Ao A0l 5l Kb el I e3le il oS paans o asl

el 5,0 b sl ddS sl 4V 50 55 bl ;.\.:»w
Ao Ao s ¢ dazue ((Guho ¢ 3] g e ‘JL::.&T LSS

O sl i gt ol (b otSCils!

s S

3 i A i e e ol 3 (e (Sla plide 3 mbae (5505 03,8 Iy Cood] 5 el LIS (sla bl o cblide  SUSCUn Coon] w47 L
GBS 3 bl o (bl blids 8 peiblidns 3) Coppn i) S il (G il g Lol ol o Sl shlide S dx
i W 0 ) WK 555 o8 ook Slotl b orbliiin i 5 ocbliio g5 slaY oo jo oo alize 5550 (6 o Ll Silesbliio (554
S G s 5 e 53 S UL S A Gl iy 8,8 oo (Al 0 Sile e ) Sl 5 o 4Y Culis
Olsie 4 s o DL Ciloo (slalealy 3 |y Sctbcim o bl o s (55 5 4ol (S om0 Lol ShiCiin ol Gl poblido &Y 55 Sl shlido
2t s (S Ok a8 ol eblisins 5 (SUS G Ll léan i Uais ) ST o uoblida s ol Suicir dl jlins las i onl ST 4ot
U2 eslézad LB sy ol Sl edel Gt Ao 2 b bliie 4 mah () 45 dites eblite slocd JIG ( SUicdr ool sl

Mbww/gbwa‘}v} @j‘;g{}fu‘s:‘“’/&{f)/“uj;jf{}‘éj ol

Magnetic Coupling in Spin Valve Nano layers with Rough Interfaces
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Abstract

Because of the importance of magnetic coupling in spin valves and surface roughness in nano scales, in this paper the
effect of roughness on magnetostatic coupling has been investigated. A spin valve structure like (FM/NM/FM) considered
with magnetostatic energy of the structure and self-affine roughness between interfaces. By applying Fourier transform and
assuming w<<d ( that d and w decipate the spacer thickness and the roughness width), a cross correlation has been
obtained which causes a correlation between two interfaces and the coupling between FM layers. Finally, this tensorial
coupling constant shows the magnetic coupling in different directions. If the roughnesses of two interfaces be in-phase,

AFM coupling is the result and out-of-phase interfaces results the FM coupling. These result is applicable in, design and
construction of Spintronics devices specially spin valves.
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Mls I G oS RKKY ines 2 by Sas o (I
oAl 0T o VU slales U3 5 525 Sl 3 5 el 053158
S ot Go b 5 s peblin (S5 i (G 0] il
S (7 [V bline &Y 55 o blisn 2 4V 53 52 5
i 3l ol pnblise Ol 51 8l Sl blas Sus
3t Sl bliae Sud s (3 [As VIl o)l 5 b
Job Sobasblas sl Sus cir [8pshe G
Sl SOk 4 cites b oY (SOl sblae 1S
s 3 Y K Solsblas 55 Cose 4 b S

PRV
S 53 Oldes 2S5 208 s 4 el A lJS 055 4l
03 7S Hsb 4 bl gla S 5 DMl (g5l 0 3
sl s C]a.‘ S b 3l Kl S 13 anlas 54
0 M Glos s Gl pwblias o 2 5 enbliae SHU Y
Slaospm Sl iblialy el dile ol g (555 p 5 kS
2 Al ol s ol gbay 5 [-E] Cwsliesblae (publise
Sha i g e Ll 5138 A Sascir e,
Sl ASske a8 3l s el LS la lle s blse



A0\

Ol 1y elas e gLl bl i=(\,Y) &l h(r)
~Y Cubes b e 1=(0,Y) (¢ Ll e SO &S A
ol Sl &Y huge Sles 0 Lo wblas gla
R | :j.kmz e 00 ol AJJZM.?X'y :\;:.Lp): )\.I;-L»
(oS o S 5 oo w1 M(F,2) s JS bR
M (r,z)=M s (d, +h(r)-2)-s (-2) ()
+M s (d,+d,+d,-2z)—s (d,+d, +h,(r)-2)
=6 s(2) 57 ) slaw Jiblias glals , My 5 M,y ol s
T e Sy 5 o bl IS il ol dl
W:J‘dr/ Mlxhlx(r')-"Mlyhly(r/)_Mlz

Jr=r)?+(z—d, ~h ()’
My (1) M, ()M, (v)

e =d,—d, -, (r))’
M, M., }
Jr=r2+z8 Jr-r)? +(z-(d, +d, +d,))’
s XY 4 o sl 625 R h,(r) 5 h(r)«s
Wl 5 e 4 [l Sk blae S (65

w =—%;|:dr_"dz Hy M )

Cope sl (Solublas S 6550 Slabe WS L
355 Ep 5 Ep okl o Cwd & E=E FEp T EL,TEY
a1 0 AT Thms ¥ 5 ) ls oY Sl bliae 650
oY s (M) Y Solisblas 550 & 5 &
5 Doye a4 Olge 1 sl ol e (DY blise

HGIVIY

g =M, (¢)

Y sl s r“i aY Gl Shs i et Iy Of s S
Sle gl 1y IS Saacdr 55t culg ss Vo] el r\j
s (MN=XY,2) J=30+3," <o & ko)
Dyl 5 D pe ke (SAECdr 5l XK adlse S s

1 . h, (rh,, (r)
— drfd X 2x 0
Tt 4;rAdI rI r{\/(r—r’)2+(do+h2(r)—hl(r'))2 ©)

. hy, (), (1) }
J(r — r’)2 + (do + hz (I’) - h1(r))2

Tl G 03 2 8kes bl 4 VY 5 XX slaadls

Dyl S pd 50 ZZ adlse 5 das e plie Ol le

Alasdl 5l G ezl JK% o3l il eSS e s 4ol

Mals elice pl ol 5 5 pie by 2 slome Y blie Ol
Shicir s ko b sl Sl
(3135 (omsp Slbo (s 25 sham 12 1) (Sl sblis
5 KI5 Ol 51 e il O g By gy SAECdx 4 &S
5 e e ol [N (8L 5 IS e s [V0] 2ol
Sl S Jde SONAVE Dl s el omes s S
SPDYT ol slely coson 505 s b bl Y (SO
Cose a hoaY dmiony Gblaely sl glaad s
sgsedsb @ s A 0l S oS el Ny yoc@®/ A
ol SUSeas H151898 b s el g e s
Wil fo cnl 5 [T L3ls asd ol (5 s gl L3 1 e

JWQT))‘\SJJJ)}TC,\MJU.N OCW2/§ C))}‘.pd..:\‘)

Xx(yy)
i s Saen Job 5 (5 Al osdone S0Le &
Gl e bl a8 e L1 s 35se wslsl s &S
LY g Ol eblae s Y S S sk 4o
55 iy b lag e 3 el e sl bl 3
S o5 Ol sy 4 Wit (65 0l S s 35 55 )

sl blizay 3 AN 95 o Sl sblise Sas

$tadge p 5 doe i 5
L Sl gblian sla Sai Cux A oylil &5 55b Olas
Sl p Sl plod dlis opl 5o ol ol 5 L) SedS
srle 5 pla (V) KS 5y cdd S8 Sl sblas
bl laaY  iblis ol el eyl edd
sla )‘bﬂ MZ E) Ml Ll el PR ajj}&jﬁ,&'—b&
Ayls el s (6 S g 5 L enbliae slaaY s bl

z

zz=d;+dy+d,

2z =dy + do + hy(r)

zy =dy + hy(r)

blan gl an S oo glad ) IS



AOV

D505 4 55 s s Ko 5 ol & cotia) Ke=YY/a¥
(1) IS Jlsgas 53 oS o Sl (Cnlk, = Yz /@4, b
Job Skl SRl Saicir Saes sk 2l L
5 oo e Sb e SO G e glasiie Stees
Stan Jsb S s e Ol S ls malS L, e
TS ey Sl 5 LS Mg L Ol Bsk 0 5t o
Colan 5SS sl Siwan Job gl tas o |, Sas
Ll Rl (Stan J5b ol &8 ol 50l ol e
JSo 5 dobipe Sl mhau g5y peblan lac Ll S
S g spde Sep e Al s gl RIBL ()
55 Y i 5l 5SS Gl o s Ll b e ials Sus
Sl sdal sy 4 Sicdr ewsl g, S
Sl s o oby Jo mhan 5y glaps 5 il >0 S
slacks Js Wl 5T s 55 dhea ol
035 Ol SRl b (Sascis Ll sl 2als bt
Wl (g 25 Ay Jole a4 el el enls OLES (5 15 sl
oA GESE lles oS b SRl wals ol ar
Sl d Oy 4 Sascis (1) S Jlased 3 b e
bl Sl s Ol e 5 Sl ol B 5550l 53 oS WL e
Sl odal oy 2 il e 303 el A Olks
SowaS (6l I >0 3100 daly 5 V6] ol Sk, ol S
WY 55 Jiblae g 558 i MM, Jeol sl o 655
b Saicdr) Ll e g SCgr s 4 Cod
S5 SweS gl I <0 31 (o) (S (ablines
@ el Y g3 bl Jxasd e M- M, Jol- L

Al (g5l se 6}:§C~€->‘¢~"‘

w(\’\“’\) g .

Coupling

O 56k sW 55 gy o (Shicir Ol 1 ¥ S

Alasdl 5l G ezl JK% o3l il eSS e s 4ol

0.000015 T T T T T T
0.000010 -
0.000005 -
o
S
s
a3 0.000000 —
o
alpha 0.3 - in phase
-0.000005 4
“—alpha 0.5 -in phase
i‘—alpha 0.9 - in phase
-0.000010 [~ alpha 0.3 - out of phase|
alpha 0.5 - out of phase
—alpha 0.9 - out of phase
-0.000015 T T T — T —

T T
0 20 40 60 80 100
Correlation length (nm)

VL) K Jsb Ol i e Sicir Ol 1 Y S

(ol 50 51 2ol 5 5lies Sl oias 0L OF oy 5 X smee

J, = ! J'er'dr’ ! + ! (-\)
2zAd Jor=r?+(d, +d,)?  Jir-r)? +d?
b asd bds Saacds adlie G35 5lhde oyl ke &
v{f Lf‘ JLS 4;

ik- rdr

(k) =

(2 )*
h(r) = [ (k) e™dk

Galon 5 VY] 55 sk sl JUT als,50 ) eslizad U
je sleen 05 sl ("—‘Sd" oslw |y ol (P vimww
Sl S 2o hp=—h, Sl s =y
:v.:)bX le:.wb

‘]XX — (271') J‘dk k2 —do k{+2<|ﬁl(k)|2>} (/\)

ol ) e wlite s ) e SO 8 S b s
<|h( )| > A _al'w (1)

@r)° @+&%k2)
1l el g (A) sl s O (6,1 Llkle s

)

(\+)
ng 22 ot
I ) (1+§k)l+a
w@w;)wé\ﬁww’)\&)_ e Of s oS

L mbliaes p (Sdciz okias Ol (U o 8 ly
Al e R o bl &Y 5o ublies Baly
A acu=v/0v A , ace=/tA A Lz~ | Co/Cul/Co



AOA

S (655 €S b plle sl Ol et (0) 5 (Cil): 0 JSs

S G5 e b abddls Gl Ol Bk () 5 ()

L

[1] B. Heinrich and J. A. C. Bland, Ultrathin Magnetic Structures I,
vol. 1. Springer, 1994.

[2] J. A. C. Bland and B. Heinrich, Ultrathin Magnetic Structures I:

An Introduction to the Electronic, Magnetic and Structural
Properties, vol. 1. Springer Science & Business Media, 2006.

[3] P. Bruno, G. Bayreuther, P. Beauvillain, C. Chappert, G. Lugert,
D. Renard, J. P. Renard, and J. Seiden, “Hysteresis properties of
ultrathin ferromagnetic films,” J. Appl. Phys., vol. 68, no. 11, pp.
5759-5766, 1990.

[4] C.-H. Chang and M. H. Kryder, “Effect of substrate roughness
on microstructure, uniaxial anisotropy, and coercivity of Co/Pt
multilayer thin films,” J. Appl. Phys., vol. 75, no. 10, pp. 6864—
6866, 1994.

[5] Teixeira J M, Ventura J, Fermento R, Araujo J P, Sousa J B,
Cardoso S and Freitas P P 2008 J. Appl. Phys. 103 07F319

[6] Wang J, Liu Y, Freitas P P, Snoeck E and Martins J L 2003J.
Appl. Phys. 93 8367

[71 Mohseni, S. M., et al. "Temperature-dependent interlayer
coupling in Ni/Co perpendicular pseudo-spin-valve structures.”
Physical Review B 84.17 (2011): 174432.

[8] Mohseni, S. M., et al. "Magnetostatically driven domain
replication in Ni/Co based perpendicular pseudo-spin-valves.”
Journal of Physics D: Applied Physics 49.41 (2016): 415004

[9] L. Neel, “A new method of coupling the magnetization of two
thin ferromagnetic films,” Acad. Sci., Paris, p. 1676, 1962.

[10] J. Zhang and R. M. White, “Topological coupling in spin valve
type multilayers,” IEEE Trans. Magn., vol. 32, no. 5, pp. 4630—
4635, 1996.

[11] J. C. S. Kools, W. Kula, D. Mauri, and T. Lin, “Effect of finite
magnetic film thickness on N{¢é}el coupling in spin valves,” J.
Appl. Phys., vol. 85, no. 8, pp. 4466—4468, 1999.

[12] E. Schlémann, “Demagnetizing fields in thin magnetic films due
to surface roughness,” J. Appl. Phys., vol. 41, no. 4, pp. 1617—
1622, 1970.

[13] Y.-P. Zhao, G. Palasantzas, G.-C. Wang, and J. T. M. De
Hosson, “Surface/interface-roughness-induced demagnetizing
effect in thin magnetic films,” Phys. Rev. B, vol. 60, no. 2, pp.
1216-1226, Jul. 1999.

[14] D. C. Parks, P. J. Chen, W. F. Egelhoff Jr, and R. D. Gomez,
“Interfacial roughness effects on interlayer coupling in spin
valves grown on different seed layers,” J. Appl. Phys., vol. 87,
no. 6, pp. 3023-3026, 2000.

sl IS Slaa N5 53 bline Suscdn"iz e Slesl Jls Vo]

AYA0 0| ol S sl OLL (O 5 i degds S gmal 5o L

A0l 5l Kb el I e3le il oS paans o asl

T T T T T T
0.2 —— alpha 0.3- inphase &
‘7 alpha 0.5- inphase

€ ‘ alpha 0.9- inphase
g —— alpha 0.3- out of phase|
S 014 == alpha 0.5- out of phase| T
g‘ |— alpha 0.9- out of phase|
Q
5]
g 0.0 1
=)
£
g
o -0.1 7
O

024 .

T T T T

0 2 4 6 8 10
Thickness (nm)

oSl Calid oy SASCdr O 8 S

e Sl S (ubline 2 sl Sdcix) (0) IS
sl = s ol ol JE S ey SAicae
sl W5 4 e oS LS e Ul er Jilie plis e
53S0 S et eblaes B Y s gl S 0ps
Wl 508 s Y 6o blis Y oblas Ot Sl
bt AS o 503 S Lo 1y 0 ibliae Dol 2
o (-0) s (C_°> IS s IS ) e Ol
blbae Db &S g opde Al (Suscdr bkt s
LS e OB e s s A Cle Lok A5 ke
o e AN e S e Suicas gl
@;ﬁMlﬁwdwgﬂb);)\:wcﬁdg;@|
Aas e 5 15 OF 5 g

S womS

L s b edd ke S daly 5 (V) Ay Aglie b

2 h2 72”"ﬁtspacer
I=2 (M M,)e 7 ()

J2 2

o S e S 0ol o 55 ¢ CelK = Y2/ Akl O s oS
65 4 5 ool o) OF (5 5 2ol 5 e b o 3815 55
5 ombie s 5 b Gl S e 5 sk Gl
ol 51 a0 5,08 el s leaw sdde pled ioman
oo o ead oS L B3le g5 Sl it SAdid pl S
il Glaodidy s 3 Lls e OF mls 5 axdls Jlsl

3,8 S5 eslinal 5 50 Cusslie sboline



	P176



