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" Teisperature, K

.-".i'.zure 5 Plot of iy vs T for 2 gadolinium salt, Cd(CaH5504)3 - oH,0. The straight line is the
~irie law. (After 1.. C. Jackson and I1. Karaerlingh Onnes.) '

The-constant C is known as the Curie constant. T he form (19) is known as the

Cure-Brillouin law, and (92) is known as the Curie law. Results for the-para-

mag’hefic’: ions in a gadolinium salt are shown in Fig. 5.

R

o o
Rarz Egcth fons
i : B

-

The jons of the rare-earth elements have closely similar chemical proper-
‘ties, and their chemical separation in tolerably pure form was accomplished
only long after their dis{:pv,s_r'y.__"fheir magnetic wroperties are fascinating: the
jons exhibit a systematic '_yai'ie't_:j! and . intelligible complexity. The chemical
properties of th_dtgivai_ent__i_gﬁs s are similar because the 6utermost electron shells
are identically in the 5s°5p° configuration, like neutral xenon. In lanthanuii,
just before the rare earth group begins; the 4f shell is empty; at cerfum there is
one 4f electron, and the number-of 4f electrons increases steadily_thrdugh the
group until we have 4f**atytterbium and the filled shell 4™ at lutccium. The
radii of the trivalent ions contract fairly smoothly as we go through the group
fom 111 A at cerium to 0.94 A at ytterbium. This is the famous “lanthanide
contraction.” What distinguishes the magnetic behavior of one ion species from
another is the number of 4f electrons compacted in the inner shell with a radius



t.)'l pm'hn‘ps 0.3 A, Even in the metils the Af core retaing ity integrity and
its atomie properties: no other group of eloments in the periodie table s ag
interesting,. :
| The ‘Plt—t‘-t:dil'\‘l: discussion of paramagnetism applies to atoms that have a
(2) + D-fold degenerate ground state, the de generacy being lifted by a mag-
| netie field. "The influenco of all highor energy states of the system is neglected.
These Js.snmplmm appear to he satisfiod by @ number of rarc-carth ions,
Tablo 1. The calenlated magneton nimmbers are obtained witls g values from the
Land¢ result (13) and the ground-state level assignment predicted by the Fund
theory of spectval terms. The discrepaney between the experimental wagne trm
numbers and those calenlated on these assumplions is quite marked for Eo®
and Sm®' ions. For these ions it is necessary to consider the influence of the
high states of the L-$ mulllplut, as the intervals hetween successive states of
the multiplet are not large cmnmrul to kT at voom temperature. A multiplet

is the set of levels of different f values atising out of a given L and S. The levels
of a mulhplct are split by the spin-orbit interaction.

Hund Rules _ ;

The Htmd rule 4 applit:d to electrons in a given shell of an atom affirm

that electrons will occupy orbitals in such a way that the ground state is charae-
terued by the followmg ;

Lol |

1 The maxinim valuc of the lntal qpm S *:Ilowc.d by the e&clusmn
prmmple,

¢

ol 2. The, maximum Valué of the orbltal an{,ular mognentum L consistent w;th
thlSleUeOfS S : o Can it

Sep RN TR R

3 The value of the tntal dng,ulm mc}mentum ] is equal to |L - SE when t_he

shell is less than half full and to L + § when the shell is more than ’na]f full

: When {he shell is just half full the apphcatmn of the first ru]e gives L = 0; so
e that] e, S *

..}I\J

The Prst ‘Hund rule ha‘g 1ts fmmn in the e,\clusion- prm_cxple and-the cou-
lomh z:cpulswn bctwu.n electronts. The exclusion: prificipie prev ents two ele_c:*:_-
_ _trons of thc, same spin from being at the safe place at the same time: Thus_
~ — clectrons of the same spin are kept apart, farther ap'ut than electrons of oppo-
- gité spin.’ Becausc of the C()ult’)mb teraction thé energy of electrons of the
s e R ]ower—the wcra;,e potentml encrgy is less positive for p"iral] el
*'":. : ' spin than for” annpamlicl spin, A:good exampleé is the ion Mn®*. This ion has
five elcétrons in the 3d shell, ‘which is therefore hal-filled. The spins can all be
parallel if each electron enters a dilferent orbital, and ‘there are exactly five
different orbitals available, ¢haracterized by the orbital quantum nwmbers
= 92, 1,0, =1, -2 These will be oceupied by 6ne electron each. We expect
= 3. and because Emy, = 0 the only possible value of L is 0, as observed.
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The seccmcl Hund mle is best approached by model calculations. Pauling
and Wﬂson,l for example give a calculation of the spectral terms that arise from
~ the configuratwn p*. The third Hund rule is a consequence pf the sign of the
: sp1n-orb1t interaction: For a smgle electron the energy is lowest when the spin
~  is antiparallel to the or‘mtal angular momentum. But the low energy pairs myg,
S mg are prccrresswely used up as we add electrons to the shell by the exclusion
i principle when the shell is more than half full the state of lowest energy neces-
sarily has the spin parallel to the orblt. e
Consider two examples’ of the: Hund ruIes The ion C has a single f
electron; an f electron has [ = 3 and s = }. Because the I shell is less than half
full, the J value by the preceding rule is IL -Sl=L-%=4% The fon Pl_g; has
two f electrons: one of the rules tells us that the spins add to give S = 1. Both f
electrons cannot have m; =-3 without violating the Pauli exchision pnnmple, )

7 that the maximumr L consistent with the- Pcmlrprmcmle is not-6, but 5. The ]
. valuels\L—S[— Wy, T~ by

TR Wi A e
IR L S i

Iron Group-fons ~ —

Table 2 shows that the experimental magneton numbers for salts of the iron
transition group of the periodic table are in poor agreement with (18). The
values often agree quite well with magneton numbers p = 2[S$(S + 1)]*2 calcu-

"L Pauling and E. B. Wils
g e - Wilson, Introduction to quantum mechanics, McGraw-Hill, 19335,
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1.4 % nr5

360% 1073 .
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1201075 - |
580 x 1075
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“over rhe clecirons outside the closed shells. In a similar manner the total spin S of thu
is 'vabmuﬂ*é by stmming over the spins of the electrons outside the closed shell. Finally, L and £
Q}.L_ICQ““IGG o give the total angular momentum J = L+ §. For example, tungsten, "W, basacf‘conﬁow"

Since the 4 subshell can hold 10 electrons of which 5 can have the same spin, the greatest § foz

ground 1412 (5 X 1/2 = 2). Since all the four electrons have the same spin, they must have differ==:
My andhe biggest possible M, is then

L pos I
= l =1 =0+(-1)=2]. With L =2 and § =2, the smallest Jis 0 and hence the eround staz
is3D,
o

The ground state is obtaincd using the following three Hund rules:

1) Choose the maximum value of S consistent with the Pauli principle.

(11 Cheose the maximum value of L consistent with the Pauli principle and rule |
(i) I the <inelt s fess than hall full J = L - S, if it is more than half full 7= L + §.

1,1{ L5 apply thess rales to 2 free iron atom whose electronic configuration is fs7 2= It 3

3¢ 45t The i W sterans guiatde the closed shell are 3¢9, Ace ordine 1o Fhund cuies these sho .z 0y
distribured as in Taile v i




i} -y

f’*' " ’ ‘3 . _____I._. TN ST SRS S S
ey I 1 ' ) !
). §= % m =2 8ince the <hell is more than half full, J = (L+S8)=2+2=4.The

ST Now L=X = e - . 41
oted as D, where the lotter 1) denotes 1= 2, the subscript on left denotes the multiplicity,
«d as D, whe

state is den .
454 1 =5, and the subscript on right denotes ],z_D
_ . % i ~ .
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on (9.52) fits well for many paramagnetic crystals including the materials containing ions of

Deviations do occur, however, these are due to the fact that energy level system and

t necessarily the same as those for a free ion. [[he main reason for this
ded by other ions with which it will interact. In particular,
t, will still be electrically charged and these create an
od of the paramagnetic ions which we are considering.
of the.paramagnetic {ons with the crzﬂsta} field fias two
so that the states are ng_}gnger specified
which are degenerate in the free
ontribution of the orbital

The rolati
- pare carth group.
fates of anion in a crystal are no
" {5 that in a crystal, a paramag netic fon is surroun

he neighbouring ions whether magnetic or no

inhomogeneous electric field in the neighbourho

This is often called crystal field. The interaction
j The coupling L and § is largely broken up,
y their J values; further, the (2Z + 1) sublevels belonging to 2 given L
i"_c'iﬁ_.may%w be spilt up by the crystal field. The splitiing decreases the ¢
motion of the magnetic moment. _ i :
_For ions of the iron transition group, the comparison of equation (51.-5!;2) with experiments far
from satisfactory. The reason for this is that for the iron group, the ground state of the ions in a crystal
ery. different from that of the free ion. This is because, the partly filled electron shell, which 1s
esponsible for producing the mag_ng'tic- moment, is the outer most (3d) shell of these ions. It is, therefore,
ery stron glyinfluenced by the crystal field. The interaction is so strc;lg that the orbital angular momentum
of ;__I;e electrons in the _39_'___s_heﬂ is very often reduced to zg_ro; This does not mean that electrong no longer
ncircle the nucleus, but rather that they will be travelling around it as often in one sense or-in.the ogér -
Sense. This Eft:?ft__“fﬁ_e_ﬂﬂﬁﬂrag”és-to-zera-is termed guenching of the orbital imgu}a; Thomentmirand it
‘means that when the ion is in the crystal, there is no orbital magnetic moment.-Inquenching, the crystal

'uz.ar_dly i‘nteracts with*f:}_rg:mspin and hence, the spin magnetic moment still exists. Therefore, while
gg}culanngthe sulscepr_:}_t;_mty on the basis of equation (932), we must replace J by S. :

Let us now consider Ni%* ion. If we put § = 1, L=3 and J = 4, g becomes ' '
4-[.4"*0*” ) Cj-\“b o

major consequences:

._~:_-:'CHAPTEE'{: TR

L1 JUADHSEHD-LEHY) gy
27(J+1) i ks
S 4x5+2-3x4 %#C;}—-PD
A
=1+M 4
40
=1+ }"g = 1.25
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Now . C=g U+ DINWE/k,]

=(125P x4 %5

ey = 31.3 (in units of Np2/3k,)
If Jis replaced by 5, |

then: .o LA o N I=8=1,L=0

‘ +.1-><:2 +1X2

141=2

o gy

Thus,

This value well agrees wi
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g (i) A-paramagnetic substance has a non-vanishing angular momentum and so they possess--f'.”

+ - permanent dipoles.
(i1) In the absence of an applied field, the dipoles are randomiy oriented and so the net -

magnetisation in 2ny given direction is zero.
a thermal energy on the average equal to k57 and the -

(iif) At a finite temperature each atom has
resulting thermal agitation tends to make the dipole observation rando’n‘gTo align the dipoles

in a given direction, 2 field strong enough is needed to compete with the force due to thermal |
ilable in the laboratory is far too smali to tarn the dipoles in '

agitation. The field crdinarily ava
the direction of the field. What the field does ? Is it to turn the dipoles slightly in the direction

of the field so that on the average there are slightly more dipoles pointing in the direction of
the applied field than in the opposite direction 9 Since the applied field has to compete with
‘hermal motion. paramagnetic susceptibility decreases with increasing temperauirj:j(

1X. FERROMAGNETISM
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QUANTUM THEORY OF FERROMAGNETISM

LU ¢ gncthn}. (l{lG t Q a S p
.)_‘ L‘ "'lllbp IhCSL-‘ 'llldlcll llS l‘l cnerg n(l Wcqu |. an ex lt." ;l(m f}f [htl[ i t- O ard 1

\ i ave thClI pl'{) CIllC% d v
N 1 ld(‘.d ll'lto two d]‘itln t I t te ture
" ‘ l p W CL and scparate mperatur

'_Q-:]fu"_r_:ul‘u' tempcn ature are quite different from lhc
p:opernes below that temperature. This
tt"}l_lpemmlﬂ is called the ferromagnetic curie . " .
U emperature. and 18 deswnatéd by 0, Among the : k.
r@:x_;enals femoma"nensm occurs—ﬁ Fe, Co, Nij, | - L-

“Gd- and Dy. The i lmportant common characteristic o I : \
»@wof-' ghesc elements is the existence of partly filled N i | t
mn‘e'; electron shells. The thermal motion of the " i3 : ‘

',lﬁtﬁces (atems} affects fem)magnctlc properties in = } o
”iihﬁfe_rent ways. The effect is most pronounced in R 0 k34 0 N nl? __K— .Tm
‘iﬁé im:lmty of the curie ternperature; but it is also | : e :
Esa’:rvablc far below the curie temperamre

' We have already seen that the i mteracuon between . .
121:,}1‘m::ur1110r atoms which tends to align their spin is the o
main - cause for spontaneous magnetisation in R ‘ .
omabnatlc substances. When this effect is so strcng C Mgl ) ol
that-all adjacent_SPmS are aligned, the magnetisafion-of -+~ ; “e—— = =
—the-materiat has its maximum value. This long-range "_'MS‘-@ P Sy i
dhonmcnt results from both the sirong nearest ne:ohbour T T
interactions and the connnmty‘ﬁ"f’tmbermal—— el e R
N _1-ibraans of atoms, however, tend to misalign the spins; . +L_

=

il

Z°
.f,\ an {D'ﬁ C.-'—;t—

oickal

cnce we observe the maximum magpetisation only at
m; lowest possible temperature (0 K). At very high 3
“:amperature the magnetisation has a lower value, untﬂ LA :
"Wm at the curie temperaﬂm%etmaﬁon R
s a function of temperature is shown in Fig. 9.31. Tt : ;
3 icereases very slowly to start wit_h and the curve drops w831 Tempeaiune depandens
Tore steeply at higher temperatures until it finally falls JSUCUTRMGLE MEIR et
A 'ec1p1tously to zero at the curie temperature.

Well above the curie temperature, ferromagnetic mateuals behave like paramagnetic materials
:d have 2 well defined susceptibility given by Curie-Weiss law, namely,

e e e L B P e A b - S = e y
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alled the paramagnetic curie lemperature. 01is htghcf th

i
| Itis now clear that these clements have a lf:lrgc ‘»U"Cﬁpf‘ligiﬁ
law. Metals like Fe, Co, etc. obey Curie-Weiss favy Bz

its susceptibility deviates somewhat from exact agreement’

teresting interpretation. It shows thee

Cis the enrie constant and 0 1‘»
0.27); but (0 -.-{}f) iy smal
y Curic-Weiss

where
femperature ()f(l*‘ig.
just above 0, but they do not obe
but just above its curic temperature (0)), : el -
this law i.e., the behaviour of the metal just above Of has an 1 o i Soméﬁfﬁ”
although thermal motion of the atoms has dcstroyfcd long-range order '0 ::I; p Which . . ;Vcn_ awm .
of 2 much weaker character still persists. It is a kind of short-range spin Or er in g om i
surrounded by a small island in which the spins arc more or less aligned. This phenomenon prcsumja;:_. te

exists for all ferromagnetic solids just above 0.
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Weiss, in 1907, postulated that in ferromagnetic materials, the internal field seen by a given dipole is g
equal to the applied field plus a contribution from the neighbouring dipoles which tend to align it in the

same direction as it neighbours. Mathematically it may be written as

CH=H+H withH oM s -
e, B, R T

wher:: I:'f is the internal field, H,, is the internal molecular field and Y 1s the Weiss molecular ﬁe?d, :
consiant. -

Let us conside i ial wi 3 th :
r a ferromagnetic material with N atoms/m3 each with an angular momentum J.

We have already shown in [equation 9.57 (a)] that the total magnetic moment of these atoms in a field -

H is given by
M=Ngw,JB(a) =M B, (a) (9.81) -
where a = M |
k,T
In the case of ferromagnetic solid materials,
= L8Oy )
T kT : { (9.82)

S ST
Ti ul
15 i
Y =8B, (u)
]
When we deal with oo
vwe deal with soontaneous Inugnet iy

on ¥ = 0 and tus

CHLL Ve
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and ¢an rewrite

_ M ngn(J-i-I)afS
with o= g g (H lM)fKa T. (mfeP to'subject matter between eq. 1 and cq. 2).”

Because the effective. f.;%ld __on an atom, is now {H +LM) and not mmply, z

gqnsxdered m eq (2) earhé‘i‘.

temperatumJuwbsewed that Cm’le—Wmss law pred.lcts satlsfactonl}the*vanatma =
:usceptxblhty in the paramagnetm reglon well:abiove the Curie temperatare, but not ix T2e-
. region close to. the Curi urie temperatre. Accordingis
“_ ‘the femperature Bf below wh:lch the ferromawwzéi
behaviour of these metals is observed, is =%
identical with uemperature 8 above which ==
paramagnetism sets in; 6 is usually some degrce&_
h.lgher than 8

1y —

Fe Co """ X
8/(in K) 1043 1393 &3
8K 1093 1428 . 632
Weiss-theory, however, does not distinguiss
between the ferromagnetic Curie temperature 2 :
. : _ and the paramagnetic Curie temperature 8. We, oz 5
i3, 8(c).  Behaviour of the ferromagnetic 41, 0635 of the discussion in this article, can sav
metals abova the Curle , Weiss-theory of ferromagnetism pmndea

T—

temperature : : :
(a) experimental behaviour comprehensive  (although at times eonix
{for Fe, Co, Ni} qualitatively) description of the phenomenon f

(b) Welss theory behaviour
(plot of eq. 7)

1243 HEISENBERG INTERPRETATION OF WEISS FIELD

P L to =

In art, 12.4-1, we have pointed out ler!} that it is not possible to explain an interna 3

ficid of ety vnglh lying in the range 108, 107 ve rsted by classical dipole interaction which on' .

Jmnunts 107 gauss. Heiseabery, in 1028, interpreted that such high value of inter nal fields =
pinined in uatm‘, ot exchange Lneerdie rign batwaen the electrons. An exchange lforcs
conplon b dateraation |p oy H' electrostaln o el its me ls.,"‘lh"“"

spontaneous magnotisation,

tan ue
14 DRl II-'L-‘.I-) A n‘lc 4 R BT L




ion. This exchange iorce
‘can be much ln.r_;m‘ than that of the magnetic interaction é appeal

atates » electrons natur
' the form of Spin-s pm interaction becauge orbital wt;J f t}:{l;;}if' this prmc:p?fj o
_limitation on the spin : stales according to Pauli principle "('fi o the spatial dist ge e
‘change the relative orientation of two sping without changing I1Hutje,

' > 3]
chm‘ﬁv The strength of interaction depends upon. thelinéctlj‘c’!tg;)ﬁlj:’tﬂhlzlﬁf ;f’;p I‘;igfi;ﬁ !
~ change its sign as the separation is varied. Tt can be );;u icte desicndl e 0r1enta(; e
- other, the electron spins of nnp‘ured electrons in eac d[’.Omf 5 e ﬁses a5 fnall 1o
uuomtnmw sepfu"\tmn ll(‘(‘l(“l‘nt“i more 'uul more, ex{'hange OrCf; ¢ et; r; resembles it j;r t]
';'lf p'ws through zero and an anli-par: allel spin is Illvourc,d The situatio ol ] : t)
 ‘which we found in Heitler-London model for a hydrogen molecule where the 0 lﬁwlra tion
L parallel spins is very unfayourable compared to the configuration with anti-parallel spins
{ . Following the Heitler-London theory of hydrogen at,om, the mtemctwn potent]

- between twq atoms can be written as

s
-

P Y il K - A

% when, suﬁn a and b denote the two 11uc1e1 and 1 2 the two. eIectrons_. Syl
R The energy of the system can. be written as e e

| ESEE Ty A2
'.¥'wlmle Ki 15 the coulomb mteractmn energy and’ef the‘ exchange integral gwen by
by o e f%(l) Wy (2) Vab. %(2) Uf&(l)dffi 1 TR ---1’3_)._

vhere d Wa represent the atomnic weve-ﬁmctmns of electrons 1 and 2 when in atoms
“a and b. The positive spin; in the ¢ expression : for’ energi?: stands for the state when the spins
“of the two_electrons are ar.ltl—paraliel i.e., non-magnetic statie, while’ negafwe Sign i is for the
state when the spins of the twe eTEE’ons are" allel ;.e., for magnetic state. T ‘erefore for
magnet;c state o

vhlch is stable onIy when J xs pos1t1ve because' then '
CL RS R R

. Here we are cencerned with the ‘exchange, energy and not with coulomb interaction
nergy K. Therefore conmdenng the relatwe onentatmn of the two spins Si. and S, we can
Cwrite - — _ o
x .E_ ccanstamt z,Je Sl Sg, N T

nredlehng that exchange eﬂergvanmfars in—the total energy as if there exzsts a- du‘ecir i
_.__couplmg between the two spins:and the _ﬁherefore exchange interactions between eIectron with

spin vectors s; and s; will have the form _ B mmae
u______,_.--—-—---.._..___._---—-— A : E J S‘ Sj‘ : y .-.(47-
For two ‘atoms with total spm vectors S; and bj the total interaction energy can be
~written as

N=-2Jdy255 (5
_—szs S;,

and depends upon the relatwe orientation of the two total spin vectors S; and S Jy is the
exchan"e integral for the two atoruos. Behaviour of the exchange integral wlth ratio of
1nteratomu distance ryp to the orbital radius, rg, of electrons (here ragz is the radius of the




468 b \/ |
ﬁnﬁlied "3d"5h9'11');-:is.\ shown in fig - o i

3 T o N a3 goa(d)r Beth&hé 1T .
(z-e . Je_-3§ E?'Sl}tweg’?fr“b is sufficiently large compaiﬁ:ﬁ?\ }-2&?:1}9 orbit::lcrz??s :;r f?i“ﬁd,
e ' . » i electrons.

SOLID STATE PHYSICS

Fagta,

Slt',ctf:r“{‘mom Spec:lﬁcally i-:;rét‘i'if:ted"that when 22 s
o :

gl : ;‘hg}ltly }ﬁrger than 3, "I_ﬁz'l'grfétic ‘staté is favoured. For E:
e 3;: Co, Ni ‘and Gd 'this rafg’ﬁq\\has the value -
_OF 26, 3-64, 3-94 and 31 respectively. X

.. Note that for Cr and Mn, tfis ratio is 260 and
- zf?f?_'f:‘;‘-'.sl-"ech‘?ely, ess than 3°and so' a non-magnetic.
; e 3 ---iﬁaFe_';}Sf[fani Exchange integral is negative for:
w St Faery O 2 U s D iemes | nefative " yalue  mist be in fact more
' e ?nizgzﬁggggul:;i?)?g?qg: ' Prﬂbaberthhe reason beﬁ:\g thfat the attraction between -+
ratio. of interatomic the nuclei and the electrons is greater than the repulsion .
separation to the radius of _between the nuclei and between the electrons and hence = -
 the 3d orbit. Note that J is. the smaller interatomic spacings, ra (and so a smaller
PGZSIWEfor o, Go, Niand . afio; oF rop/ro). Now the question arises whetbher an
G ainl Tiogamis Jor v, clement with \ncompensated spins, which itself is not
: ; ferromagnetic because the rgp/ro value is not favourable, -
may be combined with another nonferromagnetic element to form.a compound whose rgs/ra——
value is suitable: for ferromagnetisny. This-is-possible. We find.that both-MnAs and MnSh-
are ferrornagnétic; the lattice constants of these ¢compounds are respectively 2.85A and 2:893 - =
as compared with'2:58A for pureMasy=—— ik gt AT - i R
__Relation.. between ‘exchgage -integral J,, Weiss constant, A, and: the s
ferromagnetic Curie temperature, 6 .. : i " e
A simplified procedure to set up relation in J,, » and 6 has been suggested by Stener. -
It is assumed that exthange integral is negligible except for nearest neighbours and its value:
is oJ, for all |neighb0uring pairs. ' 8 :
" Therefore, following equation (5), exchange energy of a given atom i with its neighbours
wil} be '

S T

V=-2J.285;.5; ' i By
J

where the summation extends over the nearest neighbours of atom i. According to Stoner,” -

Tues of the neighbouring spins may be replaced by their time averages.

the instantaneous-val 2 I
Thus, if there are’z nearest neighbours, we have
: ' : V=22 d, Sy (Syj) + Sy (Sy) + S: ¢Sy AT}
Assumirfg that the magnetisation M is along Z-direction, we can write
' (S;;)=(Sy£)=01 (=
. (Szj)=M’:g uBN o3
. 7y and (8), we have
From equations { V=—22zd, S Mg N us. {9

ential energy of spin i in the Weiss field A M, i.e,

: 1al to the pot
which should be equ p Fif . Vet St M

A J. S M
2250 a8 ug A M

z N lig
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AM == My —~ M = )}:,'. ny, = 00687
e

8 ‘temperatures.
5513513“1"[_0-0587[}"(3 T.IT!/Z 3 |

M '%ﬂ{s na®8 (2.8
M _ 00587 {KB il

_-_:equatmn (26) reprosents the total decroase in imagne tin'n-tm of the syst
1 ENo Aysiem, 'Fhrn

?- ?,! W

Therefore, fractional decrease of magnetisation with temperaturs
. ° e s
AM 00587( K, T Y/*
M, K i :
L L) 2‘ ’Jﬂ ,“; fl.

e

LA UL TG
Pl WEY 'G5 ara

,-L'[{ed ][l:luIlOl]d EE‘C'I 1“&-[:(\,“““ 10“".'} 3 !,lll' Ll)[dl (13T |!'Tl(‘t 1§34 ﬂi 1on b [-]-i-' tle
3 ]'

in. Consequently
]

372

u? +(27)

given by

. (23)

T}us result is due to Felix Bloch, k
b nown as the Block T2 |
goed at low tunpumhnvw At high !vnu)er.lturt,c,, a high density ofn: 2ndnn bl g
" the assumed spin wave model breaks down, resulting in the inv: xlzrjziyprqf %ghl: rﬂqt:d o
< ' avw a ?Jr‘h

v— Weiss theary

)

‘*:_,\{ Datas
" S Spin wava
(H=0) “¢  heoy

The result 15 famous Bloch TW = law, after Fehn.
Rloch. The Temperature dependenca of magnetxsahon- ¥
predm*ed by this law is plotted in fig. 10(byalongwith-
the results, of a}:pﬂﬂments and of the independent’
spin model of Weiss. It is cbserved that the law holds |

at all at high temperatures | (i’er bee crys*cals M=0at
T=6 expenmmtaﬁy but this law_gives

; te:nperaturesz ahigh density of magnons is
~ down. From Sheervation, of fig. 10(b), we find th

UL v
in close agr aﬂmezat with ’die expenmentai data as comp

= in this article.
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- Weiss, mworﬁﬂr {0 explain the

J-L g

1_Ms=I-Q'S 2, SJ
L . 0-0587 K N
- —_ B ‘ :
or B’f -—.41{3 1 Q S 2 J S b X : -.-{29) G

 with xemaxl«.abie‘auccess at low temperaiures but L e

fact +h-* actuai meces of' ferrema
cd the’ existence of" small domams

T—> "

‘F‘g 1D(b) _Comparison of experimental

-data with Spin . wave 2nd
. Weiss theories of temperature

dependence of M. & is ferro-
 magneiic Curiz temperature

beyorid” which spontaneous
magnezlsahon vamshﬁ. ¢

M=0"at T= 3 9 .""',_"Ihe reason is that, at high
craated and the assumed spin wave modef breaks
at Weiss theory (independent spin model) is
ared to spin wave

‘.hcu; v di J1~n“qc ed

gnetic materials-ars

o s

within whieh

normally found ig déil'i:ig"i etised stfzie asaLm e
ed to gafuration: The direction of magnetisation,

matpml ig magnetis
in to dcmam and thus
d saturatxm (bec
and r‘et ma,:fneup.-,.tm.,
man. or less ‘;ﬁraﬂ

7ero 'c-mult*mf
ggested by

the 'exramagneuc
however, varies irorm doraa
havz value between zero 2
7 of domain magnetzrsatmn vectors
vectors are caused to align 'LElBIﬁ:st‘h'&n

in fig. 1i(a) domain a arrangemmlt for

is shown. According to domain theory as su

;

the net mEeroscopic Mmas gnetisa?

ause over all marneuaa*
gecurrs ondy W
el to an applied field).

ma-meuc moment in 2 mn
R Becker, W hen a m¢

ﬂ‘i'"g“l T‘\ﬂ‘f
n is given DY the sum
'qen some of these

gle Cf‘-“ﬂi
.wneug 1 Geld is
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Inetic

o ]
-

111‘61110:1_&}‘:?11&’ RpQEInEn t/'?k‘-‘?‘ place by two indepondent processes :
) ythe moion of domain w g IR 26808S
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Ay A ;\‘,-ﬁT\"UH'.- WY arie AR TRA Crease l.n thg VOhlmE O{Edom L
. ;?:tq“:i ‘:t“: th"’“t:‘-‘] ":\'!fh reapect to the magnetising field at the wst.a:)?'sﬂ:hat
("):"' At aro uitavougably orjonted ng shown in fig. 1Ub). Tiose
SO . 11(b).
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It .is',\ however, inferred that i } : '
o il et JL M Weax magnetising flelds the fret . x
is, domains change in gize, i, g g flelds the first way is favoured tha

boundary of the dom
ﬁelds,- the_magnatlsation (:hﬁ]igeé b_!_,* ing&ns‘gf nﬁﬁﬁﬂu of the

12.6-2

h 4

By-?-ma‘.:ir}'{m of domaings e b
fgds i g e B0 Dy tha potati irocti ET
t.u."‘im ds tjm direetion of the field as shown ::‘ n‘;f ;};?c)dlrectmn of magnetisation
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Fig. 1. Processes of domain magnetisation.
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Fig. 12. The magnetisation curva.

ORIGIN OF DOMAINS
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S o SOLID STATE p_g?glbg-
CAsiisiobvioug: ffom the f

PO T el : Ire much sreater fields' are needed. teo roduce mgon.
- L as compared to g o i 5

: ‘ ' ) agrietic saturation
5 orodue mpared to the fielq required in [100] direction. The differencs i ration
b0 produce saturatioy iy ctic

; _ : : ma ti i :
an casy [100} direction and hard direction [1111553,'@8 S oncrgy

ooy : ; called crygtal
‘isoa " VRt Mt AR .{lnlSO!r?pr Energ;'y_"f;and_-jg_ impﬂftaitin
: ARV D T i e T TN rlcl;q;rmmmg Lhu.charactgr;of & dDmﬁfn'
S S K‘ (100} ehsy ™ M“’“’ﬁr boundary.. For Fe, . for: €xample, - the
SRR 1500 et B R g | EXCess work. dong in magnet
RN Vg TR e o e e o saturation a specimen, i 11370 C1NG 10
RS LORHE R AT\ Bl D] KON : UL etparad e oen 1n 1111) divectise
R e Bt O L R R e WIth (1001 direction js qpei
LR T 1 (R Ny o Trers L4 10% jouley L thus
b ekt A o TR R et energy of Fe, 73
3 : ‘ gm - : t‘ -.“-I L .IBOC = : <
T IR i Al easy " dire
PN TR Pl et b cube edge
0~ = 10073 200" 300 400 500 . 600 also Ctlblc, B :
X s _- H‘,:' 3 ' . _ iis __‘ 2 sy - g s 7 v
il (qauss) L - diagonals. In cobalt there is only one

- Fig. 14, .51¢§heti551iqn curves for a single crystal of iron Préferred. direction -
for different 'di“rec'tion_s__‘ of tha
crystal axes, I “

dire (easy- direction)—

field relative to the the hexagonal axis'of the crystal and'is

B  thus referred tg as-uniaxial. -
. : . v ! : dﬂm At T e"'

along certain crystallographic axes called preferred axas op casy-directions. T W it

i ' roduce a. closure-domain,

ucture depend, ¢

K’f"'ﬁomm WALL {BLOCH WALL)_.~~
€ presence of do

mains requires the existence of the transition region in which the
magnetisation goes smoothly from one airection to the other. :

The energy of domain wall comes chiefly from two sources, the éxch#ﬁge energy and

anisotropic energy as we note that :

(1)  Spins must necessary change as M, the magnetisation, the changes from that of
one domain to the adjacent one. Hence g certain number of spins must be
misaligned in the boundary., The misalignment involves rotation of spins that
associates with it a definite energy and is recognised as exchange encrgy which

: depends upon the degree of relutive alignment of the spins. ‘

(i) Apart from the relative alignment of the spins, the spins also interact with th(:‘-\
lattice atom. For if all the spins are completely aligned and this diref:tiozz of
alignment is rotateqd relative to crystal then we find that magnetisation in some
divections (called casy directions) requires less strong nagnetic fleld as comparaed
to the flelds reouir

i . = O S~ Nadl
red to produce the same saiuration in other divections {ealled
hard directions), Ti.

12 amisotropy of the arystal gives riso to ansotrapie suergy.
mu"""""""""“-“*—v-m----. - M FYe o e s et 1 o i e B s -y e WA e g R b
S T e e gt s
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number of '_aton-lic.I.yla_nes;. '.Wu f:!”‘.': :u_;_d_igc_m:s;cd . e H"“":";;.;_‘ s : _

4 b'elou?,-}-thnt'f for a’ given Il,ni,nl._cllmngu of spin (144 N i ““‘*M/’T i
' ange encrgy is lower; when the d HH - "’,i : ‘.

- directiony the exch gy .
change is distributed over man y sping than when
' the change occurrs abruptly and since the idea of
. e EACH " o ¥ ¥ i 2 PN ; ¥ |
5 s ant e B Tiag i the - prine 1di ob = : |
domain structure .]H_b o the:principlt oyl
minimum cnergy, this change.should occurt nobt B A / i
abruptly but gradually -over many ‘atomic ' pr S -
The . exchange ¢

i BT AT g 48, The structure of a 180™-Bloch
nergy depends upon thes o8 i 80™-Bloch wan
SR S T PR e LN A separating two domains : the
toms and-_thmr ;elatxge- e | change of spin direction is ab%i;zuf]

4 éﬁins of- the in_terac_;ting a
orientation. We shall write itas” T gk

egral and S 1sthe:spmquantum number, 7. 4
nd Sy make a small angle 6 with each other; then

+hich shows that.due to rotation thxough an angle 0, exchange energy is increased by

HereJe is. the exchangemt
If the two spin vectors Sia

J, S20% as C§ﬂ1pared"to the case when Sy and S, are parallel, (i.e., 8 is zero).

. Suppose this. change of 6 in spins is brought in N equal steps then change in anglé
between neighbouring spins is 0/N and the exchange energy between each pair of
neighbouring atoms is i e s

n e e R ' s

| T?#reforé total e:acl?ange energy of the row of (N + 1)* atoms is thus
g%
N2

gt
:i‘ﬂ%ﬂ-, - D

7

Eoxdrow =1 -

Thus with the
18y decreases.

n which

The equation shows that exchange energy decreases as N increases.
change ene

;I:Z;t;ase i'n ?he thicknf'zss (more pairé of atoms) of the wall, the ex
ans in the formation of domains there should necessarily be a transition region i

d& , »
For N pairs, there should be (V + 1) atoms,




energy, i.e.; -
Bl oA
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spins change gradually over finite domain spac ing. Ag tho domain configuration f; th
minimisation of encrgy, we should exeept the Bloch wall to ha infinitely thick qu:;nLl:‘r: “;
he the case because *mlsotmpu, energy limits the thickness, The reason being that if the =n?
direction undergoes a complete change in a number of steps, some of the mdmd; al rﬂd"n“{il?'
moments must be in hard:directions [111]. Obviously, the moments in Hard dtr:‘tw,m will
have higher energy. len they would have in easy directions and cons sequent increase in
anisotropic energy results- Since the anisotropie energy is proportionial to the thickness of
the wall, this tends to mak(. the donmain wall as thin as possible (for anisotropic energy should

"be minimised to favour ddmam formation). The domain wall assumes a thickness which

balances these' two energles to gwe the lowest total energy which is calculated below :
The- total energy per sq. cm. may be written as a sum of exchang,e and amqotmpxc

e e S e it

P o e i E Eex +Ean . ...(2]
If we con31der a wall of umt area, thickness being N a, where a is lattice constant, then
' u Ean K.Na, ..(3)

where K is called amsotropm constant )-* y ’_‘J
Furi:h the e:’chanfre energy ¥, will be’ obtamed on multlplymg equatxon (1) by the

"number of row of spins, per cm2 ie., by 1/a%. .Thus - i
A A AL A R R st s T
P v : : e Eex_dle - c(4)
— T 1.l ey )
Therefore, E=———+KNe. , ..(3)
Na

“We Ynow that the value of N, the number. of pairs, which will keep E minimum will be
compromising one for which we put

dE J, 8% e

or _ aNn_ v N2 o

2 n27/2
N:[J"*S .0 ] (&)

+Ka

K
value of NV in equation (), the total energy per cm? of a Bloch wall is

_‘z 2 q 1/2 J S D..o
J 15 O [ I(ﬂ ] +Ka {_,._,___ﬁ__
Ka

S YT

Putting this
1/2

‘---f-‘. ..!F{_Il/‘ ’1 iv f[', K.,lg-:
- ;";: 1} l "“'_ i > 0 |_ 0 !
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i ;
. which for ivon having
gé K 0‘(‘*
g :]‘g - —33_1, E};—: n
% K =107 Gl'j_—‘;/cmﬁ, G _; ’
. out to be of tho order of 1 erg/em?®. Putting these data in equation (6), we obtain
N=300
o t=1000 A,

where ¢ is the thickness of the wall.
‘The above treatment is r:’at'he“ cruds becaus"e” due ia‘ anisotropy, the angle betwes
successive spins is not constant thruughout the Bloch wall L.e:,

. it is improper to fake -
- which nnphes that total s |

pin is shared equally by eaeh of the pazr of atoms on a fine throug

TR A A i i e 1 m e .I*"r‘;‘-.‘ -
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: rep;espgt;pg_,them circular precession about z-axis
o -Qu_anﬁsathn of _Spin_ Wavey . In the
erromagnetic ground stato the spin way : ited
: grietic ) e -
and. therefore g spins’ a AT T o exeited

L
|
[
)
1
'
i
]
]
]

o b nerefore Ins. are parallel. The total spin
: 2 8 4 -duantum number of a Systent of N-spins, each S, in this
Jkazo>. .. state, has the value NS, The. excit

deiiis gég?{isi:\?tgug:ﬁo). - Darallel. Thus total spin value is reduced balow the value

T . NS. We' shall " develop first a relation between the

amplitude of the spin wave and the reduction in the z-component of the total spin quantum
number and then find the expression for energy E; when a spin wave % is excited.

According to equation (12), the z-component of a spinis

S=@@-iyra B

L i T wedgiaiise s T T — A
e b O LR e st -8 8

S - = E 9 ) L (ff * ‘ — N T : __
or S . NS‘—_I\ESZ:'Z;; b e 37 IR / S "(14) % ‘

Quantum theory allows
spins and NS - nz is the
by eq. (14),

only in_tégféi values .for. (S-8,). N zs the total number of

z-component of the total spin when a spin wave k is excited, then"
. N u,?

E=353 :

) 23 _

or ukz = Nnk ...(15)_ e

which represents quantisation condition for spin wave
amplitude up, np is an integer equal .to the number of -
magnons of wave vector k that are excited. Each magnon
lowers the z-component of the total spin by one.

To find the energy E; when a spin wave % is excited,
we consider the interaction energy between two spins S,

and 8 ; ;. From eq-t6)-art--124-3 wethave o e .75,;.;1 ;
Ee—:?-u’e bp ’ S‘r_,} 1 Yo==AYeip .
_ =2J,5% cos 9 S = 2 TS o3 e
Fig 1{3(3) SREtCh rela“ng the W}lere ¢ is the angle het‘veeu S“."-‘ E"ld S!.,+ ‘1. HEIE‘; b 1S th(}
angle ¢ between two magnitude of their spin. From fig. 10(a) it is obvious that
Sucecessive g;pfn (h ”\] =il H“ L I;.\
veclors to the  spin usin~5Ti=Ssmy+O sy
wave ampliiuda gy and R "

the phasa angie ka,
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