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We found a non-cosg angular-dependent magnetoresistance (ADMR) of the face-centered-cubic Co thin films on
MgO (001) substrates, where f is the angle between applied magnetic field H and current I. Such angular
dependence comes from the fact that the magnetization M cannot be completely saturated in coherent rotation
mechanism when H deviates from the direction of easy and hard axes. By taking advantage of the Taylor's series,

analytical expressions of the ADMR were derived for both out-of-plane and in-plane configuration. When H is
larger than 2 times anisotropic field, the expressions can describe the magnetization-induced ADMR very well,
where the maximum error at different angles is less than 5%. The non-cos®8 characteristic of the ADMR is helpful
to distinguish the contribution of magnetization from others.

1. Introduction

The cosine square angular-dependent magnetoresistance (ADMR) is
a character of the anisotropic magnetoresistance in ferromagnets [1-5]
and the spin Hall magnetoresistance in heavy metal/ferromagnetic
multilayers [6]. The cosine square characteristic of the ADMR has been
used to confirm the presence of Dirac/Weyl fermions in Weyl semi-
metals [7,8], type-II Dirac semimetal VAl3 [9] and NiTe, [10], as well
as to reflect the twofold symmetry magnetoresistance from Fermi sur-
face topology [11,12] in Bismuth [13] and semimetal LuPtBi [14].
When ferromagnetic materials contain two or more of the above phy-
sical mechanisms, such as in single ferromagnets induced spin current
by itself [15] and magnetic Weyl semimetal Co3Sn,S, [16], it will be
extremely useful to distinguish the ADMR induced by magnetization M
from other physical mechanisms.

The ADMR induced by M is define as p, = p, + (o, — o )cos’p
[17-20], where p, and p, are the resistivities of the M perpendicular and
parallel to the current I, respectively, and ¢ is the angle between M and
L If the formula is valid, it needs a hidden condition that amplitude of
M is an unchanged with determinable angles ¢ under the field H. Al-
ternatively, the ADMR can be expressed as

Pec = 01+ (o — p)cos’(B — ), @)

where f3 is the angle between H and I, and « is the angle between M and
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H. Experimentally, it is usually supposed that M of magnetic materials
is parallel to H when the amplitude of H is larger than the saturation
magnetic field H; [17]. In this situation « = 0 and p,, can be described
as

P = P+ (B = p)cos?B. 2

Even if H > H,, the orientation of M is still dependent on H except
in spherical ferromagnets with completely disordered polycrystalline
and magnetic domain composites.

Under an applied magnetic field, the magnetization can reverse
through two mechanisms. One mechanism is domain wall nucleation
and propagation [21], and the other is called coherent rotation, which
can be well described by Stoner-Wolfarth model [22]. When the applied
magnetic field is high enough such as over Hj, it can be ensured the
coherent rotation of magnetization [23]. Then the magnitude of mag-
netization can be considered as a constant M;, and the direction of M
under a rotated H; is described by the Stoner-Wolfarth model. However,
even if H; is several times of the anisotropic field, the Stoner-Wolfarth
model [22] indicates the magnetization can never be completely mag-
netized to the direction of Hy except at the easy and hard axes. The
supposition used in Eq. (2) that M; is parallel to the Hj, is no longer
valid, and the deviation of the cos?’f ADMR induced by M is significant
[24].

Here, we investigated the ADMR induced by M in face-centered-
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cubic (fcc) Co single-crystal thin films on the MgO (001) substrates
under room temperature. The samples can be approximately considered
as single domain structure with cubic anisotropy when H > H;. We
found the non-cos?8 ADMR both in out-of-plane and in-plane geometry.
This contrasts with the fact that H; could magnetize the Co thin films in
saturation state within the traditional point of view. Considering the
direction derivation of M; from Hg, a proper analytical expression was
proposed to describe the ADMR induced by M when the field H is larger
than 2 times anisotropic field H,. Similar to the single crystal Co thin
films, the findings were further verified by the ADMR in polycrystalline
FeyoNigo thin films. Such non-cos?’$ ADMR can be considered as a
character of the ADMR induced by M.

2. Experimental

The 30-nm-thick Co thin films were prepared on polished MgO
(001) single crystal substrates by using a molecular beam epitaxy
system under a base pressure lower than 5 x 107 Pa. The substrates
were outgassed up to 500 °C and kept at 300 °C for the steady de-
position of fcc Co [25-27]. The deposition rate was kept constant at
1.01 A/min. The 84-nm-thick Fe,oNigo thin films were deposited on Si
substrates at room temperature by radio frequency magnetron sput-
tering. An in-plane uniaxial magnetic anisotropy was induced by ob-
lique deposition. The base vacuum was 7.5 X 10 Pa, the sputtering
power was 80 W, the flow of Ar was 10 SCCM, and the sputtering
pressure was 0.25 Pa.

The structure of Co thin film was characterized by high resolution x-
ray diffraction (X’Pert MRD). The in-plane and out-of-plane hysteresis
loops were obtained by VersaLab and superconducting quantum inter-
ference device magnetometer, respectively. The ADMR was measured
by the Physical Property Measurement System equipped with a mo-
torized sample rotator. All measurements are performed at room tem-
perature. The schematic diagram of the ADMR measurement was shown
in Fig. 1(a). The current is along x direction, the [110] direction of the
Co thin films, which is the easy axis in-plane. We rotated magnetic field
in both xy and xz planes, where a (f) is the angle between H and M (I).
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3. Results and discussion
3.1. Structural and magnetic characterizations

Fig. 1(b) shows clear (002) diffraction peak of the Co thin film in the
x-ray diffraction pattern, and there are no other impurity peaks, in-
dicating the fcc structure of the crystal. Its in-plane hysteresis loops
were shown in Fig. 1(c). The loop measured in the easy axis direction
has a reduced remanence ~1.0, which indicates that the sample is a
single domain structure. With a decreasing field, the loop measured in
the hard axis direction has a reduced remanence ~0.7, which reveals
that the in-plane magnetization process is a coherent rotation me-
chanism. To describe the deviation of M from H, we considered the
Zeeman energy and the cubic magnetocrystalline anisotropy energy
characterized by a constant K;,,, the in-plane free energy density [17,28]
is written as

1 .
Fy, = —pgM;Hcosa + EKinsmzZ(B - a), 3)
where (1, is the permeability of vacuum and M; is saturation magneti-
zation. The equilibrium direction of M; is determined by 0F;,/0a = 0,
that is

hsina — isin4(ﬁ —a)=0, 4
where the reduced field h = H/H'", the in-plane anisotropic filed
H!" = 2K;,/u,M;. When § = 45°, Eq. (4) changes to

2cos’x — cosat — h = 0. 5)

Fig. 1(c) can be well fitted by Eq. (5) with H® = 90 mT. The value
H!" = 90 mT can be directly obtained from the point where M deviates
from M, shown in Fig. 1(c), which is corresponding to the condition of
cosa = 1 and h = 1 described by Eq. (5). The well-fitting clearly shows
the magnetization from hard axis to easy axis is a rotation process with
a remanence cos45°.

For the situation of out-of-plane, we introduced the Zeeman energy,
the demagnetization energy and the out-of-plane uniaxial anisotropy
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Fig. 1. Characterization results of the Co/MgO thin films. (a) Measurement schematic of the ADMR. (b) X-ray diffraction pattern of 6-26 scans. Hysteresis loops (c) at
easy (0°) and hard (45°) axes for in-plane and (d) out-of-plane configuration at room temperature. The red solid line is the fitted curve by Eq. (5).
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14.0

Fig. 2. Magnetoresistance as a function of magnetic field applied along the x, y,
and z axes, respectively. The partially enlarged curves of magnetoresistance
along x and y axes are shown in inset figure.

energy characterized by a constant K,,, and the total free energy
density is expressed as [29-31]

1 . .
Byt = —ptoM;Hcosa + E,uOMfsmz(ﬁ — a) + Kousin?(8 — a),
the equilibrium direction of magnetization is determined by

. 1.
hsina — Esmz(ﬁ —a)=0, @
where the reduced field h = H/H", the effective out-of-plane aniso-
tropic field H" = (M + 2Kou/toM;). Tt is found that when 8 = 90" the
solutions of Eq. (7) are cosa = h and sina = 0. Then H* = 2.5 T can be
obtained from the turning point & = 1 in the hysteresis loop shown in
Fig. 1(d).

In Fig. 2, we present field-dependent magnetoresistance along the
three main axes x (easy axis), y (easy axis) and z (hard axis), respec-
tively. Compared with the hysteresis loops shown in Fig. 1(c) and (d),
under low applied magnetic field (such as H < 20 mT in-plane),
magnetoresistance shows complex variation trend the same as magne-
tization. It caused by domain wall nucleation and propagation as
mentioned above. But when H is high enough or even larger than H,,
magnetoresistance declines linearly to guarantee a true single-domain
rotation [23,24]. Thus, it further proves the availability of coherent
rotation mechanism in the range of field that we research.

3.2. Out-of-plane ADMR

As shown in Fig. 3(a), we measured the out-of-plane ADMR under
different magnetic fields in xz plane. We can clearly see that curves do
not satisfy the relationship of cos?p. Even if the field reaches 8.75 T, the
full width at half maximum of peak region (3 = 180°) is about 30°
larger than that of the valley region (8 = 90°). The fitting result of the
ADMR by cos?g under 5 T shown in Fig. 3(b) has significantly deviated
from the experimental data especially around 45°. This indicates that
there is a significant deviation of M from H even H is larger than the
anisotropic field H™' [24].

It is known that magnetization M of a single-domain particle can
never be completely magnetized to the direction of H except for easy
and hard axes within the coherent rotation mechanism. According to
the Stoner-Wohlfarth model [22], the simplest anisotropic free energy
density is consistent with the Zeeman energy — u,M;Hcosa and the
uniaxial anisotropy energy Ksin?(8 — «). The equilibrium direction of
magnetization is determined by
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Fig. 3. (a) ADMR curves under different magnetic fields in xz-plane. (b) ADMR
under 5 T for out-of-plane configuration. The black open circle is the experi-

mental data. The red solid line is the fitted curve by Eq. (10), and the blue dash
dotted line is the fitted curve by Eq. (2).

1 . .
B—a= Earcsm(zhsma),

®

where h = H/Hg, Hx = 2 K/uoM,. Within the magnetization region,
a < 3 <90, the arcsine function indicates the value of a decreases with
increasing h. The maximum values of & = 30. 0°, 14. 5" and 9. 6" occur
at §=75.0, 59.5 and 54. 5 when h = 1, 2 and 3. Therefore, we had
to consider the deviation of M from H about the out-of-plane ADMR.

We use the small angle a approximation to obtain an analytical
expression of @, which is still missing for Eq. (7). By using the Taylor
series at @ = 0, we got an approximate expression

an sin2f
~ 2(h + cos2B)’ 9)

Combining Egs. (9) and (1), we obtained an appropriate phenom-
enological formula of out-of-plane ADMR under the small-angle ap-
proximation,

sin2f3 )

outz + _ 2 A
Pac % Py (Py = pp)c0s (5 2(h + cos2B)

(10)

where p, is the resistivity out-of-plane with magnetization aligned
along z axis [32]. The fitting results by Eq. (10) shown in Fig. 3(b) are
coincident with the original data when the anisotropic field
H' = 2.7 T. The magnitude of HZ"' is close to the result 2.5 T obtained
by the hysteresis loop shown in Fig. 1(d).
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Fig. 4. ADMR curves under different fields which are (a) larger than the ani-
sotropic field and (b) close to the anisotropic field in xy-plane. (¢) ADMR under
150 mT for in-plane configuration. The black open circle is the experimental

data. The red solid line is the fitted curve by Eq. (12), and the blue dash dotted
line is the fitted curve by Eq. (2).

3.3. In-plane ADMR

The results of the ADMR curves measured in-plane are shown in
Fig. 4. It was found that the ADMR curves shown in Fig. 4(a) look like a
cosine function when the field is much larger than the in-plane aniso-
tropic field 90 mT, i.e. 350 mT, 500 mT, and 1 T. But the ADMR curves
shown in Fig. 4(b) have significantly deviated from the cosine function
especially between 22.5° and 45° for the field at 50 mT, 100 mT, and
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Fig. 5. Field-dependent ADMR at several selected typical 8 values (a) in xz-
plane and (b) in xy-plane.

150 mT, which are close to the in-plane anisotropic field.

To show the deviate of the ADMR induced by M from the cos®3
function, we used Taylor’s series for Eq. (4) at @ = 0, and obtained a
similar result as follow:

N sin4f
" 4(h + cosdB)’ an

Therefore, the in-plane ADMR formula under the small-angle ap-
proximation is

. sin4,
P;Z ~p + (o — P[)COSZ(IB - i ),

4(h + cos4p) 12

where p, is instead by p, in-plane [32]. The experimental data measured
at 150 mT are well fitted by Eq. (12) with H" = 88 mT shown in
Fig. 4(c). The magnitude of H" is approach to 90 mT obtained by the
hysteresis loops shown in Fig. 1(c).

3.4. Non-cosp nature

Fig. 5 presents the field-dependent ADMR at several typical f values
in out-of-plane and in-plane geometry. For both out-of-plane and in-
plane configurations, the ADMR varies linearly with H when H is larger
than the anisotropic field at easy or hard axis. The slowly linear de-
creasing comes from the spin-magnon scattering [33]. When H deviates
from the direction of easy and hard axes, the ADMR approach infinitely
certain values at different 8. The nonlinear changes are more obvious at
45° to 90° for out-of-plane configuration and 22.5° to 45° for in-plane
configuration, which is consistent with the significant deviation of
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Fig. 6. (a) Error comparison of small angle approximate and traditional sa-
turation sense magnetoresistance for out-of-plane configuration. The black
open triangles represent the maximum error of approximate resistivity o2 with
respect to the accurate numerical resistivity p.. The red solid triangles re-
present the error of cos?p fitting. (b) Comparison of the approximate solution
and accurate numerical solution of a for out-of-plane configuration. The black
open triangles represent the accurate numerical solution of @ obtained from Eq.
(7). The red solid triangles represent the approximate solution of @ by Eq. (9).
The insets show the corresponding situation for in-plane configuration.

ADMR at those angles in Fig. 3(a) and 4(b). These results indicate that
the non-cos®p nature of ADMR is that the magnetization can never be
strictly saturated except at easy and hard axes.

3.5. Validity of the small angle approximation

In order to find the effective range of the field H under which the
Egs. (10) and (12) are valid, it is necessary to find out the error of the
small-angle approximation. It is known that the difference between the
angle a obtained from Egs. (9) or (11) and the accurate numerical result
described by Eq. (7) or (4) is related to the strength and direction of the
field. For out-of-plane configuration, we defined the normalized error of
resistivity (Ap)max to present the maximum difference between the re-
sistivity o2 and the accurate numerical resistivity o, calculated from
Eq. (1) with Eq. (7)

(P,g? L - p)oc)max
By = ——————
Pi— P

_ ___ sim2g | _ _
- {COSZ [B 2(h + COSZﬁ)] cos* (B OC)}WDC a3)
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Fig. 7. ADMR of polycrystalline FeyoNig thin film under different fields in xz-
plane. The solid line is the fitted curves by Eq. (10).

Fig. 6(a) shows the relationship between (Ap),,x and h for out-of-
plane configuration. It can be seen that (Ap),,,, decreases dramatically
with increasing h. When h is larger than 1.8, the error is less than 5%.
For comparison, Fig. 6(a) also shows the error of cos?g fitting. It is found
that the error is less than 5% when h is larger than 10. Such a large
magnetic field is extremely difficult to be obtained in the lab. For in-
plane configuration, a similar error curve is shown in the inset of
Fig. 6(a). The small-angle approximation is a nice approach to describe
the ADMR when h is larger than or equal to 2.

Fig. 6(b) shows the out-of-plane 8 dependence of a obtained from
Egs. (7) and (9) with h = 2. The in-plane results obtained from Egs. (4)
and (11) are presented in the inset of Fig. 6(b). It is found that the
deviation of the approximate solution from the accurate solution is less
than 2° for both out-of-plane and in-plane configurations. This is the
reason that the Egs. (10) and (12) can well describe ADMR induced by
M when H is larger than or equal to 2H,.

To further demonstrate the validity of the Eq. (10), we measured the
ADMR of polycrystalline Fe,oNigg film under different magnetic fields
at room temperature. Fig. 7 shows the similar non-cos®8 characteristic
between p%* and 8 even though H is larger than 2H,. By using Eq. (10),
the experimental data can be well fitted with anisotropic field
H = 1.0 T which is dominated by demagnetizing field when
H = 1.5 T, and the error is also less than 5%. Obviously, Eq. (10) are
also suitable for polycrystalline samples. As for in-plane configuration,
it should be mentioned that the disorder of crystal grains orientation
causes the hard axis and the easy axis to be averaged out, and the effect
of the demagnetizing field can be ignored. Thus, almost no magneti-
zation deviates from the direction of the applied magnetic field, and Eq.
(12) degenerates into Eq. (2).

4. Conclusions

The non-cos?$ ADMR induced by magnetization M on the Co/MgO
thin films were investigated when H is larger than the anisotropic field
for both out-of-plane and in-plane configurations. Due to the influence
of the anisotropy field, the direction of the magnetization M can never
completely parallel to the direction of H except at easy and hard axes,
which causes a non-cos?8 ADMR. We used the small-angle approx-
imation to obtain the analytical expression of the deviation angle of M
from H. By error analysis, we demonstrated that the Egs. (10) and (12)
are appropriate to describe ADMR of magnetization when H is larger
than 2H, no matter the configuration is out-of-plane or in-plane. The
non-cos?B characteristic is the key to separate ADMR induced by M
from other contributions, which may be used to the ADMR analysis of
magnetic topology materials and spintronic devices.
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