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Anomalous Hall effect in perpendicular CoFeB thin films*
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Our recent research achievements in the perpendicular magnetic anisotropy (PMA) properties of the CoFeB sand-
wiched by MgO and tantalum layers are summarized. We found that the PMA behaviors of Ta/CoFeB/MgO and
MgO/CoFeB/Ta thin films are different. The larger PMA in the latter film is related to the lower magnetization of CoFeB
deposited on MgO. Furthermore, we have demonstrated a large anomalous Hall effect in perpendicular CoFeB thin film.
Our results show large anomalous Hall resistivity, large longitudinal resistivity, and low switching field can be achieved, all
at the same time, in the perpendicular CoFeB thin film. Anomalous Hall effect with high and linear sensitivity is also found
in an MgO/CoFeB/Ta thin film with a thick MgO layer, which opens a door for future device applications of perpendicular

ferromagnetic thin films.
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1. Introduction

Magnetic anisotropy has been investigated for decades. !
For example, a perpendicular magnetic thin film has been
widely used in high density storage media.’l A magnetic
tunnel junction with a perpendicular magnetic anisotropy
(PMA) enables a small critical current density for current-
induced magnetization switching.l?! Understanding magnetic
anisotropy is one of the keys for the applications of the fer-
romagnetic thin films. Several candidate materials exhibit
PMA, such as Co/Pt and Co/Ni multilayers,>* CoFeB/Pd
bilayers, ! FePt single layers,[® and so on. Recently, Ikeda
et al. reported observing PMA in a CoFeB layer sandwiched
by MgO and Ta layers,!”) which has potential applications in
spin transfer torque devices.!”! Although the PMA is believed
to arise from the interfacial anisotropy at the MgO/CoFeB
interface,!®! the origin of the PMA remains elusive. Worledge
et al. pointed out that the Ta/CoFeB interface plays a key role
in making the CoFeB magnetization perpendicular.(®! Most re-
cently, by employing polarized neutron reflectometry (PNR),
we observed a robust difference in magnetization in the CoFeB
layer, depending on whether it is above or below an MgO
layer,'% indicating that a large PMA is related to the low mag-
netization of CoFeB deposited on MgO.

Magnetic hysteresis measurement is a direct method for
studying PMA in a magnetic thin film. Anomalous Hall effect
(AHE) is also widely used to characterize perpendicular mag-
netic films.['! Figure 1 shows the Hall bar geometry. In prin-

ciple, Hall resistivity (pyy) in a ferromagnet is defined as!!?!
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Pry = RoH + UoRsM | , (n

where ordinary Hall resistivity RoH is proportional to the in-
duced field H, whereas anomalous Hall resistivity poRsM is
proportional to the magnetization along the perpendicular di-
rection M,. Rp and Rs are Hall constants for ordinary and
anomalous Hall effects, respectively. Anomalous Hall resis-
tivity pag is then determined by extrapolating the magneti-
cally saturated state back to zero field, which characterizes the
anomalous Hall effect of materials.

Fig. 1. The Hall bar geometry for measurement.

Indeed, AHE itself has continually gained much inter-
est as a fundamental property of the magnetic solids. PMA
can induce a highly sensitive anomalous Hall effect in a per-
pendicular ferromagnetic thin film, making it a candidate
for a magnetic field sensor or a logic device for spintron-
ics applications.['>!71 Most recently, we have demonstrated

*Project supported by the National Basic Research Program of China (Grant No. 2012CB933102) and the National Natural Science Foundation of China (Grant

Nos. 50871120, 11079052, and 11174354).
fCorresponding author. E-mail: tzhu@iphy.ac.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

047504-1


http://dx.doi.org/10.1088/1674-1056/23/4/047504
mailto:tzhu@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 4 (2014) 047504

a large anomalous Hall effect in the perpendicular CoFeB thin
film. In this paper, we present recent progress in the perpen-
dicular CoFeB thin films. It is organized as follows. Section 2
provides details about recent advances in the perpendicular
CoFeB thin films. Section 3 describes the AHE properties of
the perpendicular CoFeB thin films. Section 4 is a preliminary
summary of proposed AHE mechanisms for the perpendicu-
lar CoFeB thin films. Applications of the AHE that exists in
the perpendicular CoFeB thin films are discussed in Section 5.
Finally, the conclusions of all this work are summarized in
Section 6.

2. Perpendicular magnetic anisotropy in CoFeB
sandwiched by MgO and tantalum layers

In the initial work, Yakata et al. found that PMA is in-
duced at the MgO barrier—Fe-rich CoFeB interface.!'8! And
then Ikeda et al. reported finding PMA in a thin CoFeB layer
(< 1.5 nm) sandwiched by MgO and Ta layers.!”! One of the
pathways to achieve higher stability of the memory cells is to
enhance the PMA further. For example, Kubota et al. reported
the use of FeB in place of CoFeB.[!°! Nevertheless, the in-
vestigation of the origin of PMA in perpendicular CoFeB thin
films is necessary.’~1%:18-201 Tn 3 CoFeB sandwiched by MgO
and tantalum layers, the effective magnetic anisotropy in first

order approximation can be generally defined as!?’!

1
Kegr = (Kb - 2/~l0M§) + Ks Mg0/CoFeB/ICoFeB,  (2)

where fcopep 1S the CoFeB thickness and Mg is the satura-
tion magnetization of the CoFeB layer. K, is the bulk crys-
talline anisotropy, which can be neglected.!”! The perpendicu-
lar anisotropy in a ferromagnetic film is the result of the com-
petition between the demagnetization energy (% qug) and
the interfacial anisotropy energy (Ks/fcoren). The interfacial
anisotropy energy sensitively depends on the interface struc-
ture. A perpendicular easy axis of magnetization is obtained
when K > 0.

To study the details of perpendicular magnetic anisotropy
properties in perpendicular CoFeB thin films, two series
of samples, MgO(1.1)/CosoFes0B20(1.22)/Ta[0.55-4.4] and
Ta(2.2)/CogpFes0B2o(1.04)/MgO[0.44-5.5], hereinafter de-
fined as MgO/CoFeB/Ta and Ta/CoFeB/MgO, respectively,
were deposited on thermally oxidized silicon substrates
(Si/Si0,) by magnetron sputtering with a base pressure of
4 x 1075 Pa. The numbers in brackets are nominal thicknesses
in nanometers. The samples with a Hall bar were then an-
nealed at a temperature Ty,, ranging from 120 °C to 400 °C
in a vacuum for an hour. Argon was used as the sputtering
gas, and the sputtering pressure for metals was 0.4 Pa. MgO
layers were deposited by radio frequency sputtering, and the
sputtering pressure was 0.2 Pa. Room-temperature anomalous

Hall resistance loops (Ry,—H) were measured in a commercial
Hall probing system with an electromagnet at up to 1.5 T to
characterize the PMA property. The magnetoresistance in all
the films at 1.5 T is smaller than 0.2%.

Figure 2(e) shows the out-of-plane squareness (R}, /Ran)
and the coercivity field (Hc) as functions of the thickness of
the tantalum cap layer for a series of tantalum capping films
(MgO/CoFeB/Ta) annealed at T;,, = 300 °C. Here, R;y is the
remnant Hall resistance at H = 0. The films show the in-plane
magnetic easy axis when 1, < 0.55 nm, suggesting that the
CoFeB/MgO interface alone cannot provide a large enough
interfacial anisotropy to induce the out-of-plane anisotropy in
the CoFeB layer. The out-of-plane squareness increases with
the tantalum cap layer thickness from 0.55 nm to 0.94 nm
and reaches the maximum value of 1 at f, = 0.94 nm. Unity
squareness (R}, /Ran = 1) can be observed at the tantalum cap
layer thickness at up to 4.4 nm, although the out-of-plane co-
ercivity decreases to Hc = 4.14 kA/m.
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Fig. 2.
MgO(1.1)/CoFeB(1.22)/Ta(t) films (Tynn = 300 °C) with ¢, = (a) 0.55,
(b) 0.71, (c) 0.94, and (d) 4.4 nm, denoted by the letters in the bottom
panel. (e) Tantalum cap layer thickness dependencies of the out-of-
plane R, /Ran (open circles) and Hc (solid circles).

Representative curves of Ry, versus H for annealed

We also investigated the dependence of R;, /Ran and
Hc on the thickness of the MgO capping layer for a se-
ries of tantalum capping films (Ta/CoFeB/MgO) annealed at
Tynn = 300 °C.121 Figure 3 shows the R)rcy /Ran and Hc as
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functions of the thickness of the MgO cap layer. The films
show a magnetic easy axis in the plane when fjg0 <0.77 nm,
whereas PMA and unity squareness (Rfvy /Ran = 1) were ob-
served when f\vjgo < 0.77 nm. This is to say, CoFeB has per-
pendicular anisotropy when it sandwiched by Ta and MgO lay-
ers. It is also surprising that the strength of the perpendicular
anisotropy is dependent on the stack deposition sequence.
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Fig. 3. Representative curves of Ry, versus H for annealed Ta
(2.2)/CoFeB(1.22)/ MgO(t) films (Tynn = 300 °C) with tnve0 = (a) 0.66,
(b) 0.88, and (c) 5.5 nm, denoted by the letters in the bottom panel.
(d) MgO cap layer thickness dependencies of the out-of-plane Ry, /Ran
(open circles) and Hc (solid circles).

In order to study the origin of PMA further and to explain
the stack-deposition sequence-dependent PMA, the polarized
neutron reflectometry (PNR) technique was utilized to directly
measure the individual magnetization in the stacks. PNR mea-
surements were carried out by using the Magnetism Reflec-
tometer (BL-4A) at SNS.!??! The two non-spin-flip (NSF)
cross sections (R*" and R™~) are measured as a function
of scattering vector Q. The sample’s depth-dependent nu-
clear scattering length density pn(z) and the magnetic scat-
tering density pm(z) (which is a measure of the projec-
tion of the magnetization along the applied field direction)
are determined by fitting the NSF data.
PNR measurement was prepared as an MTJ-like structure,
i.e., Ta(2.2)/CoFeB(1.04)/MgO(1.1)/CoFeB(1.22)/Ta(2.2) on
Si/Si0, (T, = 300 °C). This MTIJ-like structure com-
bined two types of PMA thin films: MgO/CoFeB/Ta and
Ta/CoFeB/MgO. In principle, PNR is a technique that is sensi-
tive to the compositional and in-plane magnetic depth profiles

The sample for

of thin films, but not sensitive to layer magnetization perpen-
dicular to the sample surface.[?>! Therefore, a large in-plane
field is applied to saturate the out-of-plane magnetization into
the hard in-plane direction. Figure 4 shows the measured room

temperature polarized neutron reflectivity data in H =1 T.
This PNR experiment was the first to demonstrate a robust
difference in magnetization between CoFeB layers, depend-
ing on whether they are above or below an MgO layer.!'] A
large PMA in MgO/CoFeB/Ta thin film is related to the low
magnetization of CoFeB deposited on MgO.
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Fig. 4. Experimental PNR data taken at room temperature in H =1 T.
Solid lines are the fitted data. Right panel shows the stack structure of
the PNR sample obtained from nuclear scattering length density pro-
files. X is the interfacial layer between CoFeB and Ta.

According to Eq. (2), the demagnetization term (% [.L()Mg)
plays a key role in inducing PMA in a ferromagnetic thin film.
The effective perpendicular anisotropy in a perpendicular film

is often determined by!**!

b, )
To take into account the absolute magnetization Mg =
9.06 x 10° A/m and Hgx = 4.3 x 10* A/m for Ta(2.2)/
CoFeB(1.04)/MgO(1.1), K is calculated as 2.4 x 10* J/m,
which is quite close to results reported by Yamanouchi

Ketr =

et al.?%) However, K. is calculated as 4 x 10* J/m for
MgO(1.1)/CoFeB(1.22)/Ta(2.2), where Ms = 6.63 x 10° A/m
and the Hx = 9.7 x 103 A/m. The K¢ of the tantalum capping
film is about 66% larger than that of the MgO capping film.[!]
Consequently, PMA is strongly dependent on the stack depo-
sition sequence.

In conventional ferromagnetic —metal/non-magnetic
(FM/NM) metal multilayers, the interfacial anisotropy arises
due to spin—orbit interaction (SOI) at the interface.!*! Inter-

faces between magnetic and heavy nonmagnetic metals such
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as Co/Pt, Co/Pd, and Co/Au have been used to obtain PMA.
It has been shown that the onset of PMA at these interfaces is
related to an increase in the orbital momentum of Co due to
the strong hybridization between the 3d orbitals of the tran-
sition metal and the 5d orbitals of the heavy metal. As for
the perpendicular Pt/Co/AlOx thin film,!'!] the strong PMA
has been confirmed at interfaces between magnetic transition
metals and oxygen-terminated oxides.

In accord with the previous calculation of Fe/MgO,°!
the origin of the large PMA at the interface of FM and oxide
is ascribed to a combination of several factors: the lifting of
the degeneracy of out-of-plane 3d orbitals (d,; and d,;), hy-
bridizations between d; and d,(,,) induced by SOI, and hy-
bridizations between Fe-3d and O-2p orbitals at the interface
between the transition metal and the insulator. Here, the hy-
bridization between d,» and p; is not split. On the other hand,
SOI lifts the degeneracy for the states dy, causing the split
of the out-of-plane magnetization orientation to be more pro-
nounced than the in-plane split, and resulting in larger PMA.
Recently, we finished the ab initio calculation of the PMA for
the CoFeB/MgO interface./?’! Figure 5 shows the supercell for
the ab initio simulation of the Fe and MgO interface. Fe, Co,
Mg, and O were represented by yellow, blue, green, and red
balls, respectively. PMA at CoFe(B)/MgO interfaces is be-
lieved to originate from the hybridization of Fe-3d and O-2p

orbitals, which is strongly determined by the structure of the
CoFe(B)/MgO interface. Then the redistribution of O vacan-
cies plays an essential role in PMA at the CoFeB/MgO inter-
face.
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Fig. 5. Supercell for the ab initio simulation of the Fe and MgO inter-
face. Fe, Co, Mg, and O are represented by yellow, blue, green, and red
balls, respectively.
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Fig. 6. Ry, curves as functions of the applied field H for annealed (Tunn = 300 °C) (a) CoFeB/Ta and (b) CoFeB/MgO bilayers with

different CoFeB layer thickness.

(c) The CoFeB thickness dependence of the out-of-plane saturation field, H,.

(d) Ryy curves as

functions of the applied field H for annealed CoFeB/Ta and CoFeB/MgO bilayers with fcopep = 1.24 nm.
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Indeed, there are two interfaces, that is, CoFeB/Ta and
MgO/CoFeB. To further clarify the origin of PMA in CoFeB
sandwiched by Ta and MgO layers, we measured these two
kinds of interfaces (CoFeB/Ta and CoFeB/MgO on SiO,/Si).
Figure 6 shows Ry,—H curves. It also shows the out-of-
plane saturation field (H,), which decreases for both bilayers
with decreasing thickness of CoFeB. Compared with the per-
pendicular CoFeB sandwiched by Ta and MgO layers, both
CoFeB/Ta and CoFeB/MgO bilayers (tcopep = 1.2 nm) show
in-plane easy axes. This is to say that neither CoFeB/Ta nor
CoFeB/MgO bilayer can exhibit PMA. As mentioned above in
PNR measurements, we unambiguously determined the depth
profile of the boron distribution and showed that after anneal-
ing, most of the boron diffused to form a 2-nm-thick interface
layer between the CoFeB and tantalum layers, using the sensi-
tivity of neutrons to the absorption cross section of boron. The
observation of the thick interface between Ta and CoFeB in-
directly confirms that the MgO/CoFe(B) interface may mainly
induce the large PMA in MgO/CoFeB/Ta or Ta/CoFeB/MgO
thin films. The purpose of Ta may be the layer to absorb B out
of the CoFeB layer.

Furthermore, it is also found that there is negligible PMA
at tt, < 0.55 nm because CoFeB cannot be avoided for ox-
idation with such a thin capping layer (see Fig. 2). A clear
PMA with R

w/Ran = 1 is obtained when the nominal tan-
talum thickness is above 0.94 nm, but no strong relationship
between PMA and the thickness of the thick Ta cap layer. The
Ta cap layer alone is sufficient to ensure the chemical stability
of a general spintronics sample over time because of the for-
mation of a dense tantalum oxide. As was found previously,
a 1-nm-thick Ta layer can completely protect the samples. [>3]
Hence, further increasing the Ta thickness (f1, > 2 nm) has
little effect on the interface and is not expected to change the

PMA.

3. Anomalous Hall effect of perpendicular
CoFeB thin film

AHE is a fundamental property of the magnetic solids,
and as such, has continually attracted growing interest. The
investigation of PMA properties using AHE is just an exam-
ple. As for AHE itself, the research has focused on alloys or
multilayers involving a noble metal, such as Pt. In these mate-
rials, strong spin—orbit interactions are induced.!!>!* Typical
Hall angles of Pt-based multilayer are in the range of 1%-
3%, but Py, (~ several tens pQ-cm) are suppressed by thick Pt
layers, which limits the desired reduction of device sizes. "]
Ferromagnetic metal—insulator granular films also have high
Pxx When the proportion of the metal (by volume) is below
a critical value (xc). A giant AHE has been reported in the

Ni-SiO, granular film,% but its Hall angle is unfortunately
low (0.1%). So far, no material can satisfy the applications’
requirements for large anomalous Hall resistivity, large lon-
gitudinal resistivity, and low switching field, all at the same
time.[?! In this section, we demonstrate a large AHE in the
perpendicular CoFeB thin film, in which simultaneous large
PAHE, large py, and low switching field are quite possible.
Figure 7 shows CoFeB thickness dependence of pang
and py, for annealed MgO (1.1)/CoFeB (¢)/Ta (2.2) films
(Tynn = 300 °C).BU The numbers in brackets are nominal
thicknesses in nanometers. The insets show the representa-
tive Hall resistance hysteresis loops (R, H ) with fcopep. Simi-

[7-101 gbvious perpendicular magnetic

lar with previous results,
anisotropy has been obtained when CoFeB thickness ranging
from 1.06 nm to 1.5 nm in the Ta capping films. As shown in
Fig. 7, the papg values are significantly larger than those of or-
dinary transition metals (~ 1 pQ-cm!?!). From a simple view,
it is well known that large AHE arises from the strong spin—
orbit coupling.!'3'#! Similar Pt, Ta also has a strong spin—orbit
interaction because it is the heavy nonmagnetic metal. With a
decrease of CoFeB thickness, a significantly large pagg of the
perpendicular CoFeB is retained. Here, we calculate papg and
Pxx by subtracting an experimental value of 0.45 nm from the
nominal thickness of Ta due to the oxidation of Ta on the top

of samples (see below).
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Fig. 7. CoFeB thickness dependence of pay and py, for annealed MgO
(1.1)/CoFeB (t)/Ta (2.2) films (Tyn = 300 °C) with S defined as su-
perparamagnetic, | as magnetic easy axis perpendicular to film, and ||
as magnetic easy axis in the plane. The insets show the representative
curves of Ry, versus H with fcores (denoted by the letters).

Another pronounced feature in Fig. 7 is the large longitu-
dinal resistivity of the samples. Indeed, the p,, of all the sam-
ples of CoFeB sandwiched by MgO and Ta layers is larger than
100 pQ-cm and increases with a decrease of CoFeB thickness;
this p,y is several times larger than that of the traditional Pt-
based multilayers and alloys. Figure 8 shows a typical curve
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for the temperature dependence of pagg versus pPy,. The Py
increases with decreasing temperature. Similar negative tem-
perature coefficient has reported in the temperature depen-
dence of the longitudinal resistivity for some amorphous ma-
terials. Note that bulk resistivity of Ta is about 200 pQ-cm!3?!
due to its extremely short mean free path (~ 1 nm). Hence,
the large resistivity found in samples comes from the high re-
sistivities of both the Ta and CoFeB (about 160 puQ-cm!33)
layers — a characteristic believed to be a key to reducing the

size of devices in practical applications.*’]
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Fig. 8. Representative curves of pagg versus py, for MgO (1.1)/CoFeB
(1.22)/Ta (2.2) films (Tynn = 300 °C). The line is a guide for eyes. Inset
shows the temperature dependence of pagg and Pyy.

Furthermore, the Ta capping layer alone is sufficient to
ensure the chemical stability of the samples over time due to
the formation of a dense Ta oxide. Although it is hard to ac-
curately determine how thick Ta is oxidized, 1-nm-thick Ta

[28] In order to

is enough to completely protect the samples.
study the thickness of Ta oxide on AHE, two series of samples,
Ta (0.55-5)/CoFeB (1.04)/MgO (1.1) and MgO (11)/CoFeB
(1.22)/Ta (0.55-5) (Tann = 300 °C), were prepared. All the
samples show squared loops, indicating 100% out-of-plane re-
manence. Figure 9 shows the total thickness (t1, + fcopen ) de-
pendence of papg for both series of samples. Here, the thick-
ness of Ta in MgO/CoFeB/Ta is reduced by 0.45 nm. The
overlap of the two curves suggests that 0.45 nm of Ta thick-
ness should be subtracted from the Ta capping films. Thus,
the pagg and px, of the Ta capping film are calculated by sub-
tracting this experimental thickness (0.45 nm) to eliminate the
effect of Ta oxide when Ta is capped on the top of a sample.
It is well known that Hall angle is an important parameter
for practical applications, because it characterizes the ability
of the material to turn the flow of electrons away from the
direction of the longitudinal electrical field.[*”! Hall angle is

defined as papg/pPxx, Which is independent of the measure-
ment accuracy of thickness. Figure 10 shows the Ta thickness
dependence of Hall angle papg/pxy for Ta (0.55-5)/ CoFeB
(1.04)/MgO (1.1) and MgO (1.1)/CoFeB (1.22)/Ta (0.55-5)
films. It is clear that the papg /Py is similar to that of a tradi-
tional Pt-based multilayer. For instance, pang/pxx is 2.2% for
Ta (1.1)/CoFeB (1.04)/MgO (1.1) thin film, but pagg and Py
are 4.5 and 204 puQ-cm, respectively, which are much larger
than those for a traditional Pt-based multilayer.!'*-1°1 More-
over, PaHE/Pxr increases with the decrease of Ta thickness,
which indicates that the thinner Ta layer is much better for de-
vice design.
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Fig. 9. Total thickness (¢, + fcoren) dependence of paug for both se-
ries samples, Ta (f1,)/CoFeB (1.04)/MgO (1.1) and MgO (1.1)/CoFeB
(1.22)/Ta (t1a) (Tann = 300 °C).
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Fig. 10. Ta thickness dependence of Hall angle for both series samples,
Ta (t1,)/CoFeB (1.04)/MgO (1.1) and MgO (1.1)/CoFeB (1.22)/Ta (t1,)
(Tann = 300 °C). The insets show the representative curves of Ry, versus
H. The red and blue curves are for Ta (1.1)/CoFeB (1.04)/MgO (1.5)
and MgO (1.1)/CoFeB (1.22)/Ta (2.2) films, respectively.
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4. AHE mechanism in perpendicular CoFeB
thin film

There are two mechanisms for AHE.?471 One is the
intrinsic mechanism, which originates from the spin—orbit
coupling in Bloch bands, as identified by Karplus and
Luttinger. [**] Recently, the intrinsic mechanism of AHE is be-
lieved to be caused by the Berry curvatures over the occupied
Bloch states.[3”! The other is the extrinsic mechanism, which
arises from skew scattering (SS)!*! and side jumps (SJ).[36]
Experimentally, a simple scaling relation between pagg and

Pxx 1S given as

PAHE = apxx +bpZ,, €]

where the first term comes from the skew scattering and the
second comes from side jumps and the intrinsic Karplus—
Luttinger terms.?*! In general, the AHE mechanisms can be
directly investigated from the relationship between payr and
Pux, if the sample has a high Curie temperature, as Fe does. [3%]
When the sample has a low Curie temperature, a temperature-
dependent factor f(T') should be considered.3°! Recently, we
reported that the temperature dependence of magnetization
follows the Bloch law, which predicts M(T) = My — kBT3/?,
where k is a prefactor involved in interlayer coupling and
B is the bulk spin-wave stiffness parameter.”!l At 300 K,
the saturation magnetization Mg = 940 X 10° A/m, which
is quite close to a fitting of results from polarized neutron

reflectivity.!!?]
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Fig. 11. (a) CoFeB thickness dependence of papg and py, for MgO
(1.1)/CoFeB ()/Ta (2.2) films (Tynn = 300 °C). The inset shows the
temperature dependence of pagg and pyxy. (b) The scaling relation of
Rg versus pyx, according to Eq. (1). The inset shows the temperature
dependence of magnetization.

Figure 11 shows the curves of papp/px Vversus
P and Rs/pyc versus pyy (Rs =~ paps/uUM,) for the
Ta(2.2)/CoFeB(1.04)/MgO(5) film. The inset shows the tem-
perature dependence of papg and p,, in the temperature range
of 5 K to 300 K. It is clear that the curve of pagg/px Versus
Pxx is very different from that of Rg/py, versus py, because
varying Ms cannot be neglected. Here, the scaling relation for
AHE has been fitted from the curves of Rg versus Py to elim-
inate the temperature-dependent factor. It is found that the ab-
solute magnitude of SJ is about three times as large as that of
SS.21 This is to say, the side jump mechanism dominates the
AHE in perpendicular Ta/CoFeB/MgO films. Similar conclu-
sions have been reached for the perpendicular MgO/CoFeB/Ta
films. On the other hand, the fitting process is found to be de-
termined by the accuracy of magnetic measurements for quite
thin magnetic thin films (~ 1 nm).

Recently, a unified theory of the AHE mechanism has
been proposed based on multiband ferromagnetic metals with
dilute impurities.*%*! According to this unified theory, three
regimes can be distinguished as a function of the longitu-
dinal conductivity, oy..[***? The magnitude of the anoma-
lous Hall conductivity (AHC) is constant in the intrinsic
moderately dirty regime (Oy, ~ 10® S/cm) for Fe- and Ni-
based dilute alloys.[*!l This is in accord with the longitu-
dinal resistivity py, of about 200 pQ-cm for the perpen-
dicular CoFeB thin film. Based on the relation of o, =
Pxx/(PAug + P2.), the conductivity oy, of the perpendicular
CoFeB thin film (both Ta/CoFeB/MgO and MgO/CoFeB/Ta)
is about 5 x 10 S/cm. 2!l This is to say, oy, of the perpendic-
ular CoFeB thin film belongs to the moderately dirty region,
although it may be close to the boundary between the mod-
erately dirty and dirty regions of conductivity.[***?! Hence,
it suggests that the AHE in perpendicular CoFeB thin film is
dominated by the scattering-independent mechanism, which
implies that pagg is proportional to the square of py,. The
origin of AHE in the multilayers is not yet understood and is
still a major challenge for AHE theory. Our results reveal that
the scattering-independent mechanism dominates the origin of
AHE in the perpendicular CoFeB thin films.

5. A preliminary AHE application of the per-
pendicular CoFeB thin film

Among all the applications using PMA, the ferromag-
netic thin film with highly sensitive anomalous Hall effect
is a candidate for magnetic field sensors, memory, and logic
devices.[!”] The Hall resistance in a magnetic thin film con-
sists of two terms: one represents the ordinary Hall effect and
the other, which is much larger, represents the AHE. Linear
Hall field sensitivity (LHFS) is defined as the ratio of anoma-
lous Hall resistance (Rap) to the out-of-plane saturation field
(Hs), Ran/Hs. Because the Hg of a typical magnetic thin
film is large (> 1 T), its LHFS is no more than several tens
Q/T, which is much lower than that of of semiconductors (e.g.
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1100 /T for the ultra-sensitive InSb/31). Thus, the con-
ventional Hall sensors for probing magnetic fields are usu-
ally made of a semiconductor.[***! However, the magnetic
thin films exhibit some advantages, such as high operating
frequency and low temperature coefficient, in contrast to con-
ventional semiconductors.!'>!4! Particularly, due to the strong
PMA induced by a noble metal, such as Pt,l'*'7! Hg is dra-
matically reduced in CoFe/Pt multilayers with thick Pt layers
to stabilize the interfacial anisotropy,!!>!% so in such cases,
large LHFS has been observed. So far, the best reported LHFS
is over 1.2 x 10* Q/T, measured in an FePt granular alloy film
with a large amount of Pt.l'”! Even though incorporating thick
Pt layers in these thin films results in high cost and a longitu-
dinal resistivity that is low enough to frustrate efforts to reduce
the size of devices, the magnetic thin films with highly sensi-
tive AHE have gained renewed interest.

Based on the analysis in Section 2, we come to the fol-
lowing scenario for the AHE in a perpendicular CoFeB sand-
wiched by MgO and Ta, as shown in Fig. 12: At first, the
saturation field H, of the CoFeB/Ta bilayer is reduced, but
a perpendicular easy axis cannot be achieved (Fig. 12(a)).
And then, the interfacial anisotropy increases further when
the MgO layer is introduced (Fig. 12(b)).
pendicular CoFeB is obtained. As we mentioned above, the

Finally, a per-

Hc for perpendicular CoFeB is different, due to the differ-
ence of the layer deposition sequence. As seen from the in-
sets of Fig. 11, the Hc of Ta (1.1)/CoFeB (1.04)/MgO (1.1)
film is only 1 kA/m, whereas the Hc of MgO (1.1)/CoFeB
(1.22)/Ta (1.1) film is 8 kA/m. The results are consistent with
their effective anisotropy values, i.e., Kegf = 2.4 X 10* J/m and
4 x 10* J/m for Ta/CoFeB/MgO and MgO/CoFeB/Ta, respec-
tively. Thus, the smaller Hc of the Ta/CoFeB/MgO films is
due to its lower K¢, which is an advantage for practical appli-
cations.

On the other hand, ab initio calculation reveals that the
interfacial anisotropy at the interface of CoFeB/MgO can be
tuned by the crystallization of the thick MgO layer.!?”! Thus,
large linear AHE is achieved by increasing the thickness of
the MgO layer in MgO/CoFeB/Ta thin films. Unlike the thick
Pt layer in the traditional Pt-based multilayer which is used
to stabilize PMA. Ta layer in the MgO/CoFeB/Ta thin film is
independent of the mechanism of interfacial PMA. The main
effect of the Ta layer in MgO/CoFeB/Ta thin film is to ab-
sorb boron during the annealing process. Hence, to reach
a giant LHFS, we can adjust K¢ by tuning MgO thickness
and then increase Ray further by reducing the thickness of
the Ta.[®!l Figure 13 shows the trend of LHFS for ferromag-
netic materials. The highest LHFS at room temperature is
23760 Q/T when t1, = 0.7 nm, which is 21 times larger than
that of the best semiconductor (1100 Q/T for InSb). It is clear
that the out-of-plane magnetization saturation field and then
the switching field can be tuned by adjusting the interfacial
anisotropy. Therefore, a large AHE signal, a large longitudi-

nal resistivity, and a low switching field have been obtained
simultaneously in these perpendicular MgO/CoFeB/Ta trilay-
ers.

(a)

Ta
CoFeB

Ta
CoFeB

MgO

Fig. 12. Schematics of the anomalous Hall effects in (a) an in-plane
CoFeB/Ta bilayer and (b) a perpendicular MgO/CoFeB/Ta trilayer.
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Fig. 13. The trend of LHFS discoveries in ferromagnetic materials. The
numbers next to data points are the reference numbers for this paper.

6. Conclusion

In conclusion, we have summarized our recent achieve-
ments in PMA properties of the CoFeB sandwiched by MgO
and tantalum layers. We found that there is no strong rela-
tionship between PMA and the thickness of the tantalum or
MgO cap layer. The large PMA is related to the low mag-
netization of CoFeB deposited on MgO. Typical perpendicu-
lar anisotropies are 2.4 J/m for Ta/CoFeB/MgO thin film and
4 x 10* J/m for MgO/CoFeB/Ta.

We also demonstrated a large anomalous Hall effect in
perpendicular CoFeB thin film. The optimized papg and Py
can reach as high as 4.5 pQ-cm and 204 uQ-cm, respectively,
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in the Ta (1.1)/CoFeB (1.04)/MgO (1.1) film. Its Hall angle
is 2.2% whereas its coercivity field is only 1 kA/m. More-
over, the MgO/CoFeB/Ta thin film with a thick MgO layer is
sensitive to the applied field. Our results show that a large
anomalous Hall resistivity, a large longitudinal resistivity, and
a low switching field can be achieved simultaneously in per-
pendicular CoFeB thin film, making it a candidate for use in
practical devices.
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