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Th e corre l at ion b etw een magneto static or N Çeel' s coupling and rough -

ness of interf aces in sputtered C u/ Py/ V /Py/ Mn Ir/C u multilayers was in-
vestigated w ith the help of atomic force microscopy and magnetometry . I t
is show n that the couplin g strongly depends on the roughness of seed C u
layer which in turn dep ends on sputtering pow er. Roughness levels o˜ af ter

dep ositio n of consecutive layers to about 0. 2 nm rms.

PAC S numb ers: 75.70.C n, 68.65.A c

1. I n t rod uct io n

The coupl ing between ferrom agneti c (F) layers in F / S/ F multi layer struc-
tures (S | non-m agneti c spacer) inÛuencesvery stro ngly m agneti zati on reversal of
the system s. In the so-cal led pinned spin valves(SVs), i .e. AF/ F1 / S/ F 2 structures,
a di rect conta ct between ferrom agneti c layer and an anti ferrom agnet (AF) can lead
to the app earance of a uni di recti onal ani sotro py [1] wi th a shift Ùeld (exchange
bi as) H ex of up to dozens of kA/ m. Indi rect intera cti on, m ediated by conducti on
electrons in spacer, can lead to an anti ferromagneti c Ruderm an{ Ki ttel { Ka suya{
Yoshi da-l ik e (R KKY- l ike) coupl ing between neighb oring magneti c layers wi th sat-
ura ti on Ùeld of hundreds of kA/ m . In some structures , especial ly in SVs in whi ch
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free, i .e. unco upl ed to anti ferro magnet, m agneti c layer satura tes in smal l m agneti c
Ùelds another ki nd of coupl ing coul d be im porta nt. It is so-cal led magnetostati c
(N Çeel' s or orange peel) coupl ing whi ch is caused by the intera cti ons between di s-
conti nui ties of magneti zati on ( \ m agneti c charges" ) whi ch f orm as a consequence
of roughness of intera cti ng F 1 and F 2 lay ers [2]. In many appl icati ons i t is de-
sirable to m inimize thi s coupl ing to achi eve the highest potenti al of the giant
m agneto resistance and tunnel ing devi ces[3{ 5]. In thi s work we present the resul ts
of an investigatio n of such coupl ing in Cu/ Py/ V/ Py/ MnIr spin-valve-l ik e system
( Py = Ni 80Fe20).

2 . E x per i m en t a l

The investigated mul til ayers of the Si(100)/ 100 nm therm al Si -oxide =

Cu ( ¤ 20 nm )=Ni 80Fe20( t P y 1) =V ( t V ) =Ni 80Fe20 (4 nm ) =Mn 83Ir 17( 10 nm ) =Cu (3 nm )

structure, where t Py1 = 2À 10 nm , t V = 2:1À 10.6 nm , were sputtered wi th a base
pressure of 8 È 1 0 À 5 Pa and a process pressure (Ar) of 0.2 Pa. The roughness
of the Cu seed layer was vari ed by changing a sputteri ng power (P ) from 93 to
250 W , f or other layers 93 W power was used. Excha nge bi as was induced i n sit u

by a perm anent m agnet wi th a Ùeld of 9.5 kA/ m . Ato m ic force microscopy (AFM)
wa s used to determ ine roughness of interf aces in the m ulti layer. Roughnesseswere
m easured on the incom plete structure s i .e. for exampl eon to p of Si / SiO/ Cu/ Py/ V
structure. In thi s work the roughness m easured on a given incom plete structure is a
m easure of roughness of interf ace in a compl ete structure. Ma gneti c m easurem ents
were perform ed wi th vi brati ng sampl e m agnetom eter (VSM).

3. R esul t s an d d iscu ssio n

A typi cal M ( H ) dependence, l ike the one shown in Fi g. 1, al lowed us to de-
term ine shift Ùelds H S of the studi ed sampl es.As can be seen, the \ soft" loop of the
free Py1 layer (see the inset of Fi g. 1) is shifted in the negati ve Ùeld di recti on (i .e.
the sam e as the loop of the to p, pinned Py2 layer, see Fi g. 2) whi ch indi cates the
ferrom agneti c coupl ing between Py layers. W i thi n the resoluti on of our m easure-
m ents the observed coupl ing was always ferromagneti c altho ugh in m any cases,
for hi gher t V values, barely detecta ble. The m aximum H S values recorded di d not
exceed 0.9 kA/ m. W e cannot una mbiguously separate di ˜erent contri buti ons to
the overal l coupl ing [6] but since the fal l o˜ of H S wi th increasing spacer thi ckness
t S i s fai rl y wel l described by a exp( À t S ) dependence (see Eq. (1)) we believe tha t
a possible bri dging of the Py layers thro ugh vanadi um layer plays only minor ro le,
i f any , in our sam pl es.

AFM measurements show tha t the Cu seed layer roughness, r , depends
m arkedl y on sputteri ng power used (Fi g. 3). In general rm s roughnesses deter-
m ined from AFM scans are low and never exceed 0.5 nm . The roughnesses on to p
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Fig. 1. Exemplary M ( H ) dependence for the Si(100 )/100 nm thermal

Si- oxide/C u( ¤ 20 nm ) = N i8 0 Fe20 ( 10 nm ) V 2 1 nm N i Fe 4 nm Mn Ir 10 nm C u 3 nm

structure. Inset show s the minor hysteresis loop w ith an appropriate value.

Fig. 2. A schematic view of the magnetic part of investigated multilayers. Ferromag-

netic and antif erromagnetic magnetostatic interactions b etw een di˜erent pairs of inter-

faces are also show n.

Fig. 3. Sputtering pow er dependence of histograms show ing the distribu tion of rough-

ness amplitudes (see the text) on top of the C u layers in the Si(100)/100 nm thermal

Si- oxide/C u( nm) structure. To extract the heights the consecutiv e line scans of

A FM image w ere digitall y smoothed w ith low pass Ùlter and the heights of all lo cal

maxima and minima were recorded [7].

of Cu and V are isotro pic (di recti ons 45, 90, and 135 relati ve to the scan di recti on
were checked). For 200 W sputteri ng power roughness of Cu seed layer atta ins a
local maxi mum (Fi g. 4) and then decreasesto value lower tha n in the sam ples de-
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Fig. 4. Sputtering pow er dep endence of shif t Ùeld H S for Si(100)/100 nm thermal

Si- oxide =C u( ¤ 20 nm ) = N i80 Fe20 ( 6 nm ) = V 2 1 nm N i Fe 4 nm Mn I r 10 nm

C u(3 nm) samples ( ) and A FM measured rms roughness for Si(100) 100 nm thermal

Si- oxide/C u( nm) samples ( ).

posited at W . Fi gure 3 shows the appro pri ate hi stogram s [7] each of whi ch
wa s obta ined from two sets of Ùve neighb oring m AFM scans. Al tho ugh there
is a considerable spread of roughness am pl i tudes one sees tha t surfaces of Ùlms
deposited wi th 93 and 250 W have simi lar height distri buti on. Thi s sim ilarit y is
reÛected in dependence on the sputteri ng power (Fi g. 4) where one sees tha t
shi ft Ùelds have simi lar values f or both sam ples, to o.

The maxi m a of the and dependences are mutua l ly shifted,
tho ugh. Neverthel ess, there seems to be a di rect correl ati on between the Cu un-
derl ayer roughness as obta ined from AFM m easurements and the shift Ùeld .
W e believe tha t i t corro borates our assumpti on of magneto stati c orig in of shi ft of
the hysteresi s loop of the free Py layer since in theoreti cal expressions for value
[2, 8] shi ft Ùeld is a l inear functi on of roughness of every indi vi dual layer.

As shown, the AFM measurements demonstra te tha t the roughness of Cu
seed layer cl earl y depends on . Ho wever, the roughnessesof consecuti ve interf aces
seem to be almost independent of the roughness of Cu/ Py1 interf ace. Af ter a
depositi on of 2 nm of Py on to p of Cu layer, rm s roughness dim inishes from 0.3 to
0.16 nm and changes onl y a l ittl e after the depositi on of a consecuti ve 8 nm of Py.
The vanadium layer essential ly does not inÛuence the roughness, to o. We concl ude
tha t in our speciÙc structure onl y roughnessof Cu seed layer is seriously inÛuenced
by the ini ti al sputteri ng condi ti ons and tha t the consecuti ve layers smoothen i t to
about 0.2 nm . Thi s behavi or is not obl igato ry, since for layers deposited wi th Cu
sputteri ng power of 150 W roughness slightl y increasesafter depositi on of 6 nm of
Py in compari son to 2 nm Py overl ayer.

As seen in Fi g. 5, roughness wa velength, , seems to be very sim ilar on
Cu and V upp er interf aces givi ng justi Ùcati on to the assumpti on of a conf orm al
growth of our m ulti lay ers [8].

T o estimate the shi ft Ùeld values we used the kno wn NÇeel form ula for
m agneto stati c coupl ing [2, 9]:

e (1)
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Fig. 5. H istograms indica ting the distributi on of w avelengths of surf ace proÙles of

C u ( £ ) and C u/Py(10 nm)/V (2 nm) ( 2 ) samples obtained w ith 93 W sputtering power.

T o extract w avelengths the consecutive line scans of AFM image w ere smoothed w ith

low pass Ùlter and the positions of all local maxima and minima w ere recorded [7] .

where h denotes roughness am pl i tude, t f | thi ckness of the free layer, t S |
non-magneti c spacer thi ckness and M p | the magneti zati on of the pi nned layer.
Ori ginal ly NÇeel derived his form ul a for two intera cti ng semi-inÙnite m agneti c layers
and included thus in analysis only two rough surfaces[2]. It was shown later [8 ] tha t
the above descripti on can be reÙned to successful ly describe intera cti ons of two
thi n ferrom agneti c Ùlm s. In such case one has to incl ude four intera cti ons between
four pai rs of interf aces(see Fi g. 2) i .e. in our case ferrom agneti c coupl ings between
the to p interf ace of Py1 layer and the botto m of Py2 and the botto m interf ace
of Py1 layer and the to p interf ace of Py2 layer and anti ferrom agneti c coupl ings
between respectivel y to p and botto m interf aces of both lay ers. T o estim ate the
coupl ing Ùeld H S we used roughness values obta ined from AFM scans wi th the
assumpti on tha t roughness on both interf acesof Py2 layer is the sam e. W e believe
tha t the relati ve independence of roughnesses of the upper interf aces on Cu seed
layer roughness justi Ùesthi s assumpti on i .e. taki ng m easured roughness of V layer
as the estim ate of the Py2 layer upp er roughness. We assumed also tha t interf aces
are correl ated [8]. It shoul d be noted tha t as rm s of sinusoid is

p

2 ti m es smal ler
tha n i ts am pl itude we m ul tipl ied rm s roughness obta ined from AFM by tha t factor
pri or to calcul ati ng H S wi th Eq. (1). Our calcul ated v alues of coupl ing Ùeld are
the algebraic sums of the four previ ousl y m entio ned intera cti ons [2, 8]. For the
ferrom agneti c intera cti on between the botto m surface of Py1 layer (ro ughness h 1 )
and the to p surface of the Py2 layer (ro ughness h 4 ) (see Fi g. 2) the expression (1)
ta kes the form

H S =
¤ 2

p

2

˚
h 1 h 4

Ñt Py1

Ç

M p eÀ 2 ¤
p

2 ( t + t + t ) = Ñ : (2)

The model values of H S are shown in Fi g. 6 to gether wi th respecti ve exp erimenta l
dependence.

The correspondence between the m odel values and the exp eriment is sati s-
facto ry keeping in mind sim pl i fying assumpti ons made. It shoul d be noted in vi ew
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Fig. 6. Sputtering pow er dep endence of shif t Ùeld H S for Si(100)/100 nm thermal

Si- oxide =C u( ¤ 20 nm ) = N i80 Fe20 ( 6 nm ) = V 2 1 nm N i Fe 4 nm Mn I r 10 nm

C u(3 nm) samples ( ) and model values obtained w ith N Çeel's expression (com-

pare Fig. 4).

of dependence shown in Fi g. 4 tha t accordi ng to the m odel the Cu seedlayer rough-
ness can both increase and decrease depending on the rati o of roughnesses on
both sides of the upper Py layer. Al tho ugh the NÇeel m odel is rather sim ple i t was
al ready shown tha t i t can reasonably wel l describe exp erimenta l resul ts [8, 10, 11].

W e believe tha t the main source of error in our estim ate is the determ inati on
of roughness modulati on wa vel ength. W e assumed, based on the dependence of
Fi g. 5, tha t is about 25 nm . One can see in Fi g. 7 tha t depends very much
on value and any error in i ts determ inati on causes serious changes in obta ined
coupl ing value. The assumpti on of the conform al growth m ay be a source of error,
to o. If roughnesses of intera cti ng interf aces are out of phase the coupl ing Ùeld
value coul d even change sign [5]. It shoul d be expected tha t a better estim ati on of
e˜ecti ve roughness wavelength of morpho logical ly compl icated interf acesis needed
to im pro ve correspondence wi th experim ent.

Fig. 7. Mo del dep endence of the shif t Ùeld for Si(100)/100 nm thermal

Si- oxide C u 20 nm N i Fe 6 nm V 2 1 nm N i Fe 4 nm Mn I r 10 nm

C u(3 nm) multilayer obtained w ith 200 W C u sputtering p ower. Lamb da value esti-

mated from dep endence of Fig. 5 is also show n.
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4. Co n cl usion s

W e have inv estigated magnetostati c (NÇeel' s) coupl ing in the Si (100)/ 100 nm
therm al Si -oxide/ Cu ( ¤ 20 nm ) =Ni 80Fe20 (t Py1 )= V ( t V ) =Ni 80Fe20( 4 nm ) =Mn 83Ir 17

( 10 nm ) =Cu ( 3 nm ) structure. It was shown tha t the Cu seed layer roughness deci-
sivel y inÛuences the coupl ing Ùeld in the mul ti lay er. It was also shown tha t NÇeel' s
form ula al lowed us to appro xi mate m easured values of H S but there rem ains a con-
siderable discrepancy wi th the exp erimenta l results probably due to our inabi l it y
to properly characteri ze the interf ace m orpho logy. From the appl icati on point of
vi ew the strong dependence of coupl ing Ùeld value on Cu sputteri ng power should
be kept in mind when aim ing at low values of H S.
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