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Low-temperature anisotropic magnetoresistance and planar Hall effect in SrRuO3
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SrRuO3 is an itinerant ferromagnet with a Curie temperature of 150 K and a uniaxial magnetocrystalline
anisotropy. Using high-quality epitaxial thin films, we measure at 2 K the anisotropic magnetoresistance and the
planar Hall effect as a function of the in-plane current direction and the magnetization orientation. We identify
three types of contributions related to (a) the orientation of the magnetization relative to the crystal axes, (b) the
direction of the current relative to the crystal axes, and (c) the orientation of the magnetization relative to the
current.
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I. INTRODUCTION

The interplay between magnetism and electrical transport
in the presence of spin orbit coupling gives rise to anisotropic
magnetoresistance (AMR) and planar Hall effect (PHE)
corresponding to effects on the longitudinal and transverse
resistivities (ρxx and ρxy), respectively. For polycrystalline
magnetic conductors the AMR and PHE are determined
only by the angle between the current direction and the
magnetization (φ), and dependencies of the AMR and the
PHE on the orientation of the magnetization and the current
relative to the crystal axes are averaged out. The AMR and
PHE are commonly described by1

ρxx = ρ1 + �ρ sin2 φ (1)

ρxy = 1
2�ρ sin 2φ, (2)

where �ρ and ρ1 are constants.
In crystalline magnetic conductors, the AMR and PHE may

include other terms allowed by symmetry,2 as it has been
recently demonstrated for epitaxial thin films of manganites
and magnetites.3 The AMR and PHE of epitaxial thin films of
the itinerant ferromagnet SrRuO3

4 are particularly interesting
for the large spin orbit coupling and the fact that the
direction of the easy axis of magnetization below the Curie
temperature does not coincide with any of the crystal axes.
The AMR and PHE of thin films of SrRuO3 have been studied
in the paramagnetic phase where the easy axis coincides
with one of the crystal axes.5,6 In addition, the AMR was
measured in the ferromagnetic phase at different current
directions as a function of the field orientation, and the results
were analyzed using an expansion allowed by the crystal
symmetry.7,8

Here, we study the AMR and PHE of high-quality epitaxial
thin films of SrRuO3 for which other sources of magnetoresis-
tance are relatively small. We study the AMR and PHE at 2 K
for which the direction of the easy axis does not coincide with
any of the crystal axes. In addition, we extract the direction of
the magnetization which allows us to explore the dependencies
of AMR and PHE on the orientation of the magnetization for
various current directions. We find that a good description of

the behavior can be obtained by a minimal model consisting of
three independent contributions related to: (a) the orientation
of the magnetization relative to crystal axes, (b) the direction of
the current relative to the crystal axes, and (c) the orientation of
the magnetization relative to the current.

II. SAMPLES AND EXPERIMENT

Our samples are epitaxial thin films of SrRuO3 grown on
slightly miscut (∼2◦) substrates of SrTiO3 by reactive electron
beam evaporation. The films are untwinned orthorhombic
single crystals, with lattice parameters of a ∼= 5.53 Å, b ∼=
5.57 Å, and c ∼= 7.85 Å. The Curie temperature Tc of the
films is ∼150 K, and they exhibit an intrinsic uniaxial
magnetocrystalline anisotropy. Above Tc the easy axis is
oriented along the b axis, 45◦ from the film normal.9 Below
Tc the easy axis exhibits a reorientation transition and the
easy axis rotates in the (001) plane towards the film normal.
At 2 K the angle between the easy axis and the b axis is
∼15◦ and the anisotropy field exceeds 7 T.10,11 The data
presented here are for a 27 nm thick film patterned to
allow transverse and longitudinal resistivity measurements
with different current directions relative to the crystal axes
(see Fig. 1). The measurements are performed with PPMS-9
(Quantum Design).

III. EXPERIMENTAL RESULTS

In this report we study the dependence of the AMR and
PHE on the magnetic orientation as it is rotated in the (001)
plane. We identify the PHE resistivity (ρxy) as the field-
symmetric component of the transverse resistivity, extracted by
exchanging voltage and current leads.12 The measurements are
performed at 2 K; therefore, we may assume that the magnitude
of the magnetization is constant.

Figures 2 and 3 show ρxx and ρxy as a function of the angle
θ between the applied magnetic field and the film normal in
the (001) plane. The data are shown for eight different in-plane
current directions relative to the c axis and for three different
fields. We observe a significant dependence on the magnitude
of the applied field.
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FIG. 1. A photo of the measured sample which consists of eight
current directions and the definitions of the angles α, θ , and δ.

We expect the magnitude of the magnetization to be prac-
tically field independent; thus, we attribute this dependence
primarily to the fact that the anisotropy field is larger than 7 T
as a result of which, even for the highest applied field (8 T),
the magnetization orientation is not expected to be parallel to
the field and it depends on the field magnitude. However, we
do not expect field dependence of ρxx and ρxy when plotted as
a function of magnetic orientation.

To determine the orientation of the magnetization for given
magnitude and orientation of the applied field, we use the
Stoner-Wholfarth Hamiltonian which consists of a uniaxial
anisotropy term and a Zeeman term:

H = Ku sin2(α − αEA) + MsH cos(θ − α), (3)

where α and αEA are the angles of the magnetization (M)
and the easy axis, respectively, relative to the film normal, Ku

is the magnetocrystalline anisotropy constant, and Ms is the
saturation magnetization. A certain choice of the anisotropy
constant allows us to calculate the magnetization direction by
minimizing the Hamiltonian. Using the anisotropy constant
reported earlier11 (corresponding to a 7 T anisotropy field)
yields a good scaling of the longitudinal resistivity and PHE as
a function of the calculated magnetization direction α, which
is shown in Fig. 4.

We note that for the patterns for which the average of ρxx

over α is higher, the scaling of ρxx with α is less successful.
On the other hand, the scaling of ρxy with α is quite successful
for all patterns. In principle, Lorentz magnetoresistance can
induce deviations from scaling since it is related to the
perpendicular component of the applied field and the same
α may correspond to different perpendicular components of
the applied field. However, we would expect such an effect
to be stronger when the resistivity is lower. Therefore, we
believe that the deviations from scaling in ρxx for a given α are
related to negative magnetoresistance due to the suppression of
magnetic disorder, which is expected to be larger in the more
disordered patterns. Magnetic disorder is expected to yield
an isotropic contribution to the scattering of the conduction
electrons,13 which does not contribute to the PHE.
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FIG. 2. (Color online) Longitudinal resistivity ρxx vs θ , the angle
of the applied field from the normal to the film.

The PHE for δ = 0 and δ = 90 is practically zero [see
Fig. 4(a)] which suggests that [001] and [−110] directions
are principle axes of the resistivity tensor projected on the
sample plane (see Figure 1) consistent with previous reports.14

We denote the resistivity along the [001] axis as ρ1 and the
resistivity along the [−110] axis as ρ2 and �ρ = ρ2 − ρ1.

We expect that for a given orientation of the magnetization

ρxy = 1
2�ρ sin 2δ (4)

ρxx = ρ1 + �ρ sin2 δ. (5)

We expect two sources to contribute to the resistivity
anisotropy (�ρ): a magnetic source and a crystalline source.

Using the results of Smit15 that the principle axes of the
magnetic contribution to the resistivity tensor are along the
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FIG. 3. (Color online) PHE resistivity ρxy vs θ , the angle of the
applied field from the normal to the film.

magnetization direction and the directions perpendicular to it,
one can calculate the projection of the magnetic resistivity
tensor on the measured plane for an arbitrary orientation of
the magnetization. For magnetization which rotates in the
(001) plane, the magnetic resistivity tensor has two in-plane
principle axes along the [001] and [−110] axes. The magnetic
contribution to �ρ takes the form

�ρMagnetic = �ρM sin2 α, (6)

where �ρM is a constant and α is the angle between the
magnetization and the film normal. We also expect �ρ to
include a constant contribution of a crystalline source which
was measured previously, and was found to yield principle axes
to the resistivity tensor that are along the [001] and [−110]
axes14 as also observed here. Combining the two sources
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FIG. 4. (Color online) ρxy (a) and ρxx (b) vs α, the calculated
angle of the magnetization from the normal to the film.

together yields

�ρ = �ρM sin2 α + �ρcrystal. (7)

Thus combining Eqs. (4), (5), and (7) we have for our
measuring configuration:

ρxy = − sin δ cos δ(�ρcrystal + �ρM sin2 α) (8)

ρxx = ρc(M) + sin2 δ(�ρcrystal + �ρM sin2 α), (9)

where ρc is the resistivity along the c axis. Excluding
crystalline effects ρc is expected to be independent of the
magnetization orientation as the magnetization rotates in the
(001) plane perpendicular to the c axis; however, we note that
ρxx for δ = 0 does depend on the magnetization direction [see
Fig. 4(b)]. Such a dependence was previously measured in
the paramagnetic phase and was shown to be a symmetric
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FIG. 5. (Color online) Extracted ρc vs α, the calculated angle of
the magnetization from the normal to the film.

function of the angle between the magnetization and the easy
axis which coincides with the b axis, consistent with the system
symmetry.6 However, at 2 K there is an angle of 15 degrees
between the easy axis and the b axis; therefore, we cannot
expect such a symmetry to hold.

Equations (8) and (9) are supported by previous reports that
found a behavior of the PHE and AMR consistent with this
scenario.5,6,14 To extract the dependence of ρc on α we subtract
from ρxx the angular dependent contribution �ρ(M) sin2 δ

which is equal to ρxy tan δ. The results for the different patterns
are shown in Figure 5. We notice that ρc extracted for the
different patterns has qualitatively the same dependence on
α up to a multiplicative factor. We attribute this factor to
differences in the amount of disorder in the different patterns.
Thus, to compare ρxx and ρxy of patterns with a different δ, we
normalize ρxx and ρxy for each pattern with ρ0

c ≡ ρc(α = αEA)
extracted for this δ. The normalized ρxx and ρxy are shown in
Fig. 6.

Fitting the normalized ρxy with Eq. (8) yields a reasonably
good fit for all of the patterns with �ρM/ρ0

c ∼ −0.13 and
�ρcrystal/ρ

0
c ∼ 0.14 [see Fig. 6(a)]. Using the shape of ρc

from Fig. 5 and plotting the expected normalized longitudinal
resistivity based on Eq. (9) yields a good agreement with the
data as can be seen in Fig. 6(b).

IV. CONCLUSIONS

We measured the low-temperature AMR and PHE for
different magnetic fields and current directions and proposed
a model which takes into account a combination of three
decoupled contributions to the resistivity tensor which arise
from structural and magnetic sources. We find that the behavior
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FIG. 6. (Color online) ρxy (a) and ρxx (b) normalized with ρ0
c vs

α, the calculated angle of the magnetization from the normal to the
film. The solid line are fits to Eqs. (8) and (9).

of the AMR and the PHE can not be described by Eqs. (1) and
(2). The PHE is described with a modified equation which takes
into account the crystalline anisotropy source in addition to the
common magnetic source. The AMR has a contribution which
depends on the magnetization direction and is independent
of in-plane current direction. In addition, it has the expected
contributions which are present in the PHE resistivity.
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