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Absence of spin scattering of in-plane spring domain walls
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We have performed current perpendicular-to-plane measurements in Gd-transition metal multilayers and
amorphous Co,Gd,;_,/Co,Gd,_, bilayers. Both systems create in-plane exchange spring domain walls (SWs)
whose width can be controlled by an external magnetic field. The results can be explained fully by Lorentz
magnetoresistance (MR) plus the effect of the interface. They show no intrinsic scattering from the SWs,
suggesting that the “mistracking” of the spin to the local magnetization is not the main cause of MR of domain
walls but the change of spin populations across a thin barrier as in GMR structures.
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I. INTRODUCTION

The magnetoresistance of domain walls (DWs) has been a
subject of intensive research over the last decade. Domain
walls are boundaries between domains, and therefore, intu-
itively, one might assume they would produce additional
electron scattering if they were thin enough. Nevertheless,
unambiguous experimental evidence does not seem to be
easy to find. Some authors claim that the DWs contribute to
a decrease in the resistance of the material, while a signifi-
cant number of others, especially recently, claim the opposite
(i.e., that they contribute to an increase of the resistance of
the material'=3).

Although it is possible to find theories that explain both
positive and negative contributions,*> perhaps the most gen-
erally accepted is that of Levy and Zhang, in which the
positive contribution of the DW is related to the degree of
spin polarization of the current and on the ability of the spin
to track the local magnetization (this being mainly dependent
on the width of the DW, the exchange interaction of the
material, and the Fermi velocity of the carriers).

The ideal magnetoresistance (MR) measurement of DWs
would be one where there are no other sources of MR (an-
isotropic MR (AMR), Lorentz MR, Hall effect, or orbital
motion’) and where the width of the domain wall can be
controlled by an external source, so that the dependence of
the MR on the width of the DW can be established and
compared to the theory. Recently we presented configuration
to measure MR in DWs with the current perpendicular to
plane (CPP) in Permalloy-Gd-Permalloy trilayers, where an
in-plane 180° DW was constricted to the Gd layer.® In this
configuration all the current flows perpendicular to the DW
and to the magnetization at any field (so the AMR contribu-
tion is kept constant), but also the current only flows through
the middle of the mesa containing DW (because of a pat-
terned insulating window on top), avoiding any contribution
of the divergent magnetization close to the edges.

Here we report CPP measurements following the same
geometry as in Ref. 8 on different multilayers, where we are
able to create in-plane exchange spring domain walls (SWs)
whose width is controlled by the external magnetic field. The
width of the SW can be reduced by the external field,” and
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therefore, potentially, we could arbitrarily increase the scat-
tering produced by the SW. The thickness of the SW has
been experimentally compared to thorough simulations® us-
ing magneto-optical Kerr effect (MOKE) on transparent
quartz substrates (so the information of both layers can be
obtained)'? as will be shown later.

This work first reports measurements on Gd-transition
metal (TM) multilayers. Gd couples antiferromagnetically
(AF) with the TMs Fe, Co, and Ni. Bilayers of Gd/Fe are
perhaps the best studied because they form a nearly perfect
interface with very little diffusion of one element into the
other; Co and Ni are known to form a less perfect interface
with Gd.'"'? This AF coupling means that at low tempera-
tures, when the Gd layer has a larger magnetic moment than
the Fe, the application of a magnetic field creates an in-plane
SW,!314 as sketched in the inset Fig. 1(a). The stronger the
applied magnetic field, the narrower the SW, but also the
lower the Gd-TM interface angle (reduced from the AF zero
field 180°). The effect of this decrease of the angle at the
interface with the field has been characterized already'>'® as
a linear decrease of the resistance when the angle is reduced
from 180°. Once the effect of the interface is known, it is
possible to study the effect of the SW on the MR.

Inoue et al.'” recently predicted a change in the scattering
because of the kind of SWs described in this paper. When the
external field is increased, initially the resistance should de-
crease because of the reduction of the angle at the interface
but, for stronger fields, when the SW is thinner, the resis-
tance would increase because of the increased scattering of
the SW. This effect was not observed in AF boundaries in
Fe;0,4,° but it was thought to have been observed in some
Gd/Fe multilayers.'°

All the samples in this paper have been prepared for trans-
port measurements in the same way, explained in detail in
Ref. 16 (see Fig. 1 of that paper) and outlined here for clar-
ity. The samples were deposited by sputtering with a base
pressure below 108 mbar, in an Ar atmosphere of
1072 mbar. For all the Gd/TM samples we deposited six bi-
layers plus an extra layer of TM on top, capped with Cu. The
quality of the interfaces was tested by low angle x-ray reflec-
tivity and the magnetic characterization was done mainly by
VSM and MOKE for different temperatures. Magnetic evi-
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FIG. 1. Transport measurements for the samples with Gd and
different transition metals. (a) Measurements in which the interface
is Ge/Fe. Inset in (a) shows a schematic drawing of the formation
of DWs in both Gd and Fe layers when a magnetic field is applied.
(b) Samples without a Fe interlayer and therefore a slightly poorer
interface. Inset in (b) shows the measurement in pure Fe in order to
emphasize the similarity with the samples Gd30Ni30 and
Gd30Co30.

dence that the samples grown in these conditions develop
SWs at high fields can also be found elsewhere.!® We will
refer to the samples according to the thicknesses of the lay-
ers, for example, Gd30Fe30 refers to the sample
(Fe 30 nm—Gd 30 nm) X 6+Fe 30 nm. We have also grown
samples of Gd30Co030 and Gd30Ni30, and plain Fe samples
to compare to the Gd/Fe results, as well as samples with a
thin Fe interlayer at every interface in order to improve the
interface: Gd30Fe2Co26Fe2 and Gd30Fe2Ni26Fe2.

II. Gd:Co, Fe, or Ni MULTILAYERS

The CPP transport measurements of these samples are
shown in Fig. 1. The transport properties clearly show the
stabilizing function of the Fe at the interface. The samples
Gd30Ni30 and Gd30Co30 show only a small parabolic MR,
which one would attribute to Lorentz MR. In fact, the behav-
ior of a pure film of Fe [inset to Fig. 1(b)] shows the same
parabolic shape. Obviously, in the Fe sample there are no
in-plane SWs. In the samples with Gd/Fe interfaces, the MR
curves are linear for low fields and have a parabolic upturn
for larger fields. This upturn is larger than for the samples
Gd30Ni30, Gd30Co30, and pure Fe.

The linear decrease of the resistance at low fields of the
samples with Gd/Fe interfaces is caused by the decrease of
the angle at the interface from 180° (Ref. 16) when the field
increases. The parabolic upturn at high fields could be ini-
tially interpreted as the positive scattering of the SWs when
their width decreases at high fields, as predicted by Inoue et
al.'7 Nevertheless, the parabolic shape also suggests that it
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FIG. 2. The transport measurements of the sample Gd30F30 for
different temperatures. Inset: resistance vs field normalized to the
resistance at zero fields (extrapolated from the parabolic part of the
curves) for different temperatures: (@) 10 K, (H) 20 K, (A) 30 K,
(O) 50 K (O) 70 K.

could be caused by Lorentz MR. If we measure the high-field
part of the curves of Fig. 2 for different temperatures, all
follow Kholer’s rule'® as shown in the inset, suggesting that
the effect is simply Lorentz MR.

III. MICROMAGNETIC SIMULATIONS

In our experimental system the current is flowing perpen-
dicular to plane through the center of every mesa, thanks to
the SiO, window. This allows us to ignore the effect of the
edges of the mesas, where the magnetization could be mis-
aligned by magnetostatic energy. This simplifies the simula-
tions because we can assume periodic boundaries in the
plane of the sample. The simulations were done with the
commercially available LLG simulator. The simulation vol-
ume was 10X 10 X t,,, nm® with ., the total thickness of the
multilayer. The cell size of the simulation is 1X1
% 0.25 nm®. The parameters used for the different materials
were: M5°=17000 G, MS°=14000 G, M§'=5000 G, and
Mg’d= 15000 G (reduced magnetization in Gd for thin
films'*2%), AFe=20.5 pJ/m, A®°=30.5 pJ/m, AN'=9.7 pJ/m,
AS4=75pl/m, K'=4.7x10*Im>3, K°=53X10°Jm™,
and KNi=5.1 X 103 Jm™. The interlayer coupling between Fe
and Gd was chosen as A;,;=1.0 perg/cm.

Figure 3 shows a summary of the results from the simu-
lations for the three samples Gd30Fe30, Gd30Fe2Ni26Fe2,
and Gd30Fe2Co26Fe2. As the field increases, the width of
the SWs decreases in all samples (therefore, a potential in-
crease in the scattering), but so does the total rotation (there-
fore, a potential decrease in the scattering). The SW width is
extracted from a linear fit to the magnetization angle versus
vertical distance curves in the multilayers. Figures 3(a) and
3(b) show the behavior of the Gd layer in all the samples. As
can be seen, the SW in this layer fully develops for relatively
low fields and after ~1 T the SW does not get much nar-
rower, although its rotation continues to decrease signifi-
cantly up to 8 T. In principle, this means that the scattering
from the SW in Gd should be maximum around 1 T. The
situation for the SWs in the transition metal is shown in Figs.
3(c) and 3(d) and is quite similar to that in the Gd layer: the
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FIG. 3. Behavior of the magnetization around the interface for
the samples Gd30Fe30 (4), Gd30Fe2Ni26Fe2 (A), and
Gd30Fe2Co26Fe2 (H). The total rotation of the spring wall is the
difference between the angle at the interface (in either Gd of TM
depending on the case) and the angle at the center of that layer.

spring wall is mostly formed for fields below 2 T and for
higher fields only a small decrease in the SW width and a
more significant decrease of the rotation within the SW is
observed. The rotation in the TM depends strongly on the
exchange energy, and therefore the SW in Co develops only
a rotation of 40°, while Ni almost reaches 90°. According to
this, intuitively one can think that the scattering caused by
the SW in the transition metal should be higher in the sample
with Ni than in the sample with Fe or Co.

Nevertheless, as mentioned above, on top of the positive
effect of scattering of the SWs at the interface, we have to
subtract the effect of the reduction of the interface angle. The
interface angle versus applied field is plotted in Fig. 3(e). As
expected, the angle at the interface decreases almost linearly
with field, from the antiparallel 180° toward 0° (aligned with
the field), in the limit of very high fields.

The results from the simulation can be used as input for
models that describe the behavior of the interface'® and the
scattering created by the SWs.® As a first approximation, we
have considered the SWs and the interface as independent
scattering systems: the SWs will increase the scattering as
their widths decrease and their total rotation increases,
whereas the interface will contribute to a decrease of the
scattering when the angle at the interface reduces toward
zero. We can calculate both contributions separately and add
them to check if there is any similarity with the transport
measurements plotted in Fig. 1. This analysis could help us
understand whether the SW scattering contributes to the MR.
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FIG. 4. Estimated MR obtained with the available theories and
the magnetic configuration obtained from the micromagnetic simu-
lation. (a) represents the estimated MR exclusively from the behav-
ior of the interface with field [see Fig. 6(e)]. (b) represents the
estimated MR exclusively from the spring DWs in the Gd and the
TM layers. Gd30Fe30 (), Gd30Fe2Ni26Fe2 (A), and
Gd30Fe2Co26Fe2 (H).

Treating SW scattering and interface scattering as indepen-
dent systems might not necessarily be a good approximation,
especially at high fields where the width of the spring DWs
in both Gd and TM are of the order of the mean-free path of
the electrons. We will discuss this point in further detail in
the Conclusions.

The angles in Fig. 3 have been taken as an input in the
model of sharp antiferromagnetic interfaces described in Ref.
16. The values used are resistivity (p™=10 uQ.cm,p°
=6 puQ.cm,pN=7 uQ.cm,p4=130 uQ.cm), polarization
(BF=0.5,8°=0.4, 8N=0.5,859=0.35), and the spin diffu-
sion length,?! which does not seem to be very critical to the
final result, has been chosen in all materials ~0.1 wm. The
spin scattering at the interface is modeled through the param-
eters y (asymmetry of the spin flip at the interface) and r,
(surface resistance of the interface). The values of these two
parameters have been chosen to be the same in all the
samples because the interface is always Gd-Fe: y=0.2 and
r,=0.3X 1071 Qm?. The results of the model for the inter-
face using the magnetization angles obtained from the simu-
lations are displayed in Fig. 4(a). The result closely repro-
duces the initial drop of the MR curves shown in Fig. 1(a). It
is important to note that the multilayers do not show a sig-
nificant twisting in the SWs for small fields, thus the inter-
face will play the most significant role at such fields. The
good agreement between experimental results and theory for
lower fields confirms this point.

For higher fields we have to include the SWs in our analy-
sis. Over ~2 T, the spring DWs are thinner than ~5 nm and
the total twist of the magnetization across this width ranges
from 40° to 90°, depending on the material. According to
previous results on MR of DWs and to Levy and Zhang’s
theory,® we could expect a positive scattering coming from
the SWs. Figure 4(b) shows the results of Levy and Zhang’s
theory applied to the data obtained from our simulation for
this set of samples. We have used kz=1.7 X 10'* m~! for all
TM and kz=8 X 10° m~! for Gd, m"=1 for TM and m" =3 for
Gd, and the ratio of resistivities for majority and minority
spin p*/p~=5 for TM and p*/p~=3 for Gd. The rest of the
material constants required for the calculations can be found
in the text above.
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Figure 4(b) shows that the predicted behavior at high
fields, according to our model, is quite different from that
observed in the transport measurements [Fig. 1(a)]. Indeed
for higher fields, when the rotation of the magnetization
within the SWs is reduced under the influence of the external
magnetic field, one would expect the positive contribution to
the scattering (and therefore the resistance) to go down, as
the calculations show. It seems again that the parabolic be-
havior of the transport measurements might not be due to the
scattering in the SWs but instead is because of Lorentz MR.
This point is reinforced by the fact that the measurements at
different temperatures for the samples Gd30Fe2Ni26Fe2 and
Gd30Fe2Co26Fe2 fit Kohler’s rule, as in the case of
Fe30Gd30 (Fig. 2).

This raises the question of why the SWs are not having
any effect on the resistance of the material. The parabolic
shape of the transport measurements for high fields does not
deviate from parabolic at all; therefore, we can assume that
there is no extra source of MR besides the AFM interface
scattering and the Lorentz force.

Before we enter the discussion we show in Sec. IV further
measurements in a completely different system in order to
confirm that this type of SW does not show any appreciable
scattering.

IV. BILAYERS OF Gd,Co,_./Gd,Co,_,

In order to confirm this lack of scattering caused by the
SWs, we also studied a set of Gd,Co,_,/Gd,Co,_, bilayer
samples. For the appropriate composition range, Gd,Co,_, is
an amorphous ferrimagnet with a well-defined uniaxial
anisotropy;>>?* the Gd and Co are AF coupled and the net
magnetization (M) of Gd,Co,_, is dominated by either the
Gd or Co, depending on the composition and temperature.
For T<T,yy, (the compensation temperature at which Mg
=0), the Gd moments are larger than the Co moments and
vice versa for 7> Ty, We, therefore, fabricated bilayers
with compositions such that My is parallel to Gd in one layer
and parallel to Co in the other [see Fig. 5(a)]. The antiparal-
lel configuration of My between adjacent layers is controlled
by the interaction of the elements at the interface, mainly the
strong Co-Co exchange interaction; when a large magnetic
field is applied, a SW is created in order to keep the ferro-
magnetic Co-Co exchange at the interface but minimize the
Zeeman energy.>3>

Our Gd,Co,_,/Gd,Co,_, bilayers have been prepared by
cosputtering from independent Co and Gd targets>>® onto a
Cu buffer layer; a Cu capping layer protects the underlying
bilayer from oxidation. The thickness of each Gd,Co,_, layer
is 50 nm. The presence of the DW at the bilayer interface has
been characterized by transverse magneto-optical Kerr effect
(MOKE). For visible wavelengths, MOKE measurements are
only sensitive to the Co moments, which allows us to follow
the switching or rotation of Mg when the field is varied.?’
Since the optical penetration depth is smaller than the thick-
ness of the layers, MOKE in combination with bulk magne-
tization data can determine the reversal of each individual
layer and demonstrate the presence of the SW.

Different bilayers were grown to create the in-plane SW
at different temperatures in each sample. Sample A,
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FIG. 5. (a) MOKE hysteresis loop of Gdy 1,C0o¢ g/ Gdg290C0g 7;
bilayer (sample A) at 20 K; the magnetic configurations for each
step in the magnetization reversal process are sketched, indicating
the presence of the DW at the interface at higher fields. (b) Trans-
port measurements for the samples Gd,Co,_,/Gd,Co,_, measured
at 20 K; the total resistances at zero field are 37.4, 22.7, and 42.5 ()
for samples A, B, and C respectively. Inset: a visualization of the
angular barrier created by the spring domain wall, separating two
parallel domains with the same magnetization direction.

Gd,) 1,Coq g3/ Gd29C0y7; shows an in-plane SW from 0 to
300 K; sample B, Gd;¢Coggs/Gdy29C007; shows a SW
only =100 K, and Sample C, Gd()‘16C00_84/Gd0.12C00_83
shows an in-plane SW only for temperatures =100 K.

Figure 5(a) shows the MOKE hysteresis loop obtained
from GdO.]2C00.88/Gd0'29C00'7] bilayer at 20 K with the field
applied along the easy axis of the sample. When the M| in
the top layer is aligned with the field, it will also be aligned
in the bottom layer, and therefore a SW must have been
created at the interface. Figure 5(a) shows that for fields
>100 mT, the top layer is almost saturated and the presence
of the in-plane SW is demonstrated. When the field is re-
duced to zero, the MOKE signal is completely reversed, in-
dicating that because of the exchange interaction the SW has
been annihilated and the Co moments in the reversed top
layer (and the unchanged bottom layer) are antiparallel to the
external field. When the applied field is further reduced be-
low zero, the MOKE signal reverses, which corresponds to
the complete switching of the magnetic configuration. Ap-
plying a larger negative field will switch the top layer again
and create a SW. When the SW is present, the Co and Gd
moments are arranged in a 180° Bloch wall, but the magne-
tization is arranged in a springlike DW [see insets to Fig.
5(a)].

Figure 5(b) shows the magnetoresistance curves obtained
for the three Gd,Co,_,/Gd,Co,;_, samples at 20 K. The re-
sults do not show any difference, whether there is an in-plane
SW or not (even when measuring the same sample at differ-
ent temperatures). The measurements obtained at different
temperatures (not shown here) do not show any change other
than Kohler’s decrease of the slope as seen in other samples
(Fig. 2), suggesting again Lorentz MR as the primary cause
of the positive scattering.

In the case of Gd,Co,_,/Gd,Co,_, bilayers it is also pos-
sible to experimentally estimate the width of the SW using
MOKE on transparent quartz substrates.'? The results shown
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FIG. 6. (a) Inset shows the MOKE signal of the bottom layer of
one of the GdCo samples. The samples are grown in parallel with
the ones used for the transport measurements. The hysteresis loop is
complementary to the one shown in Fig. 5(a) because MOKE is
only sensitive to Co moments. The main panel is a magnification
(indicated in the inset) of the saturation part where the formation of
the spring wall is shown. (b) Field dependence of the width (d) of
the SW deduced from the curve in (a) using the model developed in
Ref. [28] for the MOKE signal, that presents a H~'> behavior in
agreement with Ref. [10]. An approximate value of 4 nm for 4 T
can be extrapolated.

in Fig. 6 extrapolate a SW width <4 nm for fields >4 T.
This is valid only if this extrapolation holds until nanometer
scale, something that we cannot demonstrate, although our
simulations give similar results.

The transport measurements in the bilayers of
Gd,Co,_,/Gd;Co,_, confirm that the conduction electrons
does not seem to be sensitive to the fast rotation of the local
moments in the SWs. Whether the carriers are sensitive only
to the Co moments (180° DW) or to the total magnetization
(two consecutive 90° SWs with opposite chiralities), it does
not seem to make any difference to the transport within the
metal.

V. DISCUSSION AND CONCLUSIONS

Taken together these measurements, in two different types
of multilayer, both with in-plane SW structures, lead us to
conclude that this type of SW does not contribute to en-
hanced electron scattering. This is a surprising result because
the width of the SW can be reduced to very small values (on
the order of a nanometer) when the external field is large
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enough. Previous experimental results,>” including a 180°
in-plane DW,? showed clear evidence of DW magnetoresis-
tance.

However, the particularity of these SWs is that they sepa-
rate regions with parallel magnetization [see inset in Fig.
1(a)]. This is in marked contrast to previous work in which
DWs separate regions with antiparallel moments, the key
qualitative difference being that the spin polarized carriers do
not have to change sign when passing from one layer to
another across the SW. It is important to note that in Ref. 8
scattering was found in a thin 180° DW (separating antipar-
allel domains). In this work, though, the SW separate parallel
domains and no sign of scattering are found. This striking
and unexpected result suggests that a fast rotation of the
local magnetization is not on its own sufficient to enhance
scattering and electrical resistivity.

It is important to briefly discuss how comparable our re-
sults are to previously published work. The measurements
are taken at 20 K (versus 77 K, for instance, in Ref. 8). The
results are qualitatively comparable because at lower tem-
peratures we should expect higher scattering of the walls.
Nevertheless, the results in this work show no sign of MR at
all. On the other hand, according to the model of MR in
multilayers using CPP geometry,?1% the MR is not very sen-
sitive to the thicknesses of the layers but more so to the
polarization and the bulk and surface spin-flip scattering.
Therefore (as happens in standard GMR multilayers) a layer
of few tens of nanometers should be enough to make the
polarized carriers sensitive to every magnetic layer.

Although a theoretical study in structures similar to those
studied in this work,!” predict a measurable contribution of
the DW to the total resistance of the material, it seems that in
order to get scattering from a DW, it is essential that the DW
separates two domains where the magnetizations are mis-
aligned at a large angle with respect to one another, so the
spins have to rotate (or flip) from one domain to the other.
For a relatively wide domain wall this rotation can be ac-
complished adiabatically.

Therefore, a finite DW resistivity contribution requires
both a change of the orientation of the majority carriers and
a “mistracking” of the spin to the local magnetization.?’ In-
stead, a more general model is required that also includes, for
example, the possibility of spin tunneling through the DW,
which could avoid the mistracking effect. Taking into ac-
count that the transport measurement is sensitive to the angle
of the interface, we believe any tunneling effect should be
also detectable as a decrease in the resistance when the field
is increased, but this could require greater sensitivity than
our measurement achieved.
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