Nostrand Company,
Inc., Princeton, N.J., p. 440, 1951.)
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TaBLE 5{-12. MacgnEeTIc PROPERTIES OF HEUSLER-TYPE COMPOUNDS*

Compound Te ngp Compound Te ng
CuMnAl.......... 600 3.6 Ni:MnGa......... 379 4.2
Cu:Mnln.......... 520 4.0 Ni:MniIn.......... 323 4.4
Cu:MnSn......... 530 4.1 Ni:MnSn......... 344 4.1
Co:MnSi. ... . ... 985 5.1 Ni:MnSb......... 360 3.3
Co:MnGa......... 694 4.1 Pd:MnGe....... .. 170 3.2
Co:MnGe......... 905 5.1 Pd:MnSn......... 189 4.2
Co:MnSn...... w...] 829 5.1 Pd:MnSb......... 247 4.4

: AusMnAl......... 258 3.1

* Ag summarized by R. S. Tebble and D. J. Craik, ‘“‘Magnetic Materials,”” Wiley Interscience, London
1969, p 152. Data by Endo, Ohoyama, Kimura, Oxley, Tebble, Williams, and Webster.
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Fic. 5{-11. Demagnetization curve of Alnico 5, showing B,, H., and optimum operating
point (B4, Hy). Also energy-product curve and reversible permeability g as function of B.

6f-6. Losses. Losses in magnetic materials in alternating fields at low inductions
(<100 gauss, approximately) are usually described by the following equation:!
B _ aB +c¢c +ev
uLy
R is in ohms (series) and L in henrys, as measured on an a-c bridge, u the permeability,
v the frequency of alternating current in cps, B the maximum induction in gauss
during the cycle, and a, ¢, and e the constants given in Table 5{-14. The constant &
is generally ascribed to hysteresis, ¢ to lag, and e to eddy currents.
The loss angle § is related to these constants and @ as follows:

Q wL 2mL

*C. D. Owens, Proc. IRE 41, 359 (1953).
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Fre. 5£-12. Demagnetization curves and maximum energy products, (BH)n, of several types
of permanent-magnet materials. (Prepared by H. H. Helms and E. Adams, U.S. Narel
Ordnance Laboratory.)

This is valid only at low frequencies, when eddy-current shielding is negligible.
Hysteresis losses at low inductions are described by the Raleigh relation
' 47 du

W, =~ 2

3
3dHH

per cycle, H being the maximum field strength during the cycle and du/dH the slope
of the u vs. H curve (near uo).

At high inductions, e.g., B = 100 to saturation, the relation often used to calculate
hysteresis loss per cycle at maximum induction B is

W = B¢
n being an empirical constant varying from 1 to 108.

TABLE 5f-14. MATERIAL CONSTANTS FOR LosseEs AT Low INDUCTIONS
(a is hysteresis constant, ¢ the “lag” constant, and e the eddy-current constant)

Material Size o a X 106 | ¢ X 10¢ | e X 10°

Carbonyl iron. ......... Su 13 5 60 1
Mo Permalloy.......... 0.001-in. sheet | 13,000 2 0. 10
Mo Permalloy.......... 120 mesh 125 1.6 30 19
Mo Permalloy.......... 400 mesh 14 11 140 7
Mn Zn ferrite. .........0 ... .. ... 1,500 1.6 4. 8% 0.3
NiZnferrite...........| ............ 200 /4N S 0.2

* v < 1 Mc/sec, higher values at higher frequencies.

bf-7. Antiferromagnetic Materials Studied by Neutron Diffraction.! Iniroduction.

Since Table 5g-22 in the second edition of the Handbook was compiled, any magnetic
structural distinction between ferro- (and ferri-) magnetic and antiferromagnetic
materials has become increasingly arbitrary in view of the existence of many complex
noncollinear or modulated structures with ferromagnetic components, which in some

! Compiled by D. E. Cox, Brookhaven National Laboratory, Upton, N.Y.
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cases transform at some intermediate temperature to yet another structure. In
general, such materials have been included in the table, and the only ones which have
been systematically excluded are collinear ferromagnetic and ferrimagnetic materials.
Even a few of the latter have been listed, however, if it is felt that the structural
features are closely related to a basic antiferromagnetic arrangement.

Although the table was initially compiled in considerable detail with a format very
similar to that of its predecessor, space limitations competing with an almost tenfold
increase in the literature have necessitated the present highly abbreviated and concise
form (Table 5f-15). A more detailed compilation is available on request from the
author (Brookhaven National Laboratory Report No. 13822). For similar reasons, it
has also not been possible to provide any structural details of a number of very inter-
esting complex arrangements, in either the table or the accompanying figures. This
is also true for solid solutions, where it is clearly impracticable to attempt to list all
the relevant data. Reference to the original article is strongly urged in these cases.

Format and Abbreviations for Table 5{-15. coLum~ 1: MATERIaL. Materials have as
far as possible been listed within structurally similar groups with the magnetic atoms
in alphabetical order. There are, however, a number of departures from the latter
scheme, for example, where compounds contain more than one such atom.

COLUMN 2: CRYSTAL CLASS AND NEEL TEMPERATURE. The crystal classes have been
abbreviated as follows: C(cubic), T(tetragonal), H(hexagonal), R(rhombohedral),
O(orthorhombic), and M(monoclinic). The magnetic structures of all rhombohedral
systems have been described in terms of the hexagonal unit eell. The crystal class is
usually that cited in the neutron diffraction determination above the initial ordering
temperature. The actual structure is sometimes known to be “distorted from that ~
assumed, and where there is a distortion associated with the (or one of the) magnetic
transition (s), this has been denoted by *. A distortion apparently unconnected with
any magnetic transition has been denoted by ** The Néel temperatures where
listed are those cited in the neutron diffraction references, and are not necessarily
determined by diffraction techmiques. A second (or third) figure in parentheses
indicates the temperature of a second (or third) transition, and t implies that the tem-
perature in question corresponds to a Curie point (i.e., the appearance of a spon-
taneous moment).

A typical entry might be C: 64, which means a cubic lattice with a Néel point of 64 K.

COLUMN 3: MAGNETIC STRUCTURE. Most of the abbreviations used here can be
found by reference to the figures and captions at the end.  The deseription f. (or a.f.)
sheets implies a structure with ferromagnetic (or antiferromagnetic) sheets which are
coupled antiparallel to adjacent sheets. The symbol 1 denotes that the structure
described occurs over part of the composition range in solid solutions, and the symbol #
(also used in column 4) denotes the presence of two magnetic phases. The use of
braces indicates that the magnetic structure in question involves components from
more than one type of mode and is therefore noncollinear. Changes in magnetic
structure or additional magnetic ordering are entered opposite the appropriate transi-
tion temperature listed in parentheses in column 2.

It is to be noted that the magnetic unit cell is in many cases some multiple of the
chemical cell; in order to save space this is not explicitly stated in the table but is
very often obvious by reference to the appropriate figure.

COLUMN 4: MOMENT AND DIRECTION. A typical entry in this column lists first the
magnetic moment in boldface type, followed by its direction. For example, the
entry 1.7: 1 [100]; 36° [010] means a moment of 1.7up directed perpendicular to
[100] and 36° from [010]. Where there are multiple entries of this sort, each moment
and direction is that appropriate to the entry listed in column 3 on the same horizontal
line. The moments which have been tabulated are for the most part those determined
at the lowest temperature studied, which is 4.2 K in the majority of cases.
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b-184 ELECTRICITY AND MAGNETISM

%o

e
o

26,

F1c. 5{-13. Ordering in f.c.c. structures: (a) type 1(f1), (b) type 2(f2), (¢) type 3A ({3A),
(d) type 1A(f1A), (e) type 4(f4).

A s’ o A
| AT O B
]
ée (%)
| S1»Ss S2:5¢ 53,57 54458
69 L 2@ F+ +  +  +
lff/i AT S
- . A+ -+ -
Col~2ac) ?‘Ii A,
50 G-
bc("oc‘/-é)

Fic. 51-14. Ordering in orthorhombic perovskite (ABO3) type structures.

3
Oo("'ac i/é )

cubic cell (ac) is shown in heavy outline.

The ideal simple



MAGNETIC PROPERTIES OF MATERIALS 5-185

{c) . ()

Fic. 5{-15. Ordering in spinel-type structures: (a) tetrahedral (4) nearest neighbors anti-
parallel, (b) schematic Yefet-Kittel canting of octahedral (B) moments.

~

-o-

O |-
O

|
|

/
\

\

C°(~2Ch)

Co

Jo 20, (~ P—Ghﬁ)

(@) (b)

Fie. 5i-16. (a) CrSb and (b) Cr:Ss: type magnetic structures. The ideal hexagonal cell
(an,cr) is shown in heavy outline in the latter cace.

N

S
&
S O
w

Q)

03
— | S| Sz S3 S4
§7F++++
e % 21 C+ + - -
Co —(— A+ - - +
| G+ - + =
|

(Q) P l(b)

Fre. 56-17. (a) Db.c. tatragonal antiferromagnetic MnFs type structure; (b) ordering in
trirutile (4.57¢) trpe structures. B is a nonmagnetic ion. The rutile cell is shown 1n
heavy cutline.
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be !

i‘l -3 o x=0.0

{ Qo Xz 005
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6f-8. Gyromagnetic Ratios and Spectroscopic Splitting Factors. The magneto-
mechanical ratio ¢’ is defined by the relation

;o M 2me
=7 e

where m/e is the mass-to-charge ratio of the electron and c is the velocity of light.
M /J is the ratio of the magnetic moment to the angular momentum of the electrons
which contribute to the spontaneous magnetization as measured in an Einstein-de Haas
or a Barnett-effect experiment (Sec. 5f-1).




