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Abstract

We present measurements of the anisotropic magnetoresistance (AMR) of Lag 75519 2,5MnOj3
films deposited on (001) SrTiO5 substrates, and a model that describes the experimental results.
The model, based on the electronic structure of manganites plus the spin—orbit coupling,
correctly accounts for the dependence of the AMR on the direction of the current to the
crystalline axes. We measure an AMR of the order of 1073 for the current I parallel to the [100]
axis of the crystal and vanishing AMR for 7 || [110], in agreement with the model predictions.
Further, we calculate the planar Hall effect and show its connection to AMR.

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

1. Introduction

Since the discovery of colossal magnetoresistance (CMR)
in doped manganites, they have been investigated thor-
oughly [1-5], including the anisotropic magnetoresistance
(AMR) that may lead to application of these materials
in electronics [6-11].  While AMR has been observed
in both conventional metallic systems and CMR materials,
their sign and temperature dependences are quite different.
For polycrystalline ferromagnetic metals and alloys in the
magnetically ordered state it has been found that the resistivity
depends only on the angle 6 between the magnetization M and
the electric current /. This dependence has the form [12]

p(0) = p1 + (p) — p1)cos’ 6 (1)

p) and p being the resistivity measured with current flowing
parallel or perpendicular to the magnetization, respectively. In
most conventional metals the AMR, defined as

_ (= p1)
(Go1 +300)

is positive [13] and decreases with decreasing magnetization
or increasing temperature. On the other hand, in manganites
it is an order of magnitude lower, of opposite sign, and
its temperature dependence is non-monotonic [6-11]. These
differences point to the fact that different mechanisms must be
in action in the different materials. The model proposed by
Campbell ef al [13] based on the scattering of s waves on the
d sites of the material has been successful in the understanding

PAMR
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of AMR in metallic alloys, describing properly the effects
of impurity concentration and temperature dependence. This
s—d model has also been mentioned in reference to AMR
measurements in manganites, in spite of the fact it is not
appropriate to describe these materials where the carriers,
electrons or polarons, move by hopping between the d states
of the transition metal. Therefore, it is necessary to develop an
appropriate theory to describe AMR in manganites.

Here, we present measurements on manganite films and
a model based on the effects of spin—orbit (SO) coupling
on the electronic structure of manganites. To calculate the
transport properties, we resort to the usual transport formula
for Fermi quasi-particles. Our model succeeds in describing
the experimental results, including the dependence of the AMR
on the direction of the current to the crystalline axes.

2. Experiment

The ferromagnetic manganite Lag75Sro2sMnOs; (LSMO)
presents a nearly cubic perovskite structure [ 14] that makes this
system ideal for comparison with our calculations, which are
developed for a cubic lattice of Mn ions. The samples were
deposited on (001) SrTiO3 (STO) substrates by dc sputtering.
The films grow textured along the (001) direction, as confirmed
by x-ray diffraction experiments [15]. The STO substrate,
having a lattice constant similar to that of LSMO, induces little
distortion on the film compared to the bulk manganite.

The Lag 75S1925MnO; films are metallic (figure 1(a)) and
ferromagnetic below room temperature. The low temperature

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Characteristics of an 80 nm LSMO film. (a) Resistivity
versus temperature. (b) Magnetization loop measured at 85 K with
the magnetic field applied in the plane of the sample.
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Figure 2. (a) Scheme of the sample indicating the direction of the
crystalline cubic axis. (b) Top view with the definition of the angles
for the current / and the magnetic field H (magnetization M).

resistivity is typical of metallic manganites, ensuring a good
quality film. Magnetization loops, measured at 85 K in a
vibrating sample magnetometer (VSM), show that the films are
fully saturated for magnetic fields larger than 1 kOe applied in
the plane of the films (figure 1(b)). The magnetism of the films
has been studied by ferromagnetic resonance experiments, and
typical anisotropy fields of the order of 0.5 kOe have been
estimated from the measurements performed at 80 K [16].

We present electrical transport measurements performed
on 2.5 x 5.0 mm? films of different thicknesses, using the
longitudinal four-lead configuration with the gold sputtered
contacts on the plane of the films. The diameter of the sputtered
gold contacts is 0.5 mm and the internal distance between
the contacts for voltage measurements is 0.34 mm. As we
focus on the AMR, all the measurements were carried out
with a magnetic field of H = 10 kOe applied parallel to
the film surfaces, which is sufficient to saturate the sample

e 20nm, | //[100]
o 20nm, | //[110]

4 60nm, | //[100]
= 30nm, | // [100]

Figure 3. Normalized resistivity measured at 7 = 88 K with the
current [ applied parallel to the crystalline direction [100] for films
of three different thicknesses (20, 30 and 60 nm). Hollow circles
represent the resistivity measurements with / || [110] for the 20 nm
sample. 6 is the angle measured between the direction of the
electrical contacts and the applied magnetic field (H = 10 kOe). A
fit with expression (1) is also shown (lines).

magnetization. Therefore, the angle 6 between the electrical
current / and the magnetic field is the same as the angle
between I and the magnetization M (figure 2). The current
I was aligned either parallel to the [100] or the [110] LSMO
crystallographic axis.

Figure 3 shows the normalized resistivity [p(0) —
0(0)]/p(0) measured at T = 88 K with the current applied
parallel to the crystalline direction [100] showing agreement
with (1) and previous AMR measurements [9, 10]. We have
measured the angular dependence of the AMR for films of
different thickness and we have not found any monotonic
dependence of the AMR on this parameter. Prompted by the
prediction of vanishing AMR (see below), we also performed
measurements with the current parallel to the [110] direction.
The resulting AMR is displayed in figure 3 by empty circles,
where we see negligible dependence of the resistivity on the
magnetic field direction.

3. The model

In La;_,Sr,MnOj3, the Mn**/** ions form a nearly simple
cubic lattice, with oxygen ions located between each pair of
Mn neighbors and La/Sr ions at the body center of the cube.
The octahedral symmetry around each Mn splits the 3d levels
into a lower energy ty, triplet and a higher energy e, doublet.
Due to Hund’s rule, the three ty, orbitals are all singly occupied
with their spins coupled to form the total spin S = 3/2 of
ionic cores. The additional electrons on the Mn*™ sites occupy
the e, orbitals and are itinerant due to the double exchange
that transfers them from site to site. Due to the strength
of the exchange term (J S‘[ - 0;), we consider each itinerant
electron to align its spin parallel to the ty electrons. As we are
considering a fully saturated system, the localized spins of the
ty, electrons, as well as the itinerant electrons, are all aligned
with the external magnetic field. We then model the itinerant
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Figure 4. Band dispersion ¢, (/Z) with spin—orbit (SO) coupling
(g/t = 0.2, continuous line) and without SO coupling (dashed line).
Two of the special points are labeled X, (k = (7,0, 0)) and X,

(l; = (0, m, 0)) to emphasize that they become nonequivalent when
SO coupling is included.

e, electrons by a spinless Hamiltonian on a cubic lattice:

H="Y 1lclcip 2)
(if)ap

with tf‘jﬂ the hopping integrals that depend both on the type
of orbital «, 8 and on the direction between neighboring sites
i, j[17].

To account for the AMR, we include an in-site SO
coupling. The degeneracy of the e, orbitals (|z) = [3z% — r?),
|x) = |x* — y?)) is lifted. We start by discussing the effect
of the SO coupling on the site energies. By symmetry, there
is no coupling between e,1 and e, orbitals. Moreover, we
take into account only the coupling between the e, 1 and ty, 1
orbitals (separated by a crystal field of ~1.5 eV), and neglect
the coupling with the ty,| orbitals (separated by ~6 eV [18]).
The character of the two, now not degenerate, orbitals (|1), |2))
depends on the direction of the magnetic field. From second
order perturbation theory, we obtain the shift and coupling of
the two original e, orbitals for the magnetization in a given
direction (0, ¢p), in spherical coordinates referred to axes
parallel to the crystalline axes, as

3sin%(0p)

Heo — V/3sin?(p) cos(2¢p)
S0 =8\ /3sin? () cos2pp)

sin®(0g) + 4 cos2(0p)
3)

where g = A%/Acg, A being the SO coupling constant and

Acr the crystal field splitting between tp, and e, orbitals.

From this SO coupling, we can obtain the new energy levels

(¢1.2 = g (2 F A)) and the corresponding eigenvectors in each

site

b
lz) + —x) “

ri2

11),12) =

(@aF A)
ri2

where a = sin?(0g) — 2 cos®(8p), b = /3 sin*(05) cos(2¢p),
A = a?>+b? and ri; = +/(aF A)?+ b2 Therefore,
the SO splitting is deso = 2gA and is determined by the
magnetization direction (0, ¢p).

The band dispersion ¢, (ié) is obtained by diagonalizing
the total Hamiltonian H (E) + Hso, where H (ié) is the Fourier

transform of equation (2):

H(k) =
, <—%(cos ky + cosky) — 2cosk;

?(cos ky — cosky) >
‘/TE(COS ky —cosk,) '

—%(cos ky + cosk,)

®

In figure 4 we show this band dispersion with SO coupling
(continuous line) and without SO coupling (dashed line). In
order to show the effect of the SO coupling, we used for this
figure a value of g/t = 0.2, which is two orders of magnitude
higher than the value used later in the AMR calculations to
adjust to the experiments. We labeled two of the special points
by X, (k = (71,0, 0)) and X, (k = (0, 77, 0)) to emphasize that
they become nonequivalent when SO coupling is included.
Assuming now an isotropic relaxation time t, the current
density J for an applied electric field E is given by [19]

j=ety] f Ok E Ve 01, ©

a
den (k)
with f(¢) the Fermi function. In terms of the conductivity
tensor o with components

af  den(k) den(k
m,:esz/dS" e NG
~ de, (k) 0k;  dk;
the current density can then be written as
=6 E. (8)

Due to the cubic symmetry of the system, all non-diagonal
components of the conductivity tensor are equal to zero. The
argument of the integral in equation (7) for o, and o,, is
shown in figure 5 as a density plot, in the (ky, k) plane, for the
magnetization in the X direction and k, = 7 /2. For this figure,
we again used large values for the SO coupling (g/t = 0.2) and
the electronic temperature (kg7./t = 0.05) to better visualize
the effect. It shows that the integrand to obtain o, (parallel to
H) is larger than the corresponding value for oy, leading to a
lower resistivity.

In the experimental setup for a given applied current
direction, two voltages can be measured. The voltage parallel
to the current which is the usual one for studying the AMR, and
the perpendicular one used for studying the planar Hall effect
(PHE). From them, one obtains the longitudinal resistivity pjong
and the transverse resistivity pgans, which from the model can
be calculated as

_E _E-]
Plong = — = —— (9)
J J
EL Elej
Ptrans = —— = ( ) (10)
J J

where 7 is the film normal, and the direction of E is chosen in
- -1 -

order to obtain the imposed direction of J,ie. E =6 - J.
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Figure 5. Density plot of the argument of the integral in (equation (7)) for H, M in the x direction, and k, = 7 /2. It shows that the integrand
to obtain oy, (parallel to H) is larger than the corresponding value for oy, leading to a lower resistivity. We used large values for the
spin—orbit coupling (g/t = 0.2) and the electronic temperature (kg 7./t = 0.05) to better visualize the effect.

4. Results

For the calculations, we took as the energy reference the
hopping ¢ between two |z) orbitals in the Z direction.
Therefore, the only free parameter is the constant g/t =
A2/(Acpt). We took g/t = 0.001 to approximately fit the
experimental results. This value is perfectly consistent with
the atomic value of the LS coupling (A = 0.04 eV), the crystal
field splitting (Acp = 1.5 eV) and a hopping of = 0.4 eV [6].

We first considered the case with the magnetic field
rotating in the X—y plane (0 = m/2, ¢p = p), which
corresponds to (001) textured films. In this case the relevant
parameters are the conductivities o,, and o,, which are
different only when SO coupling is taken into account.
Therefore, we write these conductivities in terms of the mean
value oy, = (0, + 0,,)/2 and the difference Ao = (0, —
oyy)/2. In order to show the dependence of the resistivities
Plong and Pyans 0N the current and magnetization directions, we
take the limit of (9) and (10) for Ao <K o, obtaining

1 Ao Ao\’
Plong = O'_|:1 - COS(2O[)U— + O<<0_—> >:| (11)
17, Ao Ao\
Ptrans = O’_|:Sln(2a)o'_ + O<<0_> >j| (12)

where o gives the current direction with respect to the [100]
axis, and a priori both o, and Ao can depend on the
magnetization direction as given by the angle g to the [100]
axis (see figure 2). From the numerical calculations, we
obtained a constant oy, and a dependence Ao = Aoy cos(2f),
as can be seen in figure 6. We finally obtain for the resistivities,
within the first order in Ao /op:

Plong = Pml[1 — A cos(a) cos(28)] (13)

Ptrans = )Om[A Sin(za) COS(2,3)] (14)

12 —T"—T—T——TTrTrrTrrrr 17—
0.9F ] Numerical Ao &
0.6 —cos(20) ]
qg 0.3 :— ]
~ 0
S r ]
T -03f ]
—06F .
~0.9F ]
SN SO TR S R RS T R R S R
0 01 02 03 04 05 06 0.7 08 09 1

B/m

Figure 6. Numerical results for Ao as a function of magnetization
direction B, compared with the simple form cos(2p).

with p,, = 1/op, and A = Ao /o, which takes the value
A >~ 0.001 47 for the parameters we used. The results obtained
in (13) and (14) for piong and Pyans can be directly compared
with equations (5) and (6) of [11] (note the differences in
notation: (o, B) here correspond to (0, «) in [11]). In fact,
the expressions are the same if in [11] the conditions A = B
and C = 0 are fulfilled, which approximately occurs for
T ~ 125 K.

In order to compare with the experimental results shown in
figure 3, we calculated the normalized longitudinal resistivities
[p(0)—p(0)]/p(0) as a function of the magnetization direction
0 from the corresponding current directions ([100] and [110]).
We show the calculated AMR in figure 7(a). Although these
calculations were carried out numerically, the result for I ||
[100] is indistinguishable from a cos” @ dependence like that
of (1) and the limit obtained in (13). This is again in agreement
with our experimental results and those of [9-11]. We can
also see that the resistivity for / || [110] does not depend
on the direction of the magnetization, also in agreement with
the measurements shown in figure 3, and can be clearly seen
in (13) which for « = /4 reduces to pPong = pPm. This
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Figure 7. Calculated normalized longitudinal (a) and transverse

(b) resistivities for (001) films and the current flowing in the [100]
and the [110] directions, as a function of the magnetic field direction
6 measured from the corresponding current direction. The magnetic
field rotates in the x—y plane.

result can be understood from the cos?(B) dependence of
the resistivity, the cubic symmetry, and the dependence of
resistivity with current direction given by equation (9). In fact,

from the cubic symmetry we have that pl[g;g ] B) = pl[olgg] B —

m/2), and from equation (9) we can obtain p][;:é”(ﬁ) =

(Plong (B) + Plong (B))/2. Then, since pp'(B) = pm +
Ap(cos®> B — 1/2) with Ap = —2p,A, we finally obtain
pllsnlg I(,3) = pm Which does not depend on the magnetization
direction.

We also calculated the transverse resistivity pgans, as given
by equation (10), which leads to the planar Hall effect. The
results are shown in figure 7(b) for the current in the [100] and
[110] directions. We see the opposite behavior to that for pjong,
the PHE is maximum for / || [110] and vanishes for 7 || [100].
This is in agreement with recent results of Bason ef al [11].

Finally, we calculated the AMR for the case of (011)
textured films. In this case, the magnetic field now rotates in
the [100]—[01 1] plane and we calculate the conductivity in the
two nonequivalent directions [100] and [011]. We show the
calculated AMR in figure 8, where as before the angle 6 of
the magnetic field is measured from the current direction. It is
difficult to compare this prediction with previous experimental
results [8, 9], since the behavior of the AMR strongly depends
on the samples.

5. Conclusions

We have measured the low temperature AMR of (001)
Lag75Sr9,5MnOj3 films. We have also formulated a model to

1/ [100] ——
1/ [0T1] ====mes

[p(6)-p(0)}p(0) [107]

100 150 200 250 300 350

6 [deg]

Figure 8. Calculated normalized longitudinal resistivity for (011)
films and the current flowing in the [100] and the [011] directions, as
a function of the magnetic field direction # measured from the
corresponding current direction. The magnetic field rotates in the
[100]-[011] plane.

calculate AMR in manganites, which explains satisfactorily the
sign, magnitude and angular dependence for the current along
the [100] axis. It also led us to predict and measure a vanishing
AMR when the current flows in the [110] direction. From the
calculation of the conductivity tensor, we have also obtained
the PHE.

In conclusion, we have shown that a simple tight-binding
model, which includes the on-site SO coupling, is able to
explain the main features of the low temperature AMR in single
crystal manganite films, including the dependence of the AMR
on the direction of the current to the crystalline axes.

Since the mechanism of transport in manganites is
complicated by polaronic effects, extension of the present
model to higher temperatures is far from straightforward.
Furthermore, comparison with experiments is complicated by
the variety of methods of preparation of thin films on different
substrates.

We hope that the measurements and calculations presented
here will serve as a starting point and promote future research
on the fundamental aspects of AMR in manganites.
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