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Abstract. We consider an extrinsic contribution to the anomalous and spin Hall

effect in dilute alloys based on Fe, Co, Ni, and Pt hosts with different substitutional

impurities. It is shown that a strong skew-scattering mechanism is absent in such

crystals with multi-sheeted Fermi surfaces. Based on this finding, we conclude on the

mutual exclusion of strong intrinsic and skew-scattering contributions to the considered

transport phenomena. It also allows us to draw general conclusions in which materials

the anomalous Hall effect caused by the skew scattering can be achieved giant.
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Absence of strong skew scattering in crystals with multi-sheeted Fermi surfaces 2

1. Introduction

Among the phenomena caused by spin-orbit

coupling (SOC), the spin Hall effect (SHE) [1–

4] and the anomalous Hall effect (AHE) [5–

7] have been extensively studied during the

last decade. The interest in the two related

phenomena is caused by their promise for novel

spintronics devices. The efficiencies of these

effects can be described by the spin Hall angle

(SHA) and the anomalous Hall angle (AHA),

which are defined as

αSHE =
σzyx
σxx

and αAHE =
σyx
σxx

. (1)

Here, the spin quantization axis is chosen

along the z axis. The spin and anomalous

Hall conductivity are given by σzyx and

σyx, respectively, whereas σxx describes the

longitudinal charge conductivity [8].

Historically, the AHE describes a spon-

taneous transverse charge current in a mag-

netically ordered sample, whereas the SHE

is usually referred to as a transverse spin

current generated in nonmagnetic materials

with SOC. Nonetheless, the underlying mecha-

nisms, i.e. intrinsic contribution [9], skew scat-

tering [10,11] and side jump [12], are the same

for both phenomena. Consequently, and re-

lated to (1), it seems more appropriate to call

the emerging transverse spin current SHE and

the transverse charge current AHE. Still, there

is no AHE but a finite SHE in nonmagnets

though AHE as well as SHE can be found and

utilized in magnetic materials. Remarkably, it

is a pure transverse spin current created by the

SHE in nonmagnets, but a spin-polarized cur-

rent in a magnetic systems.

For practical applications, materials with

large SHA and AHA are of interest. A

promising way to significantly enhance the

SHE is to tune the skew scattering [8, 13–

18]. This mechanism provides the dominant

contribution to the SOC-caused transverse

transport in many dilute alloys [19–23] and

is responsible for the giant SHE found in

Cu(Bi) alloys [14,15]. However, no giant AHE

caused by this mechanism was reported for

bulk ferromagnets up to now. The absence

of a strong skew-scattering contribution to

the SHE is also known for Pt [24]. Taking

into account that platinum is close to show

spontaneous magnetism, it appears possible

that the magnetic order is suppressing a strong

skew scattering. This might explain the

absence of a giant AHE caused by the skew-

scattering mechanism. However, here we show

that the actual reason is related to the multi-

sheeted Fermi surfaces of magnetically ordered

materials.

The presence or absence of skew scatter-

ing for particular situations was already inves-

tigated for two-dimensional systems [25, 26].

The studies are based on a minimal ferromag-

netic Rashba model for a two-dimensional elec-

tron gas which only takes into account scat-

tering rates in the leading third order of dis-

order strength. It was found that in the spin-

momentum locked system skew scattering van-

ishes if both subbands are occupied and is

nonzero when the Fermi level crosses only the

majority subband. In contrast to that and

the used Born approximation, we study 3D

systems without spin-momentum locking and

our T-matrix includes all orders of disorder

strength.

Percisely, we perform a detailed first-

principles study of the AHE and SHE in dilute

alloys based on Fe, Co, Ni, and Pt hosts

with different impurities. The parameters of

our calculations are given in the Supplemental

Material [27]. We analyze the obtained

results in comparison to Cu as host material.

The electronic structure of the hosts as well

as of the impurity systems are calculated
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Absence of strong skew scattering in crystals with multi-sheeted Fermi surfaces 3

by the relativistic Korringa-Kohn-Rostoker

Green’s function method within the framework

of density functional theory [28]. Their

transport properties are described within

the semiclassical Boltzmann approach [8,

29, 30] providing the longitudinal charge

conductivity as well as the skew-scattering

contribution to both the spin and anomalous

Hall conductivities.

2. Results and discussions

We start our discussion by considering 3d

and 5d impurities in the investigated magnetic

hosts. The corresponding results are shown

in figures 1 and 2, respectively. The

impurity magnetic moment obtained as a

self-consistent solution of the corresponding

impurity problem has either antiparallel (↑↓)
or parallel (↑↑) alignment relative to the

host magnetization for impurity atoms at

the beginning and the end of the 3d series,

respectively. More detailed information is

provided by the Supplemental Material [27].

For Mn in Co as well as Mn and Fe in Ni, both

magnetic solutions can be stabilized, with only

one of them being energetically preferable [27].

Nevertheless, it is interesting to consider the

transport properties for both cases. Such

double solutions are absent in the case of

5d impurities, since they only show induced

magnetic moments.

In order to analyze the charge and spin

conductivities stemming from the Boltzmann

approach, we apply the two-current model [31]

σ̂ = σ̂+ + σ̂− and σ̂z = σ̂+ − σ̂− , (2)

where σ̂+ and σ̂− are the spin-resolved

conductivities. For a coherent treatment,

the spin conductivity is used in units of

charge conductivity as pointed out by [32].

Throughout the paper, we will use the
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Figure 1. (Color online) The anomalous Hall

angle αAHE and the spin Hall angle αSHE caused by

3d-impurities in the bcc Fe, hcp Co, and fcc Ni

hosts. The filled and open symbols correspond to the

antiparallel (↑↓) and parallel (↑↑) alignment of the

impurity magnetic moment with respect to the host

magnetization, respectively.

names “spin-up” (“+”) and “spin-down”

(“−”) for the majority and minority electrons,

respectively. For the Hall components of the

conductivities, we can write [30]

σ±yx =
1

2
(σyx ± σzyx) =

1

2
σxx(αAHE ± αSHE) . (3)

Based on (3), we gain insight into the

microscopic mechanisms governing the results

shown in figures 1 and 2. First of all, we

consider the situation when αSHE ≈ αAHE as
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Figure 2. (Color online) The anomalous Hall

angle αAHE and the spin Hall angle αSHE caused by

5d-impurities in the bcc Fe, hcp Co, and fcc Ni

hosts. The filled and open symbols correspond to the

antiparallel (↑↓) and parallel (↑↑) alignment of the

impurity magnetic moment with respect to the host

magnetization, respectively.

caused by Mn, Fe, Ni, and Cu impurities

in hcp Co. Following (3), in this case the

transverse transport is solely provided by the

“spin-up” channel. The opposite occurs when

αSHE ≈ −αAHE, as is present in case of the

antiparallel configuration for Mn impurities

in the three magnetic hosts. This implies

that the contribution of the “spin-up” channel

is negligible and the transverse transport is

merely provided by the “spin-down” electron
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Figure 3. (Color online) The spin Hall angle αSHE

caused by 5d-impurities in the bcc Fe, hcp Co, fcc Ni,

fcc Cu, and fcc Pt hosts.

states.

Commonly, only the AHE is analyzed

in magnetic materials due to its easier

measurement in comparison to the SHE.

Nevertheless, spin currents created by the

SHE in ferromagnets are of a high interest

for spintronics technology. Figures 1 and 2

show that, for most systems, the AHE is

stronger than the SHE. However, there are

systems, like 5d impurities in Ni, where the

SHA is significantly larger than the AHA.

These results show that, generally, there is

no correlation between the two phenomena

and one needs to study them independently.

In addition, it is also worth mentioning

that parallel and antiparallel alignment of

the impurity magnetic moment with respect

to the host magnetization provide strongly

different results. This can be used for a

simple experimental proof of an energetically

preferable magnetic configuration by means of

the anomalous Hall measurements.

Figure 1 shows that in the case of 3d

impurities the magnitude of neither AHA nor

SHA exceeds 0.5 %, which indicates a weakness

of the investigated transport phenomena in the

considered systems. The heavier 5d impurities

increase the effects due to their stronger SOC.
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Absence of strong skew scattering in crystals with multi-sheeted Fermi surfaces 5

However, even in this case, the magnitudes of

αAHE and αSHE do not exceed 2 % and they

are mostly below 1 %. In comparison to much

larger values for corresponding SHAs in the

Cu host [33], the skew-scattering mechanism

seems to be suppressed by magnetic order. To

investigate this point we show αSHE obtained

for 5d impurities in magnetic Fe, Co, and Ni

hosts in comparison to nonmagnetic Cu and

Pt hosts (see figure 3). In the case of Cu the

effect is significantly increased with respect to

all other hosts including Pt. This becomes

even more pronounced for the SHA and AHA

caused by Bi impurities in the considered

hosts, as shown in figure 4. For the Cu host,

the so-called giant SHE is present [14, 15, 32]

related to the SHA of about 8 %. By contrast,

all other hosts, including the nonmagnetic Pt,

show results with drastically reduced values of

both the SHA and AHA. Therefore, magnetic

order in itself cannot be the origin of the weak

skew scattering.

In order to understand the difference

between Fe, Co, Ni, and Pt on one hand and

Cu on the other it is instructive to analyze

their multi-sheeted Fermi surfaces. Due to the

partially filled d shell in all but Cu, the host

crystals have several bands at the Fermi level.

For Fe, Co, and Ni, this drives their magnetic

order. By contrast, Cu has just one Fermi

surface sheet.

To show whether this is exactly the reason

for the observed difference in the strength of

the skew-scattering mechanism, we perform

auxiliary calculations. For them, each band is

considered separately by excluding interband

transitions, similar to the approach of [16].

To this end, we write the total microscopic

transition probability [8, 29] as

Pk′ν′←kν = Pk′ν′←kνδνν′ +Pk′ν′←kν(1−δνν′) , (4)

where the two terms on the right hand side

-2

0

2

4

6

8

10

α
in

%

fcc Cu bcc Fe fcc Fe hcp Co fcc Co fcc Ni fcc Pt

αAHE

αSHE

Figure 4. (Color online) The anomalous Hall angle

αAHE and the spin Hall angle αSHE caused by Bi

impurities in the Cu, Fe, Co, Ni, and Pt hosts.

describe intraband (ν = ν ′) and interband

transitions (ν 6= ν ′), respectively. Allowing

only for intraband transitions, we solve the

linearized Boltzmann equation [8, 29] for each

band separately and calculate the band-

restricted spin and charge conductivity tensors

denoted by σ̃zν and σ̃ν . The corresponding

spin and anomalous Hall angles are given by

α̃νSHE =
σ̃zνyx
σ̃νxx

and α̃νAHE =
σ̃νyx
σ̃νxx

, (5)

respectively. If both intraband and interband

transitions are considered, the corresponding

band-restricted spin and anomalous Hall

angles are given by

ανSHE =
σzνyx
σνxx

and ανAHE =
σνyx
σνxx

(6)

with σzν and σν as the band-resolved spin and

charge conductivities.

The results of such artificial calculations

for fcc Co and Pt are shown in figure 5.

Basically, excluding interband scattering leads

to significantly increased effects. Additionally,

for both hosts at least one band provides a

giant effect. In the case of Co host it is

the 8th band, for which Bi impurities cause

the values 4.3 % and −4.0 % for the SHA

and AHA, respectively. For the Pt host,

the 7th band delivers αSHE = 8.9 % which
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Figure 5. (Color online) The band-restricted spin and anomalous Hall angles caused by Bi impurities in fcc Cu,

Co, and Pt hosts. Open symbols represent results that neglect interband transitions according to (5), whereas

full symbols show results that include intraband and interband transitions, following (6).

is even slightly larger than the giant SHA

obtained for the Cu host. However, the

influence of other bands eliminates the giant

effect if the total αSHE is considered for Pt.

This situation is similar to our study of two-

dimensional systems [16], where it was found

that interband scattering significantly reduces

the skew-scattering contribution to the SHE.

Following our findings we conclude that strong

skew-scattering is suppressed in crystals with

multi-sheeted Fermi surfaces. However, as well

known, the multi-band electronic structure is

required for a large intrinsic contribution to

the AHE and SHE [34, 35]. This suggests

that strong intrinsic and giant skew-scattering

contributions are mutual exclusive.

Based on the obtained results, we can

predict systems with a giant AHE due

to the skew-scattering mechanism. The

best candidates would be materials with

properties of semimetals, where one spin

channel builds a band gap whereas another

one has predominantly states of s character at

the Fermi level. This should provide the host

Fermi surface similar to that of copper, but

with one spin channel only. According to our

findings, a corresponding material can possess

a strong AHE. Further theoretical as well as

experimental investigations are desirable to

prove our prediction.

3. Summary

In summary, we have investigated the spin

and anomalous Hall effect caused by the skew-

scattering mechanism in dilute magnetic al-

loys based on Fe, Co, and Ni. A simulta-

neous consideration of both the charge and

spin conductivity allows for the identification

of the spin channel dominating the longitu-

dinal as well as transverse transport. The

performed study provides a detailed insight

into the skew scattering, which shows that

the related mechanism is generally suppressed

in crystals with multi-sheeted Fermi surfaces.

This explains the situation with a relatively

week skew scattering observed in magnetic ma-

terials. Nonetheless, the SHE may become

significant even in ferromagnets with a weak

AHE. We also propose a route to search for

magnetic materials with a giant AHE caused

by skew scattering.
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