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Abstract. We report magnetic domain wall (DW) resistance in epitaxial films
of FePd. When equal numbers of Fe and Pd atoms are present, this material forms
an ordered structure with alternating crystal planes of Fe and Pd. We prepared
films enriched with Pd to varying degrees, gradually degrading this structure.
As might be expected, this increased the electrical resistivity of the films by
introducing extra defects that can scatter electrons. However, unexpectedly, the
additional resistance arising from the ~10 nm thick DWs rose as a proportion of
the overall resistivity, roughly doubling when halving the degree of chemical
ordering—as determined from x-ray diffraction measurements—within the
films. These data can be used to infer a rise in the spin polarization of the current
flowing in the layers when extra Pd atoms are introduced. On the other hand, a
separate measurement of spin polarization using a superconducting point contact
technique that is insensitive to electron scattering revealed no changes as extra
Pd was introduced. We conclude that Pd atoms scatter electrons of one spin far
more strongly than the other, suggesting a possible means of producing highly
spin-polarized currents for use in spintronic devices.

Online supplementary data available from stacks.iop.org/NJP/12/033033/
mmedia
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1. Introduction

Using the spin degree of freedom of the electron to store and process information, just as
charge is used in the current generation of microelectronic devices, is the central concept of
spintronics [1]. The proposal of the spin field-effect transistor by Datta and Das [2], which
relies on generating, manipulating and detecting spin-polarized currents, triggered enormous
activity and effort to understand and control spin-dependent transport. An area of active interest
at present is domain wall (DW) spintronics [3], where spin-polarized currents interact with
local gradients in the magnetization direction, giving rise to additional resistance [4, 5] and
spin-transfer torques [6, 7].

The Stoner model of itinerant ferromagnetism describes magnetization as arising from
two separate populations of electrons, spin-1 and spin-|,, the first of which is greater in total
number [8]. These may conduct in parallel [9], and the resulting difference in conductivity
due to the different sub-band structures at the Fermi level will lead to an imbalance in the
proportion of current carried by the two spin species. A key parameter in quantifying this is the
degree of spin polarization P of the current that flows, and hence a proper definition of P in
the appropriate transport regime is required [10, 11]. P is defined as the unpaired fraction of
the current when resolved into contributions to the current density J carried by the spin-1 and
spin-|, carrier populations, P = (J; — J;)/(J; +J}). Since these current densities are driven
by the same electric field £, we can use Ohm’s law J = o £ to write the formula in terms of
spin-resolved conductivities, P = (o4 — o) /(04 + ). Determining P now amounts to finding
an expression, appropriate for the transport regime in question, for these conductivities. In a
ballistic experiment, such as PCAR spectroscopy [12, 13], these will be determined solely by
the spin-dependent electronic structure. In the diffusive regime the spin-dependent scattering
rates 1/74(;) will also play a role. Equivalently, one can define a spin asymmetry o = o /0,

straightforwardly related to the polarization by
o—1
P= : (1)
a+1
For instance, in the common method of measuring spin polarization, PCAR [12, 13], the
polarization of a ballistic current crossing an interface from the ferromagnet in question into a

superconductor is measured. In the ballistic limit, following the ideas of Mazin [10], we define
g1(ER)vg 4

ot @)
g1 (Ep)vg
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which depends only on the spin-resolved densities of states at the Fermi level g4 | (Er) and
Fermi velocities vg 4 | .

Meanwhile, in the diffusive regime the spin-dependent relaxation times 74 ; must also be
taken into account. Using a simple Drude expression for the conductivity, we may write

gT(EF)UI%,TTT
g (Epvg T,

These spin-dependent scattering rates mean that a transport current may have a different degree
of spin polarization to the underlying carrier densities, as the two species will have different
mobilities. The expressions for current polarization in the ballistic (Poanisiic) and diffusive
(Pgitusive) regimes follow easily from equation (1).

Here, we report on the role of spin-dependent impurity scattering in the spin polarization
of a diffusive current Pjigsusive in ferromagnetic L1y-ordered Fe(,_,)Pd, epilayers, whose crystal
structure gives rise to a strong magnetic easy axis that is oriented perpendicular to the film
plane, yielding dense, narrow DWs. The chemical order parameter S was reduced by varying x.
We measured the DW magnetoresistance (MR) to quantify Pgiysive using the Levy—Zhang
(LZ) theory of DW MR [5, 14], while we used PCAR conductance spectroscopy to address
the ballistic case. We show that the extra Pd atoms act as spin-dependent scattering centres,
changing the scattering rates 1/74 ;, in such a way as to give both higher resistivity and
DW MR. As might be expected, the PCAR results are unaffected by the changes in 7 ;.

3)

Udiffusive —

2. Sample preparation and structural and magnetic characterization

Samples were prepared by conventional dc magnetron sputter co-deposition on polished
MgO(001) substrates, i.e. Fe and Pd were deposited simultaneously from separate targets.
Varying the power applied to the two targets changed the Pd content x. Thin films were
sputtered directly onto the substrates at a substrate temperature of ~1000 K and at a deposition
rate of 0.1-0.2 A s™! without relying on the seeding underlayer. We used a 4%-hydrogen-in-
argon sputter gas mixture to prevent any film oxidation during growth at high temperatures.
High-resolution transmission electron microscopy has previously been used to demonstrate the
high degree of epitaxy achieved by this growth process [11]. Low-angle x-ray reflectometry
measurements showed that film thicknesses were in the range ¢ =30+ 3 nm for all four
samples. We describe their structural and magnetic properties in the following.

Central to this work is a precise understanding of the crystallographic long-range ordering
in Fe,_,Pd, films on enrichment with Pd. Consequently, we determined for each of our four
samples studied here a crystallographic long-range order parameter S, which is defined as
S=ro+rg—1=(roy—x4)/yg = (rg —xp)/yo, With 0 < S < 1. Here x4 and xp are atomic
fractions of the two species, y, and yg are fractions of the lattice site types o and B in the
ordered structure, and r, and r are fractions of each type of lattice site occupied by the correct
types of atoms, A on « and B on B [15-17]. For a perfectly ordered film, r, = 1, rg = 1, which
consequently yields S = 1, while a random distribution of atoms over lattice sites leads to S = 0.

More practically, however, S is determined from the relative intensities and the positions
of the (001) peak and the (002) peak obtained from ®-20 x-ray diffraction scans. We carried
out ®—20 scans for each sample using Cu-K,, radiation, i.e. A = 1.541 A. The ®-20 x-ray
diffraction scan of the FePd film with a nominally equiatomic composition level is exemplified
in figure 1(a) together with a scan of the bare MgO(001) substrate in order to identify diffraction

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)
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peaks of the epitaxial thin film unambiguously. Both the (001) peak and the (002) peak are
pronounced and are regarded as the hallmark for the face-centred tetragonal L1, phase of FePd.
The presence of the (001) peak is normally forbidden for face-centred crystal lattices, and so its
observation here confirms that there is preferential ordering on the alternating « and g planes,
which breaks the symmetry of the structure factor. To compute the chemical order parameter S
(0 < § < 1), one has to relate the integrated intensities f L001)(®) d® and f L002)(®) dO as well
as positions of the (001) peak and the (002) peak according to [15]

fl(om)(@) dO  1+0s’CO0m)
25in(20002))

S? =

1+COSZ(2®(()()1))

/1(002) (@) d@ 25in(2®(001))

. 2 .
(4_ Z?’zl a}:ee—b}:c sin (@(002))/}\.2 + CFC) e—(B(]):C+B§9C3) 51n((~)(002>)/A2

X
inZ (@ — sin(@®
(Z?:l alfeefbfe sin®(® (oo1)) /A CFe) e~ (By*+B353) sin(©o1)) /2>

(Zft | aPde=blsin*(©oo) /a2 cPd) o (BRI sin©@00) /22 4 .
1= 1

X

i=1"i

(24 qPde—b sin® (©o1) /A +de) e—(By+B3sy) sin(®@on) /22 4 . . .

R Al(:goz)e(—BgeJnggs)Sin2(®(002))/)»2)2 " Al;goz)e(—B}i“+B§5‘3>sin2<®(ooz>>/xz>2

4

et AI(@SOI)G(—B(THB;;)sinz(@(om))/xz)z + Aa?o])e(_ggdmggﬁsinz(@(om))/kz)z,

where a;, b; and ¢ are coefficients for the analytical approximation of the scattering factors for
Pd and Fe (with A the imaginary part) [16], and By and B,o; are the Debye parameters for Pd
and Fe [17]. Figure 1(b) illustrates the (001) superlattice x-ray diffraction peaks of each sample
normalized to a common (002) peak, i.e. the (002) peaks of all four samples have been scaled
to one and the same height. Then the maximal (001) peak height serves as one indicator for the
chemical ordering of the film. Employing equation (4) yields the value S for each sample, more
precisely S € {0.39, 0.53, 0.72, 0.80}, the latter value for a nominally equiatomic film, and the
degree of ordering declines as the films are enriched with Pd. This enables us to attribute our
magnetic and electron transport parameters, which we will discuss further below, directly to the
degree of L1, ordering in each sample.

In order to estimate the Pd content x, we have performed an x-ray photoelectron
spectroscopy (XPS) analysis of our L1y Fe_,)Pd, films, comparing the relative intensities
of the Fe 2p3/, and Pd 3ds,, peaks (see supplementary data available at stacks.iop.org/NJP/
12/033033/mmedia for examples of raw spectra). In the absence of an FePd standard sample, the
absolute uncertainty in x measured by this technique is much larger than the relative uncertainty.
Therefore, we assumed that the § = 0.8 sample is equiatomic (x = 0.5), since this is the highest
value of § that we obtained when varying the balance of powers applied to our magnetrons
during the trial growths for this study. Other values of x are then given in table 1 relative to
this, with relative uncertainty as an error bar. Since these values are not absolute, we retain the
experimentally measured quantity S as the most convenient parameter to label our samples.

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)


http://stacks.iop.org/NJP/12/033033/mmedia
http://stacks.iop.org/NJP/12/033033/mmedia
http://www.njp.org/

5 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

_
Q
~

(b)  S=0.339 S=053 S=0.72 S=0.80
1 1 1 1

10000 MgO<001> substrate MgO(200) >
™ FePd S= 0.8 on MgO<001> "fn'
o c
£ 1000 2
h c
+ FePd(001) =
°
9/ 100 [}
> N
= ©
: F A
) 1
3 o
£ Zo0

v v v v v v ' — 0 —i0 — 0
24 28 32 36 40 44 48 23 24 2523 24 2523 24 2523 24 25
20 (degrees) 20 (degrees)

Figure 1. (a) ®-20 x-ray crystallography scan for an L1j-ordered FePd film
(red) showing pronounced (001)- and (002)-order Bragg peaks yielding a
chemical long-range order parameter of S = 0.8. The MgO(001) substrate scan
is included for comparison (blue) and allows the identification of all other
features in this x-ray scan such as the (200) MgO substrate peak. (b) (001)
superlattice x-ray diffraction peaks of each sample normalized to the relevant
(002) peak, the peak intensity of which is set to 1. The maximal peak height
is one indicator for the chemical ordering of the film; the exact chemical order
parameter S, determined from integrated peak intensities as described in the text,
is denoted in each case ranging from § = 0.39 to 0.8.

Table 1. Structural and magnetic properties of the four Fe, ,Pd, epilayers
studied. The crystallographic long-range ordering S was determined by x-ray
diffraction as described in the text, while the relative Pd content x was estimated
from XPS spectra. The micromagnetic parameters A, K, and M, (at 4.5K)
were determined from VSM measurements. The average domain width was
determined from MFM experiments Dy and OoMMF simulations Dsim, and
an estimated DW width 6w = w+/A/K is also shown.

A K. M Dvrv Dgim Sw
S X PJ mH) MIm?) MAm™)) (am) (nm) (nm)

0.39£0.05 0.68£0.01 81£04 08=*0.1 1.1+0.1 95+£10 88=*x10 10.0£0.9
0.53£0.05 0.64£0.01 10.0£0.1 09£0.1 124+0.1 93+£10 85=%10 10.4+£0.8
0.72£0.05 0.51£0.01 13.2+£0.1 12£0.1 14+0.1 9=+10 8310 10.4+£0.6
0.80£0.05 0.5 16.0£06 15+£0.1 15+0.1 91£10 89*10 10.2+£0.5

Next, we turn to the magnetic properties of our Fe(_,)Pd, films. We determined
the exchange stiffness constant A, the uniaxial anisotropy constant K, and the saturation
magnetization M for each of our four films from variable-temperature vibrating sample
magnetometry (VSM), performed in the same way as described in detail in [11]. As might
be expected, the Pd enrichment and concomitant loss of chemical order reduced the exchange
stiffness constant A, anisotropy constant K, and saturation magnetization Mg, with all three
quantities shown in relation to § in table 1.

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)
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We used magnetic force microscopy (MFM) to image the magnetic domain structure of
our L1y Fe(_,)Pd, films at room temperature in zero field, as shown in figure 2(a)—(d). All
four samples show the dense labyrinth domain patterns typical for these high perpendicular
anisotropy films [18-20]. The samples were demagnetized using an alternating magnetic field
of decreasing amplitude prior to imaging. The cantilevers had a resonant frequency of 65 kHz
and a spring constant of I-5Nm™!. The CoCr-coated Si tip was vertically magnetized prior to
imaging, and for optimal contrast we kept the tip—surface distance constant at a typical value
ranging from 20 to 25 nm. The average magnetic domain width of the demagnetized state was
deduced by a power-spectrum analysis, and the average domain widths of all four samples
Dyrw are listed in table 1. It can be seen that there is only a very weak dependence of the
stripe domain period on S. The error bars were determined from the peak width of the dominant
spatial frequencies in our power spectra.

We employed the magnetic parameters from our VSM measurements to carry out
micromagnetic simulations of the domain structures in each sample using the OOMMF code [21].
The results are shown in figures 2(e)—(h), and are again listed with the degree of crystallographic
long-range ordering in table 1. The cell size used was (1 x 1) nm? within the film plane and
15 nm perpendicular to the film plane. Although thermal activation effects are not taken into
account in this type of micromagnetic code, we were nevertheless able to simulate the domain
structures in our material at finite temperatures using appropriate values of the micromagnetic
parameters A(T), K(T) and M (T), since we are not concerned with activation over energy
barriers but with equilibrium states. (A was scaled in proportion to the magnetization, as
appropriate in mean field theory.) We have previously shown that the domain stripe period and
wall thickness are rather insensitive to temperature [11, 14]. The average simulated domain
width Dy, in each of our four FePd samples as listed in table 1 is obtained from a Fourier
analysis of the OoMMF output. Moreover, the average domain width evaluated from MFM
images of all four samples Dypy agrees with Dy, to within the error bar, see table I,
corroborating the correctness of the micromagnetic parameters determined from the VSM data.
The domain widths and error bars were determined from a similar power spectrum analysis of
the outputs from the simulations as that performed on the MFM images. While the changes
in A and K, are substantial, the DW thickness dw ~ 74/A/K | ~ 10nm has effectively no
dependence on S (see table 1). Such narrow Bloch walls are characteristic for systems with high
K, and our values relate closely to those obtained before by us [11, 14] and to those of other
groups [22, 23]. Hence, the domain structures of all four films are very similar quantitatively as
well as qualitatively.

3. Magnetotransport in the diffusive regime and diffusive current spin polarization

The diffusive electron transport properties of sheet films were measured at 4.5K using a
standard four-probe dc technique. Film resistivity p depends strongly on S, as might be
expected, with data measured at 1.5 T—a single domain state—given in table 1. Hence, it is
clear that the additional Pd atoms that disrupt the chemical ordering act as scattering centres
and shorten the overall relaxation time of the electrons. However, it is remarkable that the total
DW MR Ap/p exhibits a strong enhancement with decreasing S in our FePd films, as shown
in figure 3. The inset of figure 3 shows some example MR data, and the DWs give rise to the
hysteretic part. The measured MR data were corrected for 12% of the total signal, attributable
to anisotropic MR arising from the Néel caps of the Bloch DWs, based on micromagnetic

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)
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Figure 2. Magnetic force micrographs of our L1, Fe;_,)Pd, samples
((a) $§=0.39, (b) §=0.53, (c) $=0.72 and (d) S =0.80) illustrating the
labyrinth domain pattern typical for this magnetic material at the demagnetized
state in zero applied field and at room temperature. For purposes of direct
comparison, we performed micromagnetic simulations of this domain state
(e) §=0.39, (f) $S=0.53, (gg $S=0.72 and (h) §=0.80) employing
sample-specific magnetic parameters such as saturation magnetization M (T),
exchange stiffness constant A(7) and uniaxial anisotropy constant K, (7)
determined from variable-temperature VSM. Note the differing scale bars in the
experimental and simulated images.

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)
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Figure 3. Total MR due to Bloch-type DWs for various chemical order

parameters in Llg-ordered epitaxial FePd films of approximately 30nm

thickness. The inset shows the typical hysteretic behaviour of the MR obtained
by a four-probe dc measurement on a sheet film at 7 = 4.5 K.

modelling described below [14], before being plotted in the main panel. Hence, the additional
resistance presented by a DW has increased by a greater proportion than the saturated p. It
is worthwhile contrasting these data with those of Yu et al, who studied FePt films grown by
molecular beam epitaxy [24]. In that experiment S was decreased by lowering the substrate
temperature during growth while x was fixed, maintaining the values of M and A, while K|
dropped precipitously. This led to a marked expansion in dy and a concomitant loss of DW MR,
the opposite trend with S to that observed in our samples. This rise in DW MR in increasingly
disordered samples is a key experimental result in this work, and requires an explanation. It
is clear that the disorder has led to a rise in the overall scattering rate, since the resistivity of
the films has risen. If this were to have taken place disproportionately in the minority Mott
spin-channel, then the current would be more highly polarized, which would manifest itself in
a higher DW MR.

Hence, in order to make our study quantitative, we have treated our DW MR data within the
LZ spin-mixing model [5], one of the most widely used theories of DW MR that has successfully
explained experimental features of the effect such as its dependence on DW thickness [25] and
anisotropy with respect to current direction [22, 26]. In this model the resistivity due to DW
scattering for both current perpendicular and current parallel to the Bloch-type DW is expressed
explicitly as a function of the spin-asymmetry parameter ogirusive [, 11, 14, 22, 26, 27] and the
spin mistracking parameter &, defined below. It uses the same Hamiltonian that governs giant
MR [28], and employs a scattering potential

Vicatering (1) = Y _[v(r) + j (r)o - M(r)]8(r — ;) (5)
to describe the spin-dependent electron scattering, with impurity potential v(r) at position r;,
where j (r) denotes the spin dependence of electron scattering, o represents the Pauli matrices

and M(r) is the unit vector along the direction of local magnetization. Henceforth, for
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Figure 4. (a) Micromagnetic simulation of the stripe domain structure of a
1 x 1 um? slab of the S = 0.39 film. The dark and bright areas depict regions
of opposite magnetization oriented perpendicular to the film plane and separated
by Bloch DWs. (b) Local DW resistance for the simulated domain state depicted
in (a), assuming a current flow from left to right in straight and direct paths. The
DWs that are perpendicular to the current direction are seen to be darker, a result
of the higher DW MR in CPW geometry.

simplicity in notation we write « for the diffusive spin asymmetry in conductance (defined by
equation (3)).

While we measure the MR of the entire film, the LZ model describes the MR only where
magnetization gradients exist, i.e. the DWs. Hence it is necessary to account for the domain
pattern in our films, which was accomplished using our OoOMMF simulations. An example
of a simulated domain pattern is shown in figure 4(a), for S = 0.39. From this we calculate
® =arccos(M,;/M) and the local magnetization gradient V®, which determines the local
strength of the spin mistracking & = ke VO /4mJ, where kg ~ 2 A" is the Fermi wavevector,
J is the Stoner exchange splitting and m is the effective mass, which we assume to be the free
electron mass for the s-like majority spin carriers. This was done by setting J in our best ordered
sample to the value of 1eV based on the band structure calculation for a perfect crystal [29],
and reducing it in proportion to the measured exchange stiffness A for each sample.

For this analysis, we decompose the current into components that are parallel (CIW) and
perpendicular (CPW) to the magnetic domain wall as it meanders in order to calculate the local
DW MR for our 1 x 1 um? slab:

Ap  (§)
— =——co
0
where B is the local angle between V® and the current direction. This type of angular
dependence was recently confirmed experimentally by Aziz et al [26]. Ferw(«) and Fepw (o)
describe the o-dependence of DW resistivity, and were taken as defined by Levy and
Zhang [5, 14].

A computational result of the local DW MR determined based on equation (6) and the
local magnetization of figure 4(a) is shown in figure 4(b), and we performed this procedure
for all four samples (see figure 5(a)) based on the micromagnetic simulation results shown
in figures 2(e)-(h). The darker contrast outlines the magnetic domain walls, representing
significantly enhanced local resistivity due to the process of spin mixing in the region of rotating

) &?* .,
S (ﬂ)FCPW(a)+T sin”(B) Ferw (), (6)
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Figure 5. (a) The diffusive spin-asymmetry parameter « derived from DWR
data and OoMMF simulations versus chemical long-range order parameter S.
The inset shows the dependence of the average moment per atom Sy on
the order parameter S. We convert the diffusive spin-asymmetry parameter «
directly into a current spin polarization valid for the diffusive electron transport
regime (b), as outlined in equation (1) in the text. Despite high diffusive spin
polarizations Plirusive, W€ Obtain an increasing trend with lower chemical long-
range ordering parameter S, reflecting the o dependency shown in (a). Evolution
of the spin-dependent exchange scattering of a conduction electron normalized
to its Coulomb scattering j/v on elemental Pd content in L1y Fe;_, Pd,. The
ratio j/v was evaluated from « and equation (11). Error bars in all three plots
show absolute uncertainties.
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Table 2. Transport properties of the four Fe;_,Pd, epilayers studied, labelled by
their crystallographic long-range ordering S. The directly measured parameters
are low-temperature (4.2 K) film resistivities p and the MR ratio due to magnetic
domain walls (DW MR) at the same temperature. From these we inferred
the spin conductance asymmetry parameter « and the diffusive current spin
polarization Pjgisysive in direct comparison to the absolute value of the normalized
conduction electron exchange scattering j /v for the four L1, Fe,_,Pd, epilayers
studied. The error bars given in these three quantities are derived from the
measured values of the experimental data, such as the DW MR ratio, A, K|,
M, propagated through the formulae given in the text, either analytically or
numerically. The ballistic current spin polarization Py,yisic, as evaluated by
PCAR, is also tabulated for reasons of completeness and easy comparison.
The error bars given here are absolute ones, including all possible sources of
uncertainty in the measured input parameters.

o DW MR
S (€2 cm) (%) a Piifrusive Jlv Pratistic

0.39+0.05 17£3  2.0£0.1 22+£6 091+£0.02 —-0.65+0.04 0.50=£0.05
0.53+0.05 184 13£01 165 0.88+£0.04 —-0.60+0.05 0.53+0.05
0.72+0.05 9+3 1.1+0.1 14+4 0.87£0.04 —-0.58+0.05 0.50+0.05
0.80+0.05 9+2 1.0+0.1 13+4 0.86£0.04 —-0.57+0.05 0.49+0.11

localized spins of a magnetic domain wall, with the darkest contrast where the current crosses
the walls in CPW geometry. Integrating over the entire region according to an equipotential
summation algorithm (analogous to the mean of the Voigt and Reuss averages in Young’s
modulus of a composite [30]), with p fixed to the value for the film of interest, yielded the total
simulated DW MR. The value of o was then varied in an iterative process until the simulated
DW MR matched the measured value—the results are shown in figure 5(a) and table 2.

For the best ordered sample, we obtained a value of o ~ 12 similar to those found
previously in both MBE-grown FePd [14] and sputtered FePt [11]. The value of « rises to just
over 20 as the Pd enrichment degrades the L1, ordering. This suggests that the additional Pd
scattering centres that increase the resistivity have a strong spin-dependent cross-section. The
inset of figure 5(a) shows Sq, the average moment per atom derived from the low-temperature
M; data, versus S, indicating that additional Pd atoms do not exert their spin dependence of
scattering via an enhanced localized moment. We note that in the literature obtained on similar
systems, values for « for scattering from Pd impurities in Fe are not available, although the
1soelectronic elements Ni and Pt show values of o ~ 7-8 [31]. While elemental Fe is a weak
ferromagnet, FePd has enough electrons to be a strong ferromagnet, consistent with higher
values of o. Adding Pd adds electrons, pushing the Fermi level still higher above the top of
the majority d-band. We proceeded to compute the current spin polarizations of the diffusive
transport regime from equation (1), and the results are plotted in figure 5(b). All the samples
have Pifrusive ~ 85-90%, with the more highly polarized currents flowing in the less ordered
samples.

To understand the effect of excess Pd scattering centres, we directly derive an expression
for @ in terms of the spin dependence of scattering j from the LZ model. Essentially, the
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spin-channel resistivity p, is a function of the spin-dependent scattering time [7,(k)]™",
considering that the spin-dependent Fermi k-vectors do not differ in absolute value in a first-
order approximation. (Here o labels the spin state.) Hence, p,  [7, (k)]~! and we can resort to
evaluating the ratio of the spin-dependent scattering rates in order to obtain the ratio « of the
resistivities in both Mott channels. We express the conductivity of the magnetic domain wall
in current-in-wall (CIW) geometry, i.e. the current flows parallel to the wall, without loss of
generality as we are eventually interested only in ratios of conductivities:

e n, (K) hk,
o= [ T (B ?
2 nk,\?
R MICIRCEE ©

with n, (k) denoting the spin density of states and m* the effective electron mass.

Calculating the resistivity asymmetry amounts to finding the ratio of the scattering
lifetimes, or rates (W 7), which have the following dependence on the Coulomb (v) and
exchange (j) potential parameters:

21 C; k

K 2
= v+<7'+XX2v—a'i|. 9
W T N N2 [( J) @ £°( ) 9)
We then evaluate the spin-scattering rates (W7) in the limit of an infinite magnetic wall
thickness. Here c; refers to the concentration of impurity sites, and is an average counting over
all such sites, where each site is taken to be of equivalent weighting. Taking the limit for infinite
wall width, which amounts to taking the limit & — 0, we find the ratio in the unperturbed
spin-dependent resistivities, which is the quantity given by the Mott spin-channel resistivity
asymmetry o = ,00T / ,o(f. This represents the scattering in the spin channel o and directly leads us
to a closed form of « in terms of the spin-dependent exchange scattering of conduction electrons
based on the matrix elements of the scattering potentials V77 from which the spin-dependent
scattering rates are calculated within the Mott channels. We now have the relation that can be
calculated by considering the resistivity ratio of the spin-up and spin-down channels in the metal
in the approximation, whereby the Fermi wavevectors in the spin sub-bands are identical:

.\ 2 —01,2
— k
(v 0]) — Po Xr—o —a. (10)

V+0j o5k,
This yields « as a function of the spin-dependent exchange scattering of a conduction electron
passing through a magnetic domain wall normalized to the strength of pure Coulomb scattering,

. 2
QZ<M) , (11)
(j/v)+1

where v and j are as defined for equation (5). (A detailed derivation is given in [32], but the
same result follows from the approximation that 1/t VszCatt [5].) From this we can see that
the underlying cause of the high values of o and Pyysive 1S @ strong spin dependence of the
scattering, as might intuitively be expected. Using equation (11) we can quantify the ratios j/v
from our values of « for the four samples, which are shown in table 2—these can be taken as
effective values averaged over all the scattering centres in each film. In figure 5(c) we show

the dependence of the ratio j/v on x, which have a fairly linear relationship with each other.
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This supports the picture of the additional Pd atoms, lying on Fe sites in the lattice, acting as
additional scattering centres, which have a large spin-dependent cross-section, increasing the
average j/v for all the scattering taking place in the material. This additional scattering in one
spin channel leads to a high polarization in the diffusive current.

4. Point contact Andreev reflection (PCAR) spectroscopy and ballistic current spin
polarization

A common method that is used to determine the spin polarization of a metallic material is to
perform PCAR spectroscopy measurements [12, 13], where a superconducting tip is touched
onto the surface of the ferromagnet to be studied. The central concept in this electron transport
measurement is that for applied bias voltages within the energy gap of the superconductor, it is
physically impossible to inject or extract single electrons, but only Cooper pairs, so that only
the unpaired fraction of the current is transmitted in the sub-gap regime. This is compared to the
full current for higher bias where quasiparticles may be injected. One then applies the modified
Blonder-Tinkham—Klapwijk (BTK) theory [33, 34] to evaluate a bulk material value of the
current spin polarization in the ballistic electron transport regime. In the version of the model we
used, there are four numerical fitting parameters [34—36] to fit the measured conductance curves
and thus determine the bulk current spin polarization of the sample. These are the broadening
energy parameter w, the barrier strength Z, which accounts for the cleanness of the interface
and consequently quantifies the degree of interface scattering (e.g. an infinite Z accounts for
a tunnel transport regime), the superconducting gap parameter A (we expect the bulk niobium
value of ~1.5meV for our tips [36]) and, finally, the spin polarization Py,yisic Of the carriers
crossing the interface.

We followed the common methodology of making, measuring and breaking a series of
point contacts to each of our four samples, and then fitting each spectrum with the extended
BTK model. We used a Nb tip and measurements were performed with the samples immersed
in liquid He at 4.2 K. The details of our experimental and fitting procedures are identical to
those described in [11, 36]. As an example of the type of data this yields, we show in the
inset of figure 6 a typical conductance curve obtained in a PCAR measurement: in this case for
the S = 0.53 sample, after correction for a spreading resistance, a parasitic ohmic resistance
contribution arising from sheet film resistivity [37]. As previously [11, 36], the spreading
resistance was estimated by rescaling the fitted gap from the raw data to the one that we have
measured for the Nb tip. We collected multiple PCAR spectra of this sort for each of our samples
with the resistance of the nanoscale contact between the superconducting niobium tip and the
ferromagnetic film ranging from 3 to 9 €.

Again by way of example, the values of all four fitting parameters are plotted in figure 7 as
a function of the point contact resistance (R) for the set of individual contacts achieved for the
S = 0.39 sample. The broadening energy parameter w is larger than w ~ 0.36 meV, the energy
equivalent to the boiling point of helium 7" = 4.2 K, the real temperature of the experiment, as
illustrated in figure 7(a) [34, 38]. This is because it includes all processes, both thermal and
athermal, that contribute to a broadening of the conductance spectra. It can be seen from the
data shown in figure 7(b), for one and the same niobium tip, that there is no clear dependence
of the point contact resistance R and Z. This indicates that R is mainly determined by the
size of the contact rather than by its interfacial scattering strength as long as the contact size
is within the Sharvin limit [11, 34]. In addition to scattering centres caused by disorder or a
surface oxide barrier, a Z = 0 contact is impossible, in principle, between dissimilar metals due
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Figure 6. Ballistic current spin polarization versus the square of the
superconductor-ferromagnet interface transparency parameter Z for L.1,-ordered
FePd. Extrapolation of the least-squares fit (lines) onto the ordinate gives the bulk
spin polarization of the current. The inset shows the normalized conductance
versus the bias voltage spectrum as obtained by PCAR at T =4.2K on the
S = 0.53 sample, together with the respective fit to the modified BTK model,
carried out using a Levenberg—Marquardt algorithm.

to Fermi velocity mismatch. Following the same procedure as in [36], the spreading resistance
was estimated by rescaling the fitted gap from the raw data to the one that we have measured for
the Nb tip. Finally, turning to the value of the ballistic current spin polarization itself as detailed
in figure 7(d), it is obvious that spin polarization exhibits a nontrivial dependence on the contact
resistance R between tip and sample.

As usual, however, there is a general declining trend in Py as Z rises, with the
polarization dropping empirically as Z? [34, 39]. Figure 6 illustrates the ballistic current spin
polarization Pyyigic as a function of the interface transparency parameter Z> for sequential
contacts on all four FePd films. A scattering barrier at the metal/superconductor interface, which
causes additional interfacial spin-scattering effects and thus diminishes the intrinsic polarization
of the bulk material, has been put forward as the microscopic mechanism that accounts for
such a decrease of Poaisic With Z [34]. Conventional practice, which we follow, is to take the
extrapolation of a least-squares fit to the case of a transparent interface (Z? = 0) to yield the
value of the bulk spin polarization [3, 12, 13, 34], [39-41]. This procedure yields values of
approximately Pypyisic = 0.5 for all four samples, with no obviously apparent trend with S. The
values we obtained for Py,sic for each sample are shown in table 2 and are plotted in figure 8(b),
with the error bars being the uncertainties in the ordinate intercepts of the straight line fits. These
may be compared with the sample-to-sample variation in Py 0f =~5% that we estimated
from a series of measurements of nominally identical Fe films.

5. Discussion

Comparing the current spin polarization results measured in the ballistic (plotted in figure 8(b))
and diffusive (replotted in figure 8(a) for easy comparison, but with systematic uncertainties in
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Figure 7. Dependence on contact resistance of the fitting parameters employed
in the modified BTK model for the § = 0.39 FePd sample, i.e. the broadening
energy parameter « shown in (a), the barrier strength Z in (b), the
superconducting gap parameter A in (c) and Pyyisic plotted in (d). The dashed
line in (a) points out w =~ 0.36 meV equivalent to the boiling point of liquid
helium at 7 =4.2 K. The dashed line in (c) marks the superconducting gap
parameter A &~ 1.5meV of bulk niobium. In all four cases, the error bars are
the standard errors returned by the fitting algorithm.

the error bar now neglected) regimes, there are two important conclusions that may be drawn.
Firstly, we see that Pgiusive > Pranisiic by roughly a factor of two in all cases, as we previously
observed in the case of well-ordered FePt [11]. This observation extends the generality of that
result to another isoelectronic material. Again, we interpret the difference as evidence that the
scattering lifetimes 7, and 7, are significantly different, providing additional polarization of the
current when diffusive currents flow.

Secondly, we may go further than this conclusion by noting that there is a dependence of
Pyisrusive 0N the degree of chemical ordering, while Py,yisic appears to be independent of S. Here
we, in fact, use the parameter S as a convenient label for the samples, and would argue that the
underlying cause of the rise in Py;grusive, manifested in higher DWMR, is the departure of x from
the stoichiometric ideal of 0.5: the excess Pd atoms that reduce S act as extra scattering centres,
raising p, with a strong spin dependence. These should only affect diffusive transport through
the bulk of material, increasing Pjisusive, rather than ballistic transport through an interface,
which should be unaffected. In PCAR spectroscopy experiments, as we probe for ballistic
electron transport (or at least transport across the FePd/Nb interface where bulk scattering is
irrelevant), there is no discernible dependence of the polarization on the sample, implying that
g(Er) and vg, and their spin dependence, are barely affected by the Pd enrichment, in spite of
a marked reduction in magnetic moment per atom, which is reasonable since all these materials
are strong ferromagnets with a similar contrast between the spin-1 and spin-|, carriers at the
Fermi level. That there must be an upward trend in & and Pygrusive With rising levels of disorder
follows directly from the rise in the DW MR ratio displayed in figure 3.

It might be argued that the DW MR ratio could rise due to a decrease in the overall
resistivity, which is to be found in the denominator of that ratio, an inspection of relevant data
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Figure 8. Comparison of the current spin polarization for various chemical
order parameters of L.1o-phase FePd in both the diffusive (a) and the ballistic
(b) transport regimes. Error bars in § are derived from the analysis of the x-ray
diffraction data. Panel (a) reproduces the data from figure 5(b), but with only
the random part of the uncertainty plotted as an error bar, in order to make the
presence of a trend clear: the overall curve may hence be scaled by a constant that
is uncertain by £0.015 in Pyysive- The data in (b) are derived from our PCAR
measurements, the error bars representing the uncertainty in the fitted intercept
in the plOt of Pbamsﬁc(Zz).

for p in table 1 shows that this cannot be the case here. More subtly, it could be proposed
that the decrease in the strength of the exchange interaction might be the underlying cause:
through causing a narrower wall or a lower Larmor frequency in the exchange field, both of
which will give rise to additional spin mistracking as the wall is traversed by an electron.
Again from table 1, we can see that the anisotropy constant K, reduces in such a way as
to hold the DW thickness dw almost unchanged, showing that the first of these two sets of
circumstances is not relevant. The exchange strength does vary with S, but has also been
quantitatively accounted for in the values of & that we have used to derive the type of data
shown in figure 4: we are unable to reproduce our experimental MR data without allowing o
to rise for the more disordered materials. Hence, we cannot avoid the conclusion that stronger
spin-dependent scattering, leading to a more highly spin-polarized current, is the underlying
mechanism for the rise in DW MR ratio that we have measured.

For both Pgysive and o, the total scattering rate is not relevant. Only the ratio of exchange
scattering to Coulomb scattering j/v is important, which we have evaluated as shown in
figure 5(b) and table 2. As we have several possible different types of scattering centres in
our films (i.e. antisite Fe or Pd atoms, impurities or vacancies on either sublattice), we interpret
these values as ensemble averages of j/v. This indicates that the spin dependence of scattering

New Journal of Physics 12 (2010) 033033 (http://www.njp.org/)


http://www.njp.org/

17 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

at deliberately introduced excess Pd atoms is stronger than at spin-dependent scattering centres
within the stoichiometric FePd matrix. This in turn gives rise to an enhanced average j/v, and
the greater imbalance between 7, and 7| increases the spin polarization, and hence the DW MR
as an experimental signature.

Going further and relating the spin-resistivity asymmetry parameter of the diffusive
electron transport regime ogfrusive (S€€ equation (3)) with the ballistic analogue defined
in equation (2) gives giffusive = aballis&c(vg T/ vé 7,). Hence, we find from the data shown
in figure 8 a ratio of [U}T:‘L'T / vlﬁ T, ls—039 &~ 7 for the lowest long-range order parameter to
[v;tT/ vlﬁ T, ls—0.80 &~ 4 in the case of the highest long-range order parameter within the FePd
films investigated in this work. If we presume that the Fermi velocities change little with S on
the basis of our PCAR data, then this change must be accounted for by an approximate halving
of 4 /7. This is particularly important, as it suggests that control of the spin-dependent lifetimes
may be possible through the selection of appropriate dopants as scattering centres, giving rise
to the highly spin-polarized electron currents that are required for nanoscale spintronics: the
spin polarization of a diffusive current is a key parameter in the theories that describe both
spin-transfer torque experiments [42—44] and spin injection [45, 46].

6. Conclusion

To summarize our findings, we have studied a series of epitaxial thin-film samples of FePd
alloys of increasing Pd enrichment. As might be expected, the additional Pd atoms degraded the
degree of chemical ordering in the alloy and hence reduced the magnetocrystalline anisotropy.
The reduction in the proportion of Fe atoms also reduced the magnetization. The resistivity
of the films rose, consistent with additional Pd atoms acting as scattering centres for current-
carrying electrons as the film chemical order is degraded.

However, the resistivity contribution arising from the ~10nm thick magnetic domain
walls in the layers rose by a greater proportion than the magnetically saturated resistivity,
indicating an increased degree of spin polarization of the current in this diffusive regime, where
conductivity is limited by scattering. While our measurements cannot determine which spin
carries the majority of the current, it is reasonable to assume from band-structure calculations
that it is spin-1. We also measured the spin polarization by a different technique, involving a
superconducting PCAR, which is not affected by scattering within the magnetic material, and
found no significant change. We conclude from these results that the additional Pd atoms act
as highly spin-dependent scattering centres, which, while reducing the current that flows for a
given applied electric field, increase the polarization of that current by selectively scattering out
carriers of spin-|, to a greater extent.
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