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Giant Hall resistance in Pt-based ferromagnetic alloys
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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(8cm/T has been obtained at 110 K and 22.6
©nQcm/T at 300 K. Excellent sensitivity, linearity, and a small temperature coefficient have been
achieved in a particular composition, ERtss, for a film thickness of 10 nm. The optimized Fe—Pt
thin films compare favorably with the commonly used semiconductor Hall sensor2008
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The ferromagnetic extraordinary Hall EffedEHE) to mass fabricate one- or two-dimensional arrays of EHE
results from spin—orbit scattering of electrons at disordesensors for data storage and scanning magnetic microscopy
sites (impurities, grain boundaries, interfaces, ptas applications. In addition, EHE results from asymmetric scat-
opposed to the Lorentz force responsible for the ordinaryerings of electrons in the majority- and minority-spin bands;
Hall Effect. Pt-based alloys that are rich in spin—orbit inter-therefore it can be used to detect injected spin currents with-
action are natural candidates for the search of large EHEqut an external field.

Previously, our group reported a large EHE in gy, We used magnetron sputtering to deposit the films, with
alloys' that has since been confirmed by othet$owever, one Pt target and one magnetic targ®t. The base vacuum
there has been a lack of systematic studies of EHE for varibefore deposition was below X110~ ' Torr, and the Ar

ous Pt based alloys, particularly for very thin films in the sputtering-gas pressure during growth was kept at 5 mTorr.
nanometefnm) range. We have investigated the EHE in four We rotated a glass substrate between the two sputtering guns,
A,Ptioo_x thin film systems with A=Fe, Co, Ni, and Wwhich generated deposition rates between 0.5 and 2/s, care-
CoggFe o with varying composition and thickness. Here we fully calibrated before each deposition. On each passage, the
report a giant EHE with a Hall slope as high as 76.8substrate was coated with an ultrathin layer5). We
pQem/T at 110 K and 22.6:Q2 cm/T at room temperature. achieved a desired composition by precisely controlling the
This is large for a transition-metal magnetic alloy at roomsputtering time on each gun. All substrates were prepatterned
temperaturé-*We find that varying the film thickness is the with photoresist and a single lift-off step after deposition
key to achieving enhanced EHE. yields the Hall bars for measurement. We measured transport

EHE sensors based on magnetic metallic alloys cafroperties using the standard four-probe method in a mag-
operate in the GHz frequené§,while semiconductor Hall netic field, taking precaution to eliminate errors from ther-
sensors are restricted to MHz operation. Moreover, the EHENoelectric voltage and Hall-probe misalignment. We found
sensors can be made as thin as a few nm, nearly impossibieat annealing samples at 400 °C always reduced EHE, be-
with semiconductor Hall sensors because of their highefause annealing tends to reduce magnetic scatterings needed
resistivity. Due to low carrier concentrations, semi-for EHE.
conductor Hall sensors usually offer better sensitivity, to as  Figure 1 shows the Hall voltage as a function of mag-
high as 1000 V/AT without resorting to geometrical

enhancementS~*® The best sensitivity we have obtained 0.8 , : : : —
with EHE sensors is about 250 V/AT. We believe further 30nm Fe3oPt7o/Q/°/
enhancement is entirely possible to exceed the sensitivity 06 \ Vel
offered by the semiconductor counterparts. It is also worth S 04f C/@/Q/ o
noting that metallic EHE sensors have very low temperature E 0.2| 40nm Co,gPtgg 0/8/ Mfﬁ <ol
coefficients, as will be shown later. e L al—
Our metal-based EHE films exhibit good noise proper- 8 00F N\ oo e -
ties (40 nT at 100 Hz and 970 nT at 1 HZThese numbers, S 02f s 40nm NiggPt,q |
though not optimized, compare favorably with semiconduc- = ey g
tor sensors. In principle the geometrical enhancement com- T 04 :»% |
monly utilized in semiconductor devic€sshould also work 06l © o 30nm(CoygFeqolagPtyg i
for the EHE sensors, and should lead to further improve- 5,8/{ . ' ) . .
ments in the EHE sensitivity. One of the biggest advantages 0850 00 B0 0 50 100 150
of EHE sensor is its ease of fabricatiGsingle layer with a Magnetic Field (Guass)

one step lift-off lithography procegsmaking it inexpensive

FIG. 1. Hall voltage of some Pt-based alloys vs magnetic field in the low
field limit at T=300 K. Excellent linearity is observed. The test current used
3E|ectronic mail: gmaio@us.ibm.com for the measurement is 5 mA.
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FIG. 2. Hall resistance in a 30 nm thin film JgBt, measured in a broad
field range at two different temperatures. Test current is 0.1 mA. FIG. 3. Initial Hall slopeRy, vs alloy composition. All the films are 30 nm
thick.

netic field measured dt=300 K for several alloy films with
different compositions. The sensing current used was 5 mAF-or comparison, all the samples have the same thickness of
The result shows that the EHE is nearly perfectly linear as 80 nm. Among these samples, sffét;o has the largest Hall
function of magnetic field, a feature not shared by other senslope of 11.8u() cm/T at 300 K. Figure 3 shows that EHE
sors, such as those based on giant magnetoresistance or mAgs a peak within a composition range of 25-35 at% of A for
netic tunneling. all the alloys, except for the MNPt o, System where the

Figure 2 shows the EHE resistance in aJP&o (300 peak occurs ak=80% and its peak EHE is not as large at
film over a broad range of applied field. Under a perpendicuthose for the other systems. The result in Fig. 3 shows a
lar field that is sufficient enough to overcome the shape angeneric trend. Near the lower composition regigeft-hand
isotropy, the magnetization is saturated and so is the EHE. Aside of the peak the reduction in Hall slope is due to two
the magnetizatiorfM) is rotated from the downward to the factors:(a) reduced number of magnetic scatterers, énd
upward direction, the Hall resistance or the voltage increasee emergence of paramagnetism at 300 K. In the higher
linearly with increasing field. The EHE effect is character-composition region, the decrease of the Hall slope is caused
ized by a parameter called Hall resistivity, expressed as by the gradually increasing saturation field~47M), as

M increases with magnetic composition.

Pry=(Viy/Dt=RoH+47RM, &y Next, we examine the effect of thickness on the EHE.
whereV,, is the Hall voltagef is the thickness of the film, Reductic_)n in the thi.ckness benefits the Hall voltage in two
R, is the ordinary Hall coefficient, an; is the spontaneous Ways. First, according to Eql), V,y=px,l/t. Therefore,
extraordinary Hall coefficient. The ternRoH is several thinner films yield larger Hall voltage. Second, thinner films
orders-of-magnitude smaller than the terrrRM for the  tend to have larger resistivity due to enhanced geometrical
materials of interest and can be neglected. For a thin filngcattering p-ppui> 1/), which reduces the electron mean-
with in-plane magnetic anisotropy, the out-of-planein-  free-path. Figure 4 shows that the Fe/Pt alloy resistivity in-
creases linearly with field applied in the perpendicular direccreases steadily with reducing samples thickness, roughly
tion until it reaches saturation. Therefore the EHE resistivityfollowing a 1t behavior. A larger resistivity also results in a
is proportional to the perpendicular magnetic field. Abovelarger EHE resistivity, apypppytc/t (¢ is constant
saturation, the Hall resistivity is dominated by the slowly

changing OHE. For this reason, the dynamic range is limited 130 . : :
by the saturation field of the magnetic film. °
For magnetic sensing, the characteristic parameter is the 120 Fe40Pt60 / -
initial Hall slope, defined as E /0
Riy=dpyy dH~4mxRs, @ g™ e ’
iherey | . . - 2 /.
x is the constant initial magnetic susceptibility. The 21000 g@ Fe,oPt _
quantity Ry, is of dual importance. First, it is a direct mea- S e / 357 65
sure of field sensitivity of an EHE sensor, defined as @ 9| /O 1
o o]
dVy, /dH=(dp,,/dH)jw=Ryjw. 3) & soo/o/ ]
wherej is the current density and is the width of the Hall o
bar. Second, it is directly related to the physical quarfty 70 . ‘ :
. .7 . : 0.0 0.1 0.2 0.3
resulted from spin—orbit interaction as shown in relatign " (nm'1)

We have examined the compositional dependence of EHE in

a series of APtigo-« films as summarized in Fig. 3, where gig. 4. inverse thickness dependence of the resistivity at room temperature

the initial Hall slopes at 30&, R,=dp,,/dH, are plotted. for two different FePt compositions.
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80 —— - - magnetic heterostructures, we define the giant Hall resistance
“3nm e ratio as
. Fe35Ptss _ .
c 6ol i GHR_(pxyT_pxyl)/Pxx_(nyT_nyl)/vxxa (4)
g \ where the arrows referred to the saturated values under
a \'\\ fields, assuming that the Hall bar’s length equals its width. It
3 ol \ ) should be noted that the GHR can be infinity using the con-
-4 5nm . ventional definition of MR since it is a true null detector.
% e ann,. According to Eq.(4), Fe;sPts at 5 nm has a GHR of 7% at
= 5 _“n‘nl Ahddaa ._:>:TT:::&:::}::::\“‘»LA_ room temperature with a saturation field of about 3 kOe.
% 20nm A vy FesPtss at 3 nm has a GHR of 23% at 110 K. Though still
ERSREEERAAS A o g A N hN lacking the sensitivity of GMR, EHE sensors exhibit excel-
.o , ) . lent linearity and large dynamic range. An EHE sensor is a
128 3nm ;7__./._-—# " null detector by itself, whereas GMR sensor requires a bridge
/_,_/_/.,.,.,.,-—-—-—" . circuit for achieving null sensing. All these with the addi-
- i e tional benefit of low fabrication cost make Fe/Pt EHE sen-
E 5nm .7.,,/./-*‘/' o sors potentially attractive for some applications.
G ‘.’.7".‘.,.—0/ N ’A/‘,A )
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