""""" UNIVERSITE
OSEPH FOURIER @ FFL nano SCIENCES
SCIENCES.TECHNOLOGIE.SANTE ] nStl tut “F

jpj

Magnetic Films: Studies of the
FePt and FeRh systems

Cheikh Birahim Ndao

upervisors : Graduation committee :

ora Dempsey and Dominique Givord  Véronique Pierron-Bohnes, IPCMS (Strasbourg)
anosciences Department, Massimo Ghidini, DMSM (Cambridge)

nstitut Néel CNRS-UJF Aboubaker-Chedikh Beye, GPSSM (Dakar)
Alain Schuhl, Institut Néel (Grenoble)



| -

MEMS (micro-electro-mechanical-systems)

Collective fabrication with pelectronics technologies (<Imm)
Several applications : y-switches, y-motors, accelerometers...

Optical Switching MEMS
Alcatel-Lucent Technologies

Activation in MEMS

Physical principles used in MEMS
Electrostatic
Thermal
Piezoelectric
Magnetostrictive
Magnetic

Electrostatic actuation
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Magnetic actuation
hard magnet
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Advantage

Known materials
Easy integration

Disadvantage

short distance+ low force
= low power

Advantage
long distance+ strong force

= high power

Force ~ field gradient
= favours small size

Disadvantage

Difficulty of integration
Comeplex design
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MEMS (micro-electro-mechanical-systems)

Collective fabrication with pelectronics technologies (<Imm)
Several applications : y-switches, y-motors, accelerometers...

Electrostatic actuation

Advantage
I Known materials
t [++tttttttttt Ry Easy integration
| """""""" - Disadvantage
Optical Switching MEMS short distance+ low force
Alcatel-Lucent Technologies = low power
Activation in MEMS Magnetic actuation

Advantage
hard magnet

. .. ] long distance+ strong force
Physical principles used in MEMS I - hgigh power ;
Electrostatic i
H i Force ~ field gradient
Thermal \\/ \/‘1 / = favours small size
Piezoelectric N

coil Disadvantage

Magnetostrictive Difficulty of integration

Magnetic Complex design
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permanent magnet materials

Mater i al HOMS HOHA (BH) max , th TC

M @D, (kd/m3) )
RE-TM
Nd,Fe,,B | 1.61 7.6 514 585

Thesis
Sm,Coq- 1.30 6.4 333 1173 > A.Walther
(Néel / LETI / G2Elab)
SmCo- 1.05 40 220 1000
[ET
FePt> 1.43 | 11.6 407 750
FePd 1.38 3.3 379 760
CoPt 1.00 4.6 200 840
L1st RE-TM

- Comparable intrinsic magnetic properties
- L1, alloys much less susceptible to oxidation



Presentation outline

Sample preparation

The FePt System
Experimental results
Analysis

The FeRh System
Experimental results
Analysis

The Hybrid FePt/FeRh system

Conclusions



| -

Sample preparation



Sample preparation

Triode sputtering

Ar gas

Substrate

magnetic field

High deposition rate over large areas
makes this system compatible with MEMS

platforms (large substrates...)

[ Si(o01) |

ath Pt

FePt - d = 7.5cm

Target-Substrate

- Base pressure :2.10°® mbar

- Sputtering pressure :2.10-3 mbar
- Si Substrate (® = 100mm)

- Target : -900V

Deposition rate :
~ 0,5 - Inm/s (2,8um/h)
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The FePt System
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FePt system

Phase Diagram & Crystalline Structures
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- 7(Al) : disordered phase - cubic symmetry -
- Y2(L 1)

Y2 (L1y)

- Ordered

[001]

low magnetic anisotropy

ordered phase - tetragonal symmetry - high magnetic anisotropy



_ - Impact of composition on L1, ordering
Experimental results
- Effects of adding Cu to FePt system
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(arb.

Intensity

FePt system:

Impact of composition on L1, ordering

X-Ray analysis

when Pt content increases:

-The intensity of the superlattice peaks decreases
-The intensity of the fundamental peaks increases

(111)

annealing 400°C/30mn

1.0 (al) ; Pt content [at$] =
r o 56.2¢9 ™ ® L1 Peaks

0,8 F ° 53.3% 873t (a2) ¢ o 56.2%
r 52.2% 7 § o 53.3%

0.6 b — cCalcul i f 52.2%
L I Bragg Position //// —— Calcul

90 95 100 105 110 115

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

20 (degree)
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Intensity

FePt system:

Impact of composition on L1, ordering

X-Ray analysis

| o 56.2[at%]Pt

" o 53.3[at%]Pt

51

ann. 400°C/30mn

Lorentz fit
Profil n°1l
Profil n°2

The decrease of Pt content causes:

-gradual decrease of fundamental peaks
of the disordered Al phase
- gradual increase of fundamental peaks

of the ordered L1, phase



FePt system:

Impact of composition on L1, ordering

Magnetometry analysis

ann 400°C/30mn

o—>56.2 ats Pt|  The increase of Pt content causes:

- gradual disappearance of the hard magnetic

behaviour associated with the L1, phase

- gradual increase of the soft phase
—0—53.3 at% Pt

behaviour associated with the A1 phase

52.2 at% Pt

_lro L L L L 1 1
-2,0 -1,5%5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

UOH [Tesla]




FePt system:

Impact of composition on L1, ordering

Magnetometry analysis

1,2x107°
) Pt content
1,0 |- a_ As deposited state B e 56.2%
= 1,0x107° |
\\\:\ UOHapp 0.05 T —e— 53.3%
. L
0.8 | " 52.2%
— \ — 8,0x107° |
'U '\\\‘ q«B
0] - 1
N 06 (@)
- , - — S L
’7‘6 o 6,0x10
A L ¥
E i ~
~N -
° 0, s FPt content 5 4,0x10” F
- —s— 56.2% = | .
= ° 2 0x10° L after annealing
0,2 F — o — o . n ~ o
° 53.3% at 400°C/30mn
52.2% 0,0 | pOHapp= 0.05T M b
0,0 L 1 L I 1 1 PAR IRV SNV [NV SN (NN U U I MR SV N |
250 300 350 400 450 500 550 600 650 250 300 350 400 450 500 550 600 650 700 750 800 850
Measurement Temperature [K] Measurement Temperature [K]

The decrease of the Pt content causes:

- gradual increase of the Curie temperature of both Al and L1,

- gradual decrease (increase) of the contribution of the A1 (L1,) phase after annealing



FePt system:

Impact of composition on T

580
_ AN Disordered Phase __ 680 F @ Ordered Phase
v i N M -
o 570F i\ o RN
g N g 670 F ~.
3 \\ o} AN
D - . D S
: & : E
o 560F N v 660 | TN
Q, N Q, ~
E \\ E | \\
0] 0] N
= %\\ = S
o 550 F \\\ 0 650 | S
- %\\ - S
; B Berry & Barmak RN é ; I B Berry & Barmak .
© o Measure R S © 640} @ Measure A
540
1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1
50 51 52 53 54 55 56 57 50 51 52 53 54 55 56 57
Pt content [at%] Pt content [at$]

The increase of the Pt content causes a gradual decrease of the Curie temperature in both phases

D. C.Berry et K. Barmak JAP.vol.102.pp024912(2007)
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Experimental results
- Effects of adding Cu to FePt system



units)

(arb.

Intensity

FePt system:

Adding Cu to the FePt system

X-Ray analysis

(111)

when Cu content increases:

- The intensity of the superlattice peaks increases
- The different Bragg peaks are not influenced in

annealing 400°c/30mn the same way

o 0

Cu content [at$]
° 0%
° 3.1%
9.3%
15%
——— Calcul
I Bragg Position

\O

90 95 100 105 110 115

20 30 40 50 60 70 80 90 100 110

120 130
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¢ [Shift Bragg pics]

FePt system:

Adding Cu to the FePt system

X-Ray analysis

- sin O d e
,2x107°F 20— 0 1 = — 1 =¢ 5
sin 6 d, L7 v
tu1o L Miller indice L7
r UX B ~
o (hkO) V//
o (hkl) e
,0x10 | (hk2) e
v (hk3) e
,0x107° | //’
.V FURRRSES %; .
0 O_=,;V;::::E::: ________ F---------- O--
7. 1 [ ] ] ] ] ] ] ]
0 2 4 o 8 10 12 14 16

when Cu content increases:

-The shift of the Bragg peaks increases with increasing

a(CuPt) (fcc) = 3.796
a(FePt) (fcc) = 3.816

the value of the last Miller index (f parameter)

- Preferential occupation of Cu on the Fe sites 1o



FePt system:

Adding Cu to the FePt system

Susceptibility behaviour near T

0,25
2 Cu content[at%] L ann. at 400°C/30"
I —o— 0% nH = 0.05T Cu content
1,0 F o 0,20 = Mo " app :
’ —o— 1.8% —o— 0%
4% o —o— 3,1%
- -
0,8 —v— 8.1% = 0,15 | 9.3%
r 8 o
S 13.8% 2 —v— 15%
. 016 I~ \
© & 0,10 |
0,4 | - A
- | _ppof0
= L =
. 0,05 |
0,2 As deposited
pH = 0.05T
0,0 | PP R S R RO R T IR IC I 0,00 -
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | , | , | , | , | , | , | , | , | , | , | , |
250 300 350 400 450 500 550 €00 650 700 750 800 850 250 300 350 400 450 500 550 600 650 700 750 800 850
Measurement Temperature[K] Measurement Temperature[K]

when the Cu content increases:

- The Curie temperature and the discontinuity at the transition decreases in the as deposited state
- Crystallographic ordering is favoured

- Crystallographic ordering of FePt films is accelerated (the ordering temperature is reduced) 13



FePt system:

Lattice Parameters and Order Parameter

(A

Order parameter

lattice parameters

FePt System

0,980
Ao R A R
r--&- a lattice
i 40,976
--v- ¢ lattice
c-o- £
He e O, J0,972
o__ \\‘ 4
o H0,968
-------------- V- 10,964
v ______ - 4
PR 1 1 | "vl..0,960
i
+7 --@- S (Rietveld)
-7 --o- 5 . (Intg. Ints.)
&
1 | . ) I
44 45 46 17 5
Fe Content [at%]

OoT3eld 'Q/O

Order parameter

lattice parameters [A]

- Continuity of the results of both systems.
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FePtCu System

A--A A - A
o 4
R A 3 lattice
o Vv c lattice ]
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V- o
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1 1 1 1 1 1 | I 1 1 1 | I S
O S (Rietveld) 3
0 s (Intg. Ints.) g i
To--777 1satscu

48 50 52 54 56 58 60
(Fe+Cu) Content [at$]

- The addition of Cu in the FePt system allows to decrease the Pt content.

.m968
-m964
-m960
-m956
-m952

0,948

oT3eI ©/D
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FePt system:

Model: Presentation

Modeling of magnetization curves in polycrystalline systems

ET (93 9‘9) = Kr SjHQ(H) _ )U’UMS (Happ +n<M >) COS(‘P — 6])

EZ eeman

Cc aris

Eexch(@a 9) — _MOMS 'Heac

E - Crystallites randomly distributed
Ezxchange

- Single domain particles

- Assembly of exchange coupled crystallites
15



Approximation of reversible rotation of magnetization in

polycrystalline systems

FePt system:

Model: Presentation

1

<M >=

3
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L] e N,
n sy wc o
Ve S

ET (93 (10) = Krp Sinz(ﬁ) o "I’OMS (Happ +1 < M >) COS((:O - 9)

Z‘Pc Zd)c M, cos 0L -sinp,_ D, [, (¢,,,%,)]

ZS"C Zq[;c sin chDO [ac (Soca 7ﬁbc)]

1 of

D, (o,.,) = ——e 202
O( C‘) O‘\/E

<M, > [emu/cc]

< pOMT > [T]

e (‘Pca d)c) — arccos {Siﬂ ©5 SN P, [SiIl (wc + wz)] + cos g, cos GDG}

approximation ot reversible rotation ot domain magnetization
in polycrystalline system
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FePt system:

Model: Presentation

Approximation of reversible rotation of magnetization in
polycrystalline systems

approximation of reversible rotation of magnetization

3 3
H‘app 800 | (N = number of cycles)
Mg
oz, ~
Pe "".‘ﬂ' —
v 8 c azis o 4 $ E 700 |
N ] Pz 0 e
= Z 2 —— 2 =
Ve, . 600F & A~ o Experience
' " . w&' .’ A : :
Z Y v = 5 n = = 28.307]!
v v i ! n=1]1] = 2.4947];
1 1 200 5 n =2 [std = 1.8475]!
.. 9 E n =3 [std = 1.8319]!
ET(G? @) = Krsin®(0) — "LOMS(Happ +1n <M >)cos(p —0) —e— n = 4 [std = 1.8319]]
400k , o\ 4 o, oy MTTTTITepTeTTyTetiepteTTiTooC
-1 0 1 2 3 4 5 6 7 8
Yo : applied field p H [T]
Z@C Zd)c M, cos e -sinp, Dy o, (0o V)] ’
S TS S, s Dalag (90r U0)] -
Std: standard deviation
1 of
Do(a,) = e 202
oV 2T

e (‘Pca d)c) — arccos {Siﬂ ©5 SN P, [SiIl (wc + wz)] + cos g, cos GDG} 16



FePt system:

Model vs Measurement

Modeling of magnetization curves

[10°A/m]

AN 600 F
e T = 400°C/1h - T _ = 300K
= ssof o 1ip(Experience)
\V4 —e— ip(Model) - std = 4.2484
500 | .
u] oop (Experience)
450 L o —s— oop (Model) - std = 3.5372
L | L | L | L | L | L | L | L | L |
-1 0 1 2 3 4 5 6 7 8 9
B H, [T]

The n (intergranular coupling) and G (texture) parameters are fixed by

fitting the experimental results in both directions of applied field

17



FePt system:

Model vs Measurement

900
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‘= 700
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ann 400°C/60mn =
9 o Experience

—e+— Model

| ' | | | | | | | o

0 1 2 4 5 [§ 7 8 9 —

: : T

applied field pH [T] =

g

compared to the theoretical models proposed

respectively by Kuzmin!and Callen & Callen?

!Kuz'min Phys. Rev. Lett.,94.107204 (2005)
H.B. Callen and E. Callen, J. Phys. Chem. Solids 27, 1271 (1966)

1000 | O"O‘0~o\0
oo\.o
o
800 | O\(}O()
%
o
o)
\
600 o
\
\
\
------ Kuz 'Min Y
400 | . Y
o our analysis \
\
200 1 1 1 n 1 n 1 n 1 n 1
0 100 200 300 400 500 600 700
Temperature [K]
1,0
'% —————— k2 Callen & Callen
0,8F %& o our analysis
I ~
0,6 %ag
I Q
Q
0,4} Qo
NRe)
AN}
0,2 F \\\\
0,0 1 1 1 .\\\ ===
1,0 0,8 0,6 0,4 0,2 0,0
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FePt system:

Model vs Measurement

Determination of the anisotropy field

ann 400°C/60mn

N a, = 0,15 0,8
o 10F = 0,65 40,7
=
~. 9} 40,6
RG I
N -
8 L 40,5 O
[ | T
Q
l;! 7— _014 ';‘
— I Fe4&58Pt5&42 —
m< 6— . . _013
S o Coercivity 7
- 5r m Anisotropy field . 10,2
4 1 " 1 " 1 " 1 " 1 " 1 " 1 O,l

0 100 200 300 400 500 600

Temperature [K]

The micromagnetic model® enables one to quantify
the reduction parameter (o) of the anisotropy
field and the effect of the dipolar interactions (N )

Kronmiiller et al. JMMM.Vol.74.pp291-302 (1988)

2KT/MS

12

11

10

ann 400°C/60mn

1,2
.
- = 0,15 %1
M
41,0
. = 0,71
eff _0,9
B 40,8
L 40,7
40,6
40,5
i [Fe5L9Pt4&l]Cu1&9 40,4
- o Coercivity 40,3
. ®m  Anisotropy field 10,2
10,1
| | ' | ' | ' | ' | |
0 100 200 300 400 500 600
Temperature [K]
Ho HC‘ — Qi Ha — FolVegs *)\[s
19
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FePt system:

Model vs Measurement

Hopkinson peak: Modelization of the demagnetized state

Reversible and Irreversible
Rotation of Magnetization

o ) Experience

- & [FePt (100nm) - ann.500°C/30"]
100 |- —o— Model

L (1) 6. [0,m] - (2) 6,[0,m2]

1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25 30 35 40

applied field [10 'T]

- The reversible magnetization process occurs if |p - 0 | < ©/2

- The irreversible magnetization process occurs if | - 0. > /2 20



FePt system:

Model vs Measurement

Hopkinson peak: Modelization of the demagnetized state

8,0x10"°
7,0x10° |
; . o Experience O 9 —o— Model
6,010 [ ? 4 5
T [Fegs1 29PTyg.711CU13 76 K,=0.40238 MJ/m
o 5 0x10” k Mol pp= 0-1T s M,=614.9198 emu/cc
T ’ T = 800K
o) x n=0.125
A4, 0x107 F
~
o -3
& 3,0x107° }
S
— -3 2220000
< 2,0x107F a8
1,0x10° |
0,0} 2
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
250 300 350 400 450 500 550 600 650 700 750 800 850
Measurement Temperature K]
Orrigin:

The Hopkinson peak is related to the magnetization process of the

L1, phase and comes from the irreversible rotation of magnetization 1



Beyond permanent magnets:
switchable magnetic materials

Why go beyond hard magnets!?
The interaction current-field is driven by currents in coils

le heating |
Joule heating losses E-field switchable

Modification of intrinsic properties.
eg Hy

Complex design

Switchable magnetic materials:
Reversible change of magnetic properties
(Mg, Hp) by an external parameter.

Thermo-switchable

Modification of magnetic order
e.g. Ferro & Para
or Antiferro & Ferro

22
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The FeRh System



FeRh system

Phase Diagram & Crystal Structures

2010 0) T T e .
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. A , \ Y
400 ' N+ \ 3
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Fe Atomic Percent Rhodium Rh

- v : disordered phase — fcc structure (A1 type) - paramagnetic

-

ordered phase — CsCl structure (B2 type) - antiferromagnetic/ferromagnetic

23



FeRh system

Structural and Magnetic properties

Neutron diffraction’ performed on a bulk sample with 53[at%] of Rh

LL
; R
3000 Fe47Rh53 : 10 Magnetization F[‘o o
~ 120r y g = 2.68T
0" "App S ok
5 ) (@
2500 - Diffraction ¥ 80
—o— 20°C R o AFM State
> —e— 100°C = of O At
_t: 2000 = = | AFM w o o
—
é) % 0 1‘0 20 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1 (3 0 —
@ 1500 F N = Temperature [°C] N o o
- o = w i\ re @) o
G ~ S S = 4
H wn —
1000 & = a © N ll L
— — N N = Q Rh <
s - ~ 5 s 9 |
hoc 3 - § " (] FM State
ok g i B H D o
- ST & WY, YO | WL o 0
005008005 Gogessscesssn: (SSPRPRR- P o °
0 ! ! ! ! !

=
(@]

15 20
Bragg Angle 0

N
o
w
(e}

a—a” _ 303+0.07x 1073

a

- at 20°C: presence of magnetic coherent reflection with Q=n/a(l11) --M = 0Am? / kg

- at 100°C: only the superstructure and fundamental peaks are present -- M = 125 Am? / kg

IF. Bertaut, F. De Bergevin and G. Roult ,C. R.Acad. Sci., 256(8):1688, 1963. 24



- Impact of composition on transition
Experimental results
- Effects of thermal treatments



- Impact of composition on transition
Experimental results
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FeRh system

Impact of Rh [at%] on AFM—FM transition

—o— 49._1[at%]Rh - wH = 0.05T - ann. 600°C/60mn 800
| —o— 51.7[at%]Rh - pH, = 0.05T - ann. 600°C/60mn 200
—a— 52 2[at%]Rh - pH = 0.05T - ann. 500°C/30mn
- — 600
X
| b
500
o
e
- 3 400
©
-
n O 300
Q.
e
B |C|_J 200
O Vinokurova
- 100 + [ ] Driel
o Our Results
I~ s s oH 1 L | 1 | L | 1 | 1 | 1 | 1 |
0 100 200 300 400 500 600 700 800 48,0 48,5 49,0 49,5 50,0 50,5 51,0 51,5 52,0
Atomic Percent Rhodium
Measurement Temperature [K]
when Rh content increases:
-The Curie temperature decreases
- The transition temperature increases
-The magnetization at low temperature decreases Favours the AFM state

- The width of thermal hysteresis decreases
25



[K]

Transition Temperature
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FeRh system

Impact of Rh [at%] on AFM—FM transition
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-The variation of the width of thermal hysteresis is correlated with the thermal activation

- The increase of magnetization at low temperature is correlated with the Fe anti-site atoms
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Experimental results
- Effects of thermal treatments



FeRh system

Effect of thermal treatments

120  Magnetization
i uOHapp = 0.05T
100 F annealing (1h)
| —s— 400°C
— g0k —e— 500°C
o 600°C
'M [ o
S
<L
Eg 40
20 F
ol o TIPS

0 50 100 150 200 250 300 350 400

Measurement Temperature [K]
The heat treatments performed on the same sample cause:
- shift of the transition temperature
- variation of the width of thermal hysteresis

- variation of the magnetization at low temperature

27



[K]
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Thermal hysteresis width

FeRh system

Effect of thermal treatments
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The heat treatment performed on the same sample creates a fluctuation of composition
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Thermal hysteresis width

FeRh system

Effect of thermal treatments
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FeRh system

DSC (Differential Scanning Calorimetry) analysis
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FeRh system

DSC (Differential Scanning Calorimetry) analysis
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FeRh system

DSC vs Magnetic Measurements
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FeRh system

DSC vs Magnetic Measurements
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- Both thermomagnetic derived effect show good agreement

- The observed shift decreases sharply when the applied field is reduced
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The Hybrid FePt/FeRh system
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The Hybrid FePt/FeRh system
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The Hybrid FePt/FeRh system

Magnetic characterization
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The Hybrid FePt/FeRh system

Magneto-optic characterization
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The Hybrid FePt/FeRh system

Magneto-optic characterization
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Conclusions
Subtle links between structural and magnetic properties studied in FePt and FeRh
Quantitative analysis of magnetic and magneto-thermal properties carried out

Demonstration of a potential use of FeRh for magnetic screening

Perspectives

Broad range of possible applications of these functional magnetic materials
in magnetic micro-systems

FePt particularly suited to bio-medical applications
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F. Dumas-Bouchiat + C. Ndao + A. Zaccaria (GIN)

Trapping of Fe-oxide nanoparticles on FePt film structured by
Thermo-Magnetic-Patterning

Applications in selection / manipulation of biological species
(cells, bacteria etc.)
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