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The anomalous Hall effect (AHE) in the “dirty region” (o,, < 10* S/cm) is studied in amorphous CosFe49Bag
(CoFeB) thin films. Ostensively the conventionally adopted scaling (oan o o %) appears to be valid, but we find

that the results can be better explained by the proper scaling [oag = — (0o,

1
xx0

+ Bo3)o2 — b]. This implies

that the AHE in the dirty region can also be well described by the standard skew scattering, side jump, and the

intrinsic mechanisms.
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The anomalous Hall effect (AHE), which is a conventional
transport measurement widely used to verify the behavior of
magnetization in magnetic semiconductors [1-3] and field
effect transistor devices [4,5], has attracted lots of attention
in recent years along with the development of spintronics.
Particularly, it is believed to share the same mechanism with
the spin Hall effect, which can realize a conversion between
charge and spin currents, and plays the key role in the
next-generation spintronics. Moreover, the physics underlying
this spin-dependent transport phenomena is complex and
intriguing.

Itis known that the AHE has versatile origins resulting from
either the extrinsic impurity scattering processes [6,7], or spin-
orbit coupling together with interband mixing [8], also known
as the Berry curvature contribution or the intrinsic mecha-
nism [9]. Different mechanisms emerge as being dominant in
the specific regimes defined by the longitudinal conductivity
oyx [10-12]: for the high conductivity or “clean” regime of
oy, > 10% S/cm, the extrinsic mechanism of skew scattering
dominates; for the intermediate metallic regime of 10* S/cm <
o¢x < 10° S/cm, the intrinsic mechanism dominates. In
these two regimes, the different dominating mechanisms of
the AHE manifest the anomalous Hall conductivity (AHC)
as oag ™~ crfx, while £ =1 or 0, respectively. However,
in the lower end or the so-called “dirty regime,” where
0y < 10* S/cm, experiments exhibit an unexpected scaling
relation of £ = 1.6 in various ferromagnetic “bad” metals and
semiconductors such as Fe;Oy4 [13,14], Nd,(Mo;_,Nb,),07,
La;_,Sr,CoO3 [11,15], etc. Although the nonintegral expo-
nent could be reproduced by numerical calculations [10],
it provides little understanding on the underlying mecha-
nism [16]. Attempts have been made in searching for the
microscopic mechanism by involving the phonon-assisted
hopping mechanism and percolation theory [17]. The origin
of the AHE in the dirty regime has remained confusing and a
major challenge in fully understandingy the phase diagram of
the AHE.

Recent studies shed new light on the basic mechanisms
of the AHE and showed that different scattering processes
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contribute to the AHE very differently [18-20]. The extrinsic
AHE is found to be dominated by contributions made from
elastic scattering processes between the carriers and the
impurities, while the inelastic scattering induced by the phonon
hardly contributes. Therefore in order to obtain the correct
scaling of the AHE that reflects the underlying mechanisms,
different scattering processes and their corresponding contri-
bution to the extrinsic AHE should be discriminated. In other
words, the value of & should only be discussed in the context
of knowing what kinds of scattering are included in the exper-
imentally measured o, for instance, whether it is the residual
conductivity o,,o at the lowest accessible temperature that
only involves the impurity scattering, or is it the conductivity
at a finite temperature that also involves the phonon induced
scattering processes (temperature-dependent scattering). With
this new understanding, the AHE in a number of ferromagnetic
metals and metallic alloys were studied, in which the different
mechanisms were clearly distinguished [19,21-24]. We shall
now take this advance into the dirty regimewith the hope to
unearth the underlying mechanisms of the AHE hidden in the
empirical £ = 1.6 scaling law.

The CoFeB alloy is a widely used ferromagnetic material
in spintronics, which has been intensively studied for its
use in magnetic tunnel junctions [25-28]. So far in these
studies the CoFeB layer serves as the ferromagnetic electrode;
however, recent progress shows that ferromagnetic material
can also be used as a spin current detector by the inverse
spin Hall effect [29]. Compared with the extensively studied
magnetic properties, little effort is made to investigate such
spin-related electron scattering process in CoFeB, which is
of possible application in future spin-based devices [30,31].
With carefully designed experiments tuning the impurity scat-
tering and the temperature-dependent scattering (like phonon)
independently, we found that under the apparent oay o 00
scaling, the AHE in the amorphous CoFeB thin films can be
well explained by the combination of the extrinsic and the
intrinsic mechanisms.

The amorphous CogoFe49Byo thin films of various thick-
nesses are grown by rf sputtering on oxidized Si(001) substrate
at room temperature. A 10-nm-thick SiO, capping layer
is then deposited to prevent oxidation in air. After being
transferred out of the growth chamber, each film is patterned
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FIG. 1. (Color online) (a) The temperature dependence of the
longitudinal resistivity for various CoFeB film thicknesses. (b)
The residual resistivity p,,o (taken at 50 K) as a function of
thickness. The red line is a fitting curve using the Cottey model [32].
(c) The anomalous Hall resistivity versus temperature for various film
thicknesses.

into a standard Hall bar. The transport measurements of the
longitudinal resistivity p,, and the Hall resistivity py, are
conducted utilizing a physical property measurement system.

Figure 1(a) shows the temperature dependence of p,, for
different thicknesses. It is clear that there happens some
kind of localization below 50 K. In the following we shall
take the p,, measured at 50 K as the residual resistivity
Pxx0, as it most truthfully reflects the impurity scattering. In
Fig. 1(b) it is seen that this residual resistivity can be tuned
by varying the film thickness, due to the finite size effect
of the interface scattering [22,32]. Meanwhile for each film
with fixed thickness, the temperature-dependent resistivity
controls the electron-phonon scattering. Therefore, the current
approach provides a clear-cut method to independently control
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FIG. 2. (Color online) (a) The plot of oay versus oy, (varying
with thickness: d) for 50 K (blue dots) and 320 K (yellow dots), with
the fitting following (oan = Ao S + C). (b) The plot of oap versus
oy, (varying with temperature: 7T'), with the linear fitting with same
parameter A and C for 50 K (blue line) and 320 K (yellow line).
() pan Vs pﬁx plot for 22 nm thickness for various temperatures.

the impurity scattering. Figure 1(c) shows pay as a function of
temperature for films at different thicknesses, which is derived
from the intercept when extrapolating the p,, versus H curves
from the high magnetic field to the zero field. From these
data we can find the anomalous Hall angle (Oaug = 0an/Oxx)
of CoFeB is about —0.023 in the temperature and thickness
range we studied.

As a demonstration of the empirical £ = 1.6 scaling for
the materials whose conductivity falls in the dirty regime,
we first show the AHC (oay) of all the film thicknesses as a
function of o,,, obtained at lowest and highest temperatures in
this experiment, i.e., 50 and 320 K, respectively, as plotted in
Fig. 2(a). Indeed, the data fits quite well with the curve oay
O'xlf (UAH = A50’320 KO'XI)'C6 + C50,320 K) HOWCVCI', for a given
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film with fixed thickness, here we take a 22 nm sample as a
representative case, the experimentally measured data between
oag and oy, [as a function of temperature using the same
parameter (Asp 320 k and Csg 320 k)] show clear deviation from
the oan o 0% scaling as seen in Fig. 2(b), suggesting that the
& = 1.6 scaling does not apply to the temperature dependence
of the AHE in CoFeB. Meanwhile, note that o,,, or p,, to be
more straightforward, involves both the impurity scattering at
low temperature and the electron-phonon scattering at higher
temperature. The plot such as Fig. 2(a) seems to imply that
these two scattering mechanisms contribute equally to the
AHE, which is not impossible but highly unlikely according
to our previous discussion [19]. To be more specific, the
proper scaling proposed to describe the AHE in the clean
and moderate dirty regimes is [19,21-24,33]

pan = (a0 + Bplo) + bpL. (1

where o and B denote the parameters for the two extrinsic
AHE mechanisms, the skew scattering [6] and the side
jump [7], respectively; and b denotes the intrinsic AHC.
Equation (1) shows that the extrinsic anomalous Hall resistivity
is only related to p,.o, or the impurity scattering [34]; while
the electron-phonon scattering only goes into the intrinsic
anomalous Hall resistivity. A better idea is to investigate the
dependence of the AHE on only one of the two scattering
processes, while the other one is fixed. When the temperature
is changed for a film with specific thickness, the residual
resistivity is fixed but the electron-phonon scattering is varied.
In this case, the first two terms on the right side of Eq. (1)
are fixed to be constant, while the third term varies with the
temperature. Therefore Eq. (1) reduces to pan = const + bp?2, .
To find out if this fits to our CoFeB films, in Fig. 2(c)
we plot pay versus p2  for the same 22-nm-thick film.
The excellent agreement between the experimental data and
the linear fitting curve suggests that the intrinsic AHE is
present as one of the origins of the AHE in CoFeB. The
intrinsic AHC b and the constant term ap., + Bp2,, can be
derived from the fitting parameters, the slope and the intercept,
respectively.

From another perspective, we can tune the impurity scatter-
ing while minimally affecting the electron-phonon scattering.
This is achieved, as discussed previously, by tuning the residual
resistivity via the film thickness. At 50 K, p,, is by definition
just the py.0, and therefore Eq. (1) can be converted to
PAHO/ Pxxo = & + (B + b)pyro. The subscript “0” denotes the
lowest temperature 50 K. In Fig. 3(a) we plot pano/pxx0 as a
function of p, ¢ for various film thicknesses; these data can be
fitted by a straight line as shown by the red line in the figure,
from which one can deduce « as the intercept, and 8 + b as
the slope. Combining the value of b derived previously, we
shall be able to derive 8. So far all three unknown parameters
involved in Eq. (1) have been obtained.

Now we shall be able to reach the conclusion that the AHE
in CoFeB films can be described by Eq. (1). To be more
straightforward, we shall present the experimental result in the
context of conductivity, which provides a direct comparison to
the ol o 0. scaling and helps to clarify the essence of the
AHE that is missed in the empirical scaling law. In the form
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FIG. 3. (Color online) (a) —pano/Pxx0 VEISUS P,y are given by
the dots. p,,o are the longitudinal resistivity at 50 K; the red line
is the linear fit by pano/pxx0 = & + (B 4+ b)pxro- The intercept is
parameter « and the slope is B+ b. (b) oan vs o2 for different
thicknesses of CoFeB films. (c) The fitting result for intercept
b(—130 £+ 9 S/cm) from (b).

of conductivity, the equivalent of Eq. (1) is expressed as

oan = —(ao g + Bog)or, — b. @
For a CoFeB film with a certain thickness, the residual
conductivity oy, is fixed, as well as the parameters « and
B, thus oay is linearly proportional to o2 . In Fig. 3(b) we plot
oan as a function of o2, It is seen from the figure that for all
the films with different thicknesses the experimental data agree
well with the linear fitting, from which the intrinsic AHC b
derived from the fittings are presented in Fig. 3(c), and found
to be almost constant (—130£9 S/cm). This is consistent
with the idea of the intrinsic AHC as a scattering-independent
term. The skew scattering and the side jump contribute about
—230 and 190 S/cm to the AHC, respectively. Indeed we
observed here that the intrinsic contribution is smaller than
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the skew scattering term. Presumably this is due to the fact
that the absence of the periodic structure in amorphous CoFeB
makes the k-space Berry curvature ill defined, and therefore
significantly reduces the intrinsic contribution; or the small
intrinsic AHE is coming from the real space instead of the
k-space Berry curvature, because of the nearest neighbor
ordering in CoFeB.

At last it should be mentioned that in literature the em-
pirical oan o 0, scalings are usually obtained by changing
the chemical composition of the compound or alloy under
investigation. However, it is well known that the intrinsic
contribution b in Eq. (1) is material dependent, or in other
words it is composition sensitive too. And it is shown in a
recent work that even at the same composition the intrinsic
contribution can be strongly modulated by the long range
chemical ordering [35]. Therefore, in principle, there is no
well-defined scaling at all between papg and p,, similar to

PHYSICAL REVIEW B 90, 214410 (2014)

Eq. (1), if the latter is tuned by the chemical composition. On
the other hand, the current approach by the finite size effect
of the film resistivity is well defined, once the films are thick
enough for the bulklike electronic structure of the materials to
be well developed so that the intrinsic AHC is a constant.

To conclude, in contrast to the conventional belief that
the AHE in the dirty regime (o, < 10* S/cm) can only be
described by the phenomenological scaling oay o 0;6, we
found that for amorphous CoygFe4Bg films which lie in the
dirty regime, the AHE can also be quantitatively explained
by a combination of the extrinsic and intrinsic mechanisms.
It therefore implies that it is possible to understand the AHE
under a unified theoretical framework.
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