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The anisotropic magnetoresistances (AMRSs) in single crystalline Co(6 nm)/SrTiO3(001) heterostructures from 5 K
to 300 K with the current direction setting along either Co[100] or Co[110] are investigated in this work. The anomalous
(normal) AMR is observed below (above) 100 K. With the current along Co[100] direction, the AMR shows negative
longitudinal and positive transverse magnetoresistances at 7 < 100 K, while the AMR is inverse with the current along
Co[110]. Meanwhile, the amplitude ratio between Co[110] and Co[100] is observed to be as large as 29 at 100 K. A crystal
symmetry-adapted model of AMR demonstrates that interplay between the non-crystalline component and crossed AMR
component results in the anomalous AMR. Our results may reveal more intriguing magneto-transport behaviors of film on

SrTiO3 or other perovskite oxides.
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1. Introduction

The anisotropic magnetoresistance (AMR) effect, dis-
covered in ferromagnetic metals by Thomson in 1857, is
one of the most fundamental characteristics involving mag-
netic and transport properties?! and has many practical ap-
plications in magnetic recording and sensors.!3l This phe-
nomenon is attributed to spin—orbit coupling which mixes
spin-up state with spin-down state,[*! and is usually stud-
ied in magnetic materials (MMs). While the combined MM
with some nonmagnetic materials can form bilayers or mul-
tilayers, and thus lots of novel magnetoresistance (MR) phe-
nomena are discovered, such as giant MR in Fe/Cr/Fe,!”! tun-
neling MR in Fe/MgO/Fe,®! spin Hall MR (SMR)™! in ferro-
magnetic insulator!'%1 or metal,['?! unidirectional SMR 13!
in Co/Pt and Co/Ta, Hanle MR in Pt/YIG,['* anisotropic
interface MR in Pt/Co/Pt,l'>-171 Rashba-Edelstein MR in
Bi/Ag/CoFeB, '8 and spin—orbit MR in Cu[Pt]/Y3Fes501,.["]
Although the above MR phenomena originate from different
physical essences, they are dependent on spin—orbit coupling
and heavily correlated with the nonmagnetic materials or in-
terface.

Interestingly, nonmagnetic oxide SrTiO3z (STO) substrate
also has a strong influence on transport properties of a thin
film deposited on it. In LaAlO3/STO heterostructures, in-
terfacial Rashba MR,[?%! fourfold oscillation AMR and pla-
nar Hall effect,>!] as well as giant crystalline AMRI[*?]
were reported.!?>9] Besides these outstanding studies de-
voted to single crystalline oxides, a few fantastic phenom-

ena in metals/STO heterostructures were realized. In non-
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magnetic metallic Al/STO heterostructures, two-dimensional
electron gas was formed at room temperature?®! and a
very large inverse Edelstein effect!”’! was reported. In
half-metallic Fe4N/STO heterostructures, the AMR becomes
positive,[?8] which is opposed to its natural negative AMR on
Si substrate.?! In addition, more and more studies on AMR
have been conducted based on single-crystal magnetic thin
films recently, for it can exhibit strong dependence on the cur-
rent orientation, 3-38] additional four-fold symmetry, [31-34-381
and asymmetric behaviors.[>3] However, the signs of above
AMR are always positive, and the negative AMR (a fingerprint
for half-metallicity3>#?! has never been realized in metallic
films. It is interesting to explore whether the single-crystal
MMY/STO heterostructures show different AMR properties.

In this paper, we study the AMR in the single-crystalline
face-centered-cubic (FCC) Co(6 nm)/STO(001) heterostruc-
ture as a function of temperature and current direction. The
AMR with the current along Co[100] (Co[110]) direction
shows anomalous negative (positive) longitudinal MR and
positive (negative) transverse MR below 100 K. The anoma-
lous temperature-dependence of the AMR can be well under-
stood by a phenomenological model and attributed to the in-
terplay between the non-crystalline component from the tradi-
tional AMR and the crossed AMR component from a mixture
of current and crystalline direction related contributions.

2. Experimental details

Co/STO(001) heterostructures were prepared by molecu-
lar beam epitaxy in an ultrahigh vacuum chamber with a base
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pressure better than 4.5 x 10719 Torr (1 Torr = 1.33322 x
10? Pa). The (001)-oriented Co layers were deposited on
STO(001) by using thermal evaporator with a substrate tem-
perature held at 400 °C. The Co crystallinity was monitored
by in situ reflection high-energy electron diffraction (RHEED)
during deposition, and further improved by in sifu annealed at
400 °C for 15 min after deposition. Finally, the heterostruc-
tures were covered by a 3-nm-thick Al capping layer to pre-
vent the Co film from oxidizing. High resolution x-ray diffrac-
tion (HRXRD) was used to characterize the structure. Mag-
netic properties were measured with Verslab (Quantum De-
sign). Using standard lithography and Ar-ion etching, the het-
erostructures were patterned into two Hall bars along Co[100]
and Co[110] crystalline directions. The transport properties
were performed by using a standard four-probe method with a
constant DC current / in a physical property measurement sys-
tem (quantum design) equipped with a rotatable sample stage.
To exclude contributions from the possible misalignment, we
did the measurements with both positive and negative field di-

rections.

3. Results and discussion

Figure 1(a) shows the RHEED patterns of Co films and
STO substrate with the electron beam along the STO[100] and
STO[110] directions, respectively. The elongated stripes of
both Co[100] and Co[110] patterns show the formation of an
FCC (001) surface. The 8260 x-ray diffraction of the 6-nm-
thick Co film shown in Fig. 1(b) is consistent with that of the
FCC structure. The in-plane lattice parameter calculated from
the Co(002) peak is about 3.542 A. The lattice mismatch be-
tween Co and STO[100] (3.905 A) is 9.3%, which is almost
the same as previous result.[*!]

Figure 1(c) shows the hysteresis loops measured at room
temperature with an in-plane external magnetic field along the
Co[100] and Co[110] directions, respectively. The [110] di-
rection as the easy axis (EA) can be clearly seen from the FCC
Co film. For the hard-axis loop (H || Co[100]), by applying
separate linear fits to the saturated high field and the region
between 20 mT and 0 mT, we extract the in-plane magneto-
crystalline anisotropy*>*3! of 42.4 mT between the [100] axis
and [110] axis. The temperature-dependent zero-field resistiv-
ities are depicted in Fig. 1(d) for these two crystalline direc-
tions. The resistivities in the two directions decreases clearly
with temperature decreasing, as usual. However, the resistiv-
ity of I || Co[100] is larger (smaller) than that of I || Co[110]
when the temperature is above (below) 150 K. The crystalline
direction-dependent resistivity indicates that the MR can be
different in the Co[100] direction from in the Co[110] direc-

tion.
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Fig. 1. Characterization results of Co/STO(001) films. (a) RHEED patterns
with incident electrons along STO[100] and STO[110] directions. (b) X-ray
diffractions (6-26 scan). (c) Magnetic hysteresis loop measured at 300 K
with magnetic field applied along Co[100] and Co[110] directions. (d) Re-
sistivity pyxy measured for 7 || Co[100] and I || Co[110]. The inset shows the
sketch of measurement geometry. The unit a.u. is short for arb. units.
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The longitudinal resistivity p,, measured as a function
of magnetic field applied to the film plane for 7 || Co[100]
and I || Co[110] are shown in Fig. 2, where the field paral-
lel and perpendicular to the current. Each of Figs. 2(a) and
2(b) indicates that the field-dependent p,, is almost linear and
Pux (H || I) > prx (HLI) for two current directions when the
magnetization is saturated at 300 K. However, the results at
5 K shown in Figs. 2(c) and 2(d) display a nonlinear field
dependence!*?! of pyy, P (H || I) < pux(H-LI) for I || Co[100]
and Py (H || 1) > pu(HLI) for I || Co[110]. Generally, the
resistivity of the current parallel to the magnetization case is
larger (smaller) than that of the current perpendicular to the
magnetization case, which is defined as the positive (negative)
AMR.?! Hence, the AMRs of two directions are positive, as
usual at 300 K, but that at 5 K are negative for 7 || Co[100]
and positive for 7 || Co[110]. Moreover, the positive or nega-
tive AMR is magnetic field-independent after the magnetiza-
tion has been saturated. In order to clarify the characteristics
of AMR, which are heavily dependent on the current direction
and temperature, we study the angulardependent AMR further.
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Fig. 2. In-plane MR (MR) curves measured at 300 K and 5 K with H || I and
H 11, with current direction being along [(a), (c)] Co[100] direction and [(b),
(d)] Co[110] direction.

Figures 3(a)-3(d) show the AMR curves of Co[100] and
Co[110] Hall bars at various temperatures, where Ap,, =
Pxx — Pavs APxy = Pxy, Pay is the averaged py, over 360° in
plane, and ¢ is the angle between the external magnetic field
and current directions. The field is of constant magnitude
6 T, which is sufficient to saturate the magnetization in plane.
Hence, the magnetization is expected to be parallel to the field.
The longitudinal AMR curves with current along Co[100] and
Co[110] are shown in Figs. 3(a) and 3(b). It is found that the
angles where the maximum values located are shifted gradu-
ally from ¢ = 0° and 180° at 300 K to nearly ¢ = 90° and 270°
at 5 K for the Co[100] Hall bar. However, the AMR observed
in Co[110] Hall bar always shows a maximum at ¢ = 0° and
180°. The sign of AMR changes from positive at 300 K to neg-
ative at 5 K for Co[100] Hall bar but it is always positive for
the Co[110] Hall bar. These results are different from those of

2,45,46]

the polycrystalline Co,[ as well as the single crystalline

FCC Co/LaAlO3(001),3% where the AMR is positive along
different directions. Moreover, the current-direction related
AMRSs reported in FCC Ni/MgO(001), B! Fe/GaAs, >33 and
Co,Fe;_,/MgOP* show an unchanged sign except the sym-
metry of AMR changing with temperature decreasing. These
results demonstrate that the current direction and temperature
significantly influence the longitudinal AMR of Co/STO(001)
heterostructure.

Furthermore, the transverse AMR is measured and the
results are shown in Figs. 3(c) and 3(d). As is well known,
the physical origin of traditional longitudinal and transverse
AMR 2! are the same, hence, the transverse AMR should have
the same corresponding trace as the longitudinal AMR. How-
ever, the sign of transverse AMR is changed from positive at
300 K to negative at 5 K for the Co[110] Hall bar, but the
transverse AMR is always positive for the Co[100] Hall bar.
These results of the transverse AMR never appear in Co, #7481
Fe/GaAs,*3 or Co,Fe;_,/MgO,3*! which only show the posi-
tive behaviors. The different temperature-dependent behaviors
of the longitudinal and transverse AMR for two Hall bars en-
lighten us to consider the contribution of crystal symmetries.

Phenomenologically, a model presented by Rushforth ez
al.B3) according to symmetry,'*°! by extending the model of
Doring% to systems with cubic plus uniaxial anisotropy can
be used. As described in this model,*-38! the longitudinal
and transverse AMR both as a function of the angle ¢ between
magnetization M and the in-plane current I, and the angle y
between M and the [110] crystalline direction is written as

A
AMRy, = 2P — 1cos2¢ + Cic cos (4y — 29)
av
+ (Cycos2y +Cccosdy), €))
A
AMR,, = ~P% = sin2¢ — Ciesin (4y —29),  (2)

av
where the coefficients Cy and Cyc represent the non-crystalline
term and the crossed term, Cy and Cc denote the lowest order
uniaxial crystalline term and cubic crystalline term, respec-
tively. For I || Co[100], ¢ = yw —45°, and for I || Co[110],
¢ = y. As shown in Fig. 3, the experimental data can be well
fitted by the corresponding equations.

Combing Egs. (1) and (2), the coefficients Ci, Cic, Cy,
and Cc obtained by fitting the longitudinal and transverse
AMR of I || Co[110] or [ || Co[100] are shown in Fig. 4(a).
It can be seen that both C} and Cjc are larger than Cy, and
Cuy > Cc ~ 0. As shown in Egs. (1) and (2) (C1 — Cic)
terms determine the twofold-symmetry of both the longitu-
dinal AMR in 7 || Co[100](y = 45°) and transverse AMR in
I'|| Co[110](y =0°). Gt < Cic for T < 100 K and Ct > Cic
for T > 100 K, and the AMR signs change with tempera-
ture decreasing, which are corresponding to Figs. 3(a) and
3(d). Meanwhile, the Cy term shifts the longitudinal AMR
of I'|| Co[100]. Similarly, the positive AMR,y of I || Co[110)]
and AMR,, of I || Co[100] can also be explained. Clearly, the
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non-crystalline term Cy and the crossed term Cyc are the dom-
inant twofold-symmetric terms, which gives rise to the sign
of the AMR, and the twofold-symmetric crystalline term Cy
slightly change the maximum angle of the AMR curves.

In addition, the strong temperature-dependent AMR am-
plitudes for the two current directions can be quantita-
tively elucidated. We plot AAMR,, = AMR,, (¢ =0°) —
AMR, (¢ = 90°) and AAMR, = AMR, (p=45°) —
AMR,, (¢ = 135°) versus temperature in Fig. 4(b). AAMR,,
(AAMR,,) is small (large) for I || Co[100], and AAMR,,
(AAMR,,) is large (small) for / || Co[110]. In addition,
AAMR,, in I || Co[100] is almost equal to AAMR,, in I ||

Co[110], and vice versa. The unambiguously reciprocal re-
lations of AMR amplitudes between the two current directions
are coincident with the phenomenological expansions based
on symmetry from Egs. (1) and (2). Furthermore, the ratio
AAMRE;)O] / AAMR)[CIyIO] has a drastic change with temperature
and reaches a maximum 29 at 100 K as shown in Fig. 4(c),
which is much larger than the other results 1-5.53%-331 Mean-
while, AAMR,%C]O] /AAMR)[;COO] has the same dependence on
temperature. The large anisotropic dependence on tempera-
ture for AMR7] means that larger AMR,, or AMRy, can be
chosen for designing magnetic sensor or magnetic memory de-
vices with the fixed current direction.
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() (b) v150 K
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Fig. 3. Curves of in-plane longitudinal and transverse AMR versus ¢ for current along [(a), (c)] Co[100] direction and [(b), (d)] Co[110]

direction, with solid linedenoting the experimental data by using Eqs. (1)

and (2).
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Fig. 4. (a) Curves of fitting coefficients Cy,Cy, Cc, and Cic versus temperatures. (b) AAMR,, and AAMR,, for I || Co[100] and / || Co[110]
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Furthermore, the AMR under a non-saturated magnetic
field is measured, where the magnetization direction is de-
termined by the competition between the applied field and
the magnetic anisotropy.>'=*! With 100-mT field, longitudi-
nal AMR of [ || Co[110] and transverse AMR of I || Co[100]
are obtained in Fig. A1 (Appendix A: Supplementary mate-
rials). The fitted cubic (uniaxial) anisotropy field Hx (Hy),
and the angle Ok (6y) between the current direction and the
easy axis (EA) of cubic (uniaxial) anisotropy field at 300 K
are listed in Table 1. The value of Hy is close to 42.4 mT
obtained from hysteresis loop in Fig. 1(c). A smaller Hy is
along the Co[110] direction, which can be attributed to the in-
plane strain induced by the unavoidable miscut on the STO
substrate. A similar anisotropy field Hx obtained from mag-
netic and AMR measurement demonstrates that the AMR may
be related to the symmetry of magnetic anisotropy rather than
crystalline symmetry.

Table 1. Fitted Hg, Hy, 6k, 6y from Fig. Al at 300 K.

Hall bar Hg (mT) Ok (°) Hy (mT) 6u (°)
AMR-Co[110] 452407 1.14+0.1  50+2.1 3.1+06
PHE-Co[100]  482+25 485+07 25+12 42432

Theoretically, the non-crystalline term C; depends only
on the relative angle between current and magnetization direc-
tion. The influence of another dominant term, crossed term
Cic, on AMR is studied by varying the thickness of Co. Here,
Co(2 nm)/STO and Co(2 nm)/STO heterostructure are mea-
sured in a way similar to previous way, and the results are
shown in Fig. A2 (Appendix A: Supplementary materials). It
is found that the crossed term Cic is larger (smaller) than non-
crystalline Cy for Co(2 nm in thickness)(Co(20 nm in thick-
ness)) film. Experimentally, the values of relatively large Cic
have been observed for (Ga, Mn) (As, Sb) films,”! for which
the possible reason is the large strain or bulk spin—orbit cou-
pling due to the incorporation of Sb. Further studies indicate
that Cic depends on the magnitude (rather than direction) of
interfacial spin—orbit field (SOF)!>?! as well, while the interfa-
cial SOF induced by the reduced structural symmetry at sur-
faces and interfaces will be relatively weaken!?! at large thick-
ness. Hence, the anomalous AMR of the Co(6 nm in thick-
ness)/STO heterostructure is closely related to the interface.

4. Conclusion

In this work, the anomalous AMR behaviors in the single-
crystalline FCC Co/STO (001) heterostructures are observed.
Both the magnitude and the sign of the longitudinal ARM
and transverse AMR are dependent on the temperature and
the current direction. It is shown that these effects are at-
tributed mainly to the interplay between the non-crystalline
component and crossed component. The nature of the anoma-
lous AMR is closely related to the symmetry of magnetic
anisotropy and the interface SOF. Our research highlights the
significant properties of the Co/STO (001) heterostructures,

but more investigations are still required to further clarify the
microscopic mechanism behind the magneto-transport behav-
ior in MM/STO system.

Appendix A: Supplementary materials

A1l Magnetic anisotropies determined by magnetoresis-
tance measurements

For the single domain approximation of a single-
crystalline film, using the coherent rotation model, the free
energy density of the system can be written as323!

E = —UoMgH cos (Qr — @) + Ky sin? @y — 6,)

K. .
e i (g~ 0.

where Ly is the vacuum permeability, My is the saturation
magnetization, @y (@y) is the field (magnetization) angle the
current direction, K, (K.) is the uniaxial (cubic) anisotropy
constant, Ok, (Ok.) is the angle between uniaxial (cubic)
anisotropy and the current direction. & = @y — @y can be
obtained by (JE)/(da) = 0 with small angle approximation

2hy sin2 (@ — 6y, )+sin4(@y —6;)
4hy+4h; cos2 (@ —6y)+4cosd(@, — )

where hy = H/Hk, hy = Hy/Hk, Hx and H, are the effec-
tive cubic and uniaxial anisotropy fields. The ¢,; can be de-
termined by the angledependent magnetoresistance measure-
ment. Hence, combining Eq. (A2) with Eq. (1) or Eq. (2) in
the main text, Hy, Hy, 6B, 6, can be quantified by fitting the
magnetoresistance curve.

(AD)
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()
Fig. Al. (a) Longitudinal magnetoresistance for I || Co[110] and fitted by

combining Eq. (A2) with Eq. (1). (b) Transverse magnetoresistance for
I || Co[100] and fitted by combining Eq. (A2) with Eq. (2).
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Figures Al(a) and Al(b) show longitudinal magnetore-

[10]

sistance for I || Co[110] and transverse magnetoresistance for
I || Co[100] with H = 100 mT at 300 K. The fitted results are

shown in Table 1 of the main text.

A2 Magnetoresistance

Co(20 nm)/STO(001)

Co(2 nm)/STO(001) and Co(20 nm)/STO(001) films are

[11]
[12]
in Co(2 nm)/STO(001) and

[13]

[14]

prepared and measured in a way similarto previous way and

the coefficients fitted with the above phenomenological model

are shown in Fig. A2. The non-crystalline term and the crossed

[15]

[16]

term are the dominant terms similar to the Co (6 nm)/STO, but

non-crystalline term is clearly smaller (larger) than the crossed

[17]
(18]

term over the whole temperature range in Co(2 nm)/STO(001)

(Co(20 nm)/STO(001)). (19]
[20]
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Fig. A2. Curves of fitted AMR coefficients Cy, Cy, Cc, and Cic versus tem-

[34]

perature of (a) Co(2 nm) and (b) Co(20 nm) , respectively .
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