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We find that the Hall effect resistivity (pzy) of thin films of Lag.gSro.2MnOs varies as a function
of the angle 6 between the applied magnetic field and the film normal as p.y = acosf + bcos 30,
where |b| increases with increasing temperature and decreases with increasing magnetic field. We
find that the angular dependence of the longitudinal resistivity and the magnetization cannot fully
explain the surprising term b, suggesting it is a manifestation of an intrinsic transport property.

PACS numbers: 75.47.-m, 75.47.Lx, 72.15.Gd

I. INTRODUCTION

The Hall effect in magnetic conductors has two contri-
butions: a contribution known as the ordinary Hall effect
(OHE) associated with Lorentz force and linked to the
presence of a magnetic field B, and a contribution known
as the anomalous Hall effect (AHE)! linked to magneti-
zation M. The AHE has been variously attributed to
spin sensitive scattering, which makes its study relevant
to spintronics and to topological features of the conduc-
tion bands, which have attracted considerable interest in
the context of the quantum Hall effect and topological
insulators.

The AHE resistivity, pfyH Eis phenomenologically de-
scribed as pffE = RgsuoM,, where M, is the compo-
nent of the magnetization perpendicular to the film and
R, is called the AHE coefficient. Extrinsic models re-
late R to the longitudinal resistivity, p;;, and predict
Rs = Gsspuz + asjp,, where the linear term in pg, is
attributed to skew-scattering?, and the quadratic term is

attributed to the side-jump mechanism?3.

Manganites? known for their colossal
magnetoresistance® are particularly intriguing systems
for studying AHE due to strong electron correlations
and the existence of multiple competing ground states.
Matl et al.® showed a linear relation between the AHE
coefficient and the longitudinal resistivity. On the other
hand, Fukumura et al.” showed a scaling behavior of
the AHE conductivity o, ~ ol.57'% in the hopping

conductivity regime of several conductors, including
manganites.

Several mechanisms have been suggested to explain
the AHE in manganites: a mechanism arising from
double exchange quantal phases combined with spin-
orbit interaction, which predicts scaling with the re-
duced magnetization®, and a real space Berry phase
mechanism?, which attributes the AHE to the spatial
variation of magnetization induced by skyrmions.

The AHE in manganites has previously been stud-
ied with magnetization perpendicular to the film plane.
Here, we study the dependence of the AHE in thin
films of LaggSrg.oMnO3 (LSMO) on the angle 6 be-
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tween the magnetic field and the normal to the film
plane. If the Hall effect is determined by the perpen-
dicular components of the magnetic field and the mag-
netization, a trivial cos € dependence is expected. How-
ever, we find that the transverse resistivity (ps,) follows
Pzy = acosf + bcos30. We show that the cos36 term
is not solely due to the angular dependence of the lon-
gitudinal resistivity or the magnetization; therefore, the
surprising term is likely a manifestation of an intrinsic
transport property that has not been identified so far.

II. EXPERIMENT

The samples in this study are epitaxial thin films
of Lag gSrg.2MnO3 grown on single crystal SrTiO5(001)
substrates using off-axis RF magnetron sputtering.
Growth was carried out at 660°C in a process gas of
20% O2 and 80% Ar at a pressure of 150 mTorr. After
growth, the samples were cooled to room temperature at
a rate of 10°C per minute in 1 bar of Os. Film thick-
ness was controlled by deposition time, which was cali-
brated using ex situ x-ray diffraction and x-ray reflectiv-
ity measurements. A 40 nm thick calibration film grown
with the same conditions was found to be under tensile
strain, with a reduced out-of-plane lattice parameter of
0.385 nm and an in-plane lattice parameter of 0.390 nm.
The rocking curve taken around the 002 Bragg reflection
had a full width at half maximum of 0.05° The films are
patterned to allow transverse and longitudinal resistiv-
ity measurements, which are performed with a PPMS-9
system (Quantum Design). The magnetic characteriza-
tion of the films is performed using an MPMS-XL SQUID
magnetometer (Quantum Design).

III. RESULTS AND DISCUSSION

Figure 1 shows characterization measurements of our
films. Figure 1(a) shows resistivity and magnetore-
sistance measurements, and Figure 1(b) shows a field-
cooled magnetization measurements with puoH=0.05 T.
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FIG. 1: (a) Resistivity (p) as a function of temperature. Inset:
Magnetoresistance, RO;?” x 100, at poH=8 T, as a function
of temperature. (b) Reduced magnetization as a function
of temperature. (c) pzy as a function of magnetic field at

different temperatures.

The 22.7 nm thick sample shows bulk-like behavior with a
Curie temperature of 300 K and a longitudinal resistivity
of 200 pufd-cm at 10 K, pointing to nearly homogeneous
electronic and magnetic properties'®. Magnetic hystere-
sis measurements were carried out at 10 K on a 50 nm
Lag.gSrp.oMnOg film with the field applied perpendicu-
lar to the film surface and show the out-of-plane direc-
tion to be a hard axis with a saturation magnetization of
3.3 uB/Mn at fields greater than 2 T. As shown in Fig-
ure 1(b), the resistivity and Curie temperature depend
on film thickness, in agreement with earlier works''. Fig-
ure 1(c) shows the magnetic field dependence of the Hall
effect resistivity, pzy, at different temperatures. The two
slopes are related to AHE which dominates the change at
low fields the OHE which dominates the change at high
fields.

Figure 2 shows p,, and p,y at T =125 K and at
T =175 K as a function of the angle # between an ap-
plied magnetic field (H) and the normal to the film (film
thickness is 22.7 nm). The current path is along [001],
and the field is rotated in the (010) plane (see inset of
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FIG. 2: pzs (top) and pay (bottom) as a function of the exter-
nal field angle, 6, at T=125 K (left), and T=175 K (right) for
different fields. The lines are fits to Egs. 1 and 3, respectively.

Figure 3). The data are shown for poH between 4 T and
9 T, for which the magnetization is saturated and paral-
lel to the applied field. We note that the HE does not
follow the expected trivial cos§ dependence.

The angular dependence of p;, is attributed to the
anisotropic magnetoresistance (AMR) as follows: ps, =
p1 + p2cos2¢, where ¢ is the angle between the current
path and the magnetization!?. In the notation we use
here:

paw = po+ Apcos2a, (1)

where o is the angle between the magnetization and
the film normal. The good fit in Figure 2 (top) indi-
cates that the magnetization approximately follows the
external magnetic field direction; however, as we will
show next, the magnetization has small deviations from
the external field direction due to magnetic anisotropy.
Figure 3 (top) shows the AMR amplitude, Ap/p, as a
function of the temperature for different magnetic fields,
and Figure 3 (bottom) presents the ratio between the
AMR measured in two different fields, uoH =4 T and
woH =9 T. We note that below ~ 200 K the AMR is
practically field independent for pugH > 4 T, while at
higher temperatures the AMR decreases with increasing
field in the same range. A decrease in AMR with in-
crease magnetization was observed before and attributed
to increased magnetic uniformity!3.

As noted above, two effects contribute to p;,: the OHE
and the AHE. Commonly, the OHE is proportional to the
perpendicular component of the magnetic field, B, , and
the AHE is proportional to the perpendicular component
of the magnetization, M , yielding:

Pzy = RoB1 + RepoM | (2)
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FIG. 3: (top) Ap/p as function of the temperature for differ-
ent magnetic fields. Inset: Sketch of the relative orientations
of the current density J, magnetic field H, magnetization M,
and the crystallographic axes. The angle between H and the
film normal, @, is rotating in the (010) plane. (bottom) The
ratio between the AMR amplitude, Ap/p, at H=4 and H=9
T, as a function of temperature.

where Ry and R, are the OHE and the AHE coeffi-
cients, respectively. If M follows the direction of the
applied magnetic field and is constant in magnitude, we
expect pgy x cosf. The data presented in Fig. 2(bottom)
clearly deviates from this expectation, whereas a good fit
is found with:

Pay = acosf + bcos 36. (3)

We fit our data with Eq. 3 in a wide range of temper-
atures (5 — 300 K) using high magnetic fields (uoH be-
tween 4 to 9 T). The temperature and field dependence
of a and b are shown in Figure 4 for a film thickness of
22.7 nm. A similar behaviour was observed for films with
other thicknesses (7 nm and 15.3 nm). We note that at
T~ 150 K the parameter a approaches zero, therefore the
contribution of the cos 36 is more visible.

The parameter a exhibits a linear dependence on the
magnetic field, and we denote its slope as ai; the inset
of Figure 4(a) shows this dependence at T = 175 K. We
extrapolate a to zero and mark it as ag. Figure 4(c)
shows the temperature dependence of the extracted ag
(right) and a1 (left). At low temperatures, where M is
close to saturation, we may associate the high-field slope,
a1, with the OHE, and ag with the AHE contribution.
This assumption clearly breaks close to T, where field-
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FIG. 4: The fitting parameters from Eq. 3, (a) a and (b) b,
as function of temperature for different magnetic field. Inset:
the field dependence of a at T=175 K. The line is a linear fit.
(c) The extrapolated ao (right) and aq (right) as function of
temperature.

induced changes in M may affect the high-field slope of
a. The low temperature limit of a; corresponds to a
carrier density of ~ 1.6 x 10?2 carriers per cm? (i.e., 0.9
holes per Mn site), larger than the nominal doping level
(~ 0.2 holes per Mn site). Similar deviations have been
reported before and attributed to the inapplicability of
the one-band model'415.

Figure 5 shows ag as a function of the zero-field p,,
for films of different thicknesses. Although the resistivity
changes as a function of the thickness, ap seems to scale
with pu., consistent with previous reports®. In addition,
we note that ag x p),, where v is in the range of 1-1.2.

We turn now to discuss possible sources of the surpris-
ing b term. The OHE would have a contribution with
a cos 30 dependence if in addition to the common term,
RoB 1, there would also be a term RjB? allowed by sym-
metry. However, the absolute value of such a term is ex-
pected to increase with increasing field, contrary to our
observations (see Figure 4(b)).

Assuming that b is related to the AHE, we consider
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FIG. 5: The extracted AHE resistivity, ao, as a function of
the zero-field longitudinal resistivity.

possible effects of the angular dependence of p,, and M.
Commonly, the AHE coefficient is described as a function
of the longitudinal resistivity; i.e., Ry = Rs(pm)2>3>16717;
therefore, one would expect changes in p,, to induce
changes in the AHE. According to Eq. 1, pg, follows
cos 2, which may yield a cos3a term in the AHE. In
other words:

Py " = Rolp)poMy @

= [Rs(po) + dﬁs pcos 2apg| M| cos a.

However, while the change in p,;, noted as Ap/p, is
insensitive to the magnetic field in the low temperature
regime (see Figure 3), b changes with magnetic field (see
Figure 4(b)). Moreover, Figure 6 (top) shows the ratio
between the measured b and the calculated b according
to Eq. 4 as a function of temperature. As can be seen,
the ratio is larger than 10 in the low temperature regime.

Another possible source for b is the angular depen-
dent variation in the magnetization, both in its direction
and its magnitude, due to an easy plane anisotropy. Al-
though the magnetization is almost field independent for
the magnetic fields that we use, an easy plane anisotropy
may cause a small change in the magnetization direction,
i.e., the AHE will follow Rs M cos(0+A0) ~ R M (cos—
sin #sin Af). Considering an easy plane anisotropy and
a Zeeman term hamiltonian (H = —Kgps sina — M -
H cos(a—0), where K 4,5 is the anisotropy constant), we
obtain that for H > K,,is/2Ms the deviation from the
field direction takes the form sin Af = 5‘3—”}1 cosfsin 6.
Thus the AHE is given by:

K. .
AHE anis . 2
Py~ RsM cosf(1 — LI sin” 0). (5)

We extract Ig‘;\}}” (shown in Figure 7 (top)) by fitting
the longitudinal resistivity to Eq. 1 with a calculated

using the easy plane Hamiltonian with I;LJI\?[S as a free

parameter (as illustrated in the inset of Figure 7). We fit

our measurements with pffE = ¢1co86 — ¢co cosfsin? 0
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FIG. 6: (top) The ratio between the measured b to the cal-
culated value of b according to Eq. 4, and (bottom) the dif-
ference between the measured and calculated c2, according to
Eq. 5 as a function of temperature.
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and subtract the expected coefficient ¢, based on Eq. 5,
substituting the extracted anisotropy constant. Figure 6
(bottom) shows the difference between the measured and
the calculated co. Figure 7 (bottom) presents the ratio
between the anisotropy constant that which should be
assumed in order to explain c; with this scenario and the
measured anisotropy constant as a function of tempera-
ture. As can be seen, this scenario yields a good descrip-
tion of ¢o below 50 K; nevertheless, this source predicts a
field dependent anisotropy constant that is significantly
higher than the measured one.

In addition to its effect on the magnetization direction,
the magnetic anisotropy may affect the magnitude of the
magnetization. According to Eq. 2, the AHE is given by
RspoM, . Since the magnetization is close to saturation
and weakly dependent on H, we may approximate its
field dependence by M ~ M (H) + %AH. Considering
the anisotropy effective field £2zis we obtain that the
total field applied in the direction of the magnetization
takes the form: H* = H — I;IT"S cosf. Thus, the AHE is
given by:

RspoM (0) = Rspo[M — BL K cos? 0] cosf

AR d 2
= Ropo[(M — d—M2MS #ﬁ sin” 6] cos 6.

Therefore this source yields a positive contribution to ca,
which cannot explain the measured negative ca.
As we have ruled out trivial sources for the bcos 36

term, it appears that other sources should be considered.
We note that as the temperature increases, |b| increases;
and as the magnetic field increases, |b| decreases (see Fig-
ure 4(b)). This behavior may suggest that |b| decreases
when M approaches saturation either by increasing the
field or by decreasing the temperature. It has been shown
that spatial variations in the magnetization may yield
a contribution to the AHE in manganites?; however, a
cos 30 dependence is not expected in this model. We
point out that structural and magnetic symmetries were
previously identified as sources for a more complicated
angular dependence of the AMR and PHE in epitaxial
films of manganites'®; however, we do not see a simple
way to correlate such effects with our observations.

In conclusion, we find that the AHE in Lag gSrg.oMnO3
films cannot be described by the simple relation to the
perpendicular component of the magnetization. A more
careful treatment that takes into account the lattice and
magnetic anisotropies is required.
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