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Abstract — The scaling of the anomalous Hall effect (AHE) was investigated using amorphous and
epitaxial Fe;Si1—5 (0.43 < 2 < 0.71) magnetic thin films by varying the longitudinal conductivity
(022) using two different approaches: modifying the carrier mean free path (I) with chemical or
structural disorder while holding the carrier concentration (n) constant or varying ny and keeping
I constant. The anomalous Hall conductivity (ozy), when suitably normalized by magnetization
and np, is shown to be independent of o, for all samples. This observation suggests a primary
dependence on an intrinsic mechanism, unsurprising for the epitaxial high conductivity films where
the Berry phase curvature mechanism is expected, but remarkable for the amorphous samples.
That the amorphous samples show this scaling indicates a local atomic level description of a Berry
phase, resulting in an intrinsic AHE in a system that lacks lattice periodicity.

Copyright © EPLA, 2016

The consideration of topology has recently led to the
emergence of new exotic physics; topological insulators
and Weyl semimetals are two classes of materials where
unique properties arise due to the topology of the elec-
tronic band structure [1-5]. Since its discovery, the Berry
phase has helped explain diverse phenomena in condensed
matter physics, including polarization, the spin and quan-
tum Hall effect, contributions to orbital magnetism, and
the intrinsic contribution to the anomalous Hall effect
(AHE) in ferromagnets, which can be interpreted in terms
of a Berry phase curvature in momentum space [6,7].

The AHE in ferromagnets arises from several origins.
To parse these individual contributions, a unifying theory
has been proposed based on the longitudinal conductivity,
Ozz, Or more specifically, the carrier lifetime 7 [6,8]. The
theory splits the anomalous Hall conductivity (o) into
three regions. In the clean limit (0., > 10°Q"tem™!) at
low temperature T', the skew-scattering mechanism, which
is due to asymmetric spin scattering from impurities with
spin-orbit coupling, dominates, and o4, x 045 [6,9,10]. In
the second regime (102 Q~tem™! < 0., < 10°Q " tem™1),

(@) Present address: Max-Planck-Institut fiir Chemische Physik
fester Stoffe - Dresden, 01187, Germany.

the intrinsic (Berry phase) mechanism is the dominant
contribution to o.,. This contribution is associated with
spin-orbit coupling which causes a gap to open at band
anti-crossing points in the electronic band structure. If
the Fermi energy lies near these points, a large Berry
phase curvature occurs, giving rise to o4, [6,11]. In this
regime, o, = constant. Numerous experimental results
have verified the dependences of o, in these two regimes
for, e.g., Fe, Co, Ni, and Gd [12-14]. The low o, regime
(02 <104 Q7 tem ™1, pup > 100 pQem) is less well under-
stood. Onoda et al. theoretically calculated o, o ol:f
by changing impurity concentration; in that work, mag-
netization (M) is assumed to not change [8]. Similarly,
experimental results from chalcogenide-spinel structures
(CUCI‘QSG4_$BI‘3¢) [13,15], Co-ZnO [16], Til_mCOmOQ_(s
(oxygen deficiency ¢) [17], Fe3O4 and Fes_,Zn,O4 [18]
show o,y o< o, where 1.5 < n < 1.8; in these works,
M was not considered in the analysis.

The present work specifically investigates the two lower
05 regimes. This study was performed at low T with two
different approaches to change o,,: i) modifying mean free
path, [, using either chemical or structural order and hold-
ing the number of charge carriers (n;) roughly constant
or ii) changing nj and keeping I constant. Thin films of
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Fe,Sij_, (0.43 < 2 < 0.71) are an ideal system for these
investigations since deposition techniques allow access to
both structural and chemical order [19,20]. In the nar-
row composition range 0.67 < x < 0.71, it is possible to
fabricate both amorphous films and epitaxial films with
different chemical order, D03 or B2; D03 is more chemi-
cally ordered while B2 is less. Due to these differences,
significant changes in [ can be realized while n; remains
roughly constant. Moreover, amorphous films can be fab-
ricated over a wide composition range, where [ is constant
and ny, changes.

Amorphous and epitaxial Fe,Si;_, thin films (0.43 <
x < 0.71; 70-100 nm thickness) were grown at room tem-
perature and at 300°C on (100) MgO and amorphous-
SiN,-on-Si substrates by electron-beam co-evaporation of
Fe and Si. The structure of all films was measured using
x-ray diffraction (XRD) and high-resolution cross-section
transmission electron microscopy (HRXTEM) [19,20].
Films with x = 0.71 and = 0.67 grown at 300°C on
MgO were epitaxial with D03 and B2 structure, respec-
tively. For films with z = 0.43-0.71 grown at room tem-
perature on SiN, /Si substrates, no peaks were observed
in XRD. HRXTEM imaging was performed on two sam-
ples, x = 0.55 and 0.67. The x = 0.67 sample dis-
played a predominantly amorphous structure (80% volume
fraction) with some embedded nanocrystals (~20% vol-
ume fraction, ~5nm diameter). The x = 0.55 sample
was fully amorphous. Samples were patterned into Hall
bars (40 um x 120 pm) with 6 current-voltage (I — V)
leads using standard photolithography and wet etch tech-
niques for Hall effect, magnetoresistance and resistivity
measurements. Magnetization (M) as a function of T
and H was measured using a Quantum Design SQUID
MPMS. Further sample preparation, characterization and
measurement details can be found in the supplementary
information.

Figure 1(a) shows longitudinal resistivity (pg.) as a
function of T for epitaxial or amorphous films with dif-
ferent x. The epitaxial films display typical metallic be-
havior: increasing p,, with increasing 7', i.e. a positive
temperature coefficient of resistivity (a) at all T'. pu.(T')
for the amorphous films is almost T-independent but de-
pends strongly on x. For these films, the mean free path
is approximately the interatomic distance and nearly tem-
perature independent, leading to a small o, which changes
sign from positive to negative with increasing x Previ-
ous work has shown that a correlates linearly with pg,.;
in the present data, « crosses from positive to negative
at approximately 150 uf2cm, typical for amorphous met-
als [21,22]. The dependence of p,, on z and its indepen-
dence of T indicates that the number of charge carriers
decreases as = decreases. In the x = 0.43 sample, a clear
minimum in p,,(7) at T = 18K is observed; this mini-
mum is also present at 7' = 24 and 27K for x = 0.45 and
0.48, respectively. A resistivity minimum such as the one
found here can result from the Kondo effect or resonant
impurity scattering [23,24].
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Fig. 1: (Colour online) (a) pzz, wvs. T for amorphous

(solid lines) and epitaxial films (dashed lines) and (b) MR
Ap/p,[Ap = p(H) — p(0)]/p(H) vs. applied field with H ap-
plied out of the film plane (closed symbols), with H applied
in the film plane and parallel to I (dashed lines) and with H
in the film plane and perpendicular to I (open symbols) at
various T for amorphous = = 0.43.

Magnetoresistance (MR) measurements with H applied
perpendicular to the film and to the current I and H ap-
plied in the film plane and either parallel or perpendicu-
lar to I were performed at various 7" on the amorphous
x = 0.43 sample shown in fig. 1(b). The magnitude of the
MR is small. At 16 and 30K, all MR shows a positive H?>
dependence, typical for metals [25]. At 2K, the out-of-
plane MR is negative, and the in-plane MR switches from
negative to positive with increasing H. Negative magne-
toresistance can result from weak localization [26] or can
be found in systems that exhibit resonant impurity scat-
tering [23]. In the latter, the negative MR is attributed
to interactions between local moments and conduction
electrons: the magnetic field aligns local moments, reduc-
ing the disorder seen by conduction electrons.
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Fig. 2: (Colour online) In-plane M (H) at 2K for amorphous and epitaxial films. The top left inset shows in-plane M (H) at

2K and 300K for amorphous = = 0.53. The bottom right inset shows M (H
The T-independent diamagnetic contribution (visible at high fields, and the same for H in-plane or out-of-plane) has

scale.
been removed from all the data.

Figure 2 shows in-plane M (H) curves at 2K for amor-
phous and epitaxial films with various x; the bottom right
inset displays the three lowest Fe concentration amorphous
samples. Square M (H ) loops are observed for all > 0.55,
indicating the samples are ferromagnetic. The top left
inset of fig. 2 displays an exemplary curve for an amor-
phous sample with x = 0.53, and demonstrates hystere-
sis in M(H) at both 2 and 300K. For a given z, M is
~ 20% larger in the amorphous film than in the crys-
talline film, as discussed in references [19,20]; chemical or-
der (either B2 or D03) in the epitaxial films leads to more
Fe-Si pairs and thus a reduction in M. Ferromagnetism
occurs in the amorphous Fe,Si;_, system at x ~ 0.40,
consistent with previous work [27]; the amorphous sam-
ples with x = 0.43-0.48 are near this critical composition,
and lack squareness in M (H). However, magnetic rema-
nence and M at all H larger than for a paramagnet (for
reasonable values of S) are observed, indicating that these
samples have ferromagnetic interactions, and are not sim-
ply paramagnetic; we therefore call these samples weakly
ferromagnetic (meaning low M and low 7.). The in-plane
and out-of-plane M (H) curves are not significantly differ-
ent for these amorphous x = 0.43-0.48 samples, consistent
with low M which leads to low shape anisotropy.

The magnetic field dependence (H perpendicular to film
plane) of transverse resistivity (pg,) at 2K is shown in
fig. 3. The Hall effect in ferromagnets has two contri-
butions, one from the ordinary Hall effect (OHE) due to
the Lorentz force, proportional to H, and one from the
AHE due to asymmetric scattering, proportional to the

) of amorphous z = 0.43-0.48 films on an expanded

perpendicular component of M (M,). The equation de-

scribing this effect takes the form
pxy(total) = pry(OHE) + pzy(AHE) = RoH + R M., .

W
Here, R is the ordinary Hall coefficient (Ry = +1/ne),
and R, is the anomalous Hall coefficient. From p,, (H) at
large H (where M (H) has saturated) the ordinary Hall ef-
fect can be used to determine carrier concentration. The
positive slope of p,,(H) shows that the primary charge
carriers are holes, consistent with findings for Fe [28] and
FesSi [29]. Since M (H) is not square for z = 0.43, 0.45
and 0.48, Ry was extracted iteratively using the full re-
lation in eq. (1). For & = 0.43, 0.45 and 0.48, this pro-
cedure gives n;, at 2K as approximately 5.6 x 102! cm ™3,
1.5 x 1022 ecm ™2 and 1.6 x 10?2 cm ™3, respectively!. For
higher =, 0py,/OH is too small to measure and a linear
extrapolation of nj, was made based on reported values for
x = 1.0 and 0.75 [28,29].

Figure 3 shows that p,,(AHE) is many times larger
for the amorphous films than the epitaxial films with the
same or similar compositions, an effect also seen in limited
transport studies at low temperature of polycrystalline
and amorphous vapor-quenched Fe [30]. In particular,
we highlight the comparison between the z = 0.71 epi-
taxial and x = 0.71 amorphous samples where p,, and
Pee are significantly larger in the latter, even though both

'Due to the small slope in M(H) present at high H, Ry was
determined by calculating pgy (total) using M (H) and iterating Ro
and Rs until the calculated and experimental curves matched.
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Fig. 3: (Colour online) pyy vs. H at 2K for amorphous and epitaxial films of various z. pey(H) o< M.(H) for all samples,
showing dominance of AHE. The inset shows normalized out-of-plane magnetization (black line) and normalized p.,(AHE)
(yellow open triangles) at 2K for z = 0.43 with p.,(OHE) subtracted.

samples have roughly the same M and nj. The inset of
fig. 3 shows normalized out-of-plane magnetization and
normalized p,, (AHE) for the x = 0.43 sample. The slope
due to the ordinary Hall effect has been removed from
pay(total) to show that the AHE scales with M. Simi-
lar behavior was observed for all samples. p,, was also
measured at higher T (i.e. 16, 30, 300 K) for some sam-
ples; the magnitude of p,, decreased compared to the 2K
value, quantitatively consistent with its scaling with M,.
We also note that p,, is far larger for epitaxial x = 0.67
than for epitaxial x = 0.71, a result that we attribute pri-
marily to the difference in chemical order (B2 vs. DO03)
which leads to increased scattering for the B2 = = 0.67
sample, since the difference in ny, is small.

The anomalous Hall conductivity is calculated
from o.,(AHE) = p. (AHE)/(p2, + pey(AHE)?) ~
pzy(AHE)/p2, [18]. psy(AHE) is obtained by extrapolat-
ing py(total) to zero field. Since 0, (AHE) o p, (AHE),
both are o< M, [31]. In general, M changes as a function
of composition and structure so (as in refs. [10,31]),
it is essential to separate the dependence of o, on
M from changes in impurities that lead to changes in
Ozz. Figure 4(a) shows o,y/M. vs. 0., at 2K for
the Fe,Si;_, thin films investigated and a series of
Gai_yMn,As samples at 15K from [32]. The epitaxial
samples and the amorphous sample with = = 0.71 display
Ozy/M. = constant while the lower o,, amorphous
samples show o, /M,  ol:3, qualitatively similar to the
Gaj_yMn,As data.

We first discuss the regime where o, /M. is constant.
It is notable that this occurs despite differences of more
than a factor of 3 in p,, and about a factor of 10 in
pzy; this is because oy, is proportional to pg,/p2,. In
this o,, range, the change in nj is very small, while [
varies significantly first by changing chemical order from
D03 (z = 0.71) to B2 (x = 0.67) and then structural
order (amorphous z = 0.71). Despite these structural
changes and differences in magnetization, o,, /M, is con-
stant. Two mechanisms could give rise to this scaling:
the intrinsic mechanism previously discussed and the side-
jump mechanism. The side-jump mechanism, which is due
to asymmetric spin scattering from impurities with spin-
orbit coupling, contributes much less to the AHE in this
0z Tegime (10°Q tem~! < 0, < 105Q7em™1) [8,13].
In particular, calculations of bee Fe show the intrinsic con-
tribution comprises roughly 75% of the total signal; for
this reason, we suggest it is also the dominant mechanism
in these  ~ 0.7 Fe,Si;_, samples [33]. Most notably
fig. 4(a) shows that the amorphous z = 0.71 sample falls
in this scaling regime, indicating that the AHE for this
sample also lies in the intrinsic regime.

Moreover, we suggest the same intrinsic mechanism
is responsible for the behavior of the AHE in the low
oz(lower ) range. These amorphous samples (0.43 <
x < 0.65) exhibit a 0,,/M, o ol2 scaling in fig. 4(a).
Note that plotting o, vs. Oz Tesults in o,y o
o3l significantly different from the o,, o o7, (1.6 <

Trx )

n < 1.8) relationship found in [13,18]. Since the carrier
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Fig. 4: (a) ozy/M. vs. 0gr for amorphous and epitaxial

Fe,Sii—, thin films and GaMnAs thin films from [32]. The
solid lines are fits to the low o4, data; ogy/M. x oy, with
n = 1.3 (Fe;Sii—-) and 0.8 (Gaij—yMnyAs). The horizontal
dashed lines are a guide to the eye. (b) aggy/Mzni/3 VS. Opx
for the same samples.

concentration was explicitly modified in this o,, range
and the unifying theory was developed based on a change
in 7 [7,8], we suggest that to understand AHE, the
dependence on nj; must be removed. Specifically, in
fig. 4(b) the data were normalized by ni/ ° a free elec-
tron type dependence that can be derived from o,, =
[n2/3e?1)/[(372)"/3] when [ is roughly constant. Remov-
ing the ni/ s dependence results in a constant value for
all the samples, suggesting that the intrinsic mechanism
is dominant in this regime as well.

The scaling observed here for Fe,Si;_, is similar to that
seen by Chun et al. in Ga;_,Mn,As, where n;, was varied
to change o,, [32]. In that report, the authors normal-
ized 04, by either M, or ni/ 3; this analysis led to two
distinct scaling regimes. The metallic samples showed an
intrinsic AHE (also verified by [34]), where the magnitude
of ouy /ni/ 3 quantitatively corresponded to the strength
of the exchange coupling between the local moments

and conduction electrons (Jpq) predicted theoretically.
The more insulating samples (0., < 102Q~lem™1) dis-
played a linear scaling with o,, for both Uzy/Mz and
Oy /ni/ 3, which was attributed to unspecified extrinsic
origins. Figure 4(b) shows that normalizing o, by both

M, and ni/ ? produces a nearly constant value for all
Gaj—_yMnyAs samples from Chun et al., similar to our

Fe,Si;_, results. While Uwy/Mzn,zl/g is constant for both
Fe,Sii—, and Ga;_,MnyAs, the latter is two orders of
magnitude larger than the former. We suggest this re-
sult originates from differences in .Jp,q, which is larger in
Gaj_yMnyAs due perhaps to more localized wave func-
tions (indicated by reduced o).

In conclusion, an anomalous Hall effect was observed
in all samples; for comparable x, n,, and M, p,, is of
order ten times larger in the amorphous samples than in
the crystalline ones, similar to the difference in p,,. A
similar difference in p,, is seen between epitaxial samples
with D03 and B2 structures. By instead considering the
anomalous Hall conductivity o, and suitably normalizing

by M, and ni/?’ the AHE is roughly constant for all sam-
ples, suggesting a primary dependence of the AHE on the
intrinsic mechanism. A comparable scaling is observed in
GaMnAs films, although o,, normalized by M, and ni/ s
is nearly two orders of magnitude larger; we attribute this
to differences in local coupling Jpq4. Our result is quite
remarkable for the amorphous samples, which lack lattice
periodicity, since the intrinsic mechanism originates from
Berry phase curvature, suggesting that local structure as
opposed to global symmetries plays the central role in the
origin of AHE.
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