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LOCALIZED MAGNE "TSM AND HIG!I PRESSURES

the *3lliowing lecturaes we :

pive a brief account =2n magnetism, with emphasis on volume

e‘fact,
discuss about thermniynamical properties o4 magnetic solids

discuss about magnetastristion in megnetic soiids with

negligible mapnetn--ys*a line anisontrooy (Gg, MnO,...) end

hig" pressure c- s*rr-ss experi-:ve

tiszuss about mag-etostriction irn magnetiz soiiods with

Tagretocrystaliine antsotrooy [T, Oy,...?

soTe time remajins, we will

disc.ss about apparatus for ripg~ nraessure magnetic

measurements,

discuss about first ordar magnitic transitions and high

pressure informatio=s (FeRn, orf, Hnaﬁot. HaCrz. ErCuz....)
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1 - Basic magnetism’

Raf. : S. CHIKAZUMI - Physics of magnetism, J. Wiley (1964),
A. HERPIN - Théorie du magnétisme, Institut Nationel des
Sciences at Techniques Nucléesires, et P U F (1968),
C. KITTEL - Introduction to Solid State Physics, J. Wiley
(1868),
T. KASUYA - Magnetism, Rado and Suhl IIB, Academic Press,

(1866) .

a - Bohr magneton and Lendé factor

Two fundamentel problems of magnetism are the origin

of the magnetic moments and the existencs of magnetic ordering.

The vector model allows for a simple undorstanding of the magnetic

propertiess of free satoms. If one considers an incomplate
electronic shall, after coupling each
individual electronic orbital moment

t - E Ti and spin vectors % . g :1.

we consider that L and $ are coupled
through spin-orbit interaction to form
the resultant angular momentum J-t.%

Russel Saunders rule) T and 3 precess

rules ere used to determine the most

stable configuration. The magnetic moment of & classical circular

around their resultant J (fig. 1). Hund's

L which holds in quantum mechanics. Projection

o 9

M,z ® " 3me bz ' ¥B “2mc

is called the Bohr magneton. An electron with spin s = 1/%

e
orbit is HL - THE

along the applied H direction gives

possesses & 1 ) moment so ”S i s = 2 "B Sz and the resultant

-
magnetic moment is "R S If . 251.

ER precesses around J so

3

g = T &3 g

A\
with ;; = |T + 23| cos coC

A\
s J ¢« S cos ABO

as 12w 52 % 5% = 289 oo T80
3% » 82 = 42
N AAR 2
23

In an exact treatmant (leop has J(J + 1) es eigen value... so

J(Je1) + S(S+1) - L(L+1)
2J(J+1)

gy 15

g, is the Landé factor.

b - crystalline fiald

If one locates magnetic ions in a crystal, two points
of view can be ussd in order to discribe its physical proparties.
One can find its properties from those of the insulated atom,
with some modifications due to interactions between electronic
shells. That is the Heitler-London approach. Altarnatively one

can find these properties by considering the properties of collec-
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is in the first case crystalline field energy, and in the
.@ tiva slectrons in the crystal. These electrons ere not free. second casa spin oruit-coupling.
They are submitted to the crystalline potential, to interactions

with other electrons which give rise to some localization. This Consider & single electron with L = 1 in an orthorombic :
is the Hund-Mulliken type approach. (a #b¥ci o=B8 =Y = 1i/2) crystalline potential. The crys-

telline energy is then

lhese two approaches are used in magnetism. The first 2 2 &
W o ™ By =GR B 2
one is frequently used for insuleting materials whereas the )

second one is frequently used for metals. On the basis of the Where A and B are functions of interstomic distances.

simplest point-charge ionic model the electrostatic potential

The ground state consists of 3 magnetic sut-lavels.

Vir, 0,%1 due to the surrounding point charges at a point
The three wave functions

(r, © .? ) near the origin 1is

DT R

q

vie, 0.9 - 5t ” s
J|§J-T-] y ¥ Flr

Uz = 2 #17)

where g, is the cherge at the 3tN neighboring ion, at distance
3 are orthogonel. We suppose they are normalized. They have the
R, from the origin. If tha magnetic ion has a charge g, at
. i property

(r1,01,?1) then the perturbing crystalline potentisal energy o8
i O o '
‘x’]op Ii 13 = 1)l1 = 20U

will be i
iy o (non diapgonal elemegnts wanish), These levels do not laad to C:
W ™ My Yy & B e -
c 1 { IEJ " fil arbital moments (See far instance <L _|L_IlU » = i
x ¢ 4 = "

9
=9 J = U - 5 "
where V should ‘setisfy the Laplace equetion.Symmetry conside- " n? x U Uy By imaginery nuntieri. We have

rations provide some help to study cristalline potential since ‘Ux!L‘|Ux> - <U‘!|y'!x* * 0, too. This 1s known as auenzhing.

this potential possesses the symmetry of the crystalline charge Time average of the magnetic crtiital moment is zerc Cuppose

“ distritution. U, is the ground state criital wave functicn. For © = 1/2 there

> are 2 possible s te S_ =%1
¢ Crystalline fields affects often iron group ions and B pAn, ERER (S o /2 [+ spin functions u and EJ,

rare earth group ions on a different way, since major enargy.
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% Application of a field ofienta the spin moments which slightly

¢ ungquench the orbital moment through spin-orbit coupling c - exchange interactions

AL.S. Perturbation theories give as & first approximation

i 2 Dipolar effects are usually negligible. Interactions
¥ = U S o "'+ Then <¥|L [¥> = - 2=, and the
Xl | Yo 1 between magnetic moments have an electrostatic origin. The

$ magnetic moment in the z direction is :

; interaction mechanisms are numerous. The direct exchangse

A -e
<y|L + 2s|¥> vy " i T K_] Vg c [ -2 mechanism usuelly plays a minor role
1 .
. 2 in megnetic solid: though it has &
giving g = 2(1 - —),;
A1 a O O @ fundamental importance for simple
+e +e
g value and magnetization are anisotropic ; they depend on A, molecules. If one considers a

which is largely volume dependent. Paraemsegnetic resonance or hydrogen molecule, one can built

opticel sbsorbtion sllows for the discussion of thess crystalline molecular functions from individual ones.

field effects. They are of a largs importance for magnetism since

Due to Pauli principle, there ere 3

‘magnetization processus depends on magnetocrystalline enisotropy qwlr symmetric wave functions, with total
where crystalline fields play s fundamental role. Due to spin- C) 8pin S = 1 (ee), (==), (+=)* (-9)
orbit interactions the charge distribution is less symmetric. This and one antissymmatric with S = 0 (+-)-(-+) . If we take into
leck of symmetry is tied to the direction cof megnetization. eccount Coulomb interactions  and evaluate the enargy of

Thus chenging the spin direction chenges the overlap energy. the singulet (W,) end triplet (W) stetes es a function of

For an uniaxial crystal the anisotropic part of energy 1is interatomic distances, one obtains the result that thae non

wacg %3 couze for instence in transition metal ions, whers © is magnetic S = 0 stete is the stable one, with interatomic

the angle between the crystallographic axis and the direction distenca r_ . The type of discussion is quite different in

of the magnetization. The case of rare earths is simplisr. J is megnetic solids since as o first approximation distances are
then & good quantum number and the transitions to be considered are given independantly of the magnetic state of ions. In this case.
s 843 I.> =+ I & & J;>. In the cese of rere earth metels, of however, &s well as for hydrogen molecule, exchenge interactions
hexagonal compact symmatry, the anisotropy is then simply between spins S, and Sb of icons 2 and b cen be written as :
proportionnal to (1,63 - E) where 1,63 is the ideal compact c/e a He - ZJ‘b §°,§b =

ratid. Uniaxial stress will modify this anisotropy in a large J.b is a function of interstomic distences which is vaery i
extand. difficult to evaeluate ab-initio




Many criticisme can Le done ccrecerning {his

liamilionien, due to the mon-orthcgoreiity of the wave functions

RS

in the atomic orbital m-del. As previously mentionned many

indirect exchange mechanisms are important in solids. Inter-
actions through conductior electrons can be understood as
indicated fig. 3. Consider a magnetic ion with a spin S in O.

It polarizes aon a different footing

N\ (l"A:,‘l
¢+ or ¢ electrons, giving rise to a
"—\")T
~ et ey
- ¥ dissymmetric electronic density p.
i e o =i A magnetic ion, located in B will be
- Al
i y

ferromagnetically olignad with % 1n 0.

Whereas this magnetic atom, when

94
\ located in C will be
e

0 B (5

antiferromagneti-

lnlcrv*sﬂng cally aligned.

i N

Superexchanpge mechanisms play the major role in

insuleting sutstances.

Tonsider for instance Mn0O (fig. 4) which

is antiferromagnetic. The magnetic
arrangement can be deascribed es ferro-
magnetic plans antiferromagnetically

stacked along one of the body diagonal.

2= 2%

In the fundamental state the sinpulet end triplet states posssss
tho same annrgy; Theze two states are degenerated. Coupling
results from the hybridation of fundamental and excited states,

described as below.

Mn* TR Mn2*
‘ |
e 5 B B B

Toa L -

According to Jp sign, exchange interaction is ferro- or

d
exchenge

4P ions. =

antiferromagnetic. Magnetic energy depends on de

interaction, b transfer and excited energies of Mn

A priori considerations are difficult in order to give the
sign of the variation of these exchange interections with

interatomic distances, since exchange interactions,

affinity
considerations and enerpgy levels are to be considered. In many

oxides the situation is evr~ n r= r=rp'icated, due to the

possible variation with pressure of the angle of superexchange
interaction.

All cases discussed ahbove cen be treated, as a first
approximation with the Heisenberpg isotropic exchange hamiltonian

TIL . N

tr,gm A T

Approximation, such as moleculsr field theory wiil Le
used in ordar to facilitete the description of the sn-rgy

states, Main properties encountered are summarizecd in the
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figurse below, where 9 is the magnetization within an

elementary domain

T

S
A/,x
ferromagnotic \
tte ' //
Fa
eCurie

4
— \ 4/
x \u /r g

R %
antiferromagnetic i_ S r,/’

tetd |

Non colineer configurations will be discussed when necessary.

e e

b KA

2 - Thermodynamics

Ref. : D. BLOCH - Ann. de Phys. I, 83, (1866),

A. HERPIN - Théorie du magnétisme, (op. cit.).

a - Gibbs function and voluma magnaetostriction

We consider en isotropic magnetic semple of 1 g at
temperature T, pressure p, under megnetic field H (intensive
variables). It has a volume V, & magnetic moment g &and an
entropy S (extensive variables). The energy used to modify

adisbatically its megnetic moment by do is dU = H.do .

According to first law of thermodynemics, in an
infinetesimal transformation, the variation of internal energy
for the closed system 4g

dU = dQ ¢ Hdo - pdV = TdS ¢ Hdg - pdV.

We can introduce & Gibbs magnetic function.

G= b~ T8 % pV = Hg 5
such as the minimum of G gives the equilibrium situation.
In an slementary reversible transformation :

dG = - SdT + Vdp - odH.

Than
( ) T d (ac) T
P ",

The varietion of magnetizaticn with praessure is egual to thet

of voluma with eppliec filelc.
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b - Molecular field theory

Molecular field theory ellows for 2 aimple treatment

cf exchorge frterection,
B & =P Zf Js Qg 8
tdags 3

J1J is often a rapidly decroasing function of interatomic

distances R, ,. We will, for simplicity, take in account exchange

i3
interactions Jij betwsen izentical firs: neighbours only J1J L B
If we suppose that spin S eslone contributes to magnetic

moment u, then

:'2"0.5
and
J -+ -
H & = e M v
3 oy 1
4 J
Vg J
We can define
- J = -
H = —_— %
B Fhg e 5 Py

The hypothesis of molecular field is to consider ﬁm as time

indepaendent. Then :
<H> = = E <;‘.ﬁm> - -

<ﬁm> is called the molscular field.

o 2 J LA
-szT-—-——'NG

4;.5 N =

™ J 3 <pJ>

Where a. is the spontaneous magnetization of the system of N

atoms.

13.

N is the molecular field coefficient.

When the orbital moment contributes to the magnetic
moment,

<; > & g By <35> . ;B <Je&> vy <35> . vy <>

J

Than

<> = EgT ua <§>

The internal energy of the system is

N 02
3

N

un - - g i <:i> § <;J> - -

The associeted magnetic specific heat 1s :
U
o * B &

c - First order magnetic transition

Let us consider & system with & first order magnetic
transition at.tnmnnruture et' when submitted to Py end Ht' This
transition is characterized by a discontinuity in the derivatives
of the thermodynamical potentiasl G as & function of T, p or H,
that is by e discontinuity in S, V or #. We call A and B the
two phases. At equilibrium G, = Gg» under 0., p,. H,. This

transition cen be modified with temperature, pressure or field.
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At the new transition GA - Gé. s0
dGA - dGB.
At constant magnetic field :
o
SA dqt + VAdpt * Sg det . Vdet
36, L g " 04 . Vg = Va .
apt 5g - SA L t

Where L is the latent heat for the transition. That is the
Clapsyron equation.

At constant pressure

e R Rl S el T
an, 8, 5, T t

At constant temperature

apt . Oy . T4
WMie W =y

d - Second order magnatic transition

When second derivatives of G are discontinuous at
temperature em. under P and Hm' then entropy, volume and
magnetization are continucus

dv, = de,

ds, = dS,,

daA - dca.

15.

At constant ffel‘! for instance
\aV) CV ) (av ) av)
A A B B
—_— do * dp « - do . — dp
UV T AV Uy m @8 kg

Thus

m Ba -~ BB
where g8 is the volume expansion coefficient.

do. do, aH
One could obtein & other relations for —, —=, —=
dpm dﬁm dum
But considerable cers should be taken in magnetism since the

application of fileld leads .0 & magnetization at all temperatures

end theory of second order transition cennot be applied.
If we take the molecular field es :
Hm = N(V) o

Where G is the spontensous magnetization, and N a function of
the volume alone, than

a - 2
uiT) UL(T) s N W) L (1)

where UL is the internal energy of the lattice.

Then for H = 0

2
u
T o L A L A 2 n 20 | ey
3l 2 a7 3V Zav % T 73V T
o 1
The aentropy change 48 : g5 = ‘? S [au B pdv:J.
2 2
U E
o tmth e liod & s, @
3T 2 ¥ LR STV 7 v % T2 W LN B

‘
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e e i L
dS is a perfect differential, then :
U ag? au
B el oML e B ey R o AL IO
5V |TaT T I ST T AT T v 2 dv
T 2V e NN 521 5 207
T P T2 v 21.5 dVv EX]

The pressure p consieste of two terms, a classical pressure Py

given by
t 5 pD(T.v) -_1'3u°
aT T TZ Vv
and & magnetic pressure
2 PptTeV)
iy ;:T

Below the Curie temperature :
H No

o m s
O™ Oy By (-TJ w B BJ (-7—)

which can bo'axproonod as

2 N
o f (T)
Then
2
30
8 N N
- - — f' (=)
F) T2 T
2
do” _ 1 dN N
av Tav T g

dN 2
(':W""

aVv
* 3T

30

v

)

16.

17.

: pm(T.V)) LA on [z N
v T 21_2 oV’ EXi
2
L1 oan 3 Ta,
Z WV T ea
. 02
* s dN
20 Pm =7 Qv

this additional pressure 1s rgsponsible ©f the ancmalous
dependenca of éhnrmal expansion coefficlient of magnetically

ordered system.

e - Secondary effects

Variation with thermal expansion (and lattice
vibrations) of exchange interaction coefficients can lesad to
unexpected behavior of magnetic systems. It 1is often importent
to think ebout these effects in order to understand the thermal
variastion of magnetization, magnetic susceptibility, magneto-
crystalline enisotropy coefficients, or nature of the magnetic
phase transition. We will discuss only about paramagnetic

deta. We consider the high

temperature behavior of a ferro-

magnetic substance, with a thermel

expansion coefficient 8.

-
C*r' ™ ""1¢ the volume of the semple 1s
dote

c constant, equal to that cbserved ,
¢4P ;

at tempereture T1. we have the




$ 10,0 N o -
4
{; O
: o
%
' 7.5
s \p
@
f £
* @
l z
=
a
=
2l 5,0
=z
o
w
S
- MnO
L2,
o
2,5
0 50 Ong g 7 0
TEMPERATURE (°K)
- Figure 15 : Variation thermique de la distorsion rhomboédrique dans Mn0O :0
comparaison avec l'aimantation des sous-réseaux :[
H

Distorce entre premoers voums porolefes et ontparulielesti(4)

1 H
FYEt) " |
3134 “*i”- -
o
o
Ny
318 %
144—-“*0‘
]
318 u/o//
S
ol 1
[} 50 00
Te.nperctore (d°K)




o
D
o~

[Te)
~
-
1
|
|
|
i
|
I

w o Te}

~ ~ | ™

s X 15

~ ~ | |

TEMPERATURE ( °K)
Figure 15 : Variation thermique du paramétre de Mn0
1) variation expérimentale; 2) variation calculée en 1l'absence de magnétostriction.

(Y) 3813nvavd

T = N C
C1 ., where C is the Curie constant

Curie-Weiss law % -

18.

., and

N1C the Curie temperature. If the volume of the sample is that

= N2C

T .

st T,, then % -

Exparimental datas can be enalysed as

L o
X

but experimental Celp can be quite different from spectroscopic C

(fig.6B).
We can write
N |1 T
o, = 4= aT) ©

1. 2= wan)ie,. 7= acN] = HE
X c (S

T = 023 =~ ACN

T
T-3CN
and
NC
®p * TEANC Caxp " T=3Cw
r c
T 90

Velue of )\ is necessery in order to get C from C.x . From the

variation ¢f Curis temperature with volume we have

T T
5]

o

7wl log r d log ep
d log d log V

-

bl
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% 19, 20. )
'% de de e
i % fal Bl B AL JdV, i
o a% §, @ "o, @ V dr 3 - Megnetostriction in MnO - R. GEORGES, Thesis, Grenoble (1868) -
4 B2 Sl -
; a - Pressure :
X 1 do j
g T M Rl k
Q K ] Magnetic properties of NaCl type MnO 7
a .
2l i

b

%— = -ﬁP cen be explained using two typses of R
3 .

i e

A cen be then aexpurimentally cetermined. exchenge interactions: J, between first

. 1 !
] % | X 3
neightours and Jz between second Q

Cb<; = —flt) neighbours. A " ion has G++ and B¢4

firet neighbours and G++ second

2]

neighbours.

Spontaneous variations of interatomic distances due 3

to magnetostriction are weak, so ws cen use :

d log |J,] d log |J,] I
gl = LR 3, = 2 &
1 ddog w, @ and 2 " dlog r; *

to describe the observed phenomena, T is the distance between
nearest neighbours (nn) and T, the distence between next

nearest neighbours (nnn).

Variation of Néel tempersture with pressure allows a
for the determination of Jo. since, sccording to the moleculer b

field theory

e S(se1)
oy 123, 3

(eN = 118 K at Fp)

In principle, variation of paramagnetic Curie temperaturae with
pressure allows then the determination of Jq» since : j

[0} x @ (323 . 5,)2) ﬁu)_

5 4 (99 = = €10 K at Ro). #

LY
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Values of J, and Jz as given by molecular field theory and

1
other theory (green function) are :

d. m = 2,2 1K [(AFY o= § K (GF)

1
Jz = - 3,5 K (MF) or - 5,5 K (GF)
For example :

sV 2
v Kép

&r

2 ek
Ty g kép
-y
3 K 8, %

Wwe have not takan there in account the effect of thermal

expansion of the lattice, which is usually negligible.

Variation of eN with p can be determined using the
thermal variation of the thermal expan-
sion coefficient B measured at various

constant pressures.

8 18 datermined for instance with strain

@
\\\\\\ gages (fig.). The result (up 3000 bar) i
do

| - N . (0.30 * 0.02) x 10" K/bar™ ',
+ dp
+

then §, = - 10.8 (MF).

-6, -1
(RT compressibility is 0.70x10 bar ).

-

w heoy[s
gv \’\Db

22,

b - X-Rays

X-Rays studies have bsen undertaken on Mn0, betwsan
30 K and RT. Results thus obtainad are given (fig. 8, 10).
The perameter a is the distance between nnn. First neighbours
(nn) 44 or 4+ hehave on & different manner giving rise to a
lattice distorsion.t+ go apart, whereas t++ come closer. Volume

anomaly at absolute zero is K%%) « = (3.8 2 0.4)x 10-3. value
o]

which can be obtained from a careful extrapolation of the
non-magnetic high temperature a - T relation., Distorsion of the

lattice (fig. 11) is easily determined from X-rays deata.

c - Magnetostriction

Magnetic energy as well as slastic enargy ere functions
of interatomic distances.
Crystalline snisotropy of MnD is weak, 8o, at low temperature

wa can consider the asquilibrium conditions &s given by :

IW gl "
T slest,, 2 5. —ia il .o,
4 (4,4 J, 9y

where u, v,... are the crystallogrephic parameters. The crystal
nbtained, after deformetion, possesses the common symmetries of
welaat. and wmagn.' Whan the magnetic system dces not possess
all the symmetry elements of the lattice, in the ebsence of
magneto-elastic interactions, then the crystal distorts, keeping
only the common symmetry elements., (in fact in ferromegnetic

substances, there is e slight magnetostriction due to domeins

arrangments).
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a is a measure of the distarsion, and

,,,.ﬁ(,.ﬁ

ol
.
Nl

"
&
-
-
.
o
N < N
~N
e ZRN
*
=3
olg
1
Nie
\»L/

: 2
Ty "6 = T)

whare r100 1s the distance between antiparallel nn and r,tt the

distance between parallel nn.
In the moleculer field approximation (MF), then for
a mole, of volume Vm H
-2 St
su, = N82 (63 (r 44) - 63, (r,10) GJZ(rzl)

and, variation of wm. due to magnetostriction is

82 -y e
s, = 6n53 (31.11 a - 3,0, ’)

24,

Sa
Lt ®xx Syy " ®zz a
Bgal ™ M N @l IS SIS

3 68,2 2
swﬂ = Vm Ec” . 2c12) (T) L -FY o]

swm and 6wa1 can be expressed as a function of the two modes

of deformation : isotropic contraction éf end rhomboedral

distorsion a.

Equilibrium consideretions (parameters ﬁf. end a)

give
W ol 152
an 31 71 3
R e P
m 44
sa 2N 2 18V
eV fda gty Ty
with K = 4 -
11 * 2%

isotropic i% depends only on 12 and its veriation, whereas
a depands only on J1 and its veriation. For MnO

€49 " 202 % 1012 dyna.cm-z

12
Cyn = 1.1 x 10 = =

Cag " 0.87x 1012 = C

From J1 and J2 as given by MF, ang if . a, piven by RX measure-

mants j‘ e 2% Jz e - 18, From J, and J2 es given by GF

Jq ® = 2B, d; = ° 12, to be compered with - 10.8 * 0,6 given

T pe—

pPRGTTTI T .
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by pressure sxperiments. GF values for J1 and Jz are thus
better than those given by MF approximation. Further experiments

are needed to discuss on 31 and 11. such as pressure, or stress

effects measursments.

PR oS g : - @
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4 - Magnetostriction in Oysprosium

Ref. : - COOPER, Solid State Phys. N°® 21, 393 (1968)

- BARTHOLIN, Thesis, Grenoble, (1870).

Our next exsmple is Oysprosium (Oy) which has a lerge
magnetocrystalline anisctropy. ﬁn will show how high pressurs
or stress experimaents cen lead to a guantitative understanding
of the magnetostriction phenomena of Dy. Thesse are of peculiar
importence in this type of magnetic substance since tho magnetic
ordering itself ir largely dependant on magnetostriction

phesnomena.

Rare sarth metals cen be describe as an assembly
of ions, grnerelly trivalent with incomplete 4f shells,
immersed in s ses of conduction electrons. The 4f electrons,
which occupy & deep shell, play a secondary role in their
chemical and mechanical properties. fAn the other hand, they are
at the origin of the magnetic moment. The magnatic moment of
the ions Ra. in the metal is that of the free ions. Thus, if
wa neglect the induced magnetization of the conduction alectrons,
the magnetic moment at absolute saturation does not depend
upon T or p. The arrangemant of the spins in preferential planes
or along preferential directions results from the magneto-

crystalline anisotropy, magnetoalastic and exchange energies.
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fig.14,16 The ¢ axis is the hexagona K
" 5 x gone | ii¥es o || |
exis, vhnroaa‘: axis joins first y
t |
neighbours in the besal plane and g |
! l
is perpendiculsr to the c-axis. Experimental configuration is ! i_Q: =e)
\
given fig. 12. ) A | " \
; L ! !
] ' |
The Néel temperaturs of Oy cen be written as ‘, ,.7'.. I E
Pl 141 F
2 2 2 -2 1 3 | VG 7y, S
Koy =2 tgy - e @ 22 0-H wed f o == ;
[ =+
where q is the magnetic helicel pitch, I(g) an exchange ; u -1 K7 o
= i O 1
coefficient, vg is the first uniaxial anisotropy coefficient. | _ ECHANTILLON - . s o BOBINES _
N L ° =
.
The contribution 0; of magnetocrystalline anisotropy : P o
' d O
to the Nésl temperature is 198.3 K. This value can be deduced . THERMQCOUPIE - ~ o o
5
from the anisotropy of the paramasgnetic Curis temperaturae ) N <7 -
" 5 a L
ep” eu 58 K. eN is simply proportionnal to l U
Figure %3
e —
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for homogeneoue lattice deformations
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;% (1.636 - c/8) in the crystalline field model.
a
v

Thus pressure modifies 9; by 0.07 x 1II!-3 K bar-1. whersas

uniaxial stress, applied along the c axis, modifies e; by

3 1 &

0.84 x 10 ° K bar .

Tha variation of n:F with uniaxial stress is quite
lerge. and of opposite sign when stress is spplied along & or

b axes and c axis (fig. 1pg).

From data on eN. we deduce :

alI/k) o |.2017K) - s
ka log'a) ‘a log n) 57.4 k/par
b a,c

s C .

3(I/k) 50 |9
—_ 230 K/bar.
| Lalng c )a,b

b - Sponteneous magnetostriction

The free snergy can be written as

(1]
magn

£ Holnst 2 <Hme> &Y, %

where <Hme> and <V> are mean values of magnetocelastic and
megnetocrystalline energies. We will consider that magnetic
energy is due to isotropic exchange and that magnetocrystalline
coefficients come from a crystalline field model as discussed
above. In the hexagonal structure of Dy wa can describe the

lattice daformations by independont "modes® as described fig.17.
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Then :
1 2 4 2
F o= 380909, * %) * 7 %33%c * ©12%a°bb
- 252
. °13(°aa.cc + 'bb'cc) + V + I(qg) M°S

- KT log |3 axp w7 (B g H 2 1(3) nigy - 1) sé]
m=-J

Where M is the relative magnetization M(T)/M(0O).

In order that <Hms> appears, we develog at first

order exchenge end magnetocristalline anisotropy energy

a1 k!
I(q) = I[ao. DD' Co) & la log °)bc .aa (3 log D)ec .bb

a1 \ 31
= (a log c)ob'cc' WL \3 log a}b 13 log b)ac

3V
V = V(e B, e # ———————) ( e
o o o 3 log a Be F) lug b _ bb
( 3V
3 log c)ab ¥ «

Then, when H = 0, we pget the spnntaneous magnetostriction, by

minimizetion of F versus 8.a" ®5p and e

o e T ST ot S vt MRS o N

30.
2 2
. . A(c11c33 - c13) B(c12c33 - c13) - C(c13)(c11 = =12)
aa 2
Cegq = c4p) [eaalegy o eqq) - 2‘:13)
2 2
o SPyalay = Begl & BlEy s < Syp) = Cloggllngg = Byl
bb N T
(€44 P G PN 2‘:13)
a o = (A s R ) c..s - C'C,; . 5.1)
cec 2
€33 le43 * ©qq) = 2e44
with
2 <2 3(I/k) l Vv \
A &% 8% i |[23idk)
Ealogebc aloga)b
§ - ‘ aU/k) ~ 3V
9 log b (a log b o
»
w2 a2 3(I/K) av
Eon" 5% [\——a Tog ¢), , ~ \TTer e, ,
. ’

a - in the helimagnetic range, the hexasgonal symmetry remains

3l =2
and V 3 vD ~

1
- (1.535 -

)

3 log V
T_Tgﬁ_f can be determined by a simple calculation as the elastic

coafficients of Dy are known

3I/k
9 log 1

ere givan from the exporiments in which the Nésl

temperature of Dy is studied under stress
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o L
N @ -
5L
3(I/k) 31/k o a2
\a (s c). 315 cos a(T) (K/at), (——a o .) 57(K/at) o, 42
b.,c I o~ :a
~— ® o
We obsarved, fig 18 and 189 a good agreement between Z ;:
(=1 e c
calculated and experimental vslues. - = o
) £ > G
I L_LI " s
< < ,/" Ea
b - In the ferromagnetic range, the moments are directed along $ E 7 29
o " o~
w e -
the a-axis, which is & direction of easy magnetization. There B > /// = Elg
-9 o - / s
occurs an orthorombic distorsion along this direction, and 8 ldl_J ‘,/ ‘,Q ;....;
~ = << X 5 :—-
v s aul s g2e O w T~ -
o -~
$72 2 —f S
n un x @ :S
258 x o O x g
where V2 gives account of the enisotropy associated to this uDJ a v-':z
- TIP3
distorsion a4 g o
P J / % § @,
w e
-0 o2¢ / o -k
av I B -2c (2 108 Y, 7 S 33~
3 log e =g My 3 log a * V2 |3 Tog o / 2 =t
b,c b.c b,c / m ;;C
/ TR
2 log V2© / Qcos
S VA W ! et 8 / = i
3 log b = T2 \9 1og b / =3 place
LA a,c —4 = v _k
. / a RE
/ g on &
-0 = ) :7 -
_n|? log Vv A — o, > .
_a_v__x i ¢ O Pemamas® o 225
1 ]
3 log c ), o 2 2 \3 logc/, ’/ > R
(a] ©
; L
3V b
———— can be determined from experiments of megnstostriction, | ©
3 log a | g‘
and sponteneous magnetostriction derived (fip, 18 and 19) o ll gy
u .- =
on the seme manner as in the helimagnetic domain. L] | 'l;
. o p:d
5 w wn ~ ™ o~ 5 o @
: + + S + + S 5 :
had U
W |~
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