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We report on the observation of a dramatically increased extraordinary Hall Effect in Pt-based
ferromagnetic alloy thin films with varying composition and thickness that were deposited using
magnetron sputtering. Hall slope as high as 76.8mV cm/T has been obtained at 110 K and 22.6
mV cm/T at 300 K. Excellent sensitivity, linearity, and a small temperature coefficient have been
achieved in a particular composition, Fe35Pt65, for a film thickness of 10 nm. The optimized Fe–Pt
thin films compare favorably with the commonly used semiconductor Hall sensors. ©2004
American Institute of Physics.@DOI: 10.1063/1.1757645#

The ferromagnetic extraordinary Hall Effect~EHE!
results from spin–orbit scattering of electrons at disorder
sites ~impurities, grain boundaries, interfaces, etc.! as
opposed to the Lorentz force responsible for the ordinary
Hall Effect. Pt-based alloys that are rich in spin–orbit inter-
action are natural candidates for the search of large EHE.
Previously, our group reported a large EHE in FexPt1002x

alloys1 that has since been confirmed by others.2 However,
there has been a lack of systematic studies of EHE for vari-
ous Pt based alloys, particularly for very thin films in the
nanometer~nm! range. We have investigated the EHE in four
AxPt1002x thin film systems with A5Fe, Co, Ni, and
Co90Fe10 with varying composition and thickness. Here we
report a giant EHE with a Hall slope as high as 76.8
mV cm/T at 110 K and 22.6mV cm/T at room temperature.
This is large for a transition-metal magnetic alloy at room
temperature.3–11We find that varying the film thickness is the
key to achieving enhanced EHE.

EHE sensors based on magnetic metallic alloys can
operate in the GHz frequency,12 while semiconductor Hall
sensors are restricted to MHz operation. Moreover, the EHE
sensors can be made as thin as a few nm, nearly impossible
with semiconductor Hall sensors because of their higher
resistivity. Due to low carrier concentrations, semi-
conductor Hall sensors usually offer better sensitivity, to as
high as 1000 V/A T without resorting to geometrical
enhancements.13–18 The best sensitivity we have obtained
with EHE sensors is about 250 V/A T. We believe further
enhancement is entirely possible to exceed the sensitivity
offered by the semiconductor counterparts. It is also worth
noting that metallic EHE sensors have very low temperature
coefficients, as will be shown later.

Our metal-based EHE films exhibit good noise proper-
ties ~40 nT at 100 Hz and 970 nT at 1 Hz!. These numbers,
though not optimized, compare favorably with semiconduc-
tor sensors. In principle the geometrical enhancement com-
monly utilized in semiconductor devices13 should also work
for the EHE sensors, and should lead to further improve-
ments in the EHE sensitivity. One of the biggest advantages
of EHE sensor is its ease of fabrication~a single layer with a
one step lift-off lithography process!, making it inexpensive

to mass fabricate one- or two-dimensional arrays of EHE
sensors for data storage and scanning magnetic microscopy
applications. In addition, EHE results from asymmetric scat-
terings of electrons in the majority- and minority-spin bands;
therefore it can be used to detect injected spin currents with-
out an external field.

We used magnetron sputtering to deposit the films, with
one Pt target and one magnetic target~A!. The base vacuum
before deposition was below 131027 Torr, and the Ar
sputtering-gas pressure during growth was kept at 5 mTorr.
We rotated a glass substrate between the two sputtering guns,
which generated deposition rates between 0.5 and 2/s, care-
fully calibrated before each deposition. On each passage, the
substrate was coated with an ultrathin layer~,5!. We
achieved a desired composition by precisely controlling the
sputtering time on each gun. All substrates were prepatterned
with photoresist and a single lift-off step after deposition
yields the Hall bars for measurement. We measured transport
properties using the standard four-probe method in a mag-
netic field, taking precaution to eliminate errors from ther-
moelectric voltage and Hall-probe misalignment. We found
that annealing samples at 400 °C always reduced EHE, be-
cause annealing tends to reduce magnetic scatterings needed
for EHE.

Figure 1 shows the Hall voltage as a function of mag-
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FIG. 1. Hall voltage of some Pt-based alloys vs magnetic field in the low
field limit at T5300 K. Excellent linearity is observed. The test current used
for the measurement is 5 mA.
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netic field measured atT5300 K for several alloy films with
different compositions. The sensing current used was 5 mA.
The result shows that the EHE is nearly perfectly linear as a
function of magnetic field, a feature not shared by other sen-
sors, such as those based on giant magnetoresistance or mag-
netic tunneling.

Figure 2 shows the EHE resistance in a Fe40Pt60 ~300!
film over a broad range of applied field. Under a perpendicu-
lar field that is sufficient enough to overcome the shape an-
isotropy, the magnetization is saturated and so is the EHE. As
the magnetization~M! is rotated from the downward to the
upward direction, the Hall resistance or the voltage increases
linearly with increasing field. The EHE effect is character-
ized by a parameter called Hall resistivity, expressed as

rxy5~Vxy /I !t5R0H14pRsM , ~1!

whereVxy is the Hall voltage,t is the thickness of the film,
R0 is the ordinary Hall coefficient, andRs is the spontaneous
extraordinary Hall coefficient. The termR0H is several
orders-of-magnitude smaller than the term 4pRsM for the
materials of interest and can be neglected. For a thin film
with in-plane magnetic anisotropy, the out-of-planeM in-
creases linearly with field applied in the perpendicular direc-
tion until it reaches saturation. Therefore the EHE resistivity
is proportional to the perpendicular magnetic field. Above
saturation, the Hall resistivity is dominated by the slowly
changing OHE. For this reason, the dynamic range is limited
by the saturation field of the magnetic film.

For magnetic sensing, the characteristic parameter is the
initial Hall slope, defined as

RH5drxy /dH'4pxRs , ~2!

wherex is the constant initial magnetic susceptibility. The
quantity RH is of dual importance. First, it is a direct mea-
sure of field sensitivity of an EHE sensor, defined as

dVxy /dH5~drxy /dH! jw5RHjw. ~3!

wherej is the current density andw is the width of the Hall
bar. Second, it is directly related to the physical quantityRs

resulted from spin–orbit interaction as shown in relation~2!.
We have examined the compositional dependence of EHE in
a series of AxPt1002x films as summarized in Fig. 3, where
the initial Hall slopes at 300K, RH5drxy /dH, are plotted.

For comparison, all the samples have the same thickness of
30 nm. Among these samples, Fe30Pt70 has the largest Hall
slope of 11.8mV cm/T at 300 K. Figure 3 shows that EHE
has a peak within a composition range of 25–35 at% of A for
all the alloys, except for the NixPt1002x system where the
peak occurs atx580% and its peak EHE is not as large at
those for the other systems. The result in Fig. 3 shows a
generic trend. Near the lower composition region~left-hand
side of the peak!, the reduction in Hall slope is due to two
factors: ~a! reduced number of magnetic scatterers, and~b!
the emergence of paramagnetism at 300 K. In the higher
composition region, the decrease of the Hall slope is caused
by the gradually increasing saturation field (Hs54pM ), as
M increases with magnetic composition.

Next, we examine the effect of thickness on the EHE.
Reduction in the thickness benefits the Hall voltage in two
ways. First, according to Eq.~1!, Vxy5rxyI /t. Therefore,
thinner films yield larger Hall voltage. Second, thinner films
tend to have larger resistivity due to enhanced geometrical
scattering (r-rbulk}1/t), which reduces the electron mean-
free-path. Figure 4 shows that the Fe/Pt alloy resistivity in-
creases steadily with reducing samples thickness, roughly
following a 1/t behavior. A larger resistivity also results in a
larger EHE resistivity, asrxy}r}rbulk1c/t ~c is constant!

FIG. 2. Hall resistance in a 30 nm thin film Fe40Pt60 measured in a broad
field range at two different temperatures. Test current is 0.1 mA. FIG. 3. Initial Hall slope,RH , vs alloy composition. All the films are 30 nm

thick.

FIG. 4. Inverse thickness dependence of the resistivity at room temperature
for two different FePt compositions.
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for skew scattering andrxy}r2}(rbulk1c/t)2 for side-jump
scattering.19 For both scattering mechanisms, a reduction in
film thickness will result in an increase in the Hall voltage.

Figure 5 shows the effect of thickness on the Hall slope
and resistivity of Fe35Pt65 between 90 and 350 K. In the thin
film limit, the Hall slope and resistivity increase significantly.
We have observed a Hall slope as high as 76.8mV cm/T in a
3 nm thin sample at 110 K@Fig. 5~a!#. At 300 K, the 5 nm
film has a Hall slope of 22.6mV cm/T. At higher tempera-
tures, the 3 and 5 nm films display a precipitous drop in the
Hall effect. This is because these thin films cease to be fer-
romagnetic near or above 300 K. Interestingly, as the tem-
perature is raised, the Hall slope decreases in the thinner
films, but increases in the thicker films. This results in a
unique thickness around 10 nm, where a nearly constant Hall
slope is obtained between 90 and 350 K. A small temperature
coefficient of Hall slope is highly desirable for sensing ap-
plications.

In comparison to the GMR ratio commonly used in some

magnetic heterostructures, we define the giant Hall resistance
ratio as

GHR5~rxy↑2rxy↓ !/rxx5~Vxy↑2Vxy↓ !/Vxx , ~4!

where the arrows referred to the saturated values under
fields, assuming that the Hall bar’s length equals its width. It
should be noted that the GHR can be infinity using the con-
ventional definition of MR since it is a true null detector.
According to Eq.~4!, Fe35Pt65 at 5 nm has a GHR of 7% at
room temperature with a saturation field of about 3 kOe.
Fe35Pt65 at 3 nm has a GHR of 23% at 110 K. Though still
lacking the sensitivity of GMR, EHE sensors exhibit excel-
lent linearity and large dynamic range. An EHE sensor is a
null detector by itself, whereas GMR sensor requires a bridge
circuit for achieving null sensing. All these with the addi-
tional benefit of low fabrication cost make Fe/Pt EHE sen-
sors potentially attractive for some applications.
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FIG. 5. Hall slope~top! and resistivity~bottom! versus temperature for
Fe35Pt65 thin films with varying thickness.
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