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1, t~B · ~ l l owlng le ct ures we 

g l ~ e a bri e ' ac :ount ~n megnetism. wit h emp ha s1s on volume 

EI ~· .fa r. t • 

jl s cusS about ma~~~:~st r! ~tlo n 1n ma &~Qtlc soiidS with 

"'Ieellgible m e~ ne t Q-:·V!'i · ~ line e n1 s ot ro ov (G~ . MnC •••• ) end 

~ - ~1 s :~ ss a~~ut m e~~~t ost rlctl~n in ~agnetl: ~o!1os ~lth 

meas u re ments. 

~ . d 15C~SS a bo u ~ (! rs t a r dor ~eg~.tlc tTe ~6 1tl o~5 end high 

pressure l nf'J r rn a tlo-~ s ! FeRn. :::-r;, "'''3GoC. tl o Cr2' £ r Co
2

, ••• ) 



. 2. 

1 - Bes1c megnetism ' 

Ref. : S. CHIKAZUMI - Physic. of magneti.m. J. Wiley (1964), 

A. HERPIN - Th~or1e du megn~t1.me. Inst1tut Net10nal des 

Sc1ence& et Techn1que. Nucl~aires, et P U F (1968) , 

~ __ ~ITTEL - Introduct10n to Solid State Phys1cs, J. Wiley 

(1968) • 

T. KASUYA - Magnetism. Rado .nd Suhl 110. Acedemic Press, 

( 1 966) • 

e - Dohr magneton end L6nd~ fector 

Two fundementel problema of magnotism ere the origin 

of the magnetic momants end the existence of magnetic ordering. 

Tho vector modol allows fo r a simplo undorstand1ng of the megnetic 

properties of free stoms. If anD considers en incomplete 

o 

electronic 9h~1~~ aftor coupling e8ch 

individual electron1c orbital moment 

t· i 1i and spin vectors ~ • i ;i' 
we consider that t and 5 are coupled 

through sp1n·orbit interaction to form 

the resultant angular momentum! • t • 5 
Russel Seundera rule) t and 5 prece •• 

around their resultent J (fig. 11, Hund's 

rulea ere used to determine the moat 

.teble conf1guretion. The ma,netic moment of a claa.ical circular 

----~.------.--'-'-'-~---..:..~----

orbit 1. ML • - 2:C L which hold. in quantum 

along the appl1ed H d1rection g1vos ML,z 

3 • 

mechanic •• Project1on 

et L et.-
2mc z· ~e -2mc-

1. called the Bohr magneton. An electron with .pin •• 1/£ 

po •• e.se& a 1 ~B moment so MS.z • - 2 ~B Sz and the re.ultant 

magnet1c moment i& MR • - ~D It . 25}, 

MR preCQ88BS around J so 

w1th e~ • It • 2s1 coa 6o't 
"'" • J • S COB ABO 

A. L2 . J2 . S2 - 2SJ -"'" co. ABO 

. 1 . J2 . s2 - L2 
gJ 

2J
2 

In en exact traetment (J2)op hes J{J • 1) ea a1gen value ••• so 

.1 • J(J'1) • 5(5 '1) - LCL-1) 
gJ 2JIJ'1) 

&J 1. the LandA fector. 

b - crystalline field 

If ons locetea megnetlc iona in e crystel. t~o pointe 

of view cen be uBed 1n order to diBcr1ba its physical propert~e •. 

One cen find it. properties from thoBe of the inBulated etom, 

with some modification. due to interections betwean electronic 

shell •• That 18 the Heitler-London epproach. Alternatively one 

cen find the.e propertie. by con.ider1ng the propert1e. of collec -
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\4. 

t1ve electrons 1n the crystal. These electrons ere not free. 

They are sub~itted to the crystalline potential. to interactions 

~1th other electrons which elva rise to some localization. This 

is the Hund-Mulliken type approac". 

lhasa two aoproaches are used 1n mOBnetlsm. The first 

one 19 frequently used for insulating materiels whereas the 

second one 1s frequently used for metals. On the basis of the 

simplest paint-charge ionic model tho electrostatic potential 

vr r. a .i ) d u e to the surrounoing point c harges at a paint 

(r. 0 • 'f 1 neer tr.e eric!.n 1s : 

V( r. 0.~) • 

where Q
j 

15 the cherge et the jtn nEighboring 10n . at distance 

~j from th~ origin. If the magnet1c 10n h80 8 charge Q1 at 

(rl.o1'~1) then the perturbing crystalline potential energy 

w111 be 

where V should 'satisfy the Laplace BQuetlo n .5ym~8try conslde -

rations provide some help to study cristalline potential since 

this ootent1~1 possesses the sy~mctry of the cZ'yst61line c harge 

d.1str1l- ut1on. 

Crystalline f~elds af~ects often iron group ions e nd 

r~re e~rth Rroup 10ns on e o1Tferent way . since major annrgy. 

5 . 

15 1n the f1rst case crystal11ne f1eld enorgy. and 1n the 

second cese spin oruit-coupling. 

Consider a sinple electron with L • 1 1n en orthoromb1c 

(8 I b ~ C I a· B • Y • 0/2) crystalline potential. The crys-

tel11ne energy 1. then 

w 
c 

Oy2 - (A • 0) z~ 

Whe r e A and 0 ere functions of intoretomic a1stencDs. 

Ux · z f r) 

Uy · y f ' r) 

Uz · 7. f ( r) 

are orttlo~onol. We SUDPOSO thoy era normalized. Th ey have the 

property 

! 't~ ) I • I fl' 1 )1 ' • 2 U 
op 1 1 1 

(~on diagonal cl e ments ~~~I~tl 1 . l h ~se levels d o ~ ot loDd to 

orbital moments r~oc for jn9tanc~ <L l L I v # • 

• Z • • 
)C -~~ l! x OJ("" Y 0 z • 1 on ag1nery nUl""lt erJ . he 

<UILI ~ > · 
x ' 1( )( 

(L:)I, I I Y I I It) • fJ . 

Timo avcrez~ of tIle meenet1c crtl itel moment 15 zer:. ~uppcs~ 

Ux 15 the ground steto crt1tal wave functicn . For ~ • 112 there 

ere 2 possible spin sta~e Sz .~ 1 /7 r. spin funct10 ~ 5 0 end fl. 
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6. 

Applic8tion of 8 field orients the apin moments which .lightly 

unQuench the orbit81 moment through spin-orbit coupling 

~L.S. Perturbation th.ories give 8S a first appro_imation 

't' • U _.a - ~ U ..• Then 
U'1 y.a 

~ 
<'t'ILzl't'> • - -- • and the 

6 1 

magnetic moment in the z direction is : 
I 

<'I'lL - 251'> 

~ 1 
giving g • 2(1 - 6J.j 

1 

g value and magnetization are anisotropic I they depend on 6, 

which 1s largely volume dependent. Paramagnetic resonance or 

optical 8bsorbtion 8110ws for the discussion of these cryst811ine 

field effects. They ere of 6 18rge importance for m8gnet1.m since 

'magnetizot1on processus depends on megnetocrystelllne anisotropy 

where cryst811ino fields P18Y 8 fundamental role. Due to spin-

orbit inter8ctions the charge distribution is less symmetric. Thi. 

lack of sym metry is tied to t ho direction of magnetization . 

ThuS chang1ng the sp1n d1rection chen~B8 the overlap energy. 

For 8n unia_ial cryst81 the 8nisotropic pert of energy i • 

• 2 2 
Wa~ '6- co. 0 for instance in tron.ition met81 ion., where e is 

the angle between the crystallographic ._i. end the direction 

of the magnetiz8tion. The caso of rare earths is simplier. J i. 

then 8 good quantum number 8nd the trona1tions to be con.idered are 

IL 5 J'> . In the cass of rere earth metals. of 
z 

he_8gonal comp8ct symmetry. the 8nisotropy i. thon eimply 

proportionnal to (1.63 - ~J where 1.63 i. tho ideel compact cle 

r8ti6. Un1._i81 stres. will modify this ani.otropy in a lorge 

extend. 

7. 

c - exch~ngB Interectlons 

Dipolar effect. are usually neRli&ible. Interaction. 

between magnetic moments hove en electrostatic origin. The 

interaction meChanisms ere numerOU8. The direct axchengo 
_e. 

1. • mecll0nlsm usually ploys e minor role 

in ma&netic .0l1d ~ though 1t ha. a 

fundamental importance for simple 

molecules. If ona considers a 

hydrO f,on molecule. one cen built 

molecular functlcns from Indlvlduel on"8. 

Due to P8uli principle. thore are 3 

symmetric wove functiona, with total 

spin 5 • 1 (--J. (--J. (.-J+ (-oj 

and one 8ntissymmetr1c with 5 • 0 (.-J-(-.J . If we take into 

account CouloMo interactions and evaluate the anergy of 

the singulst (W
1

) end triplet (W
3

) stetes aa e function o~ 

interatomic distances, one obtainl the result that the non 

magnetic S • 0 state i8 the steble one. with interatomic 

dist8nce rD· The type of discus. ion i. Quite different in 

magnetic solias since as a first approximation distances ere 

given independently of the magnetic .tate of ion •• In thi. co.e. 

however. a~ well as for hydrogon molecule, e~cheng8 i~t.ract1Qn. 

between spina Sa ~nd Sb of 10ns a and been b. written •• J 

H • - 2J ao SeoSb 

Jab i. a function of interatomic di.tanc •• which i. very 

difficult to evaluate ao-init10 



o 

8. 

11cml11.onian. c4t: to tt'e nan·orttlcgor(Jjl!y Of tllB WhVS functions 

1n the atomic or b ital m· del. As provlo~sly mentlonned many 

indirect Rxchango mechanisms Bra important In solids. Inter-

~ct1ons t~rnueh conductior electrons can be understood as 

indicAtert fi~. 3. Consider 6 magnetic ion with 6 spin 5 in O. 

In J.:r q1 ~( ...... t.. 

(",I . \.1 , (\ 1..: 

It polarizes on A different footing 

t or • elDctron~. p,1v1nr. rise to e 

dlssymmatric electrnnic denslt J p. 

A ma~netlc. inn, JorRtert in 0 will be .. 
fBrroma~n.t1.~11y o11pnad with 5 In O. 

IncetAd jn r. will be Anti f erromagnet1-

('ally aliene d . 

surere~ch6nC9 ~echanis~s play the major role 1n 

1n9ulatln~ ~u~~t6nCB~ . ro nsioer for instance MnO (fig. 4) which 

1s antiferromegn e tlc. The magneti c 

arra r"lp, sment Can be dAscrlbed as ferro-

~oznBtic plans entiferromagnet1celly 

stac~8d al ong one of the bo dy diegonal. 

C 
2- Mn 2-

~ ~ ~ 

ttttt • • t t t t t 

i t • t E 
s 

t • • i E
t 

9. 

In tno fundamental stete the sinpulet and triplet states possess 

tho seme energy. ,,,( !,e two states are degener eted. Coupling 

results from the hybrldatlon of fundamental end excited states, 

described as below. 

a 1- Mn 2-

-.>1' e- I 
b "1 J pd .!.; 

Accardinr, to J pd sir.n , excha nge 1nteraction 15 ferro- or 

ontiferromaenetic . M e~notic energy depends on J pd 9xctlenge 

interaction. b transfer end excited enereies of Mn 2
+ 10ns. 

A priori con,1derations are difficult 1n order to eiva the 

sien Of t~e varia tion of these exchange interactions with 

interatomic distances. since 8xchonec interactions, affinity 

considerations and enerRY lovels are to be considered. In many 

olCldos the situatlor"l is (,,,r,- "t r~ ,....-· ,..r·~1c ;>; ted . auo to the 

possible varletio!, witn oressure of tng an~lq of super9~ch~ng e 

interaction. 

All cases discussed e h ove can u e treetec, as a first 

a pproximat1on with the tloisant)erg isotrooic oxche"Be hami ltonie n 

fI • - L J % ~ -, 1j 'j1'~j 
(1. j) 

Approximation, such 8S ~olecu}Dr field theory wil~ uS 

used in o rdRr to facilitate tho dp.scription o f t~e en - rev 

~t~te5. ~Bi" properties e~co'Jntr re d ere su~merized 1~ t he 



figure below. where 0. is the megnet1zetion with1n en 

alamantary domain 

forromagnot1c 
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10. 

Non co11neer configuretions will he discussed when neces.ery. 

11 • 

2 - Thermodynam1cs 

Ref. D. BLOCK - Ann. de Phys. I. 93. (1966). 

A. HERPIN - Th~or1e du megn~ti.me. (op. cit.). 

a - Gibb& function end volumo megnatoatrict1on 

We considor an isotropic magnetic semple of 1 g at 

temperature T. prossuro p. under magnetic fiold H (lntan.iva 

variables). It hos 0 volume V. e magnotic moment 0 end on 

entropy 5 (extensive ver1ables). The energy used to mod1fy 

ed1ebeticelly its magnetic moment by do i. dU • H.do . 

According to f1rst law of thermodynamic •• in an 

1nT1natBs1mel trensfo~met1on. the variation of internel enargy 

for the closed system is 

dU • dO • Hdo - pdV • TdS • Hdo - pdV. 

We can introduce a G1bbs magnet1c function. 

G • U - TS • pV - Ho 

such es the minimum of G eives the equilibrium .1tuetion. 

In an elementary reversible transformation 

dG • - SdT • Vdp - odH. 

Then 

The variation o~ w.egnat1lot}o n wit n pr.,lur. 11 eQvol to th.t 

t 

~. 



12. 

b - Moleculer field theory 

Molecular fl&l d tt l o ~ ry ~llow ~ f or ~ s1mpla treotment 

J
1j 

15 often a rapidly deCr(IOs1ne func~!on of interatomic 

distences R
ij

, We ",ill, for simplicity, te'. in eccount exchange 

interections J
lj 

bat ~ ~en i c "ntlc~1 firs : nelehbours only J
lj 

0 J, 

If "'9 suppose that spin 5 alone contributes to magnetic 

moment \J. then 

.. 
" 

0 2 "0 ~ 

and 

H 0 - J . 
~ "I \J j. 

"B 

lola can d~ fin a 

H 
m 

Tha hypotheSiS of moleculer field is to consider ~m as time 

Independent. Then 

.. 
<H > 1. called the moloculer field. 

m 

." Os ZJO eoN 
o ~ nj <"j> 0 z nj IN 0 ---2--- 0. 

J 4"0 N 

Where 0a 1. the spontoneoua magnetization of the aystem of N 

atom •• 

13. 

N Is the molecular field coefficient. 

When the orbital moment contributes to the magnetic 

moment, 

Than 

< 5> 
o g:1 

<\.I» • ....L 
& - 1 " B 

. 
< 5 > 

The Internel energy of the sy.tem i • 

U 0 - !:!. 
M 2 

.. 
I <\J > 
i 

The e •• oclated magnetic specific heat i. 
aU M 

em 0 3'T 

c - Firat order magnetic transition 

Let us coneider " system with a first order magnetic 

trensltion at temperatura St' ",hen submitted to Pt end Ht • Thi. 

~r"nsitlon i. c"eracterized by a diecontlnuity in the derlvatlvel 

of the thermodynamical potential G 68 a function of T, p or H, 

that I. by a discontinuity in 5, V or n , We cell A end B the 

t"'o phases, At squillbrium GA 0 G
B

, under 0t' Pt' Ht' Thi. 

tranaltion can be modified with temperature, pro •• ure or field. 
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14. 

At tha naw tranaition GA • Ga, so 

At constant magnatic fiald 

Whare L is the latent heat for the transition. That is the 

Clapeyron aQuation. 

At cons tent pressure 

At conotent temperature 

d - Second order magnatic tr~ns1tlon 

When second derivatives of G are discontinuous at 

temperature em- under Pm end Hm* then entropy, volume end 

magnetization ere continuous 

dV A • dV e 
dS A • dS~ 

dO A • daB' 

15. 

At constant <!" I ' I ((I r instance 

\~) 
aT H 

dam • tAt dPm • (: ~o t dam • \~Vn) 
~p H 

dP m 

Thus 

d0 m KA - KO 

dPm .~ 

whe re a is the volums Ql(ptlnsion coofficient. 

dO m d 0 m dl1m One could o b tain D other relations for 
d P m' dHm' dPm 

But considerable cere should be token 1n ~egnet1sm since the 

application of field leads :0 a magnetization at all tamperctures 

and theory of second ordGr transition cannot ba appliad. 

If we take thO molacular fiBld as 

Where 0. 11 the spontaneous magnetization. end N e function of 

the volums elone. thon 

, 2 
U(T) • U

L 
(T) - '2 N (V) as (T) 

where UL i. the internal onorgy of tha lattice. 

Than for H • a 

1 dN 
2dV 

2 
2 •• ~O.)dV 

o. - '2 3V T 

Th a Qn~ropy c h anica i. t oS . £..Q 1 
[dU pdV J. 1 

. 1 . 
.(~ 

2 

(~ 
2 

!! ~) ;'0 - 1 'r.. 2 N • oV 
P 2 .T T '2 dV a '2 TV . p T . "' • 



dS 18 a perfect d1fferent1al . then 

ra UL N 

av lTH - IT 

1 
• T2 

ao!] 
aT l ~U.!: -

av 2" 

16. 

Tha pressure p cons1st. of two torma, D claelical praslura Po' 

given by 

, 
" IT 

and 8 magnetic pressura 

Below the Curie temperature I 

H No 

o •• ,,~ BJ ( ~' l • ". BJ (Tl 

which can be expressed aa 

,hen 

N f' (~l ? T 

0,,2 1 dN N 
~ " 1 dV f' (1 1 

( 

dN 
Z\' 

1 dN ,2 30: ~ 
1 dv NaT" - T. dV 

3V 
aT 

17. 

p (T, VI 
1 dN [,,2 3N] 

"IT _m-
T
--l 

2T2 dV' - T 
aT 

2 
1 dN a a 

" 2" dV "IT (-T l 

2 
" dN • 10 Pm "Y dV 

this additional pressure 19 responsible of the anomalous 

dependance of thermal BKpension coefficient oT magnetically 

ordared system. 

a - Secondary effects 

Variation wi~h thermal exp,o.ion (and lattice 

v1bration.l of exchange 1nteract10n cooff1cient. can lead to 

unexpected behavior of magnetic systom •• It i. often 1mportant 

to think about the.e effects in order to underetand the thermal 

variation of magnetization, magnetic susceptibility. magneto-

crystalline anisotropy coefficientl. or naturo of the magnetic 

phase transition. We will discuss only about paramagnotic 

I ' I c. 

date. We consider the high 

tomperetuTa behav10r of e farro-

~egnQt1c substance. with a thermal 

oxpanaion coofficiont S. 

~.,tf C", · ,.t ""\ ·~f t h e V01Un'l8 of the lempla 1. 

J v i,,_ 

C constent. eQual to that obaerved 
.... i' 

ot tomperotura T,. w. have the 
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1 T - N1 :: 
CIJr1e-l/e1.s lew X • ---e- where C 1. the Curie constant, and 

N1 C the Cur1e temperature. If the volume of the 8ample 11 that 
. 1 T - N2 C 

at T 2 , then X • --e--

Experimental d~te can be enelYled e8 

uut Qxparimental Caxp can be qu1te different from Ipactrolcop1c C 

(fig . GJ. 

10 

\/e can write 

.!. • T - N (1 • ~ T) C 
C 

T - III 1 - . ~CN 
C 

1=1.CN 

and 

[1 - UN) - NC 
C 

C exp 
• __ C __ 

1 - leN 

Value of A 11 necesBary 1n order to get C from C
exp 

Fro~ the 

variat10n ~F Cu(ja temperature with woluma we hove 

y ~ 
d log 



19. 

1 de~ V de 1 dV -1'. 8S ~ . e- dT 
. 0- dV V (IT 

p P 

1 de 
~ . - -1'. a. K e p 

~ een be then e)(p " 'irwni.elly oetermined . 

20. 

3 - Megnetostrietio~ i~ MnO - R. GEORGES. The.ie. Grenoble (1969) 

e - Pressure 

Megnetie properties of N.el type MnO 

~3~ -72 cen be explained using two types of 

exchongp interactions: J, between first 

~ I <;R I neighbO u rs end J
2 

between second 

neighbours. A Mn 2
+ ion he. 6 •• end 6 •• elf- -'t> 

first neighbours end 6 •• second 

neighbours. 

Spontaneous Variations of interatomic dlstenCBs due 

to magnetostrictlon ere week. 50 we cen use I 

d log / J 1 / d log /J 2 / 
j, . log and j2 . log d r, d r 2 

to describe the observed phnnomeno. '1 1s the distance b8tw~Bn 

neorest neighbours (nn) end '2 the di6tenCQ between next 

neerest nelBhbours (nnn). 

Variation of r~6el temperature with pressure 0110i00i8 

for the determination of j2' since. eccording to the molaculer 

field theory 

S (S +, J 
--3-

In principle. variation of peremoznetlc Curia tampareture with 

pressure allows then the determination of J,. s1nce 

2!' ~ S • , ) 
--3-- (0 • - E'O K et "0). p 
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Values of J
1 

and J
2 

as given by molecular field theory and 

other theory (green function) are: 

7.2 K (MF) or - 5 K (GF) 

J
2 

• - 3.5 K (MF) or - 5.5 K (GF) 

6V 
Ii - K6p 

For example 

We have not taken there in account the effecF of thermal 

axpansion of the lattice. which is usually ~~gligible. 

Variation of eN with p can be determined using the 

thermol verietion of the thermal axpan' 

J1\.f 
/ : '''--

slon coefTicient e measured at various 

constant pressures. 

5 i. determined for instence with strain 

gage. (fig.). The result (up 3000 bar) I. 

deN 
"d"P • (0.30 

then j2 • - 10.8 (MF). 

(RT compreosibility is 0.70x10-
6 

bar-
1

). 

22. 

b - X-Rays 

X-Rays studies have been undertaken on MnD. between 

30 K and RT. Results thus obtained ere given (fig. 9. 10). 

The peremetpr a 1. the d1stance between nnn. First nei,hbourl 

(nn) ·t or t. behove on e different menner giving ri •• to • 

lattice distor.ion.tt go epert. wheree. t+ come closer. Volume 

enomaly at eb.olute zero is \ 6
V

V} 0 • - (3.8 ! 0.4)x 10-
3

• value 

which can be obtained from a careful extrapolation of the 

non-magnetic high temperature a - T relation. Diotorlion of the 

latt1ce (fig. 11) 1. easily determ1ned from X-ray. data. 

c - Magnetostr1ct10n 

Magnetic energy e. well a. elaltic enorgy are functions 
of interatomic distances. 

Crystalline anisotropy of MnD is week. so. at low temperature 

we can con.ider the equ11ibrium conditions es given by : 

aw 
~.2 
au 

.., ~ 
L ~.~ • o. 
(i.j) i j au 

whare u, v, ••• ara the crystallographic parameters. The crystal 

nbtBlned . aftar daformetion. pOSSGBSSe the common aymmatr1a. of 

~e16st. end Wmegn ." When thw magnetic ayatem does not poale •• 

all the symmetry el.mento of the lattice, in tho ab.ence of 

magnato-ele.tic lnterectionbl ~hen the crystal diltortl, keeping 

only the common symmetry elemantl. (in feet 1n ferrcmeznatlc 

8ubstancel, there il e allzht megnetol trlction au. to domains 

orren&mentl). 
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® 
a 1s ~ measure of the d1st n rsion. end 

e/2 0 6a %) r
1
tt • -2- e 

1'1 +t 
a / 2 0 . 6e - %) - -2- a 

~a 0 < 'J r
2

t+ . -
e 

where r 1t+ is the distance between ant1perallel nn and r 1 tt the 

distance betwesn parellel nn. 

e mola, 

:In the molacu"ler field approximation (MF). then for 

of volume V 
m 

end. ver1et1on of Wm• due to megnetostrictlon 1. 

6W 
m 

2 
e yy 

• c 12 (Syy8 ZZ • 9 ZZ B XX • Bxxeyyl 

• ~ c44(e~Z • e;x • e;y)) 

24. 

A. e - " - .. .~ 
xx yy zz e 

8 - e - e - - (l 
yz 'x xy 

3 [c c 11 
( 6e) 2 

(l~ 6W - "2 V . 2c 12 ) . c 44 el m e 

6Wm and 6W e1 cen be expres8ed es e function of the two modes 

of deformation 

dlatoreion a. 

isotropic contraction ~ end rho mb oadrel 
e 

give 

with K -

6e Equilibrium con.ideretione (paremetera II' end (ll 

(l - -

2Nj1J,S~ 
V m --C=-4-4--

6a 
a 

2N 2 
-- K .12 J 2 S2 3Vm 

c 11 • 2c
12 

1 6V 
JV 

isotropic d: depends only on J
2 

end ita variat1on. whereo. 

a depande only on J, end ita ver1et1on. For MnO 

c • 2.2 x '0
12 dyno.cm - 2 

11 

c _1.1)(1 0 12 
12 

Fro", J, and J 2 al g i ven by MF . enQ ~ o. e lvan by RX m8t1lur." e 
man ta J 1 21. JZ 1 B . r rC''''' , end J~ eo given by GF I -, 
J 1 - - n . J, 11 . t o De co"'p ore d ..,Ith - , 0.8 : 0.6 ,Iven 
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by pressure axpar1ment •• GF v81ues for J 1 and J 2 era thu. 

Detter th8n thoBa given by MF ~pproximat10n. Further axper1mants 

are naaded to d1scuss on J
1 

~nd J 1 , ouch aB pra.Bure, or stress 

affects meosurements. 

4 - M~gnatostriction in Dysprosium 

Raf. : - COOPER. So11d St~ta PRY., N° 21. 393 (1966) 

- BARTHOLIN. Thao1B. Granobla. (1970). 

26. 

Our naxt ax~mple 1s OY8proB1um ( Oy) wh1c h h8S 8 l~rga 

m~gnetocrY8t~111na ~n180tropy. We w111 show how high prasBura 

or atresB 9xDsrim a nts con loed to 0 quantitativa un rl aratendlng 

of the m8gnBtootr1ct10n phanomen8 of Oy. ThaBe ~ra of peculiar 

importance in thl~ type of ma gn otic sub s ta n co since t ho magnetic 

ordering itself 1~ l~rgely depanoBnt on m~gnetoBtr1ct10n 

phenomena. 

Rara Borth metals cen be dsscribe os en olso mbly 

of 10ns. g p ner~lly tr1velent with 1ncomplate 4f .hall •• 

immaraad 1n e sao of conduction electrons. Tho 4f o18ctronl# 

wh1ch occu~y ft deop oholl. P18Y ~ oecond~ry rola 1n thair 

chem1c~1 ~n ~ mech~~1c81 oropert1as. Qn tho othor h8nn. thoy 8ro 

e~ the orig1n of the mecnetlc moment. The megn9t1c ~om8nt of 

the 10ns R3+ 1n tha motal 10 t h 8t of tho fraa 10n •. Thu •• 1f 

we neglect the induced magnetizat i on of the conduct1on electrons, 

the magnetic moment at ebloluto saturation d o ee not depand 

upon T or p. Tho orr~n&emant of t h o .pln. 1n prafarant181 plen •• 

or 810ng prefarant181 d1ract1o~ . r • • ult. fro~ tho m8gnato-

crystel11na anl.otropy~ n0 8 n . t n A l ~'t1e ftnd .xchan" •• nerst ••• 
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TEMPERATURE 
e - Experimental data 

----;:. --
a 

paramagnetic 

179 
he l1magneti c 

89 
ferromagnetic 

Dysprosium 

At atmospheric pressure the N~el 

temper.ture eN of dysprosium i. 

179 K. Hydrostetic pres.ure 

experiments show that eN decreases 

with pressure at the rate of 

(- 0.41 ! 0.01) 10 - 3 ~ bar- 1 • 

Uniaxi.l stress epplied elong tha 

orthogonal -: (100). b (110). -; (001) 

exes IS8ds to the results given 

fig.14,1G The 7 8xi. i. the haxe&ona 

.... 
axis. whereas e 6xis joins first 

nelghbour. in the uasal plena end 

is perpendicular to the c-axis. Exper1mental configuration 1s 

glven flg. 12. 

The N~el temperature of Oy cen be written es 

where q ls the megnetlc hellc"l pitch, l(q) en exchen&e 

-2 
coefficlent, Vo is the first uniexlal enisotropy coefficient. 

The contributlon 0~ of m8gnetocrysteillne enisotropy 

to the N~el tempereture is 19.3 K. Thl. velue cen be deduced 

from the anisotropy of the peremegnat1c Curie temperatura 

0p~ - 0
pl 

• - 58 K. e~ 1. slmply proportlonnel to 

MASSES 

, ~ORTIE de mesure 
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28. 

1 
~ (1.636 - cia) in the crystalline fi .. ld model. 

Thus a a v 10-3 K b_~-1. pr .... ure modifies eN by 0.07 _ u. whereal 

uniaxial stress. applied along the c axis. modifie. a~ by 

0.84 x 10- 3 K bar- 1 • 

AF 
Tho variatton of rJ r with unll1xial streBI is Quit. 

large, and of op p osite slgn when strell i. appli .. d alona a or 

b axes and c axi. (fig. 16). 

From dote on aN' we deduce 

--- •.. 30 IUbar. la(I/k)) ~ 
i alog c a,b 

b - Spontaneous magnotostrlct1on 

The froe energy cen be written && 

F • ~lo16st • < H ». < V> • 
me 

for homogeneou8 lattico deformations 

where <Hmo> end ~ V > orB mea n values of moenetoalostic end 

megnatocryatel11na enArgiea . We will consider that magnetic 

energy is due to iBotropic exchenge and that magnetocry.talline 

coefficient. com .. from a cry. tal line field model e. di.cu .... d 

above. In the haxegonol structure of Oy wn con describe the 

lattice deformations by independont ·mod ... • es de.crlbed 11a. 17. 
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Then : 

Where M 1s the relat1ve magnot1zat10n MIT)/MIO). 

In order that <tt me > appears. we d9v91o~ at f1r'llt 

order exchange end megnetocr1stal11na anisotropy anergy 

. (_31_) e w1th \_31_) . 
,3 Jog c ab cc· 3 log a bc la ~~e b) 

VI b c) .I_a_v_) e 
V· a o 0 0 \ a log a bc aa 

e cc 

( av ) . ---- " a Jog b bb 
ac 

ac 

Then. when H • O. we est the spnnten9"UI m~fn8to.trlctlon. by 

minimization of F verSu8 8 eo ' ebb and 8 ce ' 

30. 

e .... 
2 2 

Alc"c 33 - c'3) - Dlc'2 C33 - c'3) - Clc'3)lc" - C'2) 

Ic" - c'2) [c 33 1c'2 • c,,) - 2C~3) 

- f A • R } c. ~ • ere • . • ~A1 1 
• -------' w__ -=.:.......,2:-----'--

c 33 IC'2 • c,,) - 2c'3 

w1th 

rt~) ~3 Jog a b.c l 3V '\ ) 
~tc 

-l a ~~g bl '1 e, c) 

52 k r~~) _ \_3_V -) '1 l a log C e.b a log C a.b) 

a - 1n the haJ1magnet1c range. the hexagonal .ymmatry ramoin. 

and V 1;;.2 , 
."2 0 '" 103 

~ 3 log 1 can be determ1ned by a s1mple calculat10n a. the "last1c 

co~ff1c19nts of Oy are known 

H/k r-rog-r are g1vAn from th" e.por1ment. 1n which the NAel 

temperature of Oy 1. stud1ed under Itre •• 
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We observed. fig 16 and 19 a good egreemont between 

celculated and experimental velues. 

b . In the ferromagnetic range. the momenta ere directed elong 

the e-exis, which i. e direction of eesy magnetizetion . Thera 

occurs en orthorombic d1storsion along this direction, end 

-2c where V
2 

give. eccount of t he anisotropy essocieted to this 

distorsion 

l--il ~aV'--e) .-
log b.c 

1 - 0 l ~~~l_O_g_V~~) + 112 c l .... il-,-l_O_g_V_-;"-c I 
2 V2 • log e b.c 2 lil log e 1 b.c 

il log c • - 2 V2 ~ 
ilV) 1 -0 

.. ,b 

1\ 

I ~ log 
\. log 

[' 1 ~-22C) -2c. og 
- V 2 il log a,c 

-0) V
2 

C e. b • 

ilV can be determined from expor1ments of magnetoatriction. 
log a 

.. nd spontaneous megnetostriction derived (fIg. 18 end 19) 

on ths .eme mennar 8S in the he11magnBtic dome1n~ 
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