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ABSTRACT

We report on the magnetoresistance in different crystallographic directions of epitaxial ferromagnetic Fe;qCozo thin films with
magnetization rotated in the film plane. A negative single crystal anisotropic magnetoresistance (SCAMR) is found when the current is along
the easy magnetization axis [110], and the SCAMR can be tuned to the conventional positive one when the current flows along the hard
magnetization axis [100]. This finding is explained comprehensively by a magnetocrystalline anisotropy (MCA) symmetry-adapted model
expanded along the easy magnetization direction, with which the SCAMR can be represented as a MCA-independent conventional term
cos 2¢,, and a series of MCA-dependent terms cos 2n¢, (n > 1). The results show that the MCA-dependent twofold term contributes to the
negative SCAMR, which cannot be used as a fingerprint of the half-metallicity. Our finding provides an approach to understand and design

the magnetoresistance with ferromagnets by MCA.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0034232

Since the discovery of longitudinal and transverse magnetization
effects on the resistance of ferromagnetic materials founded in a rect-
angular polycrystalline sheet of Fe and Ni by Lord Kelvin in 1856, the
twofold symmetry characteristic of the anisotropic magnetoresistance
(AMR) in polycrystalline ferromagnets is established.” Conventionally,
the resistivity p; in the current density J direction of the polycrystalline
ferromagnets is represented as’

Pl PP o, M

PL PL

where p;(p, ) is the resistivity when the magnetization M is parallel
(perpendicular) to J and ¢, is the angle of M from the J direction. In
the polycrystalline ferromagnets, most of the metals and alloys exhibit
a positive AMR with p —p, > 0, and a negative AMR was also
observed in several 3d metals and alloys containing Cr (Mo, Si)° or Ir,’
Co,MnAl, ,Si, Heusler alloys,” and textured Fe,N metallic
compounds.” The anisotropy effect of the current direction-
independent AMR is a consequence of s—d scattering with spin-orbit
interaction (SOI),'""* which is called conventional AMR. Based on
the two-current model proposed by Campbell-Fert-Pomeroy, ™ the

effect of spin-related s—d scattering on AMR was supposed.”” ' The
sign of conventional AMR and its reversal can be reasonably under-
stood with spin-polarized conduction states and localized d states
with SOI That is, when the dominant s-d scattering process was
sT—=d|(sT—dT)ors|—d71(s|—d|), the sign tended to be
positive (negative).”’

Magnetoresistance of single crystal Fe in the longitudinal mag-
netic field was studied decades later.”" A crystallographic direction-
dependent AMR resistance was observed in bulk’>** and thin films of
traditional ferromagnetic metals,”* ** ferrimagnetic oxides,”” and anti-
ferromagnetic material CuMnAs,” and of half-metallic alloys,3 !
oxides,”” and nitrides,” as well as magnetic semiconductors.”*”” Two
significant characteristics of the single crystal AMR (SCAMR), which
is beyond the cos 2¢,, polycrystalline symmetry, are revealed clearly.
One is higher order terms occur in addition to the twofold term, and
the other is a phase-shift of the AMR terms exists in different crystallo-
graphic directions. A symmetry-adapted phenomenological theory of
the AMR on current and magnetization orientation with respect to the
crystal axes was given by Doring.”* The SCAMR can be divided into a
crystalline-independent term and a series of crystalline-dependent

Appl. Phys. Lett. 118, 042404 (2021); doi: 10.1063/5.0034232
Published under license by AIP Publishing

118, 042404-1


https://doi.org/10.1063/5.0034232
https://doi.org/10.1063/5.0034232
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0034232
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0034232&domain=pdf&date_stamp=2021-01-26
https://orcid.org/0000-0001-8527-8519
https://orcid.org/0000-0002-3857-4478
https://orcid.org/0000-0001-5633-477X
mailto:gaocunx@lzu.edu.cn
mailto:xueds@lzu.edu.cn
https://doi.org/10.1063/5.0034232
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

terms according to the symmetry of crystal.” For the cubic structure,
the longitudinal SCAMR can be represented as””"’

py = Cy + C, cos 2ay cos 20y + S, sin 201 sin 20
+ C, cosdopy + -+ -, 2)

where C (i=0, 2, 4,...) and 8, are the coefficients related to the
crystal and o (o) is the angle between J (M) and the reference crystal
axis. The SCAMR is frequently used to successfully describe the AMR
of the single crystal,”**” polycrystal,” as well as textured 3d-ferromag-
netic layers in sandwich."'

However, no bridge between s-d scattering with SOI and the
symmetry-adapted phenomenological theory indicates that an insight
into the nature of crystalline-dependent terms is still a challenge. For a
defined SCAMR experimental result, the sign and phase of the
crystalline-dependent terms can be differently described by the
phenomenological theory with different reference crystal axes.”” On
the contrary, if the reference crystal axis along the current direction
was selected, the phase-shift curve of the SCAMR’>*® cannot be fitted
well by the phenomenological theory with one set of coefficients. The
fact indicates that the selection of the reference crystal axis should be
limited rather than free. From this point, only the correct reference
crystal axis selected in the expansion of the phenomenological theory,
the conventional AMR resulted from the magnetization can be derived
from the SCAMR in which the twofold symmetry term comes from
both crystal-dependent and crystal-independent terms. Experimentally,
the SCAMR with the same crystal structure revealed that the
crystalline-dependent terms are related to the temperature™"® and
composition.”” Both the sign and symmetry changes of the SCAMR in
Co,MnGa,"® GaMnAs™ and NiFe, ,N"*"? indicate that the reference
crystal axis should be related to the anisotropic properties. Recently, the
interface spin-orbit fields significantly change the symmetry of
SCAMR in quasi-two-dimensional Fe/GaAs.”’ Considering that the
SCAMR comes from s-d scattering with SOI (Refs. 10-12 and 20), and
the magnetocrystalline anisotropy (MCA) originates from the SOI
(Ref. 51), the SCAMR can be understood based on the symmetry of
MCA rather than the crystalline symmetry. If so, the negative SCAMR
can be observed in a certain crystallographic direction of ferromagnetic
metal alloy, which has a well-known positive traditional AMR.

Here, we report the SCAMR of the epitaxial single crystal in dif-
ferent crystallographic directions of the body-centered cubic (bcc)
Fe30Coy thin films on MgO(001). It is found that the sign of SCAMR
can be changed from negative to positive through the phase-shift grad-
ually when the current is applied from the [110] to [100] direction in
Fe;0Coy. Considering the MCA-dependent resistivity tensor, the
SCAMR can be divided into a MCA-independent term and a series of
MCA-dependent terms. The former corresponds to the traditional
AMR with a positive cos2¢,, symmetry and that in the later terms
contribute to the negative AMR. The MCA-related properties are con-
sistent with the results of ferromagnetic resonance (FMR). These
results provide ideas for researching and regulating positive and nega-
tive AMR in single crystalline magnetic metals under considering
MCA.

High quality epitaxial Fe;oCoyo thin films were fabricated and
monitored by the in situ reflection high energy electron diffraction
pattern (supplementary material I). A bcc structure was characterized
by high resolution x-ray diffraction, and a lattice parameter of 2.851 A
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is calculated by the diffraction peak at 32.5° of the Fes;oCoy (002)
plane (supplementary material II). Hysteresis loops were measured at
room temperature by a vibrating sample magnetometer. The easy
magnetization axis (EA) and hard magnetization axis (HA) along
[110] and [100] directions are determined by the remanence of about
1.0 and 0.7, respectively. Then, the thin films were patterned into a
designed current-direction-dependent Hall bar by photolithography
and ion beam etching techniques for electrical transport measure-
ments. All of the Hall bars along the different crystallographic direc-
tions have a transverse width of 50 um and a longitudinal length of
1000 um. Both SCAMR and FMR were performed at room tempera-
ture by a physical property measurement system (PPMS) equipped
with a motorized sample rotator and coplanar waveguide FMR mea-
surement system, respectively.

In-plane hysteresis loops are shown in Fig. 1. The loop measured
in the [110] direction has a reduced remanence of about 1.0, which
indicates that the EA is along [110]. With the decreasing field, the loop
measured in the [100] direction (hard axis) decreases almost linearly
and has a reduced remanence of about 0.7, which is consistent with
the in-plane coherent rotation magnetization process under cubic
MCA.” With analyzing the loop in the [100] direction,” the anisot-
ropy field of about 50 mT can be obtained.

Figure 2(a) shows the schematic diagram of the SCAMR mea-
surement, where the current flows along the longitudinal direction
of each Hall bar. The angles of magnetization M and the EA with
respect to the current density J are ¢,; and @g,, respectively.
@u = P — o, where o and f are the angles of magnetization M and
the current J with respect to the applied magnetic field H, respec-
tively. Figure 2(b) shows the longitudinal resistivity p; with
@pa = 0°,15°,30° and 45° measured as a function of f§ in the film
plane under an applied magnetic field of 6 T. The significant
phase-shift appears in the p; ~ f curves when the direction of the
EA changes from ¢p, = 45° to @g, = 0°. It shows a typical posi-
tive SCAMR as J || [100] at ¢g, = 45°, which is the characteristic
of traditional 3d magnetic metal. However, the negative SCAMR
as J || [110] at @g, = 0° occurs. Those curves with phase-shift
obviously cannot be described by the conventional AMR as shown
in Eq. (1).

1.0f —H/[110]
—— H//[100]
05}
s° 0.0

M/

-60 -40 -20 0 20 40 60
HH (mT)

FIG. 1. Hysteresis loops with the applied magnetic field in [110] (black line) and
[100] (red line) crystallographic directions.
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FIG. 2. (a) Measurement schematic of the SCAMR. (b) SCAMR as a function of f3
in the film plane under 6 T in different current directions with respect to the EA. The
dots are the experimental data. The solid lines are the fitted curves by Eq. (3).

When the EA is selected as the reference crystal axis, the SCAMR
in the (001) crystal plane of the bcc structure by the same process of

the phenomenological theory’”*>** can be represented as

Py (@prs Ppa) = po + p, cos 2<PM+P§ c0s2(2¢p4 + Q)
+p§ cosd(@py + Q) + - 3)

where  py = Cp, py = (G, +8,)/2, p§ = (G, = $,)/2, pf = C
compared with Eq. (2). p, p§, p$ are expressed as the noncrystalline
AMR, crossed noncrystalline/crystalline, and cubic crystalline coeffi-
cients (Refs. 35 and 53), respectively. It clearly shows that the second
term is MCA-independent, which represents the conventional AMR.
The terms higher than the second term are MCA-dependent, which
reveal the main difference of SCAMR from the conventional AMR
and will disappear as the MCA is averaged out in polycrystalline.
Certainly, the resistivity p; with ¢p, = 0°,15°, 30°, and 45°
shown in Fig. 2(b) can be well-fitted with Eq. (3) when the applied
magnetic field is high enough to satisfy ¢,; = 5, where p, = 4.185
%1072 uQ cm and p§ = —7.337 x 1072 uQ cm. The fitting process
is similar to other reference crystal axes.”””** However, three aspects
are significant when we select the EA as the reference crystal axis

scitation.org/journal/apl

rather than the arbitrary crystallographic direction. First, it is reason-
able in mathematics. If we regard the reference crystal axis as the cur-
rent direction, Eq. (2) will be p;(@y, 0°) = Gy’ + C'cos2¢y,
+ Cy’'cosdpy; + - - -. This means there cannot be any phase-shift when
] is applied along the reference axis, which is not the case as shown in
Fig. 2(b). Second, it is more reasonable in physics. The coefficients of
Eq. (3) obtained from any one of curves shown in Fig. 2(b) can be
used to fit others well. The last is the selection of the EA as the refer-
ence axis constructs the connection between the phenomenological
theory and the SOL Equation (3) is obtained by the expansion of
pij(M), which is quite similar to that of the free energy density of
MCA.”" At the same time, the SOI is the important issue of the
MCA."!

_Actually, the validity of the expansion of p,-j(M) rather than
p;;(H) is not sure because most of the measurements are performed in
a high applied magnetic field, which satisfy M || H. If an unsaturated
field is applied, the direction of M rather than H changes. It is reason-
able to represent the variation of SCAMR by the expansion of p,-j(M)
rather than p;(H), which has been used to determine the magnetic
anisotropy.””” Figure 3(a) shows the results of unsaturated SCAMR
measured at 100 mT under different current directions relative to the
EA. The significant deviation from the saturated result shown in Fig.
2(b) reveals the validity of our suggestion.

When we try to fit the experimental results in Fig. 3(a) with Eq.
(3), it is necessary to obtain the angle of ¢,,. Considering the Zeeman
energy and cubic MCA energy, under the coherent rotation model, the
total free energy density of the system can be expressed as

1
F = —uyMH cos o + A_LK sin?2(@py + f — ), (4)

where 1 is the vacuum permeability, M; is the saturation magnetiza-
tion, and K is the cubic MCA constant. ¢,; = f§ — o can be derived by
OF /0o = 0 with small angle approximation

sin4(pg, + f)
4[h + cos 4(ppy + B)]

where h = H/Hg and Hyg = 2K/u,M; is the effective cubic MCA
field. This approach has been successtully used to analyze the conven-
tional AMR.”*""*

Figures 3(b) and 3(c) show the fitting results by Eq. (3) combined
with Eq. (5) when J is along [110] and [100] directions, respectively.
The 100 mT magnetic field ensures the validity of Eq. (5), under which
the H is larger than twice of the anisotropy field of about 50 mT of the
Fe3,Coy, thin films and the magnetization process is coherent rotation
rather than domain-wall motion or nucleation.” The purple curves in
Figs. 3(b) and 3(c) represent the second term in Eq. (3), and the blue
and green curves represent the third and fourth terms, respectively.
Adopting the parameters p, = 4.185 x 1072 uQcm and p§ = —7.337
x 1072 uQ cm under 6T, it can be seen that the experimental data
are fitted by the total results well. At the same time, pf = 4.460
%1073 uQ cm and Hyx =38 mT along the EA are obtained. It shows
that the magnitude of fourfold symmetry term p$ is almost one
order of smaller than that of the twofold symmetry terms p, and p§.
Therefore, the fourfold symmetry of SCAMR is not obvious, in gen-
eral, unless the two terms of the twofold symmetry are approxi-
mately equal and signs are opposite. In the Fes;oCoyo films, the
MCA-dependent twofold symmetry term p is larger than p,, which

ou=Ep— (5)

Appl. Phys. Lett. 118, 042404 (2021); doi: 10.1063/5.0034232
Published under license by AIP Publishing

118, 042404-3


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

—4— (0° —O— 15° —0— 30° —— 45°
9.2} A;.L’-me"'“ s » I_I_L’”””“)“‘
L s DI 20090072

p, (HQ-cm)

p; & exp Total
] Y ] 1

0 90 180 270 360
B (degree)

FIG. 3. (a) SCAMR as a function of  under 100 mT in different current directions
with respect to the easy axis. The fitting results by Eq. (3) at (b) ¢z, = 0° and (c)
@ea = 45°. The open triangles are the experimental data. The purple solid lines
represent MCA-independent SCAMR, while the blue and green solid lines represent
twofold and fourfold symmetry MCA-dependent AMR, respectively.

ultimately dominates the phase-shift of SCAMR and leads to a nega-
tive SCAMR in the [110] crystallographic direction. This also causes
the SCAMR ratio to have an order of magnitude difference in differ-
ent crystallographic directions as reported in other systems,”®*"*>>°
but there is no negative SCAMR and significant phase-shift reported
in ferromagnetic metals like Fe” and Fe,py_Co, (x < 65).°°

In order to verify the correctness of the effective MCA field
obtained by fitting the SCAMR, Fig. 4 shows the frequency conversion

scitation.org/journal/apl
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FIG. 4. The frequency conversion FMR spectra with the magnetic field applied
along [110] crystallographic directions.

EMR results with the applied magnetic field along the EA [110] direc-
tion. The resonance field H, can be obtained from the curves with dif-
ferent frequencies. It is known that a more general expression of the
resonance frequency derived by Baselgia et al. is”

oy L[Pn( 1o
y ) M2 | 960% \sin?0 Og?

(1 O*F _ cos0 OF ©
sin0 000  sin00¢) |’

cos 8_F
sin ¢

where o is the resonance frequency, y is the gyromagnetic ratio,
and 0 and ¢ are the polar angle and azimuthal angle with respect
to the EA direction, respectively. With 0 = 90° and ¢ = 0°, the
resonance frequency of a thin film with the EA along the x direc-
tion in the film plane can be obtained as an improved Kittel for-
mula o = pyp+/(M; + Hx + H,)(Hx + H,). For Fe3Coyo films,
Hg=40mT at the EA is worked out by fitting the resonance field
dependence of resonance frequency. This result corresponds to
that obtained from the unsaturated SCAMR and reveals the rea-
sonableness of Eq. (3) where the EA is the reference crystal axis.
At this point, we rewrite the SCAMR as

AP} = p[((PM7 (pEA) - P1(07 Pra)- (7)

In Eq. (7), the influence of crystalline resistance and device difference
is ruled out as shown in Fig. 5(a), where the SCAMR of magnetization
and the MCA is highlighted. It clearly shows the significant phase-
shift of SCAMR and the sign change from negative AMR along [110]
to positive AMR along [100]. Figure 5(b) shows the SCAMR at
Qg = 30° under different applied magnetic fields. It is found that
there is almost no change with the increase in the field from 1 Tto 9T,
which indicates further that the influence of the applied magnetic field
on our results can be ignored. Correspondingly, with temperature
decreasing, the Hx and pg increase with a similar trend, which further
proves the correlation between MCA and SCAMR (supplementary
material TIT).

To conclude, we investigated the SCAMR of Fes,Co thin films
on MgO(001) with current applied along different crystallographic
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FIG. 5. (a) SCAMR ratios as a function of 5 under 6 T in different current directions
with respect to the EA. (b) SCAMR ratios as a function of 8 under different applied
magnetic fields at g4 = 30°.

directions. The SCAMR accompanied a huge phase-shift until its sign
changes from negative to positive with the direction of the current
applied from [110] to [100]. Under the MCA symmetry-adapted
model, a more general SCAMR expression is derived by using the EA
reference axis and is composed of a MCA-independent conventional
term cos2¢,; and a series of MCA-dependent terms cos2n¢,
(n > 1), which describes the experimental results well under whatever
the high or low magnetic field. We also verified the correctness of the
SCAMR, in which the MCA-dependent twofold term contributes the
negative AMR, which cannot be used as a fingerprint of the half-
metallicity. This MCA symmetry-adapted SCAMR can provide an
approach for the design and research of the magnetoresistance in the
spin electronic devices, and the influence of symmetry-adapted MCA
on the electrical transport properties can also be extended to analyze
various Hall effects.

See the supplementary material for the sample growth, structural
characterization, and the temperature dependence of the SCAMR of
the Fe;,Co films.
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