PHYSICAL REVIEW MATERIALS 7, 084401 (2023)

Origin of negative anisotropic magnetoresistance effect in Fe( 75Coy 25
single-crystal thin films upon Ir addition
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The anisotropic magnetoresistance (AMR) effect is one of the fundamental spin-dependent transport phe-
nomena in ferromagnets and has been the subject of numerous experimental observations. However, the origin
of AMR including the sign change of the magnetoresistance has not been fully clarified theoretically. In this
paper, we observe a large negative AMR ratio in Fe(75Coq,s single-crystal thin films upon Ir addition and
elucidate its origin by a theoretical model. (Feg 75C0g 25) 0,1ty composition-spread thin films with x up to 11%
are fabricated on MgO(100) substrates by combinatorial sputtering technique. From x-ray diffraction results,
the metastable B2-ordered phase of Fe;Co-Ir is detected from x = 2.1%, which does not appear in the bulk
equilibrium phase diagram. The B2 ordering is also confirmed by scanning transmission electron microscopy.
The AMR ratio of the pure Fe;Co shows a small positive value of 0.3%. In contrast, once the Ir atoms are added,
the AMR ratio becomes negative, and it exhibits the largest negative values of —4.7% at 10 K and —3.6% at
300 K for x = 11%. Using a theoretical model, the sign change of the AMR ratio from positive to negative
upon B2 ordering is obtained for high-Ir concentration, which agrees with the experimental results. Thus, the
metastable B2 ordering would be the key to observing the negative AMR. These findings provide deep insight
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into the origin of AMR in heavy-metal-doped ferromagnetic ordered alloys.

DOI: 10.1103/PhysRevMaterials.7.084401

I. INTRODUCTION

The anisotropic magnetoresistance (AMR) effect in fer-
romagnetic 3d transition metals and alloys has been studied
extensively from the fundamental and applied points of view
since its discovery about 170 years ago [1-14]. The AMR
effect is one of the representative spin-dependent transport
phenomena induced by spin-orbit coupling, in which the
electrical resistivity in a ferromagnet depends on the rela-
tive angles between the current and magnetization directions
[1-3]. Most of the typical ferromagnets such as Fe—Co binary
alloys show a positive AMR ratio, where the resistivity is
larger when the current and magnetization directions are par-
allel than that when they are orthogonal [1-14]. To modulate
the output signals of AMR, the effect of doping third elements
including various 4d and 5d heavy metals such as Pd and Pt
has been widely reported [15-22]. Especially the combination
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of ferromagnetic 3d transition metals and the heavy metals
often produce ordered alloys such as L1, and L1, phases, and
the relationship between the ordering and AMR ratio has been
explored [23-29].

The negative sign of AMR ratio upon heavy metal addition
into 3d transition metals and alloys has also been observed
experimentally [1,30-32]. For example, Ir-doped Ni showed a
negative AMR ratio of —1.52% at 4.2 K [30]. The room tem-
perature negative AMR ratio was observed in Ir-doped Fe, Ni,
Co, Fep,Nip g, and Cop3Nip7 as well as at low temperatures,
and the largest value of —2.56% was observed in Cog 9711 03
[31]. In addition, a negative AMR ratio up to ~-2.7% was
observed in Ni-Pd alloys at 1.5 K [32].

As described above, many experimental studies on the
AMR effect have been reported. However, the mechanism of
the AMR effect including its sign change in ferromagnetic
3d transition metals and alloys upon heavy metal addition has
not been revealed in detail theoretically.

In this paper, we observe a large negative AMR ra-
tio in Fep75Cog2s single-crystal thin films upon Ir addi-
tion and elucidate the origin of the negative AMR effect
by a theoretical model. We fabricate (Feg75C0¢.25)100—ITx

©2023 American Physical Society
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composition-spread thin films with x up to 11% on MgO(100)
substrates using a combinatorial deposition technique and
measure the compositional dependence of AMR. The com-
binatorial deposition technique is one of the most effective
ways to investigate the transport properties as well as the
structural properties [33-39]. Using a composition-spread
film, where the atomic composition changes continuously
within one sample, enables high-throughput measurement
and precise evaluation of AMR properties without the error
caused by making individual samples with different com-
position ratio because all target compositions exist within a
single identical sample. In addition, using single-crystal films
is easier to characterize the structural and physical proper-
ties than using polycrystal samples. Thus, the fabrication of
(Fe.75C00.25)100—, Iy single-crystal composition-spread films
is beneficial. From the structural analysis, the metastable
B2-ordered phase of Fe;Co-Ir is detected in the films with
x from 2.1%, which does not appear in the bulk equilibrium
phase diagram of Fe—Co-Ir ternary alloys. From the transport
measurement, the AMR ratio changes from a small positive to
a large negative by Ir addition, and the largest negative values
of —4.7% at 10 K and —3.6% at 300 K are observed at maxi-
mum Ir concentration. From the theoretical analysis, the sign
change of the AMR ratio from positive to negative upon B2
ordering is obtained for high-Ir concentration, which agrees
with the experimental results. Based on these observations,
we conclude that the metastable B2 ordering would be the key
to observing the negative AMR.

II. METHODS
A. Fabrication

(Feo.75C00.25)100—xIry composition-spread films with x de-
signed to be up to 10% were fabricated on single-crystal
MgO(100) substrates (Furuuchi Chemical Corp.) using a com-
binatorial sputtering system (CMS-A6250X2, Comet Inc.).
The schematic diagram of the film is illustrated in Fig. 1(a).
Prior to deposition, MgO(100) substrates were subjected to
ultrasonication cleaning using acetone, ethanol, and deionized
water. The substrates were further cleaned by Ar-ion milling
in a vacuum chamber. The deposition was performed with a
substrate temperature of room temperature and a process Ar
gas pressure of 0.8 Pa. A uniform Fe( 75Cog »s layer with 0.44
nm in thickness was first deposited on the substrates by RF
magnetron cosputtering of individual Fe and Co targets. The
sputtering power for Fe and Co was tuned so that the com-
position ratio of Fe to Co was 3 to 1. Then a wedge-shaped
Fe(75Coq.25 layer 0.00-0.06 nm in thickness was deposited in
a 7-mm-width region by cosputtering using a linear moving
shutter. After that, the substrates were rotated by 180 °, and a
wedge-shaped Ir layer with the same thickness was deposited
on the wedge-shaped Fe;Co layer by DC magnetron sputter-
ing. Thus, the total thickness of one unit of Fep75C0g 25—Ir
layer was 0.5 nm with a flat surface. The deposition rates
for Fe( 75Cop.25 and Ir were 0.0146 and 0.0108 nm/s, respec-
tively. This deposition process was repeated 60 times. Finally,
30-nm-thick (Fep75C00.25)100—.Irx composition-spread films
were obtained. After the deposition, the films were annealed in

. 7 mm .
(a) _ |
60 cycles
Fe,Co ! . ' Ir
0.06 nm

MgO(100) substrate

#14

composition-gradient

FIG. 1. Schematic diagrams of (Feo.75C00.25) 00— ITx
composition-spread thin films and multiterminal devices on
MgO(100) substrates. (a) Side-view of the composition-spread
film. One unit layer of 0.5 nm consists of a uniform Feg75C0q 25
layer of 0.44 nm (green) and wedge-shaped Fe(75Cog5 (green)
and Ir (red) layers of 0.06 nm with the composition-gradient
width of 7 mm. The deposition of one unit layer was repeated 60
times. Thus, the total film thickness was designed to be 30 nm.
The actual composition ratios for pure Fey75Copzs and Ir-rich
ngiOHS of the films were Fe0,754C00,246 and (F60.761C00A239)89A01r11'0,
respectively, which were determined by x-ray fluorescence.
Hereafter, we denote Fep754Cog246 and (Fe.761C00.239)50 01T11.0
as Fe;Co and (Fe;Co)golry;, respectively. (b) Top view of the
multiterminal devices patterned on the composition-spread film,
which are perpendicular to the composition gradient. The relative
angle between the current (/) and magnetization (M) directions is
denoted as ¢.

a vacuum for 30 min with a maximum attainable temperature
of ~380°C to make a homogeneous composition distribution
with respect to the normal direction of the film surface. After
cooling, a Ru cap layer 2 nm in thickness was deposited on
the films to prevent oxidization.

The actual composition ratios for pure Feg75C00.25
and Ir-rich regions of the films were Fej754Co0g246 and
(Feo.761C00.239)59.01r11.0, respectively, which were determined
by x-ray fluorescence (ZSX Primus II, Rigaku). Hereafter, we
denote Feg754C00.24¢ and (Feg.761C00.239)89 0Ir11.0 as FezCo
and (Fe;Co)golryy, respectively.

B. Characterization

The compositional dependence of crystal structures of
the composition-spread films was measured by labora-
tory x-ray diffraction (XRD; SmartLab, Rigaku) with
Cu-Ka(r = 1.5418 A). The irradiation position of the
x rays, which was collimated using a 0.5 mm incident slit,
was changed in 1 mm steps along the composition gradient.
A flat imaging plate was used to collect two-dimensional
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(2D) XRD images. The out-of-plane and tilted-plane XRD
were measured with x = 0° and 54.7°, respectively. The
one-dimensional (1D) XRD patterns were obtained from the
2D XRD images using an instrument software (SmartLab
Studio II, Rigaku). The degree of B2 order (Sp;) is estimated
using the following equation:

exp Iexp
S ]00/ 200 (1)
Lo /La”

where 775,09, is the experimental integrated intensity of
100 superlattice (200 fundamental) peak and 115})’3(200) is the

simulated intensity of 7100 (200) peak. The 173‘3(200) value is
obtained using VESTA [40]. The crystal structures of the films
were also measured by synchrotron XRD using the versatile
six-axis diffractometer installed at the beamline BL13XU ex-
perimental hatch 1 of SPring-8, Japan. The photon energy
of the x rays was set to 8.04 and 7.11 keV, which corre-
sponds to Cu-Ko radiation and the absorption edge of Fe-K,
respectively.

The cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images,
energy dispersive x-ray spectroscopy (EDS) elemental maps,
and nanobeam electron diffraction (NBED) patterns of the
region with x = 11% were taken and analyzed using an
aberration-corrected STEM (FEI Titan G2 80-200, FEI
Company). Thin foil for the STEM observation was pre-
pared by the standard lift-out technique using FEI Helios
G4 UX.

To evaluate the AMR effect, the composition-spread
films were patterned into multiterminal devices, which were
perpendicular to the composition gradient, as illustrated in
Fig. 1(b), using conventional photolithography and Ar-ion
milling techniques. The width of the devices was designed
to be 100 wm, so the compositional variation within one
device was estimated to be ~0.14-0.15%. The compositional
dependence of the AMR effect was measured using a Physical
Property Measurement System (PPMS DynaCool, Quantum
Design) with a sample rotator. The measurement temperature
was varied from 10 to 300 K. During the measurement, a
constant current (/) of 100 nA was applied to the (110) di-
rection of the films, and a constant external magnetic field
of 1 T, which was enough to saturate the magnetization
(M) of the films, was rotated within the in-plane direction
of the films. The relative angle between the / and M di-
rections was denoted as ¢. The AMR ratio was defined as
(o — p1)/p1, where pj(p1) is the resistivity of the films,
where ¢ = 0° (90°).

C. Theoretical calculation

The AMR ratios of A2-disordered Fe;Co, A2-disordered
(FeszCo)golr; 1, and B2-ordered (Fe;Co)golry; were calculated
using the electron scattering theory developed by Kokado and
Tsunoda [41], which considers s — d scattering of conduction
electrons from s to d orbitals and crystal field in the d orbitals
of the matrix material under a two-current model. The AMR

ratio is expressed as [41-43]

AMR! = oMo 2
C£110] _ E !
81+4+r+ rs__>£_+ ré__”,_
:r+ rY e -+ rv —y.—
)\,2
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)\'2
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The A is the spin-orbit coupling constant, H is the exchange
field, and A is the energy difference between the ¢ and y

orbitals of d states. The r, r;, +%5 Ty e and 7, __,, _are
2

s)
__ Ps— _ Ps4—e— __
expressed as r = o = Ge D‘”] Tspoe— = 20 =
1 (d)
B _ e TBDD Py
pY » THTTET Prt pY v TETTYT Pst
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=, with B, = %, where r is the resistivity
D= Himp | V5™ | V|
ratio of the s — s scattering for spin-down to that for spin-up,
Ts.omsm— = Proom= g the resistivity ratio of the s — d scatter-

Ps.+
ing resistivity of the s state with o spin to the m orbit with

spin-down against the s — s scattering resistivity for spin-up,
D is the partial density of states (PDOS) of the wave func-
tion of the tight-binding model for the n state of the m orbital
with o spin at the Fermi energy (Eg), m is the effective
mass of the conduction electrons of the o spin, B, is the
uncertainty parameter for the o spin depending on impurities
and phonons, n;y, is the number density of impurities, N, is
the number of nearest-neighbor host atoms around a single
impurity, Vis—, 4o is the scattering potential due to a nonmag-
netic impurity in s — d scattering, and V,"™" and V" are the
scattering potentials due to a single impurity and phonon in
s — s scattering, respectively [42].

To estimate the variable values in Eq. (3), PDOS
of A2-disordered Fe;Co, A2-disordered (Fe;Co)golr;;, and
B2-ordered (Fe;Co)golr;; were calculated on the basis of the
density functional theory and the Korringa-Kohn-Rostoker
(KKR) method [44,45], implemented in the AkaiKKR code
[46]. Here, the spin-orbit interaction was considered, and
the exchange-correlation energy was treated within the gen-
eralized gradient approximation [47]. The Brillouin-zone
integration was performed with 15 x 15 x 15 k points for
the self-consistent-field calculation and 20 x 20 x 20 for the
PDOS calculation. The lattice constant and site occupancies
for the three structures used for the calculation are listed in
Table SI in the Supplemental Material [48].

III. RESULTS AND DISCUSSION

A. Structural analysis

The 1D XRD patterns of the (Fe;Co);qq_,Ir, composition-
spread thin films for the y = 0° and 54.7° measurements
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FIG. 2. Compositional dependence on one-dimensional (1D) x-ray diffraction (XRD) patterns of (Fe;Co),y,_,Ir, composition-spread thin
films with (a) x = 0° and (b) 54.7° measurement configurations. Compositional dependences on (c) lattice constant (a) derived from 200 peak

and (d) the degree of B2 order (Sp,).

are shown in Figs. 2(a) and 2(b), respectively. The 2D XRD
images of the films are also shown in Fig. S1 in the
Supplemental Material [48].

From the 2D XRD images (Fig. S1 in the Supplemen-
tal Material [48]), all diffraction peaks observed in the
composition-spread films were spotlike shapes, indicating that
the films were (100)-oriented single-crystals and grown epi-
taxially on the single-crystal MgO(100) substrates for all Ir
concentrations.

From the y = 0° measurement [Fig. 2(a)], in the region
without Ir, the fundamental peak of body-centered cubic (bcc)
Fe3;Co 200 was observed at 26 = 65.18°, corresponding to the
lattice constant (a) of 2.862 A. This a value agrees with that of
Fe;Co in the literature [49]. With increasing Ir concentration,
the 200 peak clearly shifted to the lower diffraction angles,
which means that the a value increased with increasing Ir
concentration owing to the larger atomic radius of Ir than that
of Fe and Co. This indicates that the doped Ir was incorporated
into the bcc Fes;Co lattice. From x = 6.4%, in addition to
the fundamental peak, the superlattice peak corresponding to
Fe;Co-Ir 100 started to be observed at a low diffraction angle,
indicating the emergence of the metastable B2-ordered phase.
It should be noted that the B2-ordered phase of Fe;Co—Ir does

not appear in the bulk equilibrium phase diagram of Fe—-Co—
Ir ternary alloys [50] and has not been reported previously.
When x = 11%, the diffraction angle for the superlattice peak
of 100 was 26 = 30.82°, which corresponds to a = 2.901 A.
The Ir concentration dependence on a derived from the 200
peak is summarized in Fig. 2(c).

From the y = 54.7° measurement [Fig. 2(b)], the same
trend of decreasing diffraction angle of the fundamental 200
peak with increasing Ir concentration was observed for the
fundamental 222 peak. The superlattice peak of Fe;Co—Ir also
started to be observed from x = 6.4% as the /11 peak at
260 ~ 55°, indicating the B2 ordering of Fe;Co-Ir. If there is
a higher atomic order in the 1 site (%, % %) of bcc lattice
between Fe/Co and Ir atoms forming a DO0s-ordered struc-
ture, the size of the unit cell becomes twice of that of the
B2-ordered structure and another superlattice peak of 711 is
expected to appear at 26 ~ 24°. The absence of the additional
superlattice peak of /717 in Fig. 2(b) clearly suggests the for-
mation of only a B2-ordered structure in the (Fe3Co);qq_,Iry
composition-spread film.

The Ir concentration dependence on Sg, estimated using
Eq. (1) is shown in Fig. 1(d). The 75§ 59y, value in Eq. (1) was
obtained for individual Ir concentrations by considering that
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20 (degree)

FIG. 3. Synchrotron x-ray diffraction (XRD) patterns of the re-
gions with x = 0.7-4.9% with x = 0° measurement configuration.

all Ir atoms occupy the 15 site (%, %, %) in the B2-ordered
structure. The Sp, value increased from 0.57 to 0.82 with
increasing Ir concentration from 6.4 to 11%.

The B2-ordered phase was not detected in the regions with
x < 6.4% by the laboratory XRD system, as shown in Fig. 2,
which can be due to the low brightness of the incident beam.
To confirm whether the B2-ordered phase exists in the regions
with lower Ir concentrations, the diffraction patterns of the
regions with x < 6.4% were measured by synchrotron XRD
with x = 0°. From Fig. 3, the superlattice peak of Fe;Co—Ir
100 was observed at x = 2.1-4.9%, indicating that the B2-
ordered phase was also formed at x = 2.1-4.9%.

Furthermore, the synchrotron XRD pattern of the region
with x = 0% (Fe;Co without Ir) was measured with a pho-
ton energy corresponding to the absorption edge of Fe-K
(7.11 keV). As a result, the superlattice peak of /00 was not
observed (Fig. S2 in the Supplemental Material [48]), which
indicates that the B2-ordered phase was not formed in the pure
Fe;Co. In other words, the B2-ordered phase was formed only
in the Ir-added region.

The cross-sectional HAADF-STEM image, EDS elemental
maps, and EDS line scan of the region with x = 11% are
shown in Fig. 4. From the EDS elemental maps [Fig. 4(b)],
Fe (green), Co (light blue), and Ir (red) atoms were found
to be distributed uniformly within the film, suggesting that
there was no phase separation. The EDS line scan also showed
uniform elemental distribution without interlayer diffusion for
each element along the cross-sectional direction [Fig. 4(c)].

The high-resolution HAADF-STEM image of the re-
gion with x = 11% is shown in Fig. 5(a). Note that the
HAADF-STEM image was taken from the zone axis of [110]
of (Fe3Co)golrj;. From the NBED pattern [Fig. 5(b)], the
superlattice peaks of 00/ were observed together with the
fundamental peaks of 002. This indicates the [001]-oriented
epitaxial growth and the B2 ordering of Fe;Co-Ir. These
observations are consistent with the XRD results as shown in
Fig. 2.

(@)
(REXCe) M|

MgO

80

(o2}
o

o

N
o

N
o

TS e Tl H

30 40

20
Position (nm)

FIG. 4. (a) Cross-sectional high-angle annular dark-field scan-
ning transmission electron microscope (HAADF-STEM) image,
(b) energy dispersive x-ray spectroscopy (EDS) elemental maps of
Mg (dark light blue), Fe (green), Co (light blue), Ir (red), and
Ru (pink), and (c¢) EDS line scan of the region with x = 11%
[(Fe;Co)golr;1]. The direction of EDS line scan is indicated by the
yellow arrow in part (a).

The high-magnification EDS elemental map is shown in
the inset of Fig. 5(a). The atomic columns were resolved in
some of the areas. From the EDS map [inset of Fig. 5(a)],
the Fe (green) and Ir (red) columns tended to be arranged
alternatively toward the [002] direction. The EDS line scan
in the [002] direction [indicated by the white arrow in the
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FIG. 5. Cross-sectional ~ (a)  high-resolution  high-angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) image and (b) nanobeam electron diffraction
(NBED) pattern of the region with x = 11% [(Fe;Co)golr;;], which
are taken from the zone axis of [110] of (Fe;Co)golry;. The inset
in part (a) shows the high-magnification energy dispersive x-ray
spectroscopy (EDS) elemental map of Fe (green) and Ir (red). (c)
EDS line scan in the [002] direction, which is indicated by the white
arrow in the inset in part (a). (d) A schematic illustration of ideal
metastable B2-ordered Fe;Co-Ir structure determined by the EDS
elemental maps. The Fe atoms occupied the 1a sites (0, 0, 0), while
the remaining Fe, Co, and Ir atoms occupied the 15 sites (%, %, %).

inset of Fig. 5(a)] is shown in Fig. 5(c). It is clearly found
that the Ir column tended to occupy the Co column. Namely,
the Fe atoms occupied the 1a sites (0, 0, 0) of the B2-ordered
lattice, while the Co atoms occupied the 1b sites (%, %, %).
Ir atoms (red) tended to occupy the Co (1b) sites (light blue)
preferentially. Based on the EDS results, an ideal metastable

B2-ordered Fe;Co-Ir structure was determined, as illustrated
in Fig. 5(d), where the la site is occupied only by Fe atoms,
and the 1b site is occupied by the remaining Fe, Co, and Ir
atoms.

B. AMR effect

The temperature dependence on AMR of the
(Fe3Co);gg_,Iry composition-spread thin films with x =0
and 11% are shown in Figs. 6(a) and 6(b), respectively. For
pure Fe;Co (without Ir) [Fig. 6(a)], the AMR ratio was a
positive value as small as 0.3%. The fourfold symmetry
of AMR was observed for all temperature. The fourfold
symmetry of AMR has also been reported in FegsCogs
single-crystal thin films with I parallel to the [110] direction
[14]. When x = 11% [Fig. 6(b)], clear temperature-dependent
negative AMR curves were observed with typical twofold
symmetry. At 10 K, the negative AMR ratio was —4.7%, and
this negative AMR persisted even at 300 K, with the AMR
ratio of —3.6%. These negative AMR ratios are the largest
values so far among the heavy-metal-doped 3d transition
alloys [1,30-32].

The compositional dependence on AMR of the films mea-
sured at 10 and 300 K is shown in Fig. 6(c). Once the Ir atoms
were added, the AMR ratio became negative, and it decreased
with increasing Ir concentration. The AMR ratio started to sat-
urate from x = 6.4%, and it exhibited the maximum negative
values of —4.7% at 10 K and —3.6% at 300 K for x = 11%.

The fourfold symmetry of AMR was observed for x =
0% [Fig. 6(a)], whereas typical twofold symmetry was ob-
served for x = 11% [Fig. 6(b)]. However, the twofold and
fourfold symmetry of AMR could coexist [41]. We roughly
estimated the contribution of twofold and fourfold symmetry
to the overall AMR curves for x = 0 and 11% measured at
10 K using the expression AMR!"'%(¢) = Cy(1 + cos 2¢) +
Cy(—1 4 cosdp) [41]. As a result, C; = 0.14% and Cy ~
0.14% for x = 0% and C, ~ —2.3% and C4 ~ —0.03% for
x =11%. For x = 0%, because the C, and C4; values are
comparable, the contribution of fourfold symmetry can be
observable, as shown in Fig. 6(a). In contrast, for x = 11%,
because the C; value was much smaller than C,, the contri-
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FIG. 6. (a) Temperature dependence on anisotropic magnetoresistance (AMR) ratio of (Fe;Co);y_,Ir, composition-spread thin films
(a) without Ir (x = 0%) and (b) with x = 11%. The inset in part (a) shows the magnified view of the graph. (c) Compositional dependence on
AMR ratio of the films measured at 10 and 300 K.
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bution of fourfold symmetry was not visible, and thus, the
twofold symmetry was dominant [Fig. 6(b)].

In addition, based on the electron scattering theory, it was
revealed that the Cs component appears in the tetragonal
symmetry system where de and/or dy orbitals have different
densities of states (DOSs) [41]. From the XRD results (Fig. 2),
the c/a ratio (ratio of lattice constant for ¢ to a axis) for x = 0
and 11% was found to be 0.997. In other words, Fe;Co and
(Fe3Co)golr; had tetragonal distortion (la—c|/a) of 0.3%.
Although this distortion value itself was small, the value was
close to that of FesN in the previous study (0.2%) [51]. For
Fe4N, C4 and C, components were observed in in-plane AMR
and transverse AMR, respectively, which were considered due
to the tetragonal distortion [51-53]. Thus, the C4 component
for x = 0 and 11% in the in-plane AMR of this paper would
be attributed to the small tetragonal distortion.

C. Theoretical analysis for negative AMR

We discuss the experimental AMR ratio upon Ir addition
by the theoretical model using Eq. (3). This model considers
s — d scattering of conduction electrons from s to d orbitals
and crystal field in the d orbitals of the matrix material under
a two-current model. For simplicity of the model, we choose
d electrons of a single atom in a sublattice of one unit cell
as the scattering destination in the s — d scattering process,
where the atom has the largest contribution to the s — d scat-
tering. The PDOS for the ¢ and y orbitals of the d states of
Fe, Co, and Ir atoms in A2-disordered Fe;Co, A2-disordered
(Fe3Co)golryy, and B2-ordered (Fe3;Co)gglry; are shown in
Figs. S3-S5 in the Supplemental Material [48], respectively.
The a values and atomic site occupancy for those struc-
tures used for the theoretical calculation are summarized in
Table SI in the Supplemental Material [48]. Here, we choose
x = 11% to study the negative AMR because the highest Sg,
was obtained [Fig. 2(d)], the largest negative AMR ratio was
observed [Fig. 6(c)], and the accurate structural analysis by
STEM was performed for x = 11% (Fig. 5), which enables
us to reproduce the experimental case reasonably. It is noted
that we considered the ideal B2-ordered Fe;Co-Ir structure
in our calculation, as shown in Fig. 5(d). To choose a single
atom of scattering destination, we compare the PDOS of d
states of spin-down at Er (d—DOS_) for each atom at each
site. If the d—DOS_ is larger, the contribution to s — d scat-
tering rate, thus the AMR effect, becomes larger. We also
compare the smaller A or H value for each atom at each site.
If the A or H value is smaller, the contribution to the s — d
scattering rate, thus the AMR effect, becomes larger because
the d orbitals are distorted as the A/A or A/H increases.
The d—DOS_, A, and H values for each atom at each site
of the three structures are summarized in Table SII in the
Supplemental Material [48]. From the comparison of those
values for each structure in accordance with the above guide-
line, we consider the d orbitals of Fe atoms at the 1a site as
the dominant s — d scattering process for all three structures
(see the explanation in Table SII in the Supplemental Material
[48] for detail).

We estimate the values for parameters used in Eq. (3).
From the first-principles calculations (Figs. S3-S5 in the
Supplemental Material [48]), we confirmed that the values for
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FIG. 7. The dependence of [D(d) D(d)]/Dédl on normalized

theoretical AMR ratio for A = 0.6eV [B2-ordered (Fe;Co)golry;]
and A =2eV [A2-disordered Fe;Co and A2-disordered
(Fe3Co)golry;]. The [D;‘{) D(d)]/D(d) values were estimated
to 0.031 for B2-ordered (Fe;Co)golry;, —0.44 for A2-disordered
(Fe;Co)golryy, and —0.53 for A2-disordered Fe;Co from the
first-principles calculations.

D(S) DY, and D(d) were almost independent of the materials.
Thus these parameters were fixed by their average values as
DY =0.009, DY = 0.003, and D) = 0.05. In contrast, the
values for A and D(d) depended largely on the materials.

Thus, A and D;d) were treated as variables. The m* /m? value
was estimated from the calculated energy dispersion diagrams
of the conduction electrons with spin-up and spin-down states.
The energy difference from the valence band maximum or

conduction band minimum in spin-up (down) state can be

(k)*
2/711(7' 4

and k is the magnitude of the wave vector. When consider-

ing the same k value for both spin-up and spin-down states,
Z; = igf ~ 0.5. Considering the possibility of
error, the calculation of the AMR ratio was performed with
the m* /m’ value ranging from 0.3 to 0.5. The remaining
parameters were fixed as A = 0.052eV [54], H = 3eV (Table

SII in the Supplemental Material [48]), and B1—) = 0.1 [55].

Here, we introduce a parameter [D;‘{)_ —Di‘ﬁ] /fol to
explain the sign change of the AMR ratio, where the ngl
value is set to be 0.05. Because the magnitude relationship
between D(d) and D(d) is crucial to determine the sign of the
AMR ratlo [41 42], it is useful to investigate the behavior of
the AMR ratio with respect to this parameter.

The dependence of [D(d) D(d) ] /D(dl on the normal-
ized theoretical AMR ratlo for A=0.6 and 2 eV is
shown in Fig. 7. The A values were estimated to 0.6 eV
for B2-ordered (Fe;Co)golr;; and 2 eV for A2-disordered
Fe;Co and A2-disordered (Fes;Co)golry; (Table SII in the

expressed as AEL(_) = where /i is the Planck constant,
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Supplemental Material [48]). From the first-principles calcu-
lations, the [D(d) D(d) ] /D(d) values were estimated to be
0.031 for B2- ordered (Fe3C0)891r11, —0.44 for A2-disordered
(Fe3Co)golryy, and —0.53 for A2-disordered Fe;Co, which are
indicated in Fig. 7.

The dependence of [D;C{), - Dg’ﬁ] /Dé”fl on each term in
the normalized theoretical AMR ratio on the right-hand side of
the Eq. (3) for A = 0.6 and 2 eV with m* /m? = 0.3 is shown
in Fig. S6 in the Supplemental Material [48]. For each struc-
ture, the AMR ratio depends mainly on the first term on the
right-hand side of the Eq. (3) [(%)2(4,__)5,_ —Fs——y )] As
a qualitative explanation, because the first term is proportional
to ( ) [D<d) D(d) ], the sign of the AMR ratio becomes
positive for almost all regions of D;d), < D(dl and negative

for almost all regions of D;‘{) D(d) The absolute value
of the AMR ratio becomes larger as the A value becomes
smaller. Especially the AMR ratio becomes a larger negative
value with increasing the [D ;d)_ - (d) 2] /D(d) value.

From the PDOS of Fe at the la site for B2-ordered
(Fe3Co)golry; in Fig. S5 in the Supplemental Material [48],
we find the relation Di‘ﬁ < DJ(,‘{)_. Considering A = 0.6, the
AMR ratio for B2-ordered (Fe;Co)gglr;; became a large neg-
ative (red curves in Fig. 7), which is consistent with the
experimental results as shown in Fig. 6. In contrast, be-
cause of the relation Dw D(d) for A2-disordered Fe;Co
and A2-disordered (Fe3C0)891r11 (Figs. S3 and S4 in the
Supplemental Material [48]) and the larger A value of 2
eV, their AMR ratios became small positives (blue curves in
Fig. 7). As aresult, a large negative AMR ratio of B2-ordered
(Fe3Co)golry; was obtained by the theoretical model. Thus,
our theoretical analysis qualitatively agrees with the exper-
imentally observed AMR ratios in terms of their sign and
magnitude correlation.

Although the negative AMR was successfully reproduced
for B2-ordered (Fe;Co)golr 1, there is limitation in the current
theoretical model of this paper to explain the negative AMR
for lower Ir concentration and the saturation behavior of the
AMR ratio from x = 6.4% [Fig. 6(c)]. We also calculated
PDOS and the theoretical AMR ratio for x < 11% with the
B2-ordered structure. As a result, the theoretical AMR ra-
tio for x = 9.3% was negative (Fig. S7 in the Supplemental
Material [48]), which agrees with the experimental results
[Fig. 6(c)]. In contrast, the theoretical AMR ratio became
positive for x < 9.3% such as 7.8, 6.4, and 0.7%. Thus, the
experimentally observed negative AMR ratio for the low-
Ir concentrations (x < 7.8%) could not be reproduced. We
consider the reason of this discrepancy for the low-Ir con-
centration as follows: The current theoretical model assumes
that the lattice including the Ir atom is the matrix material and
that electrons are scattered by impurities (e.g., light elements)
as scatterers. On the other hand, for the low-Ir concentration,
which can be regarded as a diluted Ir material rather than the
matrix material including Ir, it would be necessary to consider
the Ir atom itself as a scatterer, and this effect is not included
in the current theoretical model. Thus, the negative AMR for

the low-Ir concentration (x < 7.8%) as well as the saturation
behavior of the AMR ratio could not be reproduced.

Consequently, the sign change of the AMR ratio from
positive to negative upon B2 ordering of Ir-doped Fe;Co films
for high-Ir concentration (x > 9.3%) reproduced by the theo-
retical model suggests that the metastable B2 ordering would
be the key to observing the negative AMR.

IV. CONCLUSIONS

We observed a large negative AMR ratio in Fe;Co single-
crystal thin films upon Ir addition and elucidated its origin
by a theoretical model. (Fe3Co);yy_,Ir, composition-spread
thin films with x up to 11% were fabricated on MgO(100)
substrates using combinatorial sputtering technique, and the
Ir concentration dependence on the AMR effect was inves-
tigated. From the laboratory and synchrotron XRD results,
superlattice peaks corresponding to Fe;Co-Ir 100 and 111
with spotlike shapes were detected in the films with x
from 2.1%, which indicates the formation of metastable
B2-ordered Fe;Co-Ir single-crystal thin films. The cross-
sectional HAADF-STEM images and NBED patterns of the
region with x = 11% also confirmed the [001]-oriented epi-
taxial growth and the B2 ordering of Fe;Co-Ir. From the
EDS results, the characteristic atomic site occupancy in the
metastable B2-ordered structure was confirmed; the Fe and Co
columns tended to be arranged alternatively, and the Ir atoms
tended to occupy the Co sites preferentially. From the AMR
measurement, the pure Fe;Co (without Ir) showed a small
positive AMR ratio of 0.3%. In contrast, once the Ir atoms
were added, the AMR ratio became negative, and it exhibited
the largest negative values of —4.7% at 10 K and —3.6%
at 300 K for x = 11%. Using a theoretical model, a small
positive and a large negative AMR ratio of A2-disordered
Fe;Co and B2-ordered Ir-doped Fe;Co were obtained, re-
spectively, which was consistent with the experimental results
qualitatively. Moreover, the sign of the calculated AMR ratio
of A2-disordered Ir-doped Fe;Co showed as positive. The sign
change of the AMR ratio from positive to negative upon B2 or-
dering of Ir-doped Fe;Co films reproduced for high-Ir concen-
tration (x > 9.3%) by the theoretical model suggests that the
metastable B2 ordering would be the key to observing the neg-
ative AMR. These findings provide deep insight into the origin
of AMR in heavy-metal-doped ferromagnetic ordered alloys.
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