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Permanent Magnets are Everywhere

AP i, SN o o i, e . I

Motors used in cars, airplanes and Magnetic Cranes

everywhere!!

Magnetic

i Levitation
Train
(v>250mph)

Roller Coaster
in Six Flags

In Southern CA
(v>100mph)

Computer Hard Drive

And many, many more......
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S " Rare Earth Criticality by Element
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The challenges

The Problem

» Most of the well known PM are based on Rare-Earth Elements (Nd, Sm)

» Almost single source of supply is China

The Answer

> Replace as much as possible the rare-earths and maintain the PM properties

The Innovation

» Combinatorial Modelling of Fe-Co-X based alloys ( Abundant and Inexpensive)

» Combinatorial Synthesis and Characterization

» Novel compaction techniques for sintered magnets
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Shape
Anisotropy
Materials

Fe(Co)
Fe(Ni)

Nanorods
(Nanowires)

The Approach

Change
cubic symmetry
of high-M_ materials
to uniaxial

Fe-Co-X
Fe-Ni-X

Non-equilibrium
techniques

New
uniaxial compounds

Fe-V(Cr)
Tetragonal
Heusler alloys

T.>400 °C
anM_> 10 kG
K, > 107 erg/cm?

Nanocomposite
magnets

X/Y (hard/soft)

Chemical deposition
Core-shell structures

The path towards Superior -Earth free high performance PMs is depicted in the

Figure above.

Such program needs to include scientists and engineers with a wide expertise fro

m materials design (theory), phase diagrams, design of microstructures, applied m
agnetic and fabrication techniques (combinatorial approach).
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Hci can be increased by

ReducingR ™ <15nm

Increasing Fe:Co in bee

Increasingfto ™ 2/3

Minimizing interaction
* j.e.branching

!
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W
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Repeating cells that contain 56 iron
(yellow), 8 neodymium (black) and 4 boron
atoms (red) make up MAGNEQUENCH.

Nd,Fe,,B
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=] GOAL of REFREEPERMAG
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Our approach

1Dm E L '[ T ] T I T I I T E
o I SmCo |
L O
S 'PE com FePt E
= . O O Fe,,Nd,B .
- Co Pt :
© MnAl 3
= O S IR
= FePd ..
= 10 et =
x C T Co ]
- O .
OCoPtCr ]
1 ! | ] | ! | ] | 1 | ]
0 5 10 15 20 25 30
2 i 3.2
“*High performance permanent magnets with M, [10" (emu/cm™)’]

3
energy product 60 kl/m3 <(BH)max < 160 kJ/m FIG. 2. Stability contour plot of high K, materials, drawn

“*High coercivity (shape anisotropy) after Fig. 1 of Ref. [3] (open circles). The present result for the
tetragonal FeCo alloy with the maximum uniaxial MAE is
included for comparison (closed circle). The dotted line is the
40 Gbits /in? stability boundary according to Charap et al. [23],
assuming a write field of 5100 Oe and 12 nm grains.

Burkert et al. Phis. Rev. Let. 93 |2004i 027203

+*High Saturation Magnetization

**High curie temperature
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G‘h‘ Modelling

Computational methods

» Focus on fetragonal FeCo:
> DFT » FeCo-C
» FP-LAPW method, implementation WIEN2k. » FeCo-B
Disorder via virtual crystal approximation » Other systemns which have been studied
(VCA) include:
» Spin-Polarized relativistic KKR method, Munich » L1, binary alloys (FeNi, CoNi, MnAl, MnGa).
SPR-KKR code Paper submitted. Available af
Disorder via coherent potential arXiv:1404.7097v1
approximation (CPA) > (Fe1 .COusB. , -
Finishing up this work in collaborafion with
Darmstadt group.
» Focus on
» Co-nanowires
> Micromagnetic Simulations > Fe-Co nanowires
» Packing density
» Caping of nanowires
> etc
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Modelling

> Micromagnetic Simulations (J. FIDLER Presentation on Tuesday)

&=~ REFREEPERMAG: Packed Co-, Fe- nanorods BB

=  Design and fabrication of the next generation permanent magnets
without critical materials based on nanotechnology strategies.

=  Theoretical modelling including data mining concept
(ab-initio and micromagnetic).

=  Wide range of physical and chemical strategies like thin-film
combinatorial synthesis and modified polyol-synthesis of nanowires,
electrodeposition, etc.

magnetocrystalline shape anisotropy

H =H, +
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G‘b The Approach

THE TECHNIQUES

Polyol Synthesis of Nanowires

X o “‘7. i
/ Thin film depos:tion
AR
2 ' Combinatorial Material Scier
%) I

Data visualization Combinatonal
& analysis materials librarie:

High-throughput characterization

Bain Transformation
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G\b The Polyol and Electrochemical Synthesis of Nanowires

170°C : - - . Electrochemical Synthesis
M(C H3,+1CO;); === Cobalt and bimetallic Co, Ni,_, particles

Home-made membranes

(M = Co, Ni)

= Electrolyte A
* Electrolyte B
+ Electrolyte C

3 6 9 12 15 18 21 24 27
V (V)
Controlled pore diameter in the range 15— 100 nm

b CoFe (High Ms)

CoFeCu (High Hc)

Regular or modulated diameter

Multilayer CoFe/Au
-

Devices

‘(NaOH]

Chemical modification of the tips

4

Preparation of high-aspect ratio nanostructures

Task 2.1 Chemical synthesis
SubTask 2.1.1 Chemical Synthesis of {Fe-Co}-X-Y Nanostructures

SubTask 2.1.2 Electrochemical synthesis of CoFe rich nanowires

Task 2.2 Physical Methods-Nanoflakes

Fig. 10. Nanowires made by electrodeposition in AAO
Task 2.3 Surface modification and recycling
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Nanowires with reduced pore diameter : higher Hc

0P View liTiages O

WD HV  |spot| det |Landin g E 300 nm [ o ; 4
phaed = p l det |La mag HY spot| det |Landing E
400000 % 5.0 mm 500 kv| 38 |vCD| 200 ke ICMM-CSIC o jD w38 [vop QCIDk / \cmm = mag WD | Hv | [SPot) det |Landing E

Reduce the pore diameter and keep the order === Al D
Cross-section images of different nanowires with various diameters
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Chemical synthesis : Fabrication of macroscaled magnetic structures

4. Hysteresis loop of a needle

3
— 2 d
=
== 1
= /
+ r T 0 | T 1
-2000  -1000 V 1000 2000
B H (kA/M)
m

=3

v'Good alignment (M,/M_>95%)
—> BH,,., = 100-165 kJ/m°?

TEMSCAN SEI 150KV X30000 WD 151mm 100nm

Aligned array of NRs

May be we are the first Nanowire based PM!

15
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L=

Magnetic properties

OUR TARGET

Best values

Hc = 5 kOe (randomly oriented NRs )

Hc > 7 kOe (oriented NRs )

—
0,5
S 00
0,5

//—/

-1,0

-2 -1 0 1 2

HH (T)

v'Good alignment (M,/M,>95%)
—> BH,,, = 100-165 ki/m?

Demonstrate the applicability of polyol
—method for Fe-Co and Fe-Co-X alloys

Optimization of the aspect ratio

Nanowires with reduced pore diameter : higher Hc

0.8
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=
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27 3198
3
O 0.4+
0.3F
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structural coherence aspect ratio
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G‘b The BAIN-PATH Combinatorial approach for PM

Chemical order in Fe-Co

Fo—
I %
1900 L 0 % W S0 5 M W N

K tU_FE W
1800 R B
| 1758K 749K TN L] ) .
el bce-disordered

B 736°C< T<970°C

T 1600

a0 oustenite
N {‘ﬂﬁ |

o . le-Co, y-Fel

& 1300 <~

Q ~I 12431

- ) M pres r—— -
1200 7 + \ |

— Z territe Nk

=M0Ex

1100
{e¢- Co) / \‘
fos-Fe) N

1000 e
/ d // ) \\

- / // \\ ordered CsCl-type (B2)
| o

T T/ | \ T<736°C
| /! (CsCl-type siructure) \

o —— Jl I | \\

? eating il. }- k
- nn\'tannli ] \\
=00 (e-Co)

Co 0 20 30 40 50 60 70 80 90 ot% Fe

Fe m—




( REFREEPERMAG )

G‘b The BAIN-PATH Combinatorial approach for PM

o

(@) The bain path
d [9)

[ e o |° °Tol o ®
o amm I P ; , 0 O L
< | C o
(@) bce c/a~1  -> stabilize metastable phases

&0 Inducing magnetocrystalline anisotropy (MCA) in FeCo

(@ )

- c>a
O V = const. ¢

E ao ;% > Osubstrate < 90

c>a,

easy axis
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Motivation: Stabilised strain in highly anisotropic Fe-Co-C

UPPSALA .
UNIVERSITET Carbon doplng
(@)
E Composition c/a a (A) MAE (MJ/m*) m (MA/m)
% (Feg 7Coq 38C 1174 2.777 1.10 1.96
(@) (F90'4COO_ G)IBC 1.124 2.766 209 1.95
E (FGO.SBCOO.Gl)lBC 1.129 2.762 1.22 1.87
1 (F80.35000.65)16C 1.165 2.729 1.92 1.21
% (F80'4COOI 6)24(: 1.033 2.834 0.61 2.04
(qv) (F90'35 COO_ 65 )24(: 1.036 2.829 0.74 2.00
o
o
o
©
C_U No carbon
e Composition MAE (f-‘gV/::tom) m (i-*D/oTc-m) MAE (FIQ'J/orom) m (Pn/q‘rom)
% (Feg 7Cog 3)5C 765 .88 540 2.42
i (e 4C00 6)16C 902 187 2220 216
5 (Feo_3gCOD_61)16C 85.3 1.87 236.3 2.15
E (FGO.SSCOO.GS)]_GC 133.5 1.82 353.9 2.10
o (Fep 4C0g )94C 428 1.98 167 217
U (F90'35C00.65)24C 520 1.94 18.2 2.12




REFREEPERMAG

Motivation: Stabilised strain in highly anisotropic Fe-Co-C

DFT data provided by Uppsala:

Composition c/a a(A) MAE (#"V/atom) MAE (MJ/m?)
I[FE(]_TCO[)_g)gC 1.174 2.7TT 86.7 1.05
{FE(]_4CG[)_G}1GC 1.124 2.766 00.2 1.29
I[FE(]_gDCD(]_m]]er 1.129 2.762 79.0 1.13
(Feo.a5Co00.65)16C  1.165 2.729 119.0 1.71
{F'E‘(]_4CG[)_G)Q4C 1.033 2.834 42 .8 0.61
I[FE(]_ggCD(]_rjg]mC 1.036  2.829 h2.0 0.74

1

Suitable buffers:

Pd a,..=2.76 A
Ir a,..=2.72 A
Au,Cu,, 03<x<0.5 |

v

Aimed film composition: (Fe, ,Co,¢)16C
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?5 The first ever Combinatorial Approach for PM

| The old fashion approach for materials synthesis- SINGLE SPUTTERING

It takes one day per sample!!!

Beowang misk = o = Subshrata a)

SRS

E_
ﬁ—— ..
Noving mask Epitaxial
% Growth of
CoFe-X films

Fe,.Co

A el 5 55’

100 samples at once!!!!




COMBI-TRILAYER

COMBI-XRD

Same with SEM,
M-O Kerr,
MAgScan, etc
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G‘h ‘ L1, FePt / FeCo bilayers
N/

Tailoring the coercivity FeCo (0-9-ML)
through exchange coupling

=  Ms value estimation
MgO Substrate

14 4 ° + . .
\ it B Perfect epitaxial growth
é;lo- \:\‘\\\ L
;u i 1 . 1 . 1 . 1 . 1
o 50| A FePt(5ML)/ FeCo i
44 -@- FePt(7TML)/ FeCo .
] Maximum energy product
] o 40 L
I 3 . 5ML FePt/5ML FeCo
Number of FeCo ML (O]
s ™ j ~170-230 KJ/m3
2200 - (3]
o) freithetreivntiess % 7
8 ool i m I & 7ML FePt/5 ML FeCo
-
qE, 1600 0- I ~ 400 KJ/m3
3" i 0 2 4 6 8
s ] [ FeCo Monolayers
| e—& FePt-20KJ/m3
| I;eCAIo.THicl.(nése‘.. (ﬁm) |
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?& ‘ Compositional spread of Au content x(%) in Au, Cu,_ buffer layer library.
=

The main idea is that the in-plane lattice parameters of FeCo on AuCu will adopt those of
AuCu and the out-of-plane lattice parameter c is expected to adapt accordingly, since the
unit cell volume should remain constant.

Au content x(%)

20 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 13123
i 1 15,43

18 | -
i ] 17,63
16 | - 19,83
i 1 2203

14 + 4
i ] 24.23
12 b - 26.43
s | 1 28.63

= 10 | - !

§ 30,83
T 8 - 33.03
ol ) 3523
37.43
41 - 39.63
L 1 41,83
i ] 44,03
0 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 45 93

0 2 4 6 8 10 12 14 16 18 20
X-position
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?& FeCo grown on Au-Cu buffer

FeCo(011) pole figure 14r "’i-':".f.':-.,_-_\.__ /
0 0/° 1.3} \ =
\ - .I\. |
315 , TR LLNET 1.2¢ \'\_ 1
ey 5 |
P / ° /fg""*% 5 11l \--l.l\....'.\ . i
414 -.“_‘, y I ) \.\.‘l u
‘i‘"“ ,. 1.0p  —* Irbuffer "\
18 QS | —=—Au,Cu, buffer
270 | 90| | 100 N
NEN “’z‘é 0 1 2 3 4
\% 'IQ dFeCo / nm
i ! 0.290 - —a— r buffer ]
- —=— Au_Cu,_buffer - '
0.285 u Lama
180 ' .
e 0280} .t .
C L / /.
© oo
_ o 0.275} . e
= Relaxation of FeCo promotes twinning and A
misorientation 02701 F in, ™
= Critical thickness d,. is reduced on Au-Cu N
' 0 1 2 3 4

dFeCo / nm
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RHEED verifies tetragonal distortion in Fe-Co-C

Calculated lattice parameters from in situ electron diffraction

T T T T T T T T T T 1-5 T T T T T T T T T
0.290 - ) _
....II..I..I u (Fe COO 65)16C
1 .,..llll.lll.llll\./ 1 1.4 ﬁﬁ%ﬂm . Fe y Co T
0.285 A /l/ i 1 .D . . ]
./'55g . 1.3 "a -
] ./E : | @Dl... |
£ 0.280- o - 1.2- o ", -
C\CU ] /ié‘ — (Fe, .00, 0)16C | C\S ] o = |
o iy LT
0.275- ./'i/;/] 0 Fe,sC0ys, . 1.1+ @% ..l. . .
EF.\II ,,c,:,/,a: ,,,,, :,L, ,9,3,,8, ,,,,,,, ,D ,,,,, & ,,,,.,,,,,,,,.,,,f,!... o ,.,,.,,.,,,,
g a buffer ' 104 %@ﬁiﬁ L
0.270 1 |cla=1 .
1 T T T T T T T T T T ] 0-9 T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
FeCo /'nm FeCo /nm
Fe-Co-C
Relaxation in-plane starts already at d. .., ~ 2 nm (as in Fe-Co) ]
] |
— no coherent growth of Fe-Co-C on buffer ;
Relaxation out-of-plane is retarded and stops at ¢/a > 1
— Local strain energy minimum for tetragonal phase?
Au,Cu,
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it High MAE in binary Fe-Co only in ultrathin films
G Alloying with C or B enhances MAE at higher film thicknesses

epitaxial strain spontaneous strain in Fe-Co-X
......... . ...’ . . . I >
157 ]
‘. -0--Fey4C0h6
: @ --A--Fe, ,Co,+2at% C ;
o l . Challenge:
% 1.04 | " @ -Fe ,Copgt2a%B Experimental
= C/B content
= is limited
LIJ \
< (no further tetragonal
= 0.5 - I%'; _ i distortion and/or
R L— A e e amorphisation)
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Magnetic properties of Fe-Co-Cr

H. is doubled when compared with the commercial Fe-Co-Cr-based magn

Co-deposition at RT, annealing at 550 °C

color-coded coercivity (H.) diagram
bcc Fe,,Cry, y( C) g HC (mT)

amorphous 0

hcp Co,Fe, 100
31.00

fcc Co/ bece FeSOCoso
bcc FeSOCo5
bcec Fe88Col

0

2

61.00

91.00

105.5

; 100 :
0 10 20 30 40 50 60 70 80 90 100 0 ’ 25 ’ 56 i 75 ’ 10’00
Fe (at.%)
Fe (at%)

= Hc maximum (90mT) for Cr > 50%
= Magnetization (Mr) is 2 times lower than that of For Fe-Co-Cr-Ni:

the commercial products; Mr/Ms ~ 0.5 the trend is the same!
#. Energy product (HcMr) remains unaffected &
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Multilayers of type Fe-Co/ and Fe-Co-X/interlayer

--2 100 nm = FeCoC (3-20nm)
n- ( + dFe-Co-B)

AuCu (30nm)

Aug 5,Cug 45
(Feg 4Cog 6)o.0sBo.gn

T Cr (3nm)
MgO Substrate

o layer is clamped
e between two Au,Cu,_ layers;
S 32%<Au<67%

30 nm Au, <,Cu, 45 buffer

Fe;,Co,; 0.75nm

Buffer layer

Adhesion layer




REFREEPERMAG

G‘b

30nm single FeCo layer

[0.75nm Fe.,Co,; / 2nm Au;.Cu,],,: easy axis is out-of-plane

1500 ou-of-plane e —
in-plane
1000 | [Au3gcu61/FeS7C043]20 ]
500 .
E
§ 0
=
-500 - .
-1000 | // ]
-1500 e .
-2 -1 0 1 2
u,H (T)
in—lplane
—— out-of-plane
1500 [30nm Fe.,Co,, / Au,Cu
ch I(sh
vs [ —
| | | |
Magnetocrystalline Shape
anisotropy anisotropy
L R T S Transition of easy axis of magnetization

M H(T)

30nm single FeCo layer
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FeCoC-AuCu Multilayer: @

1 1 1
U@ S 3 g
" S 3| [Au-CullFeCoC], |} =
= s St is 3
Q@ @ @ / Suoo] § & {8 S 3
5 13 = I Q
< i l =3
£ = o % =
I | AoCu/ R B 3
4 eCo > 1000 .I b s 2 ” ﬁ
— 4 113 H [—] 1
I = i i g8 2 LA
c I' il 1= i '
T s 1k t e I
Cr = ]
£ 100 L
e o " N
C 20 40 80 80 100 120

- O O 20 (degree)

; 2000 L . L
N ) ‘ J C Fe/Co O 1500 | RE-125 .o o —o——+—
u B
‘ ‘ ‘ ( ) Au gmoo- TH—,’ L
3 500 L
OOV @« g
i _ R 0] Hc-8500e 1 [
»Strain FeCoC both sides g )
- possibility for up scaling g_mo_. 'ﬁ:—-::'/' I :
-2000 1 , . . ‘ | ' .MlagneticFi.eld(Oe) . I
-40000 -20000 0 20000 40000
Cr- (3nm) // Aus,Cuy, - (10nm) // [FeysCoss (3nm) / AusoCuy, (1nm)];, @300C Magnetic Field (Oe)
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[ ermecreRvAG ) Synthesis and Study of Heusler alloys using conventional methods

?‘ Mn-Bi: a promising rare earth free material for permanent magnet applications
A\

J
-

MnAl MnBi MnGa

¥
o* o

P4/mmm HTP & LTP : P6,/mmc P4/mmm
(a=2.77A, c=3.54A  (a=4.29A, c=6.12A c/a=1.42) (a=2.79A, c=3.08A
¢/a=1.23) QHTP: P222, (distorted P6,/mmc) c¢/a=1.1)

(Cuhu, L1y T—phase) (-4 344 c=5.97A c/a=1.37 (CuAu, L1, 6 — phase)
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Synthesis and Study of Heusler alloys using conventional methods

?‘ Mn-Bi: a promising rare earth free material for permanent magnet applications

MnBi epoxy oriented: A — —

60 |
—e— MnBI
Best results were found in samples ol MnBiBSQ
with grain size of a few micrometers. £ Epoxy oriented
_ éc_:/ 20-—
N oo
o i
S 20t
= I
g Aor Ms = 61,0 Am’/kg ]
= Mr = 53,1 Am?kg (87%) ]
-60 | pHC=1,48T 7
4 2 0 2 s
Field (T)
Present F
1 2
Property Work Ref Ref
Ms
61,0 60,0 74,0
(Am?/kg) ’ ’ ’
Mr (%) 87% 91% 86%
HoHc (T) 1,48 1,17 1,31 1. Lm..._.w SRR, 5 (2013)

2. J. Cui et al. J. Phys. Condens. Matter 26 (2014)



FeCo NWs
SenSO IS ample Hall Effect Sensor

Hall Effect
Sensor

FeCo NWs
@chometer Sample




The VISION PLANS

011002-8 Jain et al. APL Mater. 1, 011002 (2013)
i) Compound

Design
S==—=——

PREDICTIONS
i FrereeeTeety ,:g:g'
i s
|deas PARAMETERS . :3-‘
e 's(.»!.-!
—— Ve

promising, stable l potential materials
materials

=
—_

GIVEN THAT

AB,X, j AB,X, DATA | .‘q"\.
o 80% /I promising — -
aewe AT materials | se— |
> ABX, = J— 1
iii) Stability & ii) Property

Synthesis Exploration

FIG. 7. Rapid prototyping and iterative materials design steps that might be performed in silico.




B The VISION PLAN #3 Use microwave-synthesis Sintering

Microwave-material interactions

;; Transmission

Reflection

Absorption

Absorption

vComplex dielectric permitivitty € () = &'(w) +ie”(w)

vComplex magnetic permeability p(w) = p (@) + 1p” " (0)

Proposal

Explore and commerialize “microwave synthesis and sintering” in magnetic
materials . Our first results are very promising




Future Work-Suggestions- VISION PLAN #3

Based on the fact that “sharp” edges

‘ Microwave Sintering vs Conventional Heating ‘ — Less Dy NdFeB

L

Conventional sintering

WCI/Co
10D wm%
I (a) (b)
- . . Fig. 4 Dy distribution using back-scattered electrons for (a) conventional and (b)

improved (MS) —expected thinner grain boundary approach (less Dy or replace with a

Microwave sintering WC/Co non RE-alloy)
No dissolved WC
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REFREEPERMAG- FP7-EU Project

-
REFREEPERMAG

Our Vision @

NG
» The REFREEPERMAG is expected to result in a sustainable, long-lasting
substitution of supply-critical materials needed for innovations in the high-
technology sectors of European industries.

» Substituting the increasing amounts of rare earths required in permanent
magnets by other materials will release the pressure on the rare earths
segment of commodity markets and freeing RE resources for devices in display
and microsensor technologies where rare earths elements cannot be
substituted.

» This will drive down the cost of RE raw materials, and on the long run will
prevent legal or political disputes on trade restrictions, customs and import tax
issues.

We do hope that this proposal will strengthen the effort towards the
“Materials Genome Global Effort”



