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Abstract
A La2/3Ca1/3MnO3 Hall bar with its long dimension roughly along the hard axis [110] was
fabricated on a single-crystal-like tensilely strained film on SrTiO3(001). The anisotropic
magnetoresistance (AMR) and planar Hall effect (PHE) have been studied at various external
magnetic fields and temperatures. A phenomenological model in the high field limit is
developed, and the galvanomagnetic tensor based on a tetragonal symmetry 4/mmm (D4h),
applicable to epitaxial films on a substrate, has been obtained by expanding the tensor to the
sixth order. The derived in-plane transverse resistance Rxy shows a sin 2φM angular
dependence, while the longitudinal Rxx is constituted by not only a two-fold cos 2φM term, but
also a four-fold cos 4φM term due to the square symmetry of the lattice. The model is in good
agreement with the experimental results in high fields, while deviations are observed near the
〈100〉 easy axis with the decreasing field. Close inspection of the fitting parameters reveals the
evolution of these term weights with temperature and magnetic field, which is distinct from
conventional ferromagnetic metals and cannot be explained by the phenomenological model.
An alternative mechanism for AMR, stemming from the magnetization-induced local orbit
deformation through spin–orbit interaction, as previously proposed by O’Donnell et al, may be
prevalent in manganites and other systems of complicated crystal structure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The planar Hall effect (PHE) was intensively studied during
the mid-60s of the last century, mainly in traditional
polycrystalline ferromagnetic metals and alloys [1–3], and
has long been recognized as an efficient tool to probe
and track magnetic anisotropy and magnetization reversal in
tiny or film samples. It was widely accepted that PHE
originates from the change in the scattering rate due to spin–
orbit interaction, occurring when the magnetization direction
is tuned with respect to the electrical current, similar to
anisotropic magnetoresistance (AMR) [4, 5]. In recent years

renascent interests in this effect have developed since the
discovery of the so-called giant PHE in the diluted magnetic
semiconductor (Ga, Mn)As, where a pseudo-Hall signal 104

times larger than that of conventional ferromagnetic metals was
observed [6, 7]. Through a two-step rotation of the sample
magnetization [8], the magnetic reversal by a weak in-plane
sweeping magnetic field leads to two abrupt PHE voltage
jumps, analogous to the giant magnetoresistance (GMR) in
metallic multilayers [9]. Advanced magnetic sensors and
memory components based on PHE are now expected.

Similarly, one can expect a giant PHE in manganites,
where a strong spin–orbit coupling also exists. Actually,
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transverse resistivity jumps comparable in magnitude to
that of (Ga, Mn)As were observed shortly after in
La1−x Srx MnO3 [10, 11], and the phenomenon persists up to
temperatures even higher than Curie temperature TC. However,
so far only a few studies on PHE in manganites are reported,
although it is of value not only for practical devices, but also
for a comprehensive understanding of spin–orbit physics itself.
The latter is extremely interesting since the material shares
a perovskite-like structure with many other transition-metal-
based functional oxides.

On the other hand, in terms of the single domain model for
homogeneous polycrystalline samples with the magnetization
strictly lying in the easy plane [1, 2, 4, 5], the in-plane
longitudinal (AMR) and transverse (PHE) resistivity can be
described respectively as

ρxx = ρ⊥ + (ρ‖ − ρ⊥) cos2 φM ,

ρxy = 1
2 (ρ‖ − ρ⊥) sin 2φM

(1)

where φM denotes the angle between the in-plane rotating
magnetization M and the current J. ρ‖ (ρ⊥) is the resistivity
measured with M parallel (perpendicular) to J. When the
applied external field is strong enough to saturate the sample,
M rotates coherently according to the Stoner–Wohlfarth model,
and φM equals the angle between J and the magnetic field H.
Below saturation, M drops behind H and individual domains
are each magnetized to their respective nearest easy axes.

In fact, equations (1) were derived phenomenologically
from the cubic m3m symmetry, and the magnetocrystalline
anisotropy has been averaged out by integrating the randomly
oriented grains, therefore it is applied only to polycrystalline
samples [4]. Nevertheless, the equation has been widely used
to describe AMR and PHE in epitaxial thin films [6, 12, 13],
including manganites [11, 14–17]. Actually, qualitative
and quantitative deviations have been observed previously
in manganites [18–20], and more recently in Fe3Si, (Ga,
Mn)As and Fe3O4 thin films [21–23]. A four-fold oscillation
of comparable magnitude has been observed superimposed
on the two-fold, especially in the longitudinal resistivity,
which is gradually recognized as originating from higher rank
resistivity tensors [20–23]. In our present study on PHE in
a single-crystal-like tensilely strained La2/3Ca1/3MnO3 thin
film grown on SrTiO3(001), the longitude resistivity does not
follow equation (1), even in fields higher than the saturation
magnetic field. We then did a phenomenological deduction
of the galvanomagnetic tensor based on a more complicated
tetragonal symmetry 4/mmm (D4h), applicable to films on a
substrate, by expanding the tensor to the sixth order following
Birss’s scheme [24]. The derived nonzero components of
higher rank tensors, as listed in the tables in the appendix,
are not only appropriate for electrical resistivity, but also for
other property tensors such as the thermal conductivity, the
Seebeck effect and the Peltier effect [25]. The AMR and PHE
expression derived can fit the experimental data in high fields
well. Close inspection of the fitting coefficient may reveal the
evolution of the effects with temperature and magnetic field,
which can also provide useful information for microscopic
theory to obtain parameters of Fermi surface model [26], thus
deepening our understanding of the electronic structure in
manganites.

Figure 1. (a) The R–T curve of the LCMO film. The inset is the
schematic diagram of the experimental configuration. The bar is
roughly along LCMO[110]. (b) In situ RHEED monitoring of a
LCMO film grown in 26 Pa oxygen, with the zone axis along (100)
and (110), respectively.

2. Experimental details

The La2/3Ca1/3MnO3 (LCMO) thin film was grown on a
SrTiO3(001) (STO) substrate by the pulsed laser deposition
(PLD) technique from a stoichiometric ceramic target. Details
of film preparation have been described elsewhere [27, 28].
The whole film growth procedure can be routinely monitored
in situ by a high-pressure reflection high energy electron
diffraction (RHEED) system, as seen in figure 1(b). The film in
this study has been confirmed to be c-axis oriented single phase
with an in-plane epitaxial relationship LCMO[100] (Mn–O
bond directions) ‖ STO[100] (cube-on-cube growth). The
thickness of the film is ∼1500 Å, estimated using atomic force
microscopy (AFM). The temperature dependence of the film
resistance was measured using the four-probe method. The
insulator-to-metal transition point TP was around 170 K, as
shown in figure 1(a), lower than the bulk value. This can be
attributed to the tensile strain from the film–substrate lattice
mismatch, which combined with the shape anisotropy results
in an easy plane parallel to the film surface [27].

The film was patterned by ultraviolet photolithography
plus ion milling. The Hall bar is 100 μm in width, the
separation between the voltage electrodes is 600 μm, and the
long dimension of the Hall bar was aligned roughly along
the LCMO[110] direction, as schematically shown in the
inset of figure 1(a). The electrical contacts were coated with
gold by magnetron sputtering and soldered to copper leads
with indium. The sample was stuck on a specially designed
copper stage and then mounted on a sample holder, so that
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the sample could be rotated continuously in the film plane
during measurement. The relative angle φH between J and
H can be tuned from 90◦ to 450◦ and then backwards. It
has been revealed that the in-plane magnetic easy axes in
LCMO films on STO are along [100] and its equivalents [29].
The configuration therefore means that J was collinear with
a hard axis of the magnetocrystalline anisotropy in LCMO.
When the film behaves like a macroscopic single domain above
magnetization saturation, φM = φH , otherwise, there exists a
difference between φM and φH .

The magnetic fields for PHE and AMR measurements
were generated by a Quantum Design Physical Property
Measurement System (PPMS). Standard four-probe low
frequency ac measurements using a lock-in voltmeter are
performed with a current 10 μA at 14 Hz. The longitudinal
and transverse voltages were recorded simultaneously at four
different temperatures of 5, 50, 100, and 140 K and in various
magnetic fields of 500, 1000, 4000, 8000, and 16 000 Oe.

3. Phenomenological model

In general, for ferromagnetic and ferrimagnetic crystals, the
effect of time inversion on dynamic transport property tensors
cannot be ignored, since the current J is time antisymmetric.
Assuming that the time-inversion operation reverses the
direction of spin in magnetic single crystals [24], in order to
describe spin distributions the 122 Shubnikov point groups
must be derived from the original 32 classical crystallographic
point groups, and in the presence of a magnetic field the
relationship between E and J can be nonlinear

Ei = ρi j J j + Ri jk Hk + · · · (2)

where ρi j and Ri jk are components of the zero-field resistivity
tensor and the Hall coefficient tensor, respectively.

However, when the external magnetic field is high enough
to saturate the magnetization, the spin distribution in a crystal
is completely determined by the field direction. This means
the time symmetry of the crystal is effectively suppressed and
the geometrical description of classical crystallography regains
its validity. Since the crystal is magnetically saturated, the
resistivity tensor is independent of the magnitude of H, though
the direction of H must be taken into account. In this case,
the relationship between E and J is still linear, Ei = ρi j J j ,
where the Einstein summation convention is understood, and
i and j can be in any of the three orthogonal directions. The
resistivity tensor ρi j depends on the direction cosines, αi , of
the field vector, and may be expressed as series expansions in
ascending powers of αi

ρi j(α) = ai j + aki jαk + akli j αkαl + aklmi j αkαlαm

+ aklmni j αkαlαmαn + · · · . (3)

Components of these high rank tensors can be dictated by the
requirements of the spatial symmetry of the particular crystal,
according to the Neumann principle.

Since Ei and J j are components of a polar i-vector and a
polar c-vector respectively [24], the resistivity tensors of even
rank are polar c-tensors while those of odd rank are axial i-
tensors. Since the phenomenon under consideration now is the

dynamic transport property tensor, terms of odd orders may not
be discarded. The second rank tensor ρi j (α) can be divided
into its symmetrical and antisymmetrical parts,

ρs
i j = 1

2 [ρi j(α) + ρ j i(α)], ρa
i j = 1

2 [ρi j(α) − ρ j i(α)].
(4)

Taking into account the Onsager reciprocity relation ρi j (α) =
ρ j i(−α), ρs

i j must be an even function of αi , and ρa
i j an odd

function. Thus,

ρs
i j (α) = ai j + akli j αkαl + aklmni j αkαlαmαn + · · · ,

ρa
i j (α) = aki jαk + aklmi j αkαlαm + · · ·

(5)

which is the generalized magnetoresistance and the generalized
Hall coefficient, respectively.

It is known that the LCMO single crystal is orthorhombic
of crystal class mmm, as expressed by the Hermann–Mauguin
symbol (equivalent Schöenflies symbol D16

2h). Grown on
SrTiO3(001), due to the biaxial tensile strain from the substrate
it becomes tetragonal of symmetry 4/mmm (D4h) with the
(001) direction out of plane. Therefore nonzero components
of its high rank tensors can be derived with the generating
elements σ (1), σ (2), and σ (7). Nevertheless, we would rather
directly use the results of Birss [24] for the second, third, and
fourth rank tensors, and that of Fieschi [30] for the fifth and
sixth rank ones.

According to Birss (table 4 in [24]), for the point group
4/mmm, there are constrictions

y2 = x2, z2 = z2;
yxz = −xyz, yzx = −xzy, zyx = −zxy;

y4 = x4, z4 = z4,

x2y2 = y2x2(3), x2z2 = y2z2(6)

(6)

for the second, third and fourth tensor, respectively. Here,
notations of the type x2z2 = y2z2(6) denote the 6 equations
which are the distinct permutations of x2z2 = y2z2.

Therefore, the polar c-tensor of second rank ai j has two
independent components, as listed in table A.1 in the appendix;
whilst that of the fourth rank akli j has seven independent
components listed in table A.3, noting here the intrinsic
symmetry must be considered, i.e., the first two indices k and l
are interchangeable because the term akli j αkαl is symmetric
for direction cosines αk and αl , and the last pair of indices
i and j are also interchangeable since ρs

i j (even ranks) is a
symmetrical tensor. Similarly, the third rank axial i-tensor aki j

has two independent components listed in table A.2, and here
the last pair of indices are asymmetric.

Furthermore, Fieschi and Fumi [30] pointed out that
groups which differ by the center of symmetry are equivalent
for polar tensors of even rank and axial tensors of odd rank.
In this sense, groups C4v, D2d, D4, and D4h are equivalent.
Accordingly, the fifth and sixth rank tensor has constrictions
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respectively

y3xz = −x3yz (20), z3 yx = −z3xy (10);
y6 = x6, z6 = z6,

y4x2 = x4y2 (15), y4z2 = x4z2 (15),

z4 y2 = z4x2 (15), y2x2z2 = x2y2z2 (45).

(7)

Similarly, the six independent components of the fifth rank
axial i-tensor aklmi j are derived and listed in table A.4, and the
15 independent components of the sixth rank polar c-tensor
aklmni j are in table A.5. Noting here the first three indices
are interchangeable in the fifth rank tensor, this annihilates six
more components. The last two are asymmetric. The first four
indices and the last two are interchangeable in the sixth rank
tensor.

For PHE study in the LCMO thin film on STO, the
sample maintains an easy plane in the film surface, due to
the interface mismatch strain as well as the demagnetization
effect. The magnetization sweeps only in the easy plane, i.e.,
perpendicular to the z-axis of the tetragonal form, therefore we
have α1 = cos φ, α2 = sin φ, and α3 = 0.

So

ρ11(α) = C0 + C1 cos2 φ + C2 cos4 φ,

ρ12(α) = C4 sin φ cos φ,

ρ13(α) = −C6 sin φ − C7 sin3 φ,

ρ21(α) = C4 sin φ cos φ,

ρ22(α) = C0 + C1 sin2 φ + C2 sin4 φ,

ρ23(α) = C6 cos φ + C7 cos3 φ,

ρ31(α) = C6 sin φ + C7 sin3 φ,

ρ32(α) = −C6 cos φ − C7 cos3 φ,

ρ33(α) = C8 + C9 sin2 φ cos2 φ

(8)

where
C0 = a11 + a1122 + a111122,

C1 = a1111 − a1122 + 6a112211 − 2a111122,

C2 = a111111 + a111122 − 6a112211,

C4 = a1212 + 2a111212, C6 = a123 + 3a12223,

C7 = a11123 − 3a12223, C8 = a33 + a1133 + a111133,

C9 = 6a112233 − 2a111133.

Now considering our experimental configuration, where
the long dimension of the Hall bar (J) was aligned roughly
along the LCMO[110] direction, the resistivity tensor must be
transformed to the new coordinate system by the matrix

l =
( cos θ sin θ 0

− sin θ cos θ 0
0 0 1

)
=
⎛
⎝

√
2

2

√
2

2 0

−
√

2
2

√
2

2 0
0 0 1

⎞
⎠ (9)

whose elements have been determined by the relative
orientation of the old and new sets of axes. Then the
longitudinal and transverse resistivities in our experimental
configuration are

ρxx = C ′
0 + C ′

1 sin 2φ + C ′
2 cos 4φ,

ρxy = −C ′
3 cos 2φ

(10)

respectively, where

C ′
0 = C0 + 1

2 C1 + 3
8 C2 = a11 + 1

2 (a1111 + a1122)

+ 3
8 (a111111 + a111122 + 2a112211),

C ′
1 = 1

2 C4 = 1
2 a1212 + a111212,

C ′
2 = 1

8 C2 = 1
8 (a111111 + a111122 − 6a112211),

C ′
3 = 1

2 (C1 + C2) = 1
2 (a1111 − a1122 + a111111 − a111122).

Note here that φ is the angle between magnetization M and
the [100] direction, and φ = φM + 45◦, where φM is the angle
of M with respect of J. Then equations (10) can be expressed
in φM as

ρxx = C ′
0 + C ′

1 cos 2φM − C ′
2 cos 4φM ,

ρxy = C ′
3 sin 2φM .

(11)

Clearly, the longitudinal resistivity ρxx is constituted by not
only a two-fold cos 2φM term, but also a four-fold cos 4φM

oscillation; while in the transverse case the curve is hardly
changed with respect to equation (1).

4. Experimental results and discussion

The angular dependence of the longitudinal resistance Rxx and
the transverse resistance Rxy measured in 8000 Oe at different
temperatures 5, 50, 100, and 140 K (slightly below TP) are
shown in figure 2. For clarity, only the backward data are
plotted. Here the constant part in Rxy has been removed,
which is actually a contribution from Rxx due to an imperfect
geometrical alignment of the transverse contacts. To fit the
experimental data, equations (11) are revised as

Rxx = C ′′
0 + C ′′

1 cos 2φM + C ′′
2 cos 4φM + Cm sin 2φM ,

Rxy = C ′′
3 sin 2φM

(12)
where an extra sin 2φ term is added on account of the slight
misalignment of the Hall bar with regard to the LCMO [110]
direction. The Cm value is actually fairly small as compared
with C ′′

1 and C ′′
2 . The fitting curves are also given in the figure

and the parameters are listed in table 1. For LCMO films
on STO the coercivity and the in-plane magnetocrystalline
anisotropic field are all well below 500 Oe, therefore a 8000 Oe
field should be high enough to saturate the sample. That is, the
magnetization in the sample is defined solely by the direction
of the external magnetic field, so that the whole sample is in
a macroscopic single domain state during the field sweeps.
As a result, here the precondition of the phenomenological
model dictated above is fulfilled, and thus the data can be
perfectly fitted. As predicted, the longitudinal resistance Rxx

actually consists of a cos 4φM term as well as a cos 2φM

4
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Figure 2. Angular dependence of Rxx and Rxy measured in high fields of 8000 or 16 000 Oe at different temperatures. The scattered spots are
experimental data and the lines are fitting results using equations (12).

Table 1. Fitting results using equations (12). The data enclosed in brackets are of lower reliability since in low fields the phenomenological
model is no longer applicable.

T (K) H (Oe) C ′′
0 (�) C ′′

1 (�) C ′′
2 (�) C ′′

3 (�) C ′′
2 /C ′′

1

5 16 000 155.47±0.0009 −0.031±0.001 0.032±0.001 −0.224±0.004 −1.0393
5 8 000 157.555±0.0008 −0.039±0.001 0.006±0.001 −0.22±0.002 −0.1435
5 4 000 — — — −0.209±0.004 —
5 1 000 — — — (−0.164±0.008) —
5 500 — — — (−0.154±0.007) —

50 16 000 — — — −0.68±0.01 —
50 8 000 197.705±0.004 −0.173±0.005 −0.193±0.005 −0.92±0.01 1.1156
50 4 000 — — — −0.94±0.02 —
50 1 000 — — — (−0.76±0.03) —
50 500 — — — (−0.56±0.03) —

100 8 000 2348.2±0.1 −11.7±0.2 −12.6±0.2 −20.5±0.4 1.0806

140 8 000 35 493±1 −173±2 −62±2 −248±2 0.3593
140 1 000 69 190±4 −379±6 −158±6 −314±5 0.4156
140 500 (73 230±6) (−380±9) (−92±9) (−241±4) (0.2418)

term, corresponding to a biaxial anisotropy due to the in-
plane square symmetry of the lattice, and a uniaxial anisotropy
due to the two-fold symmetry of the current, respectively.
The transverse resistance Rxy basically follows the sin 2φM

function, the same as expected for polycrystalline samples.
At 5 K the data in a 16 000 Oe field are also selected to
ensure the high field prerequisite, where both the forward
and reverse sweeps are shown, since at low temperatures
the magnetocrystalline anisotropic field is higher. Obviously,
although the angular dependence of the data at 5 K is roughly
a ‘W’ shape, especially in a 8000 Oe field, while that at other
temperatures are ‘M’ shape, the data can all be well fitted using

equations (12), except that here C ′′
2 is positive whereas at other

temperatures it is negative.
The pseudo-Hall signal is conventionally defined as R‖ −

R⊥, the amplitude of Rxx or Rxy oscillations (equations (1)).
It is usually positive in transition metal polycrystallines. To
investigate the evolution of the signals with temperature for the
LCMO film, in the top panel of figure 3 the fitting parameters
C ′′

1 and C ′′
3 , prefactors of cos 2φM in Rxx and sin 2φM in Rxy

respectively, in varied fields are plotted versus temperature.
Clearly, the two parameters are negative at all the temperatures.
At 140 K in a 1000 Oe field (see table 1), the PHE signal C ′′

3
is quite large ∼−314 �. It decreases remarkably with cooling,

5



J. Phys.: Condens. Matter 22 (2010) 146006 J Li et al

Figure 3. The temperature dependence of the fitting parameters C ′′
1

and C ′′
3 (top), and the ratio C ′′

2 /C ′′
1 (bottom) of equations (12).

but only changes slightly with field, and is ∼−20 � at 100 K,
and is further reduced to only ∼−0.22 at 5 K. The C ′′

1 value
roughly follows the same trend. The observation is distinct
from that in ferromagnetic metals like cobalt, also having
been reported previously. The decrease of AMR and PHE
signals with temperature below TC has been widely observed
in crystalline samples of complicated lattice structures such

as manganite [10, 14–17, 19], Fe3O4 [13], and Fe3Si [21].
This is substantially different from that in conventional metals,
which would behave like the square of magnetization and thus
approach a saturation value at low temperatures. This appears
to be in connection with the temperature dependence of the
sample resistance, and thus may indicate a unique spin–orbit
coupling mechanism in the complicated crystal systems.

Although the magnitude of all the three parameters
decreases with cooling, in accordance with the metallic
transport behavior of the sample, the relative weight of the
biaxial anisotropy with respect to the uniaxial one varies with
temperature. In the bottom panel of figure 3, the biaxial
prefactor C ′′

2 is normalized with C ′′
1 . The absolute value

of C ′′
2 /C ′′

1 drops rapidly with warming, meaning the relative
contribution from the cos 4φM term decreases with increasing
temperature. Nevertheless, it is noted that the sign of C ′′

2 at
5 K is opposite to the others (see table 1), and in 8000 Oe
the ratio is very small, as circled in red in the figure. This
may be on account of a field-induced reorientation of the
easy axis from 〈100〉 to 〈110〉, which so far has never been
reported; or perhaps a structural change caused by the 110 K
phase transition of the STO substrate. Further experiments
are needed. As for the field dependence, O’Donnell et al
[19] have claimed a decrease of the normalized AMR signal
with increasing magnetic field in LCMO films on STO. Ramos
et al [23] also argued that in Fe3O4 thin films the magnitude
of the ‘additional anisotropy’ grew with increasing field and
decreasing temperature. However, it seems not to be that
straightforward here. We can see from table 1 that, at 140 K the
ratio increases when the field is raised from 500 to 1000 Oe,
but reduces when the field is further increased to 8000 Oe.
Apparently further experiments at different fields are needed
to clarify this issue [22].

Finally the angular dependence of Rxx and Rxy measured
at 140 K in external magnetic fields 8000, 1000, and 500 Oe
are shown in figure 4. Both the down- and the up-sweep

Figure 4. Angular dependence of Rxx and Rxy measured at 140 K in sweeping fields of fixed magnitude 8000, 1000, and 500 Oe respectively.
The sample was rotated forwards from 90◦ to 450◦, and then backwards.

6
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data are plotted. It is noted that in high fields the curves
almost superimpose on each other, showing only very small
hysteresis. With the field decreasing, hysteresis appears in
Rxx , especially around the in-plane easy axes LCMO〈100〉,
say 135◦, 225◦, 315◦, and 405(45)◦. The Rxy data also
show obvious distortions at these angles. It is noted that the
resistance peaks at 135◦ and 315◦ are broadened while the
valleys at 45◦ and 225◦ are deepened. In fact the phenomenon
is more pronounced as the temperature and the external field
are both reduced. However, no abrupt jump is observed.
This means that, even in the case of 140 K, where the
magnetocrystalline anisotropy energy is relatively low, in fields
below 1000 Oe the film is still not in a complete single domain
state. This may be due to the relatively large thickness of
the film [31]. A kind of multi-domain state emerges as the
sweeping magnetic field comes across the easy axes, where
it is more difficult for the external field to drag the sample
magnetization with it. Therefore, while at high temperatures
in high magnetic fields the sample can be described using
the single domain model expressed by equations (12), its
magnetocrystalline anisotropy and perhaps shape anisotropy
cannot be ignored at low temperatures in low fields.

We know that the most traditional explanation of AMR
and PHE in ferromagnetic metals and alloys is the change in
scattering rate of the charge carriers, which relates only to
the angle between M and J, with no concern given to the
crystal symmetry. The phenomenological model developed
in this paper elucidates the effect of crystal axes and space
anisotropy on AMR, which are actually a reflection of the
anisotropy in the Fermi surface. However, the theory still fails
in interpreting the strong temperature and field dependence
of the AMR/PHE signal and the C ′′

2 /C ′′
1 ratio. It has

been widely observed in complicated crystal systems such
as (Ga, Mn)As, Fe3Si, Fe3O4, and manganite, that the
AMR signal peaks around the temperature of the maximum
resistance and shows a substantial field dependency. This
may suggest an alternative mechanism distinct from that in
traditional ferromagnets, which may share some features with
the colossal magnetoresistance (CMR) effect. It is worth
noting that O’Donnell et al [19] and Viret et al [32] have
proposed a mechanism of field-induced Mn 3d and O 2p orbital
deformation by means of spin–orbit coupling. Rotation of the
magnetization continuously deforms the local electron orbitals
through the spin–orbit interaction, which then changes the
orbital overlap between neighboring Mn and O ions and in
turn modulates the conductivity through changing the hopping
probability. In order to look at in detail the origin of AMR
in ferromagnetic complicated systems, more experiments are

needed to determine the independent components of the
galvanomagnetic tensors at different temperatures.

5. Conclusions

In summary, a phenomenological model base on a tetragonal
film with D4h symmetry has been successfully developed
and the high rank resistivity tensors are given explicitly.
A cos 4φM term appears in the angular dependence of the
longitudinal resistance Rxx in a LCMO bar along [110], which
originates from the four-fold symmetry of the lattice. The
experimental data can be well fitted by using the model except
that the relative fraction of the cos 2φM and the cos 4φM terms
changes with temperature and field. A qualitatively different
mechanism stemming from the magnetization-induced local
orbit deformation through spin–orbit interaction may be
responsible for the AMR effect in manganites and other
systems of complicated crystal structure.
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Appendix

Table A.1. The forms of the second rank tensor ai j (polar c-tensor)
of the symmetry class 4/mmm, from table 4 in reference [24].

i j 11 22 33 23 32 31 13 12 21

11 11 33

Table A.2. The forms of the third rank tensor aki j (axial i-tensor) of
the symmetry class 4/mmm, from table 4 in reference [24].

i j 11 22 33 23 32 31 13 12 21

α1 123 −123
α2 123 −123
α3 312 −312

Table A.3. The forms of the fourth rank tensor akli j (polar c-tensor) of the symmetry class 4/mmm, from table 4 in reference [24].

i j 11 22 33 23 32 31 13 12 21

α2
1 1111 1122 1133

α2
2 1122 1111 1133

α2
3 3311 3311 3333

α2α3 2323∗2 2323∗2
α3α1 2323∗2 2323∗2
α1α2 1212∗2 1212∗2
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Table A.4. The forms of the fifth rank tensor aklmi j (axial i-tensor) of the symmetry class 4/mmm, from reference [30].

i j 11 22 33 23 32 31 13 12 21

α3
1 11123 −11123

α3
2 11123 −11123

α3
3 33312 −33312

α1α
2
2 12223∗3 −12223∗3

α2α
2
3 23331∗3 −23331∗3

α3α
2
1 11312∗3 −11312∗3

α1α
2
3 23331∗3 −23331∗3

α2α
2
1 12223∗3 −12223∗3

α3α
2
2 11312∗3 −11312∗3

α1α2α3 12311∗6 −12311∗6

Table A.5. The forms of the sixth rank tensor aklmni j (polar c-tensor) of the symmetry class 4/mmm, from reference [30].

i j 11 22 33 23 32 31 13 12 21

α4
1 111111 111122 111133

α4
2 111122 111111 111133

α4
3 333311 333311 333333

α2
2α

2
3 223311∗6 223322∗6 223333∗6

α2
3α

2
1 223322∗6 223311∗6 223333∗6

α2
1α

2
2 112211∗6 112211∗6 112233∗6

α2
1α2α3 112323∗12 112323∗12

α2
2α3α1 112323∗12 112323∗12

α2
3α1α2 331212∗12 331212∗12

α3
2α3 111313∗4 111313∗4

α3
3α1 333131∗4 333131∗4

α3
1α2 111212∗4 111212∗4

α3
3α2 333131∗4 333131∗4

α3
1α3 111313∗4 111313∗4

α3
2α1 111212∗4 111212∗4

References

[1] Ky V D 1968 Phys. Status Solidi 26 565
[2] Hirsch A A and Kleefeld J 1971 IEEE Trans. Magn.

7 733 (presented at the 1971 InterMag Conference, Denver,
Colo., April 13–16)

[3] Yau K L and Chang J T H 1971 J. Phys. F: Met. Phys. 1 38
[4] McGuire T R and Potter R I 1975 IEEE Trans. Magn. 11 1018
[5] Thompson D A, Romankiw L T and Mayadas A F 1975 IEEE

Trans. Magn. 11 1039
[6] Tang H X, Kawakami R K, Awschalom D D and Roukes M L

2003 Phys. Rev. Lett. 90 107201
[7] Sarma S D 2003 Nat. Mater. 2 292
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