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Disentangling the Physical Contributions to the Electrical Resistance in Magnetic
Domain Walls: A Multiscale Study
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We analyze the origin of the electrical resistance arising in domain walls of perpendicularly magnetized
materials by considering a superposition of anisotropic magnetoresistance and the resistance implied by
the magnetization chirality. The domain wall profiles of L1y-FePd and L1(-FePt are determined by
micromagnetic simulations based on which we perform first-principles calculations to quantify electron
transport through the core and closure region of the walls. The wall resistance, being twice as high in
L1j-FePd than in L1,-FePt, is found to be clearly dominated in both cases by a high gradient of
magnetization rotation, which agrees well with experimental observations.
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Magnetic domain walls are fundamental structures in
ferromagnets and have been the subject of intense research
in the past years. The spin polarization of an electric
current flowing in a ferromagnet and its interaction with
the domain wall have been shown to be a new way of
employing the spin degree of freedom of the electron. After
the discovery of fundamental physical phenomena such as
giant magnetoresistance [1] and tunneling magnetoresis-
tance [2], which have revolutionized mass data storage
technology, the effects of spin-polarized electrons acting
on the magnetization of ferromagnetic material [3] have
evolved rapidly into an interesting research field. The spin-
torque transfer effect is the main driving force behind the
current-driven excitation of magnetization or the depinning
and motion of domain walls along nanoscale ferromagnetic
wires. It is explored in high frequency oscillators for
microwave emission in vertical pillar-type devices of
magnetic and nonmagnetic multilayers [4,5] but also in
lateral devices where the magnetic domain wall (DW) has
been proposed for advanced data storage [6] and logic
processing [7].

While in-plane domain walls and inhomogeneous mag-
netization structures like vortices in NiFe alloys have been
studied most [8,9], Bloch-type walls have been considered
for high velocity current-driven wall motion experiments
[10-12]. Such domain walls typically occur in materials
with pronounced anisotropy, among which the epitaxial
ferromagnets L1,-FePd and L1,-FePt are prominent ex-
amples. These two alloys exhibit a tetragonal crystal struc-
ture with uniaxial magnetic anisotropy and have strong
spin-orbit interaction (SOI) stemming from heavy 4d and
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5d transition metals Pd and Pt [13]. The significant
difference in SOI in L1j-FePd and L1,-FePt leads to a
dramatic change in the physical origins of the transverse
electron transport within the anomalous Hall effect [14].
This raises the question of the significance of SOI in
electron transport in the longitudinal direction. On the
other hand, the resistance due to the rotation of the
magnetization also has to be taken into account.
Quantitatively, domain wall magnetoresistance is usually
described either by using ballistic models [15]—applied
even to wide in-plane walls—or in the diffusive transport
regime [16,17]. So far, a detailed analysis of DW resistance
has not been performed for realistically shaped domain
walls from first principles, while disentangling the differ-
ent mechanisms is highly desirable for the manipulation of
DW properties.

In this Letter, we report on a detailed multiscale analysis
of the contributions to the electrical resistance in domain
walls by combining the Kubo-Greenwood formalism with
micromagnetically calculated domain wall structures
which typically occur in perpendicularly magnetized
materials. By augmenting the exact wall structure with
the local electronic and transport properties, we are able
to demonstrate that the SOI-driven anisotropic magnetore-
sistance (AMR) contribution to the DW resistance is small
in comparison to the resistivity due to the rotation of the
magnetization direction inside the wall, which dominates
in both L1)-FePd and L1,-FePt. Overall, the DW resistiv-
ities in FePt and FePd calculated from first principles are in
very good agreement with experimental values measured
in these alloys.
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To gain a common basis for comparing the Kubo-
Greenwood ab initio approach to diffusive electron
transport through a narrow Bloch domain wall with a
four-probe transport experiment on a micron-sized
structure, we consider experimentally determined areal
resistivity values for one Bloch domain wall taken in
zero field for L1y-FePd and -FePt, respectively [13,14].
Figures 1(a) and 1(b) show the typical meandering domain
structure of epitaxially deposited L1,-FePd and -FePt
observed in x-ray magnetic circular dichroism-
photoelectron emission microscopy [18]. These experi-
ments were performed at the UE49-PGM microfocus
beam line of the BESSY II facility using synchrotron
radiation monochromatized to the Fe-L; energy level.
Magnetic contrast was obtained by reversing the helicity
of the circularly polarized photons and depicting the asym-
metry ratio.

In order to achieve a direct comparison with these
experimental results, we computed the micromagnetic do-
main structure in both isoelectronic Fe alloys by using
finite element micromagnetic simulations [19]. The static
domain patterns and the detailed description of the domain
wall structures were obtained by numerically integrating
the Landau-Lifshitz-Gilbert equation with strong Gilbert
damping. The material parameters of FePt—exchange
stiffness A = 1.42 X 10~ J/m, uniaxial anisotropy con-
stant K = 2.5 X 10% J/m?, and saturation magnetization
woM, = 1.73 T—and of FePd—A = 1.6 X 107! J/m,
K =15X10°J/m3, and uoM, = 1.88 T—used in mi-
cromagnetic calculations were determined by mag-
netometry experiments. The computational volume was
discretized into tetrahedrons of about 1.3 nm edge length
[20]. The equilibrium domain state was calculated in disks
of 600 nm diameter and 30 nm thickness. The resulting
domain pattern is representative for the demagnetized state
observed in experiments as shown in Figs. 1(a) and 1(b)
and insets. Red and blue areas mark domains of opposite

FIG. 1 (color online). X-ray magnetic circular dichroism-
photoelectron emission microscopy asymmetry images of
Llj-ordered FePd (a) and FePt (b) taken at the Fe
Lj-absorption edge for the demagnetized domain state at room
temperature and in zero magnetic field. The insets to the upper
right corner show the result of micromagnetic simulations. Red
and blue areas depict magnetic domains with magnetization
orientated in opposite directions perpendicular to the film plane,
while the fine lines in between domains illustrate Bloch domain
walls.

orientation of the perpendicularly magnetized films which
are separated by narrow domain walls appearing as white
lines.

We have also performed a detailed analysis of the
structure of the domain walls. The cross section of ap-
proximately 10 nm narrow Bloch domain walls forming in
films of 30 nm thickness exhibits a well-defined Bloch core
at half thickness as illustrated in Fig. 2(a) for FePd and
Fig. 2(b) for FePt. It is noteworthy that the Bloch core of
the domain wall at half thickness of the film has very
similar width in both materials, i.e., approximately 9 nm
in FePd and 7 nm in FePt, while the closure region towards
the upper and lower edges of the cross section gives nearly
20 nm in the Pd alloy, twice the value of the Pt alloy.

The fraction of the wall volume in the domain pattern is
calculated from the equilibrium domain structure of the
600 nm diameter disk and is summarized in Fig. 2(c) as a
function of the absolute value of the maximal M, compo-
nent, which in turn is evaluated for the wall profile in each
material shown as insets in Fig. 2(c). Hence, we determine
the interfacial resistivity for a single domain from magne-
toresistance experiments [13] corrected for the fraction of
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FIG. 2 (color online). Cross-sectional profiles of domain walls
for (a) L1y-FePd and (b) L1,-FePt. The arrows represent the
magnetization averaged over two discretization nodes within the
tetrahedronal mesh. The white contour lines outline the wall at
|m.| = 0.75. The directions of the current density j (x axis) and
the [001] axis (z axis) are pointed out in the lower right corner by
arrows. The wall-closure and wall-core levels analyzed from first
principles are highlighted by gray lines. The thickness of the film
is 30 nm. In (c) the volume fraction of the M, component of the
magnetization in a disk of 600 nm diameter and a thickness of
30 nm is shown for both Fe alloys. The insets illustrate the 45°
profiles and the 0° profiles in comparison. w denotes the center
of the wall.
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TABLE I. AMR and SSP contributions ARsyr/po and
ARggp/ po, respectively, as obtained from ab initio calculations.
Both the theoretical AR and experimental AR®*P! values are
listed for comparison in units of 10”3 () cm?. The absolute
interfacial resistivities are obtained considering p, =
5.18 X 107® Qcm in FePd and py, = 13.16 X 107® Q cm in
FePt.

ARssp/po ARamr/Po

(102 nm) (102 nm)  AR%eor  ARexpt
L1(-FePd 6.28
Wall-core 189.6 —12.4 9.18
Wall-closure 177.1 —10.2 8.65
L1,-FePt 9.96
Wall-core 91.3 —8.49 10.90
Wall-closure 85.4 —11.1 9.78

wall volume and obtain in FePd a value of AR®™P' =
6.28 X 107> QO cm? and in FePt a value of AR =
9.96 X 1071 Q1 cm? listed in Table I. These interfacial
resistivities compare well with the experimental interfacial
resistivity of AR®P' =833 X 10713 Qcm? found in
single domain wall devices of FePd as reported by
Danneau et al. [21]. This value is nearly identical with
our first-principles calculations for the spin structure
determined in the closure region of the wall, discussed
later, which provides for further confidence in our analysis.
It is noteworthy to point out that the experimental values
take into account closure region as well as the core struc-
ture of the wall which can be illustrated by a simple
parallel-resistor model.

Our theoretical model of the ratio of interfacial resistiv-
ity due to a single wall, AR, and resistivity in the absence
of walls, py, is based on the assumption that it may be
written in terms of a local resistivity p(L) as

heor ] — heor
B [
Po — Po

where L denotes the coordinate perpendicular to the wall
and parallel to the j axis shown in Figs. 2(a) and 2(b). The
integrand in this expression is the local relative change of
the resistivity due to the presence of the wall. The magne-
tization is characterized by its direction, m(L), and the L
derivative of it, dm(L)/dL. Locally, the magnetic structure
may be mapped onto a spin spiral with cone angle
a(L) = arcsin(m, (L)) and spin-spiral vector ¢g(L) =
|dm(L)/dL]|/ sin(a(L)) [20]. Therefore, the local resistiv-
ity is fully characterized by m(L), g(L), and «(L), i.e.,
p(L) = p(m(L), q(L), a(L)).

We further decompose the relative change of the mag-
netization into the contributions due to AMR and those due
to the rotating magnetization: [p(m, q, @) — pol/po =
pamr(m)/po + pssp(q, @)/pg. In order to compute the
AMR contribution, we evaluate the resistivity pc(m) of a
collinear system as a function of m and set pyr(m)/pg =

[pc(m) — pc(my)]/pc(my), where my is the direction
of the magnetic easy axis. Since AMR is dominantly a
SOI effect, pc(m) is evaluated from collinear calculations
that include SOI. For the contribution due to the magneti-
zation rotation in the domain wall, we set pgsp(q, @)/ py =
[onc(g, @) — pne(0, 0)]/ pnc(0, 0), where the resistivity of
spin spirals (SSP) with wave vector ¢ and cone angle «,
pnelg, @), is obtained from noncollinear calculations for
spin spirals without SOI. The relative resistivity changes
pamr(m)/py and pgsp(q, @)/py are calculated from
ab initio employing the Wannier interpolation technique
[22] in conjunction with the Kubo-Greenwood formalism
assuming a scalar random point defect model to describe
disorder in the clean limit [20].

The AMR contribution to the interfacial domain wall
resistance is computed according to
ARAMR _ ]°° pamr(m(L)) dL, @)

Po —o0 Po

fully taking into account m(L) from our micromagnetic
simulations. For the core region, we obtain ARvr/ 0 =
—124X102nm in FePd and ARszur/po=
—8.49 X 1072 nm in FePt. Interestingly, the closure re-
gion of the wall yields very similar AMR values, shown
in Table I. Noticeably, the much larger SOI strength of Pt
atoms of 0.54 eV in FePt does not result in a larger AMR
contribution to the domain wall resistance, when com-
pared to FePd with the corresponding SOI strength of
0.19 eV for Pd atoms.

In order to calculate the SSP contribution to DW resist-
ance, we use our micromagnetically simulated m profile
[cf. Figs. 2(a) and 2(b)] to determine q(L) and a(L) at each
point L and then evaluate pgsp(q(L), a(L)) from ab initio
as explained above. The absolute value of the spin-spiral
wave vector ¢ is equivalent to the wavelength of the spiral
A = 277/q. The calculated distribution of the inverse SSP
wavelength A~! as a function of the distance L from the
center of the DW is presented in the insets in Fig. 3 for the
core and closure region of the DW in both materials. A~
exhibits a rather similar dependence on L at the core of the
walls, in accordance to a similar core DW width for both
alloys; see Fig. 2 (see also [20]). On the other hand, in
correspondence to Fig. 2, the spread of A~! with L is much
wider in the closure region, while A~!(L) gives higher
values in FePd than in FePt. For all considered cases, the
largest A~! observed corresponds to the smallest spin-
spiral pitch of 14 nm in the center of the DW core in
FePt, which is in good agreement with the value obtained
analytically from exchange stiffness and uniaxial anisot-
ropy constant [20].

In Fig. 3, we show the ab initio results for pgsp(q)/po as
a function of A~!. The leading order contribution to
pssp(q)/po is proportional to A~! even for large
wavelengths, in contrast to the A~2 behavior expected
from the Levy-Zhang model [16]. Similar findings for the

077201-3



PRL 108, 077201 (2012)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2012

8
1< 5 wall
0 I
E6 watcore ], closure
I 4 3
i E 2
1< 2 1
< 05 0
o 1 10 20 B?r:vmdjo 50 60 10 20 L3?nv'v“t§0 50 60
o
- 50 1 o
x Pg
Qo_ 40 1 -m- L1¢-FePt ././
o 30 ] —-@-L1g-FePd ././ -
0 20 o _p-"
& 10 ® l’.'.—.
] _ _m-
L ‘.:.:=—-’.—.
L T T T T T

0 2 4 6 8 10 12
A7 (x102 nm™)

FIG. 3 (color online). Dependence of the resistivity contribu-
tion due to spin spirals of wave vector q(L) is shown in terms of
pssp/ po versus the inverse wavelength of the spin-spiral vectors
AL The inset to the left illustrates the reciprocal wavelength
distribution of the Bloch core at the center w of the walls. The
distribution of spin-spiral vectors of reciprocal wavelength A ™!
is visibly narrower and yields larger values in FePt than in FePd.
It decays rapidly in the closure region of the domain wall as
shown in the inset to the right.

A~ ! dependency in the diffuse regime have been reported
earlier for supercell ab initio calculations [17]. Integration
according to

AR o
ssp =[ psspla(L), a(L)) dL
Po —o0 Po

3)

gives for the core regions ARggp/po = 1.896 nm in FePd
and ARggp/po = 0.913 nm in FePt, respectively. Like for
the AMR contribution, the SSP contributions of core and
closure regions are similar; see Table I.

We obtain an AMR contribution to the DW resistance in
FePt and FePd of not more than 10%. The total ARher
value, the sum of both AMR and SSP contributions, is in
excellent agreement with ARP' = 9,96 X 10™13 () cm?
measured in FePt; see Table I. In FePd the theoretical
AR™Mer while still smaller than in FePt, is by some 30%
larger than the experimental value of AR®P' =
6.28 X 10713 ) cm?. This constitutes a very reasonable
agreement taking into account that in the experiment the
crystallographic long range order parameter was limited to
Sorder = 0.8. Furthermore, we note that the SSP resistivity
dominates over SOI-driven AMR in FePd and FePt.

In conclusion, we have analyzed the origin of the elec-
trical resistance due to domain walls in L1y-FePd and
L1y,-FePt from first principles applying the Kubo-
Greenwood formalism to the locally inhomogeneous spin
structure determined from micromagnetic simulations. We
found that SOI adds only a minor contribution to the total
domain wall resistance in both L1, alloys. Moreover, our
findings indicate that the electrical resistance is clearly
dominated by the contribution induced by short wave-
length spin spirals. Thus, the different SOI strengths are

not decisive in determining the respective DW resistances,
which is contrary to the case of the anomalous Hall effect
[14]. The overall resistance due to a domain wall computed
in FePd and FePt agrees very well with the resistance
observed in experiments.
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