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Roles of Diffusion

Oxidation Creep

metals Fatigue/failure

Sintering AgINg
Precipitation/gr
ain growth
Doping
Carburizing
Steel/ surface
treatment

Semiconductors

Many More processes

Material joining
Diffusion bonding
Film deposition
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http://www.youtube.com/watch?v=xQxwrnbwO9E

Controlling diffusion is essential for fabricating
Novel Spintronic and Quantum nanomaterials
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The sign reversal in the anomalous Hall effect (AHE) that occurs for material offers great prospects 1.0 . ! !
for AHE-based spintronic devices design. However, the mechanisms are still controversial in ultrathin 0 3 0 12
ferromagnetic/heavy metal thin film systems due to the complicatedly interfacial effects. Here, we investigate
the AHE sign reversal in ultrathin ferromagnetic Mn,CoAl/Pd films, a system which has shown unusual AHE, 100 .
significant spin-orbit coupling, and magnetic texturing. Element-sensitive cross-sectional STEM imaging and (a) o R" Experiment — Nuclear 4 Vacuum
the depth-resolved magnetization profile from polarized neutron reflectometry identifies the presence of a second 107y A 4 R Experiment —R"
ferromagnetic layer from intermixed Co-Pd. To quantitatively explain the sign reversal of the AHE, we build a B 102 =R’ Fitting —R” :

N - . , . : — R Fitti = Magnetizati .
model based on two contributions, ferromagnetic MnyCoAl and the intermixed CoPd layer. We also clarify that = R Fitting g agnetization /. Pd CoPd
contributions to the AHE from magnetic proximity and spin Hall effect are negligible. Our work demonstrates 3 107 = 1 alloy
that interfacial alloying can be a critical factor and provides insightful methods to determine the origins of the S & g‘ A [ Mn,CoAl

i OMms: avv- p in fi VS ; 10 k. Ry V) i
AHE in ferromagnet/heavy-metal thin film systems. 0 - Deadlayer
107 2L
; MgO
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The puzzle

vacancies
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Fundamental equations of diffusion

Fick’s laws

—_—

J, = —D,gradC, 1st law (steady state)

a;f‘ = —divi,| 2nd law(non-steady state)
|
o - pac,
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Demonstration of the 1st law in a one-dimensional system

1 1
J, = EFCA(x)a—EFCA(x+a)a

L 1_,dC
J, = EFG[CA(x)—CA(x+a)] — _El-az axA

1

thUS DA=§F02

dV = Sdx
J(x) av J(x+dx) dn oJ oJ
= (1) (xrdx))s =55 dr=-Z"
@
1 dn dC dJ : dC .=
X x+dx — —_ . = = _div]
dVv dt dt dx n 30: dt "
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Solutions of the Fick's second law: C(x,t)

Thin layer of an element B fully soluble in A

i C
1.25 -

1.00 -
0.75 -
0.50 -
0.25

T oL e

Surface layer: same solution M _

}  2JnDt
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Solutions of the 2nd Fick equation: C(x,t)

Interdiffusion

b C At =0, C=Copfor —o<x<0
C=0 for O<x<oo

e t)_c_( (2\FD

2 , :
= Tje ° dz isthe error function
T

Diffusion from a surface at constant concentration

0
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Diffusion coefficient and random walk

migration along vectors §lcorresponding to dense directions

D=4y 42 = (0= o(F) = Tisl
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Particle flux though a surface S

1

O =Ji=_C(x)A-—C,(x+A)A

2

1A’9C(x) _ 1(x")ac) _

2
D= 1 <x > or<x2>=2Dt
2t

J =
2 t Ox 2 t Ox
D=:l§“612
coordination number |
D=d_‘6l
(8
D = : '61°

simple cubic

body-centered cubic

face-centered cubic

10
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Dependence with respect to temperature

D=D(T) since | = ]"(T)

I'=v,P

V., is the Debye vibration frequency ~ 103 Hz
Also known as the phonon frequency

AG

P ~ ¢ kT isthe probability that the atom has a sufficient
energy to jump from one site to another

11
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Self-diffusion

O O O_0O o0
QOQO o e 0 0 e e e o e el
O- 0~ 0~ 0 0 o 0 0 0 6 0 0 8 0"
a3 Oe O a8 eddd
O S0 0000000 8.l
@ Com o m I.l-l-l-l-l.l
as 8 ess
OO N N B B BB BEEBEDB
O _O .
NOROK O@OOOOO vacancy mechanism

I'=2v,C, exp(-AG;' / kT ) = zv, exp(~(AG] + AGy ) /KT )

D= éazsz exp(—(AG{;1 + AG‘f) / kT)

D= %azsz exp((ASy +ASy )/ k)exp(—(AH]' + AH[ ) /KT ) = D, exp(-Qy, / kT)

D, = éazzvl) exp ((AS{," + AS{,:) / k)
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Force applied to a diffusing particle: Einstein equation

1

v=—all'"-T"
~al )

AG-4F AG+2F
_ 2 _ 2

_AG( Fa _Fa\ _AG @
= kT 2kT 2kT | — — 42 kT
v=—_av,e e-" —e =—a’v,e

2 kT

DA:EG vee and U=

Einstein equation
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Demonstration in the case where the force derives from a potential

Particle flux J,=(v)C
: : dC
Concentration gradient  J, :_DE
j C -—
dc i e
J=0=D—={(v)C Y2 = -0 deld

dx

______________ c . initial

| I

_do
dx

We suppose C(x)=C,exp(—DP(x)/kT)

dC_ C dd _CF ‘(@‘Q
dx kT dx kT kT

If /" derives from a potential F=
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Darken equation

-or instance

F=—gradu,| M, is the chemical potential

kT dC,
C, dx

- R cC,.D, — C.D au
J, =C,0,=—2"2orqduy, =——24-424_-+4
A AY4 T graayl , KT 8CA

U, =kTInC, = F=-

gradC, =-D, - gradC,

D' = C,D, dou,

A kT oC,

aa% = div(D: -gradCA)

15
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Interdiffusion : Boltzmann-Matano method

« A atom B atom
'Iil‘l=======:==:I:I::I:IIII

_——

Temperature

>y

Atomic Percent

We must solve the one dimensional Fick equation

acA:i(D*.acAj
ot  dx\ " ox

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Reminder on scaling laws

i) =- GM3551(¢) t'=7Tt X = AX
%) L
B M x' () N R
()= 7| X,(t=0)=AX%,(t =0)
2
x(t)——G'Mxl(t) = L6'=6
‘xl‘ A

Consider another planet (2) characterized by:

i) = -2 M0 %,(t=0)= A% (t =0)
|x2(t)‘
2
If G=G' = % 1 x,(t") and x,(¢) same trajectories

t' 2_ x', 3_ X, ’
1) \x ) |x) Kepler's3rdlaw

17
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Scale changes in the diffusion equation

18

2 nir=2(p L o) c,(t =0)= c(x,0)
ot ox\_ ox
9 o () = i(o'ic;(x',w] ¢ (t=0)=c(x',0)
ot' ox' ox'
J d(tD' 9 B o
gc 1(Axa’“)= ax( 22 axc 1(Axart)) t' =Tt xl — Axl
New concentration profile c,(x,t)
J o ( 9 —0) —
a_tzcz(xz’tz)— g(l)a_xzcz(xz’tz)] ¢ (t o 0) o C(Ax,O)
D' _ x_x
A2 NPT
This can be deduced from the mean free path
—12 2 =2 2 2
= A A DA
op'=2 =22 _72pZ = p=
t' T t T T
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Solution of the diffusion equation

JC, _Q(D*.acA)

- S

ot Odx

Variable change =T

0 dnd _ x 0 0 dnod 19
or oron 2t an ox dxon ~ton
We get
_ndc, _d(,, dc,

2 dn dn\ % dn

C
IndC
lc
D*, (C)=—=%
2 2 dC,
an |,

19
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Solving the diffusion equation: Boltzmann-Matano method

-

In terms of variables x and ¢

C

deC

1C1
D*, (C)=-=%

dx

2
|
!
!
!
!
!
!
!

C _

experimental method

Matano plane

=

Q
<
S
A 3.
S
2 S
I i
dc o2
d s A
cb-o--__% ) Y
1 .- xdc=0
C I
- /] - Cy
0 x

20
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Solving the diffusion equation: Heaviside step distribution

C,(x,t=0)=0(x) C;(x,t =0)=0(—x)
lim oC, =0(x) D *, = constant
t—0 ax )

o ox\ * ox
2
_ﬂdCA =D*A d CA : : X
2 dn dn’ Consider a reduced variable N = 7

%(CA(TD) — ke—n2 /4D*,
ko 1
— lim(—e‘" ’4D*A)=5(x) = k=
@) S 9can 1 dc >\t J4D*, m
ox ) onox +Jtan

21
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Solving the diffusion equation: Heaviside step distribution

C,(x,t=0)=0(x) C,(x,t=0)=0(—x)
1{1_1)1(} ag: | =0(x) D *, = constant

C,(x) = Cyerf (x12D%,1) erf(x) = % [ dz

22
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In reality, the
situation is
actually
different.....

X (mm)

00
<L
______ ~.
\
\
\
<1\
N
a0
<1
————— l————————————-
! aue)d ouele|p
I
[
‘---ch- ——————————
— O o N
<o &) S
N = \
w 7 @ o
((b)
2 < < 8
(-
o < r e
i o =
Q.
S 3
-_;OM
c O o
= -EC[T: ‘
> CD'%-H
- ODCU
@ C -
et O = © —
< OO0 ow <
o I
< 1
o o o o
o0 © <t N

0.5

-0.5

-1.0

-1.5
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0

Weight Percent Aluminum
10 20 30
> + T ~

40 50 60 70 80 90100
1 1 1 A g=—¢

10004
961.93°C ]

Temperature, °C
:

b §

——r— T i

T T
10 20

| B T T
30 40 50 60

Atomic Percent Aluminum

F_______

A
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Kirkendall effect

| Mo
O o D O O O Wires )
Original experiment < é?ai_g cies | Da Silva, Mehl configuration
(1947) A 3 (1951)
| Electro-
L [ _ [ ] [ + platad —
U

p iy

INII NCT11Uadll 'Jlane

Explanation: the sample moves depenaing on tne lab reference frame

i
A : B
JV: JB
.\x=0
ax
."A—X"\x=0
009009000 COOOO
9009009090090 OCOCO
0000000 COOOO
X X N N N+ IOKSESESES
0000000 COOCO
_ 00000000 0C0QQ0
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Kirkendall effect: solving of the problem

J+J,+J,=0 Fixed reference (lab)

, dC , dC
Ta= 7P axA 75 =0 axB
Velocity of vacancies
v, =J € v, =—(J,+J;)L2
Moving reference (sample) = Jo+J,=0 C,+C, = const.
. .. 0X
BCAz_acB v, =(D,—D,)—* X,=C,-Q
0x 0x 0x
-~ dC -~ dC
JO =-D A JO =—D B
§ 0x ? 0x

26
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Kirkendall effect: solving the problem

3 . dC
J=J +0.C =D’ axA +o.C, Jo=J,+0v,C,=-D, axA +0v,Cp
Ti= D, 73 +(Dy = D)5 Xy = ~(D), = X,D, + X, D ) =
D=XBDA+XADB CT
“ t-0
acA = i(b ¥ aCA ) Cr pmmemee- fi /“A"ﬁ
ot ox ox 7(
We get D by the B-M method ‘1

velocity of _ X,
Kirkendall plane Yy _ 0x

27
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Example of the Kirkendall effect: Wire Bonding

d = Deplh W
o= Constant Kirkendall

-1 | LH viaids Sl rd W re
i = WY eiTh

Au-wire

Gotdrich

'.'iltr'l elsllsc pliag

| 10 uym

\ _ Kirkendall / +— AuzAl,

voids

28
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Inverse Kirkendall effect during Neutron Irradiation

Inverse Kirkendall Segregation

Vacancy migration to boundaries prompts
preferential depletion of fast diffusing solutes

E and enrichment of slow diffusing solutes =1
= O

IR Slow Diffusing L
5 - Solutes (Ni) =
5 o—~ Fast Diffusing =
- ) Solutes (Cr, Fe) Q.
r = =
- -

".;?. l// Irradiation Defects O
E (Vacancies) g

Distance from Grain Boundary

29
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Some examples of diffusion coefficients: Fick’s equations

Self diffusion

1310  Diffusion in metals
Table 111 SELF-DIFFUSION IN SOLID ELEMENTS—conliud

Diffusion at low concentration

A Q Temp. range Table 132 reacER nePuURITY MIFFUSION CORMICTENTS
Eloment om’s™! kS mal™" K
. in Ay
ﬂ'”'!" _— - x T Il L roe—— - R
Zn < 01 91.7 A Q Temp. rangs
um: 96.3 } 513-69 Elpmert cm'y~! tJmal * K Moethod Ref.
E‘ "W ﬂ.llﬂ n.’! R . L L m— B0 o —— i
Le 0163 12.00 } 420 600 Cu i.2) 1910 990-1218% IVaii), se., Cu*, 9.99% 13
— . 0029 1641 £99-497 IValiii) (SIMS), ».c., 99.99% 154
Growp 1114 and rore eurths Au Ons 01 991 -1 193 IVali), s, Au'™, 99.99% 18
Y le 092 292.% 7a 0.4 1744 916-1 197 IVali), s.c.. Zn®', 99.99% 14
1e5.2 2%0.9 11731573 0832 1746 970 229 IVali), s.c.. Zn“" 9.999% 259
#La 1.5 1881 933 1113 Cd 04 1746 8461210 IVali), 2., 'Y 99.99% 10
y-l.a 0013 1026 L1401 170 Hy 00mM 199.5 926-1 1221 IVali), »e.. Hg"™, 99.99% 13
ol 125.2 L1510 1183 Al 013 159.5 7311212 Ib (X-ray), p&., a1
yCe 0.55 15).2 #01-965 Ga 042 162.9 873 121) b (X-ray), pc., — 260
#-Ce 0012 20.0 §92-1 Dad In 041 170.1 8861 209 IVali), se., In''t, 99.99% o
#-Pr 0.087 1231 1323-1.473 036 169.0 $93-4)8 IVaii), s.e., In''", 99.999% 161
Br £ 37 J01.66 1479-1 684 T 013 158.7 918107 IVali), pe, TH™, — 15
le 4.5) 202.58 Ge Q084 1528 L ] Valijm pc, Oe"', — |5
Eu 10 1444 771 10712 Sn 0.1% 165.0 8451 1210 IVaii), s.¢., Sn''?, 99.90% i
p-Ud 001 1369 ] $49-1 581 Ph on 199.5 9731 004 IVaG). pe. PBMO, . 19
»=Yh 004 146.79 813 98] Al 042 1496 215-111) IValini} (EMPAY, p ¢, 99.98% 107
=Yb 0.12 121.0 1031-108) L1 0.140 1604 T4 1213 T¥ali). sg., Sb'*, 9. 99% 1]
- - 1 1.65 167.5 873=117) Vb, i.c. 5", 9.999% 104
Growp HIB Se 0.3 1574 759 1109 1¥afe) (ion impl), 5., Se'’, 9.99% 202
Al 1 1424 723 923 Te 0.2 1%4.7 650 1169 IVali), ¢, Te'd', 90.999% 108
22% 144.4 $73-023 Ti 1.1 194 | 031 | 220 Hatii) (EMPA), pg., 99.999% 263
0.137 123.5 298 sa|™ v 2.12 09 1012 1214 IVh, pe. V4" 99.909% 261
017 1264 158 482 Cr LM 210 102y 1218 Ve, pu., Cr'', 99.999% 16}
Ga R=5310"" 2823 1.07 1926 9761 211 IVali), s.c., Cr''. 99.9999% 264
D=5) 10" 2030 Mn 4 19 196 RaY 1212 IVh, pc.. Ma'", 99.999% 6)
D=78 10°9 2080 Fe 24 2082 L0731 208 IVali), s.c.. Fe'®, 99.999% 104
D=9310~1 3005 Ru 180 8.3 | Obé=] 219 IVaii), s.c., Ru'oM1% 9999 12
D42 10~ 302.7 o 19 204. | 973-1 214 IVadi) s.e.. Co%, 99.999% 106
ln e 27 783
9 L3 ;H} 37 a1
I~ e {
411 458
4.c 04 WA
5L} 57

g-Ti 0.42 80.13
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Some examples of diffusion coefficients: chemical diffusion

Diffusion in binary alloys

Table 133 oorrUsi0on (5 HOMUGENEOUS ALLOYS—contisued

Elvrment | Elerweny 2 Temp.
(puriry) {purity AT o1 Af o3 rortge )
AL AL emis™t Hmol™? omis Kmol™' K Ref.
[ ] [ ) [ ] 'C'l? 'L-t . ._I
Ch I I I | d ff {=-1 (| IV pe
7 56.3 3320 - -
Table 134 CHEMICAL DIFFUSION COEFFICIENT MEASUREMENTS—continued (‘n] Cr MI -
[ =) [~ pe
9 % &3 WLy -
Elerment |  Elemeni2 A Q D Temp. range 5 2% 04 2643 . _ } 13731623 B
AL% AL% cn’s™! Kmol™' emis™! K
% Co Ca S
Mo Pd ﬁ?&] ) &s.: B~ -9 IV o 0= L 325 154
61 $5x10°* 1884 "
-3 Co Fe
66 40x |o_’ 1654 ( 06,:: @\ ) ) IVag) 55
n 50x10 1779 1020x D, 1.33 90,6 1.26 2868 1285 14376
15 24x107* 200.5 — L 0 {10 251.2 025 1303 1068 12181z) }34
80 16x107> 2186 - } 1273187 () £ ) ol = e I i
85 16x10°? 253) — - 21 0.54 721 - - 1M B
%0 90x10"" 293.1 - (1 () o IVagi) pe.
95 14x107" 2826 — J : Difflesion of Ni
0 Dy =13.1074
(@) At the original composition in pure Mo/pure Nb couples - ﬁ_‘i | :Eﬁjs } 1409 0
—— - §8.3 ‘; -5
Mo Ta - 10 . :
"Ta rich' 468x107* 2512 } 2175-257 L 1 (] " Iz'-'h pe. lFchnom;:;;lic] ;
. Lot -3 A {bec) 1. .0 — 10731172
Mo rich 4.16x10 24.5 (fex) 0.77) 265.0 — 1223-161
Mo Ti ) {bec) 9.7 266.3 — - 903-102)(F)
X 6.8 {bec) D.459 187.1 — - 903-1073(F}
0 ~2x10"2 1968 — STx107F 1465 - - 1153-1 193
- e i o o 0 Mheomoo- 0 mim
-~ -3 -~ . I il I = :
2 ) Ix10 217.7 Jat 600‘ 14831873 fiee) 3136x10" 2663 — - 13331583 107
. ~13 at 820 49.6 {bee) 659x107F 2470 . —_ 1023 1123(F)
: wom S - B BB - c O
’ ) ASX 10" s — 13331
" 9.6 ficc) 64dx107F 2512 - - 1073 | 283(F)
010 1)) 13x10°4 1386 — 11731573 L6l »10™" 2340 — = 13331153
Sol.soln  (a) 35x107" 1189 — §73-1073 o = ox? N1 - 1465150 4
range (99 8) i99.9) 1Vb pe. Co*"
0 0.029 474 s —_
8 20,54 28 - -
10 1565 3690 - - 12331493 (111
15 1.98 m9.7 - -
éu 2 0.3 261.7 - -
(s ] e
) () Ivh, s¢., Fe**
6 - - 0.58 m3 1081 T,
6 - - 015 217 T-1513 176
. 0 — - 068 m9.3 1081 -T,
- 10 — - 018 2633 T-1573
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Some examples of diffusion coefficients: interdiffusion

o R s Interdiffusion coefficient
3 N~
1.33 290.6 1.26
0 50 {zo 2512 02s 0 I —
3568 = o 1
() () p n;; pe. = 1 x ! > ! -
— 21 -4 272.1 - : X - =
( ) () Vagi)  pe. ~ 13009¢ gX— T R X 5 =
P —— A A4
- Diffusion of Ni o 8 _p-0-8—p X B
0 Du=13.10""7 = a8 8 a A\A\AX ad
30.2 =115 A AS
- 8.3 : =3 Q_.O-8_ &
= - =6 ah 7P 022870 o >\o
- 10}12009C ,_o-0—"° ®
(3 L) Vb pe. 10 4 o- _g-On —
0 (bee) 183 2340 = =7 Pt p=
(fec) 0.77) 2650 - “SOQC pd < QKO% §
) (bec) 9.17 266.3 - = o
6.8 (occ) 0469 1871 - o o< ""—:‘0‘&,
S72x107% 1465 - K L
(fe<) 0.109 3262 — =
2.4 (bec) 1.25x10™) (980
{lec) 3¥6x1077 2663 —
9.6 (bec) 659x10°2 2470 -
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