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Giant planar Hall effect in epitaxial Fe;O,4 thin films and its temperature dependence
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We have investigated the giant planar Hall effect (p,,) in epitaxial thin films of Fe304 grown on MgO (001)
substrates with thickness ranging from 5 to 150 nm. A record value at room temperature of |pxy|

~60 w{) cm was obtained for the 5-nm-thick film. Below room temperature,

Pxy| shows a huge enhancement

when crossing the Verwey transition, reaching the value of 16 m{) cm at 7=73 K for the 20-nm-thick film.
This work demonstrates the potentiality of the planar Hall effect in magnetite thin films for studies of magne-
tization processes as well as for sensitive low-field detection. The influence of the superparamagnetic tendency
for the thinnest films is highlighted. The results are also discussed in the context of fundamental aspects of

Fe;0,4 below the Verwey transition.
DOLI: 10.1103/PhysRevB.78.212402

The planar Hall effect (PHE) in magnetic materials occurs
due to the difference in resistivity when the current and the
magnetization are parallel (p;) or perpendicular (p,) to each
other, the physical origin being the same as the anisotropic
magnetoresistance (AMR).! In the geometry of measurement
of the PHE, both the magnetic field and the current are ap-
plied in the film plane. This is in contrast to the standard Hall
effect where the magnetic field is applied perpendicular to
the film plane and the physical origin is different.! In a
simple but common situation with a single-domain sample
showing in-plane magnetization (M), when a current density
J is applied along the x direction and M forms an angle 6
with the x direction, an electric field appears given by

E.=Jp, +J(p—p,)cos’ b, (1)

E,=J(p;— p)sin 6 cos 6. (2)

The longitudinal component of this electrical field gives rise
to the AMR effect with resistivity p,.=FE,/J, whereas its
transversal component gives rise to the PHE effect, p,,
=E,/J.

Due to the link between the magnetization direction and
the PHE, the PHE has been used in thin films as a sensitive
tool to study in-plane magnetization processes when trans-
port measurements are more suitable than direct measure-
ments of the magnetization.>* The PHE can be also used for
sensing low magnetic fields, showing advantages with re-
spect to AMR sensors in terms of thermal drift.*> Recently,
the discovery of the so-called giant planar Hall effect
(GPHE) found in the ferromagnetic semiconductor
(Ga;_,Mn,)As (Ref. 6) has attracted much interest. The ef-
fect at liquid helium temperature for this compound is 4
orders of magnitude higher than the existing in ferromag-
netic metals, reaching values for p,, of a few m{) cm. The
discovery has resulted in a thorough study of the magnetiza-
tion properties of the material by means of this effect’® and
as a tool to investigate the resistivity of an individual domain
wall.'® The system (Ga,_,Mn,)As, with T below 160 K, is
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restricted for applications of the GPHE in magnetic sensing
at low temperatures. In the search for giant PHE at room
temperature, promising results have been found in Fe;O,
(Refs. 11 and 12) and manganites.'>!# In these films, Bason
et al.'>'* proposed the use of PHE-based magnetic random
access memory (MRAM) devices as an alternative to a more
established magnetic tunnel junction (MTJ)-based technol-
ogy. In the present work we address ourselves to explore the
giant PHE in epitaxial Fe;O, films in a wide range of film
thicknesses and temperatures. At room temperature the PHE
has been studied in films with thicknesses 5, 9, 15, 40, and
150 nm. The dependence of the PHE with temperature (down
to 70 K) for 20-nm-thick and 40-nm-thick thin films has also
been studied.

The Fe;0, films were grown on MgO (001) substrates by
pulsed laser deposition in an ultrahigh vacuum system with a
background pressure of 5X 10~ torr. The exhaustive struc-
tural and magnetic characterizations indicate a 001-oriented
epitaxial growth as well as a high crystallinity of the films.
For details see Refs. 15 and 16. Film thickness was deter-
mined by x-ray reflectivity within a £0.2% estimated accu-
racy. Electrical transport measurements at room temperature
were done in square (5X5 mm?) samples in the Van-der-
Pauw geometry. For measurements as a function of tempera-
ture a two-step lithography process was made to define a
Hall geometry (width=300 wm) which minimizes transver-
sal voltage offsets, really appreciable below the Verwey
transition.'® The optical lithography process was done so that
the current was injected in the [100] direction, whereas
JI[110] for the samples measured at room temperature. To
eliminate the possible thermal potentials from the measure-
ments, as well as sample heating, we used the delta mode
available in a 6220 dc source, 2182 A nanovoltmeter com-
bined Keithley system. A closed-cycle refrigerator that per-
mits varying the temperature from 300 to 10 K was used
together with an electromagnet delivering fields up to 11
kOe.

The longitudinal resistivity (p,,) values at room tempera-
ture for the selected films are listed in Table I. These are
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TABLE 1. Longitudinal (p,,) and transversal (p,,) resistivities
(at maximum field) for the studied thin films at room temperature.
Measurements were done with J applied in the [110] direction. The
values for the transversal resistivity are obtained with §=45°.

Thickness (nm) 150 40 15 9 5

Pr(mQ cm) 5.5 7.0 124 234 1214

pyy at 11 kOe (ud cm) -45 -83 -129 -153 =594

AMR(%)=200p,,/p,, ~ —0.18 -024 021 -0.13 —0.1
17-20

comparable to other studies, confirming the high quality
of the films. The resistivity enhancement as the films get
thinner is a direct consequence of the increase in the density
of antiphase boundaries (APBs). APBs are structural defects
formed during the growth process, which are unavoidably
present when growing Fe;O, epitaxial thin films regardless
of the chosen substrate.!”>" These defects entail important
changes in the magnetic and transport measurements in com-
parison with the bulk material.'’~??> This is clearly observed
in Fig. 1(a), where the conductivity is shown as a function of
03 (where ¢ is the film thickness). The conductivity de-
creases as the film thickness is diminished following the
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FIG. 1. (a) Experimental data (dots) of the value of conductivity
as a function of 795, where 7 is the film thickness and the corre-
sponding fit (line) to the model developed in Ref. 18. The inset
shows a TEM planar-view image of the 40-nm-thick film where the
APB network can be observed. The (220)-type reflection has been
selected close to a two-beam condition, in which only the direct
beam and one (220)-type reflection are strongly excited, near the
[001] zone axis. (b) Size distribution of the antiphase domain size
as calculated from the TEM image shown in (a) and the correspond-
ing fit to a logarithmic-normal distribution. In the inset, the cumu-
lative probability is shown as a function of the domain size.
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model proposed by Eerenstein et al.'® due to the dependence
of the APB density with the film thickness. The fit to such a
model is excellent as can be observed in Fig. 1(a) and the
following parameters are extracted: the bulk conductivity
Oou=235(3) Q'cm™! (close to the bulk single-crystal
value, 250 Q' cm™'), the boundary conductivity oapg
=1.0(4) Q! cm™! (theoretically ozpg=0), and the boundary
width d=2.62(6) nm, in good agreement with results in
molecular-beam-epitaxy-grown samples.'® Direct visualiza-
tion of the APB network in our samples has been obtained
through transmission electron microscopy (TEM) measure-
ments in plane-view samples. The experiments were carried
out in a Philips CM30 LaBg microscope with a point reso-
lution of 0.19 nm. Plane-view TEM specimens were pre-
pared by mechanical thinning and ion polishing in a com-
mercial precision ion polishing system (PIPS). The inset of
Fig. 1(a) shows the dark field image of a plane-view TEM
specimen (the 40 nm film) collected by selecting a (220)-
type reflection after tilting the sample close to a two-beam
condition, in which only the direct beam and one (220)-type
reflection are strongly excited near the [001] zone axis. As
illustrated in the inset of Fig. 1(a), the phase shift induced by
the APB in the (220) reflection gives rise to strong darker
contrast where the APB is located. We have to take into
account that in using this reflection, we only observe the
APBs whose phase shift is out of the plane associated to the
selected (220) reflection, which has been estimated between
~55% and 2/3 of the total.!”'® We have derived the an-
tiphase domain (APD) distribution by means of the linear
intercept method.!”!%22 In previous studies, an exponential
law has been used®® due to the existence of a significant
amount of low-size APDs. In our case, the amount of APDs
below 5 nm is negligible within the experimental resolution
of the TEM images, and the experimental distribution can be
successfully fitted by a logarithmic-normal function as
shown in Fig. 1(b). The mean APD value obtained for this
sample is 24.4 nm with a standard deviation of 13.9 nm. This
average domain size is comparable to other reported results
for this film thickness.!”

For the study of the PHE, measurements were done with
the applied magnetic field forming a fixed angle with the
current, #=45°, since the signal will be maximum in this
geometry when saturation in magnetization is reached [Eq.
(2)]. To confirm that the even response measured was caused
by the PHE, we also measured it with a 135° configuration.
After subtracting the common offset, signals with opposite
sign were obtained [see the particular case for the 40-nm-
thick film at room temperature in the inset of Fig. 2(a)]. In
Fig. 2(a) the results of the PHE for the 40-nm-thick film with
current applied in two different directions, JI[110] and
JI[100], are compared. The sign is different, which indicates
that the AMR is positive (p,>p ) if JII[100], whereas it is
negative (p;<p,) if JII[110]. Such a difference in the sign
of the AMR in Fe;0, was explained by Ziese and Blythe?’
with a phenomenological model in which the AMR is ex-
pressed as a function of the magnetocrystalline anisotropy
constants. As discussed in this reference, the AMR sign and
absolute value have an intrinsic origin related to the spin-
orbit coupling via the magnetocrystalline anisotropy con-
stants. In Fig. 2(b) we show the transversal resistivity as a
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FIG. 2. (Color online) (a) Transversal resistivity as a function of
the magnetic field for a 40-nm-thick film at room temperature. The
magnetic field is applied forming #=45° with current and two dif-
ferent current directions are compared, JII[110] and JlI[100]. In the
inset, measurements with the magnetic field applied forming either
0=45° or #=135° with current, JlI[110], are compared. The origin
of the differences is discussed in the text. (b) Transversal resistivity
as a function of the magnetic field (#=45°) for several thin-film
thicknesses at room temperature with current direction JII[110].

function of the applied magnetic field for all the studied thin
films with JII[110]. The obtained values are of the same
order as in Refs. 11 and 12 for Fe;O,4, where 100 and 9 nm
films were, respectively, studied. The values for p,, at maxi-
mum field are listed in Table I, where a continuous decrease
in magnitude with increasing film thickness is observed, as is
the case for p,,. The maximum value of p,,=—59.4 u() cm
is obtained for the 5-nm-thick film. A low-field slope of
about 200 ©Q cm/T is found in this film, corresponding to a
sensitivity of 400 V/A T, indeed a very large value.

An important issue to point out is the evolution of the
films toward superparamagnetic (SP) behavior as the films
decrease in thickness due to the reduction in the ferrimag-
netic exchange coupling existing between spins surrounding
the APBs.!® The density of APBs varies as 1~'/2, where ¢ is
the thickness of the film.'7? The domains between an-
tiphase boundaries for ultrathin films have sizes of a few unit
cells and their magnetic moments start to fluctuate due to the
thermal energy. The progressive shift toward zero field found
for the peaks associated with the coercive field in our PHE
measurements, as well as the increase in the slope for p,, at
high fields, suggests the occurrence of this phenomenon.
These features influence the possible applications of the PHE
observed in these films. The SP tendency is also reflected
when the anisotropic magnetoresistance ratio [AMR
=100(py—p 1)/ py, with p, the resistivity at the coercive field]
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FIG. 3. (Color online) Transversal resistivity isotherms as a
function of the magnetic field (#=45°) for a 20-nm-thick film. A
change in sign for 7<150 K is observed. Colossal values are
found for T<T,. Measurements have been done with JII[100].

is calculated from PHE measurements (see Table I). The
AMR has an approximately constant value of —0.2% for
films above 10 nm, in agreement with bulk results and thin
films in this range of thickness for JII[110] (Ref. 23). Below
10 nm, an important decrease in magnitude occurs, compat-
ible with the absence of anisotropy found for SP samples.'®
Magnetoresistance measurements (not shown here) corrobo-
rate this behavior. Thus, for very thin films (below 5 nm), the
PHE will be limited in magnitude by the difficulty in mag-
netizing the sample and the decrease in the AMR value.
Therefore, thinner films than the studied here are not ex-
pected to present higher PHE values than those reported
ones. The difficulty to use the GPHE in very thin Fe;O, films
for magnetic storage should also be noticed since an im-
provement in signal magnitude with decreasing thickness
also implies a decrease in coercive field. On the other hand,
the superparamagnetic tendency implies a less hysteretical
GPHE effect, which is welcomed for magnetic sensing.

In order to study the evolution of the GPHE as a function
of temperature we have selected the 20-nm-thick and 40-nm-
thick samples. From resistivity measurements, the Verwey
transition takes place at a temperature (7,) of 108 and 110 K,
respectively. The transition in thin films is much less abrupt
than in bulk samples and takes place at slightly lower tem-
peratures, which can be explained by the suppression of
long-range order in the octahedral iron sites due to the de-
crease in the domain size'® or stress.?* In Fig. 3 we show the
Py, isotherms from room temperature down to 70 K for the
20-nm-thick film. The longitudinal offset makes unfeasible
measurements at lower temperatures. Pxy increases moder-
ately when cooling from room temperature down to 200 K,
changing its sign at about 150 K. When approaching the
Verwey transition, a huge increment in the magnitude of p,,
occurs, as is also observed in the longitudinal resistivity. Co-
lossal values, 1 order of magnitude bigger than the highest
reported previously at 4.2 K in (Ga,_Mn,)As (Ref. 6), are
found for T<T,. Thus, p,, is about 16 m{) cm at 7=73 K
in this film. In the case of the 40-nm-thick film, two changes
in sign are observed between room temperature and 70 K. A
huge increment in the absolute value of p,, is also observed
when crossing 7T, giving, as a result, p,, equal to about
15 mQ cm at T=70 K. In order to gain more insight into
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FIG. 4. (Color online) AMR ratio as a function of temperature
for 20-nm-thick and 40-nm-thick films at 11 kOe. The AMR ratio is
calculated from PHE measurements at 45° [AMR=100(p,
=p1)/po=200p,,/ py]. Measurements have been done with JII[100].

the mechanisms responsible for the dependence with tem-
perature of the PHE, AMR ratios calculated from the PHE at
11 kOe in both samples are shown in Fig. 4. The obtained
values are in agreement with previous studies for the AMR
in magnetite thin films,>®> with JII[100]. For both films,
AMR = 0.2%, independent of temperature, is found for tem-
peratures above 150 K. Different tendencies are followed in
each thin film below this temperature. Whereas in the case of
the 20-nm-thick film, a change in sign occurs, giving as a
result negative values for T<<150 K, for the 40 nm film p,,
is positive except in the surroundings of 7,. The changes in
sign in the AMR are likely related to intrinsic changes in the
magnetocrystalline anisotropy in this temperature range as
previously observed in bulk single crystals.”> Such changes
will dramatically modify the anisotropy constants, which
correspondingly will vary the AMR or PHE value as demon-
strated in the phenomenological model presented in Ref. 23.
The magnetic anisotropy in these films is expected to depend
strongly on the film thickness and detailed magnetic studies
beyond the scope of the present Brief Report would be re-
quired to clarify the quantitative relationship between the
magnetic anisotropy changes and the AMR or PHE.
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One important result inferred from the obtained AMR
temperature dependence is that the absolute value of the
AMR is large below the Verwey transition. The ground state
of Fe;O, below the Verwey transition is still a matter of
debate.?® Recent experiments indicate that pure electrostatic
models do not seem to be able to explain the ground state
below the Verwey transition and the electron-lattice coupling
must play a key role in order to stabilize it.>° The large
values of the AMR below the Verwey transition observed by
us give evidence for a substantial magnetocrystalline aniso-
tropy of the ground state caused by a significant spin-orbital
coupling. This suggests that the claimed strong electron-
lattice coupling could arise from a large spin-orbital cou-
pling.

In summary, the thickness and temperature dependences
of the giant planar Hall effect in epitaxial Fe;O, thin films
have been studied and explained as a consequence of the
resistivity anisotropy, pj—p,, which is also responsible for
the anisotropic magnetoresistance effect. Samples with mod-
erately high antiphase boundary density have shown higher
planar Hall effect signals due to the induced increase in the
absolute value of the resistivity anisotropy, making them in-
teresting candidates for magnetic sensing and nonvolatile
memories and for magnetization studies through transport
measurements. A record value of the planar Hall effect at
room temperature of | pxy| ~60 w() cm was obtained for the
5-nm-thick film. As a function of temperature the planar Hall
effect increases in magnitude, reaching colossal values below
the Verwey transition, in the range of a few m{) cm. The
anisotropic magnetoresistance values inferred from these
measurements indicate that the ground state below the Ver-
wey transition likely bears a substantial spin-orbit coupling.
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