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The correlation between magnetostatic or Néel’s coupling and rough-
ness of interfaces in sputtered Cu/Py/V/Py/Mnlr/Cu multilayers was in-
vestigated with the help of atomic force microscopy and magnetometry. It
is shown that the coupling strongly depends on the roughness of seed Cu
layer which in turn depends on sputtering power. Roughness levels off after
deposition of consecutive layers to about 0.2 nm rms.

PACS numbers: 75.70.Cn, 68.65.Ac

1. Introduction

The coupling between ferromagnetic (F) layers in F/S/F multilayer struc-
tures (S — non-magnetic spacer) influences very strongly magnetization reversal of
the systems. In the so-called pinned spin valves (SVs), i.e. AF/F;/S/F3 structures,
a direct contact between ferromagnetic layer and an antiferromagnet (AF) can lead
to the appearance of a unidirectional anisotropy [1] with a shift field (exchange
bias) Heyx of up to dozens of kA/m. Indirect interaction, mediated by conduction
electrons in spacer, can lead to an antiferromagnetic Ruderman—Kittel-Kasuya—
Yoshida-like (RKKY-like) coupling between neighboring magnetic layers with sat-
uration field of hundreds of kA/m. In some structures, especially in SVs in which
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free, i.e. uncoupled to antiferromagnet, magnetic layer saturates in small magnetic
fields another kind of coupling could be important. It is so-called magnetostatic
(Néel’s or orange peel) coupling which is caused by the interactions between dis-
continuities of magnetization (“magnetic charges”) which form as a consequence
of roughness of interacting Fy and Fs layers [2]. In many applications it is de-
sirable to minimize this coupling to achieve the highest potential of the giant
magnetoresistance and tunneling devices [3-5]. In this work we present the results
of an investigation of such coupling in Cu/Py/V/Py/Mnlr spin-valve-like system
(Py = NigoFezo).

2. Experimental

The investigated multilayers of the Si(100)/100 nm thermal Si-oxide/
Cu( 20 nm)/NigoFeso(tpy1)/V(tv)/NisoFeap(4 nm)/Mngslr,7(10 nm)/Cu(3 nm)
structure, where tpy; = 2—10 nm, tv = 2.1-10.6 nm, were sputtered with a base
pressure of 8 x 1075 Pa and a process pressure (Ar) of 0.2 Pa. The roughness
of the Cu seed layer was varied by changing a sputtering power (P) from 93 to
250 W, for other layers 93 W power was used. Exchange bias was induced in situ
by a permanent magnet with a field of 9.5 kA /m. Atomic force microscopy (AFM)
was used to determine roughness of interfaces in the multilayer. Roughnesses were
measured on the incomplete structures i.e. for example on top of Si/SiO/Cu/Py/V
structure. In this work the roughness measured on a given incomplete structure is a
measure of roughness of interface in a complete structure. Magnetic measurements
were performed with vibrating sample magnetometer (VSM).

3. Results and discussion

A typical M (H) dependence, like the one shown in Fig. 1, allowed us to de-
termine shift fields Hg of the studied samples. As can be seen, the “soft” loop of the
free Pyl layer (see the inset of Fig. 1) is shifted in the negative field direction (i.e.
the same as the loop of the top, pinned Py2 layer, see Fig. 2) which indicates the
ferromagnetic coupling between Py layers. Within the resolution of our measure-
ments the observed coupling was always ferromagnetic although in many cases,
for higher ¢y values, barely detectable. The maximum Hg values recorded did not
exceed 0.9 kA/m. We cannot unambiguously separate different contributions to
the overall coupling [6] but since the fall off of Hg with increasing spacer thickness
tg is fairly well described by a exp(—tg) dependence (see Eq. (1)) we believe that
a possible bridging of the Py layers through vanadium layer plays only minor role,
if any, in our samples.

AFM measurements show that the Cu seed layer roughness, r, depends
markedly on sputtering power used (Fig. 3). In general rms roughnesses deter-
mined from AFM scans are low and never exceed 0.5 nm. The roughnesses on top
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Fig. 1. Exemplary M(H) dependence for the Si(100)/100 nm thermal
Si-oxide/Cu(a 20 nm)/Nigg Fezo(10 nm)/V (2.1 nm)/Nigo Fe20(4 nm)/MngsIr17(10 nm)/Cu(3 nm)

structure. Inset shows the minor hysteresis loop with an appropriate Hs value.
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Fig. 2. A schematic view of the magnetic part of investigated multilayers. Ferromag-

netic and antiferromagnetic magnetostatic interactions between different pairs of inter-

faces are also shown.
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Fig. 3. Sputtering power dependence of histograms showing the distribution of rough-
ness amplitudes (see the text) on top of the Cu layers in the Si(100)/100 nm thermal
Si-oxide/Cu(a 20 nm) structure. To extract the heights the consecutive line scans of
AFM image were digitally smoothed with low pass filter and the heights of all local

maxima and minima were recorded [7].

of Cu and V are isotropic (directions 45, 90, and 135° relative to the scan direction
were checked). For 200 W sputtering power roughness of Cu seed layer attains a
local maximum (Fig. 4) and then decreases to value lower than in the samples de-
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Fig. 4. Sputtering power dependence of shift field Hs for Si(100)/100 nm thermal
Si-oxide/Cu(a 20 nm)/Niso Fezo(6 nm)/V (2.1 nm)/NigoFe20(4 nm)/MngsIr17(10 nm)/
Cu(3 nm) samples (o) and AFM measured rms roughness r for Si(100)/100 nm thermal
Si-oxide/Cu(as 20 nm) samples (O).

posited at P = 93 W. Figure 3 shows the appropriate histograms [7] each of which
was obtained from two sets of five neighboring 1 gm AFM scans. Although there
is a considerable spread of roughness amplitudes one sees that surfaces of films
deposited with 93 and 250 W have similar height distribution. This similarity is
reflected in Hg dependence on the sputtering power (Fig. 4) where one sees that
shift fields have similar values for both samples, too.

The maxima of the r#(P) and Hs(P) dependences are mutually shifted,
though. Nevertheless, there seems to be a direct correlation between the Cu un-
derlayer roughness as obtained from AFM measurements and the shift field Hg.
We believe that it corroborates our assumption of magnetostatic origin of shift of
the hysteresis loop of the free Py layer since in theoretical expressions for Hg value
[2, 8] shift field is a linear function of roughness of every individual layer.

As shown, the AFM measurements demonstrate that the roughness of Cu
seed layer clearly depends on P. However, the roughnesses of consecutive interfaces
seem to be almost independent of the roughness of Cu/Pyl interface. After a
deposition of 2 nm of Py on top of Cu layer, rms roughness diminishes from 0.3 to
0.16 nm and changes only a little after the deposition of a consecutive 8 nm of Py.
The vanadium layer essentially does not influence the roughness, too. We conclude
that in our specific structure only roughness of Cu seed layer is seriously influenced
by the initial sputtering conditions and that the consecutive layers smoothen it to
about 0.2 nm. This behavior is not obligatory, since for layers deposited with Cu
sputtering power of 150 W roughness slightly increases after deposition of 6 nm of
Py in comparison to 2 nm Py overlayer.

As seen in Fig. 5, roughness wavelength, A, seems to be very similar on
Cu and V upper interfaces giving justification to the assumption of a conformal
growth of our multilayers [8].

To estimate the shift field Hg values we used the known Néel formula for
magnetostatic coupling [2, 9]:

2
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Fig. 5. Histograms indicating the distribution of wavelengths of surface profiles of
Cu (o) and Cu/Py(10 nm)/V(2 nm) (O) samples obtained with 93 W sputtering power.

To extract wavelengths the consecutive line scans of AFM image were smoothed with

low pass filter and the positions of all local maxima and minima were recorded [7].

where h denotes roughness amplitude, ¢ — thickness of the free layer, tg —
non-magnetic spacer thickness and M, — the magnetization of the pinned layer.
Originally Néel derived his formula for two interacting semi-infinite magnetic layers
and included thus in analysis only two rough surfaces [2]. It was shown later [8] that
the above description can be refined to successfully describe interactions of two
thin ferromagnetic films. In such case one has to include four interactions between
four pairs of interfaces (see Fig. 2) i.e. in our case ferromagnetic couplings between
the top interface of Pyl layer and the bottom of Py2 and the bottom interface
of Pyl layer and the top interface of Py2 layer and antiferromagnetic couplings
between respectively top and bottom interfaces of both layers. To estimate the
coupling field Hg we used roughness values obtained from AFM scans with the
assumption that roughness on both interfaces of Py2 layer is the same. We believe
that the relative independence of roughnesses of the upper interfaces on Cu seed
layer roughness justifies this assumption i.e. taking measured roughness of V layer
as the estimate of the Py2 layer upper roughness. We assumed also that interfaces
are correlated [8]. It should be noted that as rms of sinusoid is \/2 times smaller
than its amplitude we multiplied rms roughness obtained from AFM by that factor
prior to calculating Hg with Eq. (1). Our calculated values of coupling field are
the algebraic sums of the four previously mentioned interactions [2, 8]. For the
ferromagnetic interaction between the bottom surface of Pyl layer (roughness hq)
and the top surface of the Py2 layer (roughness hy) (see Fig. 2) the expression (1)
takes the form

Hg = i <h1h4 ) Mpe—Zﬂ\/i(thl+tV+th2)/>‘. (2)
\/5 Atpyl
The model values of Hg are shown in Fig. 6 together with respective experimental
dependence.
The correspondence between the model values and the experiment is satis-
factory keeping in mind simplifying assumptions made. It should be noted in view
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Fig. 6. Sputtering power dependence of shift field Hs for Si(100)/100 nm thermal
Si-oxide/Cu(a 20 nm)/Niso Fezo(6 nm)/V (2.1 nm)/NigoFe20(4 nm)/MngsIr17(10 nm)/
Cu(3 nm) samples (o) and model values obtained with Néel’s expression (O) (com-

pare Fig. 4).

of dependence shown in Fig. 4 that according to the model the Cu seed layer rough-
ness can both increase and decrease Hg depending on the ratio of roughnesses on
both sides of the upper Py layer. Although the Néel model is rather simple it was
already shown that it can reasonably well describe experimental results [8, 10, 11].

We believe that the main source of error in our estimate is the determination
of roughness modulation wavelength. We assumed, based on the dependence of
Fig. 5, that A is about 25 nm. One can see in Fig. 7 that Hg depends very much
on A value and any error in its determination causes serious changes in obtained
coupling value. The assumption of the conformal growth may be a source of error,
too. If roughnesses of interacting interfaces are out of phase the coupling field
value could even change sign [5]. It should be expected that a better estimation of
effective roughness wavelength of morphologically complicated interfaces is needed
to improve correspondence with experiment.
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Fig. 7. Model A dependence of the shift field Hs for Si(100)/100 nm thermal
Si-oxide/Cu(a 20 nm)/Niso Fe20(6 nm)/V (2.1 nm)/Niso Fe2o(4 nm)/MnssIr17(10 nm)/
Cu(3 nm) multilayer obtained with 200 W Cu sputtering power. Lambda value esti-

mated from dependence of Fig. 5 is also shown.
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4. Conclusions

We have investigated magnetostatic (Néel’s) coupling in the Si(100)/100 nm
thermal Si-oxide/Cu(= 20 nm)/NigoFeso(tpy1)/V(tv)/NisoFean(4 nm)/Mngslri7
(10 nm)/Cu(3 nm) structure. It was shown that the Cu seed layer roughness deci-
sively influences the coupling field in the multilayer. It was also shown that Néel’s
formula allowed us to approximate measured values of Hg but there remains a con-
siderable discrepancy with the experimental results probably due to our inability
to properly characterize the interface morphology. From the application point of
view the strong dependence of coupling field value on Cu sputtering power should
be kept in mind when aiming at low values of Hg.
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